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ABSTRACT

Brain lipid sensing is necessary to regulate energy balance. Lipoprotein lipase (LPL) may play a role in this process. We tested if hippocampal LPL
regulated energy homeostasis in rodents by specifically attenuating LPL activity in the hippocampus of rats and mice, either by infusing a
pharmacological inhibitor (tyloxapol), or using a genetic approach (adeno-associated virus expressing Cre-GFP injected into Lp/®/'* mice).
Decreased LPL activity by either method led to increased body weight gain due to decreased locomotor activity and energy expenditure, concomitant
with increased parasympathetic tone (unchanged food intake). Decreased LPL activity in both models was associated with increased de novo
ceramide synthesis and neurogenesis in the hippocampus, while intrahippocampal infusion of de novo ceramide synthesis inhibitor myriocin
completely prevented body weight gain. We conclude that hippocampal lipid sensing might represent a core mechanism for energy homeostasis

regulation through de novo ceramide synthesis.

© 2013 The Authors. Published by Elsevier GmbH. All rights reserved.
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1. INTRODUCTION

The central nervous system (CNS) is a key player in the regulation of energy
balance in mammals [1,2]. This process involves a combination of signals
arising from the periphery, including hormones and nutrients, which are
detected by specialized areas like the hypothalamus and brainstem [3-5].
Since the work of Oomura et al. [6], there is a growing amount of evidence
to suggest that hypothalamic fatty acid sensing plays a role in the regulation
of energy balance, including insulin secretion and action, hepatic glucose
production and food intake [7—10]. However the molecular mechanisms
involved in this fatty acid sensing are stil a matter of debate [8].
Postprandial triglycerides (TG)-enriched particles are abundant lipid species
hydrolyzed by the lipoprotein lipase (LPL), and recent studies have
highlighted a role for neuronal LPL-mediated hydrolysis of TG particles in
the regulation energy balance [11,12].

Otherwise, other areas beside the hypothalamus have been shown to be
involved in the regulation of energy homeostasis. Among them, the
hippocampus has also been described as a potential site for the regulation
of feeding behavior and body weight homeostasis [13,14]. For example,
hippocampal lesions are associated with increased body weight and food

intake in ad libitum fed rats [15]. Hunger and satiety circulating signals such
as leptin or ghrelin were also shown to bind to hippocampus cells to regulate
food intake in rats [16]. Moreover the orexigenic peptide ghrelin was shown
to modulate hippocampal dendritic spine and memory acquisition [17].
Studies in both rodents and humans have reported that high fat/refined sugar
diets impair hippocampal function [18]. Interestingly, LPL is highly expressed
in the hippocampus [19,20] suggesting a potential role for this enzyme in
body weight regulation.

The present work was aimed at studying whether TG hydrolysis by LPL
specifically in the dorsal hippocampus could represent a physiologically
relevant mechanism in energy homeostasis and body weight regulation. To
this end, two different species and two experimental approaches were used
to locally decrease LPL activity in the hippocampus: (1) the infusion of
tyloxapol, an inhibitor of LPL activity, into the hippocampus of rats and (2)
the bilateral injection of an adeno-associated viral vector expressing a Cre-
GFP fusion protein (AAV Cre-GFP) into the hippocampus of Lp/®™ mice,
leading to the specific deletion of the Lp/ gene in the hippocampus of these
mice (“LPL Hip—/-=" ). We observed using both techniques that
hippocampal LPL inhibition led to both decreased locomotor activity and
energy expenditure and ultimately induced body weight gain. Importantly,
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food intake remained unchanged while the parasympathetic nervous
system activity was increased suggesting a change in autonomic nervous
system (ANS)-mediated peripheral energy handling. Inhibition of hippocam-
pal LPL activity led to increased de novo ceramide biosynthesis, and a
concomitant increase in neurogenesis, while, conversely, local infusion of
myriocin — a potent inhibitor of de novo ceramide biosynthesis — completely
prevented the metabolic changes in both mice and rats. Taken collectively
these results highlight for the first time to our knowledge that nutritional
lipid detection by LPL within hippocampus controls energy balance through
de novo ceramide synthesis pathway.

2. MATERIAL AND METHODS

The experimental protocol was approved by the institutional animal care
and use committee of the Paris Diderot University (CEEA40).

2.1. Animal models

Two-month-old male Wistar rats (225-250 g, Charles River, I'Arbresle,
France) and two-month-old Lp/®/™ mice (Jackson laboratory, strain
B6.12954-Lpl"™"%/J no. 006503) were used. Littermates LplI*"* mice
were used as controls. They were housed individually in stainless steel
cages in a room maintained at 22+1 °C with lights on from 7 a.m. to
7 p.m. They were given a standard laboratory diet (proteins 19.4%;
carbohydrates 59.5%; lipids 4.6%; vitamins and minerals 16.5%) and
water ad libitum.

2.2. Solutions

Osmotic minipumps (Alzet® model 2004) were used to chronically
infuse different solutions specifically into the hippocampus, through a
catheter connected to a depth-adjustable cannula (Alzet® brain infusion
kit 1 for rats and Alzet® brain infusion kit 3 for mice). The vehicle
solution consisted of saline (Lavoisier). Tyloxapol solution (10 pg/day)
was prepared by diluting 25 uL of tyloxapol (Sigma Aldrich # T8761)
with 16.6 ml of saline. Myriocin solution (100 nM) was prepared by
diluting a myriocin mother solution (Sigma Aldrich # M117; 2 mg/ml in
methanol) 50,000 times in saline.

2.3. Viral production

An adeno-associated virus, AAV Cre-GFP, was used in order to induce
genetic recombination within the hippocampus in Lp/®'™ mice. The
plasmid CBA.nls myc Cre.eGFP expressing the myc-nls-Cre-GFP fusion
protein was kindly provided by Richard Palmiter (University of Washing-
ton, Seattle, USA). Adeno-associated viruses of the serotype 2/9 (AAV2/
9) (6x10"" vg/ml and 1.7x108 pi/ul) were produced by the viral
production facility of the UMR INSERM 1089 (Nantes, France).

2.4. Surgical procedures

Both rats and mice were anesthetized with isoflurane and received a 10 ug/
kg i.p. administration of xylazine. They were then placed on a stereotaxic
frame. In rats, osmotic minipumps containing either vehicle, tyloxapol,
myriocin, or both tyloxapol and myriocin were inserted subcutaneously and
connected to cannula implanted within the hippocampus (X: —3.5 mm; ¥
—45mm; Z =35 mm; [21]). In Lp/”* and Lp/*"™ littermate mice, 1 ul of
2/9 AAV Cre-GFP was injected per side (~6x10® particles/ul at a rate of
0.20 ul/min for 5 min) bilaterally into the hippocampus (X: +1 mm; ¥
—2.06 mm; Z —1.55 mm; [22]) to induce genetic recombination in floxed
animals. After viral injection, mice were implanted with osmotic minipumps
containing myriocin or vehicle.

2 MOLECULAR METABOLISM n (xumm) nup-m00 © 2013 The Authors. Published by Elsevier GmbH. All rights reserved

2.5. Measurement of body weight and body composition

In rats, body weight was measured daily between 9 and 10 a.m. In
mice, body weight was measured weekly at the same time. For both,
body mass composition (lean tissue mass, fat mass, free water and total
water content) was analyzed before the indirect calorimetry studies
using an Echo Medical Systems EchoMRI 100 (Whole Body Composition
Analyzers, EchoMRI, Houston, USA) according to manufacturer's instruc-
tions [23]. Briefly, awake animals were weighed before they were
placed in a mouse holder and inserted in the MRI analyzer. Readings of
body composition were obtained within 1 min. Body composition was
expressed as a percentage of body weight.

2.6. Spontaneous alternation plus-maze task

Both vehicle and tyloxapol-infused rats were used for memory testing.
Animals were extensively handled for one week prior to testing. Animals
were placed into the center the center of the maze and allowed to
explore freely for 20 min while arm entries were recorded. Performance
scores were calculated as described previously [24].

2.7. Indirect calorimetry

Indirect calorimetry studies were performed in both rats and mice at day
14 during 5 days; this period corresponded to the beginning of
increased body weight gain compared to controls. Animals were
analyzed for whole energy expenditure (kcal/h), oxygen consumption
and carbon dioxide production (10, and CO,, where Vis the volume),
respiratory quotient (RQ=1C0,/10,), food intake (g) and locomotor
activity (counts/hour) using calorimetric cages with bedding, food and
water (Labmaster, TSE Systems GmbH, Bad Homburg, Germany). Gas
ratio was determined using an indirect open-circuit calorimeter [25,26],
which monitored 0, and CO, concentrations by volume at the inlet ports
of a tide cage with an airflow of 0.4 L/min, with regular comparisons to
an empty reference cage. Whole energy expenditure was calculated
according to the Weir equation, using respiratory gas exchange
measurements [27]. The flow was previously calibrated with a 0, and
CO, mixture of known concentrations (Air Liquide, S.A. France). Animals
were individually housed in a cage with lights on from 7 a.m. to 7 p.m.
and an ambient temperature of 22++1 °C. All animals were acclimated
to their cages for 48 h before experimental measurements. Data
regarding food and water consumption were collected every 40 min,
and all ambulatory movements recorded during the entire experiment,
with the aid of an automated online measurement system combining
highly sensitive feeding and drinking sensors and an infrared beam-
based activity monitoring system. Gas and movement detection sensors
were operational during both light and dark phases, allowing for
continuous recording. Animals were monitored for body weight and
composition at the beginning and end of the experiment. Data analysis
was carried out with Excel XP using extracted raw values of 0,
consumption, WO, production (in mil/h), and energy expenditure
(kcal/n). Subsequently, each value was expressed either by whole lean
tissue mass extracted from the EchoMRI analysis.

2.8. Tissue collection

Brain tissues were dissected following the Glowinski and Iversen
technique [28] at day 28; total hippocampus, adjacent cortex and
hypothalamus were immediately frozen.

2.9. LPL activity assay

Heparin-releasable LPL activity was assayed in brain regions using a
Roar LPL activity assay kit (RB-LPL, Roar Biomedical, Inc.). Briefly,
tissues at day 28, then were lysed in 500 pL of assay buffer (150 mM
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NaCl, 10 mM Tris, 2 mM EDTA, pH 7.4) and incubated for 45 min at
37 °C with an equivalent volume of heparin (100 U/ml). After incubation,
samples were centrifuged for 10 min at 3000g, and aliquots (50 uL for
rats and 10 uL for mice) of the aqueous phase deposited on LPL
substrate emulsion in 96-well black microplates (VWR International, #
25227-304) and incubated for 1 h at 37 °C. Finally, fluorescence was
read using a fluorimeter (370 nm excitation/450 nm emission) and
compared to a standard curve made using known concentrations of pre-
hydrolyzed LPL substrate. LPL activity was expressed as nanomoles of
free fatty acid produced per minute per gram of tissue.

2.10. Real-time quantitative PCR

Total RNA was isolated from the hippocampus dissected at day 28 at the
end of the experimentation using RNeasy Lipid Tissue mini kit (Qiagen,
Courtaboeuf, France). Real-time quantitative PCR was carried out in a
LightCycler 1.5 detection system (Roche, Meylan, France) using the
Light-Cycler FastStart DNA Master plus SYBR Green | kit (Roche). The
mRNA transcript level for each gene was normalized to levels of the
housekeeping gene TBP, which we have previously shown to be
unaffected by LPL inhibition.

2.11. Measurement of ceramide levels

Ceramide levels in tissues extracts collected at day 28 were measured
by the diacylglycerol kinase enzymatic method as previously described
[29,30]. Briefly, aliquots of the chloroform phases from cellular lipid
extracts were re-suspended in 7.5% (w/v) octyl-a-p-glucopyranoside/
5mM cardiolipin in 1 mM DETPAC/10 mM imidazole (pH 6.6). The
enzymatic reaction was started by the addition of 20 mM DTT, 0.88 U/
ml Escherichia coli diacylglycerol kinase, 5 uCi/10 mM [y-32P] ATP and
the reaction buffer (100 mM imidazole (pH 6.6), 100 mM NaCl, 25 mM
MgCl,, and 2 mM EGTA). After incubation for 1 h at room temperature,
lipids were extracted with chloroform/methanol/HCI (100:100:1, v/v) and
1M KCI. [y-32P]-ceramide-1-phosphate was resolved by TLC with
chloroform/acetone/methanol/acetic acid/water (10:4:3:2:1, v/v) and
quantified with a FLA700 phosphorimager (Fuji, Japan). Known amounts
of bovine ceramide standards were included with each assay. Each
measurement was done in duplicate. Ceramide levels were expressed
as nanomoles per gram of tissue.

2.12. Parasympathetic firing-rate recordings

The firing rate of the thoracic branch of vagus nerve along the carotid
artery was recorded at the end of the experimentation at day 28 as
previously described [31]. Recordings were carried out as follows:
animals were anesthetized with isoflurane (Sanofi, Libourne, France).
The vagus nerve, which lies close to the carotid artery, was dissected
free of underlying tissues to a distance of approximately 5 mm. The
nerve was then covered with paraffin oil to prevent dehydration and
carefully placed on a pair of silver-wire recording electrodes (0.6-mm
diameter). The electrodes were connected to a high-impedance probe
and action potentials were displayed and saved on a computer after
initial amplification through a low-noise amplifier (BIO amplifier, AD
Instrument, Rabalot, France). Unipolar nerve activity was recorded
continuously for 15 min. Data were digitized with PowerlLab/4sp
digitizer. Signals were amplified 10° times and filtered using low- and
high-frequency cut-offs of 100 and 1000 Hz, and monitored using the
Chart 4 computer program [32].

2.13. Statistical analysis
Effects of treatments were assessed by either two-way ANOVA with
Bonferoni post hoc test or Student #test (Figure 1A and B and Figure 2B).
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A p-value lower than 0.05 was defined to be statistically significant.
Statistical analysis were performed using GraphPad Prism 5%,

3. RESULTS

3.1. Decreased LPL activity in the hippocampus increases body weight
gain in mice and rats without any change in food intake

LPL activity was specifically decreased in the hippocampus using both
pharmacological and genetic approaches. In rats, tyloxapol, an inhibitor
of LPL activity, or vehicle was infused into the hippocampus for 28 days
using a depth adjustable cannula (XX —3.5mm; Y. —4.5mm; Z
—3.5mm [21]) connected to an osmotic minipump (Alzet). In this
model, LPL activity was significantly decreased by approximately 25% in
the hippocampus of tyloxapol-infused animals compared to controls,
while the hypothalamic and cortical LPL activity were unchanged (Figure
1A). Importantly, there was no change in performance on a spontaneous
alternation task in tyloxapol-infused rats compared to controls, indicating
that there were no untoward effects of drug infusion such as a
hippocampal lesion (percent alternation: 51%=+9 vs. 65%=+14 in vehicle
group, N.S.). In the genetic approach, Lp/*"* and Lp/*/** mice received
a single injection of Cre-GFP AAV into the hippocampus (X +1 mm;
Y. —2.06 mm; Z —1.55 mm [22]), yielding LPL Hip+/+ and LPL Hip—/—
mice, respectively. In this model, we found a 33% decrease in LPL
activity (Figure 1B). In either of the paradigm, a decrease in LPL activity
selectively in the hippocampus led to enhanced body weight gain as
compared to controls (Figure 1C and D). The time course of body weight
gain was similar in both species, i.e. there was a significant increase
compared to controls beginning on day 14. Interestingly, this increase in
body weight gain was not related to a concomitant increase in food
intake (Figure 1E and F).

3.2. Selective decreased in hippocampal LPL activity induces de novo
ceramide biosynthesis

In the rat model, using real-time quantitative PCR, we observed changes
in the expression of key enzymes involved in de novo ceramide
synthesis specifically in the hippocampus, following tyloxapol treatment
(Figure 2A and B). The mRNA levels of both serine palmitoyltransferase
3 (SPT3) and ceramide synthase 2 (CERS2) were increased, whereas the
expression of acid sphingomyelin phosphodiesterase (SMPD1) — a key
enzyme in the sphingomyelin hydrolysis pathway — was not affected by
the reduction in LPL activity, thus suggesting an activation of the de
novo ceramide biosynthesis (Figure 2B). The expression of sphingosine
kinase 1 (SPHK1) was also increased in tyloxapol-infused rats (Figure
2B). The decrease of hippocampal LPL activity induced a concomitant
increase in hippocampal ceramide content in tyloxapol-treated rats
(Figure 2C) whereas cortex ceramide content was unchanged (tyloxapol
1.55+0.12 nmol/g vs. vehicle 1.68+0.24 nmol, NS). Hippocampal
ceramide content was also increased in LPL Hip—/— mice (Figure 2D).
In rats, the infusion of the specific inhibitor of the SPTs, myriocin, completely
prevented the tyloxapol-induced increase in the ceramide content through the
inhibition of de novo ceramide synthesis in the hippocampus and had
no effect on ceramide content in the cortex (vehicle+myriocin 1.33
+0.18 nmol/g, tyloxapol+myriocin 1.46-+0.19 nmol/l, NS vs. vehicle and
NS vs. tyloxapol). These changes did not restore LPL activity (Figure 2C—F)
therefore pointing at ceramide synthesis as a downstream mechanism. In
mice, myriocin infusion led to increased total ceramide content in LPL Hip+/+
and LPL Hip—/— mice (Figure 2D), likely due to the compensatory stimulation
of the sphingomyelin hydrolysis pathway as it has been already described
[33]. However, myriocin also prevented any additional ceramide accumulation
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Figure 1: Decreased LPL activity in the hippocampus increases body weight gain in mice and rats without affecting food intake. (A) LPL activity in the hippocampus, hypothalamus and cortex of
rats infused with vehicle or tyloxapol for 28 days, through an osmotic minipump connected to a cannula implanted in hippocampus; n> 6. FFA: free fatty acids. (B) LPL activity in the hippocampus
and cortex of mice with a specific deletion of the Lp/ gene in the hippocampus after AAV Cre-GFP injection (LPL Hip—/— mice) and their control littermates (LPL Hip+/+); n> 3. Inset in (B):
Cre-GFP fusion protein fluorescence in right hippocampus (coordinates X +1 mm; ¥ —2.06 mm; Z —1.55 mm, 20 x magnification) 4 weeks after injection shows specific expression of the
protein within hippocampus with high fluorescence in CA1 pyramidal layer. (C and D) Body weight gain after the beginning of intrahippocampal tyloxapol infusion in rats (C) or AAV Cre-GFP injection

jox/lox

in Lp/

in LPL Hip—/— vs. LPL Hip+/+ mice (Figure 2D), again without any
significant impact on LPL activity (Figure 2F).

3.3. Hippocampus de novo ceramide synthesis is required to mediate
LPL action on energy balance

Blockade of de novo ceramide synthesis through myriocin infusion into
the hippocampus selectively prevented in both rats and mice the gain in
body weight associated with decreased LPL activity (Figure 3A and B).
This was not due to changes in food intake (Figure 3C and D) or

4 MOLECULAR METABOLISM § (nmmn) nui—ann

mice (D); n>6. (E and F) Time course of food intake reported to body weight in rats (E) and mice (F) during the 28 days of treatment; n> 6 for both rats and mice.

alterations in body composition that remained unchanged (data not
shown). As depicted in Figure 3E, energy expenditure was significantly
decreased in tyloxapol-treated rats during light phase (p=0.06 at night),
while, in LPL Hip—/— mice, energy expenditure was significantly
decreased during both light and dark phase (Figure 3F). The respiratory
quotient (RQ), i.e. the ratio of CO,/ 10, that provides an indication of the
nature of the substrate being used by an organism, remained
unchanged after the decreasing of LPL activity in both rats and mice
(figure not shown). This decreased energy expenditure in LPL-attenuated

© 2013 The Authors. Published by Elsevier GmbH. All rights reserved.  www.molecularmetabolism.com



PALMITOYL COA + SERINE
c
o
SPT l— myriocin SPHINGOSINE-1-PHOSPHATE g
g g
3-KETOSPHINGOSINE o
SPHK 3
]
c
[
SPHINGOSINE e
SPHINGANINE ©
Q
N
CERS / 5
v SMPD £
DIHYDROCERAMIDE -) SPHINGOMYELIN S
DE NOVO SYNTHESIS SPHINGOMYELIN
PATHWAY HYDROLYSIS PATHWAY
2.0
*
1.8 1
_ _
2 16 ns 2
g 1 :
£ 144 c
£ £
t 124 *%* ‘g
]
€ 1.0 T €
o o
o o
S 081 °
e} e}
£ 0.6 £
I I
G 0.4 o
o o
0.2 A
0.0 -
O vehicle B tyloxapol

O vehicle+myriocin @ tyloxapol+myriocin

60 -
S 50 )
£ T £
40 x| | * <
& =
° °
£ 304 £
£ £
2 2
3 204 3
e 8
3 10 z
o) LMUE ] m W
HIPPOCAMPUS HYPOTHALAMUS CORTEX
O vehicle | tyloxapol

O vehicle+myriocin @ tyloxapol+myriocin

I

MOLECULAR
METABOLISM

(% of control)

ns
1.2

1

0.8

0.6

0.4

0.2 1

O 4
O LPL Hip +/+
O LPL Hip +/+ myriocin

m LPL Hip -/-
@ LPL Hip-/- myriocin

140 -
120 1 l
100 -
80 1
60 -
40 A

20 A

D-D'

HIPPOCAMPUS CORTEX
O LPL Hip +/+ m LPL Hip -/-
O LPL Hip +/+ myriocin @ LPL Hip -/- myriocin

Figure 2: Decreased LPL activity is associated with increased hippocampal ceramide content through the activation of the de novo synthesis pathway. (A) Ceramide synthesis pathways: the de
novo synthesis pathway that is inhibited by myriocin (left) and the sphingomyelin hydrolysis pathway (right). (B) Changes in gene expression of enzymes involved in ceramide synthesis pathways in
tyloxapol-treated rats vs. controls; n > 5. (C and D) Hippocampal ceramide content in tyloxapol-treated and control rats co-infused with myriocin or vehicle (C), and hippocampal ceramide content in
LPL Hip+/+ and LPL Hip—/— mice with or without myriocin treatment (D); n > 6 in rats and n> 3 in mice. (E and F) LPL activity in rats and mice in the four groups above; n> 6 and n> 3,

respectively. *: p< 0.05, ™ p< 0.01 vs. controls.

animals was correlated with a reduction in locomotor activity in both rats
(Figure 3G) and mice (Figure 3H) during dark phase. Importantly,
myriocin treatment blocked the effects of LPL attenuation on energy
expenditure as well as locomotor activity in both rats (Figure 3E and G)
and mice (Figure 3F and H). Taken together, these results support the
concept that de novo ceramide synthesis is a core molecular mechan-
ism relaying the action of hippocampal TG sensing onto body weight
regulation.
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3.4. Hippocampal attenuation of TG hydrolysis increases
parasympathetic nervous system activity in a ceramide dependent
mechanism

The change in body weight was independent from feeding, we therefore
investigated to what extend non-food related modification in ANS output
could be affected by hippocampus LPL knockdown.

The activity of parasympathetic nervous system was recorded in vagus
nerve along the carotid artery under basal conditions. Parasympathetic
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Figure 3: Myriocin infusion into the hippocampus completely prevents increased body weight gain in both models. (A and B) Body weight gain over 28 days in tyloxapol-treated and control rats
with or without co-infusion with myriocin (A) and LPL Hip+/+ and LPL Hip —/— mice with or without myriocin treatment (B); n> 6 each. (A and D) Time course of food intake reported to body
weight in rats (E) and mice (F) during the 28 days of treatment; n> 6 for both rats and mice. (E and F) Energy expenditure in tyloxapol-treated and control rats with or without co-infusion with
myriocin (C) and LPL Hip+/+ and LPL Hip—/— mice with or without myriocin treatment (D); n > 6 each. (G and H) Locomotor activity in the 4 groups of rats (E) and mice (F); n> 6 for both.
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nervous system activity was significantly increased in tyloxapol-treated
rats (Figure 4A and C) and LPL Hip—/— mice (Figure 4B and D) when
compared to their respective controls. Again we found that myriocin
treatment normalized parasympathetic nervous system activity in both
models of LPL activity inhibition the hippocampus.

3.5. Selective decrease in hippocampal LPL activity increases
hippocampal neurogenesis in both mice and rats through ceramide
signaling

As shown in Supplementary Figures S1 and S2, the inhibition of hippocampal
LPL activity led to an increase in neurogenesis, assessed by BrdU and
neuronal marker co-labeling. Myriocin administration fully prevented the
increased neurogenesis in tyloxapol-treated rats (Figure S1) and LPL Hip—/—
mice (Figure S2), while it had no effect on neurogenesis in controls.

4. DISCUSSION
Fatty acid sensing by the brain plays a key role in the regulation of energy

homeostasis by the central nervous system (CNS) [8,34]. Within the last
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decade, there is a growing evidence to demonstrate that hypothalamic
fatty-acid-sensing is critical for the regulation of food intake as well as of
insulin secretion, hepatic glucose production and lipogenesis [8]. The
intracerebroventricular infusion of oleic acid has been shown to decrease
both food intake and hepatic glucose production [7,9]. However, the idea
that an increase in brain fatty acid levels could act as a satiety signal to
inhibit feeding appears counterintuitive, given that plasma fatty acid levels
do not rise substantially after food ingestion, but do rise significantly
during fasting [35], a situation in which food intake would be expected to
increase. On the other hand, plasma levels of triglyceride-enriched
lipoproteins do rise after food ingestion and could represent physiologically
relevant signals to modulate energy balance.

The TG-rich particles hydrolyzing enzyme LPL has recently been
demonstrated to play a role in the regulation of energy balance by
neurons [11]. The role of LPL in the brain is to convert TG-rich
lipoproteins into fatty acids locally, thus providing a signal of the
metabolic state to fatty-acid-sensitive neurons [12]. Mice lacking LPL in
neurons (NEXLPL—/— mice) were shown to develop transient hyper-
phagia and obesity further confirming a role for central TG hydrolysis in
body weight regulation [11]. However the precise structures that relay
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Figure 4: Increased body weight gain is related to increased parasympathetic nervous system activity and is prevented by myriocin treatment. (A and B) Parasympathetic nervous system activity
recorded in tyloxapol-treated and control rats with or without co-infusion with myriocin (A) and LPL Hip+/+ and LPL Hip —/— mice with or without myriocin treatment (B); n > 4 each. (C and D)
Quantification of parasympathetic nervous system activity in the 4 groups of rats (C) and mice (D); n> 4 each. * p< 0.05, ™ p< 0.001 vs. controls.
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the action of TG detection onto body weight remain elusive. In particular,
the hippocampus exhibits Lp/ mRNA levels and activity that are at least
2.5 times higher than in the cortex, cerebellum or remaining brain [19]
pointing at hippocampal TG hydrolysis as a potential mechanism linking
daily variation in TG particles and energy homeostasis.

In order to specifically address this hypothesis we used several
approaches and rodent models to selectively alter hippocampal TG
hydrolysis ability. The first approach relied on local infusion of the non-
ionic detergent tyloxapol (oxyethylated t-octylphenol polymethylene
polymer, also named Triton WR 1339), the second approach relied on
virus-mediated genetic knock out of Lp/ gene through bilateral injection
of AAV Cre-GFP into the hippocampus of Lp/®/** mice.

In both models, we demonstrated that dampening hippocampal LPL
activity in the hippocampus led to body weight gain. The body weight
changes were not due to change in food intake but rather involved a
decreased locomotor activity and decreased energy expenditure as well
as an increased parasympathetic tone. The reduction of hippocampal
LPL activity increases de novo ceramide synthesis, while the adminis-
tration of myriocin, a de novo ceramide synthesis inhibitor, completely
prevented metabolic disorders.

Among the physiological determinants that account for body weight gain,
we predict that increased parasympathetic nervous system activity, which
is known to facilitate energy storage by reducing energy expenditure [36]
come in addition to decreased locomotor-dependent energy expenditure
to achieve body weight gain in a feeding-independent manner.
Hippocampal lesion in rats leads to body weight gain when fed ad
libitum [14]. It has recently been reported that leptin signaling in the
hippocampus contributes to the inhibition of food-related memories elicited
by contextual stimuli [16]. In mice fed a high-fat diet, NMDA receptors in the
hippocampus are desensitized, possibly accounting for the cognitive deficits
associated with obesity [37]. Furthermore, in obese individuals, functional
magnetic resonance imaging (fMRI) studies have documented a discrepancy
in homeostatic and non-homeostatic integration of hunger related signals
that results in the opposite stimulation profile of hypothalamus vs.
sensorimotor, emotional and cognitive areas including the amygdala,
hippocampus, insula and precentral gyrus [38]. These observations suggest
a putative link between high fat diet, hippocampal dysfunction and altered
energy balance. Our data support this hypothesis and provide a physiological
and molecular mechanism by which daily variation of nutritional TG rich
particles directly alters hippocampus activity and body weight homeostasis.
As a major excitatory input to nucleus accumbens interneurons, the
hippocampus is thought to participate in the striatal encoding of goal
directed behavior [39]. It is therefore formally possible that the reduction of
nocturnal locomotor activity, following intra-hippocampal knock down of TG
hydrolysis, is an indirect consequence of decreased motivational output. In
that line, Ben Zeev et al. have observed a 60% increase in hippocampal LPL
activity in rats deprived of food for 12 h when compared to fed rats,
suggesting that hippocampal LPL activity during fasting could contribute to
the enhanced locomotor activity necessary for animals to search for food
[19]. In the fed state, in which animals did not have to move to find food,
hippocampal LPL activity was decreased. In addition, exercise and
hippocampal function have also been previously shown to be linked [40-42].
Brain areas controlling parasympathetic nervous system activity are located
in the lateral hypothalamus, and the number of c-fos/orexin-immunor-
eactive neurons in the perifornical lateral hypothalamus is positively
correlated with the amount of locomotion [43]. There are important
reciprocal connections between the hippocampus and the hypothalamus.
Projections between the lateral hypothalamus and the hippocampal dentate
gyrus, have been documented by Wayner et al., who showed that long-
term potentiation in hippocampal granule cells was inhibited by lateral
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hypothalamic afferents [44]. A recent study has demonstrated that
hippocampal BDNF levels were enhanced by hypothalamic stimulation,
in proportion to the metabolic rate [45]. Thus, any changes in hippocampal
activity may have an impact on specific lateral hypothalamic neurons, in
turn modifying parasympathetic activity and thus both locomotor activity
and energy expenditure, and eventually, body weight.

We identified de novo ceramide synthesis as a molecular mechanism by
which altered hippocampal TG hydrolysis affected energy balance.
Ceramide content was increased by hippocampal LPL inhibition whereas
blockade of de novo ceramide synthesis completely rescue the physiological
output of LPL knock down. By definition, a decrease in LPL activity would
limit the supply of fatty acids from outside the cell, likely triggering de novo
fatty acid synthesis in order to provide acyl-CoA to the ceramide synthesis
pathway. Consistently with this hypothesis, normal fat deposition in adipose
tissue can occur in the complete absence of LPL, and conversely, if LPL
activity is increased by pharmacological means, increased fat storage does
not necessarily follow [46]. For example, fat mass is preserved by the
endogenous synthesis of lipids in mice lacking LPL in adipose tissue [47], a
process that involves an increase in glucose uptake and the concomitant
induction of endogenous fatty acid and triglyceride production, probably
through a mechanism involving SREBP-1 (sterol regulatory element-binding
protein 1) [48]. Such a mechanism could also be involved in our study, with
decreased LPL activity leading to increased de novo synthesis of palmitoyl-
CoA, in the hippocampus. This could in turn be incorporated into the de
novo ceramide synthesis pathway, as described in other cells such as
monocytes [49]. The ceramides are known to act as an important cellular
signaling molecule, and recent literature pointed out that ceramides with
distinct acyls chains have different cellular functions [50]. In that view, it is
formally possible that TG rich particles, which under normal condition enter
the brain only during postprandial period, would not provide the main
substrate for ceramide synthesis but rather act as signaling modulator of
hippocampal cell activity.

The stimulation of de novo ceramide biosynthesis in the hippocampus could
affect its function through changes in neuronal plasticity and neurogenesis.
Hence, it has been reported that ceramide levels and/or composition are
important for proper dendritic spine maturation in hippocampal neurons [51]
and several studies have highlighted a role for lipids and dietary regulation
in the control of neurogenesis in the hippocampus [52,53]. The relationship
between global metabolic efficiency and neuroplasticity in the hippocampus
has also been demonstrated [54]. In our study, we observed that the
increased ceramide content associated with LPL activity knock down
correlated positively with neurogenesis as evidenced by BrdU labeling
(Supplementary Figures S1A and B and S2A and B). BrdU positive cells
were mainly putative neurons in rats (Figure S1C and D) and both putative
neurons and GFAP-positive astrocytes or neuronal precursors in mice
(Figure S2C and D). Ceramide synthesis inhibition resulted in the opposite
consequences. TG-mediated modulation of hippocampal neurogenesis
might provide a cellular basis for long-term adaptive mechanism in
response to nutritional changes.

To conclude, our study highlights for the first time on the role of hippocampal
LPL in the regulation of energy balance depending on de novo ceramide
biosynthesis pathway and the modulation of the parasympathetic nervous
system activity.
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