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Abstract: 

 The omega-3 fatty acid, docosahexaenoic acid (DHA), is highly enriched in the 

central nervous system (CNS) and thought to protect against neurological dysfunction. 

Due to its neuroprotective nature, DHA is widely considered a medicinal preventative 

strategy and treatment. However, while dietary DHA supplementation increases DHA 

levels in peripheral tissues, it often fails to increase brain DHA levels. The indirect 

relationship between dietary-DHA and brain-DHA enrichment highlights the existence of 

unique mechanisms that allow DHA to be metabolized in the brain. The mechanisms 

regulating DHA enrichment in the brain remain unclear. The purpose of this dissertation 

was to answer fundamental questions about the mechanisms that regulate brain DHA 

metabolism by testing the hypothesis that a specific fatty acid metabolizing enzyme, long-

chain acyl-CoA synthetase isoform 6 (ACSL6), is required for enrichment of DHA into the 

brain. As reviewed in my first-author literature review published in PLEFA in September 

2020, ACSL6 is one of a large family of 26 acyl-CoA synthetase (ACS) enzymes that 

catalyze the initial step in cellular fatty acid metabolism and serve as potential master 



regulators of brain phospholipid acyl-chain diversity. Of all the ACSs, ACSL6 is almost 

exclusively expressed in the CNS and has been shown to have substrate preference for 

DHA. To test our hypothesis, we genetically targeted ACSL6 to create a novel conditional 

ACSL6-deficient mouse (Acsl6-/-). We discovered that whole-body Acsl6 deletion results 

in a significant 35-72% reduction in DHA-containing phospholipids in the CNS. Our initial 

findings for this animal model were published as my first first-author research article in 

PNAS in October of 2018, and our findings were of such great interest that the article was 

mentioned on the cover of the issue and was accompanied by a complementary 

commentary highlighting the importance of our discovery. We then went on to combine in 

situ fluorescence hybridization, several genetically targeted mouse models, lipidomics, 

and MALDI lipid imaging to demonstrated that ACSL6 in neurons regulates the 

enrichment of DHA in the brain. We also have shown that ACSL6 expressed in astrocytes 

does alter membrane acyl-chain content, but does not impact DHA, which we 

mechanistically explain is due to cell-type specific expression of ACSL6 variants that 

contain altered fatty acid binding domains. After many behavioral assessments, we found 

that ACSL6 knockout mice were hyporesponsive to auditory and foot-shock sensory 

stimulation, exhibited hyperlocomotion, and showed altered short-term working spatial 

memory. Acsl6-/- mice displayed exacerbated astrogliosis in an age-dependent manner 

and accompanied with increased inflammation and gliosis. This neuroinflammation 

occurred independent of changes in pro- and anti-inflammatory lipid mediators suggesting 

there is an alternative mechanism triggering the neuroinflammation. RNA-seq data 

revealed downregulation of synaptic proteins’ gene expression in Acsl6-/- mice as early 

as 2 months of age. Thus, we hypothesized that ACSL6-mediated DHA deficiency results 



in gradual synaptic function deregulation that contributes to increased neuroinflammation 

during aging. These age-dependent findings are currently under revisions for publication. 

Together, these data identified ACSL6 in neurons as an important regulator of DHA 

metabolism that plays a neuroprotective role during aging and on memory and motor 

function. This dissertation work has led to the discovery of an important and fundamental 

mechanism by which the parenchyma of the central nervous system controls fatty acid 

metabolism, particularly for the neuroprotective omega-3 fatty acid DHA.  
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CHAPTER I 

INTRODUCTION 

 

Over the last decade, neurological diseases have become a leading cause of 

disability and death worldwide, partially due to the fast growth of the aging population 

(>65 years old) (2, 3). Emerging evidence suggests that neurological disease risk is 

inversely correlated to consumption of the neuroprotective omega-3 docosahexaenoic 

acid (DHA) (4-9). DHA is the most abundant polyunsaturated fatty acid in the brain 

thought to be protective due to its ability to modulate membrane fluidity, serve as an 

antioxidant, and its anti-inflammatory properties (10). However, the mechanisms 

regulating DHA enrichment and metabolic handling in the brain remain unknown.  

We predict that cellular fatty acid metabolic fate is controlled in part by a family of 

enzymes called acyl-CoA synthetases (ACS) that convert fatty acids into their activated 

Coenzyme A (CoA) esters. Once these acyl(fatty acid)-CoAs are formed, the fatty acids 

are then trapped within the cell and activated for metabolism into downstream pathways, 

such as phospholipid synthesis. From the 25 and 26 ACSs expressed in rodents and 

humans, respectively, we are particularly interested in long-chain ACS isoform 6 (ACSL6) 

because ACSL6 is almost exclusively expressed in the central nervous system 

suggesting that it may play a crucial role in brain fatty acid metabolism. Moreover, ACSL6 

overexpression in cell culture enhances DHA metabolism and promotes membrane 

formation. Thus, we hypothesize that ACSL6 is required for DHA incorporation into 

phospholipids to maintain neural health. To determine the role of ACSL6 in vivo we 

generated a novel conditional ACSL6 deficient mouse (Acsl6-/-). Acsl6-/- mice show a 

striking 35-72% reduction in DHA-containing phospholipids across tissues that highly 
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express ACSL6 (brain, retina, spine, and testes). Importantly, the loss of ACSL6 resulted 

in impaired motor and memory function and age-related neuroinflammation, indicators of 

neural dysfunction. Our objective is to delineate how ACSL6 regulates DHA metabolism 

in the brain. Our long-term goal is to elucidate the molecular mechanisms that regulate 

fatty acid metabolism and link ACSL6-mediated DHA metabolism to neuroprotection to 

inform preventive and therapeutic strategies for neurological disorders.  

 The work in this dissertation will improve the scientific knowledge by resolving the 

mechanisms through which cellular fatty acid metabolism is regulated within the brain, 

with a particular emphasis on the neuroprotective omega-3 fatty acid DHA. Understanding 

the role of ACSL6 is critical to further elucidate the effect of DHA deficiency on 

neurological diseases.  
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Specific aims: 

•    Aim 1: Determine the role of ACSL6 in brain cellular fatty acid metabolism and 

neurological health. Because ACSL6 is almost exclusively expressed in the brain 

and prefers DHA as its substrate we hypothesize that ACSL6 is required for enriching 

the brain with DHA. Approach: We broadly assessed lipid content and the metabolic, 

physiological, motor, inflammatory, and antioxidant outcomes regulated by ACSL6. 

•    Aim 2: Determine the role of ACSL6 in the age-related neurological decline. 

Emerging evidence suggests that dysregulated fatty acid metabolism and DHA 

deficiency is causal in the development of age-related neurological diseases. Thus, 

we hypothesize that ACSL6 activity is necessary for protecting the brain against age-

related neural dysfunction. Approach: We used our novel Acsl6-/- mice to examine 

lipid, molecular, and histological changes in brain parenchyma and perform behavioral 

assessments at different ages across the mouse lifespan.



 

CHAPTER II 

REVIEW OF LITERATURE 

 

Each individual cell-type is defined by its distinct morphology, phenotype, molecular and 

lipidomic profile. The importance of maintaining cell-specific lipidomic profiles is 

exemplified by the numerous diseases, disorders, and dysfunctional outcomes that occur 

as a direct result of altered lipidome. Therefore, the mechanisms regulating cellular 

lipidome diversity play a role in maintaining essential biological functions. The brain is an 

organ particularly rich in phospholipids, the main constituents of cellular membranes. The 

phospholipid acyl-chain profile of membranes in the brain is rather diverse due in part to 

the high degree of cellular heterogeneity. These membranes and the acyl-chain 

composition of their phospholipids are highly regulated, but the mechanisms that confer 

this tight regulation are incompletely understood. A family of enzymes called acyl-CoA 

synthetases (ACSs) stands at a pinnacle step 

allowing influence over cellular acyl-chain selection 

and subsequent metabolic flux. ACSs perform the 

initial reaction for cellular fatty acid metabolism by 

ligating a Coenzyme A to a fatty acid which both 

traps a fatty acid within a cell and activates it for metabolism (Figure 2.1). The ACS family 

of enzymes is large and diverse consisting of 25-26 family members that are 

nonredundant, each with unique distribution across and within cell types, and differential 

fatty acid substrate preferences. Thus, ACSs confer a critical intracellular fatty acid 

selecting step in a cell-type dependent manner providing acyl-CoA moieties that serve as 

essential precursors for phospholipid synthesis and remodeling, and therefore serve as 

Figure 2.1. ACS reaction 
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a key regulator of cellular membrane acyl-chain compositional diversity. The present 

chapter includes material from my first-author literature review published in PLEFA 

because it nicely describes how the contribution of individual ACSs towards brain lipid 

metabolism has only just begun to be elucidated and discusses the possibilities for how 

ACSs may differentially regulate brain lipidomic diversity (1).  

Introduction 

Fatty acids are critical substrates for numerous metabolic processes, have high 

potential for energy production, and serve as the foundation for cellular membrane 

hydrophobic regions. Across the body, the distribution and metabolic fate of fatty acids 

are highly differential. Metabolically, fatty acid fate can be placed into three major 

categories: oxidation for energy, storage as triacylglycerol, and use for phospholipid 

synthesis and remodeling. While the oxidation and storage of fatty acids are the main 

metabolic fates for certain cell types or in response to feeding/fasting conditions, the use 

of fatty acids for incorporation into phospholipids, either new or during remodeling, is a 

major metabolic fate of all cells across the body and under all metabolic conditions 

because phospholipids are critical structural components of all membranes.  

The brain is very lipid-rich, due to its high phospholipid content, and is considered 

the second most fatty organ next to adipose tissue. The importance of lipid metabolism 

in maintaining healthy brain function is exemplified by the numerous models of 

neurological diseases that stem from primary defects in lipid metabolism. For instance, 

Niemann Pick, Tay-Sachs, Mabry syndrome, and numerous mental retardations, 

narcolepsies, and paraplegias are caused by primary inherited defects in lipid metabolism 

(11). Many neurological diseases and disorders that do not necessarily result from an 
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inherited defect in a lipid-metabolizing gene are characterized by clear defects and 

abnormalities in lipid metabolism and lipid content. Yet the role of these lipid-related 

defects in the etiology and progression of disease remains unclear (11). Previously, we 

showed that a lipid-metabolizing enzyme, acyl-CoA thioesterase 7, is critical for 

preventing neuronal lipotoxicity, ALS-like symptoms, and seizure susceptibility in mice 

(12, 13). These outcomes were later confirmed to occur in the first report of a human with 

an inherited defect in acyl-CoA thioesterase 7 (14). Thus, it is possible that cases of 

neurological diseases and disorders with unknown etiologies are yet to be linked to lipid 

metabolism as the primary defect. 

Historically, the brain is not thought to oxidize fatty acids for energy. This concept 

is challenged with data supporting beta-oxidation of the omega-3 fatty acid 

eicosapentaenoic acid (EPA) in the brain (15) and the ability of astrocytes to oxidize fatty 

acids (16-18). The overall contribution and criticality of fatty acids as an energy source in 

the brain remained unclear until a recent report demonstrated that mitochondrial fatty acid 

oxidation is seemingly dispensable for the brain (19). Namely, the brain-specific loss of 

carnitine palmitoyltransferase 2, a nonredundant enzyme required for mitochondrial 

oxidation of long-chain fatty acids, does not result in a major overt phenotype in mice (19). 

The opposing metabolic fate of fatty acid oxidation is fatty acid storage in triacylglycerol. 

Neurons are not known to store lipids as triacylglycerol; however evidence demonstrates 

that neurons contain triacylglycerol lipase, suggesting that these cells have the ability to 

metabolically degrade stored lipids (20). Yet consensus remains that very little fat is 

stored as triacylglycerol in the brain. Above all, the major metabolic fate for fatty acids in 

the brain is for incorporation into phospholipids.  
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Lipids constitute 50% of the brain’s dry weight, predominantly in 

the form of phospholipids (21). Phospholipids are the major component 

of cell membranes encasing all cells, organelles, and vesicles (Figure 

2.2). Membranes and their fatty acid composition are in constant flux 

through the actions of membrane remodeling, vesicle endocytosis and 

exocytosis, autophagy, and the formation, expansion, and retraction of 

cells and organelles (11). These cellular processes occur at particularly 

high rates in the brain. At synapses, synaptic vesicles undergo 

exocytotic fusion with the presynaptic plasma membrane, followed 

by endocytosis-mediated retrieval to regenerate synaptic vesicles. This vesicle recycling 

process requires membrane reorganization at each step to provide an adequate lipid 

environment for sustaining synaptic responses (22-24). Dendritic spines are constantly 

changing in number and shape and undergo enlargement or shrinkage upon stimuli that 

affect total plasma membrane area (25-27). Other cellular processes that involve lipid 

remodeling include the axoplasmic transport of vesicles containing proteins and lipids, 

myelination, and axon regeneration (28-30). Furthermore, all these processes are 

influenced by learning, memory formation, age, and pathogenic conditions (31). Thus, 

phospholipids are dynamic molecules essential for physiological brain function.  

Influence of phospholipid acyl-chain diversity on membrane properties and cellular 

function 

Cellular membranes are highly heterogeneous assemblies comprised of proteins 

and lipids, predominated by phospholipids. Membrane diversity arises from the structural 

components of phospholipids, which consist of a headgroup and a hydrophobic tail 

Figure 2.2 
Phospholipid 

structure 
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containing two-fatty acids. Membrane composition influences various membrane 

properties including membrane curvature, bending, packing defects, and recruitment and 

stability of lipid-binding proteins and membrane-spanning proteins. While the headgroup 

can affect these properties (11), so too can the acyl-chain. The length of the phospholipid 

acyl-chain directly regulates membrane thickness and is important for proper 

transmembrane protein fit and function, whereby the hydrophobic region of the 

phospholipid membrane needs to match the length of the hydrophobic segments of the 

protein. A hydrophobic mismatch can be relieved by membrane lipid remodeling or can 

result in lateral displacement of the protein and/or alterations in protein folding, which can 

ultimately affect protein function (32). In addition to acyl-chain length, its unsaturation also 

affects membrane properties such as membrane bending. A high percentage of straight-

chained saturated fatty acids will render the membrane tight and rigid, whereas the 

incorporation of kinked unsaturated fatty acids will confer flexibility and introduce packing 

defects and deformation (33, 34). Thus, an increase in unsaturated fatty acid content will 

facilitate processes, such as membrane vesicle cycling that require membrane 

deformation. In the brain, membrane vesicle cycling at neural synapses is crucial for 

neurotransmission and highly influenced by the lipid composition of the synapse (35). 

Besides influencing the architecture of the membrane, some proteins interact selectively 

with specific lipids to mediate synaptic vesicle fusion, which highlights the importance of 

lipids in mediating protein function required for cellular processes (22, 36). Given that the 

phospholipid acyl-chain modulates membrane biophysical properties, it is predicted that 

small changes in acyl-chain composition have the potential to impact numerous essential 

biological functions. 
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In addition to the many functions of membrane acyl-chains, membrane fatty acids 

serve as precursors for the synthesis of signaling molecules. For instance, the omega-6 

polyunsaturated fatty acid (PUFA), arachidonic acid (AA, C20:4n6) can be cleaved from 

membrane phospholipids by phospholipase activity and be subsequently enzymatically 

processed into pro-inflammatory bioactive lipid-derivatives such as thromboxanes, 

leukotrienes, and prostaglandins(37) and into anti-inflammatory mediators such as EETs 

and lipoxins (38, 39). The omega-3 PUFA docosahexaenoic acid (DHA, C22:6n3) can be 

similarly cleaved and enzymatically metabolized into a different class of anti-inflammatory 

and neuroprotective bioactive lipid-derivatives called pro-resolving mediators such as 

neuroprotectins (40, 41). The pro-resolving mediators generated from the enzymatic 

oxidation of DHA elicit biological actions including modulation of apoptosis, 

neurotransmission, and play key roles in the resolution of inflammation (42, 43). An 

additional metabolic fate of fatty acids is their ligation to amines, amino acids, or 

neurotransmitters forming lipoamines with biological activity(44). One such lipoamine is 

N-docosahexaenoyl-ethanolamide (synaptamide) which promotes synaptogenesis and is 

anti-inflammatory (45, 46). Given the wide variety of neuroprotective functions that PUFAs 

play in the brain, it is speculated that modulating the levels of these PUFAs in membrane 

phospholipids directly impacts brain function, response to injury, and disease 

susceptibility. 

Tissue-specific phospholipid acyl-chain diversity 

The acyl-chain composition of phospholipids is highly distinct across tissues. To 

demonstrate this variance, heatmaps were generated from primary data using broad and 

unbiased phospholipid profiling across several tissues (Figure 2.3). Phospholipid profiling 
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was performed with Purdue University’s Bindley Metabolite Profiling Facility across 

mouse tissues, as previously described (47, 48). The data are presented as a percentage 

of total ion counts and include lipid species that are ≥2% in abundance in at least one of 

the tissues. These data not only demonstrate the diversity of phospholipid composition 

across tissues but also demonstrate clustering for specific lipid species in either the 

central nervous system (CNS) or in the periphery. For instance, the CNS had high 

abundance of phosphatidylcholine (PC) with 0- to 1- unsaturated bonds, whereas 

peripheral tissues were robustly enriched in PCs with 2-unsaturated bonds (Figure 2.3A). 

Among PCs with 3 or more unsaturated bonds, peripheral tissues had high abundance 

but roughly equal distribution of 3-, 4-, 5-, and 6-unsaturated PCs. However, there was 

an exceptional enrichment of specific species in isolated tissues, such as enrichment of 

C34:4 in the heart, C38:5 in the testes, and C38:6 in the soleus muscle. The CNS was 

particularly enriched with 4- and 6-unsaturated PCs, but not unsaturated PCs of 3- (none 

of which were more than 2% in total phosphatidylcholine) or 5- (which may reflect the low 

abundance of EPA in the brain) unsaturations. Among brain regions, the hippocampus is 

particularly enriched with PC36:4 and the cerebellum with PC38:6 and PC40:6 likely 

reflecting enrichments with the omega-6 AA (C20:4n6) and the omega-3 DHA (C22:6n3) 

in these regions, respectively. The plasma displayed a highly distinct phospholipid profile 

when compared to tissues. These results are of interest because plasma lipids are often 

used as surrogate indicators for whole-body lipid/fatty acid status. The incongruencies 

between plasma and tissue fatty acid composition challenge the validity of such 

generalizations. Indeed, the disconnect between plasma and tissue abundance of a 

particular PUFA, DHA, is well documented by numerous studies that nicely demonstrate 
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the effectiveness of DHA supplementation to increase DHA in plasma and peripheral 

tissues, but not in the brain (49-54). This effect is independent of the dietary molecular 

format of DHA and is demonstrated for supplementation of DHA in the form of a 

phospholipid, ether ester, free acid, triacylglycerol, and lysophospholipid (49, 53, 54). 

Therefore, the notion that plasma fatty acid profiles accurately represents that of the CNS 

remains unvalidated (50).  

Figure 2.3. Phosphatidylcholine acyl-chain diversity across tissues  
Heatmap of PC by acyl-chain length and degree of saturation across A) mouse tissues 
and B) brain regions, n=6. Data represent percent of total ion count. Hippo, hippocampus; 
cere, cerebellum (1).  
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Across brain regions, the overall phospholipid profile was similar (Figure 2.3B). 

Like the periphery, brain phospholipids contain large amounts of saturated fatty acids, 

such as palmitate and stearate. However, the high content of phospholipids in the brain 

results in a unique enrichment with the polyunsaturated fatty acids: AA and DHA, which 

are 3-4 fold higher in the central nervous system compared to the periphery (55). The 

uniqueness of the PUFAs, AA and DHA, is largely defined by the unsaturated bonds 

located at the omega-6 and omega-3 position, respectively. Mammals cannot desaturate 

fatty acids at the omega-3 or -6 position thus, fatty acids with these bonds must be 

consumed from exogenous dietary sources and are therefore essential dietary nutrients. 

Omega-6 fatty acids are found in land plants and grains and are thus high in plant-based 

foods and oils, and grains, grain-products, and grain-fed animal products. The omega-3 

fatty acid, DHA, is particularly abundant in sea plants, thus predominantly consumed 

indirectly via marine animal (i.e. fish) consumption. The precursor to DHA is alpha-

linolenic acid (ALA), which can be found in certain nuts and vegetables; however, very 

little ALA is metabolically converted to DHA within land animals, making direct DHA 

consumption via marine products the ideal dietary source to increase bodily DHA.  

 The importance of omega-3 and omega-6 fatty acids is exemplified by the effects 

of insufficient dietary intake of these fatty acids, which leads to impaired cognition and 

increased risk for neurological disorders (56-60). Omega-3 and omega-6 fatty acid 

accretion in the brain is particularly high during the brain growth spurt, a period that 

includes the last trimester of gestation and up to the first two years of life when deficient 

consumption of omega-3 fatty acids is associated with impaired cognition (61-64). 

Cognitive deficits associated with low omega-3 fatty acid intake can be observed beyond 
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development, during aging (65-68). Numerous age-related neurological diseases and 

disorders are inversely associated with omega-3 fatty acids (4, 67-72). While several 

observational, animal, and randomized control trial studies show positive outcomes, null 

outcomes between omega-3 fatty acid consumption and brain health are also widely 

reported (72-76). The reason that omega-3 fatty acid consumption fails to mediate 

beneficial effects in some intervention studies remains debated (65, 77). One plausible 

explanation relates to unexplained variable rates of absorption and membrane integration 

of dietary and/or supplemental forms of omega-fatty acids into the brain (49-54). Here, 

we will focus on examining a class of enzymes, acyl-CoA synthetases, that likely 

contribute to the metabolic enrichment of fatty acids into brain phospholipids. 

Acyl-CoA Synthetases as regulators of cellular phospholipid acyl-chain diversity 

in brain 

 Phospholipids acquire their acyl-chain composition through two major pathways: 

de novo synthesis and remodeling of phospholipids. The de novo synthesis of 

phospholipids occurs predominantly through the Kennedy pathway and cytidine 

diphosphate (CDP) pathways. The initial step in these pathways is the activation of a fatty 

acid by Acyl-CoA Synthetase (ACS) followed by the ligation of the acyl-CoA to the sn-1 

position of glycerol-3-phosphate by glycerol-3-phosphate acyltransferase (GPAT) to form 

a lysophosphatidic acid (LPA). A second acyl-CoA, generated by ACS, is then ligated 

onto the LPA by an LPA-acyltransferase (LPAAT/AGPAT) to form a phosphatidic acid. 

Thus, the acyl composition of the phosphatidic acid, the common precursor of all newly 

synthesized phospholipids, is influenced by the concerted action of ACS, GPAT, and 

LPAAT/AGPAT. Phosphatidic acid is metabolized to diacylglycerol (DAG) by the action 
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of phosphatidic acid phosphatase (PAPase/lipin) for synthesis of 

phosphatidylethanolamine, -choline, and -serine. The synthesis of phosphatidylglycerol 

and cardiolipin in the mitochondria, or phosphatidylinositol at the ER is mediated by the 

conversion of phosphatidic acid to CDP-DAG by CDP-diacylglycerol synthetase. Each 

step of this pathway that stands to influence the acyl-chain specificity by substrate 

preferences for either fatty acids (ACSs) or acyl-CoAs (acyltransferases) is comprised of 

enzyme families that consist of up to 5 members, except for the ACS family, which 

consists of 26 family members in humans and 25 in rodents (78-81). Thus, the selectivity 

of the acyl-chain in de novo phospholipid synthesis may largely depend on the ACS 

family. 

The second pathway that regulates the acyl-chain composition of phospholipids is 

by remodeling via the Land’s cycle, which is a highly active process in the brain (82-84). 

The Land’s cycle involves the hydrolysis of fatty acids from phospholipids within 

membranes by phospholipases (PLAs). The resulting lysophospholipid is re-acylated 

using a new acyl-CoA, generated by ACS. Re-acylation is performed by 

lysophosphatidylx acyltransferase (LPxAT), ‘x’ referring to the head group of the 

lysophospholipid substrate. The contribution of LPxATs to acyl-chain diversity is widely 

investigated (11, 85-87). LPxATs are members of the LPAAT/AGPAT and the membrane 

bound-O-acyltransferases (MBOAT) families of enzymes that incorporate acyl-CoAs into 

the sn-2 position of phospholipids, the primary site of PUFA esterification. Studies on 

knockout mice demonstrate that LPxATs can regulate PUFA levels in membrane lipids in 

a substrate- and tissue-specific manner (Reviewed extensively in (81, 88)). For example, 

LPAAT3 deficient mice exhibit reductions in DHA-containing phospholipids in the retina 
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and testes while LPIAT1/MBOAT7 deficient mice show a defect in the remodeling of AA 

within phosphatidylinositol (89-92). While LPxAT activity affects acyl-chain diversity, we 

highlight that the substrate for LPxATs are acyl-CoAs, the product of ACS enzyme 

activity.  Hence, the addition of a new acyl-chain during the Land’s cycle is driven by the 

Figure 2.4 Greatest genetic diversity for ACSs within phospholipid metabolism 
Schematic representation of the major enzymes involved in de novo phospholipid 
synthesis (top) and phospholipid remodeling (bottom). Colored boxes represent the 
number of genes in the enzyme family (1).   
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combined preferences of LPxATs and the availability of ACS-generated acyl-CoA 

substrates. It is important to consider that cellular acyl-CoAs concentrations are rather 

low and will result in toxicity upon accumulation, therefore acyl-CoAs are rapidly 

metabolized suggesting that substrate selection may predominately fall to ACS enzyme 

action rather than acyltransferases. This concept was exemplified by our recent work 

demonstrating that loss of one particular ACS, Acsl6, greatly diminishes membrane DHA 

in the brain (48). In summary, both the Kennedy and Land’s cycle rely on ACS action, 

performed by a large and diverse family of enzymes, which likely shapes fatty acid 

selectivity for phospholipid acyl-chain diversity by providing the limiting substrate, acyl-

CoA. 

 To better understand the possible role the large family of ACS enzymes in 

regulating acyl-chain diversity, the totality of ACS enzymatic action should be considered. 

For instance, ACS not only performs the initiation reaction required for cellular fatty acid 

metabolism, it is also an energy-dependent and therefore committing step for fatty acid 

cellular retention. Thus, the formation of an acyl-CoA accomplishes two outcomes: First, 

it traps the fatty acid within the cell, and second, it activates the fatty acid for downstream 

metabolism (93, 94). The notion that each ACS uniquely contributes to regulating cellular 

lipidome diversity is predicated upon several observations. First, the existence of 26 

ACSs in humans and 25 in rodents, all encoded by distinct genes and whose phylogenetic 

expansion increases with higher ordered organisms, suggests non-redundancy and 

selectivity at a functional level (78, 95, 96). Second, each ACS enzyme exhibits diverse 

and unique tissue- and subcellular-specific dispersion throughout the body (97-99). Third, 

each ACS enzyme has distinct enzyme kinetics, substrate preferences, and regulatory 
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mechanisms (78). Fourth, members of the ACS family cannot compensate for one 

another (100-104). Fifth, mounting evidence demonstrates that each ACS enzyme 

directly regulates the channeling of fatty acids towards specific metabolic fates (100-104). 

Sixth, ACS action sits at the committed and pinnacle site in cellular lipid metabolism where 

acyl-chain selectivity ultimately occurs. Acyl-CoA partitioning by ACS enzymes is a long-

established theory to explain the regulatory mechanisms that control cellular fatty acid 

metabolic flux (80, 93, 94, 105). This theory is founded on the many nuances of the ACS 

family (78, 80, 97, 98, 106, 107). Data supporting this theory was generated from in vitro 

models of ACS overexpression or knockdown where distinct ACSs exert distinct effects 

on fatty acid metabolic flux and cannot compensate for one another (103, 108-110). This 

theory was largely confirmed by in vivo data demonstrating that several different ACS 

enzymes direct fatty acids towards specific downstream metabolic pathways (48, 98, 101, 

111).  The ability of ACS enzymes to channel fatty acids towards metabolic fates is 

predicted to depend, in part, on the subcellular location and the binding partners of a 

particular ACS, properties which can vary between cell-types and physiological 

conditions, even for the same ACS enzyme. For example, one such ACS, ACSL1, is 

predominantly localized to the mitochondria and is shown to preferentially guide fatty 

acids to mitochondrial beta-oxidation in the heart, muscle, and brown adipose (100, 112). 

However, ACSL1 also regulates cardiolipin acyl-chain composition, suggesting a role for 

ACSL1 in mitochondrial beta-oxidation and phospholipid metabolism simultaneously 

(113). The regulation between these dual roles for this enzyme is partly explained by 

transient protein-interactions of ACSL1 that are mediated by metabolic states. 

Specifically, ACSL1 binds to lipid droplet proteins only in the nutrient-deprived state when 
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fatty acids are needed for energy production through beta-oxidation (114, 115). These 

data suggest that temporary ACS-protein interactomes facilitate fatty acid metabolic flux 

through demand-driven mechanisms. Here, we will describe the potential roles that ACSs 

may play in regulating brain lipidome diversity. 

Acyl-CoA Synthetase nomenclature 

The ACS family of enzymes is large and thus the nomenclature is an important 

consideration. The nomenclature of the ACS family is primarily based upon the preferred 

fatty acid chain-length and is broken into subfamilies termed short (ACSS), medium 

(ACSM), long (ACSL), and very-long-chain (FATP/ACSVL) ACSs, with several other 

subfamilies including the family-member (ACSF) and bubblegum (ACSBG) ACSs (Table 

2.1) (78, 116). Of note, the ACSVL subfamily is often referred to as the fatty acid transport 

protein (FATP) subfamily. While each of the six members of the FATP/ACSVL family has 

acyl-CoA synthetase activity, the use of FATP rather than the ACSVL designation results 

in the interpretation that FATPs are transporter proteins transporting fatty acids across 

the plasma membrane (117). Debate remains regarding the ability of FATPs to transport 

fatty acids, independent of ACS activity (116). However, it is speculated that the ability of 

FATPs, as well as all other ACS enzymes, to increase cellular fatty acid uptake is 

mediated by the activation of fatty acids after passing through the plasma membrane, 

thereby trapping fatty acids as a direct result of their CoA-ligation via ACS activity, a 

concept termed ‘vectorial acylation’ (118). Importantly, endogenous FATP/ACSVLs are 

not localized to the plasma membrane negating their role as fatty acid transporters for 

cellular fatty acid uptake (117). Despite attempts to rename the FATP subfamily of 

enzymes to ACSVLs (119, 120), the widespread use of FATP nomenclature continues, 
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often resulting in erroneous experimental designs and data interpretations. The ACS 

nomenclature is further complicated by differences between species (i.e. humans, mice, 

rats, etc. reviewed elsewhere (78, 117, 120); thus caution is advised when using 

nomenclature as a basis for assigning ACS protein function and for interspecies 

interpretations. 

Acyl-CoA Synthetases in the brain 

 Of the 26 ACS enzymes, not all are robustly expressed in the brain. Based on the 

human protein atlas [www.proteinatlas.org] (121) the following ACSs are detectable in the 

brain: all 3 short-chain ACSs, 2 of the 7 medium-chain ACSMs (ACSM3 and -5), 1 of the 

2 bubblegum ACSs (ACSBG1), all 3 family member ACSFs, all 5 of the long-chain 

ACSLs, and all 6 of the very-long-chain ACSVLs/SLC27As (Table 2.1). Of all the ACSs 

only two are specifically enriched in the brain when compared to peripheral tissues: 

ACSBG1 and ACSL6 (121). ACSM6 is found in humans and expressed in the brain, but 

this family member is not present in rodents, suggesting that it may create a further 

advantage for cognitively enhanced organisms. Except for ACSM6, human, mouse, and 

rat tissues have similar expression patterns of the ACSs (97). The detection of the 

majority of ACSs in the brain suggests a high degree of fatty acid metabolic control in this 

organ. The expression of ACSs highly enriched in the brain compared to peripheral 

tissues suggests specific and potentially unique roles for these ACSs in modulating fatty 

acid metabolism within the central nervous system.   
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ACS Human Protein Aliases Tissue enriched 
Detected 
in Brain 

ACSS1 
ACAS2L, AceCS2L, dJ568C11.3, 

MGC33843 
Placenta Y 

ACSS2 
ACAS2, AceCS, ACS, ACSA, 

dJ1161H23.1 
Skeletal muscle Y 

ACSS3 FLJ21963 - Y 

AACS ACSF1, FLJ12389, SUR-5 - Y 

ACSF2 ACSMW, FLJ20920 Kidney Y 

ACSF3 - - Y 

ACSM1 BUCS1, MACS1 Breast - 

ACSM2A A-923A4.1, ACSM2, MGC150530 Kidney, Liver - 

ACSM2B ACSM2, HXMA, HYST1046 Kidney, Liver - 

ACSM3 SA, SAH Liver, ovary, pancreas Y 

ACSM4 -  Lymphoid tissue, testis - 

ACSM5 FLJ20581 Liver Y 

ACSM6 bA310E22.3, C10orf129 
Lymphoid tissue, 

pancreas, stomach 
- 

ACSL1 
ACS1, FACL1, FACL2, LACS, LACS1, 

LACS2 
Adipose, liver Y 

ACSL3 ACS3, FACL3, PRO2194 Parathyroid gland Y 

ACSL4 ACS4, FACL4, LACS4, MRX63, MRX68 - Y 

ACSL5 ACS2, ACS5, FACL5 Intestine Y 

ACSL6 ACS2, FACL6, KIAA0837, LACS2, LACS5 

Brain, testis, seminal 
vesical, ductus 

deferens 
Y 

ACSBG1 
BG1, BGM, FLJ30320, hBG1, hsBG, 

KIAA0631, MGC14352 
Adrenal, brain, skin Y 

ACSBG2 BGR, DKFZp434K1635, PRTD-NY3 Testis - 

ACSVL1 
SLC27A2 FACVL1, FATP2, hFACVL1, 

HsT17226, VLACS, VLCS 
Liver Y 

ACSVL2  SLC27A6, FACVL2, FATP6, VLCS-H1 Adrenal gland Y 

ACSVL3  SLC27A3, FATP3, MGC4365 - Y 

ACSVL4 SLC27A4, FATP4 Intestine Y 

ACSVL5 
SLC27A1FATP, FATP1, FLJ00336, 

MGC71751 
- Y 

ACSVL6 
ACSB, SLC27A5, FACVL3, FATP5, 

FLJ22987, VLACSR, VLCS-H2, VLCSH2 
Liver Y 

 

Table 2.1.  Human ACS proteins in the brain  
‘-‘ denotes lack of alias, enrichment, or detection in brain (1). 
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Acyl-CoA synthetases in the brain by cell type  

 

The brain consists of several distinct broad cell type classifications. Neurons are a 

major class of cells in the central nervous system whose function is to transmit information 

across the brain and to the periphery (122). A second major class of cells in the brain is 

glial cells, which can be subdivided into distinct cell types such as astrocytes, 

oligodendrocytes, and microglia (122). Thus, each cell type performs specific, 

metabolically distinct functions. To estimate if different ACSs may differentially regulate 

the lipidome in each brain cell type, cell-type-specific ACS expression needs to be 

defined. To this end, information on differential expression of ACSs across cell types of 

the brain can be gleaned from large-scale omics studies on isolated cell-types. The ideal 

timepoint to successfully isolate and obtain a high yield of distinct, purified cell types from 

the brain is early postnatal development (123-125). However, age is an important factor 

when assessing cell-type expression of genes in the brain because neurons, astrocytes, 

and microglial undergo significant maturation processes during fetal and post-natal 

development that significantly change expression profiles.  In agreement, not all of the 

ACS genes are expressed in early postnatal development, for instance, Acsl6 which is 

one of the two ACSs most enriched in the brain, is expressed at very low levels in early 

postnatal period and increases greatly across post-natal development (48, 126). Thus, 

any gene that changes between early postnatal and adult is not well captured in these 

databases. Advances in technology have overcome these obstacles with the advent of 

single-cell transcriptomics to define distinct cell type transcripts from adult human brain 

(127, 128). The total counts per million from adult human brain data is graphically 

represented (Figure 2.5). Here, we observe that some ACSs are highly enriched in a 
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single cell type. For example, Acsbg1 is nearly exclusively expressed in astrocytes, 

Acsm5 is exclusive to microglia, and Acss1 is most abundant in astrocytes. Acsl6 is split 

between two cell types, astrocytes and neurons. Yet most of the ACSs are expressed at 

variable degrees across all cell types. The neuronal cells are further dissected in the 

database and are broadly separated into either GABAergic or glutamatergic neurons. 

Interestingly none of the ACSs showed dominance in either GABAergic or glutamatergic 

neurons, but rather segregate into more narrow cell populations that are differential for 

each ACS. The milieu of ACSs expressed in distinct cell types and variation of their 

relative abundance likely contributes to the highly differential regulation of acyl-chain 

composition across the various cell types of the central nervous system, as demonstrated 

by brain lipid imaging (129-131). The use of mass spectrometry-based approaches to 

resolve single-cell lipidomic fingerprints and high-resolution imaging in the brain has 

begun to further define cell-type specific lipid composition (132, 133). Linking the 

Figure 2.5. Brain ACS enzyme abundance and cell-type distribution  
RNA, counts per million (CPM), averaged for the different cell types using human 
brain RNAseq data from the Allen Brain Atlas Transcriptomics Explorer application 
for each ACS (1).   
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enzymatic lipid metabolizing machinery to the regulation of the cell-specific lipidome 

requires further investigation.  

When considering the diversity of membrane acyl-chains across cell types and 

regions of the brain, it is important to distinguish the regulation of acyl-chain uptake from 

retention. Retention of a given fatty acid within a cell or organ system is mainly driven by 

 the ACS reaction which traps and commits fatty acids for cellular metabolism. However, 

two factors contribute to acyl-chain composition: first, ACS-mediated selectivity for 

committing fatty acids to cellular metabolism; and second, the pool of available fatty acid 

substrates that a given cell is exposed to. The available fatty acid pool is particularly 

enigmatic when considering the brain because of the long-standing mystery regarding the 

mode and key players regulating fatty acid transport across the blood-brain barrier, 

particularly the transport of PUFAs such as DHA. In 2014, Mfsd2a was reported to act as 

a transporter of lysophospholipids (lysoPLs), preferring DHA-containing lysoPLs (134). 

Mfsd2a is highly expressed in the endothelium of the blood-brain barrier and the loss of 

Mfsd2a in mice reduced brain DHA content by half (134). These data suggest that 

transport of lysoPL through Mfsd2a is a major contributor to brain DHA. However, Mfsd2a 

is also required for cargo exchange across the blood-brain barrier, thus its deficiency 

results in neuronal loss, thereby reducing brain DHA as a direct result of lower neuronal 

abundance (135, 136). Moreover, kinetic studies demonstrate that free DHA, rather than 

lysoPL-DHA, is the major contributor to brain DHA content (137). Taken together, these 

data cast doubt on the role of Mfsd2a as a major regulator of brain DHA. The transport of 

free DHA across the blood-brain barrier can occur independent of proteins, as free fatty 

acids can freely cross membranes. However, retention of free fatty acids such as DHA 
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requires their activation within the parenchyma of the brain, thereby requiring the action 

of ACS (138). Beyond acquisition of new fatty acids within the parenchyma, retention of 

pre-existing membrane acyl-chains also requires ACS action during the highly active 

process of brain phospholipid remodeling (82-84). Thus, the combined need for ACSs in 

phospholipid remodeling, phospholipid de novo synthesis, and brain fatty acid retention, 

implies that ACSs have the major role in regulating brain acyl-chain specificity in 

membranes. The requirement of ACS activity in the regulation of brain fatty acid uptake 

and retention was nicely depicted in the highly complimentary commentary that 

accompanied my PNAS research article (Figure 2.6)(48, 138).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2.6. Regulation of brain 
DHA uptake and retention 
The transport of DHA across the 
brain microvascular endothelial 
cells is proposed to be by 
passive diffusion and via 
transport proteins (i.e. Mfsd2a). 
FATP/ACSVL, FABP, and ACS 
are predicted to facilitate brain 
DHA uptake and retention (138).   
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Evidence of ACSs in regulating brain lipidome diversity 

Because brain ACS isoforms have different substrate preferences, subcellular 

locations, and are expressed differently across cells of the brain, brain ACSs likely have 

distinct functions in regulating the brain lipidome. Here, we provide a brief summary of 

relevant findings related to high brain expressing ACSs that regulate the metabolism of 

long-chain fatty acids, as these are the predominant fatty acids that populate the 

phospholipidome.  

Acsl1: Acsl1 is expressed across the body but highly in adipose, liver, and muscle tissues 

(97). Acsl1 predominantly channels fatty acids into mitochondrial oxidative metabolism 

for energy production (100, 112, 139). Acsl1 prefers saturated fatty acids as substrate but 

also has activity for PUFAs such as AA and linoleic acid (LA, C18:2n6) (140). While 

conditionally deficient Acsl1 mice are reported (100, 112, 113, 139, 141-144),  the effects 

of Acsl1 deficiency on brain metabolism, lipidome, and phenotypic outcomes remain 

unknown.  

Acsl3: Acsl3 is expressed in adipose, liver, and adult brain, but most abundantly 

expressed in the brain during fetal development (97, 145). ACSL3 has high substrate 

preference for alpha-linolenic acid (ALA, C18:3n3), LA, and AA, but very little activity for 

DHA (146). In vitro studies and association-based research suggests that Acsl3 has many 

roles in regulating lipid and cell function, including regulation of transcription, ferroptosis, 

inflammation, and in channeling fatty acids towards beta-oxidation and phospholipid 

synthesis (103, 147-149).  The role that Acsl3 plays in brain remains unknown. 

Acsl4: Acsl4 is expressed in the brain, but also widely expressed throughout the body. 

Acsl4 is distributed across brain cell types and found in the mitochondria, ER, and 



26 
 

peroxisomes (150, 151). Acsl4 has a high preference for EPA and AA, and also uses 

eicosanoids and related metabolites (146) as substrate (80, 140, 152, 153). AA is highly 

abundant in the brain and is substrate for pro- and anti-inflammatory metabolites, and 

while conditionally deficient Acsl4 mice are reported, the effects of brain Acsl4 deficiency 

in mice remain unreported (38, 154). In humans, ACSL4 is implicated in bipolar disorders 

because valproate, a common drug used to treat bipolar disorders, is a substrate for 

ACSL4 and appears to disrupt Acsl4-mediated metabolism (155-157). ACSL4 is also 

suspected to be important for neural development, a process when neural membrane and 

phospholipid synthesis increases the incorporation of AA in the brain (64, 158). In vitro 

evidence demonstrates that Acsl4 protein expression increases in response to nerve 

growth factor and that the loss of Acsl4 impairs neuronal differentiation and dendritic spine 

formation (158, 159). In agreement, ACSL4 is associated with neural development 

disorders, such as nonspecific X-linked mental retardation (160-163). These data suggest 

an important role for Acsl4 in brain development and eicosanoid metabolism, however, 

further investigation is warranted.   

Acsl6:  Acsl6 is particularly enriched in the brain, has a high preference for DHA as its 

substrate, and its manipulation in vitro is directly correlated with neurite extensions (97, 

108, 140, 146, 164). In 2018, we reported the first Acsl6 deficient mouse model and 

demonstrated that Acsl6 regulates the incorporation of DHA into neural membranes, 

resulting in ~50% depletion of brain DHA in Acsl6 deficient mice (this dissertation) (48, 

138). While we showed that Acsl6 is required for brain DHA enrichment, the substrate 

preferences for Acsl6 are a complicated matter due to the identification of at least 5 

variants of Acsl6, each with variable enzyme kinetics (146, 165-167).  
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ACSL6 encodes two AUG-start-codon containing exons that can be alternatively spliced 

to generate products that differ by 25 amino acid residues in the N-terminus, a region that 

controls ACSL6 subcellular targeting (94). ACSL6 also encodes two mutually exclusive 

gate domain (i.e. fatty acids binding domain) encoding exons that contain either tyrosine 

or a phenylalanine residues that are critical for determining substrate preferences and are 

referred to as the Y-exon and F-exon, respectively (168). Since the gate controls the 

access to the catalytic site, changes in single amino acids alter substrate selectivity (168). 

Specifically, the Y-exon prefers linoleic acid and ALA whereas the F-exon strongly prefers 

DHA and ALA over palmitate (146). All variants are detectable in the brain by mRNA, 

however the protein abundance and cell-type expression remain unknown (94, 111, 165, 

166, 168). Thus, the role of each variant in regulating the brain lipidome is unclear. Data 

presented in this dissertation show that neuronal ACSL6 but not astrocyte ACSL6 

expresses the DHA-preferring domain and thus, is a major contributor of DHA enrichment 

in the brain.  

In humans, mutations in ACSL6 are linked to schizophrenia and addictive behaviors such 

as tobacco smoking (169-174).   Interestingly, people with schizophrenia tend to be heavy 

smokers. These data strongly suggest a critical role for Acsl6 in enriching the brain with 

DHA for neuroprotection. Research to determine the nuances of Acsl6-mediated 

metabolic control, its relation to brain function and disease, and mechanisms therein is 

ongoing.   

Acsbg1: Acsbg1 is highly enriched in the brain and nearly exclusively in astrocytes. 

Acsbg1 has broad substrate preference for long-chain saturated and unsaturated fatty 

acids (175, 176). The knockdown of Acsbg1 in vitro reduces ACS activity and fatty acid 
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oxidation (176). Thus, while these data suggest a role for Acsbg1 in long-chain fatty acid 

oxidation in astrocytes, its role in vivo in brain metabolism and function remain unknown.   

Acsvl1/Fatp2: Fatp2 is a very-long-chain fatty acid preferring ACS detectable in the brain 

(97). The overexpression of Fatp2 in vitro increases uptake of omega-3 fatty acids, ALA 

and DHA (177). Fatp2 is the center of controversy regarding the role of FATP proteins in 

mediating fatty acid uptake in a manner independent or dependent of its ACS activity. 

This is because two variants of Fatp2 exist, Fatp2a and Fatp2b, the latter of which is void 

of ACS activity due to the absence of an ATP binding site (178). Because Fatp2b 

expression in vitro increases fatty acid uptake, it is speculated that ACS activity is not 

necessary for FA uptake by FATPs (178). However, ACSs are predicted to dimerize, thus 

the ACS activity of Fatp2b’s dimer partner may facilitate FA uptake in Fatp2b 

overexpressing cells (179). The brain expresses Fatp2a, not Fatp2b, yet the global 

deletion of Fatp2 does not result in observed brain-related phenotypes, reductions in total 

brain ACS activity, or changes in brain very-long-chain fatty acid content (180). Thus, the 

role that Fatp2 plays in brain metabolism appears to be negligible. 

Acsvl4/Fatp4: Fatp4 is highly expressed in the brain, intestine, oxidative skeletal muscle, 

skin, sperm, and retina (97, 98). Fatp4 has preference for very-long-chain fatty acids 

which are abundantly found in the skin, sperm, and retina, where Fatp4 is enriched (119, 

181, 182). Global FATP4 deficient mice present with degeneration of rod photoreceptors 

and neonatally lethal restrictive dermopathy characterized by wrinkle-free skin and severe 

defects in the skin barrier that cause death within hours of birth (182-186). As expected, 

the loss of FATP4 reduces ≥26-carbon fatty acids in phosphoglycerolipids in the 

epidermis by more than 50%. FATP4 may also activate hydroxy fatty acids, intermediates 
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of the acyl-ceramide pathway, which may further contribute to skin barrier dysfunction in 

FATP4 null mice (187). Within the brain, FATP4 is found in microvessel endothelial cells, 

but also diffusely across the brain (126, 188). FATP4 null mice show reductions in very-

long-chain fatty acids in the brain, yet neurological phenotypes are not reported.  

Acsvl5/Fatp1: Fatp1 is expressed in the brain, retina, muscles, adipose, kidney, lung, 

skin and endothelium, and has high ACS activity for the very-long chain fatty acid 

lignocerate (C24:0) relative to palmitic acid (C18:0) (97, 189).  The global loss of FATP1 

in mice results in protection from high-fat diet-induced insulin resistance and is required 

for thermogenic regulation by brown adipose tissue (190-192). FATP1 is expressed in the 

retina and null mice present with reduced response to light by electroretinogram and 

enhanced age-related morphological deterioration of the retina (193). Brain lipid 

composition and the neurological phenotype of the FATP1 null mice remain unknown. 

In summary, the phospholipid composition of membranes is highly regulated with 

considerable contribution from ACS enzymes. ACSs are a family of enzymes that confer 

the first and committed step in cellular metabolism of fatty acids and whom we predict are 

critical regulators of phospholipid diversity. The work in this dissertation demonstrates a 

critical role for one such ACS, Acsl6, in regulating brain membrane enrichment with the 

neuroprotective omega-3 fatty acid DHA (48, 138). Continued investigations of ACSs in 

the central nervous system will improve our understanding of normal brain physiology as 

well as the link between lipid metabolism and pathophysiology of neurological disorders. 

The substrate preferences, effects on fatty acid metabolic flux, and subcellular 

localizations of the ACSs and their variants in the central nervous system remain largely 

unresolved. Determining how fatty acid metabolism is regulated within each cell type, and 
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by which ACS will greatly increase our understanding of how lipid metabolism within and 

between different cell types leads to proper brain function and disease prevention to 

inform personalized nutrition and therapeutic strategies.



 

CHAPTER III 

ROLE OF ACSL6 IN BRAIN CELLULAR FATTY ACID METABOLISM 

 

To date, all studies directly investigating ACSL6 properties in relation to the brain 

have been performed in vitro. To investigate the role of ACSL6 in a physiologically 

relevant model we generated a novel conditional Acsl6 deficient mouse (Acsl6-/-). Here, 

we demonstrate that the loss of ACSL6 reduces phospholipid DHA levels in the brain 

suggesting that ACSL6 activity is essential for brain DHA enrichment. Moreover, our 

findings show that Acsl6 deletion in mice disrupts motor function and induces microglia 

activation and astrogliosis. These data identify ACSL6 as an important regulator of DHA 

metabolism in the brain that confers protection against neural dysfunction. 
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Abstract 

Docosahexaenoic acid (DHA) is an omega-3 fatty acid that is highly abundant in 

the brain and confers protection against numerous neurological diseases, yet the 

fundamental mechanisms regulating the enrichment of DHA in the brain remain unknown. 

Here, we have discovered that a member of the long-chain acyl-CoA synthetase family, 

Acsl6, is required for the enrichment of DHA in the brain by generating an Acsl6-deficient 

mouse (Acsl6−/−). Acsl6 is highly enriched in the brain and lipid profiling of Acsl6−/− tissues 

reveals consistent reductions in DHA-containing lipids in tissues highly abundant with 

Acsl6. Acsl6−/− mice demonstrate motor impairments, altered glutamate metabolism, and 

increased astrogliosis and microglia activation. In response to a neuroinflammatory 

lipopolysaccharide injection, Acsl6−/− brains show similar increases in molecular and 

pathological indices of astrogliosis compared with controls. These data demonstrate that 

Acsl6 is a key mediator of neuroprotective DHA enrichment in the brain. 

Significance 

Neurodegenerative diseases are a leading cause of morbidity and mortality among 

older adults, the fastest growing segment of the US population. Neurodegenerative 

disease risk is reduced by high dietary intake of the omega-3 fatty acid, docosahexaenoic 

acid (DHA), a highly abundant lipid in the brain. Yet the fundamental mechanisms 

regulating brain DHA enrichment remain unknown. Here, we have made a key discovery 

that Acyl-CoA Synthetase 6 (Acsl6) is required to specifically enrich DHA in the brain. Of 

importance, mice lacking Acsl6 have impaired motor function and increased astrogliosis, 

demonstrating the critical need for Acsl6-mediated lipid metabolism in neurological health. 
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This work provides critical insight into longstanding mysteries surrounding brain DHA 

metabolism and has broad-reaching health implications.  

Keywords: fatty acid metabolism, neurometabolism, docosahexaenoic acid, acyl-CoA 

synthetase, brain lipids 
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Introduction 

The omega-3 docosahexaenoic acid (DHA) and omega-6 arachidonic acid (AA) 

are the most abundant polyunsaturated fatty acids in the brain as the healthy brain 

contains ∼15% DHA, three to four times higher than the amount of DHA in any other 

tissue, and ∼13% AA (55, 194-196). Importantly, low dietary intake of DHA, afflicting a 

majority of the US population (197), increases the risk of neurodegenerative diseases 

and related molecular events in rodents and humans (4-6). The neuroprotective 

properties of DHA are attributed to its ability to act as an antioxidant, increase membrane 

fluidity, and serve as the precursor for specialized proresolving mediators that attenuate 

inflammation and oxidative stress (40, 42, 198, 199). Thus, low brain DHA results in 

neurodegenerative symptomology, suggesting a role for brain DHA metabolism in the 

onset and progression of neurodegeneration. However, little is known about the 

fundamental regulatory mechanisms controlling brain fatty acid metabolism and 

incorporation into phospholipids.  

Cellular fatty acid metabolism is initiated by the activation of free fatty acids to form 

acyl-CoA to trap fatty acids within cells and provide the substrate for nearly all fatty acid 

metabolic processes, including membrane phospholipid biosynthesis. The generation of 

acyl-CoAs is mediated by the Acyl-CoA synthetase (ACS) family of enzymes with diverse 

substrate preferences, regulatory mechanisms, binding partners, expression patterns 

across tissues, and subcellular localization (78, 97, 98, 120). We and others have shown 

that these distinct properties allow the ACS family of enzymes to channel specific fatty 

acids toward directed metabolic fates (100, 101, 112). Of these ACS enzymes, ACSL6 is 

nearly exclusively expressed in the brain according to mRNA abundance, suggesting that 
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it may play an important and unique role in regulating brain lipid metabolism (97, 167, 

200). However, the role of Acsl6 in regulating brain lipid metabolism in vivo has remained 

unknown. We have generated an Acsl6-deficient mouse (Acsl6−/−) and show that Acsl6-

deficient mice exhibit reduced abundance of brain DHA, suggesting that Acsl6 is required 

for the incorporation and enrichment of the omega-3 fatty acid DHA in the brain. In 

agreement with the neuroprotective effects of DHA, Acsl6−/− mice exhibit motor 

dysfunction and increased astrogliosis. These data demonstrate that Acsl6 is critical for 

DHA metabolism in the central nervous system and that Acsl6-mediated lipid metabolism 

is critical for normal brain function and neuroprotection. 
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Results 

Acsl6 Is Highly Enriched in the Central Nervous System  

To confirm that Acsl6 protein, like its mRNA, is enriched in the central nervous 

system, an antibody was generated and used to demonstrate enrichment of ACSL6 

protein in mouse brain, with minor expression detected in the spine, eye, and testis (Fig. 

1A). Expression of Acsl6 was barely detected in all other tissues assayed (Fig. 1A). Acsl6 

protein was abundant across brain regions but compared with hypothalamus, 

hippocampus, and cortex, Acsl6 was most abundant in the midbrain, medulla/pons, and 

cerebellum (Fig. 1B). Along the course of development, Acsl6 mRNA and protein was 

detectable at low levels in embryonic and early postnatal brain but increased at ∼7 d of 

age and linearly up to day 28, remaining abundant up to 1 y of age, data that represents 

a combination of male and female mice (Fig. 1C and D). Thus, brain Acsl6 protein is 

induced 25-fold from fetus to adult brain, later in development than several DHA-

metabolizing enzymes (FABP5 and Mfsd2a) (126, 201, 202). These data suggest that 

mouse Acsl6 is a developmental-induced central nervous system and testes-specific 

protein. 

Generation of Acsl6 Knockout Mice 

To determine the role and importance of Acsl6-mediated fatty acid metabolism and 

function, we generated an Acsl6 conditionally deficient mouse strain (Acsl6flox/flox) and 

bred these mice to CMV-Cre expressing mice to generate a total body germ-line deletion 

of Acsl6 (Acsl6−/−) (SI Appendix, Fig. S1A). Acsl6−/− mice were viable and born at 

expected Mendelian ratios (SI Appendix, Fig. S1B). The loss of Acsl6 protein in Acsl6−/− 
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was confirmed by Western blotting (Fig. 2 A and B). The mRNA of other Acsl isoforms 

were not induced to compensate for the loss of Acsl6 (Fig. 2C). Initial rates of ACS activity 

were measured in total membrane fractions using radiolabeled fatty acid substrates, 

encompassing potential activity from all 25 ACS enzymes and assay conditions optimized 

using oleate (OA) as the substrate (SI Appendix, Table S1). The loss of Acsl6 reduced 

total ACS activity for palmitate (PA) (C16:0) by 44%, OA (C18:1n9) by 41%, AA (20:4n6) 

by 36%, and DHA (22:6n3) by 37% in the midbrain (Fig. 2D), and similarly in the cortex 

(SI Appendix, Fig. S1C). Thus, the total ACS activity was reduced ∼40% in Acsl6−/− brain. 

The loss of Acsl6 did not alter body length, weight, or food intake compared with littermate 

controls (SI Appendix, Fig. S1 D–F), nor did it alter brain weight, length, and width (SI 

Appendix, Fig. S1G and H) or cerebellar ultrastructure (SI Appendix, Fig. S1I) at 2 mo of 

age. Together, these data show that the loss of Acsl6 does not impact viability and that 

Acsl6 contributes to ∼40% of total ACS activity in the brain. 

To gain insight into how Acsl6 affects neurometabolism more broadly, an unbiased 

metabolomics analysis was performed on control and Acsl6−/− hippocampus from 2-mo-

old mice following an overnight fast. Acsl6−/− mice exhibit alterations in hippocampal 

tryptophan, glutathione, methionine, and cysteine that have potential implications for 

disruptions in antioxidant and neurotransmitter homeostasis (Fig. 2E). Several 

metabolites related to glucose and energy metabolism were altered in the Acsl6−/− 

hippocampus including, lactate, glucose-6-phosphate, phosphoenolpyruvate, fumarate, 

and pantothenate (CoA synthesis) (Fig. 2F). Acsl6−/− hippocampal nucleotides, cytosine 

and uracil, and the nucleotide synthesis intermediate, CDP, were altered (Fig. 2G), which 

may reflect altered nucleic acid synthase or transcriptional activity. 
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Acsl6 Deficiency Decreases Brain Omega-3 Docosahexaenoate-Containing and 

Increases Omega-6 Arachidonate-Containing Lipids 

To determine how the loss of Acsl6 affects brain lipid composition, global unbiased 

lipidomic profiling of the cerebellum from 2-mo-old control and Acsl6−/− female mice was 

performed. The fatty acid profile of Acsl6−/− cerebellum, compared with controls, was 

marked by 22–71% reductions in phospholipids, lysophospholipids, monoacylglycerol, 

and diacylglycerol containing DHA and 25–61% increases in nearly every lipid species 

containing AA (Fig. 3). The pattern of reduced DHA and increased AA in Acsl6−/− 

cerebellum was also reflected in the free fatty acid and in the ether-linked and 

plasmalogen lipids (SI Appendix, Table S2). This level of reduced DHA, and increased 

AA, is similar to that seen after two generations of breeding rodents on an omega-3 

deficient diet, suggesting that Acsl6 is a major contributor to brain DHA enrichment (203). 

Phospholipids containing the monounsaturated fatty acid OA remained generally 

unchanged between genotypes. To determine if overnight fasting altered lipid 

composition in this genetic model, lipidomics was performed on cerebellum of control and 

Acsl6−/− mice challenged with overnight fasting to reveal similar genotypic alterations 

compared with the fed state (SI Appendix, Table S2). Together, these data show that loss 

of Acsl6 reduced brain DHA content with a concomitant increase in the omega-6 fatty 

acid AA, suggesting that Acsl6 is critical for the incorporation of DHA into brain lipids. 

To confirm Acsl6-mediated DHA deficiency across brain regions and spine, 

lipidomics was performed in midbrain, hippocampus, cortex, and spine of 2-mo-old female 

control and Acsl6−/− mice. All Acsl6−/− brain regions and spine had consistent 24–40% 

reductions in predicted DHA-containing and 26–54% increases in AA-containing 
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phospholipids (Fig. 4A–D), similar to the cerebellum (Fig. 3). To determine if Acsl6 

deficiency altered peripheral lipid homeostasis, lipidomics was performed on liver (Fig. 

4E) and soleus muscle (Fig. 4F) in control and Acsl6−/− mice to reveal no genotype effect 

on lipid content in these tissues. These data suggest that tissues expressing Acsl6 require 

it for DHA enrichment and that loss of Acsl6 does not impact whole-body lipid 

homeostasis. 

To determine if Acsl6 deficiency-mediated impact on brain lipid metabolism was 

similar across sexes and with aging, lipidomics was performed on 6-mo-old male 

cerebellum (Fig. 4G) to demonstrate similar fatty acid profile compared with 2-mo-old 

female mice (Fig. 3). To determine the cell type-specific contribution of Acsl6-mediated 

lipid metabolic control, an astrocyte specific Acsl6 knockout mouse (Acsl6G−/−) was 

generated resulting in a 57% reduction in Acsl6 protein in cerebellum (Fig. 4I). Acsl6G−/− 

cerebellum lipidomic analysis revealed similar reductions in DHA compared with Acsl6−/− 

mice; however, AA was decreased, rather than increased, in Acsl6G−/− (Fig. 4G and H). 

These data suggest that approximately half of brain Acsl6 is expressed in astrocytes and 

that Acsl6 is critical for DHA enrichment independent of cell type. 

Loss of Acsl6 Disrupts Motor Function 

Because dietary DHA deficiency perturbs motor function in rodents (70) and Acsl6 

loss results in brain and spine DHA deficiency, we assessed motor and neurosensory 

function in Acsl6−/− mice. Acsl6−/− performed poorly during a wire hang test compared with 

controls (Fig. 5A). Poor performance during a wire hang test could be due to reduced 

strength; however, the control and Acsl6−/− mice performed similarly in the neuromuscular 

grip strength assessment, suggesting no disruption in upper body strength (SI Appendix, 
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Fig. S2A). Rotarod tests were performed to assess motor coordination and showed a 

trend toward reduced performance by Acsl6−/− mice at 12 mo of age (Fig. 5B). Open field 

data showed no alterations in time spent in center versus periphery and no differences in 

locomotor activity, suggesting that Acsl6−/− mice do not have altered anxiety in the open 

field test (SI Appendix, Fig. S2B). Sensorimotor assessment by adhesive removal test 

showed similar time spent attempting to remove the sticker between Acsl6−/− and control, 

but the Acsl6−/− made more failed attempts to remove the adhesive compared with 

controls (Fig. 5C). The startle response of Acsl6−/− mice trended toward a reduction in 

response to an electrical impulse to the footpad and was significantly reduced in response 

to acoustic stimuli (Fig. 5D and E). However, fear potentiated startle and prepulse 

inhibition were not different between genotypes (SI Appendix, Fig. S2C and D). Together 

these data show impaired neurosensory and motor function in Acsl6−/− mice. 

Acsl6−/− Mice Exhibit Potentiated Astrogliosis and Microglia Activity 

DHA has been shown to attenuate neuroinflammation in response to 

lipopolysaccharide (LPS) exposure in some, but not all, reports (204-208). To determine 

if Acsl6-mediated DHA deficiency altered neuroinflammation in the brain and in response 

to LPS, control and Acsl6−/− male mice were given a single i.p. injection of LPS. No 

genotype effect was observed for immobility or hippocampal mRNA abundance of the 

inflammatory genes with or without LPS at 2 and 6 mo of age (Fig. 6A–C and SI Appendix, 

Fig. S2E). However, the mRNA abundance of the microglia markers, CD68 and CD11b, 

was increased in Acsl6−/− hippocampus, compared with saline-injected controls (Fig. 6D), 

and immunohistochemical staining of microglia by Iba1 in the substantia nigra showed 

morphology consistent with microglia activation, as demonstrated by the retracted 
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processes and increased cell body size, in Acsl6−/− mice (Fig. 6E) (209). Motor controlling 

dopaminergic neurons originate in the substantia nigra and extend to the striatum. 

Quantification of Acsl6−/− striatal terminal density of tyrosine hydroxylase-positive 

dopaminergic neurons increased, compared with controls (SI Appendix, Fig. S2F). 

Together these data suggest increased microglia activation and/or activity in Acsl6−/− 

mice. 

LPS-induced inflammatory response includes altered glutamate homeostasis, 

oxidative stress, and astrocyte activation (210-212). The mRNA abundance of genes 

related to glutamate metabolism, oxidative stress, and astrocyte activation in 

hippocampus were increased in Acsl6−/− compared with controls (Fig. 7A–C). In 

agreement, immunohistochemistry in the cerebellum of Acsl6−/− mice compared with 

controls showed increased GFAP signal (Fig. 7D). Specifically, in cerebellar gray matter, 

GFAP immunoreactivity in the protoplasmic astrocytes surrounding Purkinje cells was 

increased in Acsl6−/−, compared with controls, with and without LPS (Fig. 7D). In 

cerebellar white matter where fibrous astrocytes reside, GFAP immunoreactivity was 

increased 7% and 9% in Acsl6−/− mice compared with controls with or without LPS, 

respectively, suggesting increased reactivity of the Acsl6-deficient astrocytes (Fig. 7D and 

E). Furthermore, the area occupied by GFAP+ cells in white matter was increased 45% 

in Acsl6−/− mice, compared with controls, suggesting increased number of astrocytes (Fig. 

7F). Together, these data show that loss of Acsl6-elevated glutamate and oxidative 

stress-related gene markers, and increased astrogliosis, an effect that remains elevated 

after a proinflammatory LPS challenge. 
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Discussion 

While DHA is the most abundant polyunsaturated fatty acid in the brain, models to 

study DHA in the brain are limited. The most predominant model is to modify dietary 

omega-3 fatty acid intake for multiple generations, a model confounded by whole-body 

and transgenerational effects. A model of DHA deficiency was reported in mice lacking 

major facilitator superfamily domain containing 2A (Mfsd2a). These mice have a ∼50% 

reduction of DHA in brain due to impaired uptake of DHA-containing lysophospholipids 

through the blood–brain barrier (134). While this work provides evidence for a mechanism 

of DHA uptake into the brain, the contribution of lysophospholipids to brain DHA pool is 

minimal (137). Here, we report the loss of Acsl6, resulting in brain DHA deficiency. The 

requirement of Acsl6 to ligate DHA to the glycerol backbone argues a mechanism for 

Acsl6-mediated DHA enrichment that is independent of Mfsd2a. To date, the metabolic 

handling of blood-derived lipids once inside brain parenchyma has remained unclear. 

Here, we provide critical insight into Acsl6 as a major mediator of brain parenchyma DHA 

metabolism. 

The existence of Acsl6 splice variants in the brain and their reported alternative 

substrate preferences, as well as Acsl6 cell type-specific expression, have complicated 

the implications of Acsl6 in lipid biology. Here, we were surprised to find nearly equivalent 

reductions in ACS activity for saturated, monounsaturated, omega-3 and omega-6 fatty 

acids in the Acsl6−/− brains relative to controls. We used the monounsaturated fatty acid 

oleate to optimize the enzyme assay conditions, thus optimization of the assay conditions 

using each substrate individually may be warranted to more accurately depict substrate-

dependent enzyme activity. However, our lipidomic profiling reveal consistent and 
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significant reductions in DHA-containing lipids, strongly suggesting that, in vivo, Acsl6 is 

critical for DHA incorporation into brain lipids. Acsl6 deficiency induced reduction in brain 

DHA is likely due to compounding mechanisms that control substrate (i.e., DHA) 

accessibility via shuttling-, transport-, or phospholipid remodeling-related processes in a 

cell type-dependent manner, an area of research that requires further investigation. 

DHA has received recent attention for its antiinflammatory properties (40, 42, 198, 

213-215). However, not all reports are consistent with reduced neuroinflammation by 

DHA (46, 204-208, 216, 217). Because dietary DHA manipulation involves whole-body 

metabolism of DHA, the neuroprotective effects could be elicited by responses outside 

the central nervous system. Recently, the i.c.v. injection of LPS to mice with increased 

DHA content, due to dietary fish oil supplementation or fat-1 transgene expression, 

revealed little to no protective role for DHA in the neuroinflammatory response to LPS 

(207). In agreement with these results, our data show that the neuroinflammatory 

response to LPS was not augmented in male Acsl6-mediated DHA deficiency. However, 

at baseline, the loss of Acsl6 did increase microglia activation and astrogliosis. These 

data suggest that brain neuroinflammatory responses are increased by Acsl6 deficiency, 

potentially due to the loss of DHA and increase in AA; however, LPS-mediated 

inflammation is not dependent on Acsl6-mediated lipid metabolism. 

Several human genome mapping studies have linked the ACSL6 loci to 

schizophrenia (170-172, 218). Here, we demonstrate motor symptoms, alterations to 

glutamate and dopaminergic homeostasis, all of which are consistent with characteristics 

of schizophrenia observed in patient and animal models (4, 62, 219). Several of these 

characteristics are also indicative of parkinsonism, such as alterations in the motor 
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function, dopaminergic, glutamate, and microglia homeostasis consistent with symptoms 

and pathology of Parkinson’s disease patients and animal models (208, 220, 221). Thus, 

future investigation into the effects of Acsl6 on age-related neurodegenerative and 

psychiatric diseases are warranted. 

In summary, we show that the loss of Acsl6 reduces DHA content in tissues in 

which it is highly expressed. The loss of Acsl6 disrupted brain metabolism, impaired motor 

function, and induced microglia activity and astrogliosis, indicative of neurological stress. 
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Experimental Procedures 

Acsl6 knockout mice were created using a vector designed by the NIH-sponsored 

knockout mouse program to target Acsl6 exon 2 and injected into C57BL/6 embryonic 

stem cells to generate Acsl6 conditional mice (Acsl6flox/flox) by Ingenious Targeting, Inc. 

Acsl6flox/flox mice were bred to CMV-Cre (Jackson Laboratories stock no. 006054) or 

GFAP-Cre (Jackson Laboratories stock no. 024098) transgenic mice to produce germ-

line global (Acsl6−/−) or GFAP-driven astrocyte-specific (Acsl6G−/−) knockout mice. Mice 

were maintained on chow diet with soy oil as lipid source (Teklad Global 18% Protein 

Rodent Diet; Envigo) and 12-h light-dark cycles. All experiments were approved by 

Purdue Animal Care and Use Committee. For the LPS challenge, 6-mo-old male mice 

were injected intraperitoneally with sterile saline or Escherichia coli lipopolysaccharide 

(0.33 mg/kg; 396,000 EU/kg; serotype 0127:B8; Sigma) and tissues harvested 8 h after 

injection (222, 223). 
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Figure 3.1. Acsl6 is highly enriched in the central nervous system  

Quantification of Western blot for Acsl6 normalized to HSP60 in mouse tissues (A), brain 

regions (B), and mRNA (C) and protein (D) in brain across development, n=3. BAT, brown 

adipose tissue; Cere, cerebellum; Epi, epididymal white adipose tissue; Gastro, 

gastrocnemius; Hipp, hippocampus; Hyp, hypothalamus; Med/Pons, medulla oblongata 

and pons; Mid, midbrain. Data represent averages ± SEM. 
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Figure 3.2. Generation of Acsl6 knockout mice  

Quantification (A) and Western blot (B) image of Acsl6 protein from control and Acsl6−/−, 

n=3. (C) mRNA abundance of Acsl isoforms 1, 3, 4, and 5 from control and Acsl6−/− 

hypothalamus, n=5. (D) Initial rate of ACS activity for [14C]16:0, [14C]18:1n9, [ 

14C]20:4n-6, and [14C]22:6n-3 from control and Acsl6−/− midbrain, n=5–6. Amino acid 

(E), glucose and TCA (F), and nucleotide (G) metabolites in 2-mo-old female Acsl6−/− 

hippocampus relative to control, n=8. Data represent averages ± SEM; *P ≤ 0.05 by 

Student’s t test. 
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Figure 3.3. Acsl6 deficiency decreases brain omega-3 docosahexaenoate-

containing and increases omega-6 arachidonate-containing lipids 

Lipid profile of phospholipids (A), lysophospholipids (B), MAG, DAG, and TAG (C) in 2-

mo-old female cerebellum expressed as % change in the Acsl6−/− brains relative to the 

control samples, n=5–6. Data represent averages ± SEM; *P ≤ 0.05 by Student’s t test. 
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Figure 3.4. Acsl6 deficiency decreases omega-3 docosahexaenoate across the 

central nervous system  

Phosphatidylethanolamine profile in 2-mo-old female midbrain (A), hippocampus (B), 

cortex (C), spine (D), liver (E), soleus (F), 6-mo-old male cerebellum (G), and 4- to 7-mo-

old male Acsl6G/− cerebellum (H) expressed as % ion intensity distribution in Acsl6−/− or 

Acsl6G−/− relative to control, x axis represents carbon:unsaturated bonds, predicted fatty 

acid composition, or m/z, n=5–6. (I) Western blot quantification of Acsl6 from control and 

Acsl6G−/− cerebellum normalized to β-tubulin, n=5. Data represent averages ± SEM; *P ≤ 

0.05 by Student’s t test. 
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Figure 3.5. Loss of Acsl6 disrupts motor control  

(A) Control and Acsl6−/− 6-mo-old mice average latency to fall in the wire hang test 

normalized to body weight, n=14–15. (B) Rotarod performance for 12-mo-old male control 

and Acsl6−/− mice during three consecutive days, n=15–16. (C) Adhesive removal test 

removal time (Left) and number of failed attempts (Right) by 12-mo-old control and 

Acsl6−/− mice. (D) Average startle response during the fear conditioning session (FC) to 

a foot shock and during the fear testing session (FT) to a 100-dB tone (noise=N) and to 

noise + light stimulus in 6-mo-old control and Acsl6−/− mice, n = 28–30. (E) Average startle 

response to acoustic stimuli in 6-mo-old control and Acsl6−/− mice. Data represent 

averages ± SEM; *P ≤ 0.05 by Student’s t test. 
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Figure 3.6. Acsl6 deficiency increases microglia activity  

Percent immobility (A) and hippocampal mRNA abundance of inflammatory (B and C) 

and microglial genes (D) in control and Acsl6−/− saline (Sal) or LPS treated 6-mo-old male 

mice, n=7–8. (E) Representative images of Iba1 and tyrosine hydroxylase (TH) stained 

substantia nigra of control and Acsl6−/− mice injected with saline or LPS, n=5. (Scale bars: 

50 μm.) Data represent averages ± SEM; * by genotype, δ by treatment, P ≤ 0.05 by 

Student’s t test. 



53 
 

Figure 3.7. Increased astrogliosis in Acsl6−/− mice  

mRNA abundance of oxidative stress (A), glutamate metabolism (B), and astrocyte 

markers (C) in hippocampus of control and Acsl6−/− saline (Sal) or LPS treated 6-mo-old 

male mice, n=7–8. Representative (D) and quantification (E and F) of GFAP (green) and 

NeuN (red) stained in the cerebella of control and Acsl6−/− mice injected with saline or 

LPS, n=5. (Scale bars: 50 μm.) Data represent mean ± SEM; * by genotype, δ by 

treatment, P ≤ 0.05 by Student’s t test. 
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Supplementary Figure 1 (3.8)  

(A) Schematic of Acsl6 targeting construct and representative PCR genotyping results of 

control, Acsl6-/-, and heterozygous mice. (B) Mendelian ratios for Acsl6 heterozygous 

mating. (C) Initial rate of ACS activity for [14C]16:0, [14C]18:1n9, [14C]20:4n-6, and 

[14C]22:6n-3 from control and Acsl6-/- cortex, n=5-6. (D) Body length from 2-mo-old 

control and Acsl6-/-, n=13- 14, (E) Body weight over time of female control and Acsl6-/-, 

n=13-14. (F) Daily food intake of 5-6-mo-old control and Acsl6-/-, n=13-14. (G) Brain 

weight, (H) length, and width from 2-mo-old control and Acsl6-/-, n=13-14. (I) TEM images 

representing granular neurons (left), myelinated axons (middle), and axonal mitochondria 

(right). Data represent averages ± SEM; *, p≤0.05 by Student’s t-test. 
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Supplemental Figure 2. (3.9) 

(A) Forelimb grip strength in Newtons (N) for 4-5-mo-old control and Acsl6-/- mice, n=10. 

(B) Number of breaks (left) and percent time spent in the center (right) in the open field 

over a 20-minute period for 6-mo-old control and Acsl6-/- mice. (C) Fear potentiated startle 

and (D) percent pre-pulse inhibition in in 6-mo-old control and Acsl6-/- mice, n=28-30. (E) 

mRNA abundance of inflammatory genes in control and Acsl6-/- LPS treated 2-mo-old 

male mice, n=3. (F) Striatal terminal density of control and Acsl6-/- 6-mo-old mice injected 

with saline or LPS, n=5. Data represent averages ± SEM* by genotype,  by treatment, 

p≤0.05 by Student’s t-test. 
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Supplemental Table 1 (3.1). ACS Assay optimization  

Total counts of radiation from ACS assay optimization on brain using oleate as substrate 

at a concentration of 50uM. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 
Triton-X 

0.5 1 5 

ATP 

1 2012   

5 1939 1937 2153 

20  -183  

50   -140 

Time 
5 2244   

10 3070   

Protein 

10 18189   

20 34938   

40 58715   

60 79180   
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Supplemental Table 2 (3.2). Lipidomic profile  

Lipidomic profile of 2-month old female cerebellum with or without overnight fasting, 

expressed as fold change in the Acsl6-/- brains relative to the control samples, n=5-6. 

Data represent averages ± SEM; significance represents Student’s t-test between 

genotype. 

 

Supplemental Table 2. 

Lipid Species Control Fed Acsl6-/- Fed Control Fast Acsl6-/- Fast 

C16:0 FFA 1±0.06 0.96±0.05 0.96±0.07 0.93±0.05 

C18:1 FFA 1±0.04 1.22±0.12 1.07±0.03 1.19±0.11 

C18:0 FFA 1±0.05 1.00±0.03 1.10±0.09 1.04±0.05 

C20:4 FFA 1±0.03 1.15±0.06a 1.12±0.08 1.10±0.08 

C20:0 FFA 1±0.46 1.06±0.26 1.15±0.25 0.89±0.14 

C22:6 FFA 1±0.16 0.56±0.08a 1.00±0.16 0.58±0.10a 

C22:0 FFA 1±0.14 1.06±0.13 1.02±0.10 1.01±0.15 

C24:0 FFA 1±0.10 0.93±0.14 0.91±0.18 0.78±0.10 

C20:5 FFA 1±0.10 0.94±0.10 0.95±0.07 1.03±0.25 

C22:6 FFA 1±0.14 0.45±0.03a 1.13±0.08 0.59±0.13a 

C16:0 LPA 1±0.25 0.79±0.18 1.28±0.21 0.97±0.17 

C18:1e LPAe 1±0.13 0.96±0.17 1.26±0.16 1.18±0.17 

C18:0e LPAe 1±0.22 0.99±0.23 0.98±0.27 0.51±0.15 

C18:1 LPA 1±0.18 0.76±0.18 1.21±0.23 1.02±0.23 

C18:0 LPA 1±0.22 0.70±0.14 1.15±0.15 0.84±0.12 

C20:4 LPA 1±0.07 1.18±0.25 1.38±0.16 1.13±0.09 

C22:6 LPA 1±0.09 1.05±0.11 1.22±0.09 1.00±0.14 

C16:0 LPI 1±0.26 0.79±0.21 1.34±0.29 1.07±0.28 

C18:1 LPI 1±0.17 1.08±0.22 1.34±0.20 1.30±0.33 

C18:0 LPI 1±0.16 0.83±0.18 1.46±0.23 1.13±0.22 

C20:4 LPI 1±0.20 0.77±0.18 1.45±0.25 1.04±0.25 

C18:2 LPI 1±0.15 1.31±0.31 1.38±0.20 1.18±0.31 

C20:5 LPI 1±0.16 1.39±0.40 2.03±0.51 0.86±0.22 

C22:6 LPI 1±0.12 0.28±0.08a 1.33±0.23 0.21±0.04a 

C20:4 LPC 1±0.12 1.02±0.13 0.83±0.07 1.02±0.06 

C18:1e LPCe (lysoPAF) 1±0.14 0.99±0.12 1.12±0.10 1.21±0.07 

C20:0 LPC 1±0.15 0.82±0.12 1.01±0.10 1.03±0.09 

C16:0e LPCe 1±0.10 0.90±0.06 1.06±0.06 1.06±0.04 

C16:0e LPCe (lysoPAF) 1±0.11 0.92±0.06 0.94±0.06 1.07±0.03b 
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C16:0 LPC 1±0.16 0.77±0.12 0.95±0.11 0.99±0.09 

C18:1e LPCe 1±0.18 0.83±0.10 1.04±0.14 0.94±0.09 

C18:0e LPCe (lysoPAF) 1±0.09 0.99±0.14 1.18±0.10 1.36±0.12 

C18:0e LPCe 1±0.16 0.67±0.11 0.94±0.10 0.97±0.09 

C18:1 LPC 1±0.14 0.86±0.11 0.89±0.07 1.00±0.07 

C18:0 LPC 1±0.16 0.77±0.12 1.00±0.10 1.00±0.09 

C18:2 LPC 1±0.16 1.53±0.65 1.60±0.38 1.24±0.32 

C20:5 LPC 1±0.08 0.87±0.08 0.79±0.07 0.80±0.06 

C22:6 LPC 1±0.05 0.36±0.03a 1.15±0.21 0.50±0.10a 

C18:2 LPG 1±0.03 1.33±0.11a 1.34±0.13b 1.54±0.14 

C20:5 LPG 1±0.06 0.94±0.11 1.15±0.25 0.99±0.10 

C22:6 LPG 1±0.05 0.36±0.03a 1.14±0.21 0.50±0.10a 

C18:0e LPSe 1±0.10 1.01±0.20 1.08±0.20 1.15±0.11 

C16:0 LPS 1±0.20 0.83±0.18 1.98±0.15 0.96±0.14 

C18:1 LPS 1±0.19 0.75±0.17 1.06±0.19 0.94±0.19 

C18:0 LPS 1±0.27 0.70±0.22 1.06±0.20 0.95±0.29 

C18:2 LPS 1±0.05 0.49±0.05a 1.08±0.15 0.63±0.07a 

C20:4 LPS 1±0.08 1.03±0.16 1.11±0.14 1.28±0.14 

C20:5 LPS 1±0.10 1.17±0.10 1.01±0.26 1.22±0.11 

C22:6 LPS 1±0.14 0.75±0.27 1.31±0.36 0.55±0.14 

C22:6 LPS 1±0.15 0.75±0.27 1.31±0.37 0.56±0.15 

C16:0e LPEe 1±0.15 0.83±0.15 1.04±0.12 1.11±0.12 

C16:0 LPE 1±0.20 0.78±0.15 1.70±0.11 1.03±0.13 

C18:1e LPEe 1±0.15 0.91±0.17 1.13±0.12 1.19±0.13 

C18:0e LPEe 1±0.16 0.92±0.19 1.19±0.14 1.33±0.16 

C18:0 LPE 1±0.17 0.87±0.17 1.15±0.11 1.28±0.19 

C18:2 LPE 1±0.09 0.85±0.09 0.94±0.08 0.93±0.07 

C20:4 LPE 1±0.15 1.47±0.31 1.13±0.15 1.77±0.36 

C22:6 LPE 1±0.05 0.98±0.13 0.99±0.11 0.98±0.08 

C18:1 LPE 1±0.13 1.05±0.15 1.03±0.11 1.24±0.14 

C16:0e/18:1 PAe 1±0.08 1.12±0.20 1.21±0.11 1.13±0.10 

C16:0/C18:1 PA 1±0.09 1.02±0.15 1.17±0.12 1.06±0.09 

C16:0e/20:4 PAe 1±0.13 0.95±0.16 1.10±0.09 0.85±0.07a 

C18:0e/C18:1 PAe 1±0.09 1.09±0.19 1.19±0.11 1.13±0.12 

C16:0/C20:4 PA 1±0.05 0.87±0.13 1.03±0.10 0.91±0.07 

C18:0/C18:1 PA 1±0.11 1.04±0.16 1.14±0.11 1.08±0.10 

C18:0e/C20:4 PAe 1±0.10 0.98±0.16 1.07±0.09 0.97±0.11 

C18:0/C20:4 PA 1±0.10 0.91±0.13 1.08±0.11 0.99±0.09 
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C16:0/C18:2 PA 1±0.07 1.35±0.14 1.18±0.05 1.25±0.13 

C18:0/C18:2 PA 1±0.05 1.10±0.09 1.14±0.07 1.08±0.08 

C16:0/C16:0 PI 1±0.14 1.03±0.16 1.04±0.11 1.01±0.14 

C16:0e/18:1 PIe 1±0.11 1.10±0.22 1.18±0.12 1.07±0.12 

C16:0/C18:1 PI 1±0.14 0.99±0.17 1.02±0.12 1.03±0.13 

C16:0e/20:4 PIe 1±0.09 1.44±0.25 1.27±0.18 1.56±0.22 

C18:0e/C18:1 PIe 1±0.22 0.95±0.44 0.70±0.24 0.60±0.12 

C16:0/C20:4 PI 1±0.13 0.99±0.14 1.04±0.11 1.03±0.11 

C18:0/C18:1 PI 1±0.13 1.04±0.17 1.01±0.11 1.05±0.13 

C18:0e/C20:4 PIe 1±0.16 0.88±0.12 0.99±0.11 1.01±0.12 

C18:0/C20:4 PI 1±0.15 0.99±0.14 1.09±0.12 1.07±0.12 

C18:0/C18:2 PI 1±0.11 1.24±0.08 1.16±0.07 1.21±0.19 

C16:0/C22:6 PI 1±0.07 0.48±0.03a 1.16±0.06 0.66±0.12a 

C18:0/C22:6 PI 1±0.10 0.32±0.02a 1.16±0.07 0.44±0.12a 

C16:0/C22:6 PC 1±0.05 0.45±0.01a 0.83±0.09 0.54±0.07a 

C18:0/C20:5 PC 1±0.05 0.87±0.02a 0.92±0.04 0.92±0.07 

C18:0/C22:6 PC 1±0.05 0.46±0.01a 0.87±0.09 0.57±0.07a 

C18:0/C18:2 PC 1±0.04 1.20±0.05a 0.96±0.05 1.19±0.11 

C16:0/C18:2 PC 1±0.06 1.66±0.03a 1.19±0.11 1.83±0.22a 

C16:0/C20:5 PC 1±0.06 1.25±0.05a 1.18±0.07 1.32±0.14 

C18:0e/C18:1 PCe 1±0.07 1.06±0.11 0.94±0.05 1.00±0.07 

C16:0/C20:4 PC 1±0.02 1.34±0.04a 0.96±0.06 1.28±0.07a 

C18:0/C18:1 PC 1±0.05 0.98±0.07 0.92±0.06 0.96±0.06 

C18:0p/C20:4 PCp 1±0.04 1.00±0.06 0.90±0.07 1.06±0.04 

C18:0e/C20:4 PCe 1±0.04 1.14±0.06 0.94±0.06 1.08±0.06 

C16:0e/C18:1 PCe 1±0.06 1.22±0.15 0.97±0.10 1.12±0.08 

C16:0/C18:1 PC 1±0.04 1.04±0.08 0.90±0.06 0.97±0.06 

C16:0p/C20:4 PCp 1±0.05 0.85±0.05 0.85±0.06 0.90±0.06 

C16:0e/C20:4 PCe 1±0.04 1.18±0.06a 0.95±0.06 1.21±0.05a 

C18:0/C20:4 PC 1±0.04 1.26±0.07a 0.96±0.08 1.21±0.09 

C16:0/C22:6 PG 1±0.06 1.61±0.10a 0.98±0.13 1.58±0.28 

C18:0/C20:5 PG 1±0.04 1.42±0.10a 1.03±0.13 1.36±0.24 

C18:0/C22:6 PG 1±0.07 1.45±0.09a 1.02±0.12 1.46±0.23 

C16:0/C18:2 PG 1±0.06 0.74±0.05a 0.84±0.03b 0.79±0.08 

C18:0/C18:2 PG 1±0.06 0.62±0.03a 0.85±0.05 0.70±0.07 



60 
 

C16:0/C20:5 PG 1±0.07 1.62±0.07a 1.05±0.12 1.63±0.27 

C16:0/C20:4 PG 1±0.11 1.30±0.15 0.99±0.13 1.19±0.08 

C18:0/C18:1 PG 1±0.08 0.48±0.06a 0.79±0.09 0.56±0.12 

C18:0/C20:4 PG 1±0.17 1.26±0.07 0.89±0.11 1.27±0.07a 

C16:0e/C20:4 PGe 1±0.16 0.95±0.18 0.88±0.21 0.70±0.11 

C18:0e/C18:1 PGe 1±0.05 0.50±0.03a 0.81±0.10 0.57±0.08 

C16:0/C18:1 PG 1±0.11 0.85±0.06 0.77±0.11 0.78±0.12 

C16:0/C18:1 PS 1±0.09 1.05±0.07 0.98±0.06 1.10±0.07 

C16:0/C18:2 PS 1±0.09 0.84±0.09 0.89±0.09 0.90±0.14 

C18:0/C22:6 PS 1±0.06 0.78±0.04a 0.86±0.04 0.83±0.09 

C18:0/C20:5 PS 1±0.06 0.93±0.05 0.96±0.05 1.01±0.10 

C16:0/C22:6 PS 1±0.10 0.81±0.09 0.93±0.06 0.87±0.12 

C18:0/C18:2 PS 1±0.06 0.98±0.05 0.92±0.04 1.01±0.13 

C18:0e/C20:4 PSe 1±0.07 1.26±0.11 0.92±0.03 1.24±0.09a 

C16:0/C20:4 PS 1±0.07 1.13±0.07 1.08±0.07 1.20±0.08 

C18:0/C18:1 PS 1±0.06 1.06±0.08 0.90±0.07 1.06±0.04 

C18:0e/C18:1 PSe 1±0.06 1.09±0.08 1.00±0.05 1.07±0.03 

C16:0e/C20:4 PSe 1±0.14 1.62±0.39 1.35±0.18 1.57±0.31 

C18:0/C20:4 PS 1±0.07 2.03±0.12a 1.01±0.09 1.84±0.21a 

C16:0/C20:5 PS 1±0.08 1.16±0.08 1.22±0.12 1.27±0.13 

C16:0e/C18:1  PSe 1±0.10 1.07±0.09 0.89±0.09 1.03±0.07 

C16:0e/C18:1 PEe 1±0.07 1.21±0.07 0.90±0.07 1.17±0.05a 

C16:0/C18:1 PE 1±0.02 1.24±0.07a 0.85±0.07 1.08±0.03a 

C16:0p/C20:4 PEp 1±0.04 2.09±0.09a 1.06±0.18 1.77±0.18a 

C16:0e/C20:4 PEe 1±0.02 1.37±0.10a 0.97±0.07 1.27±0.08a 

C18:0e/C18:1 PEe 1±0.07 1.05±0.08 0.90±0.08 1.01±0.09 

C16:0/C20:4 PE 1±0.05 1.66±0.09a 0.95±0.09 1.50±0.12a 

C18:0/C18:1 PE 1±0.03 1.09±0.11 0.82±0.07 0.96±0.04 

C18:0/C20:5 PE 1±0.04 1.02±0.05 0.92±0.05 1.03±0.10 

C16:0/C22:6 PE 1±0.04 0.46±0.02a 0.84±0.09 0.56±0.08a 

C18:0/C18:2 PE 1±0.04 0.98±0.05 0.89±0.06 0.94±0.07 

C16:0/C20:5 PE 1±0.04 0.92±0.04 0.89±0.06 0.94±0.07 

C16:0/C18:2 PE 1±0.06 1.34±0.05a 0.97±0.07 1.45±0.16a 

C18:0/C22:6 PE 1±0.05 0.41±0.02a 0.81±0.10 0.49±0.06a 
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C18:0p/C20:4 PEp 1±0.04 1.49±0.07a 0.98±0.08 1.29±0.07a 

C18:0e/C20:4 PEe 1±0.05 1.45±0.10a 0.93±0.10 1.22±0.07a 

C18:0/C20:4 PE 1±0.01 2.04±0.09a 1.00±0.17 1.80±0.18a 

C16:0e MAGe 1±0.10 0.98±0.09 0.95±0.10 0.93±0.07 

16:0 MAG 1±0.15 1.12±0.16 1.13±0.07 1.31±0.13 

C18:1e MAGe 1±0.09 0.92±0.11 0.95±0.18 0.99±0.06 

C18:0e MAGe 1±0.18 0.79±0.23 0.70±0.27 1.06±0.22 

C18:2 MAG 1±0.19 1.31±0.22 1.24±0.14 1.47±0.25 

C18:1 MAG 1±0.16 0.92±0.16 0.96±0.10 1.01±0.17 

C16:0e/C2:0 MAGe 1±0.21 0.87±0.11 1.42±0.22 1.16±0.11 

C18:0 MAG 1±0.21 0.98±0.12 1.40±0.23 1.20±0.13 

C20:4 MAG 1±0.17 0.89±0.14 0.94±0.10 1.13±0.11 

C18:1e/C2:0 MAGe 1±0.11 0.49±0.06a 0.78±0.12 0.66±0.13 

C18:0e/C2:0 MAGe 1±0.10 0.91±0.12 0.91±0.11 0.95±0.07 

C22:6 MAG 1±0.15 0.40±0.07a 0.82±0.14 0.54±0.10 

C16:0/C18:1 DAG 1±0.05 1.28±0.16 0.80±0.10 1.11±0.05a 

C16:0/C20:4 DAG 1±0.10 0.93±0.07 0.74±0.08 0.98±0.09 

C18:0/C18:1 DAG 1±0.18 0.97±0.15 0.77±0.13 0.94±0.14 

C18:0/C20:4 DAG 1±0.07 1.15±0.15 0.92±0.12 1.08±0.10 

C16:0/C18:2 DAG 1±0.09 0.47±0.11a 0.88±0.11 0.50±0.08a 

C16:0/C20:5 DAG 1±0.07 1.09±0.08 0.90±0.12 1.17±0.11 

C18:0/CC18:2 DAG 1±0.10 0.49±0.04a 1.00±0.14 0.67±0.13 

C18:0/C22:6 DAG 1±0.10 0.55±0.01a 0.83±0.07 0.58±0.08a 

C16:0/C22:6 DAG 1±0.05 0.30±0.02a 0.74±0.11 0.37±0.09a 

C16:0/C20:5 DAG 1±0.09 1.12±0.08 0.91±0.11 1.17±0.11 

C18:0/C18:2 DAG 1±0.08 0.50±0.04a 1.01±0.14 0.70±0.13 

C16:0/C16:0/C16:0 
TAG 

1±0.02 2.04±0.36a 1.14±0.09 1.60±0.23 

C16:0/C18:1/C16:0 
TAG 

1±0.05 1.71±0.15a 1.03±0.08 1.51±0.16a 

C16:0/C20:4/C16:0 
TAG 

1±0.06 1.78±0.41 0.91±0.09 1.29±0.14a 

C18:0/C18:1/C18:0 
TAG 

1±0.02 1.45±0.08a 1.09±0.05 1.41±0.11a 

C18:0/C18:0/C18:0 
TAG 

1±0.04 1.38±0.10a 1.19±0.05b 1.38±0.10 

C18:0/C20:4/C18:0 
TAG 

1±0.06 1.58±0.08a 1.14±0.10 1.54±0.13a 
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C16:0/C18:2/C16:0 
TAG 

1±0.04 2.02±0.28a 1.02±0.09 1.56±0.19a 

C16:0/C20:5/C16:0 
TAG 

1±0.07 1.69±0.09a 1.11±0.06 1.59±0.19a 

C16:0/C22:6/C16:0 
TAG 

1±0.07 1.66±0.10a 1.09±0.07 1.60±0.18a 

C18:0/C18:2/C16:0 
TAG 

1±0.08 1.37±0.07a 0.95±0.04 1.25±0.10a 

C18:0/C20:5/C16:0 
TAG 

1±0.15 1.52±0.09a 1.32±0.04 1.56±0.18 

C18:0/C22:6/C16:0 
TAG 

1±0.07 1.31±0.05a 1.12±0.05 1.29±0.07 

C16:0  acyl carnitine 1±0.12 1.15±0.15 0.96±0.15 1.43±0.27 

C18:0  acyl carnitine 1±0.13 1.08±0.15 0.96±0.15 1.42±0.19 

C18:2 acyl carnitine 1±0.08 1.25±0.12 1.49±0.40 2.20±0.66 

C20:5 acyl carnitine 1±0.07 0.83±0.05 1.00±0.12 0.82±0.07 

C22:6 acyl carnitine 1±0.08 1.35±0.19 1.35±0.6b 1.66±0.22 

Lanosterol 1±0.08 1.03±0.09 1.05±0.11 1.11±0.15 

C16:0 Ceramide 1±0.14 0.96±0.09 0.92±0.07 0.99±0.07 

18:0/C16:0 ceramide-1-
phosphate* 

1±0.15 0.85±0.20 1.44±0.25 1.08±0.19 

sphingosine 1±0.10 0.89±0.11 1.00±0.06 1.08±0.06 

sphinganine 1±0.12 0.81±0.09 1.07±0.11 0.98±0.13 

C16:0 SM 1±0.10 1.07±0.10 0.98±0.05 1.10±0.06 

C18:1 SM 1±0.04 1.23±0.08a 0.89±0.05 1.21±0.09a 

C18:0 SM 1±0.11 0.91±0.08 0.93±0.05 1.02±0.04 

C20:4 SM 1±0.05 1.54±0.05a 1.08±0.10 1.65±0.15a 

C16:0 NAE 1±0.14 1.13±0.13 1.06±0.11 1.41±0.18 

C18:1 NAE 1±0.12 0.95±0.09 0.93±0.08 1.01±0.10 

C18:0 NAE 1±0.16 1.08±0.13 1.01±0.13 1.46±0.22 

Cholesterol/cholesteryl 
esters 

1±0.11 0.97±0.13 0.97±0.11 1.04±0.09 
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Supplemental Methods 

ACS Assay: Total membrane fraction was prepared from midbrain and cortex. Acyl-CoA 

synthetase activity was measured in membrane fractions (5ug) incubated at 37°C for 5 

minutes with 5mM ATP, 0.5mM CoA, 1mM DTT, 10mM Mgcl2, 50mM Tris, and 0.05mM 

fatty acid: [1- 14C]Oleate (PerkinElmer), [1- 14C]Palmitate (PerkinElmer), [1- 14C] 

Arachidonic Acid (American Radiolabeled Chemicals), or [1- 14C] Docosahexaenoic Acid 

(Moravek) performed as described (100). 

Behavioral Assessment: Wire Hang Test: Mice on a cage top were flipped, leaving the 

mice upside-down, and the latency to fall was recorded and multiplied by body weight to 

determine the minimal holding impulse (224). One training and four testing sessions were 

performed, each with three trials. Adhesive Removal Test: Performed as described, (225). 

Open Field: Mice were monitored in open field apparatus over 20 minutes using the 

MotorMonitor instrument (Kinder Scientific). Whole-limb Grip Strength: The gripping 

strength, defined as the peak force (N), was recorded for 4-5 trials, and the average was 

calculated (226). Pre-Pulse Inhibition: Pre-pulse inhibition was assessed using the Kinder 

Startle Monitor equipment (Coulbourn Instruments) using the protocol as described (13). 

Fear Potentiated Startle: Using the Coulbourn Instruments Animal Acoustic Startle 

System (Allentown, PA) as described (227). Briefly, mice were exposed to light or 

acoustic stimuli paired with (conditioning) or without (fear) electrical stimuli to the foot pad 

and the startle response was recorded. 

Immunoblots and Histology: Sub-cellular fractionations were collected from mouse 

brain homogenates through a series of centrifugation and lysis steps according to (228). 

Mouse tissue lysates or membrane fractions were collected in lysis buffer (50mM Tris-
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HCl, 150mM NaCl, 1mM EDTA, and 1% Triton X-100) and sucrose medium (10mM Tris, 

1mM EDTA, and 250mM sucrose), respectively. Protein concentration was quantified 

using Pierce BCA Protein Assay Kit (Thermo Fisher Scientific). 18ug of protein were 

subjected to SDS PAGE electrophoresis, transferred to nitrocellulose membranes, and 

blocked for 1 hour with 3% Bovine Serum Albumin-TBST (Tris Buffered saline, 0.1% 

Tween 20). The membrane were probed for primary antibody (1:1000) ACSL6 (raised 

against the peptide CNLLKQSEEVEDGGGAR), heat shock protein 60 (Santa Cruz), and 

beta-tubulin (Sigma), washed with 5% milk-TBST, and incubated with anti-mouse or anti-

rabbit IRDye-conjugated secondary antibodies (LiCor). Membranes were exposed to 

Odyssey (LiCor) instrument and protein was quantified using LiCor software. For 

immunohistochemistry, brains were surgically removed, post-fixed in 4% PFA for 7 days, 

and then saturated with 30% sucrose at 4 °C for at least 7 days. Each brain was coronally 

sectioned on a frozen sliding microtome (Microm HM 450, Thermo Scientific) at a 35 μm 

thickness and stored in cryoprotectant at −20 °C. Brain sections containing cerebellum 

were randomly selected, rinsed 6 times with PBS at RT for 10 min at RT with shaking; 

blocked in 10% normal donkey serum (NDS) in PBS-T (0.3%) for 1hr at RT; incubated 

with primary antibodies (GFAP, abcam 134014; NeuN abcam 53554; tyrosine 

hydroxylase, Millipore AB1542; Iba1, Wako WEE4506) for 24-48 h in PBS-T with 1% NDS 

at 4 °C; rinsed 3 times with PBS at RT for 10 min; incubated with secondary antibodies 

(Alexa Fluor 488 anti-goat; Alexa Fluor 647 anti-chicken; Cy3 anti-sheep; Alexa Fluor 488 

anti-rabbit from ImmunoJackson Laboratories, and sheep anti-Dylight800 from Rockland 

613-745-168) in PBS-T with 1% NDS for 2hrs at RT; and rinsed 6 times 3 with PBS at RT 

for 10 min each time before mounting on slides. Slides were dehydrated in graded alcohol 



65 
 

and histoclear before coverslipped. Images were captured on an inverted Nikon D-Eclipse 

C1 confocal microscope. All slides were scanned under the same conditions for 

magnification, exposure time, lamp intensity and camera gain. For GFAP fluorescence 

quantification, a core of white matter (the arbor vitae) was analyzed. Mean intensity of 

fluorescence of GFAP+ cells and area fraction occupied by GFAP+ within arbor vitae 

were obtained by using NIS-Elements Basic Research software (Nikon). Mean intensity 

value is a statistical mean of intensity values of pixels derived from the intensity histogram. 

GFAP immunoreactivity was quantified by determining mean intensity of fluorescence of 

GFAP+ cells and area fraction occupied by GFAP+ in white matter of cerebellum with the 

NIS-Elements Basic Research software (Nikon). Briefly, white matter of cerebellum was 

delineated as region of interest and the binary overlay of GFAP+ cells was created by 

defining the threshold for background correction. For all images, same threshold value 

was established at the level at which the binary overlay entirely encloses the cell body 

and projections. Thus, mean intensity of the binary images were used for GFAP 

immunoreactivity and the area fraction of GFAP immunoreactivity was calculated by 

dividing the binarized GFAP+ area by the area occupied by the outlined region of interest 

and expressed as a percentage. For electron microscopy, the cerebellum was processed, 

stained, and prepared for transmission electron microscope with the Life Sciences 

Microscope Facility at Purdue. Images were captured on a FEI Tecnai G2 20 

Transmission Electron Microscope. 

RT-PCR: Total tissue RNA was extracted using TRIzol (Life Technologies), purified 

(PureLink RNA Mini Kit, Life Technologies), quantified by NanoDrop 2000 

spectrophotometer (ThermoFisher Scientific), and use to synthesize cDNA with High 
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Capacity cDNA Reverse Trancriptase (Applied Biosystems). Real-Time PCR was 

performed using SYBR Green Master Mix (Bio-Rad) and primers for the target genes and 

analyzed by using a StepOnePlus Real Time PCR System thermocycler (Applied 

Biosystems). Gene expression was normalized to the average Ct values of the 

housekeeping gene Rpl22 and expressed as 2 -△CT. 

Lipidomics: Data presented in Figure 3 and supplemental Table 1, performed as 

previously described (229). Nonpolar lipid metabolites from mouse cerebellum were 

extracted in chloroform/methanol/PBS (2:1:1, v/v/v, 4ml) with the addition of 10nmol 

internal standards dodecylglycerol and pentadecanoic acid (Santa Cruz Biotechnology 

and Sigma-Aldrich, respectively). The organic layer was separated from the aqueous 

layer by centrifugation at 1000g for 5 min, dried down under flowing nitrogen, and 

resuspended in 120µl of chloroform. 10ul aliquots were analyzed by liquid 

chromatography as previously described (229-231). Metabolites separation from mouse 

hippocampus was obtained using a Luna reverse-phase C5 column (50 × 4.6 mm and 5 

μm diameter particles, Phenomenex). Mobile phase A was composed of water/methanol 

(95:5, v/v) and mobile phase B of isopropanol:methanol:water (60:35:5, v/v/v). Solvent 

modifiers 0.1% formic acid with 5 mM ammonium formate and 0.1% ammonium hydroxide 

were used to facilitate ion formation in addition to improving the LC resolution in both 

positive and negative ionization modes, respectively. Mass spectrometry (MS) analysis 

was performed on an Agilent 6430 QQQ LC-MS/MS (Agilent Technologies). Metabolites 

were identified by SRM of the transition from precursor to product ions at associated 

optimized collision 4 energies and retention times as previously described (230, 231). 

Metabolites quantification was performed by integrating the area under the curve followed 
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by normalization to internal standard values. Results are expressed as relative levels 

compared to controls. Lipid profiling presented in Figure 4 was performed with Purdue’s 

Bindley Metabolite Profiling Facility. Lipids were extracted from tissues using Bligh and 

Dyer Method (232). The lipid phase was dried, resuspended and injected through a micro-

autosampler (G1377A) into a QQQ6410 triple quadrupole mass spectrometer (Agilent 

Technologies, San Jose, CA) operated in the positive ion mode and equipped with Jet 

stream ESI ion source (47). Data was analyzed by calculating the percent distribution for 

each ion (ion peak of m/z intensity/total ion intensity). 

 

 

 

 



 

CHAPTER IV 

AGE-RELATED INFLUENCE OF ACSL6 ACTIVITY 

IN NEURAL FUNCTION AND BEHAVIOR 

 

The previous manuscript focused on the initial studies of our novel conditional 

Acsl6-/- mice where we showed that the ACSL6-mediated DHA deficiency in 6-month old 

mice induced microglia activation and astrogliosis in the brain, indicating neurological 

stress. Clinical, epidemiological data, and mechanistic research suggest that DHA is 

required for protection against numerous age-related neurological diseases. Thus, we 

hypothesized that Acsl6-/- mice are susceptible to age-induced neuropathology. For Aim 

2, we investigated the extent to which ACSL6-mediated DHA deficiency exacerbates 

normal age-related neurological dysfunction. Our findings revealed that aging increased 

gliosis and the expression of neuroinflammatory markers in Acsl6-/- brains, which were 

not triggered by changes in the levels of lipid-derived bioactive mediators. Behaviorally, 

we showed that the loss of ACSL6 induced hyperlocomotion and alterations in memory. 

Together, these data suggest that the loss of ACSL6 renders the aging brain more 

susceptible to neuropathology.  
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Abstract 

The omega-3 fatty acid docosahexaenoic acid (DHA) inversely relates to 

neurological impairments with aging; however, limited non-dietary models manipulating 

brain DHA have hindered direct linkage. We discovered that loss of long-chain acyl-CoA 

synthetase 6 in mice (Acsl6-/-) depletes brain membrane phospholipid DHA levels, 

independent of diet. Here, Acsl6-/- brains contained lower DHA, compared to controls, 

across the lifespan. The loss of DHA- and increased arachidonate-enriched phospholipids 

was visualized by MALDI imaging predominantly in neuronal-rich regions where smFISH 

localized Acsl6 to neurons. ACSL6 is also astrocytic; however, we found that astrocyte-

specific ACSL6 depletion did not alter membrane DHA because astrocytes express a 

non-DHA preferring ACSL6 variant. Across the lifespan, Acsl6-/- mice exhibited 

hyperlocomotion, impairments in working spatial memory, and increased cholesterol 

biosynthesis genes. Aging caused Acsl6-/- brains to decreased expression of membrane, 

bioenergetic, ribosomal, and synaptic genes, and increase expression of immune 

response genes. With age Acsl6-/- cerebellum became inflamed and gliotic. Together, our 

findings suggest that ACSL6 promotes membrane DHA enrichment in neurons, but not in 

astrocytes, and is important for neuronal DHA levels across the lifespan. Loss of ACSL6 

impacts motor function, memory, and age-related neuroinflammation, reflecting the 

importance of neuronal ACSL6-mediated lipid metabolism across the lifespan.   
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Introduction 

The brain is heavily enriched with phospholipids making it the second most fatty 

organ of the body. Phospholipids are the major component of membranes and in general, 

contain high levels of polyunsaturated fatty acids (PUFAs) thus, the brain is highly 

enriched with PUFAs, to a level 3-4-fold higher than other tissues (194, 233). Several 

PUFAs are essential, meaning they cannot be synthesized endogenously, but instead, 

must be obtained from the diet. Essential fatty acid-derived PUFAs enriched in the brain 

include the omega-6 arachidonic acid (AA, 20:4n6) and the omega-3 docosahexaenoic 

acid (DHA, 22:6n3) (194, 234). While omega-6 fatty acids are heavily enriched in 

westernized diets, the omega-3 DHA is poorly represented (197, 235). Low dietary DHA 

intake is compounded by aging-related brain DHA decline (5, 236). Both low dietary DHA 

intake and low brain DHA levels are associated with the development of numerous age-

related neurological diseases and disorders characterized by neuroinflammation and 

cognitive decline (7, 8, 237-239). Reciprocally, DHA intake through diet and/or 

supplementation confers protection against age-related neurological decline in part due 

to its ability to serve as precursor to pro-resolving lipid mediators that ameliorate 

inflammation and DHA’s ability to regulate membrane biophysical properties (10, 240). 

These benefits of DHA serve as a barrier to the brain’s susceptibility to neuroinflammation 

and cognitive decline with age.  

While it has been established that the brain contains high levels of DHA and that 

brain DHA correlated with brain health (45, 241), the direct linkage to health and 

regulatory mechanisms that enable DHA incorporation into brain membrane lipids 

remains unclear. Recently, we discovered that long-chain acyl-CoA synthetase 6 
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(ACSL6) is a major regulator of DHA enrichment in the brain (48, 138). The critical role 

for ACSL6 in brain DHA enrichment was exemplified in Acsl6 deficient mice (Acsl6-/-) by 

significant reductions (35-72%) in DHA-containing phospholipids (48). Acsl6 is one of the 

26-member family of acyl-CoA synthetase enzymes that ligate a Coenzyme A to a fatty 

acid, generating an acyl-CoA (98). This enzymatic activity both traps free fatty acids within 

cells and also activates fatty acids for subsequent intracellular metabolism. Each acyl-

CoA synthetase enzyme has unique enzymatic preferences, regulatory mechanism, and 

expression profile across cell types, properties that contribute to cell-type-specific lipid 

metabolism and composition (1). Here, we investigated how the loss of ACSL6 and the 

consequential DHA deficiency and AA enrichment within the brain affects aging. We 

found that ACSL6 deficiency impaired spatial memory, hyperlocomotion, and age-related 

cerebellar neuroinflammation. Together, these data demonstrate that ACSL6-mediated 

DHA metabolism is required for age-related neuroprotection.     
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Results 

Acsl6 is critical for retaining DHA during aging  

Brain DHA content inversely correlates with the risk of age-related neurological 

diseases, disorders, and cognitive decline (4, 5, 69). We previously demonstrated that 

ACSL6 is responsible for enriching the brain and testes with DHA within membrane 

phospholipids (48, 111). Here, we measured brain lipids in control and Acsl6-/- 

hippocampus, a region important for aging-sensitive functions such as memory and 

learning. Broad lipidomic profiling of phosphatidylcholine (PC) species demonstrated 

reductions in predicted DHA-enriched PCs (38:6 and 40:6) and increases in several PCs 

containing 1-, 2-, or 3- unsaturated bonds (Figure 1A). We next confirmed that the loss of 

highly unsaturated PCs was due to DHA-deficiency by performing total fatty acid analysis 

to discover a 32% reduction in DHA (Figure 1B, Table S1). Other 22-carbon long fatty 

acids were not reduced by the loss of ACSL6, and in fact, adrenic acid (22:4n6) levels 

were significantly increased (Figure 1C, Table S1). Coincident with the reduction in 

relative DHA levels in Acsl6-/-, were reciprocal increases in low abundance fatty acids 

such as dihomo-γ-linolenic acid (20:3n6), linoleic acid (18:2n6), and a statistically 

insignificant rise in the high abundance fatty acid arachidonic acid (20:4n6) (Figure 1B,C 

Table S1). These data suggest that ACSL6 exhibits a substrate specificity to DHA rather 

than a generalized capacity to metabolize 22-carbon fatty acids and confirms our previous 

findings that the loss of ACSL6 results in DHA deficit. 

A number of results in the literature indicate that astrocytes express ACSL6 (1, 

123-125, 242, 243). To directly test the role of astrocytic ACSL6, we generated astrocyte-

specific ACSL6 deficient mice using the Glial fibrillary acidic protein (Gfap) promoter Cre 
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driver (Acsl6G-/-) (48). Surprisingly, astrocyte-specific ACSL6 knockouts exhibited minimal 

changes in fatty acid composition in the brain, most notably, unchanged DHA levels 

(Figure 1B,C). However, total saturated fatty acids were significantly reduced and linoleic 

acid (LA, 18:2n6) and eicosadienoic acid (20:2n6) were elevated (Figure 1C and Table 

S1). Partial loss of ACSL6 protein in Acsl6G-/- hippocampus was confirmed by western 

blot and reiterates that a fraction of brain ACSL6 is expressed in astrocytes (Figure 1D). 

However, the lack of intermediary fatty acid profile phenotype between the complete and 

astrocytic knockout models suggests differential metabolic roles for ACSL6 found in 

astrocytes compared to non-astrocytes. Therefore, the expression of ACSL6 variants, 

with differential fatty acid binding motifs, were assessed in the models(146). Targeted RT-

PCR primers demonstrated that while total knockout mice lose expression of both F- and 

Y-gate domains, the astrocyte-specific loss of ACSL6 retains expression of the F-gate 

(DHA-preferring) but loses the Y-gate (non-DHA preferring) domain (Figure 1E). These 

data demonstrate that astrocytes do not express the DHA-preferring ACSL6 variant, 

thereby explaining the lack of DHA reduction in astrocyte-specific ACSL6 knockout mice. 

DHA levels naturally decline in the brain across the lifespan, a phenomenon 

predicted to increase the risk of age-related neurological impairments. However, the 

mechanistic underpinnings causing such age-related loss in brain DHA remain elusive. 

Fatty acid content of aged compared to young mice showed a decrease in DHA by 14% 

by aging (Figure 1F), consequently reducing total omega-3 fatty acids and increasing the 

omega-6 to omega-3 ratio (Figure 1G,H and Table S1). In Acsl6-/-, age did not affect the 

increased omega-6/omega-3 ratio (Figure 1G and Table S1). Unlike in control mice, 

Acsl6-/- hippocampus resisted aging-related reductions in brain DHA (Figure 1F). 
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Together, these data suggest that non-astrocytic Acsl6 is critical for enriching the brain 

with DHA throughout the lifespan.  

ACSL6 is expressed in mature neurons and drives neuronal membrane DHA 

enrichment 

To better understand the spatial resolution and the cell type-specific contributions 

of Acsl6 to lipid metabolism in the brain, we performed single-molecule RNA in situ 

hybridization (smFISH). Acsl6 transcripts were evident across the hippocampus but 

particularly enriched in Vglut1-positive pyramidal neurons of the CA3 and dentate gyrus 

(Figure 2A). We next sought to determine the alignment between Acsl6 expression and 

the spatial distribution of phospholipid acyl-chain composition using lipid mapping. 

Mapping of hippocampal phospholipids in control mice revealed DHA-enriched (40:6 and 

38:6) and AA-enriched (36:4 and 38:4) phosphatidylcholine (PC) particularly abundant in 

the neuronal rich CA1, CA2, CA3, and dentate gyrus regions (Figure 2B,C). Total ACSL6 

loss greatly reduced DHA-enriched phospholipids (PC40:6 and PC38:6) across the entire 

hippocampus (Figure 2B). Consequently, AA-enriched PC36:4 increased in neuronal-rich 

dentate gyrus, CA1, and CA3 regions (Figure 2C). Astrocytic-specific ACSL6 deletion 

showed negligible impact on DHA-enriched phospholipids lipid images (Figure 2B). These 

data suggest that non-astrocytic ACSL6 enriches the hippocampus with membrane DHA, 

particularly in neuronal-rich regions where ACSL6 is highly abundant. 
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ACSL6 loss impairs short-term spatial working memory and induces 

hyperlocomotion 

DHA is predicted to improve memory and prevent dementia. Therefore, memory 

tests were performed to assess behavioral outcomes in DHA-deficient Acsl6-/- mice. 

During Y-maze testing, the Acsl6-/- mice had significantly fewer spontaneous alternations 

indicating impaired short-term spatial working memory (Figure 3A). During Barnes maze 

test, no genotype effect was observed for learning index or latency to reach the target 

(Figure 3B,C), but Acsl6-/- mice spent less of their time in the target quadrant 1, indicative 

of a minor defect in spatial learning and memory (Figure 3D). In the novel object test, no 

genotype effect was observed for novelty preference or discrimination index, suggestive 

of intact cognition and recognition memory (Figure S1A,B). Together, these data suggest 

that ACSL6 deficiency impairs spatial working memory. 

During the memory tests, Acsl6-/- mice also exhibited a significant hyperlocomotion 

phenotype. Specifically, during the Barnes maze test, both male and female Acsl6-/- mice 

travelled further and froze less (Figure 3E,F and S1C,D). During the Y-maze test, Acsl6-

/- mice had more arm entries indicating hyperactivity (Figure 3G). Increased activity also 

manifested as increased maximum speed during an open field test (Figure 3H). Open 

field did not show indicators of anxiety in Acsl6-/- mice who traveled to a similar extent as 

controls in the center of the open field (Figure 3I). Activity in metabolic cages showed that 

both male and female Acsl6-/- mice had increased ambulatory activity (Figure 3J). During 

rotarod testing, aged 18-month old Acsl6-/- mice developed reduced latency to fall (Figure 

3K), suggesting reduced motor coordination, a function under cerebellar control. Together 
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these data support a hyperlocomotion phenotype in Acsl6-/- mice characterized by 

increased distance, speed, and fewer freezing bouts. 

ACSL6 is a major contributor to cerebellar membrane DHA 

Motor activity is controlled in part by the cerebellum, a brain region that we 

previously showed is highly enriched with ACSL6(48). Lipid imaging and phospholipid 

lipidomics demonstrated that DHA-enriched PCs (38:6 and 40:6) were higher in 

abundance in the cerebellum relative to the hippocampus (Figure 4A,B). In Acsl6-/- 

cerebellum, MALDI lipid imaging showed largely depleted DHA-enriched PC40:6 (Figure 

4C). Spatially, predicted DHA-enriched PCs are most abundant within the Purkinje and 

granular cell layers of the cerebellar gray matter (Figure 4C). Next, in situ hybridization 

demonstrated that the regional distribution of PC40: 6 was attributed to Acsl6 expression. 

Specifically, Acsl6 transcripts were evident in the granular cell layer and were highly 

abundant in glutamatergic neurons (Vglut1+ cells) and within Purkinje neurons of the 

Purkinje layer (Vgat+ cells) (Figure 4D). The expression of Acsl6 in Purkinje and granular 

cells and the loss of DHA-enriched PCs resulting from Acsl6 deficiency in these cells 

demonstrates that ACSL6 determines the abundance of membrane DHA in cerebellar 

neurons. 

The effects of age on membrane lipidome in the cerebellum were next assessed 

by broad untargeted lipidomics. Both young and old Acsl6-/- mice exhibited reductions in 

numerous DHA-enriched phospholipids (Figure 4E). As a consequence of aging, several 

of these species were reduced in both control and Acsl6-/- mice, specifically PE38:6, 

PE40:6, and PE40:7, with the exception of PC40:6 and PI40:6 which were only reduced 

in control mice and Acsl6-/- mice, respectively by aging (Figure 4E). Both young and old 
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Acsl6-/- mice exhibited increased AA-enriched phospholipids (Figure 4F). Aging resulted 

in reduced PC36:4 and PC38:4, and increased PS38:4, in both genotypes (Figure 4F). 

Phosphatidylinositol was the only phospholipid refractory to increased AA in the Acsl6-/- 

cerebellum (Figure 4F). These data suggest that the cerebellar neurons are highly 

enriched with ACSL6 and that the cerebellum is highly susceptible to both aging- and 

Acsl6-dependent alterations in membrane lipidome. 

Transcriptome profiling reveals multiple roles of ACSL6 in the aging cerebellum 

To gain insight into the molecular consequences of Acsl6 deletion, RNA-seq was 

performed using cerebellar tissue from young, 2-month old, and aged, 18-month old, 

Acsl6-/- and control mice. Differential genes were identified by comparisons by age within 

genotype or by genotype within age (Figure 5A). Surprisingly, genes changed (p≤0.01) 

by the loss of ACSL6 in young mice were remarkably distinct from the genotype effect in 

old mice, with only 2% overlap (Figure 5B), suggesting that the molecular consequences 

caused by the loss of ACSL6, relative to control mice, are highly susceptible to aging. The 

mere eight genes changed by genotype, independent of aging, included Acsl6, and genes 

related to synaptogenesis (Sparcl1), endocytosis (Synj2), immunity (C4b), and 

cholesterol biosynthesis (Dhcr24, Stard4, Srebf2). Subsequent pathway analysis on a 

broadened gene set (p≤0.05) confirmed the upregulation of the SREBP-regulated 

cholesterol biosynthesis pathway in both young and aged Acsl6-/- cerebellum (Figure 5C 

and S2A). These data agree with the response of SREBP-regulated pathway to changes 

in membrane DHA content (244-246). 

The genes changed by aging in either control mice or Acsl6-/- mice overlapped by 

~40% (Figure S2). Pathway analysis of the age-affected genes that were similar between 



79 
 

the control and Acsl6-/- cohorts, were enriched for increased stress and immune 

responses and decreased mitochondrial and synaptic genes (Figure S2), consistent with 

established aging-related phenomenon. However, pathway analysis of genes changed 

by age only in the Acsl6-/- mice, revealed additional reductions in genes related to axonal 

guidance and mitochondria (Figure S2). Moreover, numerous ribosomal protein genes 

were reduced in Acsl6-/- mice by aging (Figure 5D), a hallmark of natural aging (247, 248). 

Analysis of genes changed using both Reactome and Gene Ontology (GO) term 

enrichment analyses, revealed that aged Acsl6-/- mice, when compared to aged controls, 

had increased responses to stress and of the immune system and reduced membrane-

related and synaptic proteins (Figure 5E and S2). Synaptic proteins interact with 

membrane lipids and are therefore susceptible to disruptions in membrane acyl-chain 

content that alter membrane properties. Reduced gene expression of membrane-related 

proteins involved in synaptogenesis was confirmed by RT-PCR in 2-month-old Acsl6-/- 

cerebellum for Snap25, Dlg4/Psd95, and Stxbp1 (Figure 5F). By 18 months of age, these 

plus additional synaptogenesis-related genes were downregulated, specifically Sv2b, 

Grin2b, and Nlgn1, all of which have membrane-spanning domains (Figure 5F). While 

total protein abundance of PSD95 and SNAP25 was not altered in total cerebellar 

homogenates of aged Acsl6-/- cerebellum compared to controls (Figure S4), the 

alterations in transcript levels of these genes suggest dysregulation of synaptic proteins 

in Acsl6-/- cerebellum and agrees with previously reported findings linking synaptic 

proteins to membrane DHA abundance (249, 250). These data suggest that ACSL6 loss 

differentially impacted gene expression in an age-dependent manner, drove the induction 
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of SREBP, and in response to age reduced genes related to mitochondrial function, 

synaptic proteins, axonal guidance, and increased immune response genes. 

Lipid mediator homeostasis is majorly regulated by age and minorly regulated by 

membrane acyl-chain composition 

Membrane fatty acids are substrates for enzymatic generation of lipid mediators 

that have multiple downstream regulatory actions including regulation of inflammation. 

Specifically, lipid mediators derived from enzymatic oxygenation of DHA are generally 

neuroprotective and pro-resolution, whereas mediators derived from AA and LA are 

known to modulate inflammation (37-39, 41, 251). Aging, independent of genotype, 

decreased AA-derived lipid mediators generated from cyclooxygenases, lipoxygenases, 

and from non-enzymatic oxidation by reactive oxygen species (Figure 6A-D). Conversely, 

inflammation-promoting LA-derived mediators were increased by age (251), and to a 

greater degree in Acsl6-/- compared to controls, suggesting a possible role for LA-derived 

mediators in age- and Acsl6-/--related neuroinflammation (Figure 6E). 

Consistent with increased membrane AA in Acsl6-/- mice, higher levels of AA-

derived lipid mediators were observed in aged Acsl6-/- mice (Figure 6A-D). The omega-3, 

DHA-derived lipid mediators were far less abundant than those derived from omega-6 

fatty acids. Notably, only four of the thirteen DHA-derived lipid mediators assessed were 

detected (Figure 6 and Supplemental Table S2). Despite this low abundance, 

lipoxygenase and oxidative-stress derived DHA species were significantly lower in Acsl6-

/- mice compared with controls at 2 months of age (Figure 6B,D). Specifically, the 

lipoxygenase product 14(S)-HDHA, the precursor of maresin-like specialized pro-

resolving mediators, was significantly reduced in Acsl6-/- (Figure 6B). Two non-enzymatic 
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oxidized DHA-derived lipid mediators, 8-HDoHE and 11-HDoHE, were down more than 

2-fold in young Acsl6-/- compared with controls (Figure 6D). Because changes in 

membrane lipids were not as strongly reflected in the lipid mediator content as expected, 

we next assessed gene expression of the enzymatic machinery that metabolizes lipid 

mediators. Surprisingly, we did not observe a genotype effect, rather we observed age-

induced increases in lipid mediator metabolism genes, including several phospholipases 

that generate substrate, several enzymes that generate lipid mediators, and those that 

degrade mediators (Figure 6F). While a majority of the genes increased with age, two 

phospholipase A2 genes, paraoxonase 2, and glutathione peroxidase 4, which are 

associated with aging and oxidative stress (252-254), decreased with age (Figure 6F). 

Together these data indicate that membrane acyl-chain composition does not greatly 

impact overall lipid mediator homeostasis or expression of related metabolizing enzymes. 

Loss of ACSL6 promotes neuroinflammation  

DHA consumption is inversely correlated with age-related diseases afflicting the 

central nervous system. In agreement, the loss of DHA due to ACSL6 deficiency revealed 

age-dependent increases in transcriptomic profiles related to immune, defense, and 

stress responses (Figure 5E and S2). To investigate age-related neurology, histological 

analysis of 1-year old Acsl6-/- cerebellum revealed pathological indicators of 

neuroinflammation. Specifically, aged Acsl6-/- cerebellum showed enlarged IBA-1-positive 

and increased GFAP-positive cells (Figure 7A). The area occupied and signal intensity of 

GFAP+ cells in the cerebellar white matter were increased by ~2-fold in 1-year old Acsl6-

/- compared to controls (Figure 7B). For IBA-1+ cells, the soma perimeter and area 

occupied was ~2-fold greater than controls in Acsl6-/- cerebellum (Figure 7C). The 
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increase in neuroinflammatory pathology did not coincide with apparent 

neurodegeneration as indicated by no change by genotype in aged brain weight, width or 

length, and by similar cerebellar protein signal for NeuN, the neuronal cell marker, and 

Calbindin, the Purkinje cell marker (Figure S4E,F).  The effect of age on this 

neuroinflammatory phenotype was assessed by genes that serve as markers for myeloid 

cells and inflammation across aging. By 12 and 18 months of age, myeloid cell and 

inflammatory markers were significantly increased in Acsl6-/- relative to age-matched 

controls (Figure 7D,E). These data demonstrate age-responsive microgliosis and/or 

astrogliosis, as well as, increases in pro- and anti-inflammatory responses in Acsl6-/- 

cerebellum (Figure 7D,E). 

Unlike Acsl6-/- mice, and in agreement with minimal impact of astrocytic ACSL6 on 

cerebellar membrane DHA content, 12-month old Acsl6G-/- did not show increased gene 

expression of myeloid cell nor inflammation markers (Figure S3A,B), suggesting that loss 

of ACSL6 in astrocytes alone does not initiate an age-related inflammatory response. In 

summary, these data demonstrate that ACSL6-mediated membrane DHA-deficiency in 

cerebellar neurons induces characteristics of aging, including reduced expression of 

genes related to synaptic activity, membrane components, ribosomal machinery, 

bioenergetics, and immune/stress responses that culminated in age-related pathological 

and molecular hallmarks of neuroinflammation and gliosis. 
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Discussion 

In this report, we show that ACSL6 deficiency in mice presents with age-related 

neuropathology akin to early-onset aging. The neuropathology and neuroinflammation 

were readily detected in the cerebellum, a brain region that contains a high abundance of 

ACSL6 and membrane DHA, suggesting that regions most highly enriched with 

membrane DHA are impacted the greatest by ACSL6 deficiency. ACSL6 is 

downregulated in or has identified single nucleotide polymorphisms associated with age-

related neurodegenerative diseases (255-257). Thus, loss of ACSL6 function or 

availability of its preferred substrate DHA over aging could contribute to age-induced 

neurological diseases and disorders. 

Consistent with an age-related phenomenon, Acsl6-/- mice transcriptomes were 

highly influenced by age and the mice only developed indications of neuroinflammation 

and pathology with aging. Specifically, the age-dependent increase in reactive glial 

pathobiology and expression of numerous inflammatory and myeloid markers from 6 to 

12 to 18 months of age was evident in Acsl6-/- cerebellum. Loss of membrane DHA and 

increase in membrane AA had a surprisingly limited impact on steady state lipid mediator 

content. It is possible that these minimal effects are due to lack of pro-inflammatory 

challenge to the mice, thereby limiting detection of mediators (43, 258). In relation, we 

found no evidence by our smFISH or from public databases to suggest that ACSL6 is 

expressed in microglia and we showed herein that astrocytic ACSL6 does not regulate 

DHA metabolism. Thus, ACSL6 deficiency does not cause DHA deficit in glial cells, 

arguably the major cell type driving lipid mediator metabolism, thereby potentially limiting 

the impact of ACSL6 on lipid mediator homeostasis. Because ACSL6 expression is 
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identified as astrocyte-enriched in numerous databases (24-29), we were surprised that 

the loss of ACSL6 in astrocytes had minimal impact on brain membrane lipid composition. 

However, these databases use cells derived from animals early in development, failing to 

capture transcripts, such as Acsl6, that present in late-stage mature neurons. Our 

smFISH clearly demonstrates abundance of Acsl6 transcripts in neurons. These data 

agree with the adult human brain RNAseq dataset from the Allen Brain Atlas showing 

robust expression of ACSL6 across a large variety of adult neuron subtypes (1, 259). 

Importantly, we resolved the mechanistic explanation underlying the difference between 

astrocytic and complete ACSL6-knockout effects on lipid content by demonstrating that 

astrocytes are enriched with the Y-gate domain but not the DHA-preferring F-gate (146). 

Thus, we demonstrate that ACSL6 in neurons is DHA-preferring whereas ACSL6 in 

astrocytes is not. Our observation that ACSL6 loss in astrocytes minimally impacts brain 

lipid content and phenotype, suggests that astrocytic ACSL6 does not majorly contribute 

to brain lipid content and is not eliciting the early-onset aging observed in the total body 

knockout mice.   

In relation to cerebellar neurological distress, hyperlocomotion was observed in 

nearly every test performed on Acsl6-/- mice across the lifespan. While the manifestation 

of hyperlocomotion was not identical (i.e. fewer pauses, faster speed, farther distance 

traveled) it was consistent, nonetheless. These behavioral abnormalities could be 

associated with altered neurotransmission due to alterations in membrane properties.  

Specifically, the kinked nature of DHA contributes to membrane properties such as 

flexibility, packing defects, and deformation (33, 34). As such, loss of membrane DHA 

stands to impair processes such as membrane vesicle cycling at neural synapses for 
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neurotransmission, and membrane-protein interactions which are dependent upon the 

length and hydrophobicity of the membrane bilayer (22, 32, 35, 36). As such, a strong 

match was visualized between ACSL6 expression in neurons by smFISH to that of 

membrane DHA depletion by MALDI in Acsl6-/-, suggesting that cerebellar neurons are 

most susceptible to suffer consequences of ACSL6 loss. In agreement, GO term analysis 

was highly enriched with membrane components, coinciding with reductions in 

synaptoproteome in the cerebellum. Synaptoproteome deregulation has been previously 

reported as an effect of DHA deficit during aging and is rescued with DHA replenishment, 

suggesting a direct role for DHA in maintaining adequate synaptic proteins levels (249, 

250, 260). Here, ACSL6-mediated DHA loss reduced gene expression of synaptic 

proteins as early as 2-months of age suggesting that alteration in synaptic proteins could 

chronically deregulate synaptic transmission leading to long-term age-related stress and 

subsequent neuroinflammation in aged Acsl6-/- mice. 

Motor activity is also largely controlled by dopaminergic control centers, and we 

previously reported an increase in tyrosine hydroxylase terminal density in the striatum of 

ACSL6-deficient mice (48). Dopaminergic neuronal projections are particularly abundant 

in the striatum and dopamine plays a strong role in regulating motor activity suggesting a 

possible link between ACSL6 and dopamine. Our smFISH demonstrated co-localization 

of Acsl6 to dopaminergic, tyrosine hydroxylase-positive neurons and a depletion in 

membrane PUFAs in this region, visualized by lipid imaging (data not shown). Thus, 

impaired motor function in Acsl6-/- mice could also be contributed by deficits in 

dopaminergic membrane PUFAs. Indeed, diseases afflicted with imbalances in 

dopaminergic system, such as Parkinson’s disease, schizophrenia, depression, and 
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attention deficit hyperactivity disorder, have a strong link to DHA. For instance, meta-

analysis indicates that DHA supplementation trials have shown relatively consistent and 

effective benefits for patients with attention deficit hyperactivity disorder (74). Moreover, 

low levels of DHA and DHA-derived lipid mediators are associated with the 

pathophysiology of several diseases including Parkinson’s, multiple sclerosis, and 

Alzheimer’s (261-263). ACSL6 specific mutations have been linked to schizophrenia and 

ACSL6 expression is downregulated in Parkinson’s disease patients and relevant models 

(170-172, 218, 255, 256). In agreement with a role for DHA in protection against 

Alzheimer’s disease and dementia, ACSL6 deficient mice had impairments in memory. 

Since high cholesterol is a strong risk factor for Alzheimer’s disease, whereas DHA is a 

protector (264, 265), it is possible that these two risk factors are linked due to ACSL6-

deficiency-induced DHA deficit impact upon SREBP-mediated increases in cholesterol 

biosynthesis genes, a finding also reported in other models of DHA deficit (244, 266, 267). 

Thus, low DHA may increase the risk for Alzheimer’s directly by a gap in DHA’s 

neuroprotective actions and indirectly due to low DHA’s impact on cholesterol 

biosynthesis. Together, these data suggest that ACSL6 is involved in providing the 

adequate lipid environment for maintaining motor-controlling mechanisms of the central 

nervous system. 

In summary, we show that ACSL6 is a major contributor to membrane DHA across 

the brain throughout the lifespan. The loss of ACSL6 results in impaired spatial memory, 

hyperlocomotion, and early-onset neuroinflammation in the aging cerebellum. 

Additionally, these data suggest that transcriptional control of synaptic proteins is 

dysregulated in response to altered membrane acyl-chain composition in a manner that 
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precedes neurological impairments. Ultimately, this work demonstrates that Acsl6 is a key 

regulator of brain DHA metabolism that confers neuroprotection during aging. 
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Methods 

Animals: Mice were maintained on a 12hr light-dark cycle and had ad libitum 

access to chow (Teklad Global 18% protein rodent diet; Envigo) and water. Chow diet 

essential fatty acids were not of marine sources and was free of DHA. All experiments 

were approved by the East Carolina University and the Purdue University Animal Care 

and Use Committees. Acsl6flox/flox mice were bred to CMV- or GFAP Cre transgenic mice 

(Jackson Laboratories stock #006054 and #024098) to generate germ-line global (Acsl6-

/-) or astrocyte-specific (Acsl6G-/-) knockout mice, respectively and as previously described 

(48). 

Behavioral tests: Locomotor activity of 2-3-month old mice was recorded after 

two days of acclimation in metabolic chambers using an infrared light beam system 

integrated to an indirect calorimetry system (CaloSys, V2.1, TSE Systems Inc, Germany) 

(268) . Open field locomotor activity and exploratory behavior of 18-month old mice were 

assessed in an open arena (62x62x46 cm) over a 10-minute period. Activity was recorded 

and analyzed with ANY-MAZE video tracking system (Wood Dale, IL). The Barnes maze 

(BM) was used to assess hippocampal-dependent spatial learning and memory as 

previously described (269). The BM consisted of a 1.22m diameter circular platform with 

18 holes equally spaced along the outer edges. A dark escape box was placed 

underneath one of the holes. The BM was conducted over a total of 5 days. Four training 

days, each with 4 trials separated by 15-20 minutes, and 1 testing day. Prior to the first 

trial each day, mice were acclimated for 30 minutes in the dark. The mouse was placed 

in the center of a platform inside a dark plastic cup. After 1 minute the cup was lifted and 

the mouse was given 3 minutes to find and enter the escape box. If the mouse failed to 
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find the box after 3 minutes, it was guided to it. On day 5, a probe trial was performed in 

which the escape box was removed, and the mouse was allowed to explore for 90 

seconds to search for the escape box. Performance was recorded and analyzed with 

ANY-MAZE video tracking system (Wood Dale, IL). The learning index was calculated by 

subtracting the average latency to reach the escape box on day 4 from day 1 (Learning 

index > 0 means the mouse learned).  Novel object recognition test was used to assess 

recognition memory. 2-month old mice were placed inside a (25x25 cm) box and allowed 

to explore two identical objects (familiar) for 10 minutes. Six hours later one object was 

replaced with a novel object, and mice were placed back into the box to explore for 10 

minutes. Discrimination index was calculated as follows: (Time in novel-Time in 

familiar)/(Time in novel-Time in familiar). The Y-maze spontaneous alternation test was 

performed to assess spatial working memory. 2-month old mice were placed in a Y-

shaped maze composed of 3 equidistant arms and allowed to freely explore for 5-minutes. 

The alternation percentage was calculated by dividing total alternations by the total 

number of possible triads [(Total alternations) / (total entries – 2)] * 100. 

Molecular: Total tissue RNA isolation was performed using TRIzol (Life 

Technologies), quantified by NanoDrop 1000 spectrophotometer (Thermo Fisher 

Scientific), and used to synthesize cDNA with High Capacity cDNA Reverse 

Transcriptase (Applied Biosystems). Real-Time PCR was performed using SYBR Green 

Master Mix (Bio-Rad) and primers for the target genes and analyzed using the 

QuantStudio 3 Real-Time PCR System (Applied Biosystems). Gene expression was 

normalized to the average Ct values of the housekeeping gene Rpl22 and expressed as 

2-△CT. For RNAseq, cerebellar RNA was isolated using TRIzol and sent for standard RNA-
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seq and initial bioinformatics analysis to Genewiz (South Plainfield, NJ). Libraries were 

prepared via the Poly(A) selection method and sequenced on one lane of the Illumina 

HiSeq with 2x150bp configuration. Raw sequences were evaluated for quality and 

trimmed using Trimmomatic v.0.36. Quality trimmed reads were mapped to the Mus 

musculus GRCm38 reference genome available on ENSEMBL to create BAM files using 

the STAR aligner v.2.5.2b. Unique gene hit counts from the reads that fell within exon 

regions were calculated using the featureCounts function of the Subread package v.1.5.2. 

Differential gene expression (DEG) analysis was performed using DESeq2. Comparisons 

by age (2- vs 18-months) and genotype (Control vs Acsl6-/-) were performed and the Wald 

test was used to calculate p-values and log2 fold changes. Thresholds were set for p-

value<0.05. Enriched pathways of differentially expressed genes were calculated using 

REACTOME version 72 and the top significant pathways with a minimum of ten genes 

and belonging to the second, third, and fourth hierarchical levels were plotted (270). If 

pathways from the same category but different hierarchical levels have gene overlap, 

then the pathway with the lowest hierarchical level containing >90% of the genes was 

selected. Analysis for generating the Venn diagram was performed using Venny 2.1 

(271). An unbiased analysis of all the samples was performed to obtain normalized counts 

and generate the heatmaps. Heatmapper (Wishart Research Group, University of Alberta, 

Edmonton, Canada) was used to cluster genes employing the Pearson distance 

correlation measurement (272). GO terms were identified using Gene Ontology 

enRIchment anaLysis and visuaLizAtion tool (GOrilla)(273). For smFISH, HiPlex 

RNAScope was performed on whole brains from adult mice fixed by immersion in 4% 

paraformaldehyde at 4⁰C, washed in a graded sucrose series (10%, 20%, 30%), 
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embedded in OCT, frozen, and cryosectioned (5 mm). A series of sections were stained 

with Nissl to locate the relevant brain slice according to the Allen Mouse Brain Atlas. 

Twelve-plex smFISH was performed on fixed frozen tissue sections according to 

manufacturer recommendations using the RNAscope HiPlex8 Reagent kit and RNAscope 

HiPlex12 Ancillary Kit [Advanced Cell Diagnostics (ACD)] to detect transcripts from the 

following genes Acsl6 (#584161), Meg3 (#527201), Slc17a7/Vglut1 (#416631), and 

Slc32a1/Vgat (#319191). FISH detection was performed using the RNAscope HiPlex 

Alternative Display Module (#30040) and DAPI counterstain with an AxioImager M1 

microscope equipped with 20x/0.8NA and 63X/1.3NA objectives and an AxioCam MRm 

(Carl Zeiss Microscopy). Images from multiple rounds were combined using RNAscope 

HiPlex Registration Software (#300065). Probes targeting a panel of housekeeping gene 

mRNAs (RNAscope HiPlex12 Positive Control Probe-Mm; #324321) served as positive 

controls and an irrelevant bacterial gene was the negative control (ACD #324341), which 

were labeled on adjacent sections. 

Lipidomics: Total fatty acid composition was determined on extracted and fatty 

acid methyl esters (FAME) prepared using a one-step extraction/methylation method as 

described in detail elsewhere (274). Hippocampal samples were treated with an aqueous 

solution (CH3OH: 2,2-Dimethoxypropane (DMP): H2SO4= 8.5: 1.1:0.4, v:v:v) and an 

organic solution (heptane: toluene=6.3:3.7, v:v ) at 80°C for 2 h. FAMEs were 

reconstituted in heptane and stored at 20°C until analysis. FAMEs were positively 

identified by high-resolution capillary gas chromatography covalent adduct chemical 

ionization tandem mass spectrometry with GCMS TQ8050 triple quadrupole mass 

spectrometer equipped with a prototype solvent assisted chemical ionization device 
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interfaced to a GC QP2010Plus gas chromatograph (Shimadzu Scientific Instruments). 

FAME were quantified using a separate QP2010 GC with a Flame Ionization Detector 

(GC-FID). Response factors were measured daily using an external standard and applied 

to peak areas to yield calibrated weight percents (275). Specialized lipid mediators were 

profiled by HPLC tandem mass spectrometry (LC-MS/MS) by the University of Colorado, 

Aurora, Skaggs School of Pharmacy Mass Spectrometry Facility, as described (276). 

MALDI lipid imaging of flash-frozen whole brains, sliced 10 microns thick was performed 

by the Structural Biology Core of NIDA IRP, as described (23), using Thermo Scientific 

MALDI LTQ-XL-Orbitrap (Thermo Fisher Scientific) and Xcalibur software in positive and 

negative ion mode with a mass resolution of 60,000 in the mass range of 600 - 1000 Da. 

The raster step size of 40 µm for both the X and Y directions. DHB matrix (at 40 mg/mL 

concentration in 70% methanol) is sprayed using TM-sprayer (HTX Technologies). 

Assignment of lipid species identity is based upon accurate mass with mass error ≤2 ppm 

in positive ion mode and ≤3.5 ppm in negative ion mode. Broad MRM-based lipid profiling 

was performed with Purdue’s Bindley Metabolite Profiling Facility, as described (48). 

Briefly, lipids were extracted from tissues using Bligh and Dyer Method(232). The lipid 

phase was dried, resuspended and injected through a micro-autosampler (G1377A) into 

a QQQ6410 triple quadrupole mass spectrometer (Agilent Technologies) operated in the 

positive ion mode and equipped with a Jet stream ESI ion source. Data were analyzed 

by calculating the percent distribution for each ion (ion peak of m/z intensity/total ion 

intensity) and identified based on LipidMaps database. 

Immunoblots and Histology: Mouse brain lysates were collected in lysis buffer 

(50mM Tris-HCl, 150mM NaCl, 1mM EDTA, and 1% Triton X-100). Proteins were 
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electrophoresed in 10% gels, transferred to nitrocellulose membranes, and blocked with 

5% milk in Tris-buffered saline, containing 0.1% tween 20 (TBS-T) for 1 hour at room 

temperature (RT). Blots were probed for the primary antibodies ACSL6 (1:1000, Sigma 

HPA040470), SNAP25 (1:10,000, Abcam ab5666), PSD95 (1:2000, Invitrogen MA1-045), 

Calbindin (1:1000, Sigma C9848), NeuN (1:1000, Millipore ABN78), and β-tubulin 

(1:1000, Sigma T0198) in 3% Bovine Serum Albumin (Sigma) in TBS-T overnight at 4°C, 

washed, and probed for anti-mouse or anti-rabbit IRDye-conjugated secondary 

antibodies (LiCor) for 1 hour at RT. Membranes were scanned with LiCor Odyssey 

instrument and protein was quantified using LiCor software. Brains were collected and 

fixed in 4% PFA for 7 days and then incubated in 30% sucrose for 7 days at 4 °C. Brain 

coronal sections were cut at 35 m thickness using a frozen sliding microtome (Microm 

HM 450, Thermo Scientific) and stored in cryoprotectant at −20 °C until use. Cerebellums 

were selected,  washed 6 times for 10 minutes with PBS at RT  and blocked in PBS 

containing 0.3% Triton X-100 (PBS-T) with 10% normal donkey serum (NDS) for 1hr at 

RT, primaries (GFAP, Abcam 53554; IBA1, Wako WEE4506) for 24-48 h in PBS-T with 

1% NDS at 4 °C, washed in PBS, and subsequently incubated with secondary antibodies 

in PBS-T with 1% NDS for 2hrs at RT (Alexa Fluor 488 anti-goat and Alexa Fluor 647 

anti-chicken, Jackson Immunoresearch). After washing with PBS at RT, 6 times for 10 min 

each, slides were dehydrated through graded alcohol, cleared, and coverslipped. Images 

were obtained using an inverted Nikon D-Eclipse C1 confocal microscope. GFAP and 

IBA-1 staining were analyzed using Fiji imaging software. Briefly, for GFAP, the region of 

interest was delineated, and the threshold background correction was defined using the 

same automated threshold algorithm for all images to create binary images. Mean 
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intensity and % area fraction (area occupied by GFAP+ cells/area of white matter*100) 

above the set threshold were calculated. For Iba-1, % area fraction of IBA-1+ cells and 

the perimeter of the 10 microglia with the largest body size within the cerebellar white 

matter were calculated. 

Statistics: Data are presented as mean ± SEM for each group, unless otherwise 

specified. Data were analyzed using Prism 9.0 software (GraphPad). The statistical 

significance was determined using 2-tailed unpaired Student’s t-test for comparison of 

two groups, one-way ANOVA with Tukey post hoc test for more than 2 groups, and two-

way ANOVA with Sidak post hoc test for multivariate analysis and significance level was 

set at p<0.05, unless otherwise specified. 
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Figure 4.1. Effects of Acsl6 loss on hippocampal DHA content during aging  

(A) Heatmap of PCs clustered by degree of saturation in control and Acsl6-/- hippocampus, 

n=5. Data are presented as % ion intensity distribution, species >0.5% of total are shown. 

(B,C) % of total hippocampal fatty acid content in 6-month old control, Acsl6G-/-, and Acsl6-

/- mice, n=3-6. (D) Hippocampal immunoblot against ACSL6 and (E) cerebellar gate 

domain-targeted RT-PCR in control, Acsl6G-/-, and Acsl6-/- mice, n=4. (F) % change of 

DHA from 6-months to 18-months in control and Acsl6-/- hippocampus, n=3-6. (G) 

Omega-6 to omega-3 ratio and (H) % omega-3 and omega-6 total fatty acids in 6- and 

18-month old control and Acsl6-/- hippocampus, n=3-6. Data represent mean ± SEM; * 

compared to control, & by age within genotype, # compared to Acsl6G-/-. p≤0.05 (B, C, E) 

by one-way ANOVA with Tukey post hoc test, (G, H) by two-way ANOVA with Sidak post 

hoc test, and (F) by Student’s t-test. 
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Figure 4.2. Acsl6 is expressed in neurons and mediates brain DHA enrichment  

(A) Acsl6 detection by smFISH in hippocampus and CA3 and DG regions; Blue: nuclei, 

green: Acsl6, white: Meg3 (pseudo pan-neuronal nuclear marker), and purple:Vglut1. 

White box indicates area of inset (Scale bars: Hippocampus, 200 m; CA3 and DG, 

50 m; inset, 5 m). Lipid imaging by MALDI of predicted (B) DHA-containing PCs (PC 

40:6 m/z=872.5566, [M+K]+ and PC 38:6 m/z = 844.5253 [M+K]+) and (C) AA-containing 

PCs (PC 36:4 m/z = 820.5253 [M+K]+ and PC 38:4 m/z = 848.5566 [M+K]+) in control, 

Acsl6G-/-, and Acsl6-/- hippocampus (Scale bars: 500 m).  
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Figure 4.3. Acsl6 exhibit reduced short term spatial working memory and induces 

hyperlocomotion  

(A) Y-maze % spontaneous alternations of 2-month old female (F) and male (M) control 

and Acsl6-/- mice, n=22-24. Hippocampal-dependent spatial memory and learning was 

assessed using the Barnes Maze (BM): (B) learning index during training, (C) latency to 

first enter target zone, (D) % time and (E) distance spent in each quadrant (Q) 1 or Q2-

Q4, and (F) freezing bouts during the probe trial for 18-month old control and Acsl6-/- 

males, n=6. (G) Total entries in the Y-maze for 2-month old control and Acsl6-/- males and 

females, n=22-24. (H) Maximum speed and (I) % distance travelled in the center of the 

open field (OF) achieved over a 10-minute period for 18-month old control and Acsl6-/- 

males (M) and females (F), n=6-10. (J) Total beam breaks in metabolic chambers of 2-

month old control and Acsl6-/- males (left) and females (right), n=6-13. (K) Latency to fall 

from the rotarod over 6 trials, 3 per day, n=6.  Data represent mean ± SEM; * by genotype, 

& Q1 versus Q2-Q4, p≤0.05 by Student’s t-test. 
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Figure 4.4. Acsl6 deletion results in DHA deficiency in the cerebellum during aging  

(A) Percent of total intensity for DHA-containing PCs (38:6 and 40:6) in hippo and cere, 
n=6, with MALDI inset of PC40:6 (m/z=872.5566, [M+K]+) in control mice. (B) 
Percent loss of DHA-containing PCs in Acsl6-/-  hippocampus (Hip) and cerebellum 
(Cere) relative to control mice. (C) Lipid imaging by MALDI of the predicted DHA-
containing PC 40:6 (m/z=872.5566, [M+K]+) of control and Acsl6-/- cerebellum 

(Scale bars: 500 m). (D) Acsl6 detection by smFISH in cerebellum and inset: 
blue, nuclei; green, Acsl6; white, Meg3; purple, Vglut1; and yellow, Vgat. Arrows 

indicate Acsl6+ cells, scale bars: 20 m; inset, 10m. (E,F) Distribution of 
phospholipids in 6 or 18-month-old control and Acsl6-/- cerebellum, n=5-6. Data 
represent mean ± SEM; * by genotype within age, & by age within genotype, and 
# compared to hippocampus, p≤0.05 (A) by Student’s t-test and (E and F) by two-way 
ANOVA with Sidak post hoc test.   
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Figure 4.5. Differential expression analysis in young and aged Acsl6-/- 

RNA-seq profiling was performed in young (2-month) and aged (18-month) female control 

and Acsl6-/- cerebellum. (A) Heatmap of all differentially expressed genes (DEGs) by 

either genotype within age or age within genotype, p≤0.01, graphed according to 

Pearson's distance and centroid linkage cluster method. (B) Venn diagram of DEGs by 

padj.≤0.05 for genotype comparison in either young or aged mice. (C) Heatmap of genes 

associated with the regulation of cholesterol biosynthesis. (D) Volcano plot of aging-effect 

DEGs of ribosomal protein genes for Acsl6-/- compared to controls at either 2- (Young) or 

18- (Aged) months of age. (E) GO terms from DEGs p≤0.05 for Acsl6-/- compared to 

controls at 18-months of age (mem, membrane; PM, plasma mem; p, biological process; 

c, cellular component). (F) mRNA abundance of synaptic proteins of young and aged 

Acsl6-/- cerebellum, expressed relative to age-matched control mice. Data represent mean 

± SEM; * by genotype within age, p≤0.05 by Student’s t-test.  
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Figure 4.6. Acsl6 deficiency minimally impacts fatty acid derived lipid mediator 

profile  

Stack bar plot of lipid mediators generated from (A) cyclooxygenase, (B) lipoxygenase, 

(C) cytochrome oxygenase, (D) reactive oxygen species, and (E) LA-derived lipid 

mediators in 2- and 18-month old control (C) and Acsl6-/- (K) cerebellum, n=5-6. The error 

bars indicate SEM from each lipid mediator. Statistical significance was calculated from 

the total amount of lipid mediators in the stacked bar, * by genotype within age, and & by 

age within genotype, p≤0.05 by Student’s t-test. (F) Heatmap of significantly DEGs from 

RNA-seq (p≤0.05) associated with the biosynthesis of lipid mediators plus the 

phospholipase A2 enzymes in cerebellum, n=4. DEGs were clustered using the Pearson 

distance correlation measurement method, *(2M) and *(18M) by genotype, &(control) and 

#(Acsl6-/-) by age, p≤0.05 by Student’s t-test. 
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Figure 4.7. Acsl6 deficiency results in age-related neuroinflammation  

(A) Immunostaining representative images of GFAP (green) and IBA-1 (red) in 12-month 

old male cerebellum (Scale bars: 50 m and 25 m). (B) Mean intensity and % area 

fraction occupied by GFAP+ cells in cerebellar white matter. (C) Soma perimeter of the 

10 largest microglia in cerebellar white matter and % area fraction of microglia of 12-

month old control and Acsl6-/- cerebellum. mRNA abundance of (D) inflammatory and (E) 

myeloid cell markers of 6-, 12- and 18-month old Acsl6-/- male cerebellum normalized to 

Rpl22 and relative to control, n=6-8. Data represent mean ± SEM; * by genotype, p≤0.05 

by Student’s t-test.  
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Supplemental Figure 1 (4.8). Behavior Tests  

(A) % preference for the familiar (F) and novel (N) objects and (B) discrimination index 

during the novel object recognition test for 2-month old control and Acsl6-/- males, n=9. 

(C) Distance and (D) freezing bouts spent in each quadrant during the probe trial of the 

Barnes Maze for 18-month old control and Acsl6-/- females, n=9-10. Data represent mean 

± SEM;* by genotype, $ within genotype, & within genotype and different from quadrant 

1, p≤0.05 by Student’s t-test. 
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Supplemental Figure 2 (4.9). Differential expression analysis in young and/or aged 

control and Acsl6-/-  

RNA-seq profiling was performed in 2- (Young) and 18- (Aged) month old female control 

and Acsl6-/- cerebellum, n=4. (A) Venn diagram and REACTOME pathway analysis of 

significantly DEGs or pathways comparing control to Acsl6-/- at either 2 or 18-months of 

age. (B) Venn diagram and REACTOME pathway analysis of significantly DEGs or 

pathways comparing young and aged control or Acsl6-/- mice. 
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Supplemental Figure 3 (5.0). Effect of astrocytic Acsl6 loss on lipid content and 

inflammation  

(A) Lipid imaging by MALDI of the predicted DHA-containing PC 40:6 (m/z=872.5566, 

[M+K]+) of control and Acsl6G/- cerebellum (Scale bars: 500m). (B) mRNA abundance of 

inflammatory and myeloid cell markers from 12-month old (12M) control and Acsl6G/- male 

cerebellum normalized to housekeeping (average of Rpl22 and Tbp), n=6. Data represent 

mean ± SEM; * by genotype, p≤0.05 by Student’s t-test.  
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Supplemental Figure 4 (5.1). Indicators of neuronal abundance  

(A) Representative immunoblot and (B) quantification of SNAP25 and PSD95 normalized 

to β-tubulin in 18-month old control and Acsl6-/- cerebellum, n=8-9. Brain (C) weight, (D) 

length, and width from 12-month old control and Acsl6-/-, n=7-8. (E) Representative 

immunoblot and (F) quantification of NeuN and Calbindin normalized to β-tubulin in 18-

month old control and Acsl6-/- cerebellum, n=9. 
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Supplemental Table 1 (4.1). Hippocampal fatty acid profile.  

Percent of total fatty acids (%,w/w) in 6-month or 18-month old control, Acsl6G-/-, and 

Acsl6-/- hippocampus, n=3-6. The omega-3 fatty acid, eicosapentaenoic acid, was below 

limits of detection. Data represent mean ± SEM;* compare to control, & within genotype, 

and # compare to 6-month old Acsl6-/-, p≤0.05 by Student’s t-test. 

 

  

Fatty acid Common name

16:0 PA 22.7 ± 0.23 21.5 ± 1.27 23.1 ± 0.37 21.5 ± 0.59 22.7 ± 0.45

16:1 Palmitoleic acid 0.48 ± 0.02 0.48 ± 0.04 0.57 ± 0.03* 0.55 ± 0.01&
0.56 ± 0.02

18:0 Stearic acid 23.2 ± 0.35 22.3 ± 0.53 22.8 ± 0.15 23.2 ± 0.13 21.7 ± 0.22&*

18:1n9 OA 14.1 ± 0.05 16.8 ± 1.89 15.8 ± 0.64 15.7 ± 0.68 16.5 ± 0.32

18:1n7 Vaccenic acid 3.05 ± 0.14 3.30 ± 0.15 3.32 ± 0.17 3.12 ± 0.10 3.35 ± 0.09

18:2n6 LA 0.64 ± 0.04 1.01 ± 0.04* 1.17 ± 0.09* 0.69 ± 0.04 1.17 ± 0.05*

20:0 Arachidic acid 0.21 ± 0.02 0.34 ± 0.09 0.26 ± 0.02 0.27 ± 0.03 0.26 ± 0.02

20:1 Paullinic acid 0.72 ± 0.15 1.36 ± 0.47 0.87 ± 0.16 1.03 ± 0.20 0.99 ± 0.12

20:2n6 Eicosadienoic acid 0.17 ± 0.01 0.35 ± 0.09* 0.26 ± 0.03* 0.24 ± 0.03 0.25 ± 0.02

20:3n6 DGLA 0.42 ± 0.01 0.47 ± 0.02 0.50 ± 0.03* 0.37 ± 0.02 0.44 ± 0.02*

20:4n6 AA 12.2 ± 0.66 11.8 ± 0.98 13.9 ± 0.70 12.5 ± 0.32 14.0 ± 0.37*

22:0 Behenic acid 0.19 ± 0.03 0.33 ± 0.12 0.24 ± 0.03 0.24 ± 0.03 0.21 ± 0.03

22:1 Erucic acid 0.08 ± 0.01 0.18 ± 0.06 0.12 ± 0.02 0.25 ± 0.06&
0.19 ± 0.02&

22:2n6 Docosadienoic acid 0.18 ± 0.02 0.26 ± 0.06 0.24 ± 0.03 0.25 ± 0.03 0.67 ± 0.49

22:4n6 Adrenic acid 2.55 ± 0.10 2.70 ± 0.17#
3.28 ± 0.07* 2.94 ± 0.12&

3.47 ± 0.10*

24:1 Nervonic acid 0.59 ± 0.11 1.31 ± 0.59 0.98 ± 0.23 1.13 ± 0.21 0.97 ± 0.11

22:5n3 DPA 0.16 ± 0.01 0.16 ± 0.01 0.15 ± 0.01 0.15 ± 0.00 0.14 ± 0.01*

22:6n3 DHA 18.4 ± 0.31 15.4 ± 1.89 12.5 ± 0.36* 15.9 ± 0.60&
12.5 ± 0.24*

SFA 46.2 ± 0.33 44.4 ± 0.55*#
46.4 ± 0.35 45.2 ± 0.63 44.8 ± 0.63

MUFA 19.0 ± 0.85 23.4 ± 3.18 21.6 ± 1.22 21.8 ± 1.20 22.5 ± 0.58

PUFA 34.7 ± 0.79 32.2 ± 2.63 32.0 ± 0.89 33.0 ± 0.70 32.6 ± 0.57

PUFAn-3 18.6 ± 0.31 15.6 ± 1.89 12.6 ± 0.36* 16.0 ± 0.60&
12.6 ± 0.24*

PUFAn-6 16.2 ± 0.77 16.6 ± 0.80 19.4 ± 0.83* 17.0 ± 0.29 20.0 ± 0.48*

n-6:n-3 ratio 0.87 ± 0.05 1.09 ± 0.10#
1.53 ± 0.08* 1.07 ± 0.04&

1.59 ± 0.05*

6M Control 6M Acsl6G-/- 6M Acsl6 -/-
18M Control 18M Acsl6 -/-
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Supplemental Table 2 (4.2). Cerebellar lipid mediator profile.  

Lipid mediator levels (pg/mg tissue) in 2- and 18-month-old control and Acsl6-/- 

cerebellum, n=5-6. Data represent mean ± SEM;* by genotype, $ by age, p≤0.05 by 

Student’s t-test. Lipoxygenases (LOX); Cytochrome oxygenase (CYP); Epoxy hydrolase 

(EH); Non-enzymatic autooxidation (NA); Cyclooxygenases (COX); Reactive oxygen 

species (ROS); Glutathione-S-transferase (GST). 

 

Compound Pathway Precursor 2M Control 2M Acsl6-/- 18M Control 18M Acsl6-/- 

13-HODE 15-LOX LA 2.07 ± 0.28 3.06 ± 0.42 10.95 ± 3.29$ 15.69 ± 4.28$ 

13-OxoODE 15-LOX LA 0.31 ± 0.07 0.45 ± 0.16 1.22 ± 0.36$ 1.51 ± 0.34$ 

12(13)-
EpOME 

CYP LA 2.49 ± 0.13 3.65 ± 0.73 5.98 ± 1.15$ 8.10 ± 1.43$ 

9(10)-EpOME CYP LA 0.62 ± 0.07 1.09 ± 0.25 1.78 ± 0.28$ 2.32 ± 0.45$ 

12,13-
DiHOME 

EH LA 0.55 ± 0.08 0.69 ± 0.12 0.97 ± 0.22 1.24 ± 0.31 

9,10-
DiHOME 

EH LA 0.28 ± 0.05 0.38 ± 0.08 0.64 ± 0.15$ 0.86 ± 0.23 

9-HODE NA LA 2.48 ± 0.28 3.67 ± 0.60 14.19 ± 3.98$ 19.47 ± 5.13$ 

9-OxoODE NA LA 0.45 ± 0.06 0.62 ± 0.21 2.04 ± 0.45$ 2.10 ± 0.44$ 

EKODE NA LA 0.24 ± 0.04 0.41 ± 0.06* 0.58 ± 0.04$ 0.61 ± 0.10 

13-HOTrE 15-LOX ALA 0.02 ± 0.00 0.02 ± 0.00 0.03 ± 0.01 0.02 ± 0.01 

9-HOTrE NA ALA 0.01 ± 0.01 0.00 ± 0.00 0.01 ± 0.01 0.03 ± 0.02 

9-KOTrE NA ALA 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

15-HETrE 15-LOX DGLA 0.18 ± 0.02 0.20 ± 0.03 0.13 ± 0.01 0.20 ± 0.05 

5-HETrE 5-LOX DGLA 0.01 ± 0.01 0.02 ± 0.01 0.02 ± 0.01 0.03 ± 0.02 

8-HETrE ROS DGLA 0.03 ± 0.01 0.08 ± 0.04 0.01 ± 0.01 0.06 ± 0.06 

12-KETE 12-LOX AA 0.55 ± 0.19 0.77 ± 0.36 0.48 ± 0.24 0.39 ± 0.15 

12S-HETE 12-LOX AA 8.06 ± 1.35 10.61 ± 1.98 3.35 ± 0.62$ 4.14 ± 0.81$ 

15-KETE 15-LOX AA 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

15S-HETE 15-LOX AA 4.96 ± 0.29 4.62 ± 0.37 2.41 ± 0.37$ 2.93 ± 0.47$ 

15(R)Lipoxin 
A4 

5-LOX AA 0.01 ± 0.01 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

20-hydroxy-
LTB4 

5-LOX AA 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

5,15-DiHETE 5-LOX AA 0.05 ± 0.02 0.09 ± 0.02 0.04 ± 0.02 0.02 ± 0.02$ 

5-KETE 5-LOX AA 2.89 ± 0.77 3.22 ± 1.22 1.92 ± 0.59 2.05 ± 0.42 

5S-HETE 5-LOX AA 3.34 ± 0.20 3.52 ± 0.70 2.68 ± 0.64 3.44 ± 0.36 

6-trans-LTB4 5-LOX AA 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

8,15-DiHETE 5-LOX AA 0.04 ± 0.04 0.07 ± 0.07 0.00 ± 0.00 0.00 ± 0.00 

Lipoxin A4  5-LOX AA 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

Lipoxin B4 5-LOX AA 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

LTB4 5-LOX AA 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

LTD4_NEG 5-LOX/GST AA 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

LTE4_NEG 5-LOX/GST AA 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 
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Compound Pathway Precursor 2M Control 2M Acsl6-/- 18M Control 18M Acsl6-/- 

11B-PGF2a COX AA 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

11-dehydro-
tbx3 

COX AA 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

12-HHTrE COX AA 25.91 ± 2.31 25.57 ± 2.23 8.42 ± 0.58$ 12.42 ± 3.15$ 

15-deoxy-
Delta12,14-
PGJ2 

COX AA 0.15 ± 0.02 0.20 ± 0.04 0.03 ± 0.02 0.04 ± 0.02 

6-a-
Prostaglandin 

COX AA 0.42 ± 0.05 0.35 ± 0.03 0.10 ± 0.01$ 0.14 ± 0.02$ 

6-keto-
PGF1a 

COX AA 9.00 ± 1.65 7.77 ± 1.51 2.10 ± 0.18$ 2.77 ± 0.65$ 

Carbocyclic 
Thromboxan
e A2 

COX AA 0.06 ± 0.03 0.06 ± 0.02 0.03 ± 0.03 0.00 ± 0.00$ 

dinor-11b-
pgf2a 

COX AA 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

dinor-6-keto-
pgf2a 

COX AA 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

dinor-8-iso-
pgf2a 

COX AA 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

PGB2 COX AA 0.00 ± 0.00 0.04 ± 0.02 0.00 ± 0.00 0.00 ± 0.00 

PGE2 COX AA 10.13 ± 1.36 7.08 ± 0.58 2.30 ± 0.38$ 3.00 ± 0.57$ 

PGF2a COX AA 8.40 ± 0.96 7.33 ± 0.73 2.45 ± 0.27$ 3.04 ± 0.34$ 

PGJ2 COX AA 0.61 ± 0.06 0.67 ± 0.10 0.20 ± 0.03$ 0.27 ± 0.06$ 

Prostaglandin 
D2 

COX AA 7.61 ± 1.27 9.29 ± 2.08 4.84 ± 1.13 5.82 ± 1.06 

tetranor-
PGEM 

COX AA 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

tetranor-
PGFM 

COX AA 0.00 ± 0.00 0.01 ± 0.01 0.00 ± 0.00 0.00 ± 0.00 

TXB2 COX AA 4.86 ± 0.46 5.59 ± 0.57 1.59 ± 0.19$ 2.60 ± 0.60$ 

11(12)-EET CYP AA 0.40 ± 0.02 0.40 ± 0.04 0.49 ± 0.08 0.46 ± 0.02 

14(15)-EET CYP AA 2.02 ± 0.16 1.92 ± 0.41 1.83 ± 0.36 1.99 ± 0.37 

20-HETE CYP AA 1.08 ± 0.13 0.94 ± 0.19 0.42 ± 0.12$ 0.32 ± 0.10$ 

5(6)-EpETrE CYP AA 0.58 ± 0.39 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

8(9)-EET CYP AA 0.35 ± 0.05 0.43 ± 0.09 0.47 ± 0.09 0.53 ± 0.09 

11,12-
DiHETrE 

EH AA 0.05 ± 0.01 0.05 ± 0.01 0.07 ± 0.02 0.09 ± 0.03 

14,15-
DiHETrE 

EH AA 0.08 ± 0.01 0.08 ± 0.01 0.10 ± 0.02 0.12 ± 0.02 

5,6-DiHETrE EH AA 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

8,9-DiHETrE EH AA 0.07 ± 0.05 0.09 ± 0.04 0.04 ± 0.04 0.05 ± 0.05 

11-HETE ROS AA 6.96 ± 0.64 6.84 ± 0.58 3.59 ± 0.61$ 3.91 ± 0.72$ 

8-iso-15R-
PGF2a 

ROS AA 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

8-iso-PGF2a ROS AA 0.51 ± 0.08 0.48 ± 0.11 0.07 ± 0.04$ 0.10 ± 0.05$ 

8S-HETE ROS AA 0.76 ± 0.06 0.76 ± 0.05 0.54 ± 0.07$ 0.74 ± 0.16 

9-HETE ROS AA 0.83 ± 0.08 1.03 ± 0.19 1.15 ± 0.20 1.01 ± 0.27 

12-HEPE 12-LOX EPA 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 
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Compound Pathway Precursor 2M Control 2M Acsl6-/- 18M Control 18M Acsl6-/- 

15-HEPE 15-LOX EPA 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

18-HEPE 15-LOX EPA 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

5-HEPE 5-LOX EPA 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

LXA5 5-LOX EPA 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

14(15)-
EpETE 

CYP EPA 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

17(18)-
EpETE 

CYP EPA 0.01 ± 0.01 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

Resolvin E1 CYP/5-LOX EPA 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

14,15-
DiHETE 

EH EPA 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

17,18-
DiHETE 

EH EPA 0.09 ± 0.03 0.12 ± 0.02 0.04 ± 0.03 0.05 ± 0.03 

11-HEPE ROS EPA 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

8-HEPE ROS EPA 0.01 ± 0.01 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

9-HEPE ROS EPA 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

14(S)-HDHA 12-LOX DHA 0.40 ± 0.04 0.25 ± 0.03* 0.56 ± 0.18 0.18 ± 0.07* 

7R Maresin-1 12-LOX DHA 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

7S Maresin-1 12-LOX DHA 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

10(S),17(S)-
DiHDoHE 

15-LOX DHA 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

17(R) 
Resolvin D1 

15-LOX DHA 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.03 ± 0.03 

17(S)-HDHA 15-LOX DHA 0.27 ± 0.17 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

Resolvin D1  15-LOX DHA 0.00 ± 0.00 0.00 ± 0.00 0.01 ± 0.01 0.02 ± 0.01 

Resolvin D2  15-LOX DHA 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

Resolvin D3 15-LOX DHA 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

Resolvin D5 15-LOX EPA 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

19(20)-
EpDPE 

CYP DHA 0.09 ± 0.04 0.13 ± 0.06 0.29 ± 0.18 0.00 ± 0.00* 

19,20-
DiHDPA 

EH DHA 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

11-HDoHE ROS DHA 0.42 ± 0.07 0.00 ± 0.00* 0.51 ± 0.33 0.20 ± 0.15 

8-HDoHE ROS DHA 0.73 ± 0.09 0.29 ± 0.04* 0.76 ± 0.16 0.35 ± 0.09* 

 



 

CHAPTER V 

SYNTHESIS 

 

Overview of research findings 

The purpose of this research was to elucidate the role of ACSL6 in regulating brain 

fatty acid metabolism in vivo. Using a novel conditional Acsl6 knockout mouse we 

discovered that ACSL6 in neurons is critical for enriching the brain with the 

neuroprotective omega-3 DHA (Figure 5.1) and that the loss of ACSL6 results in motor 

deficits, altered short-term spatial working memory, reduce gene expression of synaptic 

proteins, and in age-related neuropathology. Studies using our novel conditional ACSL6 

deficient mouse are still underway and will add more insight into the role of ACSL6 in the 

central nervous system and on the impact of ACSL6-mediated DHA deficiency in 

neurological health.  

 

Figure 5.1. Neuronal ACSL6 is required for enriching the brain with the 

neuroprotective omega-3 DHA. 
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Outstanding questions on the role of ACSs in the brain (From literature review (1)) 

What are the true subcellular localizations of ACSs?  

 
A property of ACS enzymes that is predicted to play a large role in how these 

enzymes dictate fatty acid metabolic fate is their differential localization to distinct 

organelles. For instance, an ACS at the mitochondria is likely to facilitate fatty acid 

oxidation or cardiolipin remodeling, whereas an ACS at the endoplasmic reticulum may 

channel fatty acids into phospholipid or triacylglycerol synthesis. ACSs found at the 

plasma membrane are likely indirectly localized there due to interactions with plasma 

membrane proteins and/or due to membrane-membrane contact sites where they likely 

facilitate fatty acid uptake and/or membrane remodeling. The expression of ACSs at the 

peroxisome and their possible related roles are reviewed elsewhere (277). However, the 

precise intracellular spatial distribution of ACSs remains unclear, in part due to the limited 

availability of immunochemistry-quality antibodies targeting endogenous ACS enzymes. 

Therefore, a majority of the subcellular location data is generated using models of 

overexpressed tagged ACSs in cell culture, a method that artifactually results in 

mislocalization of membrane proteins such as ACSs (117). Another concern of using 

overexpression of ACSs in cells is the resulting overproduction of toxic acyl-CoAs (80). 

As a consequence, acyl-CoAs are redirected towards alternative metabolic pathways, 

such as synthesis of triacylglycerols or phospholipids resulting in excess lipid droplet and 

membrane accumulation and thereby creating a disease-like state for the cell (80). A 

secondary method to determine intracellular location is subcellular fractionation, which is 

often complicated by a high degree of fractional impurity. Thus, the advent of highly 
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specific and robust antibodies for detection of endogenous ACSs remains a roadblock for 

understanding ACS subcellular distribution. 

How to relate in vitro findings to in vivo brain metabolism?  

In relation to connecting ACS function in vitro to its function in the brain, concerns 

are raised regarding the lack of cell culture models to recapitulate mature adult cells, the 

complex and dynamic interactions between brain cells, and fatty acid metabolism of cells 

in vivo. Cells in culture, either primary or established cell lines, are well known to not fully 

recapitulate cells in vivo. This is particularly true for brain cells types such as neurons that 

are cultured as precursor/undifferentiated cells and even after differentiation, do not fully 

depict a mature adult cell. Furthermore, astrocytes are recognized as crucial players in 

the formation, function, and plasticity of synapses (278, 279). Thus, highlighting the 

essentiality of neural-astrocyte interactions. The ability to recapitulate these interactions 

in a dish using mature astrocytes or neurons, or to study neuron-astrocyte metabolic 

interdependence is challenging. Additionally, cells in culture are grown in high levels of 

glucose with limited or no fatty acids available, thus the ability to translate in vitro findings 

to in vivo is particularly difficult in relation to fatty acid metabolism. Thus, the combination 

of in vivo and in vitro research approaches is critical to determine the metabolic role of 

ACSs in regulating brain metabolism, yet relatively few in vivo models of brain ACS 

manipulation are reported. 

How to define comprehensive substrate preferences and kinetics for ACSs? 

Comprehensive substrate preferences and kinetics are not established for a vast 

majority of the ACS enzyme family, in part due to the complex nature of optimizing assay 
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conditions. Traditional methods to characterize ACS enzyme kinetics require optimization 

for numerous assay components, such as duration of assay and concentrations of ATP, 

triton-X, magnesium chloride, and Coenzyme A. Moreover, each fatty acid substrate can 

yield distinct optimized conditions which may also depend on the fatty acid vehicle 

(albumin vs. cyclodextrin). Enzyme kinetics are traditionally determined for individual 

ACSs upon generation of recombinant protein in bacteria, followed by purification using 

biochemical tags. The assay is performed in test-tube based conditions, often outside of 

native membrane-associated conditions; is run with individual substrates rather than the 

mixture of fatty acids that are present within cells from which ACS will normally 

competitively select; and uses excess amounts of substrate, which does not reflect fatty 

acid intracellular levels (140, 280). Thus, establishing assay conditions for a single ACS 

for a single substrate is a complex endeavor performed outside of the enzyme’s natural 

membrane-associated environment. Even within such controlled assays, different labs 

yield inconsistent enzyme kinetics (94, 98, 119, 165, 168, 189). Moreover, ACS enzymes 

are predicted to dimerize homo- and heterodynamically (94, 114), therefore assay 

conditions optimized for a single ACS in isolation may be largely changed upon 

heterodimerization in the natural environment. Total ACS activity assays within tissues or 

cell types can provide an indicator of total activity but cannot indicate contribution from 

individual ACS enzymes. Thus, equating kinetic data pertaining to an ACS in isolation to 

total ACS activity in tissue-based assays is not feasible.  

While several groups have performed enzyme kinetics on recombinant ACSs using 

up to five fatty acid substrates, the immense pool of possible acyl substrates is highly 

difficult to assess. Specifically, ACS activity for less abundant fatty acids, such as 
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oxylipids, neuroprotectins, eicosanoids, and very-long-chain fatty acids is limited (140). 

The lack of data for these substrates is due to the combined effects of cost, limited 

availability, and instability of such lipids. With the advent of methodologies relying on 

mass spectrometry, the limitations in substrates for kinetic analysis can be overcome, but 

has yet to be widely implemented (281). Additional complications arise because nearly 

every ACS enzyme has at least one splice variant which are regulated differently by 

numerous environmental/hormonal factors and in cell-type specific manners. The 

existence of these variants ultimately increases the diversity of ACS localizations at the 

subcellular level, binding partners, and enzyme kinetics, thus comprehensive 

characterizations of each variant across all ACSs is a monumental endeavor (165, 168).  

Understanding the role of each ACS enzyme alone on the regulation of cellular 

and intercellular fatty acid metabolic flux in a substrate dependent manner, and in concert 

with binding partners, will reveal major regulatory nodes in lipid metabolism. Since ACS 

enzymes display non-redundant functions and do not compensate for each other’s loss, 

the use of knockout mouse models can be a powerful tool to uncover ACS biochemical 

characteristics and their biological roles in vivo.  It is of particular interest to understand 

how lipid metabolism is controlled across the blood-brain barrier and after subsequent 

incorporation and recycling within the brain parenchyma. The differential expression of 

the ACSs across the cells of the brain and within the blood-brain-barrier strongly suggests 

a degree of regulation conferred by these enzymes but much work remains to further 

understand this regulation and its importance for neurological health. 
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Future directions on studying the role of ACSL6 in lipid metabolism 

How does ACSL6 regulates fatty acid incorporation into brain lipids? 

Loss of ACSL6 results in reduced brain DHA-containing phospholipids. However, 

it is unclear if ACSL6 activates DHA for new phospholipid synthesis, is involved in DHA 

uptake into the brain, and/or regulates phospholipid remodeling as part of the Land’s 

cycle. First, ACSL6 subcellular location should be determined. De novo phospholipid 

synthesis occurs in the endoplasmic reticulum (ER). Thus, if ACSL6 targets fatty acids 

towards phospholipid synthesis, we predict that ACSL6 localizes to the ER. Alternatively, 

ACSL6 could be associated with the plasma membrane to facilitate fatty acid uptake or 

DHA recycling via Land’s cycle. Besides, we cannot rule out that ACSL6 could be 

expressed in the microvascular endothelium and facilitate DHA uptake. Future studies 

should include the generation of an ACSL6-specific antibody suited for 

immunofluorescence to identify the subcellular localization of ACSL6.  

To determine how ACSL6 

regulates the rate of fatty acid 

incorporation into phospholipids, the 

metabolic flux of radiolabeled fatty 

acids could be traced in control and 

Acsl6-/- mice in vivo after gavage and 

ex vivo using fresh brain slices 

(Figure 5.2). DHA incorporation into 

phospholipids can be determined by extracting radiolabeled lipids and running thin layer 

Figure 5.2. Schematic representation 

of the ex vivo and in vivo metabolic 

flux tracing experiments. 
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chromatography. The proposed experiments will elucidate the molecular mechanisms by 

which ACSL6 channels DHA into phospholipids.  

Kinetic studies can be an informative experiment but a rather complex endeavor 

that can be performed to address the role of ACSL6 in DHA uptake (137). Infusions of 

radiolabeled DHA presented in different forms (i.e. free DHA or as LPC-DHA) can inform 

whether ACSL6 facilitates DHA uptake and its dependence upon the molecular format in 

which DHA is presented. These data will further improve our scientific knowledge of the 

mechanisms by which the brain becomes enriched with DHA. 

Does ACSL6 loss alters membrane biophysical properties? 

Apart from the changes in phospholipid composition, Acsl6-/- mice show an 

upregulation of genes involved in the regulation of cholesterol biosynthesis. Thus, 

measurements of cholesterol content are required to determine if the levels of this lipid 

are changed. However, the question remains whether membrane remodeling in Acsl6-/- 

brains affects membrane’s biophysical properties. To answer this question, one approach 

could be to isolate synaptosomes from control and Acsl6-/- mice and measure membrane 

fluidity using the fluorescent probe diphenylhexatriene, whose rotational mobility is 

influenced by the acyl-chain composition of the lipid bilayer (282, 283). Membrane phase 

behavior could be assessed using the C-laurdan fluorescent probe, which provides 

information regarding the degree of lipid packing. The data generated will reveal the 

requirement of ACSL6 for maintaining membrane homeostasis. Another question 

remains, if the loss of ACSL6 affects membranes biophysical properties, is it also affecting 

the rate of synaptic vesicle cycling and consequently neurotransmission? 
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Electrophysiology studies can be performed to study the kinetics of synaptic vesicle 

cycling.   

What is the role of astrocytic Acsl6? 

Data presented in this dissertation shows that fatty acid metabolic handling is 

distinct between neurons and astrocytes. Astrocytes express the variant containing the 

non-DHA preferring Y-gate domain. Thus, it is unclear what is the role of ACSL6 in 

astrocytes. It is known that astrocytes can oxidize fatty acids (19), thus it is possible that 

ACSL6 in astrocytes directs fatty acids towards oxidation. Fatty acid metabolic flux tracing 

experiments can be performed in our astrocyte specific ACSL6 knockout mouse to 

determine the metabolic fate of the fatty acids. Moreover, identifying the subcellular 

localization of astrocytic ACSL6 can provide a hint to the role of this enzyme. In addition, 

we cannot rule out that ACSL6 in astrocytes may play a role during pathological conditions 

such as brain injury where astrocytes undergo changes in morphology and become 

activated and highly proliferative. Astrocytes may require ACSL6 for supporting 

membrane formation while proliferating or may transfer lipids to neurons for repair. In this 

regard, emerging research shows that astrocytes provide various substrates, such as 

glutamine, lactate, and ketone bodies, to neurons (284, 285). Using our conditional 

ACSL6 deficient mouse we could generate cell-type specific ACSL6 knockouts combined 

with molecular and lipid imaging techniques to reveal a novel mechanism by which 

neurons and astrocytes interact to regulate lipid metabolism. 
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How does the loss of ACSL6 affects the activity of neuronal sub-types? 

From our smFISH data we know that Acsl6 is express in glutamatergic, 

GABAergic, and dopaminergic neurons across all brain regions and that Acsl6-/- display 

neurotransmitter imbalances (data not shown). Cell-type specific ACSL6 deficient mice 

can be used to dissect the specific contribution of each cell-type to the observed 

phenotype in the ACSL6 whole-body knockout. For example, the increase in 

hyperlocomotor activity in Acsl6-/- could be a result of alterations in the dopaminergic 

system. To test this hypothesis, Acsl6 floxed mice can be crossed with mice expressing 

Cre recombinase under the regulation of the dopamine transporter promoter to ablate 

Acsl6 only from dopaminergic neurons. In addition, pharmacological agents, such as 

amphetamine, can be used to target dopamine neurotransmission. Future studies should 

also include electrophysiological recordings to interrogate the effect of ACSL6 loss on 

neural activity.  

Does ACSL6-mediated DHA deficiency affect mitochondrial function? 

Mitochondrial dysfunction plays a role in the development and progression of age-

related neurological diseases (286, 287). In this regard, RNA-seq data obtained from 

aged Acsl6-/- revealed changes in the gene expression of multiple subunits of the 

respiratory complexes. In addition, ablation of Acsl6 results in altered levels of energetic 

metabolites suggesting that ACSL6-mediated DHA deficiency may induce mitochondrial 

deregulation. In parallel, our findings show that while most phospholipid species 

presented reductions in DHA, PGs were enriched in Acsl6-/- brains. PG is the direct 

precursor of cardiolipin, a tetra-acylated diphosphatidylglycerol known as the “signature 

phospholipid” of the mitochondria. Changes in cardiolipin levels and its acyl-chain 
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composition can result in abnormal mitochondrial structure, defects in electron transport 

chain super-complex assembly, and impaired oxidative phosphorylation (288-291). Thus, 

we question whether the loss of ACSL6 affects the acyl-chain composition of cardiolipin. 

Future studies should include lipidomic analysis on isolated cell-type specific 

mitochondria from Acsl6-/- mice along with a thorough characterization of mitochondrial 

function. Assessment of synaptic vs non-synaptic mitochondria should be considered. 

Respirometry flux analysis and measurements of membrane potential and H2O2 emission 

will provide important insights into how ACSL6 influences mitochondrial bioenergetics. 

Does dietary DHA supplementation restore brain DHA content and ameliorate the 

neuropathology observed in Acsl6-/-? 

Because Acsl6-/- mice have reduced DHA levels in the brain, an important question 

is whether increasing substrate availability will overcome this deficiency. This question 

can be addressed by feeding Acsl6-/- mice a diet supplemented with DHA and measuring 

brain DHA-containing lipids. We hypothesize that increasing DHA availability will not 

restore brain DHA levels because DHA cannot be activated in the absence of ACSL6. 

Other ACS could activate DHA, thus this feeding study will inform whether only ACSL6 is 

required for enriching the brain with DHA independent of substrate availability. In addition, 

molecular analysis and behavioral tests could be performed to determine the impact of 

dietary DHA on the neuropathology induced by the loss of ACSL6.  

What is the role of Acsl6 in neurological diseases? 

Low dietary intake of DHA is associated with an increased risk for numerous 

neurological diseases, including Alzheimer’s disease and Parkinson’s disease. To study 
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the neuroprotective effects of ACSL6-mediated DHA metabolism in specific neurological 

diseases, studies should include crossing our ACSL6 deficient mouse with mouse models 

of neurological diseases. Lipidomic, molecular, physiological, and behavioral evaluation 

of the new ACSL6-deficient transgenic mouse models could help elucidate the 

mechanism of the specific disease. One such example is the investigation of ACSL6 role 

in Parkinson’s disease.  

Synucleinopathies, including Parkinson’s disease, are neurodegenerative 

diseases characterized by α-synuclein aggregation (292). The role of α-synuclein under 

physiological conditions has not been well established, however, evidence suggests a 

role in regulating lipid metabolism (293). Previous studies suggest that α-synuclein 

protects the brain by sequestering oxidized free DHA as well as by binding to membranes 

to prevent DHA-containing phospholipids from oxidation (293, 294). Conversely, multiple 

in vitro studies suggest that free DHA promotes α-synuclein aggregation (295). Thus, how 

exactly DHA influences α-synuclein activity and vice versa remains to be elucidated. Our 

ACSL6 deficient mice can be used as a tool to investigate the effects of DHA on α-

synuclein activity in vivo.   

Ablation of Snca, the gene that codes for α-synuclein, results in reduced AA levels 

in the brain and reduced microsomal total ACS activity in the brain (296). The addition of 

exogenous α-synuclein restored total ACS activity suggesting that α-synuclein may 

present the substrate to an ACS or interact directly with the enzyme to regulate fatty acid 

metabolism (296). Our data show that the loss of ACSL6 in astrocytes results in reduce 

AA phospholipids. Thus, it is possible that ACSL6 expressing the Y-gate domain interacts 

with α-synuclein to regulate AA metabolism. The interactions could also occur with the 
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ACSL6 variant expressing the F-gate domain and thus, affect the metabolism of DHA. 

Alternatively, α-synuclein could be interacting with another ACS such as ACSL4, which 

has a preference for AA (297). Immunoprecipitation of ACSL6 to identify binding partners 

will provide insights into whether ACSL6 and α-synuclein act in concert to regulate fatty 

acid metabolism. Lastly, the question remains whether mutations in α-synuclein influence 

ACSL6 activity and DHA metabolism, and thus render the brain more susceptible to 

develop a synucleinopathy. 

What is the role of Acsl6 in other tissues? 

While the work in this dissertation focused on the role of ACSL6 in the brain, this 

enzyme is also expressed in the testis, muscle, red blood cells, spine, and retina (111, 

165, 298). We previously reported that ACSL6 in testis is required for enriching germ cells 

with DHA and male fertility (111).  In the muscle, studies in humans and rodent models 

have shown changes in Acsl6 mRNA and ACSL6 protein levels in response to high-fat 

diet and exercise and suggest a role in channeling fatty acids towards phospholipid and 

triacylglycerol biosynthesis (298). However, mRNA expression, protein levels, and ACS 

activity of Acsls do not always correlate (104). Translational and post-translational 

modifications may be involved in the regulation of ACSL enzymes (299). Thus, future 

studies should include the generation of a muscle specific ACSL6 deficient mouse along 

with dietary and exercise interventions to determine the role of ACSL6 in muscle fatty 

acid metabolism.  

Red blood cells (RBC) lack the machinery for de novo phospholipid synthesis, 

however, their membranes are constantly remodeling (165). Thus, we predict that ACSL6 

is involved in the re-acylation of fatty acid through the Land’s cycle. Total ACS activity 
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and lipidomic analysis should be performed to determine the role of ACSL6 in RBC’s fatty 

acid metabolism. Furthermore, RBC’s membrane fatty acid composition is highly 

influenced by circulating plasma fatty acids. Currently, the omega-3 index (EPA and DHA 

levels in red blood cells) is used in clinical trials to study the associations between omega-

3 fatty acid levels and neurological diseases (300, 301). If ACSL6 enriches RBC and brain 

parenchyma with DHA, then any changes in ACSL6 expression or activity in one of them 

or in both could impact the interpretation of the results. Thus, understanding the role of 

ACSL6 in RBC’s fatty acid metabolism will provide important information to guide future 

research. 

The spine and retina had a reduction in DHA-containing phospholipids suggesting 

that the DHA-preferring ACSL6 variant is expressed in these tissues. The mechanisms 

by which DHA confers neuroprotection to the spine during spinal injury and degeneration 

could be assessed using our conditional floxed ACSL6 mouse. In the retina, DHA is highly 

enriched in photoreceptor cells and is required for healthy visual function (91, 245). A 

retina specific Acsl6 knockout should be generated to study the effects of ACSL6-

mediated DHA deficiency in the retina. Histological and phototransduction analysis along 

with vision assessment should be performed in the retina specific Acsl6 knockout. 

Collaborations with experts in the field of ophthalmology will be crucial to have a better 

understanding of the role of ACSL6 in visual function in health and disease. 
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Public Health Significance 

The prevalence of neurological diseases will increase as the “baby boom” 

generation ages highlighting the need for developing prevention and treatment strategies 

(302). Due to the increased rates of neurological disorders and disease in the aged 

population, the demands for medical care services and health care costs will rise. While 

pharmacological therapies for neurodegenerative diseases exist, these therapeutics can 

be expensive, cause adverse effects, and does not reverse or prevent the progression of 

neurodegeneration. Therefore, there remains a need to understand the underlying 

mechanisms that cause neurodegeneration to develop preventive and therapeutic 

strategies. Evidence suggests an inverse relation between DHA consumption and the risk 

for developing neurological diseases. However, little was known about the regulatory 

mechanisms that control the enrichment of the neuroprotective DHA in the brain until now. 

The work in this dissertation led to the discovery that ACSL6 is a critical enzyme for 

enriching the brain with DHA and a protector against neural dysfunction. This research 

has significantly expanded our limited knowledge on brain fatty acid metabolism and lay 

the foundations for understanding how defects in DHA metabolism influence neurological 

diseases. Future research will define the potential of ACSL6 to serve as a target for 

modulating DHA levels in the brain to confer protection.  
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APPENDIX B 
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