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SUMMARY

The adipocyte hormone leptin has potent beneficial effects on glucose metabolism via actions in
the arcuate nucleus of the hypothalamus (ARC). However, the requirement of specific subgroups
of neurons within the ARC in mediating leptin's anti-diabetic actions is unknown. Here we
generated diabetic Lep®”/°? or Leprd®/dd mice lacking or re-expressing leptin receptors only in
selected subgroups of neurons to test the sufficiency and requirement of these neurons in the
glucose-lowering effects of leptin. Our results show that agouti-related peptide (AgRP)-expressing
neurons are both required and sufficient to normalize serum glucose levels by leptin. Leptin
receptors in pro-opiomelanocortin (POMC) neurons or SF1 neurons are not required. Furthermore,
glucose normalization by leptin is blunted in diabetic Lep®®/°P: MC4R-null mice, but not in
Lep®/ob mice lacking NPY or GABA in AgRP neurons. Collectively, our data suggests that AGRP
neurons play a key role in mediate the glucose-lowering actions of leptin and that these beneficial
actions require the melanocortin system, but not NPY and GABA.

INTRODUCTION

The adipocyte hormone leptin, besides its well-known effects on body weight, also plays a
key role in the control of glucose homeostasis. Lep®?/oP and Leprd®/dd mice that lack leptin
or its receptors, respectively, are severely hyperglycemic and hyperinsulinemic (Chen et al.,
1996; Coleman, 1978; Lee et al., 1996; Spiegelman and Flier, 2001; Zhang et al., 1994).
Although this impairment in serum glucose balance could be secondary to the massive
obesity observed in those mice, several studies support the possibility that the glucose-
lowering actions of leptin are independent of its effects on body weight (Hedbacker et al.,
2010; Pelleymounter et al., 1995; Schwartz et al., 1996). In addition, leptin therapy is
effective to improve insulin sensitivity in mice and humans suffering from lipodystrophy
(Oral et al., 2002; Petersen at al., 2002; Shimomura et al., 1999). Rodent studies suggest that
these beneficial effects of leptin in control of glucose metabolism are mediated mainly by its
actions in the brain, more specifically by its action in the hypothalamus (Coppari and
Bjorbaek, 2012).
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The arcuate nucleus of the hypothalamus (ARC) have been shown to play a pivotal role in
mediating the anti-diabetic effects of leptin because restoration of leptin receptor (LEPR)
expression only in ARC neurons of the otherwise very diabetic LEPR-deficient animals is
sufficient to fully normalize the circulating glucose levels (Coppari et al., 2005). The ARC
has two major subsets of neurons that express leptin receptors with opposite effects in the
control of energy homeostasis: pro-opiomelanocortin (POMC) neurons that release a-
melanocyte stimulating hormone (a-MSH), an anorexigenic neuropeptide that activates the
melanocortin receptor 3 and 4 (MC3R and MC4R), and agouti-related peptide (AgRP)-
expressing neurons that in addition of being GABAergic, also releases the orexigenic
neuropeptides AgRP (an antagonist of MC3R and MC4R) and neuropeptide Y (NPY) (Cone
et al., 2005; Horvath et al., 1997; Ollmann et al., 1997; Schwartz et al., 2000; Vong et al.,
2011). Leptin promotes its effects on body weight partly by activating POMC neurons and
inhibiting AgRP neurons (Balthasar et al., 2004; Cowley et al., 2001; van den Top et al.,
2004; van de Wall et al., 2008; Huang et al., 2013). Recent evidence has demonstrated that
POMC neurons can serve a sufficient role in mediating anti-diabetic effects of leptin: re-
expression of the long signaling form of the leptin receptor, LepRb, only in POMC neurons
normalized the severe hyperglycemia of hyperleptinemic Leprd®/db animals (Huo et al.,
2009). However, the requirement of POMC neurons in diabetic mice with physiological
serum leptin levels has not been investigated. In addition, animals that lack leptin receptors
only in POMC neurons are normoglycemic (Balthasar et al., 2004). These data raise the
possibility that other subsets of neurons might also play a critical role in mediating the
beneficial glucose-lowering effects of leptin.

Of the diverse subgroups of neurons that express leptin receptors within the hypothalamus,
two major populations could be potential targets of leptin to mediate its anti-diabetic actions:
1) Arcuate AgRP neurons; for example, AgRP neurons were likely targeted in LEPR-
deficient mice where virally-mediated re-expression of LEPRs in the ARC corrected
diabetes (Coppari et al., 2005); 2) neurons within the ventromedial nucleus of the
hypothalamus (VMH); leptin microinjection into the VMH increases glucose uptake in
peripheral tissues (Minokoshi et al., 1999). Also, it has been reported that intra-VMH leptin
injections can rescue diabetes in STZ-diabetic rats (Meek et al., 2013).

To investigate the potential role of these different subsets of neurons in leptin's anti-diabetic
actions in both high and low physiological levels of leptin, we generated different diabetic
mouse models lacking or re-expressing leptin receptors only in selected subgroups of
hypothalamic neurons known to be activated by leptin. In addition, to identify down-stream
molecular mediators, we developed diabetic animal models that lack central nervous system
(CNS) MC4Rs or NPY, or GABA release from AgRP neurons. Collectively, our data show
that AgRP neurons, but not VMN or POMC neurons, are both sufficient and required to
mediate the glucose-lowering action of leptin and that this effect requires the intact
melanocortin system, but not NPY or GABA.
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Sufficiency of AQRP neurons, but not SF1 neurons, in mediating leptin's anti-diabetic

actions

To determine if AgRP or SF1 neurons of the hypothalamus are sufficient in mediating
leptin's anti-diabetic actions, we generated Leprd®/d® mice that only express LepRb in AgRP
(HA-LepRb1%%/AgRP-ires-cre/Leprd®/db) or SF1 (HALepRb°*/SF1-cre/Leprdf/dd) neurons
using our HA-LepRb flox transgenic mice which allow expression of LepRb in a cre-
dependet manner (Huo et al., 2009). First, to verify the specificity of LepRb expression, we
measured leptin-dependent STAT3 phosphorylation in the brain of those mice. As expected,
STAT3 phosphorylation was only found in the ARC of the HA-LepRb19/AgRP-ires-cre/
Leprdd/db mice consistent with the known anatomical localization of AgRP neurons (Figure
S1). In contrast, STAT3 phosphorylation was detected as expected in the ventromedial
nucleus of the hypothalamus of HA-LepRb19%/SF1-cre/Leprd®/d mice (Figure S1). No
STAT3 phosphorylation was found in brains of leptin-treated HA-LepRbf1oX/[_eprdb/dd
control mice (Figure S1).

Both HA-LepRbflIo*/AgRP-ires-cre/Leprd®/db and HA-LepRb1°X/SF1-cre/Leprd?/db male mice
were slightly leaner compared to HA-LepRbf1%/Leprdt/db control mice (Figure 1A).
Surprisingly, despite being massively obese, food intake of HA-LepRbf%*/AgRP-ires-cre/
Leprdd/db mice was reduced to wild-type levels (Figure 1C). HA-LepRb/°/AgRP-ires-cre/
Leprdd/db mice also had slightly reduced fat mass compared to Leprd?/d® mice (Figure 1D).
No effect on food intake or body composition was observed in HA-LepRb/19%/SF1-cre/
Leprdd/db mice compared to HA-LepRb19%/Leprd®/dd mice (Figure 1C and 1D). Remarkably,
expression of HA-LepRb only in AgRP neurons, but not in SF1 neurons, rescued the severe
diabetes observed in the male HA-LepRbf1%%/Leprdt/db mice (Figure 1B). Similar results were
found in HA-LepRb1%/AgRP-ires-cre/Leprd?/dd females (Figure S2). To test if this
normalization of the glucose levels could be secondary to the reduced food intake observed
in the HA-LepRbf1%*/AgRP-ires-cre/Leprd®/db mice, we pair-fed (PF) HA-LepRbflo¥/Leprdb/dp
control mice to the food intake level of wild-type mice between 5 to 12 weeks of age. As
shown in the figure 1B, the markedly reduced food intake of HA-LepRbf19%/eprdb/db _ pp
mice over the period of 7 weeks did not affect the severe hyperglycemia compared to that
observed in the ad libitum HA-LepRb1°%/Leprd®/dd mice, suggesting that the normalization
of blood glucose levels found in the HA-LepRb{I°X/AgRP-ires-cre/Leprd®/db mice was
independent of their reduced food intake. These data suggest that AGRP neurons, but not
SF1 neurons, are sufficient to mediate leptin's anti-diabetic actions, similar to what we have
reported earlier for POMC neurons (Huo et al., 2009).

Requirement of AQRP neurons, but not POMC or SF1 neurons, in mediating leptin's anti-
diabetic actions

Next, to test the requirement of the different subsets of neurons in mediating leptin's anti-
diabetic actions, we generated diabetic Lep®”/° mice lacking LepRb selectively in AGRP
neurons (LepRb™/f/AgRP-ires-cre/Lep®’°b mice), POMC neurons (LepRb/fl/POMC-
cre/Lep®P’o mice) or SF1 neurons (LepRb/fl/SF1-cre/Lep®P’oP mice). As expected,
LepRb/f/AgRP-ires-cre/Lep®/o0, |epRb/f/POMC-cre/Lep®/°P and LepRb™/f/SF1-cre/

Cell Rep. Author manuscript; available in PMC 2015 May 22.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Gongalves et al.

Page 4

LepoP/ob were very hyperglycemic to the same extent, and had similar body weight curves
and food intake compared to LepRb/fl/LLep®/00 control mice (Figures 2A-C).

To determine whether these different neuronal subgroups are required in mediating leptin's
anti-diabetic actions, we implanted subcutaneously osmotic pumps delivering a low dose of
leptin (25 ng/hr). This dose has been previously determined to improve glucose levels of
diabetic Lep®”/°0 mice (Hedbacker et al., 2010). Also, we show that this rate of leptin
delivery results in serum leptin levels that are comparable to that of normal wild-type mice
(wt) (Figure S4). After mini-pump implantation (day 0), body weights, food intake and
serum glucose concentrations were recorded.

As showed in Figure 2D, leptin treatment did not affect body weight, but caused a modest
reduction of food intake in all groups, relative to mice receiving PBS (Figure 2E). As
expected, leptin treatment normalized glucose levels of LepRbf/fl/Lepo/ob control mice after
2-3 days (Figure 2F). In addition, leptin also fully corrected glycemia of LepRb//fl/POMC-
cre/Lep®P’o® and LepRb!/fl/SF1-cre/Lep®/°P mice (Figure 2F). In contrast and remarkably,
leptin did not have any effect on glucose levels of LepRbf/f/AgRP-ires-cre/Lep®P mice
(Figure 2F). To rule out that the slightly reduced food intake in the LepRbf!/fl/Lepob/ob,
LepRbf/POMC-cre/Lep®/o0 and LepRbl/fl/SF1-cre/Lep®/°P mice relative to the LepRbfl/fl/
AgRP-ires-cre/Lep®/° mice could affect the glycemic results, we food-restricted a new
group of diabetic LepRb/f/LLepP/°P mice to 4 grams/day (less than the daily food intake of
any of the other groups) during 5 consecutive days. We found that this level of food
restriction had no effect on lowering blood glucose levels (Figure 2G). Collectively, these
data suggest that AgRP neurons, but not POMC or SF1 neurons, are required in mediating
leptin's anti-diabetic actions.

Requirement of the melanocortin system on leptin's anti-diabetic actions

We next aimed to identify the downstream effectors of AgRP neurons responsible for
leptin's anti-diabetic actions. First, we addressed the role of the AgRP peptide indirectly
(Krashes et al., 2013) by generating diabetic Lep®/° mice that lack MC4Rs (MC4R ™'~/
LepP/ob mice) and by evaluating leptin-responsiveness. Deletion of MC4R in MC4R~/~/
Lep@P/ob mice did not affect body weight, blood glucose or body composition compared to
control Lep®/° mice (Figures 3A, 3B and 3D). However, despite having similar body
weights, MC4R™/~/Lep/b mice ate slightly more than Lep®”/° mice (Figure 3C). To
assess leptin's effects on glucose levels, we implanted subcutaneously osmotic pumps (day
0) with leptin (25 ng/h) for 12 days. As expected, body weight and food intake was similar
in MC4R™/~/Lep®0/0b and LepP/oP mice (Figures 3E and 3F). Notably, glucose improvement
by leptin was entirely blunted in diabetic MC4R~/~/Lep®/°® mice compared to the
normalization observed Lep®P/oP control mice (Figure 3G). These data show that leptin's
beneficial action on glucose metabolism requires an intact melanocortin effector system.

NPY does not play a role on leptin's anti-diabetic actions

To determine whether NPY, a neuropeptide also known to be released by AgRP neurons
(Hahn et al., 1998), plays a potential role in the glucose-lowering actions of leptin, we
created diabetic Lep®”/°° mice lacking NPY (NPY~/~/Lep®°b mice). NPY~/=/Lep/°0 mice
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showed similar body weight curves, food intake and hyperglycemia as the control
NPY~/*/Lep°P/o mice (Figures 4A, 4B and 4C). A slight increase in fat mass percentage
was observed in NPY~/~/Lep®/b mice compared to NPY~/*/Lep®/°0 control mice (Figure
4D). Using similar approach as described above, we tested the effects of a low dose of leptin
(25 ng/hr) using osmotic pumps. Again, this low dose of leptin did not significantly affect
body weight or food intake (Figures 4E and 4F). In contrast, leptin treatment was able to
fully ameliorate the diabetes of both study NPY~/~/Lep®/°0 and control NPY~/*/Lep®P/ob
mice (Figure 4G). These results show that NPY is not required in the development of
hyperglycemia observed in leptin-deficient mice and that it does not play a role in leptin's
anti-diabetic actions in this model.

GABA released by AgRP neurons are not required for leptin's anti-diabetic actions

Finally, we investigated whether the neurotransmitter GABA, which is also released by
AgRP neurons (Horvath et al., 1997; Vong et al., 2011), might influence glucose
metabolism in Lep°?/° mice and play a role in mediating leptin's anti-diabetic actions in this
model. For this purpose, we generated diabetic Lep®?/°P with conditional knockout of the
vesicular GABA transporter (VGAT), required for presynaptic release of GABA, in AgRP
neurons (Vgat'/fl/AgRP-ires-cre/Lep®/° mice). Surprisingly, loss of GABA from AgRP
neurons in Lep®”/° mice did not show any effect on body weight, food intake, glycemia or
body composition compared to Vgat/f/Lep®/°0 control mice (Figures 5A-D). Using that
same experimental design as above, we measured effects of low dose leptin (25ng/hr) on
glucose metabolism. Leptin treatment did not affect body weight or food intake (Figure 5E
and 5F). In addition, leptin improved blood glucose levels to a similar extent in both
Vgatf/fl/AgRP-ires-cre/Lep®/ob and control Vgatf/f/Lep®b/00 mice (Figure 5G). Therefore,
GABA produced by AgRP neurons does not play a role in control of circulating glucose
levels at baseline in Lep®?/oP mice nor is GABA derived from AgRP neurons required for
the blood-glucose lowering effects by leptin.

DISCUSSION

Leptin has potent effects on glucose metabolism though its actions in the hypothalamus.
However, the neurochemical identity of the neurons responsible for this effect and the
downstream mediators involved in these actions have remained unknown. Here, we applied
genetics and pharmacology to investigate these issues in obese diabetic mouse models. We
report that hypothalamic AgRP neurons, but not POMC or SF1 neurons, are both required
and sufficient in mediating leptin's anti-diabetic actions. In addition, the ability of leptin to
normalize hyperglycemia does not involve GABA derived from AgRP neurons or NPY, but
instead requires an intact melanocortin-4 receptor system. Combined, these data suggest the
existence and importance of a leptin-LepRb-AgRP-MC4R-glucose axis.

The beneficial effects of leptin on glucose balance have been reported in rodent models of
type 1 and type 2 diabetes and in severely insulin resistant humans (Coppari and Bjorbaek,
2012). Studies in mice suggest that these effects are mediated by leptin's direct actions in the
hypothalamus (Coppari et al., 2005; Fujikawa et al., 2013). It is further reported that LepRb
signaling only in POMC neurons within the ARC of the hypothalamus is sufficient to rescue
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diabetes of Leprd®/db mice (Huo et al., 2009), indicating some role of POMC neurons. On
the other hand, because selective loss of LepRb in POMC neurons does not lead to
hyperglycemia (Balthasar et al., 2004), other neurons in addition of POMC neurons must
exist that also play important roles in leptin's anti-diabetic actions. To identify such neurons,
we considered hypothalamic AgRP neurons and SF1 neurons as likely candidates, due to
their anatomical localization (ARC and VMH, respectively) and data suggesting roles of
these nuclei in leptin's effect on peripheral glucose balance (Coppari et al., 2005; Meek et
al., 2013; Minokoshi et al., 1999). We therefore first selectively re-expressed LepRb in
AgRP or SF1 neurons of diabetic LepRb-deficient Leprd®/d® mice to determine the
sufficiency of those cells to correct hyperglycemia by leptin. Secondly, we selectively
deleted LepRb in the same candidate neurons of diabetic leptin-deficient Lep®?/°P mice to
determine the requirement of those cells in a model of low-leptin-induced normalization of
circulating glucose levels (Hedbacker et al., 2010). We found that LepRb in SF1/VMH
neurons was neither sufficient nor required for leptin to reduce hyperglycemia. In stark
contrast, LepRb expression in AgRP neurons was both required and sufficient to mediate
leptin-dependent normalization of the severe diabetes in these mice. These effects via AgRP
neurons were entirely independent of changes in body weight, adipose tissue mass and
energy intake. We further show that LepRb in POMC neurons is not required for leptin's
ability to correct hyperglycemia in Lep®?/°P mice, despite the earlier studies showing the
sufficiency of POMC-LepRb to prevent diabetes in LEPR-deficient mice (Berglund et al.,
2012; Huo et al., 2009). We conclude that although both AgRP and POMC neurons are
sufficient in mediating leptin's glucose-lowering actions in diabetic states, only AgRP
neurons are fully required for these actions, altogether suggesting that AgRP neurons may
serve a crucial superior role for leptin's ability to ameliorate diabetes in severe
hyperglycemic states.

AgRP neurons co-produce and secrete AgRP, NPY and GABA. We therefore investigated
the possible role of each these molecules in leptin's anti-diabetic actions via AgRP neurons
by assessing the ability of recombinant leptin to correct hyperglycemia in Lep®?/°b mice
after systematic deletion of genes preventing the synthesis, release or action by each of the
three molecules. We found that neither global deletion of the Npy gene nor selectively
ablating GABA release by AGRP neurons via deletion of the vgat gene affected the potency
of leptin to normalize hyperglycemia. However and notably, we show that leptin's glucose-
lowering effects are completely blunted in Lep®/°P mice deficient in MC4Rs, demonstrating
the requirement of the melanocortin-4 receptor system in this effect of leptin. Consistent
with this finding, several studies have suggested that MC4Rs serve an important role in the
control of glucose homeostasis (Rossi et al., 2011). In addition, the MC4R appears to be
required for leptin's anti-diabetic actions in type-1 diabetic animal models (da Silva et al.,
2009). Considering that AgRP neurons release the AgRP neuropeptide which acts
predominantly as a melanocortin receptor antagonist (Corander et al., 2011) and our results
showing that AgRP neurons are both required and sufficient in mediating leptin's anti-
diabetic actions, it seems plausible that leptin exerts its effect on glucose balance in these
diabetic mouse models, at least in part, by decreasing the synthesis/release of the AgRP
neuropeptide from AgRP neurons.
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GABA is the major neurotransmitter synthesized by AgRP neurons (Horvath et al., 1997;
Vong et al., 2011) and recent evidences show an important role of GABA release by
hypothalamic LepRb-expressing neurons in control of glucose homeostasis: mice with
specific deletion of LepRb in GABAergic neurons are severely obese, hyperglycemic and
hyperinsulinemic (Vong et al., 2011); also, LepR's in hypothalamic GABAergic neurons are
sufficient to correct diabetes and to mediate life-saving actions of leptin in insulin-deficient
type-1 diabetic animal models (Fujikawa et al., 2013). However, our data does not support a
role of GABAergic neurotransmission by AgRP neurons in the development of diabetes in
leptin-deficient animals or in the glucose-lowering effects of leptin treatment. Considering
the studies mentioned above, our data implies that if in fact GABAergic LepRb-expressing
neurons exert any impact on glucose metabolism in type 2 diabetic mouse models, these
non-AgRP GABAergic neurons appear to serve a relatively lesser role in glucose control by
leptin. Such neurons could be localized in the dorsomedial hypothalamus (DMH) or lateral
hypothalamic area (LHA), both nuclei that contain neurons that co-express GABA and
LEPRs (Vong et al., 2011).

It has been reported that animals lacking both leptin and NPY have reduced serum glucose
levels compared to Lep®”/°? control animals (Erickson et al., 1996a). However, we did not
find any effect of NPY deletion on glycemia or in the glucose-lowering effects of leptin
administration in NPY~/~/Lep®/°b mice compared to control mice. The reason for the
discrepancy in baseline glycemia is unclear, but may be explained by the fact that glucose
levels were measured by Erickson et al. at 16 weeks of age when double mutants were
slightly leaner compared to control animals. Our measurements were done at 9 weeks of age
when body weights were similar. Alternatively, differences in genetic background may also
explain the divergent results on glycemia.

Besides our principal findings on glucose control by leptin, we also provide important new
data on the role of specific neurons on the control of energy balance by leptin. First, we
showed that re-expression of LepRb only in AgRP or SF1 neurons of Leprd®/db mice reduces
body weight (BW) by ~15% (8 g, 12 wks of age), which accounts for ~30% of the
difference between Leprd®/db and lean Lepr*/* mice (~25 g). These data are roughly in line
with the increased BW observed in animals with deletion of LepRb in AgRP or SF1 neurons
(Dhillon et al., 2006; van de Wall et al., 2008) suggesting that both AgRP and SF1 neurons
mediate a significant proportion of leptin's effect on BW. Interestingly, despite their massive
obesity, we found that mice with re-expression of LepRb specifically in AgRP neurons (HA-
LepRbfloX/AgRP-ires-cre/Leprd®/db) had completely normalized food intake, suggesting a
significant capability of AgRP neurons to mediate leptin-dependent inhibition of caloric
intake, at least in the hyper-leptinemic Leprd®dd model. Interestingly, these results further
suggest that reduced energy expenditure rather than hyperphagia is the main determinator of
BW in Leprd?/db mice. Indeed, when we food restricted Leprd®/dd to the caloric intake level
of Lepr*/* control mice over 12 weeks, the Leprd®/d0 animals remained severely obese.
Leprdd/db mice expressing LepRb only in SF1 neurons had a similar caloric intake compared
to Leprd®/dd mice, but yet exhibited a BW loss. This suggests that LepRb in SF1 neurons
plays a role in increasing energy expenditure, but not in reducing food intake by leptin. This
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was also concluded from analyses of mice with selective deletion of LepRb in SF1 neurons,
which showed increased BW without a change in food intake (Dhillon et al., 2006).

We also report on the effects on energy homeostasis in leptin-deficient mice that lack NPY,
MC4R and GABA release by AgRP neurons. Deletion of NPY and MC4R in Lep®°P mice
has been already described (Erickson et al., 1996a; Trevaskis and Butler, 2005). Supporting
the findings of those studies, we did not observed any major effect of the deletion of MC4R
or NPY on energy balance in our double mutant mice. We also investigate the role of GABA
release from AgRP neurons in leptin-deficient states. However, based on studies reporting a
role of GABAergic transmission from AgRP neurons on energy balance (Tong et al., 2008;
Wau et al., 2009), it was somewhat surprising that Vgat//l/AgRP-ires-cre/Lep®/°P mice
lacked a phenotype on body weight and food intake. This may suggest that GABA release
from AgRP neurons does not have a significant role in energy balance in leptin-deficient
animals.

In conclusion, our results bring important advances in the understanding of a neurocircuitry
involved in mediating beneficial anti-diabetic actions of leptin. We suggest that AgRP
neurons serve a major role in the control of glucose metabolism by leptin in obese diabetic
states. In addition, this beneficial glucose-lowering action of leptin does not involve NPY or
GABA, but instead requires the melanocortin system, suggesting a specific role of the AgRP
peptide. Combined, the data indicates the existence of a LepRb-AgRP-MC4R-glucose axis.

EXPERIMENTAL PROCEDURES

Animal Care

Animal care and procedures were approved by the Institutional Animal Care and Use
Committee at Beth Israel Deaconess Medical Center. Mice were single-housed at 22-24°C
using a 14 hr light/10 hr dark cycle. Unless otherwise specified, mice were fed a standard
chow diet with ad libitum access to food and water.

Generation of transgenic mice

HA-LepRbf°X POMC-cre, AgRP-ires-cre, SF1-cre, LepRbflox, MC4R*/~, NPY*/~ and
Vgatfl* mice were generated as previously described (Balthasar et al., 2004; Balthasar et al.,
2005; Cohen et al., 2001; Dhillon et al., 2006; Erickson et al., 1996b; Huo et al., 2009; Tong
et al., 2008). Leprd®/* (stock #001192) and Lep®?/* (stock #000696) mice were purchased
from Jackson Laboratory (Bar Harbor, ME). To generate the HA-LepRbflIo*/AgRP-ires-cre/
Leprdd/db or HA-LepRbfloX/SF1-cre/Leprd/db mice, HA-LepRbf°* mice were mated with
AgRP-ires-cre or SF1-cre mice. HA-LepRbflo*/AgRP-ires-cre or HA-LepRbflI%*/SF1-cre mice
were then mated with Leprd®’* animals. HA-LepRb/1°%/AgRP-ires-cre/Leprdb/dd or HA-
LepRbf1°*/SF1-cre/Leprd®/db mice were finally obtained by mating HA-LepRbf%*/AgRP-ires-
cre/Leprd®’* or HA-LepRbf1%%/SF1-cre/Leprd®+ mice with HA-LepRbf1%%/Leprd®’* mice. To
generate the LepRbf/fl/AgRP-ires-cre/Lep®/oP, |epRbf/fl/POMC-cre/Lepo/od or LepRbfl/fl/
SF1-cre/Lep®P/oP mice, LepRbf mice were first mated with AgRP-ires-cre, POMC-cre or
SF1-cre mice. LepRbf/*/AgRP-ires-cre, LepRb™/*/POMC-cre or LepRbf/*/SF1-cre mice
were then mated with Lep®®* mice. LepRbf/fl/AgRP-ires-cre/Lep®/ob, LepRbflfl/POMC-
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cre/LepPb/ob or LepRbfV/f/SF1-cre/Lep®/° mice were obtained by mating LepRb/*/AgRP-
ires-cre/Lep®*, LepRbf"*/POMC-cre/Lep®’* or LepRb/V*/SF1-cre/Lep®®’* mice with
LepRbfl*/Lep®/* mice. To generate the MC4R™/~/Lep®/°P or NPY~/~/ Lep©P/0P mice,
MC4R~"* or NPY~/* mice were first mated with Lep®®+ mice.MC4R ™/~ Lep®b/b or
NPY~/~/Lep®P/°b mice were obtained by intermating MC4R~/*/Lep®+ or NPY~/*/Lepo/+
mice. To generate the Vgat'/f/AgRP-ires-cre/Lep°P’oP mice, Vgatfl/* mice were first mated
with AgRP-ires-cre mice. Vgat/*/AgRP-ires-cre mice were then mated with Lep®®’* mice.
Finally, Vgat™/*/AgRP-ires-cre/Lep®®+ mice were mated with Vgat'/*/Lep°®’* mice.
Littermates were used in the studies.

Body Composition

Mice at 10-12 weeks of age were subjected to magnetic resonance imaging (MRI) using
EchoMRI (Echo Medical Systems, Houston, TX) to obtain the body composition.

Leptin administration via mini-osmotic pumps

Mice at 8-10 weeks of age were anesthetized intraperitoneally using ketamine/xylazine.
Alzet 2002 mini-osmotic pumps (Palo Alto, CA) filled with indicated concentrations of
leptin (Dr. E. Parlow, NIDDK; Torrance, CA) or PBS (placebo) were implanted
subcutaneously on day 0. At day 8-13, mice were sacrificed and blood was collected.

Blood Composition

Tail vein blood was collected at 8 a.m. + 2hr from ad libitum-fed mice. Blood glucose was
assayed with OneTouch Ultra Blood Glucose Monitoring System (Fischer Scientific;
Morrison Plains, NJ). ELISAs were used to measure serum insulin and leptin (Alpco; Salem,
NH).

Immunohistochemistry

Twenty five micrometer coronal brain sections were obtained as previously described
(Munzberg et al., 2003). P-STAT3 IHC was performed as described earlier (Huo et al.,
2006).

Statistical analyses

Data are presented as means + SEM, and significant level was set at p < 0.05. Analyses were
done using one-way ANOVA or two-way ANOVA (Bonferroni post-hoc analyses).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. LepRbs in AgRP neurons, but not in SF1 neurons, are sufficient in mediating leptin's
anti-diabetic actions

(A-E) Body weight (A), glycemia (B), food intake (9 weeks of age) (C), body composition
(10-12 weeks of age) (D) and serum leptin levels (E) in HA-LepRb1oX HA-LepRbflox/
Leprdo/dd HA-LepRbf1o%/SF1-cre/Leprdt/dd HA-LepRbfo%/AgRP-ires-cre/Leprdf/dd and
HA-LepRbf1o%/eprd/dd _ pF male mice. PF, pair-fed (5-12 weeks) to lean control mice.
Errors bars are shown as SEM (n = 3-8/group). Statistical analyses were done using one-way
or two-way ANOVA (Bonferroni post-hoc analyses). *p < 0.05 HA-LepRbf1%*/AgRP-ires-
cre/Leprd?/dd versus HA-LepRbf10%/Leprdt/dd mice: **p < 0.05 HA-LepRb19%/SF1-cre/
Leprdd/db or HA-LepRbfIoX/AgRP-ires-cre/Leprd®/db versus HA-LepRb1oX/Leprdd/de mice.
See also Figure S1, S2 and S3.
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Figure 2. LepRbs in AgRP neurons, but not in SF1 or POMC neurons, are required in mediating

leptin®
(A-C)

s anti-diabetic actions
Body weight (A), glycemia (B) and food Intake (7 weeks of age) (C) in LepRb/fl/

Lep@P/ob | epRbf/fl/AgRP-ires-cre/Lep/o0, | epRbf/fl/POMC-cre/Lep®/o0 and LepRbf/fl/

SF1-c

re/Lep®/°® male mice. (D-F) Leptin infusion for 5 days: percent of initial body weight

(D), daily food intake (E) and glycemia (F) in LepRb/fl/Lepb/0b - pPBS (placebo group),
LepRbfl/fl/LLepob/ob | epRb/fl/AgRP-ires-cre/Lepe’oP, LepRbfl/fl/POMC-cre/Lepob/ob and
LepRbf/fl/SF1-cre/Lep®/0P male mice. (G) Mice were food restricted (FR) to 4 g of food/
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day: percent of initial body weight and glycemia in LepRb/fl/Lepo/°P - FR male mice.
Errors bars are shown as SEM (n = 3-11/group). Statistical analyses were done using two-
way ANOVA (Bonferroni post-hoc analyses). *p < 0.05 versus LepRb/fl/Lep®b/0P mice. See
also Figure S4.
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Figure 3. Melanocortin receptors 4 (MC4Rs) are required for leptin's anti-diabetic actions
(A-D) Body weight (A), glycemia (B), food Intake (9 weeks of age) (C) and body
composition (9-10 weeks of age) (D) in Lep®?/°b and MC4R~/~/Lep®?/°P male mice. (E-G)
Leptin infusion for 12 days at 10 weeks of age: percent of initial body weight (E), daily food
intake (F) and glycemia (G) in Lep®®/°b and MC4R~/~/Lep®/°0 male mice. Errors bars are
shown as SEM (n = 3-13/group). Statistical analyses were done using Student's t test or two-
way ANOVA (Bonferroni post-hoc analyses). *p < 0.05 versus Lep°/°b mice.
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Figure 4. NPY is not required for leptin's anti-diabetic actions

(A-D) Body weight (A), glycemia (B), food Intake (9 weeks of age) (C) and body
composition (9-10 weeks of age) (D) in NPY*/~/ Lep®/°b and NPY~/~/ Lep°P/° male mice.
(E-G) Leptin infusion for 12 days at 10 weeks of age: percent of initial body weight (E),
daily food intake (F) and glycemia (G) in NPY*/~/Lep®P/oP and NPY~/=/ Lep®/°® male mice.
Errors bars are shown as SEM (n = 3-7/group). Statistical analyses were done using
Student's t test. *p < 0.05 versus NPY*/~/Lep®P/ob mice.
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Figure 5. GABA released by AgRP neurons is not required for leptin's anti-diabetic actions
(A-D) Body weight (A), glycemia (B), food Intake (9 weeks of age) (C) and body

composition (9-10 weeks of age) (D) in Vgat//fl/Lep°/ob and vgat//fl/AgRP-ires-cre/
Lep®b/o male mice. (E-G) Leptin infusion for 12 days at 10 weeks of age: percent of initial
body weight (E), daily food intake (F) and glycemia (G) in Vgat™/fl/Lepo/o0 and vgat/fl/
AgRP-ires-cre/Lep®°P male mice. Errors bars are shown as SEM (n = 3-8/group).
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