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Abstract

Oligodendrocyte precursor cells (OPCs) give rise to oligodendrocytes in cerebral white matter. 

However, the underlying mechanisms that regulate this process remain to be fully defined, 

especially in adult brains. Recently, it has been suggested that signaling via A-kinase anchor 

protein 12 (AKAP12), a scaffolding protein that associates with intracellular molecules such as 

protein kinase A, may be involved in Schwann cell homeostasis and peripheral myelination. Here, 

we asked whether AKAP12 also regulates the mechanisms of myelination in the CNS. AKAP12 

knockout mice were compared against wild-type mice in a series of neurochemical and behavioral 

assays. Compared to wild-types, 2-month old AKAP12 knockout mice exhibited loss of myelin in 

white matter of the corpus callosum, along with perturbations in working memory as measured by 

a standard Y-maze test. Unexpectedly, very few OPCs expressed AKAP12 in the corpus callosum 
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region. Instead, pericytes appeared to be one of the major AKAP12-expressing cells. In a cell 

culture model system, conditioned culture media from normal pericytes promoted in-vitro OPC 

maturation. However, conditioned media from AKAP12-deficient pericytes did not support the 

OPC function. These findings suggest that AKAP12 signaling in pericytes may be required for 

OPC-to-oligodendrocyte renewal to maintain the white matter homeostasis in adult brain.
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Introduction

Oligodendrocytes and their precursor cells (oligodendrocyte precursor cells: OPCs) play 

essential roles in maintaining white matter homeostasis. During development, OPCs migrate 

to their destination from the subventricular zone, and then divide and differentiate to form 

myelinating oligodendrocytes [1, 2]. Even after adolescence, some OPCs remain in an 

immature state in the brain [3, 4]. Those residual OPCs may provide a progenitor pool for 

oligodendrocyte renewal under physiological conditions [5–7] as well as for myelin repair 

after white matter injury [8–14]. However, the mechanisms that regulate the balance and 

process of OPC-to-oligodendrocyte renewal in cerebral white matter in mature brain are still 

relatively unknown.

Recently, we as well as other researchers demonstrated that PKA/CREB signaling plays an 

essential role in oligodendrocyte regeneration in white matter [6, 15, 16]. PKA associates 

with A-kinase anchor protein 12 (AKAP12), which is a scaffolding protein for intracellular 

signal transduction [17, 18]. Importantly, it has been implicated that AKAP12 may regulate 

Schwann cell homeostasis and myelin maintenance in peripheral nervous system [19]. 

Therefore, in this study, we ask whether AKAP12 is also involved in OPC-to-

oligodendrocyte renewal in cerebral white matter using AKAP12 knockout mice.

Materials and Methods

Animals

All experiments were performed following an institutionally approved protocol in 

accordance with the National Institutes of Health Guide for the Care and Use of Laboratory 

Animals. All experiments and procedures were conducted following a Massachusetts 

General Hospital IACUC-approved protocol. AKAP12 knockout mice were provided from 

the Gelman Lab at Roswell Park Cancer Institute [20]. Genotyping was done by PCR 

analysis using genomic DNA from mouse tail biopsies. Genotyping primers for the detection 

of KO allele were 5′-CGGCTGGGTGTGGCGGACCGCTATCAGGACATAGCG-3′ 
(forward) and 5′-CTCAGCCTTTGCCAGAATAGGCACTGCCCC-3′ (reverse). 

Genotyping primers for the detection of wild-type (WT) allele were 5′-

CGCTGTACTACTAAGGAGAGTGTTACGC-3′ (forward) and 5′-

CCTCCTGGGTCTCAGCCAGTTTCTCAGGGG-3′ (reverse) [20].
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Immunohistochemistry

Mouse brains were fixed for 24 hours in 4% paraformaldehyde (PFA) in phosphate-buffered 

saline (PBS) at 4°C. Then brains were kept in 30% sucrose at 4°C. Coronal sections with a 

thickness of 16 μm were used for immunohistochemistry in this study. Primary antibody 

sources were as follows: anti-BrdU antibody (1:50, Oxford Biotechnology), anti-AKAP12 

antibody (1:500, obtained from the Gelman Lab at Roswell Park Cancer Institute), anti-GST-

pi antibody (1:200, MBL), anti-PDGF-R-α antibody (1:100, SantaCruz or R & D systems), 

anti-CD13 antibody (1:200, R & D systems), anti-Lectin antibody (1:400, Vector 

Laboratories) and anti-PDGF-R-β antibody (1:100, R & D systems). For BrdU staining, 

brain sections were incubated at 37°C for 30 min in 1N HCl to detect BrdU labeling. 

Sections were incubated overnight with anti-BrdU (1:50, Oxford Biotechnology). Double 

immunofluorescence staining was performed by simultaneous incubating the sections 

overnight at 4°C with anti-GST-pi antibody. After washing primary antibody with PBS, the 

brain sections were then incubated with secondary antibodies (1:200; Jackson 

Immunoresearch Laboratories) for 1 hour at room temperature. After that, the sections were 

covered with VECTASHIELD with DAPI (Vector Laboratories). Immunostaining was 

analyzed with a fluorescence microscope (Nikon) interfaced with a digital charge-coupled 

device camera and an image analysis system. Z-stack images were obtained with z-interval 

of 0.4 μm by Confocal Laser scanning microscope (FV3000, Olympus). To obtain cell 

number data from immunostained brain sections for Figure 3 and Suppl Figure S4, an 

investigator blinded to the experimental groups counted the number of stained cells in the 

lateral side of corpus callosum (0.25 mm2 area; bregma +1.18 mm, +0.98 mm, and +0.74 

mm).

Fluoromyelin staining

Fluoromyelin staining is now widely used to assess myelin integrity [21–24]. Coronal 

sections of 12-μm thicknesses (bregma +0.86mm to +0.50mm) were cut using a cryostat at 

-20°C and collected on glass slides. Sections were fixed with 4% PFA, and rinsed three 

times in PBS, then permeabilized in PBT (PBS + 0.2% Triton X-100) for at least 20 

minutes. The sections were incubated with FluoroMyelin Green fluorescent myelin stain 

(1:300, Molecular probes) for 20 minutes at room temperature. Fluoromyelin staining 

images were viewed on a Nikon upright microscope, and the images from fluoromyelin 

stains were analyzed using ImageJ. The average pixel intensity from the corpus callosum 

region (3 brain sections for each animal) was used as a measure of myelin density. Because 

our initial pilot experiments confirmed there were no significant changes in myelin density 

between right and left hemispheres, we used a half hemisphere for fluoromyelin staining and 

the other half hemisphere for western blot experiments.

In vivo OPC differentiation assay

A cell proliferation marker 5-bromodeoxyuridine (BrdU, Sigma-Aldrich) was dissolved in 

saline. Mice were intraperitoneally injected (50 mg/kg, BrdU) three times a day at 4-hour 

intervals. The mice were sacrificed 7 days after the BrdU injection. The BrdU staining was 

conducted according to the method as described above in the “Immunohistochemistry” 

section.
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Western blotting

Tissue samples of corpus callosum and cell culture were dissected in Pro-PREP™ Protein 

Extraction Solution (Boca scientific). Samples were heated with equal volumes of SDS 

sample buffer (Novex) including 2-mercaptoethanol at 95°C for 5 min, then each sample (20 

μg per lane) was loaded onto 4–20% Tris–glycine gels. After electrophoresis and 

transferring to polyvinylidene difluoride membranes (Novex), the membranes were blocked 

in Tris-buffered saline containing 0.1% Tween 20 and 5% skim milk (LabScientific). After 

incubation with primary antibody against MBP (1:1000, Thermo scientific), PDGF-R-α 
(1:1000, SantaCruz), AKAP12 (1:5000, obtained from the Gelman Lab at Roswell Park 

Cancer Institute), or β-actin (1:10000, Sigma-Aldrich), membranes were incubated with 

peroxidase-conjugated secondary antibodies and visualized by enhanced chemiluminescence 

(Amersham).

Cognitive test

Spontaneous alternative Y-maze cognitive test is now relatively well-accepted for assessing 

working memory in mice [6, 25]. In this study, experiments for Y-maze test were conducted 

between 7:00 AM to 9:00 AM. The maze consists of 3 arms (40 cm long, 9.5 cm high, and 4 

cm wide, labeled arm-A, -B, or -C) diverging at a 120° from the central point. Each mouse 

was placed at the center of the start arm and allowed to move freely through the maze in an 

8-minute session. This task was videotaped with a Victor camera (Everio GZ-MG-77-S) and 

the sequence of arm entries manually recorded in a blinded manner. An actual alternation 

was defined as entities into all the 3 arms on 3 consecutive runs (eg. ABC, CAB, or BCA but 

not BAB). The maximum alternation was subsequently calculated by measuring the total 

number of arm entries minus 2 and the percentage of alternation was calculated as [actual 

alternation/maximum alternation] ×100% (please see the diagram in Figure 2a). The total 

number of arms entered during the sessions was shown as locomotor activity. The first 

experiment (e.g. Figure 2) was conducted by NM, and the second experiment (e.g. Suppl 

Figure S3) was conducted by YKC.

Cell culture

Primary cultured rat OPCs were prepared according to our previous reports [26, 27]. OPCs 

were maintained in Neurobasal medium containing 2% B27 supplement, 10 ng/mL PDGF-

AA, and 10 ng/mL FGF-2. PDGF-AA and FGF-2 are known to promote OPC proliferation 

but suppress OPC differentiation. Therefore, during the culture period in the OPC culture 

media, OPC cultures do not differentiate into mature oligodendrocytes [27–29]. Human 

brain vascular pericytes [30] were cultured in pericyte basal medium (Sciencell research 

laboratories) containing 2% fetal bovine serum and pericyte growth supplement (Sciencell 

research laboratories) onto poly-l-lysine-coated plates. In our previous report, these pericyte 

cultures were confirmed to express pericyte markers [30].

Media transfer experiment

Pericyte cultures were maintained in Dulbecco’s Modified Eagle Medium (DMEM) for 24 

hr. The conditioned media were then collected and centrifuged at 10,000 g for 5 min at 4°C 

to remove cells and debris. For the media transfer experiments, pericyte-conditioned media 
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(P-CM) were diluted with OPC differentiation media (DMEM with 20 ng/mL CNTF, 30 nM 

T3, and 4% B27) at a ratio of 50:50 (final concentration of CNTF, T3, and B27 was 10 

ng/mL, 15 nM, and 2%, respectively). Control pericyte media were prepared from empty 

wells and diluted with OPC differentiation media in the same way as P-CM. For AKAP12 

knockdown, pericytes were transiently transfected with AKAP12 siRNAs or control siRNAs 

(50 nM, Thermo Fisher Scientific) using RNAiMax (Thermo Fisher Scientific) according to 

the manufacturer’s instructions. After recovery for 12 hr, media were changed into DMEM 

and further cultured for 24 hr and collected medium (P−CMAKAP12-). These conditioned 

media from pericyte cultures were added to cultured OPCs at 4-5 days after plating. Our 

previous data confirmed that OPC cultures at this stage expressed the standard OPC 

markers, such as PDGF-R-α and NG2, but were negative for cell markers of astrocytes or 

mature oligodendrocytes [27–29]. We also showed that our OPC cultures successfully 

differentiated into MBP-positive oligodendrocytes 5-7 days after switching culture media 

from the OPC media to the OPC differentiation media [27–29].

Proteome Profiler™ Human XL Cytokine Array

P-CM and P-CMAKAP12- were concentrated to 100 μl through a centrifugal filter device (3 

kDa cut-off, EMD Millipore). P-CM were subjected to Proteome Profiler™ Human XL 

Cytokine Array kit (R&D systems) according to the manufacturer’s instructions.

Immunocytochemistry

Cells were washed with PBS (pH 7.4), followed by 4% PFA for 15 min. After being further 

washed in PBS, they were incubated with 3% BSA in PBS for 1 hr. Then cells were 

incubated with primary antibody against MBP (1:200, Thermo scientific) at 4°C overnight. 

After washing with PBS, they were incubated with secondary antibodies conjugated with 

fluorescein isothiocyanate for 1 hour at room temperature. Finally, nuclei were 

counterstained with DAPI. Images were analyzed with a fluorescence microscope (Nikon) 

interfaced with a digital charge-coupled device camera and an image analysis system. Cell 

counting was conducted in a blinded manner by randomly selecting 2 fields for each well. 

Cell numbers were calculated as the average per 0.25mm2.

Statistical analysis

Two-tailed t-test was used to determine the significant differences between wild-type and 

knockout groups in vivo. For in vitro experiments, statistical significance was evaluated 

using one-way ANOVA followed by Tukey’s honestly significant difference test. Data are 

expressed as mean ± S.D. A p-value of <0.05 was considered statistically significant.

Results

AKAP12 deficiency caused loss of white matter myelin and defects in working memory

First, we checked the levels of AKAP12 expression in the corpus callosum region in both 

wild-type and AKAP12 knockout mice. Western blot and immunostaining analyses 

confirmed that AKAP12 knockout mice did not show AKAP12 expression (Figure 1a-b and 

Supplementary Figure S1). Using this knockout mouse line, we conducted experiments to 

test our hypothesis that AKAP12 plays an important role in oligodendrocyte maturation in 
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cerebral white matter. Fluoro-myelin staining showed that AKAP12 knockout mice 

exhibited lower myelin density at the age of 8-weeks (Fig 1c-d), and western blot confirmed 

that myelin-basic protein (MBP) expression in the white matter (corpus callosum) was also 

significantly lower in AKAP12 deficient mice (Figure 1e-f). MBP is one of the major 

proteins that can be observed only in mature oligodendrocytes in brain. Because there are 

few oligodendrocytes in neonatal mouse brains, there was no significant difference in MBP 

expression just after birth (e.g. post-natal day 0) between wild-type and AKAP12 knockout 

mice (Supplementary Figure S2). However, at the age of 4 weeks, AKAP12 knockout mice 

already exhibited less MBP expression compared to wild-type mice (Supplementary Figure 

S2).

To assess whether these cellular findings are associated with functional phenotypes, we 

examined working memory in wild-type and knockout mice with the standard Y-maze test 

(Figure 2a) because we previously showed that white matter damage caused working 

memory deficits in the behavioral test [6, 16, 21]. There was no significant difference in the 

total entry number for Y-maze arms between AKAP12 knockout and wild-type mice (Figure 

2b), suggesting that AKAP12 knockout mice exhibit normal locomotor activity. However, 

the alternation ratio (i.e. index of working memory performance) of AKAP12 knockout mice 

was significantly lower compared to wild-type mice (Figure 2c). To further confirm the 

finding, other operator repeated Y-maze experiments with different individuals of wild-type 

and knockout mice. As shown in Supplementary Figure S3, regardless of operators, 

AKAP12 knockout mice showed lower working memory performance in the Y-maze test 

(Supplementary Figure S3).

AKAP12 deficiency dampened OPC-to-oligodendrocyte differentiation

Since CNS myelination is dependent on oligodendrocytes, we asked whether these cells 

were affected in AKAP12 knockout mice. Quantitative immunostaining demonstrated that 

the number of mature oligodendrocytes (GST-pi-positive cells) was decreased in the 

AKAP12 deficient white matter (Figure 3a-b). We also assessed an in-vivo OPC-to-

oligodendrocyte differentiation using BrdU labeling. Eight-week-old wild-type or AKAP12 

knockout mice were injected with BrdU, and one week later, these mice were sacrificed and 

the brains were used for immunostaining (Figure 3c). Because BrdU is incorporated into 

only proliferating cells and because mature oligodendrocytes do not proliferate, this 

experimental protocol should define newly generated oligodendrocytes by double-staining of 

BrdU with a mature-oligodendrocyte marker GST-pi. As expected, the percentage of GST-

pi/BrdU-double-positive cells within the population of BrdU-positive cells was much lower 

in AKAP12 knockout mice (Figure 3d), indicating that AKAP12 deficiency interfered with 

OPC-to-oligodendrocyte progression in the adult corpus callosum. On the contrary, 

AKAP12 knockout mice showed a higher number of total BrdU-positive cells 

(Supplementary Figure S4). And in the knockout brain, PDGF-R-α-positive OPCs were the 

major cell type for BrdU positive cells at 7 days after BrdU injection (Supplementary Figure 

S4). Taken together, these data suggest that AKAP12 deficiency may cause an imbalance in 

cell number between OPCs and oligodendrocytes by promoting OPC proliferation but 

suppressing OPC differentiation.
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Pericytes but not OPCs expressed AKAP12

AKAP12 is a scaffolding protein and is associated with PKA [17, 18]. In OPCs, PKA plays 

essential roles in CREB-related survival signaling [6, 15, 16]. Therefore, we next asked 

whether the defects of OPC maturation observed in AKAP12 knockout mice could be partly 

explained by AKAP12 deficiency in OPCs. However, very few OPCs expressed AKAP12 in 

cerebral white matter (corpus callosum) in wild-type mice (Figure 4a). Cell culture 

experiments also confirmed that OPCs did not express AKAP12 (Supplementary Figure S5). 

Instead, pericytes appeared to be one of the major cell types that express AKAP12 in the 

brain (Figure 4a-b and Supplementary Figure S6). Recently, we demonstrated that pericytes 

may interact with OPCs in the perivascular region [26]. In fact, AKAP12-expressing 

pericytes were located closely to OPCs in the corpus callosum (Figure 4a), proposing the 

possibility that AKAP12 may regulate the trophic support from pericytes to OPCs.

AKAP12-deficient pericytes failed to promote OPC maturation in vitro

To test if pericytic AKAP12 supports OPC differentiation, we conducted media transfer 

experiments, an approach that is now widely used to study the non-cell autonomous 

mechanisms of OPC function in vitro [27, 31]. Western blot data confirmed that cultured 

pericytes expressed AKAP12 (Figure 5a and Supplementary Figure S7). The AKAP12 

expressions in pericyte cultures were successfully downregulated by siRNA to AKAP12 - 

we used two different siRNA sequences for AKAP12 (AKAP12-siRNA #1 and AKAP12-

siRNA #2), and both siRNA sequences decreased AKAP12 expression in pericyte cultures 

(Figure 5a), without changing pericyte viability (Figure 5b).

AKAP12 is known to regulate growth factor production in glial cells [32–34]. Therefore, 

with the protein array approach using conditioned media of pericyte cultures, we next 

investigated if AKAP12 is also essential for growth factor secretion in pericytes. Our protein 

array data indicated that the pattern of growth factor production in AKAP12 deficient 

pericytes was different from the one in control pericytes (e.g. pericytes that were transfected 

with scrambled siRNA) (Figure 6 and Supplementary Figure S8). Importantly, some factors 

that promote OPC maturation, such as BDNF [27, 35], LIF [36, 37], GRO-α [38], and HGF 

[39], were down-regulated in AKAP12 deficient pericytes (Figure 6 and Supplementary 

Figure S8). Hence, we next compared the effects of conditioned media from AKAP12 

deficient pericytes on the in-vitro OPC differentiation with the one from control pericytes. 

During the maturation step of OPCs in vitro, cells were maintained in the conditioned media 

from control pericytes or AKAP12 deficient pericytes. Five days later, cells were subjected 

to immunostaining or western blotting analyses. Immunostaining with anti-MBP 

(oligodendrocyte marker) or anti-PDGF-R-α (OPC marker) antibody showed that 

conditioned media from control pericytes (P-CM) increased the number of MBP-positive 

cells and decreased the number of PDGF-R-α-positive cells (i.e. promoted the in vitro OPC 

differentiation) (Figure 7a-b and Supplementary Figure S9). But the in-vitro OPC 

differentiation was suppressed by AKAP12-deficient P-CM (P−CMAKAP12-) (Figure 7a-b 

and Supplementary Figure S9). Similarly, western blot showed that the level of MBP 

expression in P−CMAKAP12- -treated OPCs was lower than the one in P-CM-treated OPCs 

(Figure 7c-d).
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Discussion

Our data demonstrate that AKAP12 is an important regulator of OPC-to-oligodendrocyte 

differentiation in adult white matter. AKAP12 knockout mice exhibited significant white 

matter dysfunction with myelin/oligodendrocyte loss. These white matter defects in 

AKAP12 knockout mice stem at least partially from a disturbance of normal pericyte-OPC 

interactions, leading to deficits in the oligodendrocyte maturation process in AKAP12 

knockout mice. Working memory depends on the frontal subcortical circuits both in rodents 

and primates [40–43]. In fact, an impairment of working memory is consistently observed in 

a mouse model of prolonged cerebral hypoperfusion, which selectively disrupts cerebral 

white matter [16, 41]. Therefore, the failure of OPC differentiation to mature 

oligodendrocytes may ultimately cause white matter dysfunction, resulting in working 

memory deficits.

Our findings suggest that AKAP12 signaling may contribute to the regulation of adult 

oligodendrocyte regeneration/renewal in white matter in mice. Even in adult brains, 

regenerative capacities are required to maintain brain function under physiological 

conditions and/or to repair damaged brain cells under pathological conditions [44–46]. After 

myelin damage, residual OPCs in the adult brain respond quickly and mediate 

oligodendrocyte regeneration as a compensatory mechanism [47, 48]. Similar to the 

processes in the developmental stage, after white matter injury, OPCs would proliferate and 

migrate to demyelinated areas and then differentiate into mature oligodendrocytes, restoring 

myelin in damaged white matter [49]. In addition, recent studies have suggested that even 

under normal conditions, these residual OPCs in adult brain may monitor neighboring 

micro-environments and proliferate and/or differentiate into mature oligodendrocytes as 

needed [7]. By providing data that AKAP12 regulates white matter environments to sustain 

OPC-to-oligodendrocyte renewal in the adult brain, our study may bring novel insights into 

the mechanisms by which physiological oligodendrogenesis sustains normal white matter 

function.

Another major novelty in our study is that pericytes support OPC function via AKAP12 

signaling. Pericytes are localized at the abluminal side of the perivascular space in 

microvessels, and play multiple roles in neurovascular function in the brain, such as 

regulating blood-brain barrier integrity and microcirculation [50, 51]. Recently, we 

demonstrated that in the perivascular region, pericytes may also support OPC function via 

secreting soluble factors [26]. Our current study expanded upon our previous study by 

providing novel data that AKAP12 regulates growth factor production from pericytes, which 

supports OPC maturation. In addition, our data parallel the findings reported by another 

group, that AKAP12 in astrocytes regulated the production of several growth factors 

required for vascular homeostasis [32, 33]. Therefore, AKAP12 may play important roles 

not only in intra-cellular signaling pathways but also in inter-cellular mechanisms to 

maintain a normal microenvironment in the brain.

Taken together, our current data suggest that AKAP12 signaling is required for 

oligodendrocyte renewal and white matter homeostasis in the mouse brain. Nevertheless, 

there are some important caveats in this study. First, we did not provide direct in vivo 
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evidence that pericytic AKAP12 is required for OPC maturation. Genetic manipulation for 

down- or up-regulating AKAP12 in pericytes in the brain in vivo is necessary for further 

assessment of pericyte-OPC interactions. In addition, because pericyte dysfunction is now 

proposed to participate in progressive cognitive decline and dementia [52], the approach in 

genetic manipulation of pericytic AKAP12 may also give us new insights into the roles of 

pericytes in cognitive function. Second, we focused on the cell-cell interaction between 

OPCs and pericytes only. Pericytes constitute one of the major AKAP12-expressing cells in 

corpus callosum. But other cell types such as astrocytes and cerebral endothelium also 

express AKAP12, and both astrocytes and cerebral endothelial cells provide several growth 

factors that regulate OPC function [27, 28, 53, 54]. Therefore, defining the roles of AKAP12 

in astrocytes and endothelial cells would be important in understanding the non-cell 

autonomous regulatory mechanisms of oligodendrocyte maturation. Third, our current study 

focuses on the roles of AKAP12 in adult brains. However, the myelination in adult white 

matter may be driven by adult OPCs, whose cell division cycles are slower in post-natal 

OPCs [55]. Because our supplementary data indicate that AKAP12 may also regulate OPC 

differentiation during the development as well (Supplementary Figure S2), we plan to 

conduct more experiments in neonatal mice in the next study to better clarify the roles of 

AKAP12 on OPC maturation in general. And finally, our current study examined the inter-

cellular mechanisms of AKAP12 in OPC maturation. We showed that very few OPCs 

expressed AKAP12 in the corpus callosum region in adult mice. On the contrary, past 

studies demonstrated that mature oligodendrocytes may express AKAP12 [56]. Our cell 

culture experiments also indicated that AKAP12 expression appears during the 

differentiation step in OPC cultures (Supplementary Figure S5). Because AKAP12 is related 

to the pro-survival PKA-CREB signaling, it is a plausible hypothesis that AKAP12 supports 

the survival of mature oligodendrocytes and that AKAP12 deficiency may lead to the 

suppression of OPC maturation. Our preliminary data showed that AKAP12 knockout mice 

exhibited more proliferating OPCs compared to wild-type mice (Supplementary Figure S4), 

which supports the idea that loss of oligodendrocytes due to AKAP12 deficiency increases 

the number of OPCs as a compensatory response. Therefore, these AKAP12-dependent 

intracellular mechanisms in survival and proliferation/maturation of oligodendrocyte lineage 

cells should be carefully examined in future studies for better understanding of the 

mechanisms of white matter homeostasis.

Conclusion

In conclusion, our current study demonstrates that AKAP12 regulates OPC-to-

oligodendrocyte differentiation in cerebral white matter. Even in the adult brains, OPCs 

provide a progenitor pool for mature oligodendrocytes, and therefore, OPC proliferation and 

differentiation are critical mechanisms for maintaining white matter function and repairing 

damaged white matter after injury. A deeper understanding of AKAP12 roles in white matter 

may lead us to novel therapeutic approaches for augmenting white matter health in CNS 

disorders including stroke or vascular dementia.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Significance Statement

Cerebral white matter, which primarily consists of axonal bundles ensheathed with 

myelin by mature oligodendrocytes, plays an important role in passing signals between 

different areas of gray matter. Although most oligodendrocytes emerge from their 

precursor cells (oligodendrocyte precursor cells: OPCs) during development, some OPCs 

remain as an immature state even in adult brains. These residual OPCs are known to 

serve as a “back-up” for mature oligodendrocytes, but the underlying mechanisms by 

which OPCs differentiate into oligodendrocytes are still mostly unknown. Here, we 

report that A-kinase anchor protein 12 (AKAP12), which is a scaffolding protein that 

associates with intracellular molecules such as protein kinase A, is required for 

oligodendrocyte renewal in young-adult mice.
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Figure 1. Loss of white matter myelin in AKAP12 knockout mouse
(a-b) Western blot using anti-AKAP12 antibody confirmed AKAP12 expression only in 

wild-type mouse cerebral white matter (i.e. corpus callosum region). β-actin was used as an 

internal control. Values are mean ± SD. N=6. *P<0.05. (c-d) Myelin staining using the 

FluoroMyelin kit showed white matter lesion with myelin damage in AKAP12 knockout 

(KO) mice. The densitometric analysis confirmed that myelin density in wild-type mice 

(WT) was significantly higher compared to AKAP12 KO mice. Bar=100 μm. Values are 

mean ± SD. N=5. *P<0.05. (e-f) White matter samples were subjected to western blot 
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analysis. Expression of myelin-basic protein (MBP), a major protein in white matter myelin, 

was significantly larger in WT mice. β-actin was used as an internal control. Values are 

mean ± SD. N=5. *P<0.05.
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Figure 2. Learning memory deficits in AKAP12 knockout mouse
Wild-type (WT) and AKAP12 knockout (KO) mice were subjected to the standard Y-maze 

test to assess their working memory. (a) Schematics for Y-maze test. Please see the method 

section as to how to calculate alteration ratio in Y-maze test. (b) There were no differences 

in the total number of arm entry between WT and KO mice, suggesting that the locomotor 

activity of AKAP12 KO mice was similar to WT mice. Values are mean ± SD. N=17 for 

each group. (c) On the other hand, the alternation ratio (index of working memory) in 

AKAP12 KO mice was significantly lower compared to WT mice. Values are mean ± SD. 

N=17 for each group. *P<0.05. Please see Supplementary Figure S3 for our repeated 

experiments with different animals by another operator.
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Figure 3. Oligodendrocyte loss in AKAP12 knockout mouse
(a-b) Immunostaining using anti-GST-pi antibody showed that the number of 

oligodendrocytes in white matter (corpus callosum area) in AKAP12 knockout (KO) mice 

was significantly lower compared to wild-type (WT) mice. Bar=25 μm. Values are mean ± 

SD. N=5. *P<0.05. (c) Protocols for in vivo OPC-to-oligodendrocyte differentiation assay. 

Seven days after BrdU injection, brains were taken out and subjected to immunostaining. (d) 
Double staining of BrdU with anti-GST-pi antibody (oligodendrocyte marker) showed that 

AKAP12 KO mice exhibited low level of newly generated oligodendrocytes. Values are 

mean ± SD. N=5. *P<0.05. Please see Supplementary Figure S4 for representative images 

for GST-pi/BrdU double-staining.
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Figure 4. AKAP12 expression in pericytes in vivo
(a) Immunostaining showed that AKAP12 was not expressed in OPCs (PDGF-R-α positive 

cells) in the corpus callosum region in wild-type mouse brain sections. Instead, AKAP12 

was confirmed to be expressed in pericytes (PDGF-R-β positive cells) in the corpus 

callosum region in wild-type mouse brain sections. Importantly, AKAP12-expressing 

pericytes were closely located to OPCs in the corpus callosum region. Bar=100 μm. (b) 
Double-staining of PDGF-R-β and AKAP12 using confocal microscopy confirmed that 
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pericytes express AKAP12. Bar=20 μm. Please see Suppl Figure S6 for additional data from 

immunostaining with another pericyte marker CD13.
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Figure 5. AKAP12 expression in pericytes in vitro
(a) Cultured pericytes expressed AKAP12 and the AKAP12 expression was suppressed by 

AKAP12 siRNA. β-actin was used as an internal control. (b) AKAP12 knockdown did not 

affect pericyte survival assessed by LDH assay. LDH amounts in the culture media were not 

different between control-siRNA-treated pericytes and AKAP12-siRNA-treated pericytes. 

Values are mean ± SD. N=5.
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Figure 6. Secreting factors from cultured pericytes
Proteome Profiler™ Human XL Cytokine Array using pericyte-conditioned-media showed 

that AKAP12 knockdown changed the pattern of secreting factors from pericytes. LIF, 

BDNF, GRO-α, and HGF are known to promote OPC differentiation. Those factors were 

downregulated in the AKAP12-deficient pericyte cultures. Please see Suppl Figure S8 for 

other factors from pericyte cultures.
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Figure 7. Pericytic AKAP12 for OPC differentiation in vitro
Cultured OPCs were maintained in control media, pericyte-conditioned media (P-CM), or 

conditioned media from AKAP12-deficient pericytes (P−CMAKAP12-). Five days later, those 

OPCs were used for immunostaining or western blotting analyses. (a-b) Immunostaining 

with anti-MBP (oligodendrocyte marker) antibody showed that P-CM increased the number 

of MBP−positive cells, but P-CMAKAP12- showed less effect on OPC maturation. Bar=100 

μm. Values are mean ± SD. N=5. *P<0.05 vs control, and #P<0.05 vs P-CM. (c-d) The levels 

of MBP expression in P-CM-treated OPCs were also lower compared to ones in P

−CMAKAP12- -treated OPCs. Values are mean ± SD. N=4. *P<0.05 vs P-CM.
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