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Abstract

Increasingly, defects in lipid metabolism have been associated with
neurodegenerative disease and neurological conditions. Specifically, the accumulation of
lipid droplets (LDs) has been associated with Alzheimer’s disease, motor neuron
degeneration, spastic paraplegia and other forms of neurological and neurodegenerative
diseases. The causes and consequences of abnormal lipid droplet accumulation in the
brain are largely unexplored. However, insights from other tissues have shed light on the
function of LDs. LDs in adipose tissue, liver, and skeletal muscle require DGAT enzymes
for triglyceride synthesis and the formation of LDs. Whereas depletion of DGAT
enzymes alleviate accumulation of LDs in adipose and liver and counteract weight gain
in mice, it is unclear whether deletion of DGAT enzymes in the brain and peripheral
nervous system has an effect. The goal of this research project is to establish if DGAT
enzymes in the nervous system are required for normal development and behavior. Using
neuron-specific and oligodendrocyte-specific DGAT knock-out mice, we assessed the
phenotype and behavior of these mice. Under normal conditions, the mice were able to
breed and thrive and we found no differences in behavior of these mouse models as
compared with their litter-mate controls. These cell-specific DGAT knock-out mice may
be useful in future studies of LD formation in neurodegenerative and neurological
conditions where mice are challenged with metabolic stresses which may lead to
formation of LDs in the nervous system.
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Chapter I.
Introduction

Cells contain a wide range of lipid classes recognized as having varying roles and
distinct distributions within the cell. Lipids including phospholipids, sphingolipids, and
glycerolipids are hydrophobic and constitute the bilayer of membranes in an organelles
and the plasma membrane. These lipids can preserve the structural integrity of
membranes, facilitate signaling cascades from the extracellular to the intracellular
environment, and maintain molecular or ionic gradients at the organelle interface
(Cermenati, 2015). In the cytosol, the neutral lipids including triacylglyceride (TAG) and
cholesterol ester (CE) are surrounded by a phospholipid monolayer and proteins. This
single membrane organelle, called the lipid droplet (LD) has been recognized to have
multiple functions within the cell (Farese & Walther, 2009; Welte, 2007).
Historically, the LD was thought to primarily function as a storage reservoir for fatty
acids and cholesterol. Following a meal, lipids are endogenously biosynthesized from
fatty acids derived predominantly from glycolysis by the process of de novo lipogenesis.
Lipolysis is the process adapted for periods of starvation, by which the lipids could be
catabolized by oxidation to supply cellular energy or lipids could be remodeled for
making membrane components and other substrates. The biosynthesis and catabolism of
LDs help maintain levels of cellular energy in between feeding periods by keeping an
accessible pool of fatty acids and other lipids. However, excessive dietary uptake and
inactivity can lead to an accumulation of stored lipids in the WAT and in other tissues
which normally do not have many LDs. Pathological consequences of increased LDs
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include lipodystrophy, steatosis, insulin resistance, and obesity. Understanding how LDs
contribute to these pathologies is critical as these metabolic diseases have become
increasingly prevalent in the population (Gluchowski, 2017; Goldberg, 2018). Increasing
association of lipid transport and storage in the brain with neurological dysfunction has
prompted closer examination of the role of LDs in nervous system function.

Lipid droplet formation
De novo lipogenesis of triglycerides at the endoplasmic reticulum, begins with the
acylation of glycerol 3-phosphate in the glycerol lipid synthesis pathway (Figure 1). The
product of the reaction, lysophosphatidic acid is the precursor for phosphatidic acid.
Phosphatidate phosphatases, including LIPIN, catalyze a reaction to form diacylglycerol
(DAG) from phosphatidic acid in the presence of elevated fatty acid levels.
Subsequently, diacylglycerol acyl transfer (DGAT) enzymes catalyze the acylation
of DAG to TAG by Dgat enzymes (Wang, 2017). Two isoforms in mammals Dgat1 and
Dgat2 can catalyze the conversion of DAG to triacylglycerol (TAG). Accumulation of
TAG forms a lens between the bilayer of the endoplasmic reticulum (ER). Dgat2
facilitates the process of LD expansion together with fatty acid transport proteins (Van
Den Brink, 2018). This reaction, DAG to TAG is the rate limiting step of TG synthesis
and LD formation in most tissues. Once the LD buds off the ER as a separate entity in
the cytoplasm, various proteins can insert onto the LD surface.
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Figure 1. Glycerol-lipid synthesis pathway
Between the bilayer leaflets of the endoplasmic reticulum, glycerol lipid synthesis
reactions leading to formation of a triglyceride lens, The rate limiting reaction mediated
by DGAT enzymes.

Defects in this process due to mutation in at least one of the enzymes in the
pathway is linked to neurodegeneration. Mutations in LIPIN, an LD associated protein,
has been linked to lipodystrophy in the early postnatal period and development of
peripheral neuropathy (Reue, 2009; Nadra, 2008; Wang, 2011). Individuals with a
hereditary human DGAT2 mutation present with Charcot-Marie-Tooth disease
characterized by abnormal myelination.
Furthermore, defects in enzymes involved in the process of LD formation are also
associated with neurological dysfunction. For example, mutations of BSCL2, or seipin,
which affects LD formation and determines morphology of LDs in cells is linked to
spastic paraplegia (Hölttä-Vuori, 2013; Wang, 2016; Blackstone, 2011). Mutations of
SPG20, found on the surface of LDs and shown to regulate size and number of LDs, are
also associated with spastic paraplegia (Papadopoulos, 2015; Blackstone, 2011)
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suggesting that normal LDs formation is critical for neurological function. However, the
functional role of LDs in the brain has yet to be elucidated.

Uncovering the role of LDs in the nervous system
Defects in the formation of LDs can cause neurological dysfunction. In contrast,
defects in lipolysis which gives rise to an accumulation of LDs has also been associated
with neurodegeneration, brain tumors, and neurological conditions. LD accumulation due
to insufficient TAG hydrolysis is sufficient for neurological impairment. A mutation of
DDHD2, an enzyme which normally hydrolyzes TAG, thereby decreasing LDs causes
hereditary spastic paraplegia (Inloes, 2014). TAG accumulation due to mutations in
Adipose Triglyceride Lipase (ATGL), an enzyme which catalyzes triglyceride into free
fatty acid and DAG, causes a lipid-storage disease in the periphery and also neurological
dysfunction resulting in hearing loss and cognitive defects. Deficiency of ATGL results
in abnormal LD accumulation in the lateral ventricles (Etschmaier, 2011).
In retinal pigment cells, the formation of drusens occurs with aging, disease, or
hypoxia (Van Der Brink, 2018). Accumulation of LD, specifically Fatty-Acid Transport
Protein (FATP) mediated biogenesis was shown as beneficial for photoreceptor viability
in physiology conditions. However, LD formation compromised cellular function of
retinal pigment cells and proximate photoreceptors in pathogenic conditions. Inducing
LD lipolysis caused onset of degeneration whereas, FATP mediated lipogenesis in the
context of some other cellular stress is detrimental, causative, and may even accelerate
disease progression (Van Der Brink, 2018).
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Degenerative diseases have also been associated with LD accumulation. For
instance, a triple transgenic mutant producing an Alzheimer’s phenotype, for instance,
exhibits abnormal LD accumulation in the subventricle zone (Hamilton, 2015). In a
Huntington’s disease model mouse, LDs accumulate in neurons because their turnover is
impaired. Inefficient cargo recognition in neurons leads to impaired autophagy and
decreased degradation of LDs (Martinez-Vicente, 2010). Autophagy is the main driver of
disease and results in LD accumulation. The associative link suggests that LDs are a
secondary consequence but not causative of disease. In fact, LDs have been described to
have a protective role in autophagy (Nguyen, 2017).
In these studies, LD accumulation has not been consistently reported as a hallmark
of neuropathology (Pennetta & Welte, 2018; Martinez-Vicente, 2010; Liu, 2015). LD
accumulation in neurodegenerative and neurological disorder may be indicative but not
causative of disease. Looking at the various function of LDs may provide insight into the
role of LD in the neural subtypes. Further studies are required to clarify if the
accumulation of LDs due to insufficient TAG hydrolysis is causative of disease because
it is limiting for generating downstream substrates from fatty acid or DAG and if regional
specificity of LD accumulation determines if LDs are detrimental for neuronal function
and development.

Fatty acid oxidation in the brain
As a storage organelle for lipids including fatty acids, LDs can supply fatty acids
for beta-oxidation. In neural stem cells residing in the hypoxic niche near the lateral
ventricular in the subventricular zone, fatty acid oxidation pathways are required for
5

proliferation but decrease during differentiation (Knobloch, 2017; Stoll, 2015). Fatty
acid oxidation pathways require more oxygen than other routes of ATP production and
generate significant amounts of oxidative stress.
Excess fatty acids which are liberated by inducing mitochondrial stress induced
by nutrient restriction, hypoxic conditions, or ROS-induced lipid peroxidation can be
toxic to cells. Significant accumulation of LDs or exogenous addition of oleic acid
modulates proliferation of neural precursors and impairs neurogenesis. Lipid
accumulation induces changes to transcription and decreases neural stem cell activity
(Hamilton, 2015). Reducing oleic acid production, thereby reduces LDs by inhibiting
fatty acid synthase may rescue neurogenic defects and modulating neural stem cell
activity (Hamilton, 2015; Knobloch, 2013). The signaling cascades for these events have
not been fully explored in neural stem cells and progenitor cells. The studies suggest that
the fate of fatty acids into phospholipids which constitute membrane or to fatty acids
which can be oxidized for ATP generation are closely regulated and determine the
proliferative capacity of the neural stem cell.
Evidence from drosophila suggests that hypoxia induces formation of LDs in
CNS specifically (Bailey, 2015). Studies show that the formation of LDs may be
protective against lipolysis. LDs in neural stem cells protect polyunsaturated fatty acids
within the neural stem cell niche from oxidation. Formation of LDs, shuttles fatty acids
from phospholipids which are easily damaged in oxidative states to TAGs which
promotes proliferation during hypoxia (Bailey, 2015). LDs are critical for reducing
cellular stress against toxic lipid species during re-esterification in adipocytes (Chitraju,
6

2017). Similarly, LDs may protect functions of ER or mitochondria in neurons during
neurogenesis, as had previously been shown during lipolysis (Chitraju, 2017) or
autophagy (Nguyen, 2017). LDs may be rate limiting factor which mediates the toxic
effects of excess free fatty acids. The consequences of beta-oxidation under hypoxic
conditions may be less detrimental than benefits gained from oxidative catabolism and if
cells have a means of alleviating these stresses, these conditions may be conducive for
proliferation.

Protective role of lipid droplets in glia cells
It is unclear which of neural cell types tolerate fatty acid oxidation or require lipid
storage in LDs. Fatty acid oxidation enzymes in brain cells are inefficient or lowly
expressed, and fatty acid oxidation might be too slow to meet the energy demands of the
brain (Schönfed & Reiser, 2013; Etschmaier, 2011). Considering the high energy demand
of the neurons and the rate of production of reactive oxygen species versus the rate of
clearance, fatty acid oxidation is not likely purposed for ATP production in mature
neurons. Instead, neurons primarily generates ATP from glucose, lactate and ketones
which can readily cross the blood brain barrier. However, accumulation of LDs near the
lateral ventricles is demonstrated neurodegenerative models, including an LXR knock-out
mouse in which abnormal LD accumulation is depicted in epithelial cells and ependymal
cells lining the ventricles, as well as in astrocytes and microglia (Wang, 2002) suggests
that there might be distinct roles for LDs in other cell types.
Cross talk between cell types allows for induction of ROS or cellular stress in
neurons and in response: formation of LDs in glia. The role of LDs in sequestering toxic
7

lipids has similarly been suggested in the nervous system, specifically in glia cells, as a
defense against oxidative stress in neurons (Bailey, 2015; Liu, 2015). Drosophila mutants
with LD-like structures were identified in a number of neurodegenerative mutants,
including sicily, the drosophila homolog for a gene (C8orf38) associated with Leigh
syndrome; Aats-met, the homolog for human Complex I protein chaperone; and Marf, a
homologs for Mitofusin 1 and 2 (Liu, 2015; Liu, 2017). Knockdown of these genes in
neurons resulted in LD accumulation in glia in response to elevated levels of ROS. LD
accumulation in glial cells was found to precede neurodegeneration and may have a
protective role. Whereas, aberrant LD accumulation in the presence of ROS did not
ameliorate neurodegenerative outcomes, the presence of LD delayed the onset of
neurodegeneration (Liu, 2015). LDs were also found accumulate in microglia of older
mice but not in younger mice (Marschallinger, 2020). Microglia with abundant LDs, such
as those in older mice were found to differentially express genes related to ROS and
nitric oxide synthesis and phagosome maturation. Aberrant gene expression was
associated with excess release of inflammatory cytokines. LD accumulation in these
models of neurodegeneration suggest that LDs accumulate secondarily to ROS, but the
mechanisms leading to a delayed onset of neurodegeneration or inflammation have yet to
be elucidated.

Study plan
The details of brain lipid metabolism in the nervous system, such as regulation of
lipogenesis, lipid transport, and lipid storage are lacking. Particularly interesting is the
correlation of TAG or LD accumulation and neurodegeneration. Studying proteins
involved in mediating LD formation in the brain may be critical for determining the
8

causative or consequential effect of LDs in neurodegenerative diseases or neurological
dysfunction. Deletion of the rate limiting step of TG synthesis, involving the DGAT
enzymes has been shown to reduce the formation of LDs in mice with global deletion of
the enzyme (Smith, 2000; Stone, 2004) but the formation of LDs in the nervous system
has not been well characterized. In previous studies, global deletion of DGAT1 has been
shown to produce mice with normal development (Smith, 2000) whereas global deletion
of Dgat2 impaired skin barrier function and survival in mice. A mouse model with global
deletion of Dgat2 was found to be perinatal lethal (Stone, 2005), so the contribution of
Dgat2 in the nervous system has not been studied.
Additionally, a DGAT2 mutation perturbs the process of normal myelination in
human patients (Hong, 2016), suggesting that there may be a critical role of LD
formation, particularly involving Dgat2, in myelination. Abnormal myelination leads to
motor latencies due to reduced nerve action potential amplitudes (Hong, 2016). RNA
sequencing data from the BrainSeq database points to elevated Dgat2 mRNA levels in the
myelinating oligodendrocyte population (Figure 2), whereas Dgat1 expression is more
ubiquitous in all cell types (Zhang, 2014). A cell-specific Dgat2 knock-out mouse where
Dgat2 is deficient in oligodendrocytes will allow investigation to the contribution of TAG
synthesis in oligodendrocytes and determine if Dgat2 is necessary for myelination of
oligodendrocytes. These myelination defects could be due to deficient TAG synthesis in
oligodendrocytes ensheathing the axons, but could also be due to deficient TAG synthesis
by Dgat2 in other cell types which interact with oligodendrocytes.
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Figure 2. Dgat2 RNA seq
RNA seq data from the BrainSeq database suggests Dgat2 expression is highly
upregulated during myelination (Zhang, 2014)

Neurons and glia exchange substrates and deficient Dgat2 in neurons could
contribute to pathologies in glial cells. To determine if TG synthesis by Dgat2 is required
for functional neurons, a neuron-specific Dgat2 knock-out mouse models will be
examined. It is unknown if oligodendrocyte and neurons specific knock-out are viable or
produce a neurological defect. These cell-specific models will allow testing the role of
Dgat2 in oligodendrocytes or neurons. Mice expressing neuron or oligodendrocyte
specific promoters of Cre recombinase will be crossed to mice harboring a floxed Dgat2
allele (Figure 3). Mice will be monitored throughout the study to observe for motor
neuron or behavioral defects.
The caveats of this study are the specificity of the model and age-dependency of
disease which we hope to study. Other cell types including stem-cell populations, cells of
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the retina, or microglia from which some of the hypothesis were gleaned may have a
critical role for Dgat2, whereas Dgat2 may not have a critical role in the CamKIIa
expressing neurons and Plp expressing oligodendrocytes which were investigated in this
study. Dgat1 may have a compensatory upregulation in these model systems, which
would allow these cells to overcome deficiencies in TG synthesis due to Dgat2.
Additionally, the mice may not be old enough for LD accumulation to be observed or
mice not be exposed to an initial stressor which could contribute to the formation of LD
and neurological dysfunction.
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Chapter II.
Materials and Methods

In order to identifying the role of DGAT enzymes in the brain, the advances of
advances of genetic engineering in mice were employed. This approach allowed
investigation of the physiological and behavioral phenotype of the model organism.
Additionally, neurons and glial cells were isolated from the animals to determine the
effect of loss on these cell types.

Generation of Neuron-specific Dgat2 Knock-out Mouse Strains

Figure 3. Conditional ready allele
Dgat2 flox mice were crossed to cell-type specific for neurons using the mouse from Jax
in which Cre-recombinase expressed under Camk2a promoter and for oligodendrocytes
using the Cre-recombinase expressed under Plp promoter.

Mice were generated through the European Conditional Mouse Mutation
Program. The L1L2_Bact_P cassette is composed of an FRT site followed by lacZ
sequence and a loxP site. This first loxP site is followed by neomycin under the control
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of the human beta-actin promoter, SV40 polyA, a second FRT site and a second loxP site.
A third loxP site is inserted downstream of the targeted exon(s). The critical exon 7,
which encodes the ligand binding domain of DGAT2 is flanked by loxP sites. A
“conditional ready” allele was generated by crossing Dgat2 to a germline expressing Flpe
recombinase to remove cassette containing selection marker between FRT sites.
This Dgat2flox/flox line was derived on C57BL/6NJ background and genotyped
using the primers: 5’-GTATGTTACAGGGGACAGCTCTCCTG-3’ and 5’GAGCCTGCACAGGCCTCATTTACT-3’ and using GoTaq polymerase (Promega Cat#
M791) with 58 degree C annealing temperature.

Figure 4. PCR genotyping Dgat2f/f and wildtype alleles from F2 mice
Using a 1% agarose gel in TAE, bands could be detected on an 1% agarose gel which
were approximately 596 and 461 base pairs for the floxed allele and wildtype allele
respectively.

Dgat2f/f mice were crossed with two different mouse strains for neuronal deletion
of Dgat2. Nestin-Cre (Stock# 003771) obtained from Jackson Laboratories is a line with
Cre expression under the Nestin promoter which is expressed pan-neuronally and is
frequently used in studies of neurons. The second neuronal strain with deletion of Dgat2
13

was generated by crossing the Dgat2f/f mice with B6.Cg-Tg(Camk2a-cre)T29-1Stl/J
(Strain# 005359) to generate a strain lacking Dgat2 in calcium/calmodulin dependent
protein kinase II alpha (CamK2a) expressing neurons.
A PCR based approach to genotyping for all three Cre lines used GoTaq
polymerase, forward primer 5’-CGGTCTGGCAGTAAAAACTAT-3’ and reverse primer
5’-CAGGGTGTTATAAGCAATCCC-3’ with annealing temperature 52C degrees. An
internal control (i.c) was also included in Cre genotyping with forward primer 5’CTAGGCCACAGAATTGAAAGATCT-3’ and reverse primer 5’GTAGGTGGAAATTCTAGCATCATCC-3’.

Figure 5. PCR genotyping Cre allele from Dgat2f/f;Cre mice
In a 1% agarose gel in TAE, Cre positive band detected at 100 bp. Internal control (i.c.)
included to verify loading of gel

In the first generation (F1) mice selected for having a Dgat2f/f allele and Cre allele
were bred to produce mice of with one wildtype (+) allele from the Cre mouse and one
floxed (f) allele from the Dgat2f/f mouse to produce mice heterozygous at the Dgat2
locus, Dgat2f/+ mice. Offspring from F1 with at least one flox allele and positive for Cre
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(i.e Dgat2f/+;Cre) mice were crossed to Dgat2f/f mice to generate Dgat2f/f;Cre and Dgat2f/f
littermate controls.

Tamoxifen induced plp-CreERT recombinase
For depletion of Dgat2 in oligodendrocytes, Dgat2f/f mice were crossed to B6.CgTg(Plp1-cre/ERT)3Pop/J (Stock# 005975). In this inducible strain, Dgat2 is depleted in
Proteolipin protein 1 (Plp1) expressing oligodendrocytes upon exposure to tamoxifen, a
selective, partial agonist of estrogen receptor.
A stock solution of tamoxifen was prepared by dissolving tamoxifen in 100ul
ethanol and adding to 900ul corn oil at 40mg/ml stock concentration. The stock solution
was filtered and dissolved in corn oil for working concentrations of 10mg/ml or 5mg/ml.
Twice daily tamoxifen injection (100ul (10mg/ml) per injection) to lactating mothers
starting at postnatal day 1. Doses for greater than 3 days caused peritonitis and/or
premature death in pups and once daily injections failed to cause recombination in mice.
Mice that survived were undersized and had tremors and uneven gait which resolved
shortly after tamoxifen injections were stopped. Mice reached comparable weight to oilinjected controls. Dosage was reduced to twice daily injections of 100ul at 5mg/mg for a
total dose of 1mg per mouse per day for 3 days starting at P2 and monitored daily. Mice
were sacrificed at P10 and brain tissue was subsequently homogenized for protein
measurements. All mice experiments followed guidelines set and approved by Harvard
Center for Comparative Medicine.
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Density separation of neurons and oligodendrocytes
Tissue was isolated from mice and stored frozen at –80C. Samples were briefly
thawed on ice, chopped into 1mm pieces, and transferred to 1.5 mL tubes. Ice cold
trypsin (0.05%) and DNAse I were added to each vial. Samples were shaken in a
thermocyler 800rpm at 37C for 15 minutes. FBS was added to stop the reaction. After a
brief 2 min spin at 300g, supernatant was removed and samples were placed into a
dounce homogenizer. Using 5 strokes each of the loose and tight pestle, samples were
homogenized then collected over a 70um cell strainers to remove large clumps. Hanks
balanced salt buffer without calcium or magnesium (for biochemistry) or Hibernate
A+B27 Supplement (for culture) was added to a volume of approximately 3 mL to the
cell suspension. An Optiprep gradient was made from the methods described (Brewer, et
al. 2007) using 17.3% for the bottom layer, 12.4%, 9.9% and 7.4% for each layer to the
top. Cell suspension was carefully layered to the top of the gradient. Samples were spun
at 800g in a swinging bucket centrifuge for 15 minutes. The top layer containing debris
was discarded. Layers below were collected in 5mLs of Hanks or Hibernate A and spun
at 200g for 2 mins. Supernatant was discarded and cells were spun down once again
200g for 2 mins in 5 mL media to pellet cells.

Sucrose density separation of Neurons and Glia
Briefly, 1M and 2M sucrose solution were made in 1M Tris-Cl solution
containing protease inhibitors, DTT. 1M sucrose solution was diluted to make 0.3M
sucrose and 0.83M solutions. After homogenization of tissues, using papain and
mechanical dissociation, the cell suspension in 0.3M sucrose was loaded on top of 0.83M
16

sucrose and spun at 5000g for 15 minutes. The top layer, containing mostly debris was
discarded. The middle layer was washed twice and resuspended in 0.83M sucrose. The
cell suspension was layered on fractions starting, at the bottom, 2M sucrose, 1.5M
sucrose, 1.1M sucrose and spun at 800g for 15 minutes. Fractions were collected from
after discarding the layer of cell debris at the very top. The top fraction containing
oligodendrocytes at approximate density of 1.04g/ml, whereas the middle section
containing mostly neurons of density 1.07-1.15g/ml, and bottom fraction containing
microglia at density 1.2 g/ml were collected in separate tubes and washed 2x in PBS and
pelleted. RIPA buffer containing protease inhibitor were added to pellets for subsequent
protein analysis. All experiments were carried out on ice. Adapted from Current
Protocols in Cell Biology (2006), Isolation of Myelin.

Figure 6. Centrifugation for density separation of myelin and neurons
Oligodendrocytes having approximately 1.04g/ml density were collected from top after
removal of cell debris. Neurons, having a density of 1.07 to 1.15g/ml were collected from
middle section, and microglia fractions were collected from bottom of tube.
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Isolation of primary neurons and oligodendrocytes
Neurons were isolated from Dgat2;CamkIIa KO and Dgat2f/f and Dgat2;Plp KO
mice as described in protocol (Brewer, 2007). Briefly, brains were removed from mice at
postnatal day 1 and meninges were removed. Tissue was collected in Hibernate A and
B27 supplement, then washed in 10m l HBSS without calcium and magnesium. Tissue
was digested in a Papain containing DNase 1ug/ul and incubated at 37C for 10 minutes.
Tissue was spun down briefly for 1 minute and supernatant removed. Trypsin inhibitor
and DNAse was added to tissue Hanks buffered salt solution and cells were triturated
gently using a sterile 1ml tip and collected over a 70um cell strainer. Cells were counted
and plated at approximately 10^5 cells per 35mm dish in Neurobasal with FBS and B27.
After 2 hours, media was replaced with Neurobasal with B27 and PenicillinStreptomycin. At 3 days in vitro, Cytarabine (Sigma C1768) was added to the media in
order to stop proliferation of glial cells. Half of the media was exchanged for fresh media
every 2-3 days.

Protein expression
Dgat2 protein levels were determined by western blot in neurons and
oligodendrocytes from whole brains separated by density. Dgat2 protein expression in
Dgat2;Plp KO and Dgat2flox/flox mice at P10 after perinatal tamoxifen injection on P1-P4.
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Mouse DGAT2 epitope : NH2-KTKFGLPETEVLEVN-COOH
MKTLIAAYSGVLRGERRAEAARSENKNKGSALSREGSGRWGTGSSISALQDIFSVTW
LNRSKVEKQLQVISVLQWVLSFLVLGVACSVILMYTFCTDCWLIAVLYFTWLAFDW
NTPKKGGRRSQWVRNWAVWRYFRDYFPIQLVKTHNLLTTRNYIFGYHPHGIMGLG
AFCNFSTEATEVSKKFPGIRPYLATLAGNFRMPVLREYLMSGGICPVNRDTIDYLLS
KNGSGNAIIIVVGGAAESLSSMPGKNAVTLKNRKGFVKLALRHGADLVPTYSFGEN
EVYKQVIFEEGSWGRWVQKKFQKYIGFAPCIFHGRGLFSSDTWGLVPYSKPITTVV
GEPITVPKLEHPTQKDIDLYHAMYMEALVKLFDNHKTKFGLPETEVLEVN
After sucrose density separation of tissue, approximately 40ug of proteins from fractions
corresponding to neurons and glia were run on a 10% Tris-Glycine SDS gel. Brain
homogenates were also fractionated by sucrose density gradients (Figure 6).
Subsequently, Dgat2 protein from density fractions corresponding to glial cells or
neuronal cells were measured by Western blot.

mRNA expression
Neurons were collected from wells when reached maturity after twelve days in
vitro (DIV 12). Oligodendrocytes were also collected and grown following protocol
(Chen, et al,. 2007). Cells were washed twice with ice-cold PBS and collected using
Qiazol Lysis Reagent. RNA was isolated using RNAeasy kit from Qiagen (Qiagen
74104). Using the iScript cDNA synthesis Kit (Biorad 1708890), cDNA was reverse
transcribed. Table 1 lists the primers used to determine if cells expressed cell-type
specific markers and Dgat mRNA levels.
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Table 1. qPCR primers.
Target

Forward Primer

Reverse Primer

DGAT2

CCGCAAAGGCTTTGTGAA

GGAATAAGTGGGAACCAGATCAG

Eif3a

AGCCTGCCCTGGATGTTCT

GCCAAGTGGCTCTTACGAAGAT

GAPDH

AAGGGCTCATGACCACAGTC

GGATGACCTTGCCCACAG

GFAP

CGGAGACGCATCACCTCTG

AGGGAGTGGAGGAGTCATTCG

MAP2

GCCAGCCTCAGAACAAACAG

AAGGTCTTGGGAGGGAAGAAC

MAP2

GCCAGCCTCGGAACAAACA

GCTCAGCGAATGAGGAAGGA

NES

CTCAACCCTCACCACTCTATTT

CTGTGGCTGCTTCTTTCTTTAC

NES 1

CCCTGAAGTCGAGGAGCTG

CTGCTGCACCTCTAAGCGA

Olig2

TCCCCAGAACCCGATGATCTT

CGTGGACGAGGACACAGTC

MBP

TTCTTTCCTCTTCCGGTTCTTT

CCTCTGACCTGCACACATATT

MBP

GGCCAGTAAGGATGGAGAGAT

CCTCTGAGGCCGTCTGAGA

Forward and reverse primers used in RT-PCR assay used to determine expression of cell
type specific markers for validation of cell types and expression of DGAT2 in those cell
types were assessed in cultured neurons and oligodendrocytes from Camk2a-Cre
expressing mice and Dgat2f/f control mice after 12 days in vitro.

Grip Test
Briefly, mice were placed onto a metallic grid. Grid was slowly lifted vertically
about 5-6 inches above a cage filled with at least 3 inches of bedding. Once vertical, a
timer was started. The grid was kept vertically for up to 45 seconds. Mice are able to
climb vertically in most cases, stay on the grid for longer than 45 seconds. The time at
which mice could no longer hold on was noted.

Open Field Test
Basic behavioral assays were used to determine if there were behavioral
differences resulting from deficient Dgat2 in the cell types. The open field test and novel
object recognition.
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The novel object recognition test was adapted from Leger et al. (2013) with some
modifications. At 5-6 weeks of age, mice were placed in an open field which was divided
into 16 squares arranged in a grid, 4 across and 4 down. Each mouse was allowed to
explore the box on the first day for 10 minutes for a short habituation phase in an open
field. A camera mounted directly above the field recorded mice in the field for 10
minutes. Video was later used to quantify and characterize activity and behavior.
The number of boxes crossed within the grid during the 10 minutes was measured as a
proxy for locomotor activity. After each mouse taken out of the field, the surface was
sprayed with 70% ethanol and wiped with a clean cloth to eliminate any olfactory cues.
The open field test also served as the short habituation phase, the day prior to testing
mice for object recognition.

Figure 7. Open field and Novel object recognition
Open field, familiarization of novel object recognition measuring time spent in zones at
the outer edge or inner squares, or time spent near the objects
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Novel Object Recognition
The day following the open field test, mice were allowed to explore two identical
objects, either two marble filled T76 flasks or two plastic blocks within the open field as
described in by Leger et al. (2013). Objects were placed on designated spot near the
corners of the field. The objects were randomly assigned to for each mouse. Video
recordings of the mice were taken and used to quantify exploration time of the objects.
The next day, mice were again placed in the open field. In this field, with both a marble
filled flask and a block. The objects were placed in two corners of the field, and the
positioning of the two objects was randomly assigned, to the right or left side (Figure 7).
Time spent exploring near the familiar object or novel object were measured and
quantified.

Electron Microscopy
Sciatic nerve was dissected from mice perfused with PBS followed by 4%
paraformaldehyde. Nerves were subsequently fixed in glutaraldehyde, formaldehyde
2.5% in sodium cacodylate, embedded, and sectioned at the Electron Microcopy Facility
at Harvard Medical School and imaged using the JEOL JEM 1200 EX.
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Chapter III:
Results

Two neuronal knock-out (KO) strains of Dgat2 were generated. In the first cross,
Dgat2f/f was bred to the Nestin-Cre line. The Dgat2f/f mice were also crossed with the
CamKIIa-Cre line to generate the Dgat2;CamkIIa KO. Analysis of the neuronal KO
strains were performed using their littermate controls. Analysis of oligodendrocyte
Dgat2f/f;Plp KO was performed separately using their littermate controls.

Nestin-Cre mice have TAG phenotype
Mice generated from the Dgat2f/f strain were crossed with mice harboring a Cre
recombinase expressed under the Nestin- promoter for pan-neuronal loss of Dgat2
expression. Nestin-Cre is a widely used for studies in the nervous system as the nestinpromotoer is ubiquitously expressed. Notably, nestin is expressed in central and
peripheral nervous system, in neuronal as well as in glial precursors. Mice were viable,
and mice with Cre expression driven by the Nestin promoter were on average smaller in
size and body weight than littermates which did not express Cre. Differences in size was
observed regardless if the Dgat2 floxed allele was present suggesting the differences were
due to the Nestin-Cre background than absence of Dgat2. Additionally, there was some
anecdotal evidence that the Cre expressing mice had lower brain TAG levels as compared
to littermate controls along with other metabolic phenotypes. The expression of the gene
on this background would be uninterpretable if there was any inherent differences in lipid
metabolism in the brain of Nestin-Cre mice. Therefore mice would not be utilized for
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future studies of LD metabolism in the neurons. Due to those reasons, further analysis of
this strain was discontinued.

Figure 8. Nestin Dgat2 mice weights
Shown here are weights of males in Nestin-Cre expressing mice crossed to Dgat2f/f
controls at 4 weeks. Cre expressing mice were smaller (p=0.01, unpaired t-test)

Fractions isolated from density centrifugation
The oligodendrocyte fraction from Camk2a-Dgat2 KO mice expressed increased
amounts of Dgat2 than in the flox control mice, whereas differences in Dgat2 could not
be detected in the neuronal fraction suggesting that increased Dgat2 in whole brain
lysates could be contributed by increases in Dgat2 in oligodendrocytes or other cell types.
Whereas in plp-Dgat2 KO mice, paradoxically we see an increase in Dgat2 protein levels
in whole brain lysates collected from plp-Dgat2 KO mice (Figure 9). Top fraction of
sucrose gradient between 0.83M and 1.0M collected after centrifugation representative of
oligodendrocyte from Dgat2;CamKIIa KO shows increases in Dgat2 protein whereas
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middle fraction of sucrose gradient between 1.0M and 1.5M representing the neuronal
fraction was collected after centrifugation and no changes in Dgat2 content in CamKIIaDdgat2 KO compared to Dgat2f/f control. Changes in density of neurons with reduced
TAG could not account for increased Dgat2 content. However, distinct astrocyte
populations which may differentially separate with each fraction may account for
differences in Dgat2 in these fractions.

Figure 9. DGAT 2 protein levels in density separated fractions
Oligodendrocyte fraction collected from Dgat2;CamKIIa KO shows increases in Dgat2
protein where Dgat2 levels did not significantly differ in neurons.

After density separation, fractions were grown in culture. Supplementation of
araC in the neuronal fraction which causes apoptosis of dividing cells but not post-mitotic
neurons would leave behind a more purified neuronal fraction whereas the glial fraction
would remain a mixed population. Purification or isolation of neuronal and glial fractions
from mouse tissue would confirm if these mice were deficient of Dgat2 enzyme in the
respective cell types, Camk2a expression neurons and glial cells. Purification and
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isolation of the respective cell types validated by mRNA revealed a GFAP enriched glial
population and Map2 enriched neuronal population (Figure 10).
Additional mRNA measurement shows increased Dgat2 expression in neuronal
and glial cultures from control Dgat2f/f mice but reduced Dgat2 in Dgat2;CamKIIa-Cre
KO neurons and a small reduction in Dgat2 glial cells (Figure 11). These measurements
were closely correlated to Map2 levels. Interestingly, Dgat1 expression was greater in the
glial fraction of the Dgat2;CamKIIa-KO mice with no differences between the genotypes.

Figure 10. Neuronal and glial markers by mRNA
Cultured neurons and oligodendrocytes from Dgat2;CamKIIa KO and Dgat2f/f controls
using GAPDH as a housekeeping gene.
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Figure 11. Dgat2 and Dgat1 mRNA
Cultured neurons and oligodendrocytes from Dgat2;CamKIIa KO and Dgat2f/f controls
using GAPDH as a housekeeping gene. DGAT2 levels in Camk2a cre+ cells modestly
decreased compared to Dgat2 f/f cultures whereas no changes in mRNA level of Dgat2 in
oligodendrocytes.

Loss of Dgat2 in neurons does not cause weight loss
Dgat2 protein catalyzes the formation of TG, stored form of energy. If stored in
white adipose tissue, increases in TG can contribute to increases in body weight. In
Camk2a-Dgat2 KO mouse model and plp-Dgat2 KO mouse models, mice on a chow diet
were weighed weekly to assess for differences in body weight. There were no
differences between CamK2a-KO mice as compared to their littermate controls (Figure
12). At week 30, Dgat2;CamkIIa KO male mice trended toward a lower weight, but
differences were not statistically significant.
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Figure 12. No weight differences in Dgat2f/f;CamKIIa-Cre
No differences in weights of neuronal Dgat2 KO (Dgat2f/f;CamKIIa) mice and littermate
controls (n=8-12) at week 10 to week 30 (ns, p>0.1)

Weight loss due to tamoxifen in PlpCreERT line
Using the Plp-CreERT line, Cre recombinase expression as driven under the
proteolipid protein, a major myelin protein in the central nervous system as well as in the
peripheral nervous system. Proteolipin protein is critical for myelinating oligodendrocyte
and myelination process occurs shortly after birth in mice. To capture early
oligodendrocyte precursors, tamoxifen was provided to induce recombination during late
pregnancy. However, tamoxifen reduced fecundity and viability of treated mice when
provided to pregnant dams at early gestation. Dgat2;Plp-Cre mice provided tamoxifen in
food after weaning were indistinguishable from littermate Dgat2f/f controls. Whereas
mRNA expression of Dgat2 may be highest in myelinating oligodendrocytes, starting
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tamoxifen-induced recombination to deplete of Dgat2 expression staring at 3 weeks did
not have an effect on development. Tamoxifen dosage greater than two injections daily
for three days was proved to be toxic when provided at perinatal stages. Mice who were
provided tamoxifen did have tremors and mice with Cre recombinase driven under a plp
promoter did show reduced weight gain (Figure 14), however tremors and any
differences in size reversed shortly after stopping treatment. Mice regained weight and
were indistinguishable from mice that had not received tamoxifen but instead received a
sham treatment of corn oil (Figure 13).

Figure 13. Weights of Dgat2;Plp-Cre and Dgat2f/f treated with tamoxifen or oil
Tamoxifen treated Dgat2;Plp-Cre mice were significantly smaller than tamoxifen treated
Dgat2f/f and sham (no txm) treated Dgat2f/f mice (***p=0.0004 and ****p=0.0001,
ANOVA) respectively at week 2, but regained weight shortly thereafter (n.s, p>0.1
ANOVA).
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Sciatic nerve morphology PlpCreERT line
In a family with an autosomal dominant DGAT2 mutation, family members were
clinically diagnosed as having a variant of Charcot-Marie-Tooth disease. Peripheral
neuropathies and motor latencies underlying the pathology were due to decreased size of
nerve fascicles and decreased diameter of myelinated fibers shown by electron
microscopy (Hong, 2013). Defects were attributed to reduced proliferation and branching
of axon. However in the mouse sciatic nerve, differences in myelination were not obvious
(Figure 14). Mutation in Dgat2 in patients relies on a small number of individuals from
the same family, so it is also possible that it involves other SNPs.

Figure 14. Electron microscopy of peripheral nerve
Sciatic nerve from oligodendrocyte specific DGAT2 KO mouse shows no differences in
thickness to WT. Images were taken at 1500x magnification.

Grip reduced in some in Dgat2;plp KO mice
To measure if there were any differences in neuromuscular function, we
performed a grip test (Figure 15). At 20 weeks of age, there were no differences in weight
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between the plp-KO and control groups that may contribute to ability to hold onto a grid.
Mice that received a sham treatment and Dgat2f/f control mice that had received
tamoxifen were able to hold on to the grid for at least 30 seconds in most cases. However,
the inducible Dgat2;plp-KO mice were on average able to stay on the grid for less time.
Due to small number in these groups and high variability, no statistical differences were
detected.

Figure 15. Grip strength in plp-Dgat2 KO mice
Grip strength, as measured as ability to stay on a vertical grid for 45 seconds was
measured in adult mice ~20 weeks of age. Dgat2;plp-KO mice trended towards shorter
times spend on the grid, n=4-6 mice (n.s. p>0.05, ANOVA)

Behavioral assessment reveals minor differences in anxiety-like behaviors
Mice with tendencies towards anxiety spend more time in the outer perimeter of
the field. At the start, each mouse was placed in the center of the field (Figure 7). Mice
quickly retreated towards the perimeter of the open field. Time intervals spent in the
outer perimeter was recorded. Once a mouse crossed over into the center boxes, time
interval was recorded for inner quadrant. The test showed statistical differences between
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Camk2a-Dgat2 KO mice time intervals at the outer perimeter as compared to the PlpDgat2 KO but no differences as compared with the Dgat2 f/f controls. Increased activity,
measured as shorter more frequent crossing into the interior or perimeter zones may be
interpreted as greater anxiety. Camk2a-Dgat2 KO tended towards shorter time spend in
each region. In comparison, mice which stay in either area without moving were
observed in the plp-Dgat2 KO cohort.
Mice normally spend increased time spent exploring novel object as compared to
familiar objects (Leger, 2013). There was a trend towards increased exploration time with
plp-Dgat2 KO as compared with Camk2a-KO mice.

Figure 16. Open field test
Time spent in the inner four boxes or 12 boxes along the perimeter of a 4 x 4 grid marked
field as a measure of anxiety * p<0.05 in time spent outside the grid of Camk2a-Dgat2
KO and plp-Dgat2 mice compared to control (n=5-7).
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Figure 17. Novel object recognition
Novel object recognition test conducted after short 24-hour habituation period. Camk2aDgat2 knock out mice shows trends towards familiar object (n=4-5).
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Chapter IV.
Discussion

The increasing prevalence of neurodegenerative diseases are a major challenge for
our aging populous. The financial burden on families and governments and lack of
adequate treatments accelerates a need to understand the causes of these diseases.
Neurodegenerative diseases encompass a range of pathologies distinguished by the loss
of neurons in the brain and/or spinal cord. In the last decade, extensive research has
improved our understanding of complex anatomical and neuronal structures,
developmental processes, intercellular and intracellular communication, and the electrical
circuitry which facilitates learning, memory and behavior. However, our understanding
of processes governing neuronal loss in the brain and spinal cord in pathological states or
during normal aging is not adequate. Uncovering processes involved in neurological and
neurodegenerative disease progression is critical for addressing the increasing prevalence
of these risks in our aging and metabolically challenged populous. Understanding the
synthesis and regulation of lipid metabolism in the nervous system may provide
therapeutic targets which prevent neuronal loss and neurological disorders.
Major advances in lipid droplet biology has advanced the understanding that the
organelle serves functions beyond storage or neutral lipids, TAG, and esterified sterols.
LDs serve a protective against diseases by mediating lipid availability. Importantly, there
is an increasing association of LDs with neurological and neurodegenerative conditions.
It is critical to determine if LD formation in the brain and spinal cord is a normal
transient phenomenon or if it only occurs with neurodegeneration. It is also critically
important to uncover the processes and proteins involved in LD formation in the brain.
34

While some of the concepts may parallel processes which occur in the periphery, such as
lipid transport via apolipoproteins, the complexity and specificity of the brain must be
considered.
Uniquely, the brain is a protected environment for which lipids and other substrates
cannot easily pass through the blood brain barrier. Neurons form highly interactive
connections via dynamic plasma membranes exocytosis and endocytosis at synapses. The
metabolism of post-mitotic neurons which stop dividing after migration may be vastly
different from the metabolism of glial cells which can divide and proliferate after
migration. Glial cells such as oligodendrocyte and Schwann cells are highly enriched in
myelin and lipogenic programs will be distinct.
Further complexity is built in due to regional specialization of the brain. It is
critical to determine the cell type localization of LDs in the brain, as LDs in one context
may perform a protective effect while LDs in another context may exasperate
degenerative conditions. Neurodegeneration due to disruption of the stem cell niche and
neurodegeneration due to mitochondrial dysfunction can both result in subsequent glial
accumulation of LDs. However, the enzymes and transcriptional programs for these cell
types differs as does the localization of cells which may accumulate the LDs.
Microdissection may reveal differences in expression depending on regional differences.

Validating cell type specific Dgat2 KO
Understanding the metabolic processes in the brain is critical for developing
treatments for neurodegenerative diseases. Along with the systems which delivery carbon
sources to fuel lipid production or deliver lipids themselves across cell types, it is critical
to determine which cell type can store lipids. In this study, validation of the genotypes
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using genotyping and measurements of protein expression or mRNA was inconclusive.
Cell types floated by density may depend on the content of lipids, including triglyceride.
Neutral lipids are generally less dense than saline and would cause cells with an
accumulation of neutral lipids to float. In contrast, by depleting cells which normally
produce a lot of lipids, by removing Dgat2 in oligodendrocytes, may cause the cells
which are normally found in the upper sucrose fraction to be enriched in lower fractions.
Furthermore, each fraction consisted of a mixed population of cells which could
contribute to Dgat2 protein levels. Antibodies for those cell types were unreliable.
Finding the proper dosage for complete penetrance of inducible Cre expressing
mice was challenging. Lower dosages produced greater viability of gene expression in
mice that were induced at early perinatal stages whereas higher dosages was toxic to
mice. From the literature, myelination in mice was expected to reach a peak at postnatal
day 20. In mice treated with tamoxifen to induce genetic recombination after day 20, no
differences could be detected between Dgat2;plp-ERT and their littermate controls. In
mice treated in a short period shortly after their birth, mice were also indistinguishable
from littermate control.
It was unclear if a stem-cell population unaffected by tamoxifen treatment would
be able to replace myelinating oligodendrocytes which had lost the ability to transcribe
Dgat2 due to recombination. More studies would be required to determine if precursor
cells would differentiate to cells which could express Dgat2 or if tamoxifen induced,
Dgat2 oligodendrocyte knock-out were Dgat2 deficient and for how long after treatment.
It is unknown if absence of Dgat2 could affect cell turnover. When cell types were
isolated from early embryos, we ran into some of the same issues with distinguishing
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precursor cells, mature oligodendrocytes or Camk2a-neurons. To account for variability
in these studies, we would require a much greater number of mice to reliably separate cell
types and further validate the results.
New techniques are available to separate cell types in the brain including
fluorescently labeled cell types which can be sorted using a cell sorter. Mice which
express a GFP depending on cell type could be bred to each cell- type specific deletion of
Dgat2. Breeding these mice would have cost an additional 3-4 months for each mouse
line. However, each cell subtype fractions would have been more clearly distinguishable
and testable. Alternatively, using already established mouse lines in which fluorescently
tagged cells could be sorted, then using Dgat1 and Dgat2 inhibitors to investigate the
formation of LDs in vitro may be an alternate route to examine the effects of Dgat
depletion.
Peripheral lipids or lipids synthesized in astrocytes and glia cells may supply
critical substrates to support the trophic requirements of lipids. Studies have not ruled
out that formation and turnover of TAG occurs under normal conditions and which cell
types are affected in disease conditions. Astrocyte or microglial specific KO mouse
models in addition to these Dgat2 KO models may be helpful in answering those
questions.

Other caveats
Oligodendrocyte precursor cells which are responsible for myelination in the
brain are regulated by sleep. Expression of Dgat2 and other genes of lipid metabolism
was upregulated during sleep (Bellesi, 2013) and proliferation of these cells was highly
dependent on sleep. Sleep and wake effects on oligodendrocyte proliferation and
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differentiation were not considered in this study. For instance, testing these mice during
their sleep cycle may have been disrupting normal Dgat2 expression.

Underpowered behavioral assessment
Utilizing the CamK2a-Cre mouse line, Camk2a-Dgat2 KO mouse were expected
to lose expression of Dgat2 in neurons in the forebrain and pyramidal cell layer. These
cells in the hippocampus are responsible for learning and memory. If these mice had
proliferative defects or other defects due to Dgat2, learning and memory tests may reveal
differences. In the novel object recognition test, which relies on learning and memory, we
expected an increase in time exploring the novel object (Leger, 2013). However there
were some differences in the quantification of exploratory behavior. In this study, the
total time was included for each mouse regardless of whether mice spent at least 20
seconds exploring both objects whereas in the original study, these sample sets were
excluded from the final quantification. The CamkIIa-Dgat2 KO mice trended toward
increased time exploring a familiar object rather than the novel object. Overall, these
mice had shorter exploration sessions within the 10 minute period. In most cases, these
mice avoided the objects entirely, preferring to groom themselves or explore the walls of
the field.
Overall the time spend exploring objects was higher in the plp-Dgat2 KO group.
Taking into consideration the results of the open field test, where activity level of the plpDgat2 KO mice was lower, increased exploration time could be attributed lower activity.
With high variation of mouse behavior and low number of mice in this study, we could
not find significant differences found between any groups. Further testing may reveal
differences in anxiety-like behaviors or hyperactivity which were not captured here due
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to the number of mice (n=4-5). Similarly, trends in the plp-Dgat2 KO mice towards
decreased grip strength were observed but not statistically significant. Repeating these
experiments with a larger cohort in a more controlled setting and utilizing additional tests
to measure fear, anxiety and activity would be required to make conclusions regarding
differences observed. Measuring nerve conduction and response time may reveal
differences between the plp-Dgat2 KO mice and their littermate controls.

Future studies
Disrupting the formation of LDs will uncover what the contribution of LD
formation is to brain development and function. LDs may have distinct roles in neuron
and glia and may adopt different roles when either one is incapable of storing lipids.
These models can be utilized to determine the interaction between cell types when glia
are unable to form LDs but neurons can and vice versa. Furthermore, understanding the
contribution of LDs in mis-trafficking of lipids or perturbed associations of LD proteins
is critical for developing diagnoses and treatment.

Diet and disease
The advantage of using a mouse model is that these mice can be fed various diets to
determine if exogenous sources of lipids contributes to physiology. There is evidence that
while lipids do not cross the BBB, exogenous lipids from dietary sources have been
shown to influence regulation of lipogenesis in the brain (Carmargo, 2012; Lee, 2018).
Diets high in fat or high in one particular lipid can have induce differential effects in
various brain region. For instance, high fat diet induces increases in DAG and ceramide
levels in the hypothalamus, olfactory bulb, and cortex (Lee, 2018). Oleic acid
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administration mediates neural stem cell activity (Hamilton, 2015). Chronic dietary fat
also induces accumulation of TAG species in the cortex, hippocampus, and to a lesser
degree in the hypothalamus (Lee, 2018). Dietary intervention has also been shown to
contribute to the available lipid pool and alleviate myelination defects in the nervous
system in rodents (Verheijen, 2009). These mouse models would be useful for studying
the effects of diet on TAG storage in various cell types, various stages of development,
and specific brain regions.

In context of additional stressors
These mouse models are also useful for uncovering the signals which prompt de
novo lipogenesis in glial cells upon fatty acid accumulation and subsequent formation of
LDs or expulsion of lipids in neurons. While ROS has been shown to induce LD
formation in glial and neurons in drosophila, a mammalian model may uncover an
additional role for LDs and proteins involved in the formation and regulation of lipid
metabolism. The mouse model can be used to similarly introduce stressors, like ROS,
which may induce lipid peroxidation so that the interaction of neuronal and glial fatty
lipids can be studied in vivo. Alternatively, crossing these mouse strains with mice
harboring ROS defects would allow one to determine if lack of LDs in either cell type
would contribute rescue neurodegeneration or exasperate disease. Furthermore, one could
study which of the ROS generating mutant are mediated by lack of LDs in one or more
cell types.
Similarly, these mice can be utilized to study LD accumulation in aging mice. LD
accumulation in microglia is characteristic of an inflammatory state (Marschallinger,
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2020). Because Dgat2 is required for proliferation at least in context of oligodendrocyte
precursor cells, depleting Dgat2 in microglia may reduce proliferation and alter the
hyper-inflammatory disease state.

LDs mediate protein aggregation
In addition to their role in lipid storage, LDs also harbor a distinct subset of
proteins (Bersuker, 2018). The mechanisms of protein targeting have yet to be elucidated,
but data suggests that proteins may have unique features, including amphipathic helices
with large hydrophobic residues (Prevost, 2018).
Protein aggregation is a more common hallmark of several neurodegenerative
diseases. Interestingly, some of these proteins have been found closely associated with
LDs. Studies the conformation of proteins which normally traverse a bilayer can
uniquely change within a lipid droplet monolayer. Within the monolayer environment
amino acid residues may become exposed to mediate distinct interactions. Alphasynuclein which is implicated in Parkinson’s disease, can be sequestered onto lipid
droplets (Fanning, 2019). The monolayer environment is thought to mediate toxic
aggregation of disease associated alpha-synuclein mutations. In ultrastructural studies,
LDs were found in proximity to amyloid beta protein in Alzheimer’s disease patients
(Gómez-Ramos & Moran, 2007).
Rather, as a result of harboring many proteins, interacting with other organelles,
changing size and varying activity dependent on the state of the cell the role for LDs is
wide-ranging. Proteomic investigation indicates the importance of LDs in a wide range
of functions including vesicular trafficking, transcription, membrane organization, and
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protein processing (Bersuker, 2018). Proteins found on the LDs surface mediate
interactions with organelles, including the nucleus, mitochondria, lysosomes, and other
organelles (Krahmer, 2013; Bersuker, 2018). By manipulating the formation of LDs in
these cell types, we will uncover their interaction with other organelles in the neurons and
glial cells.
From our understanding in the other cell types, the roles of LDs might parallel the
role of LDs in the nervous system. LDs in liver and adipose tissue, and in various cellbased models have been shown to modulate transcription, sequester fatty acids, prevent
cellular toxicity, build cell membranes, and harbor substrates. These processes may
govern neurological processes, maintain the health of neurons, determine synaptic
plasticity, and delay neurodegeneration in brain tissue.
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Appendix 1.
Lipid related genes in neurological diseases

Table 2. Lipid metabolism genes
Gene

Disease

Reference

Bscl2

Hereditary spastic paraplegia

Blackstone, 2011

Spg20

Hereditary spastic paraplegia

Blackstone, 2011

Fa2h

Hereditary spastic paraplegia

Blackstone, 2011

Pnpla2

Hereditary spastic paraplegia

Blackstone, 2011

ApoE

Loss of synapse; learning and
memory defects

Wang & Eckel, 2014

Lrp1

Learning and memory defects

Wang & Eckel, 2014

Scap (neuronal
precusors)

Perinatal mortality

Cermenati, 2015

Scap (Schwann cells)

Hypomyelination

Cermenati, 2015

Sqs (oligodendrocytes)

Reduced myelination

Cermenati, 2015

Increasing evidence for role of lipids in nervous system. Impairments of lipid synthesis or
trafficking and genes associated with neurodegeneration and neurological dysfunction
shows some lipid specificity or cell type specificity.
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