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Hypothalamic inflammation, involving microglia activation in the arcuate nucleus (ARC), is pro-
posed as a novel underlying mechanism in obesity, insulin and leptin resistance. However, whether
activated microglia affects ARC neuronal activity, and consequently basal and hormonal-induced
food intake, is unknown. We show that lipopolysaccharide, an agonist of the toll-like receptor-4
(TLR4), which we found to be expressed in ARC microglia, inhibited the firing activity of the
majority of orexigenic agouti gene-related protein/neuropeptide Y neurons, whereas it increased
the activity of the majority of anorexigenic proopiomelanocortin neurons. Lipopolysaccharide
effects in agouti gene-related protein/neuropeptide Y (but not in proopiomelanocortin) neurons
were occluded by inhibiting microglia function or by blocking TLR4 receptors. Finally, we report
that inhibition of hypothalamic microglia altered basal food intake, also preventing central orexi-
genic responses to ghrelin. Our studies support a major role for a TLR4-mediated microglia sig-
naling pathway in the control of ARC neuronal activity and feeding behavior. (Endocrinology 156:

1303-1315, 2015)

eciprocal interactions between the central nervous
Rsystem (CNS) and the immune system enable the co-
ordination of immune responses to other physiological
processes, maximizing in turn the organism’s adaptability
to complex environments (1). It is now recognized that in
addition to adaptive immunity, complex neuroimmune
interactions implicate the innate immune system (2),
whose activation evoke varied behavioral changes, includ-
ing reduced food intake, sickness, and depression (2, 3).
Still, the precise brain circuitry and signals underlying in-
nate immunity-brain interactions in the context of specific
behaviors remain elusive.

In addition to sensing peripheral innate immune re-
sponses (3), the brain possesses its own innate immune
system, in which microglia constitute the main innate im-
munity effector cells. Thus, microglia are the first respond-
ers to injury and infections, releasing proinflammatory
signals including cytokines and chemokines (4).
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The hypothalamic arcuate nucleus (ARC) plays a piv-
otal role in food intake and body weight regulation (5, 6),
and itis directly implicated in metabolic diseases including
obesity and diabetes. The two major ARC neuronal types
include the orexigenic agouti gene-related protein (AgRP)
neurons [which coexpress the neuropeptide Y (NPY)] and
the anorexigenic proopiomelanocortin (POMC) neurons.
These neurons are the targets of circulating leptin and
ghrelin, and their activation results in opposing effects on
feeding and metabolism (7, 8).

Evidence for hypothalamic ARC inflammation, includ-
ing activated microglial cells, microglia IgG accumulation,
and enhanced inflammatory cytokines, has been reported
in experimental models of obesity and diabetes, support-
ing a pathophysiological link between microglia-mediated
inflammation and obesity, insulin, and leptin resistance
(9-14). Nevertheless, the precise cellular mechanisms
linking activated microglia and altered ARC function, ul-
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Abbreviations: ACSF, artificial cerebrospinal fluid; AgRP, agouti gene-related protein; ARC,
arcuate nucleus; AU, arbitrary unit; CNS, central nervous system; GFP, green fluorescent
protein; IBA1, ionized calcium binding adaptor molecule 1; ICV, intracerebroventricular;
LPS, lipopolysaccharide; LTD, low-threshold depolarization; Minoc, minocycline; NPY, neu-
ropeptide Y; POMC, proopiomelanocortin; TLR4, toll-like receptor-4.
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timately reflected in an altered ARC neuronal output, re-
main unknown. Furthermore, and even at a more funda-
mental level, whether activated microglia results in
changes in ARC neuronal activity has not been explored
thus far.

Lipopolysaccharide (LPS) is a commonly used inflam-
mogen that activates microglia (15). The toll-like recep-
tor-4 (TLR4), a member of the large family of pattern
recognition receptors that plays a critical role in innate
immune responses (16), is the primary LPS receptor (17,
18). TLR4 is predominantly expressed in brain microglia
(19, 20), mediating microglia responses to LPS (21-23).
Importantly, hypothalamic TLR4 activation triggered
production of proinflammatory cytokines, disrupting lep-
tin and insulin signaling (19, 24).

In this study, we dissected the functional consequences
of microglia activation in the ARC both at the single neu-
ronal and whole system levels. Using whole-cell patch-
clamp recordings from identified ARC neurons in rats and
mice, we investigated the consequences of TLR4-mediated
microglia activation on the firing activity of POMC and
AgRP/NPY neurons. Moreover, we tested whether hypo-
thalamic loss of microglia function in vivo affected the
CNS control of basal and ghrelin-induced food intake.

Materials and Methods

Animals

Data were obtained from male Wistar rats (200-250 g), pur-
chased from Harlan Laboratories, and from heterozygous trans-
genic NPY-green fluorescent protein (GFP) male/female mice
(20-35 g) (backcrossed seven generations onto C57BL [Horvath
etal (31)], kindly provided by Dr Matthias Tschop (Institute for
Diabetes and Obesity, Helmholtz Centre Munich, Munich, Ger-
many). The animals were housed in a temperature-controlled
environment with 12-hour light, 12-hour dark cycle (lights on at
7:00 AM) and given ad libitum access to food and water. All the
procedures used in this study were carried out in agreement with
Georgia Regents University Institutional Animal Care and Use
Committee guidelines.

Electrophysiology

Conventional whole-cell patch-clamp recordings were ob-
tained, as previously described (25). Briefly, male rats (n = 29)
or GFP-NPY mice (n = 16, male = 8 and female = 8) were
anesthetized and the brains harvested. Coronal hypothalamic
slices containing the arcuate nucleus were cut (230 wm) using a
vibroslicer. For electrophysiological recordings, a slice was
transferred to a submersion-type recording chamber, continu-
ously perfused (~2 mL/min~" at 30-32°C) with a standard ar-
tificial cerebrospinal fluid (ACSF) bubbled with a gas mixture of
95% O, and 5% CO,. The patch pipette internal solution con-
tained (millimoles): K-gluconic acid 130, KCI 20, HEPES 10,
EGTA 0.5, Mg-ATP 0.9, and Na-GTP 0.3. The pH was slowly
titrated to 7.25-7.30. Firing activity was recorded in the current-
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clamp mode, before and during TLR4 activation with lipopoly-
saccharide (LPS-EK, 10 pg/mL; catalog number tlrl-eklps; Invi-
voGen) in slices pretreated or not (1-2 h) with minocycline
hydrochloride (Minoc, 100 uM; Sigma-Aldrich). Firing rate (de-
fined as the number of spikes, sec™') was measured during a
control period (2 min period before drug application) and during
a period (8-9 min) that started 1 minute after the LPS admin-
istration. Neurons were considered responsive if a change in
firing rate of at least 10% was observed between control and LPS
administration. Detailed methods are described in the Supple-
mental Materials and Methods.

Fluorescence Immunohistochemistry

To study the distribution of microglia within the ARC, male
rats (n = 4) were deeply anesthetized and perfused transcardially
with 0.01 M PBS (150 mL at pH 7.4) followed by 4% parafor-
maldehyde (350 mL). Brain were removed and postfixed in 4%
paraformaldehyde for 3 hours at 4°C. Sequential coronal sec-
tions (25 um) through the ARC nucleus between bregma —2.12
and —2.8 (26) were cut with a cryostat and incubated for 24
hours in primary antibodies (Table 1) of rabbit microglia marker
antiionized calcium binding adaptor molecule 1 (IBA1) antibody
(019-19 741, 1:200; Wako) for IBA1 single staining, guinea pig
anti-AgRP polyclonal antibody (ab181493, 1:500; Abcam), and
goat-anti-POMC antibody (ab32893, 1:300; Abcam) for AgRP
and POMC costaining. To determine whether TLR4 is expressed
in ARC microglia, a different set of sections were incubated in a
cocktail of a goat anti-IBA1 antibody (ab5076, 1:1000; Abcam)
along with rabbit anti-TLR4 antibody (ab13556, 1:200; Ab-
cam). Reactions with primary antibodies were followed by 4
hours of incubation in the presence of (a) fluorescently labeled
secondary antibody (Jackson Immunoresearch Laboratories)
donkey antirabbit Cy5 (1:250, for IBA1), donkey anti-guinea pig
Cy3 (1:250, for AgRP), and horse antigoat fluorescein isothio-
cyanate (for POMC) or horse antigoat Cy5 (for IBA1) and horse
antirabbit Cy3 (for TLR4). Sections were also counterstained
with TOTO3 (1:10 000, 15 min; Molecular Probes) and then
mounted and visualized using confocal microscopy. Detailed
methods are described in the Supplemental Materials and
Methods.

Confocal Imaging

Immunofluorescence intensity was quantified using a thresh-
old paradigm, as previously described (27). The ARC nucleus
was manually traced using POMC and AgRP immunoreactivi-
ties as anatomical landmarks to delineate two main regions of
interestin ARC areas enriched with POMC (lateral ARC aspects)
and AgRP (medial ARC aspects) neuronal populations (28, 29).
Subsequently the channel containing the target signal (IBA1) was
used. Background fluorescence was subtracted from the images
from areas lacking immunoreactive signal, and a threshold was
set to pass intensities 1.5 times above background fluorescence.
The density of IBA1 threshold signal within the traced regions of
interest was obtained using the same demarcated areas and ex-
pressed as a percentage of threshold area (ie, a percentage of total
area containing threshold immunoreactive signal). The mean im-
munoreactivity intensity was also obtained from the same re-
gions and expressed as arbitrary units (AU) (27). Detailed meth-
ods are described in the Supplemental Materials and Methods.
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Table 1. Antibody Information
Manufacturer, Catalog

Peptide/ Number, and/or Name Species Raised

Protein Antigen Sequence Name of of Individual Providing (Monoclonal or Dilution

Target (if Known) Antibody the Antibody Polyclonal) Used

IBA1 17-kDa EF hand Anti-Ibal Wago; 019-19741 Rabbit, polyclonal 1:200
protein

AgRP Synthetic peptide Anti-AgRP Abcam; ab181493 Guinea pig, 1:500
within mouse AGRP polyclonal
(C terminal)

POMC C-terminal amino Anti-POMC Abcam; ab32893 Goat, polyclonal 1:300
acids 256-267 of
human POMC

IBA1 Amino acids 135-147 Anti-lba1 Abcam; ab5076 Goat, polyclonal 1:1000
of human Iba1

TLR4 Synthetic peptide Anti-TLR4 Abcam, ab13556 Rabbit, polyclonal 1:200
corresponding to
human TLR4 amino
acids 420-435

TLR4 Clone MTS510 MAb mTLR4/MD2 Invivogen; mab-mtlrdmd2 Mouse, monoclonal 0.1 mwg/mL

Intracerebroventricular administration of Minoc
and ghrelin

For inhibition of the microglial activity and administration
of ghrelin, lateral intracerebroventricular (ICV) infusion
probes (guiding probe) were placed into the lateral ventricle
(n = 29 male rats). ICV coordinates were adapted from pre-
vious studies (30). An acute ICV infusion of Minoc (100 ug
per 5 uL vehicle) and/or ghrelin (10 pg per 5 wL vehicle) was
performed 10 days after rats recovered from surgery and com-
pounds were injected at 9:00 am (2 h after lights on) via in-
sertion of injection needles into the guiding probe. Food in-
take was measured 2 and 4 hours after injection. For a more
long-term study, ICV Minoc infusion was performed for 5
days. On day 5, ICV ghrelin was injected at 9:00 aM, and food
intake was measured after 6 hours.

Statistical analysis

Results are expressed as mean = SEM. Electrophysiological
data were analyzed using a x* test or paired  tests, as indicated.
One- or two-way ANOVA was used for food intake studies, as
indicated. Correlation coefficients were done using Pearson cor-
relation test. Statistical analysis was performed using GraphPad
Prism 5.0 (GraphPad Software, Inc). Differences were consid-
ered significant at P < .0S.

Results

TLR4 signaling differentially regulates activity of
neuronal subpopulation in the arcuate nucleus
from rats

To evaluate the effect of LPS on arcuate nucleus neu-
ronal activity, we activated TLR4 using bath-applied ag-
onist LPS in hypothalamic brain slices containing the ARC
and measured changes in firing rate and membrane po-
tential in recorded neurons. ARC neurons responsive to

TLR4 activation were either stimulated (11 of 21) or in-
hibited (10 of 21) (Figure 1, A and B). To determine
whether these differential responses to TLR4 activation
could be due to distinct neurochemical phenotypes within
the ARC, we separately recorded from biocytin-filled neu-
rons and compared their responsiveness according to their
mediolateral distribution within the nucleus. Neurons
were arbitrarily categorized as medial ARC if located
within 0-140 um from the wall of the third ventricle,
whereas those located between 260 and 300 wm from the
third ventricle were categorized as lateral ARC. We found
that the majority of neurons located in the lateral ARC (9
of 11, 82%) (including the POMC immunoreactive neu-
rons) showed excitatory responses to TLR4 activation,
whereas the majority of neurons located in the medial
ARC (8 0f 10, 80%) (including POMC immune negative),
showed an inhibitory response to TLR4 activation (Figure
1C). The incidence of the response types between the lat-
eral and medial ARC neurons were significantly different
(P < .02, x* test).

A summary of changes in membrane potential and fir-
ing activity after TLR4 activation in the lateral and medial
ARC neurons is shown in Figure 2. Most lateral ARC
neurons showed a significant increase in firing rate (base-
line 1.40 * 0.33 Hz; LPS: 2.57 *= 0.63 Hz; n = 9) along
with a membrane depolarization (baseline, —40.7 * 3.6
mV;LPS, —37.9 = 3.8 mV;n = 9) in response to LPS (P <
.05 for both variables, paired # tests) (Figure 2, A and B).
The number of neurons showing an inhibitory response in
this group precluded meaningful statistical analysis. Con-
versely, most medial ARC neurons (8 of 10, 80%) showed
a significant decrease in firing rate after LPS (baseline,
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Figure 1. Effects of TLR4 activation on ARC neuronal activity. A, Examples of electrophysiological recordings obtained from ARC neurons
showing either an excitatory (left panel) or inhibitory (right panel) response to bath-applied LPS (10 wg/mL). The lower panels show action
potentials at an expanded time scale, taken from the underlined areas from the upper panels. Summary of the incidence of excitatory and
inhibitory neuronal responses observed in pooled ARC neurons (B) or according to neuronal distribution in lateral or medial ARC aspects (C).

Numbers on top of bars are the number of neurons per group.

0.59 = 0.06 Hz; LPS, 0.22 = 0.06 Hz; n = 8, P< .03,
paired ¢ test), which was not accompanied by a change in
membrane potential (baseline, —43.6 * 4.7 mV; LPS,
—43.8 = 6.7 mV; n = 8) (Figure 2, C and D). The low
number of neurons showing an excitatory response in this
group also precluded relevant statistical analysis. A plot of
percentage changes in firing rate vs changes in membrane
potential from all neurons submitted to TLR4 activation
failed to revealed a significant correlation between these
two parameters (r* = 0.36, P = .11).

In select cases, we were also able to identify recorded
biocyted-filled neurons as either POMC immunoreactive
(n = 7) (Supplemental Figure 1) or POMC immune neg-
ative (n = 6). Most ARC neurons recorded in rats (85%,
including POMC+, POMC—, and nonimmunoidentified
neurons) displayed large low-threshold depolarization
(LTD) when subjected to depolarizing steps of increasing
magnitude from a hyperpolarized holding potential (—90

mV) (Supplemental Figure 1). Largely linear changes in
membrane potential, but no evident LTDs, were observed
in the rest of the cells (not shown). It was therefore not
possible to differentiate ARC neuronal phenotypes based
on basic intrinsic membrane properties. Taken together,
our results suggest that POMC neurons exhibit excitatory
responses, whereas AgRP neurons show inhibitory re-
sponses to TLR4 activation.

TLR4 activation evokes inhibitory responses in
mouse AgRP/NPY neurons

To more conclusively address cell type-dependent ARC
responses to TLR4 activation, we preformed recordings in
transgenic GFP-NPY mice in which AgRP/NPY neurons
are readily identified based on the expression of GFP (31).
A representative example of a recorded GFP-NPY neuron
in a mouse hypothalamic slice is shown in Supplemental
Figure 2. Similar to rat ARC neurons, most GFP-NPY and

The Endocrine Society. Downloaded from press.endocrine.org by [${individua User.displayName}] on 27 March 2015. at 04:52 For personal use only. No other uses without permission. . All rights reserved.


http://press.endocrine.org/doi/suppl/10.1210/en.2014-1849/suppl_file/en-14-1849.pdf

doi: 10.1210/en.2014-1849

Lateral Arcuate

A ACSF +LPS
3001 mmm Excitation (n=9)

9 £33 Inhibition (n=2)

@ 2001 N

o

c

©

=

: i

(o]

£

.

E

<
_100_ —L

ACSF ACSF
B + +
ACSF LPS ACSF LPS
0-
-10-
-20-
£ -30-
E -40-
*
50- -~ 1
-60- @B Excitation (n=9)
.704 33 Inhibition (n=2)

endo.endojournals.org 1307

Medial Arcuate

@)

ACSF + LPS
3007 mmm Excitation (n=2)
9 £33 Inhibition (n=8)
0 200
(]
(o]
c
£ 1004
3]
(2]
£
S o0-
[
< |TI
-100- +

10mV|1min
ACSF ACSF
D + +
ACSF LPS ACSF LPS
0-
-104
-204
£ -30
£ -40
> _50- o= = =
-60 @R Excitation (n=2)
.704 B33 Inhibition (n=8)

Figure 2. Contrasting effects of TLR4 activation on laterally and medially located ARC neurons. Mean changes in firing activity (A) and mean
changes membrane potential in neurons (B) located in lateral aspects of the ARC after LPS (10 wg/mL) application are shown. Mean changes in
firing activity (C) and mean changes in membrane potential in neurons (D) located in medial aspects of the ARC after LPS (10 wg/mL) application
are also shown. Representative examples of the most predominant response in each group is shown in the traces in panels A and C. Note that LPS
increased and decreased the degree of firing activity in most neurons located in the lateral and medial ARC, respectively. +, P < .05 (paired t test
within its own group). Data are represented as mean = SEM. *, P < .05 compared with ACSF group (paired t test).

non-GFP-NPY ARC neurons in mice displayed large LTD
when subjected to depolarizing steps of increasing mag-
nitude from a hyperpolarized holding potential (=90 mV)
(Supplemental Figure 2). In response to LPS, most respon-
sive GFP-NPY neurons (14 of 16, 87.5%) displayed a de-
crease in firing discharge (baseline, 0.63 = 0.12 Hz; LPS,
0.09 = 0.03 Hz, P > .05, paired t test) (Figure 3, A and B).
This inhibition, however, was not accompanied by mem-
brane hyperpolarization (Figure 3C). The rest of the re-

sponsive neurons (2 of 16, 12.5%) showed an increase in
firing activity. In these mice, only two of the total AgRP/
NPY neurons tested (18) were nonresponsive. Similar
LPS-mediated decreases in firing activity were observed
when data were compared between male and female mice
(Supplemental Figure 3). Finally, and similar to recordings
obtained from ARC neurons in rats, we failed to reveal a
strong and significant correlation between percentage
changes in the firing rate vs changes in the membrane po-
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Figure 3. TLR4 activation inhibits most GFP-NPY neurons in mice. A, Summary of the incidence
of ARC GFP-NPY neuronal responses to LPS (10 wg/mL) in the absence or presence of Minoc (100
uM). B, Bar graphs and representative example of the effects LPS on GFP-NPY mean firing
activity. C, Mean changes in membrane potential. D, Bar graphs and representative example of
the effects LPS in the presence of Minoc on GFP-NPY mean firing activity. E, Mean changes in
membrane potential (n = number of neurons). Data are represented as mean * SEM. +, P < .05
(paired t test within its own group). *, P < .05 compared with Minoc (no LPS) group (paired t

test).

tential from all GFP-NPY neurons submitted to TLR4 ac-
tivation (r* = 0.45, P = .06).

Conversely, in most non-GFP-NPY neurons (four of
seven, 57.1%), TLR4 activation evoked an increase in
firing activity (not shown). These data are in agreement
with our results obtained in rat medial ARC AgRP/NPY

Minoc LPS
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cycline derivative that inhibits mi-
croglia activation (32-35). In re-
cordings obtained from identified
GFP-NPY neurons in mice (Figure 3,
A, D, and E), we found that in the
presence of Minoc, most GFP-NPY
neurons failed to show a change in
firing activity in response to TLR4
activation (five of nine, 55.6%).
However, a small (<2 mV) thought
significant membrane depolarization
was still observed (Figure 3E). In this
treatment, only three of nine neurons
(33.3%) still showed a decreased in
firing rate (baseline, 0.41 + 0.13 Hz;
LPS, 0.42 = 0.13 Hz), which was not
accompanied by membrane hyper-
polarization (Figure 3, D and E). In
summary, most TLR4-mediated in-
hibitory responses in GFP-NPY neu-
rons were blunted in the presence of
minocycline, resulting in an overall
difference in the incidence of re-
sponse types when comparing TLR4
responses in ACSF vs Minoc in these
neurons (P > .05, x* test).

Differently from what we observed in control condi-
tions in rat ARC neurons (ie, about equal proportions of
excited and inhibited responsive neurons) (Figure 1B),
TLR4 activation in rat slices pretreated with Minoc for
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+ +
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Figure 4. Inhibition of activated microglia cells prevented TLR4-mediated inhibition of medial, but no lateral, ARC neuronal activity. Summary of the incidence
of excitatory and inhibitory neuronal responses to LPS (10 ug/mL) in slices preincubated with Minoc (100 uM) observed in pooled ARC neurons (A) or according
to neuronal distribution in lateral or medial ARC aspects (B). Numbers on top of bars are the number of neurons per group. Mean changes in firing activity (C)
and mean changes membrane potential (D) in neurons located in medial aspects of the ARC after LPS application (10 ug/mL) in slices preincubated with Minoc
(100 uM). Mean changes in firing activity (E) and mean changes in membrane potential (F) in neurons located in lateral aspects of the ARC after LPS application
(10 pg/mL) in slices preincubated with Minoc (100 wM). Representative examples of the most predominant response in each group are shown in the traces in

panels C and E. Data are represented as mean =+ SEM. +, P < .05 (paired t test within its own group); *, P < .05 compared with Minoc (no LPS) group (paired t
test).

1-2 hours (see Materials and Methods) resulted in a ma-  a decreased activity (7 of 29, ~24%) (Figure 4A). When
jority of responsive neurons showing an increased firing ~ we subsequently analyzed rat ARC neurons according to
activity (22 of 29, ~76%), whereas the minority showed  their topographical distribution, we found a complete
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shift in the response pattern of rat medial ARC neurons in
the presence of Minoc (Figure 4, B and C). Thus, differ-
ently from what we observed in control conditions (see
Figures 1C and 2C), most medial ARC neurons (11 of 15,
~73%) showed an excitatory response to TLR4 activa-
tion, characterized also by membrane depolarization
(baseline, —39.7 = 2.35mV; LPS, —33.1 = 2.77mV) and
an increase in firing discharge (baseline, 1.31 * 0.17 Hz;
LPS, 2.07 £ 0.22 Hz, P < .05 for both variables, paired #
test) (Figure 4, C and D), whereas an inhibitory response
was observed only in the remainder (4 of 15, ~27%) (Fig-
ure 4B). Consequently, the overall incidence of response
types in medial ARC neurons in control ACSF and in the
presence of Minoc was significantly different (P > .05, x*
test).

Conversely, Minoc did not affect the response to LPS in
neurons in the lateral ARC (Figure 4, B and E). Thus,
similar to what we observed in control conditions, TLR4
activation induced excitatory responses in 11 of 14
(~79%), characterized by a significant membrane depo-
larization (baseline, —42.89 = 1.91 mV; LPS, —38.06 =
1.68 mV) and increased firing discharge (baseline, 0.92 +
0.20 Hz; LPS, 1.50 + 0.29 Hz, P < .05 for both variables,
paired ¢ test) (Figure 4, B, E, and F). Accordingly, the
overall incidence of response types in lateral ARC neurons
in control ACSF and in the presence of Minoc was not
significantly different (P > .9, x* test). Taken together, our
results indicate that inhibitory (but not excitatory) re-
sponses evoked by TLR4 activation in AgRP/NPY neu-
rons are largely blunted in the presence of a microglia cell
inhibitor, supporting a cell type-dependent contribution
of microglial cells to neuronal regulation in the ARC.

TLR4 mediates LPS-inhibitory actions in mouse
arcuate neuronal activity

TLR4, the primary LPS receptor, is predominantly ex-
pressed in microglia and mediates microglia responses to
LPS (19, 20). Given, however, the disparate cell type-de-
pendent effects of LPS on ARC neuronal activity as well as
the cell type-dependent contribution of microglia to these
effects, we investigated the exact contribution of TLR4 to
the reported LPS-mediated effects. To this end, we used a
purified monoclonal antibody against mouse TLR4 (Ta-
ble 1), previously shown to efficiently neutralize TLR4
responses to LPS (36). Because this antibody reacts only
with mouse TLR4, experiments were performed in ARC
brain slices obtained from male C57BL mice (n = 4). Slices
were preincubated for approximately 3.5 hours in ACSF
containing 0.1 pg/mL mTLR4 antibody and then sub-
jected to LPS application as above. As shown in Figure 5,
inhibitory responses to LPS in the presence of the TLR4
antibody were abrogated (1 of 11), whereas excitatory
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Figure 5. TLR4 blockade abrogated LPS-evoked inhibitory responses
in mice ARC neurons. A, Summary of the incidence of mice ARC
neuronal responses to LPS (10 ug/mL) in slices preincubated in the
presence of a purified monoclonal antibody against mouse (mTLR4
antibody, 0.1 wg/mL). B, Bar graphs summarizing the effects LPS on
mean firing activity. C, Mean changes in membrane potential in the
presence of the mTLR4 antibody (n = number of neurons). Data are
represented as mean + SEM. +, P < .05 (paired t test within its own
group); *, P < .05 compared with mTLT4 (no LPS) group (paired t test).

responses still persisted (6 of 11) (Figure 5A). Mean
changes in firing rate in this condition are shown in Figure
5B (excitatory response values: baseline, 0.46 = 0.19 Hz;
LPS,0.82 = 0.29 Hz, P < .05, paired ¢ test), which was not
accompanied by a change in membrane potential (Figure
5C). These results are in general agreement with results
obtained in Minoc (both in rats and mice) in which inhib-
itory, but not excitatory responses, were blunted.

Topographical distribution of microglia and TLR4
expression in the ARC

Immunostaining of microglial cells with the microglia
marker IBA1 (37) was used to assess the distribution of
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Figure 6. Topographical distribution of microglial cells and microglial TLR4 expression in the rat ARC. A1, Representative confocal
photomicrograph showing immunofluorescence staining for AgRP (red) and POMC (green) in the ARC. A2, The same image is shown with lines
delimiting the POMC (lateral) and non-POMC (medial) areas used for quantification. A3, immunofluorescence staining for IBA1-positive (white)
microglia cells. Numbers in A3 represent the IBA1 density values for each subregion of the arcuate displayed. B, Summary data showing mean
differences in IBA1 staining intensity (left panel) and density (right panel) between POMC and non-POMC ARC regions. C, Confocal
photomicrograph showing TLR4 (red) and IBA1 (blue) staining in the ARC. Note the presence of TLR4 staining in microglia cells (purple). Data are
represented as mean * SEM. *, P < .05 compared with POMC group (paired t test). 3V, third ventricle.

microglial cells within the ARC, which was further delin-
eated by POMC and AgRP immunostaining. Although
our results showed robust POMC somata staining, AgRP
labeled only thin processes, which as previously described,
which were enriched in lateral aspects of the ARC-con-
taining POMC neurons (see Figure 6A) (28, 29). Thus, for
quantitative purposes, we compared IBA1 staining in lat-
eral POMC enriched areas vs medial POMC-negative ar-
eas (see Figure 6, A1-A3). Interestingly, although IBA1-
stained microglial cells were observed throughout the
ARG, they appeared to be heterogeneously distributed,
with a significantly higher predominance, as shown by a
higher IBA1 density and intensity signal (POMC, 58.5 =
4.1 AU; non-POMC,49.9 + 3.7 AU, P < .05, paired ¢ test)
in lateral POMC-enriched aspects of the ARC compared
with more medial, POMC-lacking areas (see Figure 6B).
To determine whether ARC microglia expressed TLR4,
we used mouse brain tissue because the TLR4 antibody we
tested reacts with mouse tissue (it also reacts with human
tissue but was not applicable in the present study). As
shown in the representative example in Figure 6C, we
found a considerable degree of positive TLR4 staining
within IBA1-stained microglia cells within the ARC.

Microglia inhibition alters feeding responses to
ghrelin

The results mentioned above indicate that microglia
activation influences ARC neuronal excitability, inhibit-
ing primarily AgRP/NPY neurons. We next investigated
whether neuronal-mediated microglia actions themselves
affected food intake as well as orexigenic effects of cen-
trally applied ghrelin. ICV administration of ghrelin (10
pg/per 5 pL vehicle), an orexigenic concentration based
on previous studies (38), increased food intake at 2 and 4
hours after the injection (P < .05 and P < .01, respectively,
Bonferroni’s post hoc test, two way ANOVA) (Figure 7A).
ICV administration of Minoc alone (100 pg per 5 uL
vehicle) affected food intake. A strong tendency for an
increased food intake was already observed 2 hours after
the injection, which became statistically significant at 4
hours (P < .01, Bonferroni’s post hoc test, two way
ANOVA) (Figure 7A). Importantly, coadministration of
Minoc + ghrelin failed to increase food intake 2 hours
after the injection, and although an increased food intake
was observed at 4 hours (when compared with control)
(P < .05, Bonferroni’s post hoc test one way ANOVA),
this effect was not different from that observed by either
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Figure 7. Effects of ICV minocycline on basal food intake and ghrelin-mediated orexigenic
actions. A, Summary showing mean effects of acute ICV administration of saline (control),
Minoc, ghrelin, or the combination of minocycline and ghrelin (n = 4 for each group). Food
intake was measured 2 and 4 hours after acute administration. *, P< .05, **, P< .01 compared
with respective time control groups (Bonferroni’s post hoc test). B, Summary effects on food
intake of an acute ICV administration of saline or ghrelin in rats that previously received ICV
injections saline or ICV Minoc. Groups included (acute-chronic) saline-saline (n = 6), ghrelin-
saline (n = 6), saline-Minoc (n = 4), and ghrelin-Minoc (n = 5). Food intake was measured 6
hours after acute saline/ghrelin infusions. Data are represented as mean + SEM. *, P < .05 vs

saline-saline group (Bonferroni’s post hoc test).

Minoc or ghrelin alone (Figure 7A). These results suggest
that microglia inhibition per se increased food intake, in-
terfering with and/or occluding the orexigenic effect of
ghrelin. To further test whether this was the case, we per-
formed another set of experiments, in which microglia
activity was inhibited prior (ICV Minoc for 5 d) to ghrelin
administration. As shown in Figure 7B, mice receiving ICV
saline for 5 days showed a significant increase in food
intake in response to an acute ICV infusion of ghrelin (P <
.05, Bonferroni’s post hoc test one way ANOVA). Con-
versely, in mice receiving ICV Minoc for 5 days, a tendency
for a higher baseline food intake was already observed,
and ICV ghrelin failed to evoke a further increase in food
intake (P = NS, Bonferroni’s post hoc test one way
ANOVA (Figure 7B).

Discussion

Using patch-clamp electrophysiology and immunohisto-
chemistry in rats and GFP-NPY transgenic mice, we report
the following: 1) acute exposure to LPS evoked excitatory
responses in most POMC neurons and inhibitory re-
sponses in AgRP/NPY neurons; 2) LPS effects in AgRP/
NPY (but not in POMC) neurons were blocked when mi-
croglia function was inhibited or when TLR4 receptors
were blocked; 3) TLR4 receptors are expressed in ARC
microglia, and although microglia cells were present
throughout the ARC, a predominant distribution was ob-
served in POMC-enriched regions; and 4) inhibition of
hypothalamic microglia function affected orexigenic re-
sponses to ghrelin. Taken together, our results indicate
that activation of ARC microglial TLR4 evokes cell
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type-selective neuronal responses,
leading to a predominant inhibition
of AgRP/NPY activity. Although
T previous studies evaluated the effects
of LPS/TLR4-mediated inflamma-
tion on ARC ¢-FOS and neuropep-
tide mRNA measurements (39-42),
this is, to the best of our knowledge,

Ghrelin

+
Saline

the first study to demonstrate the

Saline  Ghrelin
+ + . . .
Minoc  Minoc consequences of microglial cell acti-

vation on firing activity within iden-
tified ARC neuronal populations. Fi-
nally, our results support an active
role of microglia in the modulation
of basal food intake and its regula-
tion by ghrelin.

A major finding from our study is
that TLR4 activation evoked con-
trasting responses in the firing activ-
ity of ARC neurons. To determine
whether these represented differential effects within selec-
tive ARC neuronal populations, we used a combination of
complementary approaches. First, we differentiated neu-
rons according to their topographical location within the
ARG, based on the well-established fact that mediobasal
aspects of the ARC are enriched in AgRP/NPY neurons,
whereas lateral aspects are enriched in POMC neurons
(43). Given that this topographical segregation is not ab-
solute, we also identified post hoc the neurochemical phe-
notype of a subgroup of recorded neurons (44). A limita-
tion of this approach is that cell dialysis during whole-cell
patch clamp recordings diminish cytoplasmic immunore-
activity, resulting in a low-throughput. Moreover, al-
though the POMC antibody labeled neuronal somata, the
AgRP antibody predominantly labeled axonal processes
(eg, Supplemental Figure 1 and Figure 6), thus precluding
immunochemical identification of AgRP/NPY immuno-
reactive neurons. Despite these technical limitations, we
were still able to positively identify a subset of recorded
neurons as POMC immunoreactive, whose response pat-
tern to TLR4 activation was similar to that reported in
most the population of lateral ARC neurons (ie, increased
firing activity). To further circumscribe these limitations,
we also obtained recordings from GFP-NPY ARC neurons
in transgenic mice. Taking into account all these combined
approaches, our results strongly suggest that LPS-medi-
ated excitatory responses were predominantly observed in
POMC neurons, whereas inhibitory responses were pre-
dominantly observed in AgRP/NPY neurons. Our results
are in agreement with previous studies showing that LPS
treatment reduced the number of fasting-induced c-FOS
expression in NPY ARC neurons (39) while increasing
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ARC POMC and cocaine- and amphetamine-regulated
transcript mRNA levels (42).

Moreover, an important observation was that in sev-
eral cases, LPS-mediated changes in firing activity did not
occur concomitantly with changes in membrane potential.
In fact, a very weak correlation between these two param-
eters was observed, suggesting that a mechanism other
than membrane depolarization/hyperpolarization con-
tributed to LPS effects. As most ARC neurons in this study
were spontaneously active, changes in any conductance
that affected the action potential waveform, as well as
changes in the frequency or randomness of postsynaptic
potentials, could affect the degree of firing discharge with-
out necessarily evoking a sustained change in membrane
potential.

In addition to the differential net effect of LPS on neu-
ronal activity between POMC and AgRP/NPY neurons,
our results also suggest a differential cellular substrate and
signaling mechanism underlying these effects. We found
that microglial cell inhibition with Minoc (33) largely
blunted TLR4-mediated inhibitory effects in AgRP/NPY
neurons, without substantially affecting excitatory re-
sponses in POMC neurons. An important caveat to con-
sider, however, is that although Minoc is widely used as a
microglia cell inhibitor (32-35), other signaling pathways
can also be targeted (32, 45, 46). Further supporting the
involvement of microglia, we found that blockade of
TLR4 also largely blunted inhibitory (but not excitatory)
responses to LPS. As stated above, previous studies
showed that TLR4 are predominantly expressed in mi-
croglial cells (19, 20), a fact we corroborated in our study
in IBA1-stained ARC microglial cells (Figure 6). Thus,
taken together, our results strongly support that activation
of microglial TLR4 receptors in the ARC leads to AgRP/
NPY neuronal inhibition.

In contrast to these actions, we found that LPS-medi-
ated increase in ARC firing activity, the predominant re-
sponse observed in POMC neurons, was not dependent on
activated microglial cells (ie, were not blocked by Minoc
or the TLR4 antibody). A noteworthy difference between
the Minoc effect in ARC neurons in rats and mice emerged
from our studies. In rat AgRP/NPY neurons, Minoc not
only blunted inhibitory responses but also unveiled an
excitatory response to TLR4 activation (ie, the predomi-
nant response switched from 80% inhibition to 73% ex-
citation before and after Minoc, respectively). Thus, al-
though AgRP/NPY neurons in the rat ARC are amenable
to both inhibition (via a TLR4-microglia dependent mech-
anism) and stimulation (via a TLR4-microglia indepen-
dent mechanism) by LPS, the inhibitory effect predomi-
nates. Conversely, in mice AgRP/NPY neurons, Minoc
treatment largely blocked inhibitory responses to TLR4
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activation, resulting in more nonresponsive neurons,
without altering the incidence of excitatory responses. We
currently do not have an explanation for these species-
dependent differences in Minoc effects on ARC neurons.

Although the present results strongly support cell type-
differential responses to microglia TLR#4 activation in the
ARC, important questions remain to be answered. For
example, in contrast to a predominant TLR4, microglia-
mediated functional effect on AgRP/NPY neurons, we
found a predominant distribution of microglia in lateral,
POMC-enriched ARC regions. These results suggest that
mechanisms downstream to the activated microglial cells,
eg, differential neuronal sensitivity to microglial-derived
signals, likely contributed to such cell type-selective re-
sponses. Given that a plethora of molecules are known to
be released by activated microglia, including cytokines,
chemokines, and a variety of neuroactive substances, such
as nitric oxide and reactive oxygen species, it is beyond the
scope of this work to address their relative contribution to
the effects reported here. Based on recent study by Borner
et al (47), however, showing that LPS inhibited, in an
inducible nitric oxide synthase-dependent manner, orexi-
genic ghrelin-sensitive ARC neurons, it is reasonable to
speculate a contribution of inducible N nitric oxide O
synthase-nitric oxide to the TLR4-mediated microglia in-
hibition of AgRP/NPY neurons.

It is also important to acknowledge the fact that LPS
excitatory responses persisted after Minoc and TLR4 re-
ceptor blockade. These results suggest that a microglia,
TLR4-independent mechanism is involved in mediating
these actions. Evidence for TLR4-independent responses
to LPS has been reported, including activation of nicotin-
amide adenine dinucleotide phosphate oxidase (48) and
ceramide-activated protein kinase (49). Clearly, future
studies are warranted to investigate the precise signaling
mechanisms underlying TLR4-mediated effects on ARC
neuronal activity.

Based on our results showing that TLR4-mediated mi-
croglia activation resulted in a predominantly inhibitory
effect on AgRP/NPY neurons, a proanorectic effect would
be anticipated after microglia activation. This is in agree-
ment with the well-established anorectic effect mediated
by LPS-induced inflammation (50), as well as the notion
that these effects result from interactions with the central
melanocortin system (51, 52).

Finally, to gain more insights into the functional im-
plications of microglia effects on ARC neuronal activity,
we performed in vivo studies in which we evaluated the
role of microglia on basal food intake as well as on orexi-
genic effects of ghrelin. Our results showed that microglia
inhibition with Minoc (32-335) per se for a period of 2—-4
hours, increased food intake and interfered with and/or
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occluded orexigenic effects of centrally administered ghre-
lin. Based on these results, along with our in vitro studies
showing an inhibitory action of microglia activation on
AgRP/NPY neurons, it is reasonable to speculate that mi-
croglia in situ tonically inhibit AgRP/NPY activity. Thus,
microglia inhibition by Minoc would lead to an increased
AgRP/NPY activity along with an orexigenic output from
the ARC, which could be sufficient to occlude a subse-
quent orexigenic stimulus by ghrelin. Unfortunately, due
to the limited time that a neuron can be recorded in the
whole-cell patch clamp technique, we were unable to test
in vitro whether Minoc per se affected the firing activity of
ARC neurons within the time frame that changes in food
intake were observed. Although additional studies are
needed to thoroughly elucidate the underlying mecha-
nisms and players mediating microglia effects on food in-
take, our combined in vitro and in vivo approaches do
support a major role of a microglia TLR4-mediated path-
way in the regulation of ARC neuronal activity and, con-
sequently, food intake.

Finally, it is important to take into consideration that in
this work we evaluated the acute effects of microglia activa-
tion on ARC neuronal activity. Thus, whether the reported
responses persist after sustained microglia activation, such as
during the established phase of a local inflammatory process,
remains to be determined. This is relevant within the context
of a recent study that showed that during high-fat diet-in-
duced ARC inflammation, the microglia activation profile at
the initial stages served as a neuroprotective mechanism,
whereas at chronic stages it contributed to neuronal injury
(11). Thus, the profile of microglia-mediated effects on ARC
neuronal activity may also be dependent on the time course
of the inflammatory process.

In summary, our results show that acute TLR4-medi-
ated microglia activation in the ARC results in an inhib-
itory effect on the firing activity of AgRP/NPY neurons.
Moreover, we showed that microglia inhibition in vivo
leads to increased food intake, interfering with ghrelin
orexigenic actions. Thus, taken together, our studies sup-
porta major role for a TLR4-mediated microglia signaling
pathway in the control of ARC neuronal activity and feed-
ing behavior.
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