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SUMMARY

Molecular interactions between anorexigenic leptin and orexigenic endocannabi-
noids, although of great metabolic significance, are not well understood.
We report here that hypothalamic STAT3 signaling inmice, initiated by physiolog-
ical elevations of leptin, is diminished by agonists of the cannabinoid receptor 1
(CB1R). Measurement of STAT3 activation by semi-automated confocal micro-
scopy in cultured neurons revealed that this CB1R-mediated inhibition requires
both T cell protein tyrosine phosphatase (TC-PTP) and b-arrestin1 but is indepen-
dent of changes in cAMP. Moreover, b-arrestin1 translocates to the nucleus upon
CB1R activation and binds both STAT3 and TC-PTP. Consistently, CB1R activation
failed to suppress leptin signaling in b-arrestin1 knockout mice in vivo, and in neu-
ral cells deficient in CB1R, b-arrestin1 or TC-PTP. Altogether, CB1R activation en-
gages b-arrestin1 to coordinate the TC-PTP-mediated inhibition of the leptin-
evoked neuronal STAT3 response. This mechanism may restrict the anorexigenic
effects of leptin when hypothalamic endocannabinoid levels rise, as during fast-
ing or in diet-induced obesity.
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INTRODUCTION

The combination of palatable food and sedentary lifestyle destabilize the balance between anabolic and

catabolic processes eventually culminating in body weight increase.1 Obesity and its corollaries pose a

global health threat2 and, despite the considerable progress in our understanding of energy metabolism

on the molecular level, treatment options in obesity are still disturbingly limited,3 and effective therapies

often have serious side effects.4 This necessitates further exploration of the mechanisms that regulate en-

ergy homeostasis.

Leptin and endocannabinoids play central and generally opposing roles in the control of energy meta-

bolism. Adipocyte-derived leptin reduces food intake and increases energy expenditure via pleiotropic ac-

tions in the hypothalamus and brainstem.5,6 Diminished sensitivity to leptin, referred to as leptin resistance,

is a hallmark of obesity,7 and alleviating hyperleptinemia and leptin resistance is sufficient to reduce food

intake and body weight in diet-induced obesity.8 By contrast, the endocannabinoid system, comprising the

type-1 and type-2 cannabinoid receptors (CB1R and CB2R, respectively) and their endogenous ligands

anandamide and 2-arachidonoylglycerol,9 generally favors positive energy balance via both central10,11

and peripheral CB1Rs.
12 Their importance in energy metabolism is well illustrated by the observations

that these receptors are essential for the development of leptin resistance and diet-induced obesity13

and that CB1R blockade readily alleviates obesity and its corollaries.14,15

There exists a multi-layered interaction between leptin and endocannabinoids. Leptin rapidly decreases

the concentration of endocannabinoids specifically in the hypothalamus16,17; and this effect likely enhances

leptin’s catabolic potential.18 Leptin also supresses the CB1R-dependent stimulation of orexigenic

melanin-concentrating hormone (MCH) neurons19 and, in diet-induced obesity, that of orexin neurons.20

On the other hand, genetic ablation of CB1R in the ventromedial hypothalamus (VMN) was shown to in-

crease sensitivity to a pharmacological dose of leptin,21 and CB1Rs may interfere with leptin-induced
iScience 26, 107207, July 21, 2023 ª 2023 The Author(s).
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Figure 1. Cannabinoids dampen leptin-induced STAT3 phosphorylation in the mediobasal hypothalamus

(A) Western blot measurement of exogenous leptin-induced hypothalamic STAT3 phosphorylation in the presence or

absence of CB1R agonist. Overnight fasted 12-16-week-old wild type (CB1R
+/+) or CB1R (cnr1) knock out (CB1R

�/�) mice

were treated with ACEA (10 or 2 mg/kg; i.p.) or vehicle 30 or 45 min prior to leptin (0.3 mg/kg, i.p.) or saline treatment. The

mediobasal hypothalamus was removed 45 or 60 min after leptin injection and STAT3 phosphorylation was assessed by

western blotting. Number of observations for the bar graph from left to right (L to R): n = 9–27-12-10-4-4-4; **p < 0.001 and

*p = 0.033 when compared to WT leptin�/ACEA�, ##p < 0.002 and #p = 0.029 vs. WT leptin+/ACEA�, $p < 0.0001 vs.

CB1R
�/� leptin�/ACEA� (ANOVA and Sidak’s post-hoc test).

(B) Plasma (upper panel) and cerebrospinal fluid (CSF, lower panel) concentration of leptin in animals treated with leptin

(0.3 mg/kg) or saline in the absence or presence of ACEA (2 mg/kg). Animals were fasted and treated as described for

Panel A. Upper panel: n = 6–12-15 (L to R); *p < 0.02 vs. ACEA�/leptin� (ANOVA and Kruskal-Wallis post-hoc test). Lower

panel: n = 4–10-7 (L to R, from 2 independent experiments); *p < 0.05 vs. ACEA�/leptin� (ANOVA and Kruskal-Wallis post-

hoc test). (See also Figure S1).

Mean + S.E.M. are shown.
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reactive oxygen species production.22 However, the exact molecular pathways conveying these effects are

not fully elucidated and the possibility of a direct inhibition of leptin signaling by cannabinoids has not yet

been tested. We report here that, in fact, a transient increase in CB1R activity blunts physiological leptin

signaling in the mediobasal hypothalamus in vivo, and also in vitro in cultured neurons that lack complex

synaptic connections. We show that CB1Rs recruit the T cell protein tyrosine phosphatase (TC-PTP) in a

b-arrestin1 dependent manner to inhibit one of the main intracellular effectors of leptin, STAT3. This mech-

anism will blunt hypothalamic leptin signaling when (endo) cannabinoid availability is high.

RESULTS

Cannabinoids dampen leptin-induced STAT3 phosphorylation in the mediobasal

hypothalamus

To test whether central leptin sensitivity may be acutely modulated by cannabinoids, we assessed hypotha-

lamic leptin signaling in the presence or absence of a CB1R agonist by measuring STAT3 tyrosine phos-

phorylation (Y705), which is a sensitive and selective readout of leptin receptor signaling.23 Overnight

fasted lean male mice were treated with a moderate pharmacological dose of mouse recombinant leptin

(0.3 mg/kg, i.p.) with or without pre-treatment with the CB1R selective anandamide analogue arachidonyl-

20-chloroethylamide (ACEA24). CB1R activation decreased leptin-evoked STAT3 tyrosine phosphorylation

in the mediobasal hypothalamus (Figure 1A) and this inhibition was absent in CB1R knockout mice (Fig-

ure 1A and S1A). The synthetic cannabinoid CP 55,940 had a similar effect (Figure S1B).

Importantly, CB1R activation did not affect plasma and liquor leptin concentrations (Figure 1B) and had no

significant effect on the hypothalamic expression of the long isoform Lepr (leptin receptor, long isoform

[ObRb]) or that of Socs-3, a classic endogenous inhibitor of STAT3-signaling25 (Figure S1C). Moreover,

the inhibition of leptin signaling by CB1Rs was not secondary to tetrad effects as 2 mg/kg ACEA readily

attenuated the hypothalamic STAT3 phosphorylation (Figure 1A) without inducing drop in body tempera-

ture or locomotor activity (Figures S1D and S1E). Finally, we pre-treated overnight fasted animals with the

fatty acid amide hydrolase inhibitor URB-597 for 30 min and then treated them with leptin for 60 min. URB-

597 selectively increased the concentration of the endocannabinoid anandamide in the basal
2 iScience 26, 107207, July 21, 2023
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hypothalamus with no significant effect on 2-AG (Figure S1F) and, at the same time, shifted the correlation

between plasma leptin and STAT3 phosphorylation to the right (Figure S1F). This finding suggests that the

endogenous cannabinoid production machinery may be sufficient to suppress leptin signaling.

Altogether, activation of CB1R impedes leptin-induced STAT3 signaling in the mediobasal hypothalamus

without changing the accessibility of leptin to hypothalamic neurons or repressing leptin receptor

expression.

Cannabinoids reduce leptin-initiated STAT3 signaling in cultured neuronal cells

The aforementioned in vivo experiments cannot precisely locate the CB1R in the synaptic circuitry that con-

veys the cannabinoid inhibition of leptin signaling. Therefore, we tested whether the effect can be repro-

duced in homogeneous cell populations where CB1Rs and leptin receptors are present in the same cell and

synaptic connectivity is virtually absent. Highly differentiated hypothalamic GT1-7 neurons26 and Neuro-2a

neuroblastoma cells27 expressing heterologous CB1R and leptin receptors were stimulated with leptin in

combination with DMSO or the CB1R agonist ACEA. ACEA inhibited leptin-induced STAT3 tyrosine phos-

phorylation in both neuronal cells throughout a wide range of leptin concentrations (Figures 2A and 2B),

implying that CB1Rs can directly interfere with intracellular leptin signaling. (It has to be noted that no phos-

phorylation on S727 was observed in leptin stimulated cultured neurons [Figure S2F]).

At this point, we sought to replace labor-intensive western blotting with a high-yield method for monitoring

leptin signaling. To this end, we established a semi-automatedmicroscopic assay tomonitor the translocation

of fluorescently labeled STAT3 (STAT3-eGFP or STAT3-CFP-YFP) from the cytosol to the nucleus in cultured

neurons. Stimulation with leptin brought about a time- and dose-dependent translocation of fluorescent

STAT3 to the nucleus in Neuro 2a cells (Figure 2C and 2D). STAT3 nuclear translocation was expressed as

the ratio of nuclear to perinuclear STAT3 fluorescence (Figure S2A); this parameter had comparable sensitivity

and dynamic range to measuring the ratio of phosphorylated to total STAT3 by immunoblotting (Figure S2B).

Next, we determined that CB1R activation not only impedes STAT3 phosphorylation but has a dampening ef-

fect on STAT3 nuclear translocation as well. TheCB1R agonists ACEA andHU 210 both blunted leptin-induced

STAT3 nuclear translocation inNeuro 2a cells expressing heterologous CB1Rs (Figures 2E and S2C). This inhib-

itory effect of the CB1R agonists was blocked by the CB1R inverse agonists AM 251 or rimonabant (Figure S2C).

Furthermore, activation of endogenous CB1Rs, expressed at low levels in untransfected Neuro 2a cells, was

sufficient to impede leptin signaling, and silencing these endogenousCB1Rs by siRNA treatment extinguished

the cannabinoid-mediated inhibition on STAT3 (Figures S2D and S2E). Altogether, these data validate our

translocation assay for the assessment of leptin-evoked STAT3 activation and demonstrate that cannabinoids

antagonize leptin-initiated STAT signaling via the CB1Rs of the leptin sensitive cell.

T cell protein tyrosine phosphatase conveys the cannabinoid-mediated inhibition of leptin

signaling

Leptin and insulin signaling in the hypothalamusmay be curtailed by the protein tyrosine phosphatases PTP1B

(PTP1N) and TC-PTP (PTP2N; also referred to as TC45).28 In Neuro 2a cells, the pan-phosphotyrosine phospha-

tase inhibitor sodium orthovanadate (Na3VO4) eliminated cannabinoid inhibition of leptin-induced STAT3

activation, and so did TCS 401, a dual PTP1B/TC-PTP inhibitor29 (Figure 3A). However, the ACEA-evoked in-

hibition of STAT signaling was retained in the presence of the specific PTP1B inhibitor claramine30 (Figure 3A)

implying that CB1R-evoked inhibition of STAT3 is mainly dependent on TC-PTP. The previous assumption was

corroborated by the selective knockdown of PTP1B or TC-PTP with siRNA. Treatment with siRNA directed

against PTP1B substantially increased the sensitivity of neuroblasts to leptin (Figure S3B), yet failed to affect

the ability of ACEA to curtail leptin-induced STAT3 activation (Figure 3C). In contrast, silencing of TC-PTP,

while marginally decreasing basal leptin sensitivity (Figure S3B), completely abolished the inhibitory cannabi-

noid effect on STAT3 signaling (Figure 3D). (Two separate siRNA sequences directed against TC-PTP gave

harmonious results, only those obtained with sequence 2 are shown). These observations show that activation

of CB1Rs inhibits leptin-evoked STAT3 signaling in a TC-PTP dependent manner.

Attenuation of the leptin-initiated STAT3 response by cannabinoids involves b-arrestin1

In subsequent experiments, we aimed to determine which CB1R signaling cascade recruits TC-PTP to

diminish the leptin-evoked STAT3 response. Inhibition of membrane bound adenylyl cyclases via Gai is

a classic signal transduction pathway of the CB1R.
31 As expected, the CB1R agonist ACEA decreased
iScience 26, 107207, July 21, 2023 3
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Figure 2. Cannabinoids reduce leptin-initiated STAT3 signaling in cultured neuronal cells

(A and B) Overnight serum starved GT1-7 (A) and Neuro 2a (B) cells expressing leptin and CB1 receptors were concurrently

stimulated with various concentrations of leptin and vehicle or ACEA (10 mM) for 15 min. STAT3 activation (phopho:total)

was normalized to the average of lowest (leptin) + DMSO. Number of observation for panel A was 3 for all concentrations

in both groups and for panel B (from lowest to highest [leptin]) n = 3-3-5-3-3 for DMSO and 3-3-6-3-3 for ACEA treated.

*p < 0.0001 and p = 0.1 for the effect of ACEA in GT1-7 and in Neuro 2a cells, respectively (two-way ANOVA).

(C) Representative fluorescent confocal microscopic images of Neuro 2a cells expressing STAT3-eGFP (green) and

nucleus stained with Hoechst 33342 (blue) and exposed to leptin for 45 min. Scale bars represent 25 mm. Note that in

control cells many blue-stained nuclei are surrounded by green-stained (STAT3) cytosol, whereas in leptin-exposed cells

many nuclei turn green with weaker green stain remaining in the cytosol.

(D) Dose and time dependency of STAT3 cytosol-to-nucleus translocation, as measured by automated confocal

microscopy, in fluorescent STAT3 expressing Neuro 2a cells exposed to various concentrations of leptin for different

lengths of time. Number of observations was between 160 and 680 per data point; p < 0.0001 for both the effect of time

and leptin dose (two-way ANOVA).

(E) Leptin concentration—STAT3 translocation function as measured by confocal microscopy in Neuro 2a cells expressing

transgenic leptin and CB1 receptors and concurrently stimulated with leptin G ACEA (2 mM) for 45 min n = 311–700 per

point; *p < 0.0001 for the effect of ACEA (two-way ANOVA). (See also Figure S2).

Mean +, - or +/- S.E.M. are shown.
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Figure 3. T cell protein tyrosine phosphatase conveys the cannabinoid-mediated inhibition of leptin signaling

(A) Neuro 2a cells were pre-incubated with different tyrosine phosphatase inhibitors (Na3VO4 100 mM, TCS 401 2 mM,

claramine 10 mM) for 1 h and then were stimulated with various concentrations of leptin G ACEA for 45 min. Nuclear
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Figure 3. Continued

translocation of STAT3 was used as a measure of leptin signaling. n = between 80 and 731; *p < 0.002 for the effect of

ACEA (two-way ANOVA).

(B) Neuro 2a cells were transfected with siRNA directed against TC-PTP (2 separate siRNA sequences) or PTP1B or with

respective control non-silencing dsRNAs, and TC-PTP and PTP1B protein levels were assessed by Western blotting.

(C and D) Neuro 2a cells expressing fluorescently labeled STAT3 were treated with siRNA directed against TC-PTP

(sequence 2) or PTP1B and were stimulated with leptin G ACEA or DMSO for 45 min. STAT3 nuclear translocation as a

function of leptin concentration is shown. n = 183–1127 cells per point, *p < 0.0001 for the effect of ACEA (two-way

ANOVA). (See also Figure S3).

Mean +/- S.E.M. are shown.
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cytosolic cAMP concentration in a pertussis toxin dependent manner (Figure S4A). Nonetheless, the inhi-

bition of leptin-initiated STAT3 signaling by cannabinoids was retained in pertussis toxin pre-treated neu-

rons (Figure S4B), strongly arguing against the involvement of the Gai—cAMP pathway in the inhibition of

STAT3.

b-arrestins coordinate some of the Gai independent pathways of CB1R signaling.32 In line with previ-

ous observations,33 we detected CB1R—b-arrestin2 interaction upon CB1R stimulation by means of

bioluminescence resonance energy transfer (BRET) (Figure S4C). Yet, the selective knockdown of b-ar-

restin2 did not affect the ability of CB1Rs to suppress leptin-stimulated STAT3 signaling (Figures 4A

and 4B). Knocking down b-arrestin1 expression with siRNA, on the other hand, practically eliminated

cannabinoid suppression of leptin signaling, as demonstrated by both western blotting and the STAT3

translocation assay (Figures 4A, 4B, and 4C). In addition, selective rescue of b-arrestin1 expression in

b-arrestin1+2 double knockout HEK 293 cells restored cannabinoid-mediated inhibition of leptin

signaling (Figure 4D).

It was reported that b-arrestin1 binds nuclear STAT1 and, in so doing, enables STAT1 dephosphorylation in

interferon-stimulated non-neuronal cells.34 In agreement with such a mechanism, we observed partial

translocation of b-arrestin1, but not that of b-arrestin2, to the nucleus upon CB1R stimulation (Figure S4D).

Moreover, b-arrestin1 could bind both STAT3 and TC-PTP, but not PTP1B, as indicated by co-immunopre-

cipitation (Figure S4E). Altogether, these data show that b-arrestin1 is required for the cannabinoid-depen-

dent inhibition of STAT3 signaling and that b-arrestin1 may directly interact with both STAT3 and TC-PTP.
Feeding-induced hypothalamic signaling by endogenous leptin is impeded by CB1R activation

in a b-arrestin1-dependent manner

Our results so far indicate that STAT3 phosphorylation by exogenous leptin is inhibited by CB1R activation

both in mice in vivo and in neural cell lines in vitro, and findings in the latter paradigm indicate that this

CB1R-mediated effect is dependent on TC-PTP and b-arrestin1. Next, we aimed to test whether CB1R acti-

vation attenuates leptin signaling also during physiological elevations of the hormone elicited by refeeding

fasted animals (Figure 5A). Re-introducing food to overnight fastedmice elicited robust STAT3 activation in

the arcuate nucleus as demonstrated by both immunohistochemistry and western blotting (Figures 5B and

5C, respectively). Circulating leptin also readily responded to food intake (Figure 5C). While the CB1R

agonist ACEA had no effect on the rise in plasma leptin, it significantly reduced STAT3 phosphorylation

in the hypothalamus (Figure 5C). Importantly, the feeding-induced hypothalamic leptin response was

insensitive to CB1R activation in CB1R
�/� or b-arrestin1�/� animals (Figures 5C and 5D). Taken together,

acute CB1R activation reduces the responsiveness of the basal hypothalamus to physiological elevations

of leptin and this effect is dependent on b-arrestin1.
DISCUSSION

Activation of CB1Rs increases food intake, reduces energy expenditure, and promotes adipose tissue

expansion via pleiotropic actions throughout the CNS and peripheral organs.12,35 In the CNS, the majority

of CB1Rs reside on presynaptic terminals36 and the metabolic effects of cannabinoids are believed to be

conveyed primarily by these presynaptic CB1Rs, via the modulation of classical neurotransmission (re-

viewed in11). Beside such modulatory actions, we report here that CB1R activation can also directly target

the signal transduction of the main anorexigenic hormone, leptin. More specifically, activation of CB1Rs of

the leptin sensitive cell inhibits leptin receptor signaling by prompting the dephosphorylation of STAT3 on

its crucial tyrosine residue (Y705).
6 iScience 26, 107207, July 21, 2023



A

B

C

D

ll
OPEN ACCESS

iScience 26, 107207, July 21, 2023 7

iScience
Article



Figure 4. Attenuation of the leptin-initiated STAT3 response by cannabinoids involves b-arrestin1

(A) Immunoblot analysis of b-arrestin1 and b-arrestin2 siRNA treatment on protein abundance. Neuro 2a cells were

transfected with siRNA directed against murine b-arrestin1 (arrb1, barr1) or b-arrestin2 (arrb2, barr2) or with control (non-

silencing) dsRNA as appropriate. Cells were subjected to western blot and b-arrestin to actin protein abundance was

normalized to that in the control dsRNA treated group. n = 7-7-4 (left bar graph, L to R) and 24-18-4 (right bar graph, L to

R); *p < 0.001 vs. control dsRNA (ANOVA with Holm-Sidak’s multiple comparisons test).

(B) Analysis of leptin-induced STAT3 nuclear translocation in Neuro 2a cells expressing both ObRb and CB1 receptors and

transfected with b-arrestin1 or b-arrestin2 siRNA or respective non-silencing control dsRNAs. Cells were stimulated with

leptin G ACEA for 45 min as indicated. Numbers of observations were between 450 and 2000 STAT3-GFP+ cells/group.

*p = 0.011 and **p < 0.0001 when compared to leptin�/ACEA� within the quadruplicate treated with the same RNA;
#p < 0.0001 when compared to leptin+/ACEA� of the same RNA treated quadruplicate (Kruskal-Wallis ANOVA followed

by Dunn’s test). For a more detailed representation of the same data, please refer to the violin plot graph in Fig.S4F.

(C) Effect of b-arrestin1 knockdown on the cannabinoid sensitivity of leptin-stimulated STAT3 phosphorylation. Neuro 2a

cells expressing both ObRb and CB1 receptors were transfected with control dsRNA or siRNA directed against murine

b-arrestin1 and stimulated with 100 p.m. leptin G2 mM ACEA for 60 min n = 3–7/group, *p < 0.01 vs. control RNA and
#p < 0.01 when compared to leptin+/ACEA– (ANOVA with Holm-Sidak’s multiple comparisons test, data obtained from 2

independent experiments).

(D) b-arrestin1/2 double knockout or WT HEK 293 cells were transfected with empty plasmid (pcDNA3.1[+]) or with a

plasmid coding for b-arrestin1 as indicated and subjected to immunoblotting (blot representative for 3 independent

experiments) or to STAT3 translocation assay. Number of observations for the translocation experiments were 482–1784

cells per data point, *p < 0.0001 for the effect of ACEA (two-way ANOVA). (See also Figure S4).

Mean + or +/- S.E.M. are shown.
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We found that in lean wild-typemice, following the administration of a low pharmacological dose of recom-

binant leptin, hypothalamic leptin signaling was attenuated by the concurrent activation of CB1Rs. To avoid

supraphysiological effects of pharmacological leptin doses, and to confine leptin responses to the physi-

ological targets of the hormone, we took advantage of the fasting—refeeding paradigm and the small in-

creases in plasma leptin it elicits. The refeeding-evoked STAT3 response in the mediobasal hypothalamus

was reduced by CB1R activation in wild-type mice, but not in CB1R
�/� animals, showing that signaling by

endogenous leptin in the physiological concentration range is in fact susceptible to cannabinoid-mediated

inhibition. This gives our observation a broader biological relevance.

In principle, numerous mechanisms could account for reduced central leptin sensitivity in vivo. Impaired leptin

transport across the blood-brain barrier37; induction of the classical inhibitor of leptin signaling, SOCS338;

repression of the leptin receptor; and CB1R-induced hypothermia as well as catalepsy may all potentially

modify responsiveness to leptin. However, in our paradigms CB1R activation did not influence plasma or ce-

rebrospinal fluid leptin concentrations, Lepr or Socs3 expression, and low doses of ACEAwith no hypothermic

and cataleptic effects were still able to supress leptin signaling. Thus, we concluded that cannabinoids most

probably target the signal transduction of the leptin receptor directly, rather than interfering with pre-receptor

processes. This notion was corroborated by the finding that the CB1R agonists ACEA andHU 210 suppress the

leptin-evoked STAT3 response in cultured neurons, i.e. in the absence of complex synaptic connections. This

observation strongly argues that the leptin responsive cell’s own somatodentritic CB1Rs
39 are sufficient for the

inhibitory effect and validated the use of neuronal cultures in subsequent experiments.

Cultured neurons offered several methodological advantages in our study (i) phospho-STAT3 immunore-

activity from leptin sensitive astrocytes40; was naturally eliminated in neuronal cultures; (ii) the number of

animals necessary for the study could be reduced: (iii) cultured cells allowed for the semi-automated

confocal microscopic measurement of leptin signaling. This assay takes advantage of the accumulation

of STAT3 dimers in the nucleus after leptin receptor activation. The nuclear to cytoplasmic ratio of

STAT3 corresponds to its overall biological activity41 and closely parallels its phosphorylation state (Fig-

ure S2B). Like its phosphorylation, leptin-evoked nuclear accumulation of STAT3 also proved to be sensitive

to inhibition by CB1R agonists, validating the in vitro translocation assay for further experimentation.

It has been shown that TC-PTP (T cell protein tyrosine phosphatase, PTPN2, or TC45) and the closely related

phosphatase PTP1B may contribute to leptin resistance.42 Indeed, genetic ablation or pharmacological

blockade of these phosphatases in the hypothalamus prevents or reduces diet-induced obesity by supressing

food intake, supporting adipose tissue browning and boosting energy expenditure in mouse models of diet-

induced obesity.28 Consistent with such a role of these phosphatases, in our in vitro paradigms PTP1B

increased basal leptin sensitivity, and TC-PTP was essential for the CB1R-mediated inhibition leptin signaling.
8 iScience 26, 107207, July 21, 2023
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Figure 5. Feeding-induced hypothalamic signaling by endogenous leptin is impeded by CB1R activation in a

b-arrestin1-dependent manner

(A) Scheme of the fasting-refeeding paradigm. After an overnight fast, food was made available ad libitum for 2 or 4 h.

Then, food was again removed and mice were treated with the CB1R agonist ACEA (2 or 10 mM, i.p.) or with vehicle for 45

or 90 min and then euthanized under anesthesia.

(B) Immunohistochemical analysis of phospho-STAT3 in the arcuate nucleus (approx. bregma �2 mm). n = 64–594-586

phospho-STAT3+ nuclei (L to R) from 4-6-6 animals (respectively); *p < 0.0001 vs. non-refed group and p#<0.0001 vs.

refeeding+/ACEA� (ANOVA followed by Kruskal-Wallis post-hoc test).

(C) Left bar graph: serum leptin concentration in WT and CB1R knockout animals subjected to the fasting-refeeding

paradigm; n = 6-6-5-9-6-7 (L to R); *p < 0.05 and **p < 0.01 compared to refeeding�/ACEA� group of the same genetic

background (ANOVAwith Kruskal-Wallis post-hoc test).Middle panel: representative western blot showing hypothalamic

STAT3 activation in WT and CB1R
�/� animals. Right panel: statistical analysis of pooled western blot data; n = 11–14-12-7-

5-4 (L to R); **p < 0.001 and *p < 0.01 vs. WT non-refed group, #p < 0.01 vs. refeeding+/ACEA�, $$p < 0.01 and $p < 0.05

compared to CB1R
�/� non-refed group (ANOVA and Holm-Sidak’s or Dunn’s post-hoc tests).
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Figure 5. Continued

(D) Hypothalamic b-arrestin1 expression (left panel) and STAT3 activation (middle and right panels) in fasting-refeeding

experiments in b-arrestin1 knockout mice. Number of observations was 5 in all groups; *p < 0.039 vs. non-refed group

(ANOVA and Sidak’s post-hoc test).

Mean + S.E.M. are shown.
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While TC-PTP had only a slight modulatory effect on leptin sensitivity without CB1R activation, it substantially

reduced the leptin-evoked STAT3 response upon CB1R agonist treatment (cf. Figures 3D and S3B). The pos-

sibility that silencing TCPTP may inhibit the leptin response and thus pre-empt the similar action of ACEA is

unlikely in view of published findings that leptin sensitivity is inhibited by an excess rather than a deficiency in

TCPTP activity.42,43 By contrast, PTP1B decreased the responsiveness of cultured neurons to leptin but did so

in a CB1R independent manner (cf. Figures 3C and S3B). These findings suggest that PTP1B, in accordance

with previous reports,44 exerts tonic suppression on leptin signaling while TC-PTP antagonizes STAT3 only

when recruited by CB1R activation. It should be noted here that the non-specific phosphatase inhibitors ortho-

vanadate and TCS 401 did not increase leptin sensitivity in the absence of CB1R agonists, although both in-

hibitors are expected to block both TC-PTP and PTP1B.We suspect that this phenomenonmay be due to their

possibly numerous effects on other phosphatases. This observation also underlines the importance of corrob-

orating pharmacological findings with more specific genetic approaches such as, in this study, siRNA medi-

ated knockdown.

CB1Rs couple predominantly to Gi/o heterotrimeric G-proteins31; however, decoupling CB1Rs from the Gi/o

protein with pertussis toxin did not affect cannabinoid suppression of STAT3 implying that Gi/o dependent

cascades are not essential for this inhibitory effect. It is noteworthy, however, that the synthetic cannabinoid

HU 210 was shown to trigger STAT3 and Src kinase phosphorylation in Neuro 2a cells in a Gi/o dependent

manner.45 While this signaling pathway may have long-term effects on neurite outgrowth in neuroblasts,45

it did not contribute to CB1R-mediated inhibition of leptin signaling, as this latter proved to be Gi/o indepen-

dent. CB1Rs also signal via b-arrestins, with b-arrestin1 typically mediating long-term effects on the MAPK

cascade,46 and b-arrestin2 primarily governing receptor internalization.33 In our hands, CB1Rs clearly engaged

b-arrestin2 upon activation, yet, only b-arrestin1 proved to be essential for the cannabinoid-mediated inhibi-

tion of leptin signaling. Such non-redundancy between b-arrestin1 and b-arrestin2 is in keeping with the notion

that different b-arrestins have divergent functions undermost conditions.47,48 For instance, b-arrestin2, but not

b-arrestin1, was found to be involved in the CB1R-induced inhibition of insulin-stimulated glucose uptake into

skeletal muscle,49 whereas b-arrestin1 was found to convey the pro-fibrogenic effect of CB1Rs in the liver.50

Notably, knockdown of b-arrestin1 in Neuro 2a cells markedly increased leptin-induced pSTAT3 levels (Fig-

ure 4C), and a similar tendency was evident in vivo in CB1R
�/� compared to wild-type mice (Figures 1A

and 5C), suggesting that leptin signaling may be tonically inhibited by endocannabinoids via a CB1R/b-ar-

restin1 pathway even under basal conditions. This model is in harmony with the well documented pheno-

type of mice lacking CB1R which are highly leptin sensitive, slightly hypophagic, and resistant to diet-

induced obesity.13 On the other hand, mice lacking b-arrestin1 in specifically AgRP neurons are not

protected against diet-induced obesity and exhibit reduced hypothalamic insulin sensitivity. The most

probable explanation is that b-arrestin1 binds and stabilizes insulin receptor substrate-1 (IRS-1).51 and is

therefore required for normal central insulin sensitivity. Since the leptin receptor is thought to couple to

IRS-2/4,6 we suppose that b-arrestin1 may influence central insulin and leptin signaling differently.

Antimicrobial signaling, mediated by STAT1, was found to be attenuated by a concerted action of b-ar-

restin1 and TC-PTP in mammalian epithelial cells34 and in non-vertebrate immune cells52 (but see53).

Our findings reveal an analogous mechanism and extend it to leptin-evoked STAT3 signaling in neurons

since (i) a portion of b-arrestin1 translocated to the nucleus upon CB1R stimulation; (ii) b-arrestin1 bound

a measurable fraction of the STAT3 pool; (iii) a detectable amount of TC-PTP could be also co-immunopre-

cipitated with b-arrestin1; (iv) TC-PTP was essential for the cannabinoid-mediated inhibition of STAT3; and

finally, (v) CB1R activation was unable to suppress hypothalamic pSTAT3 in b-arrestin1 knockout mice, con-

firming the b-arrestin1 dependence of this inhibitory pathway in vivo. However, the present work reveals

that, as opposed to STAT1, inhibition of the leptin-induced STAT3 response by b-arrestin1/TC-PTP is

not a constant but an ‘‘on-demand’’ process that can be deployed by cannabinoids.

Triggering b-arrestin1 redistribution may not be unique to CB1Rs as opioid receptors may also trigger the

translocation of b-arrestin1 to the nucleus.54 However, CB1R activation alone induced only a moderate
10 iScience 26, 107207, July 21, 2023
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translocation of b-arrestin1 to the nucleus. Instead, it was the concurrent activation of both CB1Rs and leptin

receptors that was highly effective in this respect. This pattern is similar to that observed with co-immunopre-

cipitation, where co-stimulation the leptin receptors and CB1Rs was required to increase the amount of the

b-arrestin1/STAT3/TC-PTP complex. This implies that active leptin receptor signaling is also required for effi-

cient CB1R mediated b-arrestin1 translocation and, subsequently, for the signaling complex to form in a bio-

logically meaningful extent.

Whereas the importance of tyrosine phosphorylation of STAT3 is well recognized, the relevance of phos-

phorylation on serine residues is less clear.6 Importantly, phosphorylation of STAT3 at S727 was found to

accelerate its inactivation,55 and Morello and colleagues demonstrated that endocannabinoids bring

about S727 phosphorylation of STAT3 in POMC neurons.56 This process may be complementary to, but

is most likely distinct from the hereby reported phenomenon since we did not observe serine phosphory-

lation of STAT3 upon leptin receptor and/or CB1R activation in any of the relevant paradigms (Figures S1G,

S1H, and S2F). On the other hand, genetic ablation of CB1Rs in hepatocytes increases their leptin sensi-

tivity57; a mechanism similar to the one reported here may be responsible for this effect.

Visceral obesity is associated with leptin resistance7 and increased activity of the endocannabinoid/CB1R

system.12 Consistently, the CB1R inverse agonist rimonabant mitigates visceral obesity and its metabolic

complications58 but its clinical use has been thwarted by neuropsychiatric side effects4 mediated via

CB1R blockade in the brain. This limitation could be overcome with peripherally restricted CB1R antago-

nists devoid of CNS effects15 or with the application of CB1R biased antagonists. We have recently shown

in obese mice that MRI-1891, a CB1R antagonist that preferentially inhibits CB1R-mediated b-arrestin2

recruitment, restores hyperleptinemia, muscle insulin sensitivity and reduces food intake without exerting

anxiogenic side effects even at partial brain CB1R occupancy.49 This finding together with our present data

support the idea that b-arrestin biased CB1R antagonists may be used tomitigate obesity and its metabolic

corollaries without eliciting adverse neurobehavioral effects.

All in all, in this study we demonstrate that the hypothalamic response to physiological elevations of leptin

is mitigated by CB1R agonists. Upon CB1R activation, b-arrestin1 recruits TC-PTP to dephosphorylate

STAT3. This mechanism is expected to become more pronounced when hypothalamic endocannabinoid

levels and/or TC-PTP expression increase, such as during fasting59,60 or in diet-induced obesity.8 Limiting

leptin’s central effects may have long term impact on food intake, energy expenditure and body weight,

and it may be speculated that the CB1R-medited STAT3 inhibition contributes to the development of leptin

resistance and ensuing obesity. However, further studies are necessary to put the hereby described phe-

nomenon into broader physiological and pathophysiological context.
Limitations of the study

The present study demonstrates that the acute activation of CB1Rs inhibits leptin-evoked STAT3 signaling

via a concerted action of b-arrestin1 and TC-PTP . In the present study we focused our investigation on

STAT3 signaling, as it conveys the classic anorectic actions of leptin. However, leptin receptors also initiate

MAPK, PI3K-Akt-mTOR signaling, and modulate AMPK activity, all of which have physiological/pathophys-

iological significance. Therefore, whether cannabinoids also modulate those pathways will need to be

explored in the future. Also, in the present work we investigated male animals only. As ovarian steroids

modulate hypothalamic leptin signaling pathways in a complex manner,61,62 our proposed model may

work differently in females. Future studies will need to address these questions to be able to extrapolate

the present findings to the level of systemic metabolism and to the female sex.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

a-CB1R Immunogenes, Hungary RRID:AB_2813823

a-pSTAT3 (tyrosine) Cell Signaling Technology Cat#9145; RRID:AB_2491009

a-pSTAT3 (serine), monoclonal Cell Signaling Technology Cat#9136; RRID:AB_331755

a-pSTAT3 (serine), polyclonal Cell Signaling Technology Cat#9134; RRID:AB_331589

a-STAT3 Cell Signaling Technology Cat#4904; RRID:AB_331269

a-barrestin-1 Cell Signaling Technology Cat#30036; RRID:AB_2798985

a-barrestin-2 Cell Signaling Technology Cat#3857; RRID:AB_2258681

a-TC PTP Cell Signaling Technology Cat#58935; RRID:AB_2799550

a-PTP 1B Cell Signaling Technology Cat#5311; RRID:AB_10695100

a-GFP Cell Signaling Technology Cat#2956; RRID:AB_1196615

Chemicals, peptides, and recombinant proteins

ACEA Tocris Cat#1319

recombinant murine leptin Research And Diagnostic

Systems

Cat# 498-OB

recombinant human leptin Research And Diagnostic

Systems

Cat#398-LP

Critical commercial assays

mouse/rat specific leptin ELISA kit B-Bridge International Cat#K1006-1

ultra-sensitive mouse leptin ELISA kit Crystal Chem Inc. Cat#90080

GFP-Trap magnetic agarose Chromotek Cat#gtma-20

Experimental models: Cell lines

Neuro 2a cells American Type Culture

Collection (ATCC)

CCL-131

HEK 293 cells American Type Culture

Collection (ATCC)

CRL-1573

barr1-/-/barr2-/- HEK 293 cells Wakahara et al.15

GT1-7 cell produced by P.L. Mellon and

colleagues, described, e.g., in26

Experimental models: Organisms/strains

C57Bl/6J mice The Jackson Laboratory JAX stock Cat#000664;

RRID:IMSR_JAX:000664

C57Bl/6J CB1R
-/- mice produced and described by

Zimmer et al.64

C57Bl/6J barr1-/- mice (B6.129X1(Cg)-

Arrb1tm1Jse/J)

produced and described by

Conner et al.63
JAX stock Cat#011131;

RRID:IMSR_JAX:011131

Oligonucleotides (for control design see Buehler et al.72)

mus musculus cnr1 siRNA;

GCAUCAAGAGCACUGUUAA(UU)

Horváth et al.70 N/A

mus musculus barrestin1 (arrb1) siRNA;

GGGACUUUGUGGACCACAU(UU)

this paper N/A

mus musculus barrestin2 (arrb2) siRNA;

ACGUCCAUGUCACCAACAA(UU)

Gyombolai et al.76 N/A

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

mus musculus TC PTP (PTPN2) siRNA 1;

GCUCUUAUCUGAAGAUGUA(UU)

this paper N/A

mus musculus TC PTP (PTPN2) siRNA 2;

CGGUGGAAAGAACUUUCUA(UU)

this paper N/A

mus musculus PTP 1B (PTPN1) siRNA;

GUCGCGAAGCUUCCUAAGA(UU)

this paper N/A

Recombinant DNA

homo sapiens TK-CB1R Horváth et al.70 N/A

homo sapiens TK-D64-CB1R Horváth et al.70 N/A

mus musculus ObRb-CFP Biener et al.68 N/A

Rluc-EPAC-eYFP (cAMP sensor) original Klarenbeek et al.,71

modified Erdélyi et al.72
N/A

Software and algorithms

Multi-wavelength translocation module Molecular Devices ImageXpress Micro Confocal

High-Content Imaging System

Deposited data

Raw and analyzed data, western blots, IHC

images

this paper, Mendeley data https://doi.org/10.17632/53jfh7rd2b.1
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the lead contact, Gergo Szanda (szanda.gergo@med.semmelweis-univ.hu).
Materials availability

This study did not generate new unique reagents.

Data and code availability

d The data reported in this paper were deposited Mendeley Data: https://doi.org/10.17632/53jfh7rd2b.1.

Non-deposited or additional raw data will be shared by the lead contact upon request.

d This article does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the

lead contact upon reasonable request.
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Ethics statement and animal experiments

All animal procedures were approved by the Institutional Animal Care and Use Committee of NIAAA, NIH;

experiments were performed according to conventional guidelines. C57Bl/6JWT and b-arrestin1 knock out

animals63 were from The Jackson Laboratory (Bar Harbor, ME, USA; stock #011131). C57Bl/6J CB1R
-/-

mice64 and wild-type littermates were generated as previously described.65 In order to acclimate, all ani-

mals were housed for at least 14 days in the institutional animal facility and were switched to single housing

at least 7 days prior to experimentation. Mice had free access to water and were fed a standard rodent diet

(NIH-31 rodent diet) ad libitum while maintained on a 12:12 light/dark cycle (17:30-5:30 or 18:30-6:30 de-

pending on daylight saving time) at an ambient temperature of 21 G 1�C and at a relative humidity of

62-68%. Animals were habituated to handling prior to performing experiments. Core body temperature

and ambulatory activity were monitored as described earlier.66 Only male animals between 12-16 weeks

of age were investigated (in this range, age did not affect results, data were pooled.)
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In all experiments, animals were fasted overnight as follows: 15 min before the onset of the dark period mice

were place in a new cage together with some bedding and nestlet from the old cage to carry over own scent,

and a new nestlet was also provided to aid nesting and enrich environment. Mice had free access to water dur-

ing the dark cycle, food was not present. At the exact beginning of the light period, body weights were

measured, and animals were assigned into treatment groups in a randomized manner while keeping average

bodyweight even amonggroups. Then, drugswere prepared and experiments started 60min after the onset of

the light period (adding up to a total of 13 h food deprivation at the beginning of experiments).

In experiments with exogenous leptin treatment, mice were first treated with ACEA (10 or 2 mg/kg; i.p.)

or vehicle (90% sterile isotonic NaCl + 5% sterile DMSO + 5% Tween 80) at 0 min (�13h after the start of

food deprivation) and then with leptin (0.3 mg/kg, i.p.) or saline 30 or 45 min later. Samples were

collected 45 or 60 min after the leptin injection. In the fasting – re-feeding paradigm, body weights

were measured at the exact beginning of the light period and re-feeding (if any) started 60 min later

(again, adding up to a total of 13 h food deprivation in the refed groups). Food was made available

ad libitum (in the refed group only) for 2 or 4 hours (data were pooled) and after this refeeding period

all mice were placed in a new cage without food. At this point, animals were injected with the CB1R

agonist ACEA (2 or 10 mM, i.p.) or with vehicle (90% sterile isotonic NaCl + 5% sterile DMSO + 5% Tween

80). Samples were collected 45 or 90 min after the injection (data were pooled). In all experiments, mice

were anesthetised with isoflurane at the nominal end of the incubation period (except for when CSF was

collected or PFA perfusion followed, see below), and blood was collected from the retrobulbar sinus.

Then, animals, still under anaesthesia, were euthanized by decapitation. Hypothalami and CSF were ob-

tained as described in pertinent sections below.
Cell culture, transfection and cell stimulation

GT1-7 cells26 (kindly provided by Dr. Pamela L. Mellon, University of California), Neuro-2a (ATCC), and b-ar-

restin1/2 double knock-out HEK 293 cells67 were cultured in Dulbecco’s Modified Eagle Medium (DMEM)

containing 10% foetal bovine serum and supplemented with 100 U/ml penicillin and 100 mg/ml strepto-

mycin (‘‘complete DMEM’’). (DMEM formulations with 1.5 g/L NaHCO3 were used exclusively in order to

attain pH 7.4 at 5% CO2 and 37�C.)

GT1-7 cells were plated into 6-well plates at a density of 6.53105/well on day 1. Transfection of plasmid

DNA or siRNA was performed on day 2 (overnight) in Ultra-MEM with Lipofectamine-2000 (0.2 mL/cm2).

Neuro-2a cells were plated on day 1 onto poly-L-lysine coated 6-well plates, poly-L-lysine coated 96-well

plates or onto poly-L-lysine coated iBidi m-slides at a density of 2.5-33105/well or 4-73103/well (iBidi

m-slides). Transfection of siRNA into Neuro-2a cells was performed as follows: on day 2, cells were

treated with siRNA in Ultra-MEM for 6 h in the presence of Lipofectamine RNAiMAX (0.5 mL/cm2).

Then, on day 3, cells were again treated with siRNA in complete DMEM for 6 h with Lipofectamine

RNAiMax. DNA transfection (if any) was performed overnight (day 2 to 3) in complete DMEM with Lip-

ofectamine LTX + Plus Reagent (0.6 mL/cm2 Lipofectamine LTX + 0.5 mL/mg total DNA Plus Reagent). Un-

less otherwise indicated, siRNA concentration was 30 nM and construct DNA amount was 0.025-0.2 mg/

cm2/construct.

Cells were serum deprived by changing the complete medium to empty DMEM on day 3 (overnight serum

starvation) or day 4 (8-10 h serum starvation) before stimulation on day 4. One h prior to experiments, medium

was changed to DMEM + 10 mM HEPES (pH 7.4) + 3.94 mM HCO3
- (incubation solution) and cell stimulation

was carried out also in this incubation medium in order to minimize pH changes during experiments. In order

to maintain osmolality, isosmotic stock solutions of HEPES (193 mM HEPES + 107 mM NaOH) and HCO3
-

(154 mM NaHCO3) were used. At the end of the incubation period, cells were rinsed with ice-cold PBS twice

and lysed in lysis buffer (for immunoblotting, v.i.) or in Trizol reagent (for RT qPCR, v.i.). In some experiments,

6-well plates were snap frozen with liquid nitrogen and stored at -80�C until analysis.

For STAT3 translocation assay, b-arrestin1/2 double KO HEK 293 cells were plated onto 24-well No.1.5

polymer coverslip bottomed plates at 0.753105/well and transfected with 1.5 ml/well Lipofect-

amine 2000.

Passage numbers 4–30 were used. At all steps, bicarbonate-buffered media were equilibrated at 37�C and

5% CO2 for at least 12 h before application to avoid thermal and pH stress to cells.
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METHOD DETAILS

For further details on materials see Tables S1–S3.
Materials, pharmacons and formulations

All chemicals were obtained from Sigma Aldrich (St. Louis, MO, USA), unless specified otherwise. CB1R ag-

onists, CB1R antagonists, URB 597 and TCS 401 were purchased from Tocris (Bristol, UK). Recombinant lep-

tin was purchased from Research and Diagnostic (R&D) Systems, dissolved in sterile 20 mM Tris-HCI (pH

8.0) and stored at -80�C in small aliquots. For intraperitoneal injection, leptin was diluted in isotonic sterile

PBS or isotonic sterile NaCl to a concentration of 0.03 mg/mL. ACEA and URB 597 were diluted in a mixture

of 90% sterile isotonic NaCl + 5% sterile DMSO + 5% Tween 80 to final concentrations of 0.2 mg/mL and

0.1 mg/mL, respectively. Injection volumes were limited to 10 mL/g of body weight.

If drugs were obtained in anhydrous ethanol, ethanol was first evaporated with N2 and sterile dimethyl sulf-

oxide (DMSO) was then used for reconstitution. (DMSO was stored in small aliquots at -20�C to avoid water

absorption into the solvent.) All stock solutions were split into small aliquots and a maximum of 2 freeze-

thaw cycles were allowed. In cell culture experiments, final concentration of DMSO was limited to 0.15%.
Constructs, siRNA

The CFP-tagged long isoform of the murine leptin receptor (mLEPR-CFP or mObRb-CFP; kindly provided

by Dr. Arieh Gertler (The Hebrew University of Jerusalem)) was constructed by ligating mLEPR to CFP

and then inserting into pECFP-N1 plasmid backbone using AgeI and BsrGI restriction sites, as described

previously.68 Human ObRb was C-terminally fused to 3 tandem myc tags and subcloned into the pCMV3

vector wherein a Kozak consensus sequence (GCCACC69) was introduced 5’ to the start codon. Murine

STAT3 was C-terminally fused to a tandem of cyan and yellow fluorescent proteins (CFP and YFP, respec-

tively) by subcloning the murine STAT3 insert into a pSVLDEcoRI vector (including the sequence for the

CFP-YFP tag) using XhoI and BstEII, restriction sites, as described.41 (STAT3-CFP-YFP was generously

provided by Dr. Gerhard Müller-Newen, University Hospital Aachen.) In most experiments, human

STAT3-eGFP, expressed in the pEGFP-N1 vector, was used. Human and murine wild-type CB1R and

D64-CB1R (lacking the N-terminal 1-64 amino acids) were expressed in pcDNA3.1 vectors (driven by

the early-immediate CMV promoter for high-level expression). Unless otherwise stated, the thymidine ki-

nase promoter driven human D64-CB1R was used as this construct was extensively characterized by our

group and was found to closely mimic the behaviour of endogenous WT CB1Rs.
70 For fluorescent label-

ling, human WT and human D64-CB1R were inserted into mVenus-N1 expression vectors. Renilla lucif-

erase labelled b-arrestin1 and b-arrestin2 constructs were expressed in a pCMV based vector backbone

coding for the human codon optimizes Renilla luciferase and were designed by inserting rat b-arrestin1

and b-arrestin2 sequences, respectively, 5’ to the Renilla luciferase sequence.33 Cytoplasmic cAMP con-

centration was monitored with an EPAC-based intramolecular BRET cAMP sensor constructed by Erdélyi

at al.71 based on the sensor of Klarenbeek and co-workers.72 For dsRNA sequences also see Table S2.

Control (non-silencing) dsRNA sequences were designed according to the ‘‘C9-11’’ method.73 Mouse

b-arrestin2 siRNA and mouse CB1R siRNA sequences were previously published.33,74 Working concentra-

tions of dsRNAs were 10-30 nM.
Western blotting

Hypothalamic brain samples were homogenized in 300 or 400 mL complete lysis buffer (v.i.) at 4�C in a Pre-

cellys-24 tissue homogenizer with ceramic beads (Bertin Technologies, France) whereas cultured neuronal

cells were suspended in 4�C complete lysis buffer (v.i.) using a volume of 150-200 mL/9.5 cm2 growth area. After

a 30 min incubation period on wet ice, insoluble material was removed by centrifugation at�20.000 g (4�C for

10 min) and total protein concentration of the supernatant was determined with BCA Assay (Thermo Fisher

Scientific). The complete lysis buffer was based on amodified RIPA buffer containing: 150mMNaCl, 1% Triton

X-100, 1% sodiumdeoxycholate, 0.1%SDS, 1mMEDTA, 1mMEGTAand 20mMTris-HCl (pH 7.35 at 4�C). This
modified RIPA buffer was supplemented with either cOmplete Protease Inhibitor Cocktail and PhosSTOP

phosphatase inhibitor tablets (Roche) or with 1:100 Aprotinin, 1 mM sodium orthovanadate, 1 mM phenylme-

thylsulfonyl fluoride, 1:100 protease inhibitor cocktail, 1:100 phosphatase inhibitor cocktail 1 and 1:100 phos-

phatase inhibitor cocktail 2. After the addition of 4x Laemmli sample buffer (Bio-Rad) protein extracts were

separated in reducing mini or midi format Tris-glycine polyacrylamide gradient gels (4-15%, Bio-Rad). Final

concentration of b-mercaptoethanol in the samples was set to 5%; no heat-denaturation was applied. Proteins
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were then blotted onto nitrocellulose membranes using the Transblot-cell semi-dry transfer system with the

appropriate transfer packs (Bio-Rad). Some samples were separated by electrophoresis in Bis-Tris-HCl poly-

acrylamide gradient gels (4-15%) and in MOPS running buffer (Bio-Rad) and were blotted onto nitrocellulose

membrane using traditional ‘‘wet’’ transfer (50V for 9 h).

Membranes were blocked with Tris buffered saline + 0.1% Tween-20 (TBST) supplemented with 5% milk

and incubated with primary antibodies in TBST + 0.1% sodium azide overnight at 4�C. Horseradish
peroxidase conjugated secondary antibodies (PerkinElmer) were applied in TBST + 5% milk at room tem-

perature for 1 h and luminescence was captured using either X-ray films (Fujifilm), Syngene G:BOX (Syn-

gene, Frederick, MD, USA) or Azure 600 (Azure Biosystems, Dublin, CA, USA) chemiluminescence imag-

ing systems. West Pico Plus (ThermoFisher) or custom-made substrate solution (100 mM Tris-Cl, 1.1 mM

luminol, 0.2 mM p-coumaric acid, 2.6 mM H2O2, pH 8.5) were used for detection. Captured images were

processed by the brightness/contrast and background subtraction modules of Image J (NIH) and by

Adobe Illustrator to align blots. (For the complete list of antibodies see Table S3.) The integrated density

of individual protein bands was measured on raw images with the Image J software and the ratio of

phosphorylated to total protein (p/t ratio) was regarded as degree of activation. Unless otherwise spec-

ified, data were normalized to the average of the leptin-only or leptin + vehicle treated group.

Measurement of plasma and CSF leptin concentration

For the simultaneous measurement of plasma leptin levels and hypothalamic STAT3 activation, mice were

anesthetised with isoflurane and blood (� 0.5 mL) was collected from the retrobulbar sinus. Anesthetised an-

imals were then euthanized by decapitation and themediobasal hypothalamus was quickly removed and snap

frozen in liquid nitrogen for immunoblot, lipid or transcriptional analysis. Serum leptin levels were determined

using a mouse/rat specific leptin ELISA kit (B-Bridge International) according to the kit’s protocol.

CSF was collected as described earlier.15 Briefly, 5 min before the end of the nominal incubation period, mice

were anesthetized with isoflurane. Under a dissectionmicroscope a dorsal midline incision wasmade rostral of

the nuchal crest to the mid-cervical region and subcutaneous tissue and muscles were separated by blunt

dissection until the duramater was exposed. Then a pre-made sterile glass capillary pipette was used to pene-

trate into the cisternamagna and collect CSF (� 5 mL). Blood (� 0.5mL) was then obtained from the retrobulbar

sinus and animals, still under isoflurane anaesthesia, were euthanized by decapitation. The brain was removed

and the approx. 0.5 mm thick section of the mediobasal hypothalamus was removed and snap frozen in liquid

nitrogen for further analysis. CSF leptin concentrations were determinedwith the Ultra-SensitiveMouse Leptin

ELISA kit (Crystal Chem Inc.) according to the manufacturer’s protocol.

STAT3 translocation assay

Fluorescent-labelled STAT3 plasmids (v. Constructs) were transfected into Neuro-2a cells as described in

Cell culture and transfection. At the end of the incubation period, cells were fixed with either ice-cold 4%

PFA-PBS or with -20�C 100% methanol for 15 min at room temperature. Wells were then washed 5x with

PBS and were filled with PBS + 0.1% sodium azide + 0.5 or 1 mM Hoechst 33342 (Invitrogen) and kept in

this solution until and during microscopic assessment. Images of nuclei (Hoechst, excitation at 360-

390 nm, emission between 420-470 nm) and STAT3 (excitation at 460-490 nm, emission between 516-

555 nm) were acquired with the ImageXpress Micro Confocal High-Content Imaging System (Molecular

Devices, San Jose, CA, USA) in wide field (Nikon Plan Fluor ELWD 20x/0.45NA objective) or in spinning

wheel confocal mode (Nikon Super Plan Fluor ELWD 40x/0.6NA objective, 2x binning). Nuclear and peri-

nuclear (also referred to as non-nuclear cytosolic) regions were separated with the multi-wavelength

translocation assay within the MetaXpress module (Molecular Devices). Hoechst 33342 positive areas

were demarcated where pixel intensity exceeded the local background by � 1.5-fold and where the

following shape descriptors applied: maximal diameter 30 mm, minimal diameter 6 mm. The edge of

each Hoechst 33342+ area was regarded as apparent nuclear membrane; pixels within the Hoechst

33342+ area and located at least 1.8 mm from the apparent nuclear membrane were considered as the

nuclear region. The cytosolic (perinuclear) region was defined as a 0.6 mm wide area laying 0.5 mm

outside the apparent nuclear membrane and enclosing the nucleus entirely (Figure S2A). The ratio of

average STAT3 fluorescence within the nuclear region (nF) to the average fluorescence intensity or to

the integrated density of STAT3 in the perinuclear cytosolic region (cF and cD, respectively) were

used as measure of STAT3 nuclear (trans)location. (Evaluating nF/cF or nF/cD provided practically iden-

tical results.) Cells were analyzed only if STAT3 nF was at least 3-fold higher than that measured in
20 iScience 26, 107207, July 21, 2023



ll
OPEN ACCESS

iScience
Article
non-transfected cells (cellular background). b-arrestin nuclear translocation was assessed along same

analytical steps. Unless otherwise stated, data were normalized to the average of the vehicle-only or,

in case of dose-response curves, to that of the lowest leptin concentration treated group.

Lipid measurements

Hypothalami were snap frozen in liquid N2 and tissue concentration of endocannabinoids was measured by

stable isotope dilution liquid chromatography/tandemmass spectrometry (LC-MS/MS) following the exact

protocol described earlier.75

Immunohistochemistry

For immunohistochemical analysis, 10 min prior to the end of the nominal incubation period, mice were

anesthetized with ketamine-xylazine (100 mg/kg and 20 mg/kg i.p., respectively) and perfused trans-car-

dially with 15 ml ice-cold PBS and then with 20 ml 4% paraformaldehyde in PBS (PFA-PBS, pH 7.4). Brains

were removed and post-fixed overnight in 4% PFA-PBS at 4�C. Coronal sections (40-50 mm) were cut with

vibratome (Leica, Germany) and floating samples were collected in PBS. Antigen retrieval was carried out in

1% NaOH + 1% H2O2 in dH2O for 40 min. Samples were then further treated with (in PBS) 0.1% Triton X-100

(45 min), 0.75% glycine (30 min; pH � 7.2) and finally with 0.3% SDS for 10 min. Floating sections were

washed 3x5 min in PBS between each treatment. Blocking was performed for 2 h in 0.3% Triton X-100

PBS + 5% serum from the species of the secondary antibody. Brain sections were then incubated with pri-

mary antibodies in the appropriate blocking solution at 4�C overnight. After a brief wash (2x5 min in PBS)

coronal sections were stained with fluorescent-labelled secondary antibodies for 2 h in 3% BSA + 0.3%

Triton X-100 in PBS. (For the complete list of antibodies see Table S3). Finally, sections were mounted

onto glass microscope slides and covered with mounting medium with DAPI and cover glasses with low

autofluorescence in the UV range. Fluorescent images were acquired with the LSM750 laser scanning

confocal microscope system (Zeiss, Jena, Germany) or with the Nikon A1 laser scanning confocal micro-

scope (Nikon, Minato, Tokyo, Japan) and images were processed and analyzed with the LSM Image

Browser (Zeiss) and Image J software (NIH, Bethesda, MD, USA). All steps were carried out at room tem-

perature unless otherwise specified.

BRET measurements of cytoplasmic cAMP and of b-arrestin – CB1R interaction

BRET measurements were carried out as specified earlier.76 Briefly, HEK 293 cells were transfected with

0.175 mg construct DNA (see Constructs) in suspension with 0.5 ml/well Lipofectamine 2000 (Invitrogen) ac-

cording to the manufacturer’s protocol. Cells were plated on white poly-L-lysine coated 96-well plates at

50.000 cells/well density. Neuro 2a cells were plated on 6-well plates at 500.000 cells/well density. The

next day cells were transfected with 2 mg plasmid DNA using Lipofectamine LTX (Invitrogen). Measure-

ments were performed 24-28h after transfection. After 3.5 h serum deprivation of HEK 293 cells in

serum-free DMEM the solution was switched to modified Krebs-Ringer medium containing 120 mM

NaCl, 4.7 mM KCl, 1.2 mM CaCl2, 0.7 mM MgSO4, 10 mM glucose, 10 mM Na-HEPES (pH 7.4). After 3 h

serum deprivation, Neuro 2a cells were detached using PBS-EDTA, centrifuged for 4 min at 2.000 RPM, re-

suspended in modified Krebs-Ringer medium, and transferred to white 96-well plates. Measurements were

started with the addition of 5 mMcoelenterazine h (Regis Technologies) and luminescence wasmeasured at

480 nm (luciferase) and 530 nm (YFP or mVenus) with a Thermo Scientific Varioskan Flash Reader (Thermo

Scientific). BRET ratio was calculated by dividing emission intensities measured at 530 nm and 480 nm, or, in

the case of cAMP measurement, 480 nm was divided by 530 nm (1/BRET ratio) so that cAMP increases are

represented by a positive increment in the signal. BRET ratio values were normalized to baseline (i.e. before

the addition of forskolin) and interpreted as changes in cytosolic [cAMP] (D[cAMP]cyto). For b-arrestin –

CB1R interaction measurements, baseline correction was applied for all data points, and BRET ratio of

the vehicle treated group was subtracted from all data prior to normalization.

Real-time qPCR

For the isolation of RNA, hypothalamus samples were homogenized with Precellys-24 tissue homogenizer (Ber-

tin Technologies, France) or, in case of adherent cells, were scraped in Trizol reagent (Invitrogen). RNA was iso-

lated with RNeasy Lipid Tissue Mini Kit (Qiagen) and then treated with DNase I (Invitrogen) according to the

manufacturers’ protocols. RNA was reverse-transcribed into cDNA with the Iscript cDNA kit (Bio-Rad) and sub-

sequent real-time qPCR was performed using the StepOne Plus real time PCR system with Fast SYBR Green

master mix (Applied Biosystems). QuantiTect (Qiagen) primers were used for amplification (Table S2).
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Co-immunoprecipitation

After stimulation, cells were lysed in an ice-cold buffer containing 150 mM NaCl, 10 mM Tris/HCl (pH 7.5),

0.5 mM EDTA and 0.5% Triton X-100 supplemented with 1:100 Aprotinin, 1 mM sodium orthovanadate,

1 mM phenylmethylsulfonyl fluoride, 1:100 protease inhibitor cocktail, 1:100 phosphatase inhibitor cocktail

1 and 1:100 phosphatase inhibitor cocktail 2. The insoluble material was removed by centrifugation

(17.000x g for 10 min at 4�C) and then the GFP-tagged proteins were precipitated (1 h at 4�C) using Chro-

motek GFP-trap magnetic agarose according to the manufacturer’s protocol. Eluates were subjected to

SDS-PAGE and membranes were developed as described for Western blotting.
QUANTIFICATION AND STATISTICAL ANALYSIS

Data analysis and statistics

Means + s.e.m. or +/– s.e.m. are shown unless indicated otherwise. Data were obtained from at least 3 in-

dependent experiments or specified otherwise. In some experiments, in case high impact outliers were

present, minimal and maximal values have been uniformly excluded in all groups using the trimmed

mean approach or outliers were removed by the ROUT method. For bar graphs, number of observations

are indicated in left to right (L to R) orientation in the legend to the figure; for high-throughput STAT3 trans-

location assay, the lowest and highest n numbers are specified (min-max). For calculating significance of

differences, Student’s unpaired t-test andMann-Whitney test, one and two-way ANOVA and post-hoc tests

were used, as appropriate. Dose-response curves were fitted using the 3-parametered log[agonist] –

response equation ((Y=Bottom + (Top-Bottom)/(1+10(LogEC50-X))). In the high-throughput STAT-translo-

cation experiments, number of observations was set to attain a power of approx. 0.9 (bz0.1) at a=0.05.

Data were analyzed with Microsoft Excel 2016, GraphPad Prism 5 and Statistica 13.
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