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associated with impaired leptin signaling.

INTRODUCTION

Eating disorders and obesity are accompanied by altered
pain perception (Lautenbacher et al, 1990; PapeZova et al,
2005; Foo and Mason, 2009; Rodgers et al, 2014). Although
this phenomenon might be a consequence of changes in the
hypothalamic-pituitary-adrenal (HPA) axis, stress response,
and related or unrelated endocrine modifications (Lewis
et al, 1980), its exact underlying mechanisms have not been
elucidated.

The periaqueductal gray (PAG) is a key supraspinal site
of the descending antinociceptive pathway (DAP), including
the rostral ventromedial medulla (RVM) and dorsal horn of
the spinal cord. Activation of PAG excitatory output neurons
projecting monosynaptically to OFF and ON cells in the
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Pain perception can become altered in individuals with eating disorders and obesity for reasons that have not been fully elucidated. We
show that leptin deficiency in ob/ob mice, or leptin insensitivity in the arcuate nucleus of the hypothalamus in mice with high-fat diet (HFD)-
induced obesity, are accompanied by elevated orexin-A (OX-A) levels and orexin receptor-1 (OX1-R)-dependent elevation of the levels
of the endocannabinoid, 2-arachidonoylglycerol (2-AG), in the ventrolateral periaqueductal gray (VIPAG). In ob/ob mice, these alterations
result in the following: (i) increased excitability of OXI-R-expressing VIPAG output neurons and subsequent increased OFF and decreased
ON cell activity in the rostral ventromedial medulla, as assessed by patch clamp and in vivo electrophysiology; and (i) analgesia, in both
healthy and neuropathic mice. In HFD mice, instead, analgesia is only unmasked following leptin receptor antagonism. We propose that
OX-Alendocannabinoid cross talk in the descending antinociceptive pathway might partly underlie increased pain thresholds in conditions
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RVM causes antinociception via their stimulation and
inhibition, respectively (Reynolds, 1969; Behbehani et al,
1990; Yilmaz et al, 2010).

Stimulation of the DAP, particularly following stress, relies
in part on cannabinoid receptor type-1 (CB,) activation by
the endocannabinoid 2-arachidonoylglycerol (2-AG), which
disinhibits PAG output neurons through retrograde inhibi-
tion (Ohno-Shosaku and Kano, 2014) of GABA release from
interneurons (Hohmann et al, 2005; Gregg et al, 2012).
Orexinergic neurons of the lateral hypothalamus project to
the VIPAG (Peyron et al, 1998; van den Pol et al, 1998),
where activation of orexin type-1 receptors (OX1-R) by
orexin-A (OX-A) stimulates 2-AG biosynthesis via the phos-
pholipase C-diacylglycerol lipase o (DAGLx) route, thus
potentially producing analgesia (Ho et al, 2011; Watanabe
et al, 2005; Azhdari-Zarmehri et al, 2013, 2014). Yet, the
role of OX-A, 2-AG, and DAPs in the alterations of pain
perception during obesity or eating disorders has never been
investigated.

Leptin is a circulating anorexigenic and pro-inflammatory
adipokine produced by the adipose tissue, which reduces
both endocannabinoid (Di Marzo et al, 2001) and OX-A
(Goforth et al, 2014) signaling in the hypothalamus. Its levels
are altered in obesity as well as during anorexia and binge-
eating disorder (Monteleone et al, 2000; Cristino et al, 2014,
for review). In agreement with the role of OX-A in the
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regulation of feeding (Sakurai et al, 1998) and energy
homeostasis (Tsujino and Sakurai, 2009), not only leptin-
deficient (ob/ob) obese mice but also mice with high-fat diet
(HFD)-induced obesity exhibit increased OX-A signaling
in many orexin hypothalamic target areas, ultimately due
to selective leptin receptor (LeptR) desensitization in the
arcuate nucleus (ARC) (Cristino et al, 2013). Elevated
circulating leptin in HFD mice stimulates tumor necrosis
factor-a and interleukin production by activating LeptRs
in peripheral organs and macrophages, thereby potentially
exacerbating pain and inflammation (Deng and Scherer,
2010; Maeda et al, 2009). On the other hand, it is not known
whether defective leptin signaling in the hypothalamus
instead reduces pain by causing enhanced endocannabi-
noid/OX-A signaling in the vIPAG.

We report that an OX-A/endocannabinoid cross talk,
under the negative control of leptin, stimulates the DAP, thus
partly explaining the changes in pain perception associated
with conditions of altered leptin signaling, such as eating
disorders and obesity.

MATERIALS AND METHODS
Pain Models of SNI

Mononeuropathy was induced according to the method
described elsewhere (Decosterd and Woolf, 2000). Adult
(9-11 weeks old) male lean (wt) and obese (0b/ob) mice were
anesthetized with sodium pentobarbital (50 mg/kg, i.p.). The
sciatic nerve was exposed at the level of its trifurcation into
sural, tibial, and common peroneal nerves. The tibial and
common peroneal nerves were ligated tightly with 5.0 silk
thread and then transected just distal to the ligation, leaving
the sural nerve intact. Sham mice were anesthetized, and the
sciatic nerve was exposed at the same level, but not ligated.

Drug Delivery

PAG cannulation, intrathecal catheterization, and subse-
quent injections, including bilateral PAG microinjections,
were performed as described in detail in the Supplementary
Methods.
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RVM in vivo Extracellular Recordings

For electrophysiological experiments, adult (9-11 weeks old)
male lean (wt, SFD) and obese (ob/ob, HFD) mice were
anesthetized with pentobarbital (50 mg/kg, ip.) and a
26-gauge, 10-mm-long stainless-steel guide cannula was
stereotaxically lowered until its tip was 1 mm above the
left vIPAG by applying coordinates (AP: —4.84 mm from
bregma, L: 0.5 mm, V: 3.3 mm below the dura). The cannulae
were anchored with dental cement to a stainless-steel screw
in the skull according to the procedure described in detail
in the Supplementary Material.

Patch-Clamp Recordings

Coronal midbrain slices (250 pm thick) containing the PAG
were dissected from 6- to 9-week-old male wt and ob/ob
mice. The dissection medium contained (in mM) 220 sucrose,
2.5 K(Cl, 6 MgCl,, 1.25 NaH,PO,, 26 NaHCO;, and 1 CaCl,,
and was oxygenated with 95% O,/5% CO,, pH 7.4. After
dissection, the slices were equilibrated in artificial cerebro-
spinal fluid (aCSF) at 32°C for at least 30 min before
recording. The aCSF contained (in mM) 122 Na(l, 2.5 KClI,
2 CaCl,, 2 MgCl,, 1.23 NaH,PO,, 26 NaHCO3, 10 glucose,
3 Na-Pyruvate, and 1 Na-Ascorbate, and was oxygenated with
95% O,/5% CO,, pH 7.4. Subsequently, one slice at a time was
transferred to a submerged recording chamber and continu-
ously perfused with oxygenated aCSF at a rate of 3-4 ml/min
at room temperature. Recording electrodes (6.4 MQ on
average) were made from borosilicate glass pipettes (Warner
Instruments, Hamden, CT, USA). The internal solution
consisted of (in mM) the following: 125 K-gluconate, 5 KCI,
0.5 CaCl,, 10 HEPES, 5 BAPTA, 0.33 GTP-Tris, 5 ATP-Mg,
pH 7.29 with KOH, and 276 mOsm/l. The liquid junction
potential (LJP) was calculated using JPCalc (provided with the
PCLAMP software, Version 10.4.0.36) and was experimentally
verified to be 12.1 mV. The LJP was corrected offline. vIPAG
neurons were first identified either as projecting neurons or as
interneurons, on the basis of their intrinsic membrane
properties, and further classified as FS or TS according to
the criteria described elsewhere (Park et al, 2010) (details in
the Supplementary Material).

Figure |

Endocannabinoid/orexin-mediated control of the VIPAG/RVM nociceptive pathway. (a—d) An overview of the proposed anatomical pathway,

synaptic receptor distribution, and mechanism of endocannabinoid/orexin-modulated antinociceptive VIPAG/RVM descending projections. (a) Incoming
nociceptive signals from the spinal dorsal horn are processed through ascending projections to the RVM, VIPAG and THAL. These nociceptive signals are
under descending control by cell projections from the VIPAG, via ON and OFF neurons in the RVM ('ON' cells are represented in green, and ‘OFF cells are
represented in red). AMY, amygdala; LH, lateral hypothalamus; PAG, periaqueductal gray; PFC, prefrontal cortex; RVM, rostroventral medulla; SSC,
somatosensory cortex; THAL, thalamus; VIPAG, ventrolateral periaqueductal gray. (b) The spontaneous firing of neurons in the RVM is controlled by orexin-A-
positive nerve terminals originated in the lateral hypothalamus (HYP, orange in panel a) and is modulated by local VIPAG microinjection of antagonist for OXI1-
R (SB334867) or CBIR (not shown) or leptin (not shown). SB334867 (0.05 mmol) microinjection into the VIPAG stimulates ON cell nociceptive firing in wt
but not in obese ob/ob mice. (c) Presynaptic CB, receptors, mostly localized on GABAergic intemeurons, modulate the activity of excitatory (possibly
glutamatergic) output neurons of the VIPAG, which make direct connections to RVM. In ob/ob mice the overstimulation of OX|-R receptors localized in the
VIPAG output neurons leads to an enhancement of 2-AG levels with subsequent stimulation of presynaptic CB, receptors, disinhibition of VIPAG output
neurons, and activation of RVM OFF cells, which results in analgesia. RVM ON cells might be inhibited by the same VIPAG output neurons via a GABAergic
interneuron. (d) ob/ob mice (gray bar) show a higher tail-flick latency compared with lean mice (white bar), whereas high-fat diet (HFD) mice (black bar) do
not. (e) Leptin injection (5 mg/kg, daily ip. per 2 days (D1 and D2); DO being the day before the first injection) in ob/ob mice restores thermal noxious latency.
(f) Acute i.p. injection of the OXI-R antagonist, SB334867 (60 mg/kg, 15 min after baseline recording), in HFD mice significantly decreases thermal latency 20
and 30 min post injection. (g) Acute i.p. injection of a leptin receptor antagonist (anti-leptin, 5 mg/kg, |5 min after baseline recording) increases thermal latency
[0 min after treatment until the end of the observation. Data are expressed as means + SEM of eight mice per group. *P<0.05 indicates statistical difference
between ob/ob and lean mice (e) and between HFD and lean mice (f and g) for individual time points. Statistical analysis was performed by one-way ANOVA
(d) and two-way ANOVA (e—g) followed by the Bonferroni post hoc test.
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RMP of vIPAG-RVM neurons was subsequently deter-
mined as the average value during a 1-min-long trace,
recorded after 5min of stable RMP value. Afterward, the
OX; receptor antagonist SB334867 (12 puM) was adminis-
tered to the aCSF reservoir. Five minutes after SB334867
administration, RMP was determined again.

RESULTS
An overview of some of the most significant results, pro-

posed anatomical pathways, synaptic receptor distribution,
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16-18-week-old lean male mice, fed for 7 weeks with a
standard-fat diet (SFD: 3.5kcal/g, 14.5% of energy as fat).
The metabolic parameters of these models have been
reported previously (Cristino et al, 2013). In brief, HFD-
induced obese mice became obese (Supplementary Figure
S1A), hyperleptinemic (Supplementary Figure S1B), and
leptin resistant (Supplementary Figure S1C) after 7 weeks of
an ad libitum HFD. Mice of the same strain fed an SFD for
7 weeks remained lean and leptin- and insulin-sensitive
(Supplementary Figure S1).

In order to evaluate the thermal nociceptive latency in wt,
SED, ob/ob, and HFD mice, we performed a tail-flick test. As
no difference was found between the thermal pain threshold
of wt and SFD mice (wt: 3.92 +0.14 s and SFD: 3.68 +0.12 s),
we pooled these values together and referred hereafter to this
group as ‘lean’ in these behavioral experiments (wt+ SFD:
3.8 +0.13 s). Noteworthy, mice lacking leptin (ob/ob) showed
antinociceptive behavior in terms of a higher tail-flick
latency compared with lean mice, whereas HFD mice did
not show any significant changes in thermal response as
compared with lean mice (6.76+0.11s for ob/ob vs 3.8+
0.13 s for lean mice, P<0.05; F(; ¢ =48.54, and 3.74+0.15
for HED mice) (Figure 1d). Importantly, the replacement of
leptin (two injections in 48 h i.p.; 5mg/kg) in ob/ob mice
restored the thermal noxious latency (4.92 +0.35 s for leptin-
injected ob/ob mice vs 7.22+0.131s at 10 min for ob/ob
mice, P<0.05; F;7=7.95), whereas the hormone did not
exert any significant effect in lean mice (3.8 + 0.4 s for leptin-
injected lean mice vs 4.3+0.4s for vehicle-injected lean
mice) (Figure le). As (1) obese mice have increased OX-A
signaling in many output areas of the lateral hypothalamus
(Cristino et al, 2013), (2) the PAG is one of such output
areas (see later), and (3) OX-A activation of OX1-R causes
antinociceptive effects (Ohno-Shosaku and Kano, 2014;
Azhdari-Zarmehri et al, 2013, 2014), we wanted to investi-
gate whether the ‘normoalgesic’ phenotype of HFD mice was
due to concurrent and opposing actions of hypothalamic
OX1-R activation and elevated circulating leptin. Indeed,
acute i.p. injection of these mice with the OX1-R antagonist
SB334867 (60 mg/kg, 20min after baseline recording)
significantly decreased the thermal latency 20 and 30 min
post injection (1.55+0.25s for HFD + SB vs 4.45+0.15s at
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30min for HFD+vehicle mice, P<0.005; Fgq) =284.3)
(Figure 1f), which is reminiscent of the hyperalgesic effect
of SB334867 observed in otherwise ‘hypoalgesic’ ob/ob mice
(Supplementary Figure S2). Conversely, acute i.p. injection of
HFD mice with a leptin receptor antagonist (5 mg/kg, 15 min
after baseline recording) increased the thermal latency
10 min after treatment until the end of the observation
(7.4+0.8s for HFD+anti-leptin receptor vs 4.45+0.15s at
30 min for HFD+vehicle mice, P<0.005; F(; gy =54.9). These
data confirm our hypothesis of concurring tonic pronoci-
ceptive and antinociceptive actions of leptin and OX-A in
HFD mice. Control experiments revealed the following:
(1) the leptin receptor antagonist did not exert any
significant effect in lean mice (4.1+0.4s for anti-leptin-
injected lean mice vs 3.8+0.09s for vehicle-injected lean
mice) (Figure 1g); (2) the injection of leptin (5 mg/kg i.p.), or
of the CBI inverse agonist AM251 (1 mg/kg ip.) (which
was tested because CBI1 receptors also stimulate the DAP
(Ohno-Shosaku and Kano, 2014; Hohmann et al, 2005) and
was found to do so in ob/ob mice as well (see below)), also
did not significantly alter thermal nociceptive latency in lean
mice as compared with basal levels (Figure le-g); and (3)
injection of the OX1-R antagonist SB334867 (i.p., 60 mg/kg)
significantly reduced thermal latency in lean mice as com-
pared with vehicle-treated lean mice (lean+SB: 1.14+0.19 s
vs lean +vehicle: 2.56+0.30s after 20 min of treatment;
P<0.05; F(y 5 =79.5).

DAGLx/OX1-R-Positive VIPAG Neurons Projecting to
RVM Receive Either CB; Inhibitory or OX-A Excitatory
Synapses

We analyzed the orexinergic innervation of vIPAG neurons
involved in the DAP from cohorts of wt and ob/ob mice (B6.
Cg-Lep®®/J) and C57BI6 mice on SED or HED. We found a
dense plexus of orexinergic (OX-A) fibers in the PAG of
obese mice (ob/ob and HFD) in comparison with lean (wt
and SFD) mice (Figure 2a-e). These fibers were distributed
with roughly comparable density in the PAG area, the excep-
tion being the dorsolateral and ventrolateral PAG of obese
mice, in which a considerably stronger OX-A immuno-
reactivity occurred in comparison with lean mice and was

Figure 2 OX-A immunoreactivity increases in the fibers projecting to the VIPAG of obese mice together with the increase in 2-AG levels.
(a—e) Representative peroxidase-based OX-A staining in the VIPAG of obese ob/ob (a and c) and wt (b), standard-fat diet (SFD) (d), and HFD (e) mice
showing the dense plexus of orexinergic fibers being more immunoreactive in the VIPAG of obese mice than in lean mice. (f—f4) Leptin-mediated lowering of
OX-A immunodensity in ob/ob (f3) but not in HFD (f4) mice. (g) Bar graphs of OX-A peroxidase-based optical density (OD) of 24 h fasted, wt and ob/ob mice
(bars); average values for wt mice (dotted line) and ob/ob mice (solid line) fed ad libitum are shown as reference. Data are from n=3 mice per group fed ad
libitum and are means+SD; * P<005 (P=0.02; F 5= 1534) by comparison of HFD with SFD leptin-injected mice and **P<0.005 (P=0.002;
F(1,19)=33.24) by comparison of ob/ob with wt or of HFD with SFD vehicle-injected mice. Statistical analysis was performed by two-way ANOVA followed by
the Bonferroni post hoc test. (h) Electron microscopy immunogold detection of symmetrical, putative inhibitory, axodendritic synapses between an axon
terminal (At), which exhibits marked CB; immunogold labeling (arrowheads) in the presynaptic membrane, and a membrane showing DAGLax accumulation
(arrows) at the edges of the postsynaptic density. (i) Accumulation of OX|-R metal particles (arrowheads) within the perikaryon (cyt;) of a neuron expressing
DAGLa concentrated on the somatic membrane (arrows). (j) Dense accumulation of OXI|-R immunogold (arrows) in a spine receiving two symmetrical,
putative inhibitory, CB-immunolabeled synapses (arrowheads) from different axon terminals (Atl and At2). CB, is densely accumulated at the edges of
presynaptic membrane specializations. Aqg, aqueduct; At, axon terminal; cyt, cytoplasm; dl, dorsolateral area; DR, dorsal raphe; v, ventrolateral area; nu, nucleus.
[Scale bar: 300 pm (a), 50 um (b,e), 100 pm (f), 0.6 pm (g—i).] (k) Enhancement of 2-AG levels in obese (ob/ob and HFD) mice compared with lean (wt and
SFD) mice is reversed after leptin administration (24 h, 5 mg/kg) in ob/ob and not in HFD mice and is mimicked by OX-A administration in lean mice (2 h,
40 mg/kg). Data are means + SD; n =3 mice per group. *P<0,01 and **P<0.00! for the indicated comparisons. 5P <0.05 and %8P < 0.005 by comparison of
wt with ob/ob or of SFD with HFD mice, per each treatment. *P<0.05 by comparison of wt+vehicle with wt+OX-A and ##P<0.005 by comparison of SFD
+vehicle with SFD + OX-A. °P<0.05 by comparison of wt + SB + OX-A or 0b/ob+SB+OX-A or SFD+SB+OX-A with each matched OX-A-treated sample.
Statistical analysis was performed by two-way ANOVA followed by the Bonferroni post hoc test.

Neuropsychopharmacology

511



@y

Leptin-controlled OX-A/2-AG-mediated antinociception
L Cristino et al

lowered by leptin injection in ob/ob but not in HFD mice
(Figure 2f and g).

The neuronal circuitry of the antinociceptive PAG-RVM
pathway was traced by microinjection of the fluorescent
retrograde tracer cholera toxin-p (CTp, Alexa Fluor 488; Life
Technologies, USA) into the RVM of wt and ob/ob mice,
which produced a dense retrograde labeling in the majority
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similar percentage of neurons were found to be labelled
with CTB/OX-A/synaptophysin (wt: 88.4 +9.4% and ob/ob:
81.8 +7.8%, Supplementary Figure S3A), CTp/CB,/synapto-
physin (wt: 84.3 +6.1% and ob/ob: 84.5 + 8.3%, Supplemen-
tary Figure S3B), and CTP/DAGLa/OX1-R (87 +7% in wt
and 79 +£5% in ob/ob, Supplementary Figure S3C). Finally,
by double immunogold electron microscopy we found that
DAGLa-expressing neurons receive symmetrical, putative
inhibitory, CB;-positive synapses more frequently than they
do asymmetrical, putative excitatory ones (86.5=+8.4% =
inhibitory vs 27.3 +6.4% = excitatory) (Figure 2h). DAGL«
immunogold labeling was found just beneath the membrane
of somata and proximal dendrites of OX1-R-expressing
neurons (Figure 2i). Many somata and proximal dendrites of
OX1-R-expressing neurons were found to receive symme-
trical (ie, putative inhibitory) synapses from CB,-expressing
axons (Figure 2j). This morphological evidence supported a
model of DAP circuitry as illustrated in the scheme
(Figure 1c).

0OX-A Enhances 2-AG Levels in the vIPAG of Obese Mice
Through OX1-R Activation

2-AG levels were higher in the vVIPAG of obese mice (ob/ob
and HFD) as compared with lean mice (wt and SFD).
Notably, leptin administration lowered 2-AG levels in ob/ob
but not in lean or HFD mice. Leptin effect in 0b/ob mice was
reversed by antagonism of leptin receptor, which in HFD
mice increased 2-AG levels. OX-A injection significantly
increased 2-AG levels in lean mice, whereas it was ineffective
in obese mice. The selective OX1-R antagonist, SB334867,
counteracted the effect of OX-A in lean mice and lowered
2-AG levels in ob/ob mice (Figure 2k). No differences in
anandamide levels were found between obese mice and their
lean counterparts after vehicle, leptin, or OX-A treatment
(data not shown). These data suggest the following: (i)
elevation of 2-AG in the vIPAG of ob/ob and HFD mice is
attributable to OX-A-mediated activation of OX1-R, which
in turn is enhanced by leptin signaling deficiency (Figure 2f
and g) in the lateral hypothalamus (Cristino et al, 2013); and
(ii) unlike the hypothalamus (Di Marzo et al, 2001), leptin
does not reduce 2-AG levels in the vVIPAG of lean mice
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despite the presence of its receptors in this brain area
(Patterson et al, 2011).

Activity of OFF (Antinociceptive) and ON
(Pronociceptive) Cells in the RVM of Obese Mice

Recording of RVM ON and OFF cell activity is a widely used
functional method to study DAP. Indeed, OFF cells suppress,
and ON cells facilitate, nociception. Here, we evaluated how
the absence of leptin or its overproduction, in ob/ob and
HFD mice, respectively, affects DAP in terms of ongoing and
evoked activity of ON and OFF cells of the RVM.

We found that, in agreement with the above-mentioned
thermal nociception threshold data, ob/ob mice show a
reduced ON cell ongoing activity (Figure 3a and b) and
increased OFF cell ongoing activity (Figure 3d and e) in
comparison with lean mice, whereas no changes were
observed in ON and OFF cell activity of HFD mice.
Moreover, in ob/ob mice, we found onset increase, either
for ON or for OFF cells, compared with wt (Figure 3¢ and {),
together with reduction of ON cell-evoked frequency
(ob/ob mice: 7.5+0.02Hz vs wt mice: 19.3+0.04 Hz)
and OFF cell duration of inhibition (ob/ob mice:
42+0.03s vs wt mice: 11.6+0.09s), without changes in
ON cell duration of excitation (ob/ob mice: 5.3 +£0.02 s vs wt
mice: 4.26 +0.04 s.

In agreement with a role of enhanced OX-A/2-AG levels
in DAP in ob/ob mice, and with the previously described
evidence indicating that both CB1 and OX-1 R receptors are
endogenous enhancers of DAP (Ohno-Shosaku and Kano,
2014; Hohmann et al, 2005), we found the following: (1) the
inverse CB; agonist, AM251, caused an enhancement of
ON cell (Supplementary Figure S4A, B, D-F) and a reduction
of OFF cell (Supplementary Figure S4H-]) activity in these
mice, while exerting a similar pronociceptive-like effect in
lean mice only at the highest dose tested (1 nmol) (Supple-
mentary Figure S4D-F, H-J); and (2) the OX-1 R selective
antagonist SB334867 (0.05 nmol) exerts a pronociceptive-like
effect by increasing ON cell and decreasing OFF cell activity
in lean mice (Supplementary Figure S5A, D-F and S5G, J, K).
Importantly, in ob/ob mice, in agreement with the over-
expression of OX-A-releasing fibers projecting to the vIPAG,

Figure 3 Electrophysiological recordings of RVM ON (pronociceptive) and OFF (antinociceptive) cell activity in vivo in wt and ob/ob mice.
(a—c) Representative peristimulus time histogram (PSTH) of noxious-stimuli-evoked activity of identified ON cells in lean and obese ob/ob mice. Twenty
seconds of recording is shown. ob/ob mice showed a reduced ON cell spontaneous activity compared with lean mice (3.5 +£0.2 spikes/s for ob/ob mice vs
7.9 + 1.3 spikes/s for lean mice) and a reduced evoked excitation. In particular, the onset was increased (1208 + 50 ms for ob/ob mice vs 778 +22.70 ms for
lean mice). (d—f) Representative PSTH of noxious-stimuli-evoked activity of identified OFF cells in lean and obese ob/ob mice. Twenty-five seconds of
recording is shown. For this and all other PSTHSs, the bin width is 500 ms; the white bar represents the time of mechanical stimulation. Bar graphs showing
neuronal population data of evoked activity, measured by analyzing the onset of excitation (n= 10—12 neurons/group). Mice lacking leptin (ob/ob) showed
increased OFF cell spontaneous activity compared with lean mice (1 1.25 + 1.9 spikes/s for ob/ob mice vs 8.3 + 1.0 spikes/s for lean mice) and a reduced evoked
inhibition. Each bar represents the mean + SEM of n= 6 mice per group. *P <0.05 indicates the difference between ob/ob and lean mice by two-way ANOVA
test followed by Bonferroni post hoc test. (g) Representative rate histograms illustrate the pronociceptive effect exerted by the combination of AM251 and
SB334867 that, when microinjected alone at the same dose, did not exert any changes on the spontaneous and evoked activity of ON cells. Sixty minutes of
recording is shown. Each bar represents the mean +SEM of n=6-8 mice per group and one neuron was recorded for each animal. *P<0.05 indicates
significant difference of ob/ob+AM251 0.25 nmol+SB 0.05 nmol vs ob/ob+AM251 0.25 nmol and ob/ob+ SB 0.05 nmol. The dashed line represents the ob/ob
basal value. P values indicate statistically significant differences by two-way ANOVA followed by Bonferroni post hoc test. (j) Representative rate histograms of
firing frequencies and noxious-stimuli-evoked activity of identified ON cells in lean-SNI and ob/ob-SNI mice 7 days after the spared nerve injury (SNI). Forty
seconds of continuous recording is shown. (h) Representative rate histograms of firing frequencies and noxious-stimuli-evoked activity of identified OFF cells in
lean-SNI and ob/ob-SNI mice. Forty seconds of continuous recording is shown. Each bar represents the mean + SEM of n=6 mice per group, and for each
animal two neurons were recorded. *P < 0.05 indicates significant difference between wt-SNI and wt mice; #°P <0.05 indicates significant difference between
ob/ob-SNI and wt-SNI and ob/ob mice. P value was considered significant using one-way ANOVA followed by the Bonferroni post hoc test.
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a double dose of SB334867 (0.1 nmol) was necessary to
increase ON cell and decrease OFF cell activity, thereby
exerting again a pronociceptive-like effect (Supplementary
Figure S5B-F and S5H-K).

We reasoned that the fact that, in ob/ob mice, the dose of
AM251 sufficient to modify cell activity was half of that used
for lean mice (0.5nmol) could be linked to the inverse
agonist properties of this compound and to the possible
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occurrence of partial CB; receptor adaptation in the vVIPAG
of these obese mice (desensitization) mediated by G-protein-
coupled receptor (GPCR) kinase (GRK)-mediated phosphor-
ylation of activated receptors and subsequent p-arrestin2
binding (Nguyen et al, 2012). Accordingly, like in other
regions of the brain (Breivogel et al, 2013), we found here
also in the PAG an extensive CB;R co-distribution with
B-arrestin2, suggesting that p-arrestin2 might regulate CB,
signaling in this area. CB; and B-arrestin2 co-distribution
was higher in the VIPAG of 0b/ob mice as compared with wt
mice (ob/ob: 24.2 + 4.6% and wt: 11.2+2.7% of VIPAG area,
analyzed from n=15 sections for mouse; n=3 mice per
group), which is suggestive of stronger induction of CB,;
internalization in the former mice. This phenomenon is
likely due to the higher levels of 2-AG in these obese mice,
and in fact it could be induced also in wt mice by OX-A in
a manner sensitive to SB334867, which in turn tended to
reduce CB1 binding to P-arrestin2 in ob/ob mice (Supple-
mentary Figure S4C). Thus, in view of the inverse agonist
nature of AM251 (as opposed to SB334867, which is a neutral
antagonist), this stronger CB; internalization might favor the
action of AM251 and explain, at least in part, the higher
sensitivity of ob/ob mice to this compound (Supplementary
Figure S4B, D-J).

Importantly, we also found preliminary evidence of a
possible synergistic effect between OXI1-R and CB; at
stimulating DAP. In fact, sub-effective doses of SB334867
(0.05nmol) and AM251 (0.25nmol), when co-injected in
ob/ob mice, produced an enhancement of ON cell acti-
vity and significantly reduced their onset (388 +46.41 ms
vs basal values 1200+109.5ms, P=0.003; F,3=5.58)
(Figure 3g).

We also investigated whether the antinociceptive behavior
mediated by ON and OFF cells in obese mice occurs in a
model of pathological pain. Therefore, we applied spared
nerve injury (SNI) to the sciatic nerve to reproduce
peripheral neuropathy (Decosterd and Woolf, 2000) in wt
and ob/ob mice. In agreement with previous data (Maeda
et al, 2009), we found that ob/ob mice do not develop tactile
allodynia and, therefore, we recorded for the first time ON
and OFF cells of the RVM in these mice. Lean wt SNI mice
showed an increased and decreased ongoing and evoked
activity of ON and OFF cells, respectively, as compared with
sham-operated lean wt animals. In agreement with the
absence of tactile allodynia, SNI ob/ob mice showed ON and
OFF cell activity comparable to those of sham-operated wt
mice (Figure 3j and h). Both neuropathic lean and ob/ob
mice showed a relative increase in both spontaneous and
evoked activity of ON cells compared with the respective
sham-operated lean and ob/ob mice. In particular, the onset
decreased (280 + 38 ms for wt-SNI mice vs 703 +61.5 ms for
wt mice, P<0.005; F; 19)=36.52, and 870+ 71.5 ms for ob/
0b-SNI mice vs 1380+62ms for ob/ob mice, P=0.00;
F(120)=29.36); the duration of excitation increased in
wt-SNI mice compared with wt mice but not in 0b/ob mice
(8.8 + 1 s for wt-SNI mice vs 3.8 + 0.8 s for wt mice, P<0.005;
F(1,20)=14.52); and the evoked frequency increased signifi-
cantly in both wt-SNI and 0b/ob-SNI mice (26 +1.2 Hz for
wt-SNI mice vs 18+0.5Hz for wt mice, P<0.005;
F(1,190=33.46, and 159+13Hz for ob/ob-SNI mice vs
92+04Hz for ob/ob mice, P<0.005 F0)=21.49)
(Figure 3j). Both neuropathic lean and ob/ob mice showed
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relatively increased spontaneous and evoked activity in OFF
cells compared with the respective lean and ob/ob mice. In
particular, the duration of inhibition increased in both wt-
SNI and 0b/0b-SNI mice compared with wt (17.6 + 1 s for wt-
SNI mice vs 10+ 1.5 s for wt mice, P<0.005; F(; 19, = 15.80)
and ob/ob mice (11.6 + 0.9 s for 0b/ob-SNI mice vs 3.9+0.2 s
for ob/ob mice, P<0.005 F(,0=81.10), respectively.
Finally, the onset of inhibition decreased in both wt-SNI
and ob/ob-SNI mice compared with wt (380 + 51 ms for wt-
SNI mice vs 820+44 ms for wt mice, P<0.005; F( 9=
41.40) and ob/ob mice (790 + 54 ms for ob/ob-SNI mice vs
1400 +60ms for ob/ob mice, P<0.005; F( 0 =>55.40),
respectively (Figure 3h).

We could not perform ON and OFF cell recordings in
HFD mice following pharmacological treatments, as in these
animals the cells were too sensitive to the treatment and/or
the concomitant mechanical noxious stimuli. Therefore,
we could not evaluate why, in HFD mice, ON and OFF cells
of the RVM exhibit the same activity as in lean STD mice.
Noteworthy, the plasma levels of leptin were not different
between sham-operated HFD mice and HFD-SNI mice
(Supplementary Figure S1B).

Indeed, the above experiments in obese mice as well as the
behavioral experiments presented in Figure 1 indicate that
enhanced OX-A — 2-AG — CB1 signaling in the vIPAG of
obese mice, due to lack of leptin (as in 0b/ob mice) or leptin
sensitivity in the hypothalamus (as in HFD mice) (Cristino
et al, 2013), activates DAP and produces overt (as in ob/ob
mice) or latent (as in HFD mice) hypoalgesia. Therefore,
to investigate whether the changes of ON and OFF cell
activity were, in fact, due to leptin deficiency and, in turn,
to unbalance orexin/cannabinoid cross talk, we injected
leptin in ob/ob mice and measured the activity of these cells.
We found a partial normalization of ON and OFF cell
parameters after single i.p. injection (1 day after injection)
and a complete recovery of both ON and OFF cell activity
after 48 h and two leptin injections (5 mg/kg, i.p.). In parti-
cular, neuronal population data of ON cell-evoked activity
showed that leptin administration in ob/ob mice reduced the
onset (682+4.79 vs ob/ob basal values 1176+ 56.36 ms,
P<0.005; F(; 13)=66.22) and increased the evoked frequency
(18.33 +0.87 Hz vs ob/ob basal values 8.5 + 0.56 Hz, P=0.00;
F(1,13y=95.02), whereas it did not change the duration
of excitation (Figure 4a). Neuronal population data of OFF
cell-evoked activity showed that leptin administration reduced
the onset (766+48.54ms vs ob/ob basal values 1300+
109.5 ms, P<0.005; F(;,11)=22.09) and increased the duration
of inhibition (12.17 +0.87 s vs ob/ob basal values 3.72 +0.22 s,
P<0.005; F;,11)=76.34) in ob/ob mice (Figure 4b).

OX-A Exerts a Tonic Depolarizing Effect on vIPAG
Neurons of ob/ob Mice

OX-A supplemented to brain slices of wt rats has been
shown to exert an overall excitatory effect on PAG neurons.
This influence is mostly due to a direct depolarization of
resting membrane potential (RMP), but also depends on a
2-AG-mediated enhancement of excitatory and reduction of
inhibitory synaptic potentials (Ho et al, 2011). In the present
paper, we describe higher levels of OX-A in the VIPAG of
ob/ob mice compared with wt, and link the difference to the
preferential activation of OFF cells (and reduction of ON
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Figure 4 Effect of intraperitoneal injection of leptin on the spontaneous and noxious-evoked activity of RVM ON and OFF cells in ob/ob mice.
(a) Representative rate histograms illustrate the effect of leptin administration on the spontaneous and evoked activity of ON cells, which was significant after
48 h. Each bar represents the mean + SEM of n= 6-8 mice per group, and one neuron was recorded for each animal. *P <0.05 indicates significant difference
between ob/ob mice and wt mice and #P<0.05 indicates significant difference between ob/ob + leptin 48 h and ob/ob mice by one-way ANOVA followed by
Bonferroni’s post hoc test. (b) Same as in a, but for spontaneous and evoked activity of OFF cells.

cells) in the RVM. It is thus possible that, in 0b/ob animals,
a high level of OX-A exerts a tonic depolarizing/activating
influence on VvIPAG neurons, in particular on those
projecting to RVM. To test this hypothesis we performed
patch-clamp recordings of RMP in vVIPAG neurons identified
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as projecting to RVM on the basis of their intrinsic
membrane properties and further categorized as fast- and
transient-spiking neurons (FS and TS, respectively) (Supple-
mentary Figure S6) (Park et al, 2010; see also Supplemental
Material). We found that FS-vIPAG neurons of ob/ob
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animals were tonically depolarized by the OX-A present in
the milieu. In fact, although FS and TS neurons of both
genotypes showed comparable RMP values (Figure 5a),
still blocking OX1-R (SB334867, 12pM) hyperpolarized
the RMP specifically in ob/ob FS-vIPAG neurons (-1.4+
0.53 mV on average, n=7, P<0.05) (Figure 5c2), with no
effect on the other categories/genotypes (Figure 5cl, 3, 4).
This result is in line with the effect described in wt PAG
neurons by Ho et al. (2011)—namely, a depolarization
>1mV induced by OX-A added in vitro. The effect was
present only in 45% of their recordings, which the authors
performed blindly—ie, with no distinction between neurons:
this restriction is well explained by our finding that only FS
neurons (and not TS neurons) are sensitive to the OX1-R
blocker (in ob/ob animals). Moreover, when tested with brief
depolarizing current pulses, ob/ob vIPAG neurons appeared
to have a more negative threshold for action potential
initiation (ie, they are more excitable) compared with wt,
although this trend reached a statistical significance only for
TS-vIPAG neurons (Figure 5b), with no difference in the
frequencies of evoked spikes (data not shown). Blocking

OX1-R had no effect on firing threshold and evoked spikes
frequency (data not shown).

In conclusion, we recorded indirect functional evidence
that the VIPAG of ob/ob mice has a higher concentration of
OX-A than does wt vIPAG. Moreover, the lower firing
threshold of TS-vIPAG neurons suggests that at least a part
of the projections to RVM are more active in ob/ob than in
wt mice. We found no significant difference in the firing
frequency of wt and ob/ob neurons at rest (data not shown).

DISCUSSION

Heterosynaptic endocannabinoid spread induced by activa-
tion of OX1-R receptors in the VIPAG suppresses inhibitory
transmission in this area (Ho et al, 2011). Here, we suggest
that this mechanism is involved in the potentiation of the
PAG-RVM-spinal dorsal horn DAP during leptin signal
deficiency. Both models used here, ob/ob mice and mice
with HFD-induced obesity, which differ by being completely
leptin deficient and showing leptin signal deficiency only in
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the ARC, respectively, exhibited VIPAG OX-A and 2-AG
levels higher than in the corresponding lean mice. This
alteration, and the ensuing disinhibition of VIPAG
output neurons, is at the basis of the hypoalgesic behavior
of obese (0b/ob) mice and explains the recent observation,
published during the preparation of this manuscript,
that attenuated pain response of these mice is affected by
leptin (Rodgers et al, 2014). More importantly, these
observations provide a possible mechanism for the different
pain perception thresholds often observed in patients
with obesity or eating disorders, in which leptin signaling
is disrupted. However, and intriguingly, in this study
HFD mice exhibited hypoalgesia only following blockade of
leptin receptors, possibly due to the concomitant proalgesic
action, exerted outside the DAP, of elevated leptin in
these mice.

A first original result of our study was to provide, through
retrograde tracing, morphological studies and in vivo
electrophysiological measurements in the vIPAG and RVM,
the anatomical substrate on which endocannabinoid and
orexinergic circuitries interact in the VvIPAG, as hitherto
investigated only by in vitro patch-clamp approaches in lean
animals (Ho et al, 2011). On the basis of our morphological
data, we identified the neuronal sites of 2-AG biosynthesis
from DAGLa, and action at CB; receptors, within the
vIPAG-RVM circuitry, which underlie the nociception
afforded by OX-A signaling in this brain area. Presynaptic
CB; receptors located on inhibitory, presumably GABAergic,
interneurons inhibit the activity of the latter, thereby
disinhibiting excitatory (presumably glutamatergic) output
neurons of the vIPAG. In ob/ob mice, overstimulation of
OX1-R receptors, and subsequently DAGL« (both proteins
being located on these same VvIPAG output neurons),
produces an enhancement of 2-AG levels and subsequent
overstimulation of presynaptic CB; receptors, with conse-
quent further disinhibition of VvIPAG output neurons,
thereby activating RVM OFF cells and reinforcing analgesia.
At the same time, RVM ON cells are inhibited by the same
VvIPAG output neurons, possibly via GABAergic interneurons
located in the RVM. Thus, we have shown that activation of
the OX1-R/DAGLa/2-AG/CB; pathway in the VIPAG may
relieve pain because coupled to facilitation of the DAP.
Perhaps more importantly, we have revealed that this
mechanism is enhanced by defective leptin signaling.

One limitation of studies using the ob/ob mouse is that the
mutation causing lack of leptin production is very seldom
found in humans, whereas most forms of human obesity,
although associated with reduced hypothalamic leptin
receptor activity subsequent to elevated leptin production
from the adipose tissue (Ogier et al, 2002), cannot be
attributed to leptin alone. Indeed, we have found here that,
despite their dysregulation of OX-A and endocannabinoid
signaling in the VIPAG being similar to that observed in
ob/ob mice, HFD obese mice exhibit neither reduced-pain
sensitivity nor altered descending antinociceptive signaling.
However, we also provided data suggesting that this lack
of hypoalgesia is not due to the lack of OX-A-mediated
analgesia in HFD mice, but rather due to the concomitant
proalgesic action of leptin, likely exerted at extrahypotha-
lamic receptors. Furthermore, impaired leptin signaling is
also associated with other conditions, such as anorexia
nervosa and binge eating, which can be accompanied by
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reduced-pain perception (Lautenbacher et al, 1990;
Yamamotova et al, 2009, 2012) as is food deprivation due
to poor social conditions (Vaez Mahdavi et al, 2012).

It is known that 2-AG levels in the hypothalamus are
reduced by leptin, and therefore are enhanced under condi-
tions of hypothalamic leptin signaling deficiency typical of
both genetically or diet-induced obesity (Di Marzo et al,
2001; Cristino et al, 2013). More recently, we demonstrated
that impaired leptin signaling, specifically in the ARC of the
hypothalamus, causes the ‘rewiring’ of orexinergic neurons
of the lateral hypothalamus, thus leading to CB;-mediated
retrograde disinhibition, instead of inhibition, of such
neurons, with subsequent increase of OX-A trafficking and
release to target areas. This phenomenon is reversed by acute
leptin administration in ob/ob mice but not in HFD mice,
which are characterized by specific LeptR insensitivity in the
ARC (Cristino et al, 2013). In agreement with these previous
data, we have found here that leptin replacement is
ineffective at reducing 2-AG levels in the vIPAG of HFD
mice in spite of their LeptR sensitivity in this region. This
suggests that the ARC has a master regulatory role in
determining OX-A-induced endocannabinoid overactivity in
the vIPAG. Nevertheless, in the presence of leptin, a LeptR
antagonist did increase 2-AG levels in the vIPAG of HFD
mice, suggesting that strongly elevated systemic leptin levels
in these mice do tonically counteract to some extent OX-A-
induced elevation of VIPAG 2-AG levels. As LeptR is present
in the PAG (Patterson et al, 2011), this might be due to tonic
leptin inhibition of 2-AG biosynthesis in this brain area,
although occurring in HFD but not in lean mice, and might
provide an additional explanation as to why HFD mice
exhibit pain sensitivity similar to wt and SFD mice, unless
administered with a LeptR antagonist.

Descending antinociception can be induced by directly
exciting the vIPAG or by inhibiting intrinsic GABAergic tone
(disinhibition) (Behbehani et al, 1990). The finding that
intra-vIPAG microinjection of SB334867 reduced tail-flick
latency in mice confirms the vIPAG as an important site
of action for orexin-induced supraspinal antinociception
(Ho et al, 2011; Azhdari-Zarmehri et al, 2011). In ob/ob
mice, both the OX-A-mediated reduced-pain sensitivity and
enhanced OFF-decreased ON cell activity were markedly
reduced by treatment with AM251 at a dose inactive in wt
mice, thus strongly suggesting that the CB;-mediated
disinhibition produced by retrograde 2-AG after OXI-R
receptor activation has a major role in OX-A-induced
antinociception in the vIPAG. This suggestion is further
supported by the generalized increased excitability of RVM-
projecting output neurons in ob/ob mouse VIPAG slices as
compared with wt mice. However, a direct postsynaptic
depolarizing effect of OX-A in the vIPAG, which would
also lead to increased output neuronal firing, may have
contributed to the antinociceptive phenotype of ob/ob mice.
This contention is supported by the seemingly synergistic
effect of SB334867 and AM251 on ON and OFF cell activity,
which suggests the existence of not completely overlapping
mechanisms for the two compounds. Excitation of the PAG
might also induce antinociception via ascending pathways
(Morgan et al, 1989), and the possibility that OX-A might
excite the PAG to induce analgesia through such pathways
cannot be ruled out. However, the present finding that OX-A
depolarizes VvIPAG neurons projecting to the RVM



retrogradely traced by fluorophore provides direct evidence
indicating that this neuropeptide excites the PAG to activate
the DAP.

In conclusion, we have reported here morphological,
biochemical, pharmacological, and in vivo and in vitro
electrophysiological data suggesting that, under conditions of
leptin signaling deficiency, typical of obesity but also of some
eating disorders, endocannabinoid signaling is enhanced in
the VIPAG via orexinergic neuron overactivity engendered in
the hypothalamus (Cristino et al, 2013), and contributes, via
disinhibition of excitatory output neurons to the RVM, to
facilitation of the DAP and reduced-pain perception. The
understanding of whether or not this mechanism is
responsible, at least in part, for altered pain thresholds in
individuals with obesity and eating disorders, who are
characterized by increased circulating endocannabinoid and
OX-A levels (Engeli et al, 2005; Monteleone et al, 2005;
Bronsky et al, 2011), will require specific studies in patients
with these conditions—eg, by analyzing, by PET imaging, the
activity of their brainstem CB,; receptors (Horti and Van
Laere, 2008) in response to pain stimuli.
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