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Abstract

Lateral hypothalamic area (LHA) orexin neurons modulate reward-based feeding by activating
ventral tegmental area (VTA) dopamine (DA) neurons. We hypothesize that signals of peripheral
energy status influence rewardbased feeding by modulating the glucose sensitivity of LHA orexin
glucose-inhibited (GI) neurons. This hypothesis was tested using electrophysiological recordings
of LHA orexin-GI neurons in brain slices from 4 to 6 week old male mice whose orexin neurons
express green fluorescent protein (GFP) or putative VTA-DA neurons from C57BI/6 mice. Low
glucose directly activated ~60% of LHA orexin-GFP neurons in both whole cell and cell attached
recordings. Leptin indirectly reduced and ghrelin directly enhanced the activation of LHA orexin-
Gl neurons by glucose decreases from 2.5 to 0.1 mM by 53 + 12% (n = 16, P < 0.001) and 41
+24% (n = 8, P <0.05), respectively. GABA or neurotensin receptor blockade prevented leptin’s
effect on glucose sensitivity. Fasting increased activation of LHA orexin-GI neurons by decreased
glucose, as would be predicted by these hormonal effects. We also evaluated putative VTA-DA
neurons in a novel horizontal slice preparation containing the LHA and VTA. Decreased glucose
increased the frequency of spontaneous excitatory post-synaptic currents (SEPSCs; 125 + 40%, n =
9, P <0.05) and action potentials (n = 9; P < 0.05) in 45% (9/20) of VTA DA neurons. SEPSCs
were completely blocked by AMPA and NMDA glutamate receptor antagonists (CNQX 20 uM, n
=4; APV 20 uM, n = 4; respectively), demonstrating that these SEPSCs were mediated by
glutamatergic transmission onto VTA DA neurons. Orexin-1 but not 2 receptor antagonism with
SB334867 (10 uM; n = 9) and TCS-0X2-29 (2 uM; n = 5), respectively, blocks the effects of
decreased glucose on VTA DA neurons. Thus, decreased glucose increases orexin-dependent
excitatory glutamate neurotransmission onto VTA DA neurons. These data suggest that the
glucose sensitivity of LHA orexin-GI neurons links metabolic state and reward-based feeding.
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Introduction

Most individuals in developed countries are exposed to an almost unlimited food supply
largely consisting of highly palatable macronutrients such as sugar and fat. Intake of these
macronutrients can trigger ingestion beyond homeostatic needs (reward-based feeding) and
is one factor in the modern obesity and Type 2 Diabetes Mellitus epidemic (Fulton, 2010).
The DA neurons of the ventral tegmental area (VTA) are an important part of the classical
reward neurocircuitry for appetitive behavior and drug addiction (Fields et al., 2007). VTA
DA neurons project to brain regions involved in motivation and positive reinforcement
including the nucleus accumbens and the prefrontal cortex, which are assumed to be critical
in reward-based feeding (Vittoz et al., 2008). The VTA also receives input from many brain
regions involved in reward behavior including the prefrontal cortex, amygdala and lateral
hypothalamic area (LHA) (Fields et al., 2007).

LHA orexin neurons activate VTA DA neurons through co-release of glutamate as well as by
strengthening glutamatergic synaptic transmission (Borgland et al., 2006, 2009; Rosin et al.,
2003). Thus, the LHA orexin neurons may modulate reward behavior, in part, via effects on
VTA DA neurons. LHA orexin neurons are regulated by signals of metabolic status
including circulating nutrients and nutrient-related hormones. The majority of orexin
neurons are inhibited by glucose (i.e., glucose-inhibited or GI neurons) (Gonzalez et al.,
2008). Hormonal signals of energy balance (e.g., leptin, ghrelin) also regulate the activity of
LHA orexin neurons. The hormone leptin is secreted from adipose tissue in proportion to
adipose tissue mass. Leptin levels increase after a meal or with weight gain (Ahima et al.,
2000). In contrast, stomach secretion of the hormone ghrelin increases prior to a meal or
after diet-induced weight loss (Cummings et al., 2002). Calcium imaging studies in isolated
orexin neurons suggest that leptin inhibits while ghrelin activates these neurons (Yamanaka
et al., 2003). Fasting (low leptin and high ghrelin) increases orexin mRNA; an effect blocked
by leptin (Cai et al., 1999; Lopez et al., 2000). Mice lacking orexin do not increase vigilance
or exploration in response to a fast (Yamanaka et al., 2003). Thus, energy deficit activates
LHA orexin neurons. On the other hand, hormonal (e.g., leptin) or nutrient (e.g., glucose)
signals of energy sufficiency inhibit LHA orexin neurons. These data are consistent with a
role for orexin in the enhanced reward-based feeding observed after food deprivation and
weight loss.

We hypothesize that hormonal signals of energy status affect reward-based feeding, in part,
by altering the glucose sensitivity of VTA projecting orexin neurons. Thus, LHA orexin Gl
neurons may link reward-based feeding with peripheral energy status. In order to test this
hypothesis we first used electrophysiological techniques to determine whether ghrelin
exacerbated while leptin attenuated activation of LHA orexin Gl neurons by decreases in
extracellular glucose concentration. We then determined whether glucose modulated putative
VTA DA neurons in an orexin dependent manner using a novel horizontal brain slice
containing the LHA and VTA.
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Results

Low glucose directly excites LHA orexin neurons
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LHA orexin-GFP neurons were defined by their location lateral to the fornix in coronal brain
slices. Approximately 60% (48/82) of LHA orexinGFP neurons were glucose inhibited (GI)
neurons. In the whole cell current clamp recording mode decreasing glucose from 2.5t0 0.1
mM reversibly depolarized the orexin-GlI neurons by 8.1 + 0.5% (2.5 mM glucose: —56.9
+0.8mV; 0.1 mM: -52.3 + 0.8 mV; n = 48; P < 0.0001) and increased input resistance by
23 + 2% (2.5 mM glucose: 744 + 36 MQ; 0.1 mM: 921 + 47 MQ; n = 48; P b 0.005); the
latter indicating ion channel closure (Fig. 1A, B, C). Decreased glucose from 2.5 to 0.7 mM
also significantly and reversibly depolarized orexin-Gl neurons (3.6 = 0.3%; P < 0.0001) and
increased input resistance by 10.12 + 0.8% (P < 0.0001; n = 6). The percent change in
membrane potential and input resistance in response to decreased glucose from 2.5 to 0.7
mM was significantly smaller than that observed in response to a glucose decrease to 0.1
mM (P < 0.0001 for both variables) indicating that the effect of glucose is concentration-
dependent. The reversal potential for the inhibitory effect of glucose on orexin GI neurons
was —103 = 7 mV (n = 4), which is close to the potassium equilibrium potential in our
solutions (=99 mV). This suggests that low glucose excites these neurons by closing a
potassium channel. The effect of glucose persisted in the presence of the sodium channel
blocker, tetrodotoxin (TTX, 400 nM; n = 10; Fig. 1A, B, C), which blocks presynaptic
action potentials. Thus, glucose directly inhibited these neurons.

Whole cell recordings are commonly performed using 2 mM ATP in the recording pipette
(Song et al., 2001; Spanswick et al., 1997; van den Pol et al., 1998). However, Liu et al.
suggested that orexin neurons are more metabolically active and require higher intracellular
ATP levels for normal function (Liu et al., 2011). In their hands, orexin neurons were not
sensitive to decreased glucose when the pipette solution contained 5 mM ATP. In contrast,
we found that glucose directly (e.g., in the presence of TTX) inhibits orexin neurons
regardless of whether the recording pipette contained 2 or 5 mM ATP (Fig. 1A, B, C).
Moreover, there were no significant differences between the percent change in membrane
potential or input resistance in response to decreased glucose with either 2 (n=10) or 5 (n =
5) mM ATP in the pipette with and without TTX (P > 0.05; Fig. 1C). We also evaluated
orexin neurons using the cell attached patch clamp configuration in which the intracellular
milieu is completely preserved. As shown in Fig. 1D and E, decreasing glucose from 2.5
mM to 0.1 mM significantly and reversibly increased the firing rate of orexin neurons by 82
+ 25% (P < 0.05, n = 6). Together, these data indicate that glucose sensing is not an artifact
of intracellular dialysis during standard whole cell recording. Finally, the non-metabolizable
glucose analog, 2-deoxyglucose (2DG; 2.5 mM), completely reversed the effects of
decreased glucose on orexin Gl neurons (n = 7; Fig. 2). This suggests that LHA orexin-Gl
neurons respond to the glucose molecule per se as opposed to a downstream product of
glucose metabolism (e.g., ATP).

Metabolic hormones regulate the glucose sensitivity of LHA orexin-Gl neurons

Studies using calcium imaging as a surrogate for neuronal activity suggest that the
peripheral hormones of energy status, ghrelin and leptin, regulate the activity of LHA orexin
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neurons (Yamanaka et al., 2003). We first confirmed the effects of these hormones on
neuronal activity in 2.5 mM glucose. As expected, 5 nM ghrelin depolarized orexin-Gl
neurons by 4.7 + 0.9% (control: =55.4 + 2.5 mV; ghrelin: -52.5 £ 2.7 mV, n = 6, P < 0.001,
paired t-test) and increased their action potential frequency (n = 5; Fig. 3A, C). This was
associated with an 11 + 1.0% decrease in input resistance (control: 819.7 £ 97.4 MQ;
ghrelin: 743 + 91.8 MQ, n = 6, P < 0.001, paired t-test) indicating ion channel activation
(Fig. 3B, C). The effect of ghrelin reversed at —35 + 7 mV (n = 5), suggesting activation of a
non-selective cation channel. Ghrelin’s effect persisted in TTX (n = 3) indicating that
ghrelin directly activates orexin GI neurons. We next evaluated the effects of ghrelin on
glucose sensitivity of arexin GI neurons. A change in glucose sensitivity was defined as a
change in the magnitude of the response to a given change in extracellular glucose. As our
hypothesis predicted, ghrelin enhanced the depolarization and increase in input resistance
which occurs in orexin-GI neurons when glucose decreases from 2.5t0 0.1 mM by 31

+ 13% and 41 + 24% respectively (P < 0.05, paired £test; n = 8; Fig. 3D, E). In contrast,
leptin (10 nM) hyperpolarized LHA orexin-GI neurons by 2.4 + 0.5% (control: -58.9 + 1.8
mV, leptin: —60.1 £ 2.0 mV, n = 10; P < 0.001, paired t-test), reduced their action potential
frequency and decreased input resistance by 7.9 + 0.7% (control: 743.6 £ 75.4 MQ; leptin:
685.3 + 68.2 MQ, n = 10; P < 0.001, paired t-test; Fig. 4A, B, C). Thus, leptin inhibits LHA
orexin-Gl neurons by opening an ion channel. As we predicted, 10 nM leptin blunted the
increased input resistance of LHA orexin-Gl neurons associated with lowering glucose from
2.5t0 0.1 mM by 53 £ 12% (n = 16; P < 0.0001; paired t-test; Fig. 4D, E). The effects of
both hormones on the activity and glucose sensitivity of orexin-GI neurons were reversible
(Figs. 3, 4).

While our data and that of others support a direct effect of ghrelin on LHA orexin-Gl
neurons, a direct effect for leptin is controversial (Diano et al., 2003; Leinninger et al., 2011;
Yamanaka et al., 2003). Diano et al. showed that orexin neurons are leptin receptor
immunopositive and Yamanaka et al. showed that isolated orexin neurons are leptin sensitive
(Diano et al., 2003; Yamanaka et al., 2003). However, Leinninger et al. found that orexin
was not colocalized with GFP in mice with GFP labeling on leptin-receptor expressing
neurons (Leinninger et al., 2011). Instead, these investigators found that the majority of
LHA leptin receptor positive neurons projecting to LHA orexin neurons are GABAergic.
These GABA interneurons would be present in our coronal sections of the LHA. In support
of this latter concept, we found that leptin failed to alter glucose sensitivity of orexin
neurons when GABA A and B receptors were blocked by bicuculline (20 uM) and saclofen
(100 uM) respectively (n = 6, P > 0.05; Fig. 4F). Leptin receptors are also expressed on
neurotensin neurons in the LHA (Leinninger et al., 2011), thus these neurons are also a
potential site for the presynaptic effects of leptin. To test this hypothesis we evaluated the
effects of leptin in the presence of the neurotensin receptor antagonist SR142948 (1 uM),
which blocks both neurotensin 1 and 2 receptors. As shown in Fig. 5A, B, leptin did not
blunt the effect of decreased glucose on orexin-GI neurons when neurotensin receptors were
blocked (n =5, P > 0.5). As expected from our results with GABA and neurotensin receptor
blockers, leptin was also unable to blunt the effect of decreased glucose in the presence of
TTX (Fig. 5C, n = 6). Finally post-recording single cell (sc) RT-PCR indicated orexin but
not leptin receptor expression in LHA orexin-Gl neurons (n = 4). The above data are
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consistent with those from the Myers laboratory and suggest that leptin modulates the
glucose sensitivity of orexin-Gl neurons via actions on presynaptic GABA and/or
neurotensin neurons.

Fasting increases activation of LHA orexin-Gl neurons by decreased glucose

Fasting increased the overall activity of LHA orexin-GI neurons in 2.5 mM glucose as
indicated by an increase in action potential frequency from 1.45 + 0.6 (fed mice; n = 11) to
9.57 + 5.2 (fasted mice; n = 12; P = 0.05; Fig. 6A, B) per minute. In 2.5 mM glucose, the
membrane potential from orexin-GI neurons was slightly but not significantly more
depolarized in the fasted (-51.8 £ 2.2 mV) vs fed (-55.7 £ 1.8 mV; P = 0.2) mice. Input
resistance in 2.5 mM glucose did not differ between the groups. There was also no
difference in the response of orexin-GI neurons from fed and fasted mice to a maximal
glucose decrease from 2.5 to 0.1 mM. However, LHA orexin-GI neurons from fasted mice
were significantly more depolarized in 0.5 mM glucose than those from fed mice (membrane
potential in 0.5 mM glucose; fed: —=52.6 mV, n = 11, fasted: -46.6 £+ 1.8 mV,n=8; P <
0.05). Moreover, the percent change in membrane potential and input resistance in response
to decreased glucose from 2.5 to 0.5 mM was significantly greater in orexin-GI neurons
from fasted vs fed mice (Fig. 6A, C). There was no significant difference in the response of
orexin-GI neurons to glucose decreases from 2.5to 0.5 mM and 2.5 to 0.7 mM (P > 0.05;
see text in Low glucose directly excites LHA orexin neurons section and Fig. 6C).

Glucose-modulated orexin effects on putative VTA DA neurons

A horizontal brain slice preparation was used to preserve the neurocircuitry between the
LHA and VTA (Fig. 7A). Using the whole cell voltage clamp recording mode, we identified
VTA neurons from wild-type mice as putatively dopaminergic by the presence of an “H
current” (I; Fig. 7B). Over 90% of VTA neurons exhibiting a strong I, are DA neurons
(Korotkova et al., 2003). A strong I, was defined as a current sag greater than 150 pA at the
end of a 500 ms voltage command to —120 mV as shown in Fig. 7B (Ford et al., 2006). We
then used the current clamp recording mode to determine whether decreased glucose
increased action potential frequency of VTA DA neurons in an orexin dependent manner.
Fig. 7C shows a representative current clamp recording of a VTA DA neuron in a horizontal
slice identified as above. This VTA DA neuron depolarized by 4.3 mV and increased its
action potential frequency as glucose was decreased from 2.5 to 0.1 mM. Decreased glucose
significantly depolarized 14 of 31 VTA DA neurons (8.3 = 0.7%, P b 0.05) leading to
increased action potential frequency (Fig. 7D). The excitatory effect of decreased glucose
was blocked by the orexin 1 receptor antagonist SB334867 (10 uM) but not by the orexin 2
receptor antagonist TCS-OX2-29 (2 uM; Fig. 7D). Since orexin is only expressed in the
hypothalamus, these data strongly support the presence of orexin projections from the
hypothalamus to the VTA in our slice preparation. Connectivity between the LHA and VTA
was also verified using whole cell current clamp recording in VTA DA neurons during
electrical stimulation of the LHA. LHA electrical stimulation (5 V, 2 Hz, 5 ms duration)
significantly and reversibly increased the action potential frequency of 4 out of 13 VTA DA
neurons (before stimulation: 1.7 + 0.2 Hz; during stimulation: 5.8 £ 1.1 Hz; after
stimulation: 1.9 + 0.3 Hz; N = 4, P < 0.01 during vs before stimulation).
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Enhanced glutamate signaling underlies orexin excitation of VTA DA neurons (Borgland et
al., 2006, 2009). In order to determine whether this was also the case for glucose dependent
orexin effects, voltage clamp recordings in VTA DA neurons were performed at a holding
potential of -60 mV (Fig. 7E, F). Spontaneous excitatory post-synaptic currents (SEPSCs)
were recorded as inward currents in the presence of the GABA A and B receptor inhibitors
(20 uM bicuculline, 100 pM saclofen, respectively) which block inhibitory PSCs. Decreased
glucose reversibly increased SEPSC frequency of VTA DA neurons by 125 + 40% (Fig. 7E,
F; n=9; P b 0.05). The effect of decreased glucose on SEPSC frequency was blocked by
orexin 1 receptor antagonist (n = 6; P < 0.05; Fig. 7E, F), indicating that the effects of low
glucose on VTA DA neuron glutamate transmission are mediated by LHA orexin neurons.
SEPSCs were completely blocked by application of glutamate receptor (AMPA: 20 UM 6-
cyano-7-nitroquinoxaline-2,3-dione [CNQX]; NMDA: 20 pM (2R)-amino-5-
phosphonovaleric acid [APV]) antagonists indicating that the SEPSCs were mediated by
glutamatergic synapses (n = 3; P < 0.05; Fig. 7E, F). TTX also blocked sEPSCs indicating
that they were dependent on presynaptic action potentials (n = 3; P < 0.05; Fig. 7F). Finally,
Fig. 8 illustrates that a horizontal slice section in which we recorded from a VTA DA neuron
(labeled with Lucifer Yellow) possesses LHA orexin-immunopositive neurons. These data
suggest that changes in glucose concentrations modulate the activity of VTA DA neurons by
altering orexin dependent regulation of glutamatergic input onto these neurons.

Discussion

Our data support the hypothesis that peripheral signals of energy status change the
magnitude of the response of LHA orexin-GI neurons to a given glucose decrease. In this
way, metabolic status regulates the glucose sensitivity of LHA orexin-GI neurons such that
glucose deficit reinforces activation of putative VTA DA neurons under conditions of fasting
or weight loss. The cartoon in Fig. 9 summarizes our results. The satiety hormone, leptin,
reduces activation of LHA orexin-Gl neurons by decreased glucose. In contrast ghrelin,
which is released during times of hunger, enhances the activity of LHA orexin-GI neurons in
decreased glucose. Our data showing that an overnight fast increases the action potential
frequency of LHA orexin-GI neurons in 2.5 mM glucose as well as enhancing their
activation by decreased glucose is consistent with these hormonal effects. Thus during
fasting or weight loss, decreased leptin levels and increased ghrelin levels would potentiate
the response of LHA orexin-GI neurons to decreased glucose. Our data are also the first to
show that activation of orexin neurons by low glucose increases glutamate signaling onto
VTA DA neurons. Taken together these data suggest that increased activation of LHA
orexin-Gl neurons by decreased glucose could enhance reward-based feeding and contribute
to the difficulty in maintaining weight loss, especially after dieting.

There are several controversies in the literature regarding orexin-Gl neurons. The first relates
to whether or not they are truly glucose sensing. Over the past decade, Denis Burdakov’s
laboratory has consistently shown that glucose directly inhibits LHA orexin neurons by
opening a K* channel (Burdakov et al., 2005, 2006; Gonzalez et al., 2009). This inhibitory
effect of glucose is not dependent on intracellular metabolism since orexin neurons were
also inhibited by the non-metabolizable glucose analog, 2-DG (Gonzalez et al., 2008).
However, 2 recent studies contradict these findings. Lui et al. reported that LHA orexin
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neurons were sensitive to intracellular ATP levels. Moreover, they showed that raising the
ATP level in the whole cell recording pipette above 2 mM prevented orexin neurons from
being activated by low glucose (Liu et al., 2011). In contrast, Parsons and Hirasawa showed
that complete glucose deprivation (0 mM) inhibited LHA orexin neurons (Parsons and
Hirasawa, 2010). Thus, we wished to reconcile these findings prior to evaluating the
metabolic regulation of glucose sensing in these neurons.

We found that orexin-GI neurons make up ~60% of the LHA orexin population while the
remaining 40% are glucose insensitive. Our results regarding the orexin-Gl population are in
mechanistic agreement with those of Burdakov’s laboratory. That is, the effects of glucose
on LHA orexin-GI neurons persisted in the presence of TTX which blocks presynaptic
action potentials, indicating a direct effect. LHA orexin-GI neurons responded similarly to
glucose and 2-DG consistent with a metabolism independent effect. The effect of glucose
reversed at the K* equilibrium potential consistent with opening of a K* channel.
Importantly, raising the pipette ATP concentration to 5 mM did not block the response of
LHA orexin-GI neurons to decreased glucose. Furthermore, the response to decreased
glucose was observed using the cell attached recording configuration which preserves the
integrity of the intracellular milieu and thus would not alter intracellular ATP levels. These
data suggest that discrepancies in the literature may be explained by different subpopulations
of orexin neurons. There is significant heterogeneity in orexin neurons in terms of projection
and function (Antunes et al., 2001; Cason et al., 2010; Cheng et al., 2003; Chou et al., 2003;
Gonzélez et al., 2012; Horvath and Gao, 2005; Horvath et al., 1999; Jiménez et al., 2013;
Nollet et al., 2011; Peyron et al., 1998; Sakurai, 2002; Tupone et al., 2011). One limitation
of the orexin-GFP mouse is that our study was restricted only to the subpopulation of orexin
neurons which actually express GFP (Li et al., 2002). Moreover heterogeneity with respect
to glucose sensitivity has also been described for Neuropeptide Y neurons in the arcuate
nucleus (Fioramonti et al., 2007). Thus, the LHA orexin neurons which we sampled may
have overlapped both the glucose sensitive (Gl) and insensitive populations tested by
Burdakov and Lui et al., respectively. Finally, Parsons and Hirasawa (2010) show that orexin
neurons are inhibited by complete glucose deprivation and activated by astrocytic lactate.
Our data do not contradict these findings. First, complete glucose deprivation (0 mM) is not
physiological. In our study we evaluated glucose decreases which would be relevant to a
profound fast or hypoglycemia (e.g., 0.5-0.7 or 0.1 mM) (De Vries et al., 2003; Dunn-
Meynell et al., 2009; Silver and Erecinska, 1994). Furthermore, activation by lactate does
not preclude glucose inhibition since we find similar activation of ventromedial
hypothalamic GI neurons by lactate (Song and Routh, 2005). It is also possible that the
lactate sensitive orexin neurons belong to the glucose insensitive population of orexin
neurons.

A second controversy in the literature relates to whether orexin neurons possess leptin
receptors and thus respond directly to leptin. Using calcium imaging as an index of neuronal
activity, Yamanaka et al. showed that leptin inhibits isolated orexin neurons suggesting a
direct action for leptin (Yamanaka et al., 2003). In support of this Diano et al. showed leptin
receptor immunoreactivity on orexin neurons (Diano et al., 2003). In contrast, the Myers
laboratory did not observe an overlap between orexin immunopaositive neurons and neurons
in which GFP labeling indicated leptin receptor expression (Leinninger et al., 2011). Our
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data are consistent with those of Myers and colleagues. Like Yamanaka et al. (2003), we
found that leptin inhibited LHA orexin-GI neurons. However, leptin’s effects were blocked
by TTX indicating a presynaptic effect. In addition, LepR mRNA was not detected by post-
recording sc-PCR analysis. Myers and colleagues have shown that LHA GABA and
neurotensin co-expressing neurons possess leptin receptors and that leptin directly stimulates
these neurons (Leinninger et al., 2009, 2011). Consistent with their findings the effects of
leptin on LHA orexin-GI neurons were blocked by either GABA or neurotensin receptor
antagonists. Our data also show that leptin opens an ion channel on orexin-GI neurons as
indicated by decreased input resistance. This is consistent with leptin receptor activation of
neurotensin/GABA neurons which synapse onto orexin neurons. Increased transmitter
release would then activate ion channels located on orexin neurons. Unfortunately, this
precludes determination of the leptin sensitive conductance/channel. In contrast to leptin,
ghrelin acted directly on LHA orexin-GI neurons as shown previously (Yamanaka et al.,
2003). The effect of ghrelin reversed at —35 mV suggesting activation of a non-selective
cation channel. This is consistent with previous reports showing ghrelin activation of a
calcium channel on growth hormone releasing hormone neurons (Osterstock et al., 2010).

Our findings show that leptin and ghrelin modulate not only the activity of orexin neurons
but also their glucose sensitivity. Leptin blunts while ghrelin enhances the response of LHA
orexin Gl neurons to decreased glucose. These data are consistent with the effects of leptin
on ventromedial hypothalamic GI neurons which we have previously reported (Murphy et
al., 2009). Reciprocal modulation of the glucose sensitivity of LHA orexin-GI neurons by
leptin and ghrelin is also consistent with our overall hypothesis that energy deprivation
attenuates the inhibitory effect of glucose on these neurons. This metabolic regulation of
glucose sensitivity could influence orexin output in several ways. First, it is possible that
during energy deprivation, orexin-GI neurons may be activated by small preprandial glucose
decreases. On the other hand, orexin-GI neurons may simply be more active in normal brain
glucose concentrations. In both cases, increased orexin output under conditions of energy
deficit could reinforce reward-based signaling in the VTA. The observation that fasting
increased the action potential frequency of LHA orexin-Gl neurons in 2.5 mM glucose as
well as enhancing activation in low glucose is consistent with both of these scenarios.
Importantly, the effect of fasting was observed in response to a decrease in glucose which is
relevant to that seen in the brain of fasted animals (De Vries et al., 2003). These data also
suggest that metabolic regulation of the glucose sensitivity of LHA orexin-GI neurons is
physiologically relevant.

Further support for a role of LHA orexin-GI neurons in reinforcing VTA DA signaling is
illustrated by our findings using a novel horizontal brain slice which contains the orexin
projections from the LHA to the VTA. Using this preparation, we found that lowering
glucose within the physiological range is sufficient to increase the activity of putative VTA
DA neurons. The effect of glucose did not persist in the presence of the orexin 1 receptor
antagonist. These data indicate that decreased glucose activates VTA DA neurons by
increasing orexin release. One possibility is that the terminals of orexin neurons within the
VTA are glucose sensing. However blocking action potential mediated synaptic transmission
with TTX prevented the effect of glucose on SEPSCs in VTA DA neurons. This suggests that
the site of glucose regulation of orexin signaling was mediated by an effect on the soma (or
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dendrites) of an upstream orexin neuron. Since orexin is only made in the hypothalamus
these data strongly support intact hypothalamic-VTA projections in our slice preparation
(Sakurai et al., 1998). Activation of VTA DA neurons by LHA electrical stimulation further
confirms the presence of LHA-VTA projections in our preparation. Interestingly, the orexin
1 but not 2 receptor antagonist was effective in blocking the effects of decreased glucose on
VTA neuron activity. This is consistent with reports that orexin A vs B plays a greater role in
food reward (Teske et al., 2006). Our data are also consistent with literature showing that
orexin enhances glutamate signaling onto VTA DA neurons since decreased glucose
increased the frequency of glutamate-mediated SEPSCs recorded in VTA DA neurons
(Borgland et al., 2006, 2009). In the future it will be interesting to determine whether
changes in glucose influence synaptic plasticity at glutamatergic synapses in the VTA.

One caveat is that we are not able to discriminate between the LHA and the other
hypothalamic orexin containing nuclei (e.g., perifornical, potentially the dorsomedial areas)
in this horizontal brain slice preparation. Differentiating the glucose modulation of LHA
from perifornical orexin neurons requires further investigation. Additionally dialysis of
glucose into the midbrain increases dopamine release thus it is possible that some VTA
neurons may be glucose-excited (GE) neurons (Levin, 2000). However, we are specifically
studying excitatory responses resulting from decreased glucose. Thus it is unlikely that this
will lead to artifacts in this study. Moreover, since we are evaluating presynaptic glucose
effects, we are minimizing any potential postsynaptic effects of increased glucose on VTA
neurons. Finally, our current clamp studies reveal minimal (<8%) occurrence of “GE”-like
responses at glucose sensitive orexin-VTA synapses under our experimental conditions.

In summary, these studies are the first to show that changes in the activity of glucose sensing
neurons are sufficient to influence the activity of downstream neurocircuitry. Thus, these
data provide a significant advancement in understanding the relevance of neuronal glucose
sensing. Our observations that leptin increases while ghrelin and fasting decrease the
inhibitory effect of glucose on LHA orexin-GI neurons suggest that orexin release in the
VTA would be increased during fasting or following weight loss. It is also possible that
small preprandial glucose decreases might also increase orexin release to a greater extent
during energy deprivation. This change in glucose sensitivity may in part explain why it is so
difficult to achieve and maintain weight loss resulting from dietary restriction.

Experimental methods

Animals and tissue preparation

Male 4-6 week old C57BL6 or orexin-GFP mice were housed on a 12:12 light:dark cycle
with water provided ad libitum in the Research Animal Facility at Rutgers, The State
University of New Jersey, RBHSNew Jersey Medical School. All procedures were in
accordance with the Institutional Animal Care and Use Committee. Most of the mice
received standard rat chow ad libitum; however some mice were fasted for ~24 h (food
removed at 12 noon the day prior to sacrifice). On the day of experiment mice were
anesthetized and transcardially perfused with ice-cold oxygenated (95%0,/5%CO5)
perfusion solution in which NaCl was replaced with sucrose; composition (in mM): 2.5 KCl,
7 MgCly, 1.25 NaHoPOQy4, 28 NaHCO3, 0.5 CaCly, 7 glucose, 1 ascorbate, and 3 pyruvate;
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and osmolarity adjusted to ~300 mOsm with sucrose; pH 7.4. Brains were rapidly removed
and placed in ice-cold (slushy) oxygenated perfusion solution as previously described (Song
et al., 2001; Wang et al., 2004). 320 um coronal (containing LHA orexin neurons) or
horizontal sections (containing LHA orexin and VTA DA neurons) were made on a
vibratome (Vibroslice, Camden Instruments, Camden, UK). The brain slices were
maintained in oxygenated artificial cerebrospinal fluid (aCSF; in mM: 126 NaCl, 1.9 KCl,
1.2 KH,POy, 26 NaHCO3, 2.5 glucose, 1.3 MgCls, and 2.4 CaCl,; osmolarity was adjusted
to ~300 mOsm with sucrose; pH 7.4) for at least 1 h at room temperature. They were then
transferred to the recording chamber for remainder of the day.

Electrophysiology

Whole cell voltage and current clamp recordings were made as previously described (Song
etal., 2001; Wang et al., 2004). Borosilicate pipettes (4-6 MQ; Sutter Instruments, Novato,
CA) were filled with an intracellular solution containing (in mM): 128 K-gluconate, 10 KCl,
4 KOH, 10 HEPES, 4 MgCl,, 0.5 CaCl,, 5 EGTA, 2 NayATP, and 0.4 Nay,GTP; pH 7.2.
Osmolarity was adjusted to 300 mOsm with sucrose. Cells with membrane potentials more
negative than —45 mV in 2.5 mM glucose and action potentials which overshoot 0 mV were
considered viable for recording. Pipette access resistance under 30 MQ with less than a 20%
change during the time course of the experiment was considered acceptable. For current
clamp recordings, treatment effects were quantified using input resistance (IR) and
membrane potential (MP) (Song and Routh, 2005). IR was calculated from the membrane
voltage responses to a —10 or —20 pA hyperpolarizing pulse (500 ms duration). The
recording pipette contained 2 mM ATP unless otherwise noted in the figures (e.g., Fig. 1B).
In some experiments Lucifer Yellow (250 pg/ml) was included in pipette solution for post-
recording visualization of the neuron. Voltage clamp recordings were low pass-filtered at 1
kHz and data were simultaneously digitized at 5 kHz. Neurons were clamped at —60 mV to
record spontaneous excitatory postsynaptic currents (SEPSCs) in the presence of the GABA-
A receptor antagonist bicuculline (20 uM). Putative VTA DA neurons from wild-type mice
were identified by the presence of a hyperpolarization-activated inwardly rectifying non-
specific cation current (HCN; Ih) (Korotkova et al., 2006). Cell attached voltage clamp
recording was performed under the same conditions as whole cell voltage clamp except that
the membrane was not ruptured. In order to verify connections between the LHA and VTA
in our horizontal brain slice a platinum electrode (0.2 mm) was placed in the ipsilateral LHA
(just lateral to the fornix) and pulsed electrical stimulation was performed (5 V, 2 Hz, 5 ms
duration) using a Grass SD9 stimulator.

Single cell PCR (sc-PCR)

After electrophysiological recording, single cells were extracted for analysis via RT-PCR.
Identified neurons were snap frozen on dry ice in an RNAseOUT™ RNase inhibitor
(Invitrogen), and stored at =20 °C. cDNA synthesis was performed within three days of
collection using a Superscript I first strand synthesis kit (Invitrogen) as per manufacturer’s
instructions. RT reactions were performed at 45 °C for 2 h and terminated via heat
inactivation at 70 °C for 15 min. PCR was performed using Tagman® primer/probes for
glyceraldehyde 3- phosphate dehydrogenase (GAPDH), glial fibrillary acidic protein
(GFAP), leptin receptor, and tyrosine hydroxylase (Applied Biosystems). All primers used
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expanded across two exons to exclude genomic DNA from amplification. PCR reactions
were performed for 55 cycles on a LightCycler® (Roche) using the following protocol:
denature at 95 °C for 5 min at 20 °C/s; amplify at 60 °C for 1 min at 2 °C/s; cool at 40 °C
for 30 min at 20 °C/s. All PCR runs included whole hypothalamic cDNA and autoclaved
nanopure water samples as positive and negative control samples, respectively. Whole
hypothalamic cDNA was generated from total RNA extracted from mouse hypothalamic
tissue. Tissue was collected following transcardial perfusion with 0.9% NaCl 25 U/ml
Heparin and homogenized in TRIzol® using homogenization beads. Following phase
separation, total RNA was precipitated, washed and re-dissolved in autoclaved nanopure
water. The total amount of RNA isolated was determined on a NanoDrop (Thermo). Whole
hypothalamic RNA (1-5 ug) was converted to cDNA as described above. The presence of
single cell RNA was designated as positive if CT values were above the absolute lower limit
determined via cDNA dilution curves for each specific primer. Any cells designated GFAP
positive were not further analyzed.

Post-recording immunohistochemistry (IHC)

Chemicals

Following electrophysiological analysis, brain sections were fixed overnight in 4%
paraformaldehyde, cyroprotected in 30% sucrose for up to three days, frozen on microscope
slides in Tissue Tek and stored at —80 °C until IHC could be performed. Aldehyde
conversion (15 min) was performed with fresh 1% sodium borohydride to minimize
autofluorescence. Slices were blocked with 10% bovine serum albumin (BSA), 0.3% Triton-
X 100 for one hour. All antibodies were freshly diluted in 10% BSA, 0.3% Triton X-100 and
0.1% sodium azide. Primary antibodies (mouse anti-orexin-A, 1:250, Santa Cruz) were
applied overnight at 4 °C and, after reblocking for 1 h, secondary antibodies (anti-mouse
Alexa 594, 1:300, Invitrogen) were applied for 1 h at room temperature. Slices were
mounted on glass slides using an antifade mounting media (Dako). No antibodies were
required for visualization of Lucifer Yellow. Images were captured with an Axiovert 200M
(Zeiss) fluorescent microscope and optimized with Axiovision 4.5v software. Negative
control samples lacking primary antibodies dictated the image exposure time. Composite
images were compiled manually using visual landmarks within the bright field filter for each
subsequent image as a point of reference.

Ghrelin was obtained from Phoenix Pharmaceuticals Inc. (Burlingame, CA) and leptin from
ProSpec-Tany TechnoGene Ltd. (East Brunswick, NJ). Tetrodotoxin, saclofen, bicuculline
and the antagonists for the orexin 1 receptor (SB334867), orexin 2 receptor (TCS-0X2-29),
neurotensin receptor (SR142948), AMPA receptor (20 uM 6-cyano-7-nitroquinoxaline-2,3-
dione [CNQX]) and NMDA receptor ((2R)-amino-5-phosphonovaleric acid [APV]) were
obtained from Tocris Bioscience (Minneapolis, MN).

Statistical analysis

All data were expressed as means + SE. Statistical analysis was performed using Student’s #
test (unpaired or paired). P b 0.05 was considered statistically significant.
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Fig. 1. Verification of glucose sensing by orexin neurons.
A) Whole cell current-clamp recordings from representative LHA orexin-GI neurons in

coronal brain slices with either 2 or 5 mM ATP in the recording pipette. For this and all
subsequent current clamp traces the baseline membrane potential (MP) is indicated by a
dotted line and given at the left of the trace. The upward deflections are action potentials and
the downward deflections are the membrane voltage response to a constant hyperpolarizing
current pulse. Input resistance (IR) is calculated according to Ohm’s Law where voltage is
equal to current times resistance. A change in IR is directly proportional to a change in the
voltage response. Approximately 60% (48/82) of LHA orexin- GFP neurons were inhibited
by glucose indicating that they were GI neurons. Decreasing glucose (G) from 2.5t0 0.1
mM reversibly depolarized this neuron and increased action potential frequency and IR (top
trace). The effects of glucose persisted in the presence of tetrodotoxin (TTX; blocks
presynaptic action potentials) in the extracellular recording medium (middle trace). The
effects of glucose also persisted in the presence of TTX when 5 mM ATP was included in
the recording pipette (bottom trace). B) Representative traces of the voltage response to a
constant hyperpolarizing pulse from each of the traces in (A) in an expanded time scale.
Decreasing glucose from 2.5 to 0.1 mM reversibly increased IR as indicated by an increase
in the voltage response independent of the pipette ATP concentration or the presence of
TTX. C) Data bars represent the % change in MP and IR in 0.1 mM glucose relative to 2.5
mM in the presence and absence of TTX. Decreased glucose depolarized LHA orexin-Gl
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neurons by 8.1 + 0.5% and increased their input resistance by 23 + 2% (n = 48). There were
no significant differences in the response to decreased glucose regardless of whether TTX
was present in the recording media (n = 10) or whether 2 (n = 10) or 5 (n =5) mM ATP was
included in the pipette solution (Student’s #test, P > 0.05). Thus, decreased glucose directly
excited LHA orexin neurons. D) Cell attached voltage-clamp recording of action potentials
from an LHA orexin-GI neuron in a coronal brain slice. Decreasing glucose from 2.5t0 0.1
mM significantly increased action potential frequency. E) Data bars represent the action
potential frequency in Hz. Decreased glucose reversibly increased action potential frequency
by 82 + 25% (Student’s £test, *P b 0.05, n = 6). nsd: no significant difference. N values are
indicated within the bar graphs.
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Fig. 2. 2-Deoxyglucose (2-DG) mimics the effect of glucosein LHA orexin-Gl neurons.
A) Whole cell current clamp recording of an LHA orexin-Gl neuron in a brain slice.

Decreasing glucose (G) from 2.5 to 0.1 mM depolarized this neuron and increased input
resistance (IR) and action potential frequency. The addition of 2.5 mM 2-DG to recording
medium containing 0.1 mM glucose reversed the effect of low glucose. B) Representative
traces of the voltage response to a constant hyperpolarizing pulse under the conditions
shown in (A). Decreased glucose from 2.5 to 0.1 mM reversibly increased IR as indicated by
an increase in the voltage response. The addition of 2-DG to 0.1 mM glucose completely
reversed the effect of decreased glucose on IR. C) Data bars represent the absolute value of
the % change in membrane potential (MP) and IR. For each variable the left bar represents
the % change when glucose was lowered from 2.5 to 0.1 mM (in this case the absolute value
of the % change was positive). The right bar represents the % change when 2.5 mM 2-DG
was added to 0.1 mM glucose (in this case the absolute value of the % change was negative).
The magnitude of the change in MP and IR when glucose was lowered from 2.5 to 0.1 mM
or when 2.5 mM 2-DG was added to 0.1 mM glucose was identical (Student’s #test, P >
0.05; n =7). Thus, 2-DG completely reproduces the effect of glucose on orexin-GI neurons.
nsd: no significant difference. N values are indicated within the bar graphs.
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Fig. 3. Ghrein enhancesthe activation of LHA orexin-Gl neurons by decreased glucose.
A) Whole cell current-clamp recording from an LHA orexin-GI neuron in a brain slice. 5

nM ghrelin depolarized and increased the action potential frequency while decreasing input
resistance (IR) of this orexin-GI neuron in 2.5 mM glucose (G). B) Representative trace of
the voltage response to a constant hyperpolarizing current pulse under conditions in (A).
Ghrelin reversibly decreased IR in 2.5 mM glucose as indicated with a decreased voltage
response. C) Data bars represent % change in membrane potential (MP) and IR when ghrelin
is added to 2.5 mM glucose. Ghrelin significantly depolarized orexin neurons by 4.7 + 0.9%
(MP) and reduced their IR by 11 + 1.0% in 2.5 mM glucose (n = 5). D) Ghrelin enhanced
the increase in action potential frequency of this LHA orexin-GI neuron occurring in
decreased glucose. E) Data bars represent the % change in MP and IR as glucose was
lowered from 2.5 to 0.1 mM in the presence and absence of ghrelin. Ghrelin enhanced the
depolarization and increase in IR observed with decreased glucose by 31 + 13 and 41

+ 24%, respectively (Student’s paired £test; **P < 0.01; n = 8). N values are indicated
within bars.
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Fig. 4. Leptin bluntstheresponse of LHA orexin-Gl neuronsto decreased glucose.
A) Whole cell current-clamp recording from an LHA orexin-GI neuron in a brain slice.

Leptin hyperpolarizes this orexin-GI neuron in 2.5 mM glucose (G) and reduces the action
potential frequency and input resistance (IR). B) Representative traces of the voltage
response to a constant hyper- polarizing current pulse under the conditions in (A). Leptin
reversibly decreased IR in 2.5 mM glucose as indicated by a decrease in the voltage
response. C) Data bars represent % change in membrane potential (MP) and IR of LHA
orexin-GI neurons when leptin is added to 2.5 mM glucose. Leptin significantly
hyperpolarized the MP of orexin-GI neurons by 2.4 + 0.5% and decreased their IR by 7.9
+0.7% (n = 10). D) Whole cell current-clamp recording from an LHA orexin-Gl neuron in a
brain slice. Leptin attenuates the response of this orexin-GI neuron to 0.1 mM glucose. E)
Representative traces of the voltage response to a constant hyperpolarizing current pulse
under the conditions in (D). Leptin blunted the increase in IR as glucose decreased from 2.5
to 0.1 mM. F) Data bars represent the % change in MP or IR as glucose was lowered from
2.51t0 0.1 mM. Leptin significantly reduced the change in MP and IR normally associated
with decreased glucose (n = 16). The effect of leptin on glucose sensitivity was blocked by
the GABA A and B receptor antagonists, bicucculline (20 uM) and saclofen (100 pM) (n =
6). Data were analyzed by #test (*P < 0.05; **P < 0.01). N values are indicated within bars.
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Fig. 5. The effect of leptin is presynaptic and dependent on neurotensin (NTS).
A) Whole cell current-clamp recordings from an LHA orexin-GI neuron in a brain slice.

Leptin significantly reduced the change in membrane potential (MP) and input resistance
(IR) normally associated with decreased glucose (G; top 2 traces; n = 16). The neurotensin
receptor antagonist (SR142948, 1 uM) blocked the effect of leptin on the glucose sensitivity
of this orexin-GI neuron (bottom trace; N = 5). B and C) Bars represent the % change in MP
and IR when glucose was lowered from 2.5 to 0.1 mM in the presence or absence of leptin
when either the neurotensin receptor antagonist (B) or TTX (C) was present. There was no
significant effect of leptin on the response to decreased glucose in the presence of the
neurotensin antagonist (Student’s #test, P > 0.05; n = 5). Similarly, leptin had no effect on
glucose sensitivity in the presence of TTX (n = 6). Post-recording single cell (sc) RT-PCR
indicated orexin but not leptin receptor expression in LHA orexin-GI neurons (n = 4). Data
were analyzed by paired #test. nsd: no significant difference. N values are indicated within
bars.
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Fig. 6. Fasting enhances the response of LHA orexin-Gl neuronsto decreased glucose.
A) Whole cell current-clamp recordings from an LHA orexin-GI neuron in brain slices from

fed and fasted orexin-GFP mice. Fasting increased overall neuronal activity and enhanced
the response to decreased glucose from 2.5 to 0.5 mM in these neurons. B) Action potential
frequency of orexin- GI neurons from fasted mice was significantly greater in 2.5 mM
glucose than in orexin-GI neurons from fed mice. C) Bars represent the % change in
membrane potential and input resistance when glucose was lowered from 2.5 to 0.5 mM in
orexin-GI neurons from fed and fasted mice. Fasting significantly enhanced depolarization
and increased input resistance associated with decreased glucose. *Student’s #test, P < 0.05.
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Fig. 7. Glucose modulation of the activity of VTA DA neuronsis mediated by orexin and
glutamate.

A) Horizontal brain slice preparation containing the LHA and VTA as indicated by the
dotted circles (modified from The Rat Brain Atlas, Page 96, George Paxinos and Charles
Watson (Paxinos and Watson, 1998)). B) Whole cell voltage clamp recording illustrating a
hyperpolarization-activated inwardly rectifying non-specific cation (Ih or HCN) current in a
VTA neuron. Ih is visualized as the inward (downward) current in response to
hyperpolarizing voltages below =100 mV. C) Whole cell current clamp recording from a
VTA DA neuron. Decreasing glucose (G) increased action potential frequency. This effect
was blocked by the orexin A receptor antagonist SB334867 (SB). D) Bars represent the %
change in membrane potential (MP) when glucose was lowered from 2.5 t0 0.1 mM. The
orexin A (***P < 0.001; N = 9) but not B (TCS-OX2-29; P > 0.05; N = 5) receptor
antagonist blocked the effect of decreased glucose on VTA DA neurons. E) Voltage clamp
recording of spontaneous excitatory postsynaptic currents (SEPSCs) in a VTA DA neuron.
SEPSCs were measured in the presence of the GABA-A receptor blocker, bicuculline.
SEPSC frequency was increased when glucose was lowered from 2.5 to 0.1 mM. The effect
of decreased glucose was blocked by the orexin A receptor antagonist (SB). SEPSCs were
completely blocked by antagonists for the glutamate NMDA (APV) and AMPA (CNQX)
receptors. F) Frequency (Hz) of SEPSCs recorded from VTA DA neurons in brain slices.
SEPSC frequency was significantly enhanced (125 + 40%; Student’s #test, *P < 0.05; n = 9)
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by decreasing glucose from 2.5 to 0.1 mM. The effect of 0.1 mM G was blocked by the
orexin A receptor antagonist, while SEPSCs were completely blocked by TTX and NMDA
and AMPA glutamate receptor blockers (GIuR-). nsd: no significant difference. N values are
indicated within or above bars.
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Fig. 8. Immunohistochemical verification of the presence of LHA orexin neuronsin a horizontal
brain slicein which a VTA DA neuron was evaluated.

Composite 10x brightfield (A) and merged red- and green-filter (B) images of a horizontal
brain section following electrophysiological recording of a Lucifer Yellow dialyzed VTA
DA neuron (green arrow). Cortical areas have been removed and red circles define the
borders of the LHA. C and D) 40x magnification of the white boxed areas indicated in B.
White arrow heads indicate orexin-A immunolabeled cell bodies in C. The Lucifer Yellow
containing VTA DA neuron is shown in D. 3V: 3rd ventricle, F: fornix, LH: lateral
hypothalamus, SN: substantia nigra, VTA: ventral tegmental area.
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Fig. 9. Summary diagram illustrating the neurocircuitry evaluated in this study.
The ventral tegmental area (VTA) dopamine (DA) neurons project to the nucleus accumbens

(Vittoz et al., 2008). Lateral hypothalamic area (LHA) orexin neurons activate VTA DA
neurons by enhancing excitatory glutamate signaling (Borgland et al., 2006, 2009). Glucose
directly inhibits LHA orexin neurons (as shown herein and by Burdakov et al., 2005). We
hypothesize that one way that hormonal signals of energy balance influence reward
pathways is by modulating the response of LHA orexin neurons to changes in glucose.
Leptin indirectly potentiates (via upstream GABA and neurotensin neurons) while ghrelin
directly blunts glucose inhibition of orexin neurons. OxR: orexin receptor; lepR: leptin
receptor; GhrR: ghrelin receptor; NTS: neurotensin; GABA: -y-aminobutyric acid; AMPA-R:
a-amino-3-hydroxy-5-methyl-4- isoxazolepropionic acid receptor; NMDA-R: N-methyl-D-
aspartate receptor.
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