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SUMMARY

Consumption of a hypercaloric diet upregulates mi-
croglial innate immune reactivity along with a higher
expression of lipoprotein lipase (Lpl) within the reac-
tive microglia in the mouse brain. Here, we show
that knockdown of the Lpl gene specifically in
microglia resulted in deficient microglial uptake of
lipid, mitochondrial fuel utilization shifting to gluta-
mine, and significantly decreased immune reactivity.
Mice with knockdown of the Lpl gene in microglia
gained more body weight than control mice on
a high-carbohydrate high-fat (HCHF) diet. In
these mice, microglial reactivity was significantly
decreased in the mediobasal hypothalamus, accom-
panied by downregulation of phagocytic capacity
and increased mitochondrial dysmorphologies.
Furthermore, HCHF-diet-induced POMC neuronal
loss was accelerated. These results show that LPL-
governed microglial immunometabolism is essential
to maintain microglial function upon exposure to an
HCHF diet. In a hypercaloric environment, lack of
such an adaptive immunometabolic response has
detrimental effects on CNS regulation of energy
metabolism.

INTRODUCTION

Microglia are brain macrophages responsible for innate immune

reactivity, which is essential for maintaining a local microenvi-

ronment optimal for neuronal survival and functioning (Ketten-

mann et al., 2011; Li et al., 2012; Prinz and Priller, 2014). In

high-carbohydrate high-fat (HCHF)-diet-induced obese mice,
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microglial reactivity in the hypothalamus increases (Gao et al.,

2014; Thaler et al., 2012). Intracellular metabolism is closely

related with the function of immune cells (O’Neill et al., 2016).

Activated immune cells such as macrophages and T cells

have high metabolic demands (Newsholme et al., 1986; Oren

et al., 1963) and thus require a higher fuel influx. One of the

key enzymes involved in cellular fuel uptake is lipoprotein lipase

(LPL), the enzyme that delivers lipids by catalyzing triglyceride

(TG)-rich lipoproteins (Wang and Eckel, 2009). On a high-fat

atherogenic diet, LPL in mouse macrophages is important for

promoting foam cell formation through the degradation and

internalization of lipoproteins (Babaev et al., 1999). Among the

different types of brain cells, microglia show the highest level

of Lpl mRNA expression (Zhang et al., 2014; Zhang et al.,

2016). When we compared isolated hypothalamic microglia

from standard chow-diet-fed lean mice and HCHF-diet-induced

obesity (DIO) mice, we detected a significant increase in Lpl

gene expression in DIO mice, indicating that LPL might be

involved in the activation of hypothalamic microglia in animals

on an HCHF diet. We therefore generated ex vivo and in vivo

models with microglia-specific knockdown of the Lpl gene

and studied microglial immunometabolism and hypothalamic

neural responses to hypercaloric challenges.

RESULTS

Lpl Gene Expression Is Highest in Hypothalamic
Microglia
In primary cultured hypothalamic neurons, astrocytes, and mi-

croglia, we observed the highest Lpl mRNA level in microglia

(Figure 1A). In isolated hypothalamic microglia from mice that

had been on an HCHF diet for 1 day, 3 days, 7 days, 28 days,

or 10 weeks, microglial Lpl gene expression increased after

3 days on the HCHF diet compared with mice on a chow diet,

except for a transient decline on day 7 (Figure 1B). These data
uthors.
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Figure 1. LPL in Microglia Governs Micro-

glial Immunometabolism

(A) Lpl mRNA levels in hypothalamic primary

neurons (n = 5), astrocytes (n = 4), and microglia

(n = 3).

(B) The Lpl mRNA level is higher in hypothalamic

microglia isolated from mice on an HCHF diet for

3 days, 28 days, and 10weeks (n = 4–11) than from

chow-diet-fed mice (n = 7).

(C) The Lpl mRNA level is significantly down-

regulated in Lpl-KD microglia in primary cultures

with 5 days of 4-hydroxytamoxifen treatment; n = 7

per group.

(D) Dil-VLDL uptake in primary microglia.

(E) Dil-VLDL uptake is significantly blocked in

primary Lpl-KD microglia, n = 6 per group.

(F) Relative fuel dependency in Ctrl microglia

(n = 6–11) and Lpl-KD microglia (n = 7–11).

(G) The glutamine synthetase (Glul) mRNA level

is significantly increased in isolated microglia

from microglia-Lpl-KD mouse brains; n = 4 per

group.

(H) The Lpl-KD microglia survival rate (indicated

by relative luminescence) is decreased by the

glutaminase inhibitor BPTES; n = 7 per group.

Data are presented as mean ± SEM. *p < 0.05,

**p < 0.01, ***p < 0.001. Unpaired t test

was performed in all experiments. Scale bar,

20 mm.
suggest that microglial LPLmight be involved in the hypothalam-

ic mechanisms that regulates energy metabolism.

Lack of Microglial LPL Disrupts Intracellular Lipid
Metabolism
Next, we generated ex vivo primary cultured microglia with a

deletion of the Lpl gene. Mice carrying loxP-flanked Lpl alleles

(Lplfl/fl, C57BL/6 background) were crossed with mice carrying

tamoxifen-inducible CRE recombinase driven by theCx3cr1 pro-

moter (Cx3cr1CreERT2, C57BL/6 background). Primary microglia

from Lplfl/fl-Cx3cr1CreERT2 mice were used to generate Lpl

knockdown microglia (Lpl-KD, mixed gender). Primary microglia

fromCx3cr1CreERT2 mice were used as a control (Ctrl). All primary

microglia were treated with 4-hydroxytamoxifen to induce dele-

tion of the Lpl gene. Successful knockdown (KD) was confirmed

by the decrease of LplmRNA in Lpl-KDmicroglia compared with

the Ctrls (Figure 1C).

To test the uptake capacity of TG-rich lipoproteins, Lpl-KD

microglia and Ctrl cells were incubated with very-low-density

lipoprotein (VLDL) particles labeled with the fluorescent dye Dil

(VLDL-Dil), which can be taken up by hypothalamic microglia

(Valdearcos et al., 2014). Abundant Dil signals were detected in

Ctrl microglia but not in Lpl-KD microglia (Figures 1D and 1E),

indicating a significant downregulation of lipid uptake in Lpl-KD

microglia.

Subsequently, we found a significant decrease in major phos-

pholipid species, including glycerophosphoethanolamines,

glycerophosphocholines, and glycerophosphoinositols, in Lpl-
KD microglia (Figures S1A–S1C), suggesting a disrupted intra-

cellular lipid metabolism in microglia that lack LPL.

Microglia Lacking LPL Shift Mitochondrial Fuel
Utilization to Glutamine
To investigate whether the changes in intracellular lipid meta-

bolism in Lpl-KD microglia affect the fuel utilization by these

cells, we examined the oxidative substrate preference of micro-

glia by a mitochondrial fuel flex assay. In this assay, inhibitors

were added in a different order and in pre-designed combina-

tions to calculate dependency on glucose, fatty acid, and gluta-

mine oxidation from the changes in oxygen consumption rate

(OCR). Glucose and total fatty acid dependencies were not

significantly changed in Lpl-KD microglia (Figure 1F; Figures

S1D and S1E), although fatty acid dependency showed a trend

toward decrease in Lpl-KD microglia. Interestingly, glutamine

dependencywas significantly increased in Lpl-KDmicroglia (Fig-

ure 1F; Figure S1F). We also found that glutamine synthetase

gene expression was elevated in microglia isolated from micro-

glial Lpl-KD adult mouse brain compared with those from Ctrl

mouse brains (Figure 1G). Glutamine synthetase is an enzyme

that catalyzes the formation of glutamine from glutamate.

Consistently, by visualizing glutamate aspartate transporter

(GLAST)-EGFP in GLASTCreERT2-tdTomato-EGFP mice (Garcı́a-

Cáceres et al., 2016), we found GLAST gene expression in

microglia (Figures S1G–S1J), confirming that glutamine can be

synthesized from intracellular glutamate. However, we also

found that the total cellular glutamine and glutamate levels did
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not change in Lpl-KD microglia (Figures S1K and S1L), suggest-

ing a higher turnover of the glutamine-glutamate cycles in these

cells. Thus, Lpl-KD microglia are able to shift their fuel utiliza-

tion to glutamine to compensate for the reduced utilization of

fatty acids. We then found that inhibition of glutaminase by

N,N’-[thiobis(2,1-ethanediyl-1,3,4-thiadiazole-5,2-diyl)] bisben-

zeneacetamide (BPTES) resulted in a significant decrease in

primary microglial survival rates in Lpl-KD microglia (Figure 1H),

implying an essential role of glutamine-derived glutamate for cell

survival under Lpl-KD conditions.

To further confirm these results, we used a fluorescent

glucose analog, 2-deoxy-2-[(7-nitro-2,1,3-benzoxadiazol-4-yl)

amino]-D-glucose (2-NBDG), to evaluate microglial glucose

uptake. With 10 min of 2-NBDG incubation in primary micro-

glia at a concentration of 10 mM, we found no differences

between Lpl-KD microglia and Ctrl microglia (Figures S1M

and S1N). Also, we detected no differences in gene expression

of Glut1 and Glut5 between microglia isolated from microglial

Lpl-KD and Ctrl mouse brains (Figure S1O). Together with our

OCR measurements, these findings indicate that cellular

glucose metabolism was not significantly affected in microglia

lacking LPL.

Microglia Lacking LPL Show Attenuated Immune
Response and Phagocytic Capacity
To evaluate microglial immune reactivity in response to immune

challenges, we treated microglia with lipopolysaccharide (LPS).

We found that tumor necrosis factor alpha (TNF-a) gene expres-

sion was significantly lower in Lpl-KD microglia (Figure S2A).

Because high-fat-diet-derived fatty acids have been found to

be one of the major stimuli for microglial activation (Valdearcos

et al., 2014), we measured the microglial immune response to

palmitic acid (PA). Tnf-a gene expression in Lpl-KD microglia

was profoundly decreased compared with Ctrl microglia (Fig-

ure S2A). Because TNF-a produced by microglia is a critical

autocrine mediator in microglial activation (Kuno et al., 2005),

we checked phospho-nuclear factor kB (NF-kB) after TNF-a

stimulation and found a significant decrease in phospho-

NF-kB in Lpl-KD microglia (Figures S2B and S2C). These data

indicate an overall attenuated inflammatory response upon

pro-inflammatory stimuli in microglia lacking LPL.

To examine whether the attenuated immune response in mi-

croglia is associated with changes in their phagocytic capacity,

we measured the uptake of microspheres in primary microglia.

In Lpl-KDmicroglia, the uptake ofmicrosphereswas significantly

reduced compared with that of Ctrl microglia (Figures S2D and

S2E), indicating that lacking LPL impairs microglial phagocytic

capacity.

Generation of anAnimalModelwith PostnatalMicroglia-
Specific Deletion of Lpl
To further understand the function of microglial pathophysiology

in vivo, we generated amousemodel with specific deletion of the

Lpl gene from brain microglia at the adult stage. The use of the

Cx3cr1-CreERT2 mouse model for brain microglia-specific gene

modification has been characterized in detail in previous studies

(Goldmann et al., 2013; Yona et al., 2013). Briefly, Lplfl/fl mice

were crossed with Cx3cr1CreERT2 mice as described above.
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Male Lplfl/fl-Cx3cr1CreERT2 mice were used for these experi-

ments. After giving tamoxifen to Lplfl/fl-Cx3cr1CreERT2 mice at

6 weeks of age, the Lpl gene was deleted from microglia and

blood mononuclear myeloid cells (Figure S2F). Upon tamoxifen

withdrawal, within 2–3 weeks, Lpl gene-deleted mononuclear

myeloid cells in the periphery were replenished with newly

generated wild-type mononuclear myeloid cells from the bone

marrow, whereas microglia in the brain retained Lpl gene KD

(microglia-Lpl-KD).

To validate Lpl gene deletion, total DNA was isolated from

brain and blood mononuclear myeloid cells of microglia-Lpl-

KD and Ctrl mice 4 weeks and/or 10 weeks after tamoxifen injec-

tion and used for PCR analysis. After Cre-induced recombination

at the flox site spanning Lpl exon 1, a delta band of 409 bp

appeared in microglia-Lpl-KD mouse brains isolated at week 4

after tamoxifen injection (Figure S2G) but not in blood mononu-

clear myeloid cells of microglia-Lpl-KD mice isolated at week 4

after tamoxifen injection (Figure S2G). At week 10 after tamoxifen

injection, we also detected the delta band in hypothalamic tissue

of microglia-Lpl-KD mice (Figure 2A), thus confirming that Lpl

gene expression was significantly decreased in these microglia

compared with those of Ctrls (Figure 2B). Together, these data

demonstrate that tamoxifen-induced Cre recombination occurs

in microglia and other populations of long-lived myeloid cells in

the CNS, including perivascular macrophages that express

Cx3cr1.

Mice with Microglia-Specific Lpl Deletion on an HCHF
Diet Show an Exaggerated Metabolic Phenotype
To evaluate the functional significance of LPL in microglia under

physiological and hypercaloric diet conditions, we fed micro-

glia-Lpl-KD and Ctrl mice a standard chow or an HCHF diet.

Interestingly, the body weight gain, food intake, and body

composition of chow-diet-fed microglia-Lpl-KD mice were

similar to that of Ctrl mice (Figures S2H–S2K). On an HCHF

diet, microglia-Lpl-KD mice had a similar daily food intake as

Ctrls (Figure 2C). Also, no differences in food intake were found

in fasting-refed tests on an HCHF diet (data not shown). How-

ever, microglia-Lpl-KD mice had accelerated body weight

gain (Figure 2D), which can be attributed to greater fat mass

gain (Figure 2E). Glucose intolerance induced by the HCHF

diet was exaggerated in microglia-Lpl-KD mice compared

with Ctrls (Figure 2F). Although locomotor activity did not differ

between Ctrl and microglia-Lpl-KD mice on a daily basis (Fig-

ure 2G), microglia-Lpl-KD mice did have lower heat production

during the light phase, indicating less energy expenditure during

the resting period (Figure 2H). Because food intake was not

different between Ctrl and microglia-Lpl-KD mice, reduced

heat production might be the major cause of the body weight

gain (Tschöp et al., 2011). Furthermore, the respiratory

exchange rate (RER) was significantly lower in microglia-Lpl-

KD mice (Figure 2I), indicating that microglia-Lpl-KD mice

used more lipids as an energy substrate than Ctrl mice, possibly

because of their greater adiposity. These data demonstrate that

mice with a microglia-specific Lpl deletion were unable to

maintain the CNS mechanisms that control systemic glucose

and energy metabolism at the proper level when on an

HCHF diet.



Figure 2. Mice Lacking LPL in Microglia Have Exaggerated Metabolic Disorders on an HCHF Diet

(A) Efficient deletion of the Lpl gene is shown by recombined DNA sequence after Lpl exon 1 deletion in microglia-Lpl-KD mice by PCR in homogenized

hypothalamic tissue.

(B) The Lpl mRNA level is significantly downregulated in microglia isolated from microglia-Lpl-KD mouse brains; n = 6 per group.

(C) Food intake on an HCHF diet does not change in microglia-Lpl-KD mice; n = 6–8 per group.

(D) The body weight gain of microglia-Lpl-KD mice (n = 11) is significantly greater than that of Ctrl mice (n = 18).

(E) Fat mass is significantly higher in microglia-Lpl-KD mice; n = 5–6 per group.

(F) Blood glucose level at 30 and 60 min during a glucose tolerance test are significantly higher in microglia-Lpl-KD mice; n = 5–8 per group.

(G) Physical activity does not differ between control and microglia-Lpl-KD mice; n = 4 per group.

(H) There is significant lower heat production in microglia-Lpl-KD mice during the light phase, n = 4 per group.

(I) There is an effect of genotype on the respiration exchange rate in microglia-Lpl-KD mice during the light-dark cycle; n = 4 per group.

Data are presented as mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001. Unpaired t test was performed in (D) and (E) and in the area under the curve (AUC) in (F).

Two-way ANOVA was performed in (F). Repeated measures ANOVA was performed in (H) and (I).
Microglial Immune Reactivity to an HCHF Diet Is
Decreased in the Mediobasal Hypothalamus of Mice
with a Microglia-Specific Lpl Deletion
To investigate the mechanism behind the metabolic disorders

of microglia-Lpl-KD mice on an HCHF diet, we examined

microglia reactivity in the medial basal hypothalamus

(MBH)—the key CNS region regulating systemic energy meta-

bolism. Microglia reactivity was evaluated by iba1 immunore-

activity (iba1-ir). On a standard chow diet, the iba1-ir microglia

number, soma size, primary projections, and branching in

microglia-Lpl-KD mice did not differ from Ctrls (Figures

S3A–S3E). On an HCHF diet, the iba1-ir microglia number in

Ctrl mice was significantly increased compared with that of

mice on a chow diet, as we reported previously (Gao et al.,

2014). However, iba1-ir microglia number, soma size, primary

projections, and branching were significantly decreased in
microglia-Lpl-KD mice on an HCHF diet compared with Ctrl

mice on an HCHF diet (Figures 3A–3E).

Because phagocytosis represents a key process in micro-

glial immunity (Heneka et al., 2015), we subsequently evaluated

the phagocytic capacity of microglia. CD68 was used as the

in vivo phagocytic indicator. On a chow diet, we found no dif-

ferences between microglia-Lpl-KD and Ctrl mice (Figures S3F

and S3G). However, on an HCHF diet, significantly fewer CD68

ir-positive particles were found in microglia from microglia-Lpl-

KD mice in comparison with Ctrl mice (Figures 3F and 3G).

Consistent with this, we also found CD68 gene expression to

be decreased in the MBH of microglia-Lpl-KD mice on an

HCHF diet (Figure 3H). Thus, deletion of the Lpl gene in micro-

glia significantly attenuated microglial reactivity and phago-

cytic capacity in the MBH when the mice were exposed to

an HCHF diet.
Cell Reports 20, 3034–3042, September 26, 2017 3037



Figure 3. ReducedMicroglial ImmuneReactivity and Fewer POMCNeurons in theMediobasal Hypothalamus ofMicroglia-Lpl-KDMice on an

HCHF Diet

(A) Iba1-ir microglia in MBH.

(B–E) The Iba1-ir microglial cell number (B), soma size (C), primary projection (D), and branches (E) are significantly lower in microglia-Lpl-KDmouse MBHs on an

HCHF diet; n = 7 per group.

(F and G) CD68-ir particles per microglia are significantly lower in microglia-Lpl-KD mouse MBHs on an HCHF diet; n = 3–4 per group.

(H) Cd68 gene expression in HCHF-diet-fed microglia-Lpl-KD mouse MBHs are significantly lower; n = 5–7 per group.

(I) POMC-ir in MBH.

(J) The POMC-ir neuronal number is significantly lower in microglia-Lpl-KD mouse MBHs on an HCHF diet; n = 7–13 per group.

III, third ventricle. Data are presented as mean ± SEM. *p < 0.05, **p < 0.01. Unpaired t test was performed in all experiments. Scale bars, 100 mm in (A) and (I) and

10 mm in (F).
Diet-induced microglial activation has also been found to be

involved in hippocampal dysfunction in memory (Hao et al.,

2016). We found that, in Ctrl mice, 10-weeks of the HCHF diet

increased iba1-ir cell branches, but not cell numbers, compared

with the chow diet. This increase was significantly reduced in

microglia-Lpl-KD mice on an HCHF diet (Figure S3H). Thus,

our data confirmed that an HCHF diet could impair hippocam-

pus-dependent memory and that this impairment could be

affected by deletion of Lpl from microglia.

Mice with a Microglia-Specific Lpl Deletion Have
Accelerated Decrease of POMC Neurons When on an
HCHF Diet
Among others, the MBH contains the orexigenic agouti-related

peptide (AgRP)-neuropeptide Y (NPY) neurons and anorexi-

genic proopiomelanocortin (POMC) neurons. Comparing the

POMC and NPY neurons, we observed that reactive microglia

were more often adjacent to POMC neurons than to NPY

neurons (Figures S3I and S3J), as also observed previously

(Yi et al., 2017). We therefore examined POMC neurons in

the MBH of our microglia-Lpl-KD mice. On a chow diet, the
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POMC-ir neuron number did not differ between microglia-

Lpl-KD and Ctrl mice (Figures S3K and S3L), but with an

HCHF diet, we observed significantly fewer POMC-ir neurons

in microglia-Lpl-KD mice compared with Ctrl mice (Figures 3I

and 3J).

Microglia-Specific Lpl Deletion Results in Mitochondrial
Dysfunction in Both Microglia and Nearby Neurons
When on an HCHF Diet
Mitochondria are important cellular organelles involved in innate

immune signaling pathways (Nakahira et al., 2011; West et al.,

2011). To investigate whether the attenuated immunity in Lpl-

KDmicroglia is linked to mitochondrial dysfunction, we analyzed

the mitochondrial ultrastructure of microglia in the MBH (Figures

4A and 4B).

In comparison with normal mitochondria (Figure 4C1), dys-

morphic mitochondria in MBH microglia were characterized

by a lower matrix electron density (Figure 4C2), disrupted

crista structure (Figure 4C3), and inclusions (Figure 4C4). On

a chow diet, there was a significant increase, from 19% to

40%, of dysmorphic microglial mitochondria in the MBH of



Figure 4. Dysmorphic Mitochondria and Golgi Apparatus in Microglia and Adjacent Neurons in the MBHs of Microglia-Lpl-KD Mice

(A and B) Ultrastructure of mitochondria in microglia (M, outlined by a green line) and adjacent neurons (N, outlined by a pink line) in the MBHs of Ctrl (A) and

microglia-Lpl-KD (B) mice fed an HCHF diet. High magnifications of the mitochondrion in each cell (dark arrows) are shown at the right. *, nucleus of each cell.

(C1–C4) Normal mitochondrion (C1) and dysmorphic mitochondrion with less electron density (C2), disrupted crista structure (C3), and inclusions (C4).

(D) The dysmorphic mitochondrion ratio in microglia in the MBH is significantly higher in microglia-Lpl-KD mice than in Ctrl mice on an HCHF diet.

(E) The dysmorphic mitochondrion ratio in neurons adjacent to microglia in the MBH is significantly higher in microglia-Lpl-KD mice than in Ctrl mice on an

HCHF diet.

(F) Golgi apparatus in microglia in MBH.

(G and H) The average cisterna size (H), but not cisterna number (G), of the Golgi apparatus in microglia in MBH is significantly bigger in microglia-Lpl-KD mice

than in Ctrl mice on an HCHF diet. The area indicated by the dark arrow is amplified at the right.

Data are presented asmean ± SEM. **p < 0.01, ***p < 0.001. Unpaired t test was performed in all experiments. Scale bars, 2 mm in (A) and (B) (left) and (F) (left) and

200 nm in (A) and (B) (right) and (C) and (F) (right).
microglia-Lpl-KD mice in comparison with Ctrl mice (Figures

S4A and S4B). On an HCHF diet, we found significantly

more dysmorphic mitochondria in MBH microglia in micro-

glia-Lpl-KD mice compared with Ctrl mice (40% in Ctrl versus

65% in Lpl-KD mice; Figures 4A, 4B, and 4D). Moreover, the

total number of mitochondria in each microglia per section

tended to decrease in microglia-Lpl-KD mice (Figure S4C).

Neurons near the microglia exhibited a similar percentage of

dysmorphic mitochondria in microglia-Lpl-KD mice and Ctrl

mice on a chow diet (Figures S4D–S4F). While on an HCHF

diet, we found more dysmorphic mitochondria as well as

more autophagosomes in neurons close to microglia in the

MBH of microglia-Lpl-KD mice compared with Ctrl mice (Fig-

ures 4A, 4B, and 4E; Figures S4G–S4J). Because, upon

HCHF diet stimulation, most of the reactive microglia are

found adjacent to POMC neurons, we assume that many of
the microglia-adjacent neurons that possess dysmorphic

mitochondria are POMC neurons.

Lpl Deletion Induces Swelling of the Golgi Apparatus on
an HCHF Diet
Interestingly, we also observed a dysmorphology of another

important cell organelle—the Golgi apparatus. On an HCHF

diet, the Golgi apparatus in microglia from microglia-Lpl-KD

mouse MBH had a significantly larger cisterna size without

changes in cisterna number (Figures 4F–4H), indicating a

swelling of the microglial Golgi apparatus. The Golgi appa-

ratus processes secretory proteins and lipids and is involved

in the endocytic pathway and lysosome formation. Dysfunc-

tion of the Golgi apparatus in microglia with Lpl deletion

may also contribute to the impaired phagocytic capacity in

these cells.
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DISCUSSION

Hypothalamic microglia activation is associated with diet-

induced obesity (Gao et al., 2014; Thaler et al., 2012). However,

whether microglia activation has detrimental effects on hypotha-

lamic neurons is unclear. Here we provide evidence that LPL-

regulated intracellular microglia metabolism is important for

maintaining microglial immune responses in a hypercaloric envi-

ronment. LPL seems to be particularly important for supporting

its phagocytic capacity, which is fundamental for the clearance

of cell debris. LPL is thus a key player in microglial immunome-

tabolism, ensuring the homeostatic brain microenvironment

that is necessary for optimal functioning of the neurons in the

hypothalamus and other brain regions.

In the CNS, lipid metabolism is quite insulated from the circu-

lation. LPL has been described to translocate to the luminal

surface to hydrolyze VLDL in the blood. However, the transloca-

tion enzyme glycosylphosphatidylinositol-anchored glycopro-

tein has been reported to be undetectable in the CNS (Davies

et al., 2010). Thus, although LPL is highly abundant in microglia,

it might not be translocated through the blood-brain barrier to

take up lipoproteins directly from the circulation. In addition,

our fasting-refed test on an HCHF diet did not detect any differ-

ence between microglia-Lpl-KD and Ctrl mice, which also sup-

ports that LPL in microglia does not participate directly in the

sensing of peripheral lipids. Thus, the majority of the lipoproteins

hydrolyzed by microglial LPL are probably produced in the CNS.

Phospholipids are essential components of phagosome

formation and remodeling (Boulais et al., 2010). Here we found

that, in Lpl-KD microglia, the phospholipid content is profoundly

reduced, and, concomitantly, the phagocytic capacity is down-

regulated. Thus, intact LPL-regulated phospholipid homeostasis

is required for sufficient microglial phagocytosis. In Lpl-KD

microglia, glutamine utilization is upregulated. In macrophages,

glutamine is important for sustaining inflammatory responses

(Rogero et al., 2010; Wallace and Keast, 1992). Although, in

Lpl-KD microglia, glutamine utilization was increased, the phos-

pho-NF-kB response to TNF-a stimulation was downregulated,

indicating that microglial immune reactivity might require the

presence of both glutamine and lipids.

In neurodegenerative disease, reactive microglia associated

with inflammatory agents are considered amajor cause of nearby

neuronal death (Heneka et al., 2014). During acute neuronal injury,

such as that caused by alcohol toxicity, both microglial activation

and neurodegeneration are present (Ahlers et al., 2015). In mice

that lack neuro-apoptosis, microglial activation is largely abol-

ished. Thus, microglial activation is probably not the cause for

the neural injury, but necessary for the removal of dead neurons

and tissue recovery.We speculate that a similar microglia-neuron

interactivemechanism isoperative inmicroglia-Lpl-KDmice.Ona

chow diet, dysmorphic mitochondria are found in Lpl-KD micro-

glia but not in nearby neurons, and the POMC neuron number is

intact. This indicates that dysfunctional microglia are not the

cause of POMC neuron loss. On an HCHF diet, when metabolic

stress is induced, the neural debris generated by POMC neurons

exceeds the clearance capacity of Lpl-KD microglia because of

deficient microglial phagocytic capacity. POMC neurons will

retain more dysmorphic mitochondria and other cell debris, as
3040 Cell Reports 20, 3034–3042, September 26, 2017
indicated by an increase in autophagosomes, which might also

be in charge of mitochondrial autophagy (mitophagy) and other

intracellular pathological processes (Klionskyet al., 2014;Mizush-

ima,2007).All of thesechangesmighteventuallydrivePOMCneu-

rons to enter a dysfunctional stage.

Previously, we have shown a loss of POMC neurons in wild-

type mice after 4 months of HCHF diet (Yi et al., 2017). Our

current data suggest that such HCHF-diet-induced POMC

neuronal loss is accelerated when the nearby microglia are

less reactive because of lack of LPL. a-melanocyte-stimulating

hormones (a-MSHs) produced by POMC neurons decrease

food intake and increase energy expenditure by binding to

melanocortin receptors in discrete downstream areas. Intrigu-

ingly, microglia-Lpl-KD mice only had reduced heat production,

but not increased food intake, as expected from POMC neuronal

loss. This raises the possibility that other brain regions inside or

outside of the hypothalamus exert inhibitory effects on food

intake. Indeed, in microglia-Lpl-KD mice, we also observed

morphological changes in hippocampal and cortical microglia,

both on a chow and/or HCHF diet, indicating that other neural

circuits outside of the hypothalamus might be involved in dys-

regulation of the energy balance. Eventually, the concerted

changes inside and outside of the hypothalamic neural circuits

resulted in enhanced metabolic disorders in microglia-Lpl-KD

mice when on an HCHF diet.

Furthermore, the morphological changes in hippocampal and

cortical microglia also indicate that cognitive functions in micro-

glia-Lpl-KD mice may have changed. This possibility is sup-

ported by a recent study in which upregulation of Lpl gene

expression in a unique cortical microglia population has been

identified at an advanced stage of Alzheimer’s disease (Keren-

Shaul et al., 2017).

At least one remaining question that needs to be answered is

how the lipid metabolic disorder caused by the Lpl deletion even-

tually results in mitochondrial dysmorphology. Among the major

mitochondrialmorphology-regulating genes,we found anupregu-

lation of dynamin-related protein 1 (Drp1) (Figure S4K). Drp1 is a

key mediator of mitochondrial fission, and a previous study

showed that inhibition of Drp1 blocks cell death (Frank et al.,

2001). Whether mitochondrial dysfunction in microglia-Lpl-KD

mice is linked to increased Drp1 activity will be an important

subject for futurestudies. In thecurrent study,weonly investigated

the immune response and phagocytic capacity of Lpl-KD micro-

glia, taking into account the importance of LPL-gated fatty acid

production.Another importantquestion iswhether othermicroglial

functionswere altered in Lpl-KDmicroglia and can be attributed to

part of the observed phenotype. Finally, in the current study, we

exclusively studied male mice. Regarding the recent finding that

estrogen receptor alpha regulation of body weight interacts with

LPL-dependent lipid processing in the hypothalamus (Wang

et al., 2016), it needs to be studied whether female microglia-Lpl-

KDmicewill present differentmicroglial innate immunity inobesity.
EXPERIMENTAL PROCEDURES

Animals

Microglia-specific postnatal Lpl-KD mice were generated by crossing Lplfl/fl

mice with Cx3cr1CreERT2 mice (provided by Prof. Steffen Jung, Weizmann



Institute of Science), which harbor the tamoxifen-inducible Cre recombinase

driven by the chemokine (C-X3-C motif) receptor 1 (Cx3cr1) promoter (Yona

et al., 2013). At the age of 6 weeks, tamoxifen was given by intraperitoneal

(i.p.) injection for 5 days at a dose of 100 mg per injection to excise the loxP

site of Lpl. Lpl flox-homozygous and Cre-positive mice (Lplfl/fl-Cx3cr1CreERT2)

are referred to as the KD model. Their littermates, which were Cre-positive

but had an Lplwild-type sequence, served as Ctrls (Cx3cr1CreERT2). All studies

were approved by and performed according to the guidelines of the Institu-

tional Animal Care and Use Committee of the Helmholtz Center (Munich,

Bavaria, Germany).

Ex Vivo Microglial Lpl KD

Primary cells were isolated from neonatal Lplfl/fl-Cx3cr1CreER and Cx3cr1CreER

mouse brains.When themixed glial culture reached 90%confluency, L929 cell

line conditioned medium was added to the regular modified eagle medium

(MEM) (30% v/v) for 2 days to support microglial proliferation. After shaking

and seeding, microglia were treated with MEM + 10% fetal calf serum

(FCS) + 1% antibiotics + 1 mM 4-hydroxytamoxifen for 5 consecutive days.

Cells were then ready for experiments.

Plate-Based Respirometry

Oxygen consumption rate was recorded by a Seahorse XF analyzer to deter-

mine the microglial cellular respiration status. Microglia fuel dependency was

tested with a fuel flex test kit (Seahorse Bioscience).

Statistical Analysis

All results are expressed as mean ± SEM. Statistical comparisons were

performed using one-way, two-way, or repeated ANOVAwith GraphPad Prism

(GraphPad, San Diego, California, USA). Unpaired Student’s t test was

performed unless indicated otherwise.
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