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a b s t r a c t

LPL is the rate-limiting enzyme for uptake of TG-derived FFA in peripheral tissues, and the enzyme is
expressed in the brain and CNS. We previously created a mouse which lacks neuronal LPL. This animal
becomes obese on a standard chow, and we observed reduced lipid uptake in the hypothalamus at 3
months preceding obesity. In our present study, we replicated the animal phenotype in an immortalized
mouse hypothalamic cell line (N41) to examine how LPL affects expression of AgRP as well as entry and
storage of lipids into neurons. We show that LPL is able to modulate levels of the orexigenic peptide
AgRP. LPL also exerts effects on lipid uptake into culture neurons, and that uptake of neutral lipid can be
enhanced even by mutant LPL lacking catalytic activity. N41 cells also accumulate neutral lipid in
droplets, and this is at least in part regulated by LPL. These data in addition to those published in mice
with neuron-specific deletion of LPL suggest that neuronal LPL is an important regulator of lipid ho-
meostasis in neurons and that alterations in LPL levels may have important effects on systemic meta-
bolism and neuronal lipid biology.

© 2015 Elsevier Inc. All rights reserved.
1. Introduction

Lipoprotein lipase (LPL) catalyzes the release of free fatty acids
(FFA) from triglyceride (TG)-rich lipoproteins and is the rate-
limiting enzyme for delivery of lipids in peripheral tissues such as
skeletal muscle, heart, and adipose tissue [1,2]. Normally found
anchored to the GPIHBP1 on the luminal vascular endothelium, LPL
is expressed in peripheral tissues that store neutral lipids or utilize
FFA for energy. LPL is also found in both the central and peripheral
nervous systems, although its exact role in these systems is still
being elucidated [3e5]. The role of LPL in the brain has become
increasingly relevant in recent years as links to regulation of energy
homeostasis, Alzheimer's disease, and cognitive development have
been identified [6e8]. Additionally, lipids are vital to the devel-
oping brain and are important substrates for membrane remodel-
ing [9,10]. Whether LPL is directly involved in providing these lipids
remains to be seen.
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In a previous study we generated a mouse with neuron-specific
LPL deletion (NEXLPL�/�) to examine LPL's role in neuronal regu-
lation of metabolism and energy homeostasis [6]. This mouse de-
velops obesity by 6 months on a standard chow diet, with AgRP
orexigenic peptide levels increased >3-fold at 3 months before
obesity onset. Preceding obesity, we also observed reduced uptake
of lipoprotein-derived FFA and reduced levels of n-3 long chain
polyunsaturated fatty acids (LC-PUFA) in the hypothalamus. We
speculate that deletion of neuronal LPL disrupts a major energy
homeostasis signaling pathway, with increased AgRP levels un-
derlying the obesity development.

In the current study, we used an immortalized mouse hypo-
thalamic cell line (N41) to probe how LPL regulates neuronal AgRP,
lipid uptake, and accumulation. N41 cells represent a clonal pop-
ulation of mouse hypothalamic neurons. These immortalized clonal
populations have been published extensively due to their specific
expression of relevant markers [11e15]. These commercially-
available cells were chosen for our work due to extensive knowl-
edge of the markers that are expressed in this cell line. Importantly
for this work N41 cells express AgRP and LPL. We herein show that
LPL is directly involved in neutral lipid transport into cultured hy-
pothalamic neurons and that N41 cells store neutral lipid in
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droplet-like structures.

2. Materials and methods

2.1. DNA constructs

Human LPL cDNA [16] was subcloned into a murine stem-cell
retrovirus (MSCV 2.2) vector (EcoRI/XhoI) directly preceding IRES-
GFP. The mouse LPL cDNA construct was synthesized by GeneWiz
(San Diego, CA) and subcloned into the MSCV 2.2 vector.
Catalytically-inactive mLPL cDNA (Gly188Glu) was obtained from
Keyclone Technologies (Cincinnati, OH). C-terminal 6xHistidine-
tagged wild-type and mutant mLPL were created by PCR muta-
genesis in pUC57 plasmid and subcloned into MSCV 2.2. Retroviral
packaging was done with the pCL-Eco packaging plasmid and
pseudotyped with VSV-G. LPL and control shRNA constructs for
stable knockdown of LPL were obtained from the University of
Colorado Functional Genomics Core.

2.2. Cell culture

mHypoE41 (N41) immortalized mouse hypothalamic neurons
were purchased from CELLutions Biosystems (Winnipeg, MB). N41
cells were grown in DMEM containing 1000 mg/L glucose and
10% FBS at 37 �C in the presence of 5% CO2. For serum-starving, cells
were switched to DMEM containing no FBS for 12e16 h. The same
lot of FBS (#A83DOOE) from Gemini Biotech was used for all ex-
periments (lot# A83D). All viral packaging cells were grown in
4500 mg/L glucose supplemented with 10% FBS in a 5% CO2
environment.

2.3. Viral packaging and transduction

To produce retrovirus for stable overexpression of LPL, 6 ug of
control or LPL MSCV vector was transfected into Phoenix 293T cells
along with 3 ug pCL-Eco and 2 ug VSV-G using 33 uL Lipofectamine
2000 (Life Technologies). Virus was harvested after 48 h of pack-
aging in a total volume of 6mL.1mL of viral particles was applied to
N41 cells overnight. For stable knockdown of LPL,12 ug of control or
LPL shRNA lentiviral vector was transfected into HEK 293FT cells
along with 10.8 ug pD8.9 and 1.2 ug VSV-G using 45 uL Lipofect-
amine 2000. Virus was packaged for 48 h in 6 mL media, and two
rounds of transduction were performed. Stably-transduced cells
were then selected for 3 days by growth in medium containing
5 ug/mL puromycin.

2.4. LPL-targeting siRNA/shRNA constructs

LPL was knocked down in N41 neurons using either siRNA or
shRNA targeting. All LPL and control siRNAs were purchased from
Ambion (Life Technologies). Control and LPL-targeting siRNA se-
quences can be found in the Supplemental materials section. For
siRNA transfection, siRNA was transfected at a concentration of
35 nM with 2 uL/mL RNAiMax Lipofectamine (Life Technologies).
Media was changed 16 h after transfection, and cells were allowed
to grow 24 h before harvest. Sequences for control and LPL-
targeting shRNAs can be found in the Supplemental materials
section.

2.5. Measurement of LPL enzymatic activity

Heparin-released LPL enzymatic activity was measured using a
phospholipid/3H-triolein substrate with human serum as a source
of ApoC2 as described previously [17].
2.6. Lipid uptake assay

To assess whether N41 cells can take up lipid derived from tri-
glycerides and whether various apolipoproteins have an effect on
uptake, an assay was performed by preparing a synthetic phos-
pholipid/TG emulsion containing a 3H triolein tracer. The emulsion
was prepared by combining and sonicating the following: 5 mg 1H
triolein, 0.25 mg L-phosphatidylcholine, a trace amount of 3H tri-
olein (12.5 uCi total) tracer (Perkin Elmer, NET431001MC), 0.9 mL
water, 2 mL 1 M triseHCl (pH 8.0), 800 uL FFA-free BSA (MP
Biomedical), and 300 uL KRP. After sonication, the substrate was
diluted into DMEM to a final concentration of 85 uM triolein. For
cells receiving ApoC2, purified human ApoC2 (MyBioSource) was
added to a final concentration of 5 ug/mL. For cells receiving ApoE3
or ApoE4, the recombinant ApoE (MyBioSource) was added to the
final diluted substrate at a concentration of 8 ug/mL. Substrate with
or without apolipoproteins was applied to serum-starved cells for
2 h. Cells were washed with 0.1% FFA-free BSA and lysed in 1 mL of
RIPA buffer. 800 uL of each lysis fraction was subjected to scintil-
lation counting, while the rest was used for protein normalization.

2.7. Analysis of neutral lipid stores in N41 neurons

For qualitative analysis of lipid droplets in N41 cultures, live cells
were stained for 5 min with AdipoRed (Lonza) and observed with
fluorescent microscopy. For quantitative analysis of neutral lipid
content in N41 neurons, coherent anti-stokes Raman spectroscopy
(CARS) was employed. The CARS microscope was interfaced with
two laser excitation beams. The pump beam was generated from a
Ti:sapphire laser (Mira-900, Coherent). The Stokes beam was
derived from a Nd:vanadate laser (PicoTrain, HighQ Lasers). The
lasers were electronically synchronized at 76 MHz, and the pump
and Stokes beams were spatially overlapped on a dichroic mirror
(1000dcxr, Chroma) and directed to the laser scanning-microscope.
The scanning system included two computer controlled galvano-
metric mirrors (Fluoview 300, Olympus) and a telescopic lens pair,
which projects the excitation beams onto the back aperture of a
60X, 0.75 NA Olympus objective. Signal generated in the sample
was detected in the forward direction, captured by a condenser,
filtered by a bandpass filter (650 nm, Semrock), and detected by a
photomultiplier tube (R3896, Hamamatsu). The images were
recorded with FLUOVIEW software (Olympus) and ImageJ was used
for data analysis.

2.8. Gene expression analysis

RNA was extracted from N41 cultures using the RNeasy Plus
Mini it (Qiagen). For semi-quantitative RT-PCR, the One Step RT-
PCR kit (Qiagen) was used in combination with an 18S com-
petimer set (Ambion) for normalization.

2.9. Statistics

Variance is presented as SEM. Student t-tests were used to
compare differences among groups. P < 0.01 was considered to be
statistically-significant.

3. Results

3.1. LPL activity is present in N41 neurons and affects AgRP
expression

We first determined whether LPL activity could be detected in
cultured N41 neurons. Initial experiments lead to the observation
that both heparin-releasable (extracellular) as well as intracellular
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lipase activity could be measured in our assay (Fig. 1A). To probe
whether the activity being detected was directly due to LPL, we
conducted lipase activity assays in the absence and presence of
purified apoC2dan established activator of LPL activity [18].
Extracellular, heparin-releasable lipase activity was potently-
enhanced by the addition of 1 ug/mL and 5 ug/mL apoC2
compared to the control. Activity in the absence of apoC2 was ~30%
of the maximum attainable activity, a result consistent with pre-
vious findings that LPL still retains some activity even in the
absence of apoC2 with synthetic emulsion substrates [19]. On the
other hand, addition of apoC2 up to 5 ug/mL had very little effect on
intracellular lipase activity leading us to conclude that the vast
majority of intracellular lipase activity was not due to LPL. To
further explore the increase in AgRP seen in NEXLPL�/�mice [6], we
next examined whether altering gene expression of LPL in cultured
N41 neurons could induce changes in AgRP expression. Using
several siRNA constructs that target LPL, LPL mRNA was reduced
>95% (Fig. 1B and C), while heparin-releasable LPL enzymatic ac-
tivity was reduced to levels below the detection limit of the
radiometric assay (Fig. 1D). Concomitantly, AgRP expression was
increased 5-fold, mimicking what was seen in vivo (Fig. 1E and F).

3.2. LPL is a mediator of lipid uptake in cultured N41 neurons

Because the role of LPL in the periphery is to provide lipids to
tissues, we then explored whether N41 neurons could take up lipid
and whether LPL plays a direct role in this process. We first
Fig. 1. LPL knockdown increases AgRP expression in N41 neurons. (A) LPL enzymatic act
lysates with and without purified ApoC2. (B) LPL mRNA expression was assessed using 3 d
normalized to 18S. (D) Cell-surface LPL enzymatic activity was assessed under LPL knockdo
assay. (E) RT-PCR gel analysis of AgRP expression in control and LPL siRNA knockdown cond
presented as ±SEM. *indicates p < 0.001.
developed several new N41 cell lines. In order to examine the effect
of having supra-physiological levels of enzyme present, we created
an N41 variant (N41-hLPL) that stably overexpresses human LPL via
transduction of an overexpression retrovirus. Heparin-releasable
LPL activity in the N41-hLPL cell line is ~35,000-fold higher than
the control (Fig. 2A). At the same time, we developed a stable LPL
knockdown cell line (N51-553) that contains stably-integrated LPL-
targeting shRNA. This provided a stable LPL knockdown cell line
that improved consistency across experiments. In N51-553 neu-
rons, cell-surface heparin-releasable LPL activity was reduced close
to the detection limit of the enzymatic assay (Fig. 2B). Next, we
developed an assay using a synthetic phospholipid-TG emulsion
with a 3H-triolein tracer to probe whether LPL mediates uptake of
neutral-lipid-derived FFA. When hLPL was overexpressed, there
was a 7-fold increase in TG uptake compared to control cells
(Fig. 2C). Conversely, there was a 30% reduction in neutral lipid
uptake when LPL was knocked down (Fig. 2D). From these exper-
iments, it was concluded that LPL expression has a profound effect
on neutral lipid uptake but does not alter inherent FFA uptake
mechanisms in N41 neurons.

To explore whether LPL catalytic activity is necessary for lipid
uptake in N41 neurons, we overexpressed a inactive LPL (N41-
G188E) to see if neutral lipid uptake is enhanced even without
enzyme activity present. It has been established that the G188E
mutation inactivates the enzyme [20]. The mutant was His-tagged
to allow detection by western blot and transduced into N41 cells
using a retroviral vector. The specific activity of the mutant was
ivity was assessed from cell-surface heparin-released fractions as well as intracellular
ifferent siRNA constructs. (C) LPL mRNA expression was quantified using ImageJ and
wn. In the siRNA-treated cells, enzymatic activity fell below the detection limit of the
itions. (F) Quantified AgRP expression in control and LPL knockdown cells. Results are



Fig. 2. LPL is a modulator of neutral-lipid intake in N41 neurons. (A) LPL enzymatic activity was assessed in LPL-overexpressing N41 neurons (N41-hLPL). The control cells were
transduced with the empty-vector retrovirus. (B) LPL enzymatic activity was assessed in control cells and N41 neurons transduced with LPL-targeting shRNA (N41-553). The control
cells were transduced with a scrambled shRNA vector. (C) Lipid uptake was measured in control and N41-hLPL cells using a synthetic phospholipid/trioelin emulsion containing
ApoC2. (D) Lipid uptake was assessed in control and N41-553 knockdown cells. (E) The specific activity of catalytically-inactive overexpressed mLPL (N41-G188E) was compared to
active overexpressed mLPL (N41-mLPL). (F) Lipid uptake was performed on N41-WT, N41-G188E, and N41-mLPL cells. Overexpression of the inactive mutant enhanced uptake
compared to WT cells but did not rescue uptake to the level of active enzyme-overexpressing cells. All error is represented as ±SEM. *indicates p < 0.001.
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assessed using the enzymatic activity assay and normalized to
overexpressed His-tagged wild-type mLPL (N41-mLPL) viaWestern
blot. The G188E mutant was found to be catalytically inactive
(Fig. 2F). We then performed the neutral lipid uptake assay with
control cells (N41-WT), N41-G188E, and N41-mLPL. There was a 2.8
fold increase in lipid uptake in the catalytically inactive over-
expressing cells compared with N41-WT neurons (Fig. 2G). How-
ever, lipid uptake was not nearly as high as that observed for active
enzyme-overexpressing cells, indicating that a large portion of
lipoprotein-dependent uptake depends on the catalytic activity of
LPL. Nevertheless, these findings of increased lipid uptake and TG
accumulation in hypothalamic cells overexpressing the catalytically
inactive mutant provide evidence of some role for LPL in neuronal
lipid uptake independent of its catalytic activity.

3.3. N41 neurons accumulate neutral lipids in droplet-like
structures

Because N41 cells have the ability to take up neutral lipid-
derived FFA, we probed whether they might accumulate neutral
lipid. Using AdipoRed staining, we observed lipid droplet-like
structures in wild-type N41 neurons (Fig. 3A). Additionally, we
show that lipid droplet accumulation is remarkably affected by
providing cells with oleic acid. Loading N41 cells with FFA lead to a
drastic increase in both size and intensity of accumulated lipid
droplets (Fig. 3B). To examine whether LPL expression could have a
direct effect on the amount of lipid accumulation, we utilized
quantitative CARS microscopy to assess neutral lipid content under
LPL knockdown and overexpression conditions. This method allows
the user to tune the difference frequency between two laser beams
into resonance with the vibrational frequency of neutral lipids,
enabling the observation of lipid droplets in fixed cells. Under
conditions of LPL overexpression (N41-hLPL), neutral lipid accu-
mulationwas increased 2-fold compared to the control (Fig. 3CeE).
By contrast, neutral lipid stores were reduced ~30% under condi-
tions of LPL knockdown (Fig. 3FeH).

3.4. LPL-independent lipid uptake mechanisms exist in N41 cells

Although levels of LPL expression directly affected the amount
of neutral lipid that accumulates in N41 neurons, we still observed
neutral lipid in N41-553 knockdown cells in the absence of catalytic
activity on the surface of these cells. As such, we went further to
demonstrate other possible routes of lipid uptake that might be
independent of LPL. Using the neutral lipid uptake assay, we saw
pronounced increase in lipid uptake in N41-WT cells when several
different apolipoproteins were included in the substrate. While
inclusion of apoC2 in the substrate enhanced uptake 2-fold
compared to substrate lacking apolipoproteins, we were also able
to observe apoE-mediated lipid entry into N41 neurons (Fig. 3I).
When the substrate included apoE3 only (the most common iso-
form of this apolipoprotein in human plasma) lipid uptake was
enhanced 2-fold, while apoE4 lead to a ~3-fold increase in lipid
uptake. The highest levels of lipid uptake were achieved when cells
were given both apoC2 and apoE in the uptake substrate. These
findings may partially explain why neutral lipid accumulation is
only reduced ~30% in N41-553 knockdown cells.

4. Discussion

LPL has been studied in the CNS for several decades; however, its
exact role remains elusive. It has been hard to study the enzyme



Fig. 3. N41 neurons accumulate neutral lipid. (A) AdipoRed staining of N41-WT cells. (B) N41-WT cells treated with 200 uM oleic acid for 16 h and stained with AdipoRed. (C)
CARS neutral lipid imaging of control cells transduced with empty-vector MSCV retrovirus. (D) CARS neutral lipid imaging of N41-hLPL overexpression cells. (E) Quantification of
neutral lipid in control and N41-hLPL neurons. (F) CARS neutral lipid imaging of control cells transduced with non-targeting shRNA. (G) CARS neutral lipid imaging of N41-553 LPL
knockdown cells. (H) Quantification of neutral lipid in control and N41-553 neurons. (I) N41-WT cells were subjected to neutral lipid uptake, and purified apolipoproteins included
either individually or in combination. Data are presented as ±SEM. *indicates p < 0.001.
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in vivodespecially in humans. N41 immortalized hypothalamic
neurons provide a unique opportunity to conduct high-throughput
studies to elucidate the molecular/cellular role of LPL in energy
homeostasis. Here we show that the in vivo phenotype of neuron-
specific LPL knockout mice can be reconstituted in a hypothalam-
ic cell line. As is seen in NEXLPL(�/�) mice, when LPL expression is
reduced in these cells, AgRP expression increases. In NEXLPL(�/�)

mice, levels of n-3/n-6 long-chain polyunsaturated fatty acids (LC-
PUFA) are markedly reduced preceding obesity [6]. Because these
species are widely used for signaling in the CNS, we speculate that
LPL might act as a sensor in AgRP neurons; FFA released from LPL-
catalyzed hydrolysis might signal to suppress AgRP expressionwith
the result being suppressed appetite. When this sensing mecha-
nism is absent (i.e. LPL knockdown), AgRP expression remains high
and food intake is increased. As such, we plan to test this hypothesis
in N41 cells.

Although its primary role in the periphery is to affect lipid up-
take in tissues, it remains unknownwhether LPL performs a similar
role in the CNSdespecially in neurons. Previous work showed that
mice lacking neuronal LPL exhibit reduced lipid uptake in the hy-
pothalamus when injected with radiolabeled chylomicrons [6].
Herewe show that LPL is a mediator of lipid uptake in cultured N41
neurons, and reduced lipid uptake is observed when LPL is
decreased. This uptake is enhanced by the presence of apoC2which
indicates a significant role for LPL catalytic activity in the neutral
lipid uptake process. Interestingly, we also observe some lipid up-
take when catalytically-inactive LPL is overexpressed. It is well-
known that LPL can enhance uptake of lipoprotein remnants in
the periphery by acting as a bridging ligand with members of the
low-density lipoprotein receptor (LDLR) family [21e23]. LPL can act
as a molecular bridge between the lipoprotein particle and pro-
teoglycans, thereby anchoring the particle to cell surfaces where it
can be rapidly internalized bymembers of LDLR. This enhancement
of lipid uptake by LPL has been shown to be independent of its
catalytic activity. Finally, because ATGL is unchanged regardless of
LPL expression (data not shown), it is likely that inherent rates of



A.E. Libby et al. / Biochemical and Biophysical Research Communications 465 (2015) 287e292292
lipolysis of stored neutral lipid are the same between all cell types
studied. Thus, the fact that N41-553 cells still contain abundant
neutral lipid stores cannot be explained by differences in ATGL
expression. Plin2 is up-regulated in N41-553 (data not shown),
suggesting that these cells might increase production of neutral
lipid storage machinery to compensate for loss of LPL.

We also observed storage of neutral lipids in N41, and the
accumulation of neutral lipid in N41 cells is at least partially
dependent on LPL. Previous work has shown that neurons can
produce and store LDs during autophagy, and there is evidence that
certain neurons may store cholesterol, presumably in the form of
esterified cholesterol, in droplet-like structures [24e26]. Because
droplets are observed even in N41 cells with no detectable cell-
surface LPL activity, it is likely that these cells have apoE-
mediated mechanisms in place to take up lipid independent of
LPL. Indeed, we observed apoE-mediated lipid entry into N41
neurons. At present, it is unknown what role lipid droplets play in
hypothalamic neurons. There is evidence that, under conditions of
glucose deprivation, neuronal metabolism can be shifted to other
substrates including pyruvate, glutamate, lactate, aspartate, ketone
bodies, and other fuels [27]. Whether neurons use fatty acids as a
fuel source during times of starvation remains to be seen, and we
are investigating whether b-oxidation occurs in cultured neurons.
It is also possible that neurons use lipid-droplet-derived FFA for
signaling or as substrates of phospholipid synthesis during mem-
brane remodeling.

In conclusion, alterations of LPL expression directly affect AgRP
expression levels in N41 hypothalamic neurons thereby mimicking
what is seen in vivo in NEXLPL(�/�) mice. Additionally, LPL is a major
modulator of neutral lipid-derived FFA entry into these cultured
cells, and lipid taken up by N41 cells can be stored as neutral lipid.
Finally, LPL is at least, in part, responsible for the amount of stored
lipid, although LPL-independent lipid entry mechanisms do exist.
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