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Abstract

Lysophosphatidylserine (lyso-PS), a lysophospholipid derived from phosphatidylserine (PS), has 

emerged as a potent signaling lipid in mammalian physiology. In vivo, the metabolic serine 

hydrolases ABHD16A and ABHD12 are major lipases that biosynthesize and degrade lyso-PS 

respectively. Of biomedical relevance, deleterious mutations to ABHD12 causes accumulation of 

lyso-PS in the brain, and this deregulated lyso-PS metabolism leads to the human genetic 

neurological disorder PHARC (polyneuropathy, hearing loss, ataxia, retinitis pigmentosa, and 

cataract). While the roles of ABHD16A and ABHD12 in lyso-PS metabolism in the mammalian 

brain are well established, the anatomical and (sub)cellular localizations of both lipases, and the 

functional cross-talk between them towards regulating lyso-PS lipids remain under investigated. 

Here, using subcellular organelle fractionation, biochemical assays and immunofluorescence 

based high resolution microscopy, we show that the PS lipase ABHD16A is an endoplasmic 

reticulum (ER) localized enzyme, an organelle intricately regulating cellular PS levels. Further, 

leveraging immunohistochemical analysis using genetic ABHD16A and ABHD12 knockout mice 

as important controls, we map the anatomical distribution of both these lipases in tandem in the 

murine brain, and show for the first time, the distinct localization of these lipases to different 

regions and cells of the cerebellum. We complement the aforementioned immunohistochemical 

studies by quantitatively measuring lyso-PS concentrations in various brain regions using mass 

spectrometry, and find that the cerebellar lyso-PS levels are most affected by ABHD16A 

(decreased) or ABHD12 (increased) deletion. Taken together, our studies provide new insights into 

lyso-PS signaling in the cerebellum, the most atrophic brain region in human PHARC subjects.
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Introduction

Understanding the molecular, biochemical and/or metabolic basis of several “orphan” 

human genetic neurological disorders, has only been possible because of the tremendous 

progress in whole genome sequencing technologies1. Following up on these genetic studies, 

complementary investigations have since revealed that deregulated lipid metabolism is 

central to a variety of human neurodegenerative disorders2–6. In 2010, a Norwegian family 

displaying Refsum-like neurological symptoms was clinically investigated, following which, 

their genomes were sequenced7. This genetic study found that this family harbored 

deleterious (null) mutations to the abhd12 gene on chromosome 20, that encodes the lipase 

α/β-hydrolase domain containing protein # 12 (ABHD12)7. Given the presentation of the 

symptoms clinically, this new autosomal recessive genetic neurological disorder was termed 

PHARC (polyneuropathy, hearing loss, ataxia, retinitis pigmentosa, and cataract) and 

deposited in the Online Mendelian Inheritance in Man (OMIM) database (ID: 612674)8. 

Since this study, several other genetic studies have mapped mutations (homozygous or 

compound heterozygous) in the abhd12 gene, all causing null full-length ABHD12 

expression and in turn activity, leading to the symptoms of PHARC9–14. Most human 

PHARC subjects present with early onset (early teenage years) visual disturbances (cataract 

or retinal pigmentation) or hearing loss, with progressively worsening peripheral neuropathy 

and motor function (pes cavus), that eventually manifests into gross cerebellar atrophy8–14. 

At the time of this discovery, ABHD12 was tentatively annotated as a putative 2-

arachidonoyl glycerol (2-AG) lipase, given its in vitro ability to hydrolyze the 

endocannabinoid 2-AG (along with monoacylglycerol lipase and ABHD6)15, and PHARC 

was thought to a genetic neurological disorder caused by defective endocannabinoid 

metabolism8.

In a seminal study to ascertain the biochemical and/or metabolic function of ABHD12, 

Cravatt and co-workers generated and rigorously characterized the ABHD12 knockout 

mouse, a murine model of PHARC16. Behaviorally, these mice mirror the age-dependent 

visual, auditory and motor defects seen in human PHARC subjects, and serve as an excellent 

pre-clinical model to investigate various aspects of this neurological disorder. The same 

study reported that the deletion of ABHD12 had no effect on the brain 2-AG levels16, and 

this meant two things: (i) in vivo, ABHD12 hydrolyzed some other lipid, and (ii) PHARC 

was most likely not a defect in endocannabinoid metabolism. To map the biological 

pathways regulated by ABHD12 in vivo, a comparative mass spectrometry based untargeted 

lipidomics experiment termed “discovery metabolite profiling”17 was performed on the 

brains of wild type and ABHD12 knockout mice. This study showed that deletion of 

ABHD12 resulted in a massive accumulation of the signaling lysophosphatidylserine (lyso-

PS) lipids in the mouse brain. In the same study, biochemical substrate assays showed that 

ABHD12 efficiently hydrolyzed lyso-PS lipids in vitro, and together all of these studies 

conclusively annotated ABHD12 as a lyso-PS lipase16 (Figure 1). Based on the 

aforementioned findings, Cravatt and co-workers proposed a model for the disease 

progression, where as a function of age, the genetic deletion of ABHD12 results in sustained 

lyso-PS accumulation in the central nervous system (CNS), that in turn causes 

neuroinflammation from deregulated lyso-PS signaling, and eventually leads to 
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progressively worsening neurobehavioral (auditory and motor) defects in ABHD12 null 

mice16.

Lyso-PS, a potent hormone-like signaling lysophospholipid, is present in all tissues, but is 

most abundant in the CNS (especially the brain) and in immune cells, where it regulates 

several physiologically important (immuno)biological processes like mast cell granulation18, 

macrophage activation and clearance of apoptotic cells19–21, facilitation of glucose 

metabolism in the brain and skeletal muscles22, 23, and chemotactic migration and 

stimulation of human cancer cells24–27. In the CNS, lyso-PS was thought to be 

biosynthesized from phosphatidylserine (PS) precursors via a PS lipase activity, and 

inhibitors to such a PS lipase might have tremendous therapeutic importance towards 

restoring the deregulated lyso-PS levels in the CNS, and in turn alleviating the 

pathophysiological effects seen in human PHARC subjects16. In search of such an enzyme, 

another previously unannotated lipase from the metabolic serine hydrolase family28, 

ABHD16A, was identified as a principal PS lipase in the CNS and in primary macrophages, 

where it biosynthesized lyso-PS lipids from PS precursors, and was found to function 

upstream of ABHD12 in regulating lyso-PS concentrations in vivo (Figure 1)29.

While the recent annotations of ABHD16A and ABHD12 as the principal PS lipase and 

lyso-PS lipase in the CNS respectively have significantly increased our understanding of 

lyso-PS metabolism29, very little is known of the anatomical, cellular and subcellular 

localization of these enzymes in the adult mammalian brain. We recently showed that 

ABHD12, at a subcellular level, is an integral membrane enzyme localized to the 

endoplasmic reticulum (ER) membrane in the mammalian brain30, where it regulates the 

secretion of very-long chain lyso-PS lipids from the ER16, 30. Following up on this finding, 

here, we report that the integral membrane PS lipase ABHD16A is also predominantly 

localized to the ER membrane in mammalian brain and cells, and we propose a model for 

the regulation of lyso-PS flux across the ER membrane from the interplay of these lipases. 

Further, using immunohistochemical analysis, we provide a detailed map of the cell specific 

anatomical localization of ABHD16A and ABHD12 in the mouse brain, using their 

respective knockout mice as important controls. Next, using substrate assays, and 

quantitative lipidomics, we measure PS/lyso-PS lipase activities and lyso-PS concentrations 

in different brain regions respectively, and correlate expression patterns to changes in lyso-

PS levels following deletion of ABHD16A or ABHD12. Our findings taken together, 

provide new insights into the interplay of ABHD16A–ABHD12 and lyso-PS signaling in the 

adult mammalian brain, and a possible explanation as to why the cerebellum is the most 

affected brain anatomical region in human PHARC subjects.

Materials and Methods

Materials

Unless otherwise stated, all chemicals, buffers, solvents and reagents were purchased from 

Sigma-Aldrich, all lipids and lipid standards were purchased from Avanti Polar Lipids Inc., 

all tissue culture media, disposables and consumables were purchased from HiMedia, and all 

primary and secondary antibodies were purchased from Abcam.
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Animal studies

All animal (mouse) studies described in the paper have received formal approval from the 

Institutional Animal Ethics Committee, IISER Pune (IAEC – IISER Pune), constituted as 

per the guidelines outlined by the Committee for the Purpose of Control and Supervision of 

Experiments on Animals (CPCSEA), Government of India. All mice were maintained at the 

National Facility for Gene Function in Health and Disease (NFGFHD), IISER Pune, and had 

ad libitum access to water and food. All mice used in the study were generated by using a 

standard heterozygous x heterozygous breeding paradigm and the resulting litter were 

genotyped using previously reported protocols16, 29. This breeding paradigm afforded wild 

type mice with same-sex knockout littermates as controls for all experiments described in 

this paper.

Subcellular fractionation studies

The Neuro-2a cell line was purchased from ATCC and cultured in DMEM medium 

supplemented with 10% (v/v) Fetal Bovine Serum (FBS) and 1% (v/v) penicillin-

streptomycin at 37°C in 5% CO2 (v/v) unless otherwise mentioned. The Neuro-2a cell line 

was routinely stained with 4’,6-diamidino-4-phenylindole (DAPI) using established 

protocols to ensure that it was devoid of any mycoplasma contamination31. Subcellular 

fractionation from tissues (mouse brain) and cells was performed to enrich the nuclear, 

mitochondrial, microsomal and cytosolic fractions using a protocol reported by us earlier30. 

The protein concentration of each subcellular fraction was estimated using Bradford reagent 

(Sigma-Aldrich), following which, the proteome from each fraction was denatured by 

boiling with 4X SDS loading dye at 95°C for 15 mins. This denatured proteome was 

separated over 10% SDS-PAGE gel and subsequently used for western blot analysis, to 

assess purity of enriched fractions, and detect the subcellular fraction to which ABHD16A 

enriches.

Western blot analysis

The proteins (typically 50 μg) were resolved on a 10% SDS-PAGE gel, transferred onto a 

methanol activated PVDF membrane (GE Healthcare) at 60V for 12 h at 4°C and processed 

post-transfer using a standard protocol reported by us earlier32. All primary and secondary 

antibody incubations described here were done at 1:1000 and 1:10,000 dilutions 

respectively. The blots were developed using the Thermo West Pico western blotting 

substrate (Thermo Fisher Scientific) and visualized on a Syngene G-Box Chemi-XRQ gel 

documentation system. The primary antibodies used in this study were: anti-ABHD16A 

(Rabbit, Abcam, 185549), anti-ABHD12 (Rabbit, Abcam, ab182011), anti-ATP5A (Mouse, 

Abcam, ab14748), anti-GM130 (Mouse, Abcam, ab169276), anti-Calnexin (Rabbit, Abcam, 

ab10286), anti-PMP70 (Mouse, Sigma-Aldrich, SAB4200181), anti-Lamin (Rabbit, Cloud 

Clone Corp, CAF548Hu01), anti-Tubulin (Rabbit, Cloud Clone Corp, CAB870Hu01), anti-

GAPDH (Mouse, Cloud Clone Corp, CAB932Hu01) and anti-β-actin (Rabbit, Cloud Clone 

Corp, CAB340Hu01). The secondary antibodies used in this study were HRP-conjugated 

anti-Rabbit IgG (Goat, Thermo Fisher Scientific, 31460), and HRP-linked anti-Mouse IgG 

(Goat, Cloud Clone Corp, SAA544Mu19). All densitometric analysis of bands for 
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quantitative western blot estimations were done using ImageJ 1.50i software (NIH, for 

Windows OS)33, 34.

Lipase substrate assays

All PS lipase and lyso-PS lipase substrate assays were performed using established liquid 

chromatography mass spectrometry (LC-MS) protocols reported earlier30. All lipase assays 

were done using 20 μg proteome on 100 μM lipid substrate (PS substrate: C18:0/18:1 PS, 

lyso-PS substrate: C18:1 lyso-PS) in 100 μL final volume for 30 mins. All free fatty acids 

released in these assays from the lipid substrates were detected using established high-

resolution MS method on Sciex X500R QTOF instrument. The LC and MS parameters were 

identical to those reported earlier30. All MS data was acquired and analyzed using Sciex–OS 

software. All quantifications were done by calculating area under the curve for the desired 

fatty acid released and normalizing it to the area under the curve to internal standard 

(internal standard: C17:1 free fatty acid, 0.5 nmol per reaction) and the amount of protein 

used.

Cellular immunofluorescence studies

The Neuro-2a cell line was cultured as described earlier30, 32, and the live cells were counted 

using trypan blue method on a BTC20 automated cell counter (BioRad) as per as 

manufacturer’s instructions. 3 x 106 cells were seeded on an 18 mm coverslip in 35 mm 

tissue culture dish and processed thereafter using established protocols reported by us 

earlier30, 32. All confocal microscopy images were acquired on a Leica SP8 Confocal Laser 

Scanning Microscope fitted with 63X, 1.4 oil immersion objective. High resolution 

microscopy images were obtained on a Leica TCS STED super resolution microscope with 

HC PL APO CS2, 100X, 1.4 oil immersion objective using previously reported protocols30. 

All raw images were deconvoluted using Huygens Professional Software (Scientific Volume 

Imaging BV) and all microscopy images were analyzed using ImageJ 1.50i software (NIH, 

for Windows OS)33–35. The primary antibodies used in these studies were anti-ABHD16A 

(Rabbit, Abcam, ab1855409), anti-ABHD12 (Rabbit, Abcam, ab182011), anti-ATP5A 

(Mouse, Abcam, ab14748, mitochondrial marker), anti-PMP70 (Mouse, Sigma-Aldrich, 

SAB4200181, peroxisome marker), and anti-Sec63A (Mouse, Abcam, ab68550, 

endoplasmic reticulum marker). Goat anti-rabbit IgG (H&L) conjugated with DyLight 488 

(Thermo Fisher Scientific, 35553) or goat anti-mouse IgG (H&L) conjugated with Alexa 

Fluor 568 (Thermo Fisher Scientific, A-11004) were used as secondary antibodies in this 

immunofluorescence study.

Harvesting thioglycollate elicited peritoneal macrophage

Peritoneal macrophages were elicited by injecting 3 mL of 4% (w/v) thioglycollate 

intraperitoneally using standard protocols reported earlier29, 31. Three days after injection, 

peritoneal macrophages were harvested in chilled Dulbecco’s phosphate buffered saline 

(DPBS) by a peritoneal lavage and the RBCs from the lavage were separated from the 

macrophages using RBC lysis buffer. Cells were pelleted at 200g for 3 mins and re-

suspended in RPMI 1640 medium supplemented with 20% (v/v) FBS and 1% (v/v) 

penicillin-streptomycin (MP Biomedicals). Cells were cultured at 37°C, 5% CO2 (v/v) as 

described earlier, to yield approximately 15 x 106 cells per mouse. Lipopolysaccharide 
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(LPS) treatment (5 μg/mL) of thioglycollate elicited peritoneal macrophages was done for 7 

hours, and DPBS was used as a vehicle for these treatments. Cellular immunofluorescence 

and western blot analysis on primary macrophages were done as described in the sections 

above.

Immunohistochemical (IHC) analysis

Mice (10 – 12 weeks age) were deeply anaesthetized using isoflurane and subsequently 

perfused first with chilled phosphate buffer saline (PBS), followed by 4% (w/v) 

paraformaldehyde (PFA). Brains were dissected gently to maintain anatomical integrity, 

transferred 4% (w/v) PFA overnight (~ 16 hours) at 4°C and eventually transferred into 30% 

(w/v) sucrose solution in PBS until brains sank to bottom of the tubes (~ 3 days). Coronal 

sections (25 μm) were cut on a freezing microtome maintained at –30 °C, and sections were 

transferred to a reservoir containing ice-cold PBS. For DAB based brightfield IHC analysis, 

endogenous peroxidases were first inactivated with 3% (v/v) hydrogen peroxide in PBS for 

15 min at 25°C in dark. Thereafter, the sections were washed twice with 1% (w/v) bovine 

serum albumin (BSA) in PBS and subsequently permeabilized with 0.1% (w/v) Triton 

X-100 and 0.5% (w/v) BSA in PBS for 45 mins at 25°C. The sections were then incubated 

with primary antibody in 1% (w/v) BSA overnight at 4°C, following which, the sections 

were washed three times with 0.5% (w/v) BSA in PBS and incubated with secondary 

antibody, biotinylated horse-anti rabbit [Vector labs, BP-1100] or biotinylated goat-anti 

mouse [Vector labs, BP-9200] in 0.5% (w/v) BSA in PBS for 1 hour at 25°C.

Following this treatment, the sections were washed twice in 0.5% (w/v) BSA in PBS, 

incubated with ABC Elite Vectastatin (Vector labs, PK-6100) for 1 hour at 25°C and 

subsequently washed twice with excess PBS. Finally, the sections were stained with 

ImmPACT DAB (Vector labs, SK-4105) for 3 min in dark, washed with PBS to remove 

excess DAB, and mounted using VectaMount (Vector labs, H-5000). Slides were imaged 

using an OptraSCAN Desktop or Precipoint M8 Digital Brightfield Microscope. For 

confocal laser scanning based IHC analysis, collected sections were directly permeabilized 

with 0.1% (v/v) Triton X-100 and 0.5% (w/v) BSA in PBS for 45 mins at 25°C and blocked 

with 1% (w/v) BSA in PBS for 1 hour at 25°C. Thereafter, sections were washed three times 

with 0.5% (w/v) BSA in PBS and incubated with primary antibody for 16 hours at 25°C. 

Sections were washed in 0.5% (w/v) BSA in PBS (3 times) and incubated with secondary 

antibody (1:1000 dilution) for 1 hour at 25°C. Sections were then washed with PBS and 

mounted with FluoromountTM aqueous mounting medium (Sigma-Aldrich). Slides were 

imaged using a Leica SP8 Confocal Laser Scanning Microscope. Primary antibodies used in 

the study were anti-ABHD16A [Rabbit, Abcam – ab185549, 1:100 dilution], anti-ABHD12 

[Rabbit, Abcam – ab182011, 1:100 dilution], anti-NeuN [Mouse, Abcam – ab104224, 1:100 

dilution], and anti-Calbindin [Mouse, Abcam – ab82812, 1:50 dilution]. Secondary 

antibodies used in the study were Goat anti-rabbit IgG (H&L) conjugated with DyLight 488 

(Thermo Fisher Scientific, 35553) and goat anti-mouse IgG (H&L) conjugated with Alexa 

Fluor 568 (Thermo Fisher Scientific, A-11004).
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Quantitative lipid measurements

Lipids (in particular PS and lyso-PS) were extracted with mass spectrometry grade organic 

solvents based the Folch extraction method with minor modifications and quantitatively 

estimated by LC-MS using a protocol previously reported by us31, 36. All lipids were 

quantified using an established multiple reaction monitoring high resolution (MRM-HR) 

method on Sciex X500R QTOF instrument36. Data was acquired and analyzed using Sciex–

OS software. All quantifications were done by calculating the area under the curve for the 

desired analyte and normalizing it to the area for respective internal standard (lyso-PS and 

PS standards for absolute quantification, and free fatty acid standard for relative 

quantifications) and weight of the tissue or amount of protein as applicable.

Primary cerebellar neurons culture

Timed pregnancies were set up for wild type C57BL/6J mice, to afford pregnant female 

mice for harvesting embryos. To obtain an enriched pool of cerebellar neurons, the 

cerebellum was dissected from day 18 (E18) embryos and minced in DMEM medium 

supplemented with 10% (v/v) heat inactivated FBS and 1X antibiotic-antimycotic solution 

(Thermo Fisher Scientific). Minced tissue was digested with 0.25% (w/v) trypsin in PBS for 

10 mins on ice, following which DNAse (0.1 mg/mL in PBS) was added for 5 mins on ice. 

Cells were pelleted down by spinning at 300g for 3 mins and washed twice with Hank’s 

Balanced Salt Solution. Cells were then re-suspended in Neurobasal Medium supplemented 

with 1X antibiotic-antimycotic solution (Thermo Fisher Scientific), 1X B-27 (Thermo Fisher 

Scientific), 1X glutamine (Thermo Fisher Scientific) at 37°C with 5% (v/v) CO2. Cells were 

cultured for 14 days, and media was changed every 2 days during this period. Purity of 

neurons was confirmed by cellular immunofluorescence and western blot analysis by 

probing for NeuN using established protocols reported in the sections above.

Statistical analysis

All data was plotted and statistical analysis was performed using GraphPad Prism 7 for Mac 

OS X software. All bar data is represented as mean ± standard deviation (s. d.) for three or 

more independent biological replicates per experimental group

Results

Subcellular localization of ABHD16A

Previous protein deglycosylation studies and the detergent-independent sensitivity of 

ABHD16A to proteolytic degradation, have suggested that ABHD16A is an integral 

membrane lipase with a cytosolically oriented active site (α/β hydrolase domain)29 (Figure 

S1). To build on this finding, we first wanted to map the subcellular localization of 

ABHD16A. To address this, we used the biochemical organelle fractionation along with PS 

lipase substrate assays, followed by high resolution microscopy. Using established 

subcellular fractionation protocols30, we purified the cytoplasmic, microsomal, 

mitochondrial and nuclear fraction from mice brain (Figure 2A), and Neuro-2a cells, an 

immortalized mammalian neuronal cell line (Figure 2B). In accordance with literature 

precedence, we confirmed by western blot analysis, that these subcellular fractions were 
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approximately 90% pure by probing for an organelle specific marker (ATPase5a for 

mitochondria, Lamin for nucleus, Calnexin for the ER, PMP70 for peroxisomes, GM130 for 

the Golgi and Actin for cytosol). Next, using western blot analysis, we probed for 

ABHD16A in all these subcellular fractions, and found in both the mouse brain (Figure 2A), 

and in Neuro-2a cells (Figure 2B), that ABHD16A was most enriched in the microsomal 

fraction. To corroborate the results from the western blot experiments, we performed PS 

lipase activity assay using C18:0/18:1 PS (stearoyl-oleayl phosphatidylserine, SOPS) as a 

substrate on the different subcellular organelle fractions obtained from the mouse brain and 

Neuro-2a cells. Consistent with the enrichment of ABHD16A to the microsomal fraction, 

we found that the specific PS lipase activity was highest in the microsomal fraction obtained 

from both the mouse brain (Figure 2C) and Neuro-2a cells (Figure 2D) as compared to any 

other subcellular fraction. The β-lactone KC01 is a potent inhibitor of mammalian 

ABHD16A, while the β-lactone KC02 serves as a structurally similar inactive control to 

assay for mammalian ABHD16A activity29, 37. When all subcellular fractions were pre-

treated with KC01 or KC02 (both at 1 μM, 1 hour, 37°C), we found that the microsomal PS 

lipase activity in particular, was significantly inhibited by KC01, but not KC02, for both the 

mouse brain (Figure 2C) and Neuro-2a samples (Figure 2D). This result confirmed that the 

majority of the PS lipase activity from the purified microsomal fraction was indeed coming 

from ABHD16A, matching the microsomal enrichment profile for this lipase.

As reported by us earlier30, the microsomal fraction consists mostly of proteins from the ER, 

peroxisomes, Golgi and the plasma membranes. Given that most of the intracellular PS is 

localized to ER, peroxisomal and mitochondrial membrane38, we hypothesized, that 

ABHD16A would likely be localized to the ER or the peroxisomes. Using high resolution 

stimulated emission depletion (STED) microscopy, we found in Neuro-2a cells that 

ABHD16A co-localizes very well with Sec63a, an ER marker (Figure 3A). In the same cell 

line, we did not find any significant co-localization of ABHD16A with PMP70, a 

peroxisome marker or ATP5a, a mitochondrial marker, to rule out its presence of ER-

mitochondrial contact sites (Figure S2). We have previously shown that mammalian 

ABHD12 is enriched at the ER membrane30, and here, we checked for the co-localization of 

ABHD16A with ABHD12 using STED microscopy. Indeed, we found in Neuro-2a cells, 

that ABHD16A co-localizes with ABHD12, further confirming that ABHD16A is enriched 

at the ER membrane (Figure S3). To ensure that the cellular localization studies were not an 

artefact of an immortalized cell line, we generated and cultured primary cerebellar neurons 

using standard protocols. Here, using STED microscopy, we found that ABHD16A co-

localized well with Sec63a, thus confirming the subcellular localization of ABHD16A at the 

ER membrane even in primary neurons (Figure 3B).

Mapping ABHD16A–ABHD12 localization in primary peritoneal macrophages upon an 
immune challenge

Previous large-scale gene expression studies39, 40 and biochemical characterization of the 

activities of ABHD16A and ABHD12 in primary peritoneal macrophages (PPMs) elicited 

using thioglycollate29, have shown that upon lipopolysaccharide (LPS) stimulation (1 

μg/mL, 7 hours at 37°C), the activity of ABHD16A increases (~ 2.5 fold), while that of 

ABHD12 decreases (~ 2-fold), thereby increasing the secreted lyso-PS concentrations from 
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PPM and enabling the resolution of an inflammatory stimuli29. However, it is unclear during 

an inflammatory stimulus, whether or not, the subcellular localization of ABHD16A and/or 

ABHD12 change, and we wanted to investigate this. Previously, we have reported using 

cellular immunofluorescence studies that ABHD12 in localized to the ER in PPM, using 

PPMs derived from ABHD12 knockout mice as a control for this assay30. Following up on 

this study, we first wanted to perform the same study on PPMs obtained from wild type 

(WT) or ABHD16A knockout mice, to determine the subcellular localization of ABHD16A 

and to ensure that our immunofluorescence readout of ABHD16A in PPM was accurate. 

Consistent with findings from the mouse brain and Neuro-2a cells, we found that WT PPM 

showed ER localization of ABHD16A, and this immunofluorescent signal was significantly 

diminished in PPM derived from ABHD16A knockout mice (Figure S4).

To validate previous findings, we first assessed by quantitative western blot analysis, the 

levels of ABHD16A and ABHD12 following LPS treatment of WT PPM (1 μg/mL, 7 hours 

at 37°C), and found that upon LPS stimulation, the total protein levels (and in turn activity) 

of ABHD16A and ABHD12 were increased (~ 2.5 fold) and decreased (~ 1.8 fold) 

respectively relative to a GAPDH loading control (Figure 4A). Having confirmed these 

protein level changes, we next asked if the localization of ABHD16A and/or ABHD12 

changed upon LPS stimulation using our established cellular immunofluorescence assays. 

We found from this assay, that the upon LPS treatment of WT PPM (1 μg/mL, 7 hours at 

37°C), the total cellular protein levels of ABHD16A increased > 2-fold (Figure 4B), while 

that of ABHD12 decreased by ~ 2-fold (Figure 4C) consistent with all previous studies29. 

Interestingly however, we found that for vehicle or LPS treated WT PPMs, both ABHD16A 

and ABHD12 were still predominantly localized to the ER membrane (Figure 4B, 4C), 

suggesting negligible changes (if any) in cellular localization upon LPS stimulation.

Mapping the gross anatomical localization of ABHD16A, ABHD12 and lyso-PS in the adult 
mouse brain

Having mapped the subcellular localization of ABHD16A and ABHD12 in the mouse brain 

and, in mammalian immortalized and primary cells, we next asked where in the adult mouse 

brain were both these lipases’ maximally enriched. To address this, we first micro-dissected 

the different anatomical regions of the brain namely the olfactory bulb, prefrontal cortex, 

cortex, hippocampus, thalamus, and cerebellum from adult WT mice (10 -12 weeks age). 

We prepared membrane proteomes of these brain regions using standard protocols30, and 

probed them for ABHD16A and ABHD12 expression using western blot analysis. We found 

relative to the tubulin protein loading control, that ABHD16A was maximally enriched in 

the cerebellum, and the olfactory bulb, while ABHD12 is ubiquitously expressed at near 

equal levels in all the aforementioned brain regions (Figure 5A). Next, we measured the 

specific PS lipase and lyso-PS lipase activities for the membrane proteomes of the different 

micro-dissected brain anatomical listed above using standard protocols30. We found that 

consistent with the ABHD16A and ABHD12 expression profiles, the specific PS lipase 

activity was highest in the cerebellum, and the olfactory bulb, while the specific lyso-PS 

lipase activity was nearly equivalent in all brain regions (Figure 5B). In the cerebellum, we 

confirmed by treatment with a selective inhibitor29, that ABHD16A was indeed contributing 

to the majority of the PS lipase activity (Figure S5).
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To determine if there was any correlation between the expressions of ABHD16A/ABHD12 

and their respective lipase activities to lyso-PS concentrations in different brain regions, we 

quantitatively measured abundant lyso-PS lipids (C18:0, C18:1 and C22:6) in the 

aforementioned micro-dissected brain regions using established targeted LC-MS16, 29. 

Interestingly, we found that the cerebellum had the highest lyso-PS concentration, followed 

by the olfactory bulb (2-fold less that cerebellum), with all other brain regions having near 

equal lyso-PS concentrations, approximately 4 to 5-fold less than that of the cerebellum 

(Figure 5C). Consistent with ABHD16A being the major lyso-PS biosynthetic enzyme (PS 

lipase) in the mammalian brain29, its heightened cerebellar expression (and in turn activity) 

correlates very well with the cerebellum having the highest lyso-PS concentration in the 

adult mouse brain. Further, since ABHD12 expression (and in turn activity) is ubiquitous in 

the brain, it seems likely that the varying lyso-PS concentrations observed in the different 

anatomical regions of the WT adult mouse brain under normal conditions, are largely 

governed by the expression (and in turn activity) of ABHD16A.

To complement these findings, we used two well established immunohistochemistry 

methods: a 3,3’-diaminobenzidine (DAB) based method and the fluorescence based confocal 

microscopy method to visualize the localization of ABHD16A and ABHD12 in whole brain 

sagittal sections. Previous studies on the brains of ABHD12 knockout mice have revealed no 

anatomical defects16 but such a validation study on the brains of ABHD16A knockout mice 

is currently lacking. To ensure that the loss of ABHD16A activity does not affect the gross 

brain anatomy, we performed Cresyl Violet (Nissl) and Hematoxylin and Eosin (H&E) 

staining on coronal sections on brains derived from WT and ABHD16A knockout mice, and 

found that the gross anatomy of the brain does not change upon ABHD16A deletion (Figure 

S6). From the immunohistochemical analysis using their respective knockout mice as 

controls, we found in sagittal brain sections by both DAB and immunofluorescence-based 

staining, that consistent with all previous findings, ABHD16A was significantly enriched in 

the cerebellum compared to any other brain region (Figure 6A), while ABHD12 was more 

ubiquitous, and found enriched in the cerebellum, hippocampus and cortex (Figure 6B). To 

ensure that the results from the sagittal sectioning were not artefacts, we also performed 

DAB staining on coronal sections from WT mice using ABHD16A or ABHD12 knockout 

mice as controls, and found similar results from this immunohistochemical study (Figure 

S7).

Effect of ABHD16A or ABHD12 deletion on lyso-PS and PS concentrations in different 
anatomical regions of the brain

Previous quantitative lipidomic measurements have shown that the deletion of ABHD16A 

and ABHD12 result in decreased and increased bulk lyso-PS levels in the mammalian brain 

respectively16, 29. Interestingly, ABHD12 knockout mice brains, also show accumulation of 

arachidonoyl (C20:4) containing PS lipids16, recently shown to be through the activation of 

MBOAT5, a C20:4 specific acyltransferase, that converts excess lyso-PS back to PS41, while 

ABHD16A knockout mice brains show no changes in bulk PS levels29. So, having mapped 

the gross anatomical distribution of ABHD16A and ABHD12 in the adult mouse brain, we 

next asked, what was the effect of deletion of ABHD16A or ABHD12, on the lyso-PS and 

PS levels in specific anatomical regions of the adult brain. To address this, we again 
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harvested the olfactory bulb, prefrontal cortex, cortex, hippocampus, thalamus, and 

cerebellum from age and gender matched: (i) WT and ABHD16A knockout mice, or (ii) WT 

and ABHD12 knockout mice (10 -12 weeks age); and measured their relative lyso-PS and 

PS content using established targeted LC-MS analysis16, 29, 31.

Consistent with the enriched cerebellar localization of ABHD16A, we found that its deletion 

resulted in a significant decrease of all lyso-PS species (especially long chain lyso-PSs) in 

this brain region (Figure 7A). We also found a modest decrease in long chain lyso-PSs in the 

olfactory bulb, where ABHD16A is also enriched, while all other brain regions showed 

negligible to no changes for the different lyso-PS lipids (Figure 7A). Interestingly, we also 

found that disruption of ABHD16A resulted in a modest accumulation of a handful PS lipid 

species esterified with long chain fatty acids only in the cerebellum, while all other brain 

regions including the olfactory bulb, showed little to no changes in brain PS profiles (Figure 

7B). On the other hand, we found that the deletion of ABHD12 resulted in accumulation of 

lyso-PS lipids, in particular very long chain lyso-PSs, throughout the brain (Figure 7C). The 

accumulation of lyso-PSs in ABHD12 knockout mice brains was most profound in the 

cerebellum and the olfactory bulb (Figure 7C), consistent with ABHD16A expression, and 

its role as the principal lyso-PS biosynthetic enzyme in these brain regions. Interestingly, 

across the different brain regions of ABHD12 knockout mice, we found that several PS 

lipids were significantly decreased, while C20:4 containing PS lipids were elevated (Figure 

7D), consistent with previously reported PS measurements from the whole brain16. Of note, 

the deregulation of PS lipids from ABHD12 knockout mice was most pronounced in the 

cerebellum (Figure 7D).

Mapping the cell type distribution of ABHD16A and ABHD12 in the cerebellum

Since the cerebellum is most affected brain region in human PHARC subjects8, and because 

it shows the highest lyso-PS deregulation in both ABHD16A and ABHD12 knockout mice, 

we next wanted to understand the cerebellar localization of both ABHD16A and ABHD12. 

To address this, we obtained cerebellar (sagittal and coronal) sections from adult WT mice 

(10 - 12 weeks of age) using their respective knockout mice (ABHD16A or ABHD12) as 

age and gender matched controls, and assessed the localization of ABHD16A and ABHD12 

using DAB and fluorescence based immunohistochemical analysis. In our fluorescence 

based immunohistochemical analysis, alongside the antibodies of our lipases’ of interest 

(ABHD16A and ABHD12), we used the established anti-NeuN42 and anti-Calbindin43 

antibodies as specific markers for the granular layer neurons, and Purkinje neurons 

respectively, to assess the specific cerebellar localization of ABHD16A and ABHD12.

From the DAB based immunohistochemical analysis, we found that ABHD16A is 

maximally enriched in the granular (and perhaps molecular) layers of the cerebellum but not 

in the cerebellar ganglionic layer (Figure 8A). We found from the fluorescence based 

immunohistochemical analysis that ABHD16A is co-localized with NeuN, but not with 

Calbindin, suggesting that ABHD16A is present in granular neurons, but not in Purkinje 

neurons (Figure 8B). Though not conclusive from our results, given its expression in the 

molecular layer from DAB IHC experiments, it is likely that ABHD16A may also be 

expressed in the parallel fibers of molecular layer which originate from the granular neurons, 
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and synapse with Purkinje neurons. Interestingly, despite the ubiquitous expression of 

ABHD12 in the adult mouse brain, within the cerebellum, we found by DAB based 

immunohistochemical analysis, significant enrichment of ABHD12 in the ganglionic layer 

of the cerebellum (Figure 8C), suggesting that ABHD12 was likely present on Purkinje 

neurons. Indeed, fluorescence based immunohistochemical analysis also showed that 

ABHD12 co-localized with Calbindin, but not NeuN, and confirmed that this lipase was 

localized to Purkinje neurons (Figure 8D). To ensure that the deletion of ABHD16A or 

ABHD12 did not cause any structural abnormalities in Purkinje neurons, we also assessed 

cerebellar sections from the respective knockout mice, and found by DAB and fluorescence 

based immunohistochemical analysis, that morphology, number and integrity of Purkinje 

neurons from knockout mice was near identical to those from WT mice (Figure S8). Taken 

together, these studies show for the first time, the discrete localization of ABHD16A and 

ABHD12 within the cerebellum, and suggest for the first time, that cerebellar lyso-PS 

signaling might be paracrine in nature.

Discussion

Deregulated lipid signaling pathways have been attributed as a primary cause to several 

human neurological diseases2–6, and understanding the biochemical basis for such disorders 

are important towards developing therapies for these. Recently, the early onset progressively 

debilitating neurodegenerative disease PHARC, caused by deleterious mutations to a gene 

that encodes the lipase ABHD12, was shown to involve a deregulated lipid signaling 

pathway, namely lyso-PS8, 9, 16. The integral membrane serine hydrolase enzyme ABHD12 

has been annotated as a principal lyso-PS lipase in the mammalian brain, where it terminates 

lyso-PS signaling through its lipase activity (Figure 1)16, and its deletion results in gross 

accumulation of this lipid class in the CNS, where sustained deregulated signaling causes 

the pathophysiology of this neurological disease16. An upstream PS lipase, ABHD16A, was 

also recently identified as a principal lyso-PS biosynthetic enzyme in the CNS (Figure 1)29, 

and inhibitors to this enzyme, can in principle reverse the PHARC pathophysiology by 

preventing lyso-PS biosynthesis. While the biochemical activities of both these lipases are 

well understood, their (sub)anatomical and subcellular localizations, and the crosstalk 

between them, particularly in the brain remain relatively poorly understood. To understand 

this, in this paper, using biochemical assays, LC-MS based lipidomics, along with cellular 

immunofluorescence and tissue immunohistochemical analysis, here we set out to map the 

neuroanatomy of ABHD16A and ABHD12 and expand our current understanding as to how 

this localization likely influences brain lyso-PS distribution and signaling.

First, we show using biochemical subcellular fractionation (Figure 2) and cellular 

immunofluorescence assays (Figure 3) that the PS lipase ABHD16A, like ABHD1230, is an 

ER membrane localized lipase in the brain and neuronal cells. We also show in PPM, where 

upon LPS treatment the expression (and in turn activity) of ABHD16A increases and 

ABHD12 decreases29, that the ER localization of both these enzymes remains unchanged 

upon this inflammatory stimulus (Figure 4). PS regulates many facets of mammalian 

physiology, and several studies have shown in metabolism across various cellular 

components38, 44. PS is synthesized by phosphatidylserine synthase 1 (PSS1) and 2 (PSS2) 

at mitochondrial associated membranes (MAMs) from other phospholipid precursors, and is 
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subsequently fluxed to mitochondria and metabolized to phosphatidylethanolamine (PE) or 

is directly transported from MAMs to plasma-membrane in exchange of 

phosphatidylinositol-4-phosphate (PIP4). PS is also transported to plasma membrane as 

vesicles through the Golgi network (Figure 9)38, 44. Quite interestingly, these lipid cell 

biological studies have also shown that PS is cytosolically oriented across the ER 

membrane38, 44. That ABHD16A is ER localized, and has an active site which is 

cytosolically oriented, enables it to access PS on ER membranes to biosynthesize lyso-PS 

lipids (Figure 9). We hypothesize that the while ABHD16A is continually making lyso-PS 

lipids, a small fraction of this is likely secreted from cells towards homeostatic signaling, 

while the remaining fraction in metabolized on the ER membrane by the lyso-PS lipase 

ABHD12 to recycle the head group for PS production (Figure 9). Thus, our mapping of 

ABHD16A here, along with previous reports of ABHD12’s ER localization30, expand our 

current understanding of PS metabolism in the ER (Figure 9).

Second, we show using immunoblotting, biochemical assays, LC-MS based lipidomics 

measurements and immunohistochemical analysis, that PS lipase ABHD16A, and the 

brain’s specific PS lipase activity are enriched in the cerebellum, while lyso-PS lipase 

ABHD12 and the brain’s specific lyso-PS lipase activity are ubiquitous (Figure 5, 6). Given 

this disparity, lyso-PS lipids are enriched in the cerebellum, where the principal PS lipase 

ABHD16A resides (Figure 5). Under normal conditions ABHD16A seems to exert more 

influence on lyso-PS brain distribution, and we find that deletion of ABHD16A causes a 

decrease in lyso-PS lipids, and a modest corresponding increase in PS lipids, only in the 

cerebellum, while other brain regions mostly remain unaffected by this disruption (Figure 7). 

On the other hand, given its ubiquitous distribution, we find that deletion of ABHD12 has a 

more profound influence on lyso-PS and PS lipids in all regions of the brain, with the effects 

most evident in the cerebellum (Figure 7). The cerebellum is responsible for proper motor 

functions, posture and balance45–47, all of which are affected in human PHARC subjects8, 9, 

and here, we show that the cerebellum is most susceptible to lyso-PS deregulation upon 

disruption of ABHD16A and/or ABHD12 activity (Figure 7). Given all this, and the fact that 

the cerebellum undergoes maximum atrophy in human PHARC subjects8, 9, we wanted to 

investigate the (sub)anatomical localization of both ABHD16A and ABHD12 in the 

cerebellum. Interestingly, using IHC analysis, we found that ABHD16A and ABHD12 

reside in spatially distinct regions of the cerebellum, i.e. the granular layer neurons and the 

Purkinje neurons respectively (Figure 8), that are known to communicate with one another 

towards regulating normal cerebellar functions45–47.

Although preliminary at this stage, based on the findings reported in this paper, we propose a 

paracrine signaling model for the role of ABHD16A and ABHD12, and lyso-PS lipids in 

regulating cerebellar function (Figure 10). We believe that lyso-PS lipids are biosynthesized 

by ABHD16A rich neuronal cells in granular layer, following which they are transported by 

as-of-yet unknown mechanism(s) to the Purkinje layer (and possibly other regions of the 

brain). Here, Purkinje neurons rich in ABHD12, tightly regulate lyso-PS concentrations, and 

maintain a basal threshold concentration necessary for homeostatic signaling and regulatory 

activities of the cerebellum (and perhaps other brain regions too). In the scenario of PHARC, 

where ABHD12 activity is absent, this homeostatic threshold is breached, and there is an 

excess of lyso-PS, constantly stimulating the Purkinje neurons, leading to deregulated 
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cerebellar functioning, eventually manifesting into the motor defects and peripheral 

neuropathy seen in human PHARC subjects8, 9.

Projecting ahead, the studies we report here open up several new exciting questions. First, 

given that the ER is a hub for PS metabolism, understanding the specific contribution of 

ABHD16A and its dynamic interlay with ABHD12 in regulating PS fluxes within the 

cellular organelle. Second, understanding and characterizing the paracrine signaling model 

for lyso-PS signaling we propose here, would provide new mechanistic insights into 

cerebellar functioning under the influence of this signaling lipid, and help map pathways 

downstream of lyso-PS signaling that are deregulated in PHARC. Recently, three G-Protein 

Coupled Receptors (GPR34, GPR174 and P2Y10)48 and the Toll-like Receptor 249, have 

putatively been identified as lyso-PS receptors, and understanding the localization of these 

receptors in the cerebellum, and characterizing their interplay with the ABHD16A-ABHD12 

and lyso-PS network, will likely provide new therapeutic interventions in treating PHARC. 

Third, it would be important to determine in pre-clinical models, if disrupting ABHD16A 

activity can indeed rescue or reverse the neurological symptoms seen in PHARC. Fourth, it 

has been recently shown that ABHD12 also regulates levels of the pro-apoptotic oxidized 

phosphatidylserine lipids under oxidative stress conditions31, and that pharmacological 

disruption of ABHD12 activity leads to cell death ferroptosis in human cancer cells50–52. It 

would be interesting to understand whether ferroptosis if any, contributes to the PHARC 

pathophysiology, and how ABHD12 spatiotemporally regulates oxidized phosphatidylserine 

lipids in the brain under oxidative stress. Also, it would be useful to determine whether there 

are any changes in the brain anatomical distributions of ABHD16A and ABHD12 under an 

inflammatory-stimuli (e.g. systemic LPS treatment) and if and how that contributes to the 

neurological symptoms of PHARC. Fifth, we find from our profiling study here, that 

ABHD16A is also present in the olfactory bulb, and this expression corroborates the PS 

lipase activity profiles for the different brain regions. Given the involvement of visual 

disturbances, i.e. the early onset cataract and retinal pigmentation, in human PHARC 

subjects8, 9, understanding the role of lyso-PSs in the development of this pathophysiology 

should also be investigated. Finally, there is no structural information available for 

ABHD16A or ABHD12, given that they are integral membrane proteins, and have been 

difficult to purify and hence crystallize. With the advent of emerging structural biology 

techniques (e.g. cryo-electron microscopy), determination of the three-dimensional 

structures of ABHD16A and ABHD12 would enable a better mechanistic understanding of 

these lipases of biomedical importance.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. The PS lipase and lyso-PS lipase activities catalyzed by ABHD16A and ABHD12 
respectively.
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Figure 2. ABHD16A is enriched in the microsomal fraction.
Biochemical fractionation of various subcellular organelles from (A) mouse brains, and (B) 

Neuro-2a cells, shows that ABHD16A is enriched in the microsomal fraction. This 

experiment was repeated three times with reproducible results each time. Consistent with the 

localization studies, the PS lipase activity is also enriched in the microsomal fractions from 

(C) mouse brains, and (D) Neuro-2a cells. In both (C) and (D), the PS lipase activity is 

inhibited by KC01 but not KC02, consistent with this activity coming from ABHD16A. 

Data represents mean ± standard deviation for three biological replicates per group.
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Figure 3. ABHD16A is localized to the ER.
Cellular immunofluorescence studies in (A) Neuro-2a cells and (B) primary cerebellar 

neurons, show significant co-localization of ABHD16A with Sec63A (an ER marker). Bars 

on normal images are 5-μm, while bar on zoomed image is 2-μm. This experiment was 

repeated three times with reproducible results each time.
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Figure 4. ABHD16A and ABHD12 are ER localized in primary peritoneal macrophages (PPM) 
after an inflammatory stimulus.
(A) Representative blot and quantitation from western blot analysis of PPM, showing an 

increase and decrease in ABHD16A and ABHD12 levels respectively following LPS 

treatment. This experiment was done three times with reproducible result each time. (B, C) 

Representative images and quantitation from cellular immunofluorescence analysis of PPM, 

showing an increase and decrease in (B) ABHD16A and (C) ABHD12 levels respectively 

following LPS treatment. This experiment was done four times with reproducible result each 
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time. Data represents mean ± standard deviation for three or four biological replicates per 

group. Bars on images in (B) and (C) are 5-μm.
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Figure 5. Mapping the brain distribution of ABHD16A, ABHD12 and lyso-PS lipids.
(A) Western blot analysis on membrane lysates from different anatomical regions of the 

brain showing enrichment of ABHD16A to the cerebellum, while ABHD12 is more 

ubiquitously expressed in the brain. Tubulin was used as a loading control for this 

experiment. This western blot analysis was done three times with reproducible results each 

time. (B) Lipase activity profiles on membrane lysates from different anatomical regions of 

the brain showing enrichment of the PS lipase activity in the cerebellum, while lyso-PS 

lipase activity is comparable across all regions of the brain. Data represents mean ± standard 

deviation for three biological replicates per group. (C) Quantitative lyso-PS measurements 

on abundant lyso-PS species (C18:0, C18:1 and C22:6) on different anatomical regions of 

the brain showing enrichment of these lipids to the cerebellum. Data represents mean ± 

standard deviation for four biological replicates per group.
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Figure 6. Mapping the anatomical distribution of ABHD16A and ABHD12 using 
immunohistochemical (IHC) analysis.
Representative images from the IHC analysis on sagittal brain sections from (A) wild type 

and ABHD16A knockout mice and (B) wild type and ABHD12 knockout mice, using DAB 

staining or immunofluorescence. For both the DAB based staining and immunofluorescence 

experiments of the sagittal sections, the left image represents the entire sagittal section, 

while the right image represents a zoomed section of the cerebellum. Knockout controls for 

both IHC analysis show very little signal. Bars on entire sagittal image are 2 mm, while bars 

on zoomed cerebellar image are 0.5 mm. The IHC experiments were done four independent 

times with reproducible results each time.
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Figure 7. Relative lyso-PS and PS measurements in different brain regions following deletion of 
ABHD16A or ABHD12.
(A) Lyso-PS, and (B) PS concentrations in the different regions of the brain of ABHD16A 

knockout mice relative to corresponding regions from wild type mice. (C) Lyso-PS, and (D) 

PS concentrations in the different regions of the brain of ABHD12 knockout mice relative to 

corresponding regions from wild type mice. The relative data for each lyso-PS or PS species 

was obtained by taking the ratio of the knockout value to the wild type value, where the 

respective value was calculated as an average of independent 4 biological replicates per 

genotype. The scale adjoining the heat map plot is log10(ratio of knockout value/wild type 

value). The numbers denoted above each heat map plot correspond to different brain regions: 

1 = olfactory bulb, 2 = prefrontal cortex, 3 = cortex, 4 = hippocampus, 5 = thalamus, and 6 = 
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cerebellum. For comparison purposes, (A) and (C), and (B) and (D) are plotted on the same 

logarithmic scale.
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Figure 8. Mapping the anatomical localization of ABHD16A and ABHD12 in wild type mouse 
cerebellum.
(A) Representative image from DAB based IHC analysis for ABHD16A in a sagittal 

cerebellar section. (B) Representative image from fluorescence based IHC analysis of 

ABHD16A, in conjunction with NeuN and Calbindin. (C) Representative image from DAB 

based IHC analysis for ABHD12 in a sagittal cerebellar section. (D) Representative image 

from fluorescence based IHC of ABHD12, in conjunction with NeuN and Calbindin. Note: 

images represented in (A) and (C) are obtained from the sagittal sections of WT mice 

represented in Figure 6. For (A) and (C), ML = molecular layer, PN = Purkinje neurons, GL 

= granular layer, and AV = arbor vitae. For (B) and (D), bars for the NeuN IHC panel are 

300 μm, while bars for the Calbindin panel are 100 μm.
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Figure 9. Schematic representation of PS metabolism in the ER.
The mitochondrial associated membrane (MAM), where PS biosynthesis occurs is shown in 

purple. PC = phosphatidylcholine, PE = phosphatidylethanolamine, PIP4 = 

phosphatidylinositol-4-phosphate.
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Figure 10. A preliminary paracrine signaling model for lyso-PS signaling in the cerebellum 
regulated by ABHD16A and ABHD12 activities.
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