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Abstract
Leptin exerts a powerful permissive influence on neurogenic thermogenesis. During starvation and
an absence of leptin, animals cannot produce thermogenic reactions to cold stress. However,
thermogenesis is rescued by restoring leptin. We have previously observed a highly cooperative
interaction between leptin and thyrotropin releasing hormone [TRH] to activate hindbrain
generated thermogenic responses (Hermann et al., 2006). In vivo physiological studies (Rogers et
al., 2009) suggested that the thermogenic impact of TRH in the hindbrain is amplified by the
action of leptin through a leptin receptor-mediated production of phosphoinositiol tris phosphate
[PIP3]. In turn, PIP3 can activate a tyrosine kinase whose target is the Src-SH2 regulatory site on
the phospholipase C [PLC] complex. The TRH receptor signals through the PLC complex. Our
immunohistochemical studies (Barnes et al., 2010) suggest that this transduction interaction
between leptin and TRH occurs within neurons of the solitary nucleus [NST], though this
interaction had not been verified. The present in vitro live cell calcium imaging study shows that
while medial NST neurons are rarely activated by leptin alone, leptin pretreatment significantly
augments NST neurons’ responsiveness to TRH. This leptin-mediated priming of NST neurons
was uncoupled by pretreatment with the phosphoinositol-tris phosphate kinase [PI3K] inhibitor
[wortmannin], the phospholipase C inhibitor [U73122] and the Src-SH2 antagonist [PP2]. TTX
did not eliminate the synergistic response of the agonists, thus the sensitization cannot be
attributed to pre-synaptic mechanisms. It seems likely that NST neurons are involved in the leptin
mediated increase in BAT temperature by sensitizing the TRH-PLC-IP3-calcium release
mechanism.

Introduction
Leptin is released from adipose tissue roughly in proportion to the amount of stored
metabolic fuel, though its secretion is also highly sensitive to acute food deprivation and
refeeding (Ahima and Flier, 2000; Marie et al., 2001). Leptin increases thermogenesis
especially via activation of brown adipose tissue (Trayhurn and Bing, 2006). This effect is
ultimately mediated by sympathetic inputs to adipose tissue. However, the action of leptin to
produce the requisite increase in sympathetic activity occurs principally in the brain. While
studies examining leptin’s neurogenic thermal effects are typically focused on the forebrain
(Bamshad et al., 1999; Elmquist, 2001; Morrison, 2004), inputs from the forebrain are not
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always needed to produce thermogenesis (Cao et al., 2010; Harris et al., 2006; Hermann et
al., 2006; Rogers et al., 2009).

Within limits, the hindbrain has the capacity to control body temperature. Decerebrate rats
can increase heart rate, and to an extent, maintain core temperature in response to cold
exposure (Harris et al., 2006). The hindbrain has the neural circuitry to both detect the need
for heat and ameliorate that need through the release of stored fuels when metabolites are in
abundance (DiRocco and Grill, 1979; I’Anson et al., 2003; Skibicka and Grill, 2009). Our
studies have shown that administering leptin, alone, into the fourth ventricle did not have an
effect on thermogenesis. However, if thyrotropin-releasing hormone [TRH] follows
exposure to leptin, a significant increase in thermogenesis was observed in both intact and
decerebrate animals (Hermann et al., 2006).

TRH-containing pathways of the hindbrain are potentially important mediators of
neurogenic heat production. Raphe projections to the spinal cord are responsible for
triggering sympathetic and thermogenic inputs to brown adipose tissue [BAT] (Cano et al.,
2003; Nagashima et al., 2000). Several lines of evidence suggest that these raphe projections
are TRHergic and are responsible for initiating neurogenic heat production (Arancibia et al.,
1996; Helke et al., 1986). These raphe neurons could, themselves, be influenced by
descending hypothalamic TRHergic projections commanding an increase in heat production
(Lechan and Fekete, 2006). Additionally, TRHergic projections from raphe to the NST are
responsible for driving increased gastric motility that occurs in cold stress (Martinez et al.,
2001; Palkovits et al., 1986; Rogers et al., 1996). This raphe-NST pathway provides the
means by which a signal related to need for heat production [i.e., activation of the TRHergic
projection to the NST] can converge with a signal related to metabolic fuel supply [i.e.,
circulating leptin] on NST neurons projecting to raphe and reticular areas controlling
thermal homeostasis (Blessing, 1997b; Skibicka and Grill, 2008).

While the underlying mechanism[s] for this synergistic effect of leptin and TRH on
thermogenesis (Hermann et al., 2006) is not known, recent studies from our laboratory
(Rogers et al., 2009) suggest that leptin amplifies the effects of TRH by positive modulation
of the TRH transduction mechanism [Figure 1]. One of the signaling pathways used by
leptin is the activation of phosphoinositide 3-kinase [PI3K] to generate phosphoinositol-tris
phosphate [PIP3] and activate tyrosine kinases that, in turn, potently regulate the activity of
phospholipase C [PLC] (Rameh et al., 1998; Rhee, 2001). TRH signal transduction also
relies on activation of PLC to generate inositol tris phosphate [IP3], which, in turn, evokes
the release of calcium from the endoplasmic reticulum [ER] (Barker et al., 1987;
Gershengorn, 1989; Sun et al., 2003). Thus, we propose that leptin-induced generation of
PIP3 activates Src-tyrosine kinase to, ultimately, enhance the activity of PLC-IP3- ER
calcium transduction events activated by TRH. The end result of this interaction of signaling
pathways is hypothesized to be a mechanism for the synergistic effects of hindbrain leptin
plus TRH to evoke BAT thermogenesis that we have previously described (Hermann et al.,
2006; Rogers et al., 2009).

Neurons in the NST have been implicated as the targets for leptin action in the hindbrain to
regulate feeding behavior and thermogenesis (Grill and Kaplan, 2001; Grill et al., 2002;
Hermann et al., 2006; Rogers et al., 2009; Skibicka and Grill, 2009). Further, our recent
histochemical study demonstrates that individual neurons in the NST contain both the TRH
and leptin receptor (Barnes et al., 2010). Therefore, the present study used an in vitro live
cell calcium imaging approach to determine if, and by what mechanism, leptin can act at
NST neurons to amplify the TRH transduction mechanism. Specifically, if leptin amplifies
neuronal responses to TRH via cross-talk of signaling pathways by these two agonists, then
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specific interference of leptin signaling should suppress this synergy as illustrated in the
schematic of Figure 1.

Results
NST neurons that responded with a minimum 10% increase in relative CalciumGreen
[CAG] fluorescence [(ΔF/F)%] in response to brief exposure to glutamate were considered
viable candidates for leptin and/or TRH stimulation. Once an individual NST neuron was
identified as “viable”, this neuron would be considered to be “responsive to agonist” [Table
1] by responding with a minimum of 1% change in CAG fluorescence [(ΔF/F)%]. Those
viable NST neurons that responded with less than a 1% change were considered not
responsive. Given that the premise of these studies was the possibility of crosstalk between
signaling transduction mechanisms, each slice could only be used for a single experiment.
Of the viable [i.e., glutamate-activated] NST neurons, we found approximately 16% of the
population also responded to 10nM leptin, applied alone, with an average of 1.9% ± 0.5
change in magnitude fluorescence. Approximately 28% of the population responded to 1uM
TRH, applied alone, with an average of 6.2% ± 1.0 change in magnitude fluorescence; while
about 47% of the population of NST neurons responded to the stimulation of TRH after pre-
exposure to leptin with an average of 14.1% ± 2.0 change in magnitude fluorescence [see
Table 1 and Figure 2].

The pretreatment of the slices with leptin combined with one of the leptin signaling blockers
[i.e., PI3 kinase inhibitor (wortmannin); Src-SH2 antagonist (PP2); or potent and selective
inhibitor (U73122) of IP3 action which normally causes release of ER calcium] blocked the
positive modulation of the TRH response by leptin. In contrast, if the pretreatment of the
slices with leptin was combined with chelerythrine [PKC antagonist], ryanodine [ryanodine
endoplasmic reticular calcium-channel blocker] or TTX [block action potential-mediated
communication between neurons], the enhanced calcium response to TRH was not blocked
[Figure 2].

Discussion
The results from these experiments suggest that the presence of leptin in the medullary
hindbrain can recruit more NST neurons to respond to TRH. Further, the responsiveness of
these NST neurons to TRH is greater than in the absence of leptin. These in vitro imaging
observations are in good agreement with our in vivo physiological experiments
demonstrating that 4V delivery of leptin and TRH has a synergistic effect on
sympathetically-controlled BAT thermogenesis (Hermann et al., 2006). This leptin-TRH
synergy effect, both in vivo, and at the level of the individual NST neuron, is dependent on
the order of application. Leptin works to amplify the thermogenic effect of TRH, but not
vice versa. This order-effect in the in vivo experiments strongly suggests that TRH signaling
is gated by components of the leptin transduction pathway (Rogers et al., 2009).

Leptin can produce rapid changes in the excitability of neurons whose activities have been
correlated with decreases in feeding behavior and increases in energy expenditure (Cowley
et al., 2001; Cowley, 2003; Malcher-Lopes et al., 2006; Sahu and Metlakunta, 2005). Leptin
can evoke either activation or inhibition of neurons in the hypothalamic arcuate nucleus as
well as neurons in the dorsal motor nucleus of the vagus dependent on the phenotype of the
cell in question (Cowley et al., 2001; Cowley, 2003; Ellacott and Cone, 2004; Williams et
al., 2007). Indeed, even within the NST, leptin can apparently both activate (Ellacott et al.,
2006; Emond et al., 1999; Emond et al., 2001) or inhibit neurons (Williams et al., 2007).
Details about the mechanisms by which leptin can cause such immediate and divergent
changes in neuronal excitability are not yet completely understood. However, neuronal
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excitability could be rapidly modulated through the activation of phosphatidyl inositol-3
kinase [PI3K] by leptin, as reviewed below.

Studies on leptin signaling mechanisms within the brain have focused on leptin interactions
with hypothalamic peptidergic neurons in the hypothalamic arcuate nucleus [see reviews,
(Ellacott and Cone, 2004; Grill and Kaplan, 2002; Sahu, 2003)]. These studies show that
LepRb utilizes the janus kinase 2 [JAK2] mechanism to phosphorylate the signal transducer
and activator of transcription-3 [STAT3], and insulin receptor substrate-1 [IRS-1]. The
phosphorylation of IRS-1 yields activation of phosphatidyl inositol-3 kinase [PI3K].

This kinase [PI3K], acting through the intermediate of the Src homolog-2 [SH2], can affect
the function of cation conductances with direct effects to activate or inhibit neurons
(Shanley et al., 2002; Williams et al., 2007). Phosphorylation of SH2 regulatory sites on ion
channels or other transduction elements can potently regulate cellular responses to other
agonists dependent on those elements (Liu and Ye, 2005; Rameh and Cantley, 1999; Rhee,
2001).

The TRH signal transduction is subject to this kind of control, i.e., phosphorylation of
phospholipase C [PLC]. The TRH receptor is coupled with a Gq transduction element that
activates PLC to produce inositol 1,4,5 trisphosphate [IP3] and diacyl glycerol [DAG]. IP3
causes the rapid release of calcium from the endoplasmic reticulum, while DAG activates
protein kinase C [PKC] (Barker et al., 1987; Gershengorn, 1989; Sun et al., 2003). The
increase in cytoplasmic calcium induced by IP3 production has been linked to the initiation
of calcium oscillations that can be used to control a wide variety of cellular functions (Dekin
et al., 1985; Hermann et al., 2005; Koshiya and Smith, 1999; Somogyi and Stucki, 1991; Tse
and Tse, 1999; Verkhratsky, 2002). Activation of PLC and liberation of ER calcium has also
been linked to the opening of non-specific cation channels and the depression of potassium
currents (Bayliss et al., 1994; Ishibashi et al., 2003; Winks et al., 2005). These effects can
lead to significant neuronal depolarization and excitation and have been observed in neurons
in the dorsal medulla responding to TRH (Dekin et al., 1985; Livingston and Berger, 1993).
TRH-PLC transduction can also inhibit DVC neurons (Browning and Travagli, 2001); the
result depends on the phenotype of the cell in question.

Observations in culture systems suggest that PIP3 produced by PI3K can positively
modulate the activity of PLC (Bae et al., 1998; Marshall et al., 2000; Rameh et al., 1998;
Yang et al., 2001). A specific cross-talk mechanism linking PI3K and PLC activity in the
brain has not been described until recently (Rogers et al., 2009). PIP3 positively modulates
PLC by activating the SH2 domain of the PLC complex (Liu and Ye, 2005; Rameh and
Cantley, 1999; Rhee, 2001). The present results suggest that leptin gates the action of TRH
in the NST by invoking the same synergistic mechanism. Thus, as we have reported in our
in vivo physiological experiments (Rogers et al., 2009), blockade of either PIP3 formation
with wortmannin or SH2 activation with PP2 suppressed the order-specific potentiation of
TRH effects by leptin.

The results of the present calcium imaging study are entirely consistent with this view of
leptin-modulation of PLC-dependent transduction processes. Leptin pretreatment of the NST
leads to a significant increase in neuronal responsiveness to TRH. This increase in TRH
responsiveness, measured as an increase in calcium signal, is blocked by antagonists of
PI3kinase [e.g., wortmannin] and the Src tyrosine kinase [e.g., PP2] responsible for
activating PLC. Blockade of transduction steps “beyond” the TRH-PLC-mediated increase
in cytoplasmic calcium [e.g., using chelerythrine to block protein kinase C] had no effect on
this augmentation. Similarly, blockade of intracellular Ca++ release via antagonists of
transduction pathways not used by leptin [e.g., ryanodine] also had no effect on this
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enhanced response. Lastly, the synergistic effect was not blocked by TTX, thus discounting
the possibility that the sensitization could be attributed to pre-synaptic mechanisms. The
combined results suggest that leptin and TRH operate on the same NST neurons to trigger a
hindbrain-mediated increase in BAT thermogenesis.

The NST is emerging as a structure in strategic position to regulate thermogenesis. Subsets
of NST neurons possess the long form of the leptin receptor (Barnes et al., 2010) and leptin
can gain access to those neurons in a weakened region of the blood-brain barrier (Broadwell
and Sofroniew, 1993; Gross et al., 1990; Gross et al., 1991; Maolood and Meister, 2009;
Rogers and McCann, 1993). The NST, therefore, receives data on the amount of fuel stored
as signaled by leptin (Grill et al., 2002; Hermann et al., 2006). The same NST neurons that
possess leptin receptors also have TRH receptors (Barnes et al., 2010) and the NST receives
functionally important TRHergic input from the raphe pallidus. The activity of this raphe
input to the NST is very likely to be proportional to the demand for heat production during
cold stress (Nagashima et al., 2000; Rogers et al., 1996) (Cano et al., 2003). The NST
receives vagal afferents sensitive to core temperature (Adachi and Niijima, 1982) and the
presence of pyrogens (Blatteis et al., 1998). Destruction of the NST depresses thermogenesis
normally induced by pyrogenic stimuli (Gordon, 2000). While the NST is clearly not
involved in establishing thermocontrol setpoint, it does appear capable of integrating many
signals relevant to thermal control including leptin and TRH.

While the connectional details are vague at this point, it is clear that the NST sends efferent
projections to the ventrolateral medulla and the raphe (Blessing, 1997a), structures critical to
controlling blood flow [hence heat distribution] and BAT thermogenesis (Bamshad et al.,
1999; Cano et al., 2003). Through these connections, the NST can apparently exert
significant influence over the sensitivity of the thermocontrol mechanism. Such an
arrangement may explain why conditions associated with low levels of circulating leptin
[e.g., food deprivation] depress thermogenesis and why supplementation of leptin restores
thermogenesis (Bignall et al., 1974; Blumberg et al., 1999; Hausberg et al., 2002).

Experimental Procedure
Long-Evans rats [200–400g; 2–4 months of age] of either sex, obtained from the breeding
colony located at Pennington Biomedical Research Center, were used in these studies. All
animals were maintained in a room with a 12:12 hour light-dark cycle with constant
temperature and humidity, and given food and water ad libitum. All experimental protocols
were performed according to the guidelines set forth by the National Institutes of Health and
were approved by the Institutional Animal Care and Use Committees at the Pennington
Biomedical Research Center.

Live Cell Calcium Imaging
Direct Injection of Calcium Green Dextran and SR101 into the solitary nucleus
—Animals [N = 27] were deeply anesthetized with urethane [1.5g/kg, ip; ethyl carbamate,
Sigma] and placed in a stereotaxic frame. Using aseptic technique, the occipital plate of the
skull was removed to expose the medullary brainstem. A micropipette [30micron tip
diameter; filled with 0.2% Calcium Green 1 AM [CAG; Invitrogen], 0.3% sulforhodamine
101 [SR101; Sigma Chemical] and 10% pluronic-DMSO [F-127, Invitrogen] in pH 7.2 tris-
PBS buffer] was directed toward the medial solitary nucleus using a stereotaxic carrier. Four
injections [40nL each] of the CAG-SR101 solution were made unilaterally into the NST at
the level of calamus and 0.2, 0.4, and 0.6mm anterior to calamus; all at a depth of
300micron below surface. This injection pattern labeled the entire ipsilateral medial NST.
CAG, a calcium reporter dye, labels both neurons and glia while SR101 labels only
astrocytes (Nimmerjahn et al., 2004) but does not interfere with CAG fluorescence

Rogers et al. Page 5

Brain Res. Author manuscript; available in PMC 2012 August 07.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



(Hermann et al., 2009). This method made it possible to easily discriminate astrocytes from
neurons in a slice preparation which is important given the similarity in size of NST
neuronal and astrocytic cell bodies. After 30min interval to allow for dye uptake, the
anesthetized rat was decapitated and the brainstem was quickly harvested. The caudal
brainstem was glued to an aluminum block and placed in cold [~4°C] carbogenated [95%
O2; 5% CO2] cutting solution [recipe below]. Coronal sections [300micron thick] were cut
through the medulla using a Leica VT1200 tissue slicer equipped with a sapphire knife.
Slices were incubated in a carbogenated normal Krebs at 29°C for at least 30min prior to
transfer to the imaging chamber.

Confocal imaging—Individual medullary slices were transferred to a temperature
regulated perfusion chamber [Bioptechs, Inc, Butler, PA] and held in place with a harp-type
pressure foot. Imaging was performed with a Nikon F1 upright microscope - Fast Scan
confocal system equipped with heated, water-immersion objectives. The recording chamber
was continuously perfused at a rate of 2ml/min with carbogenated Krebs warmed to 34°C.
Identification of SR101-labeled astrocytes was done using a 568nm excitation, 607nm
emission filter set. CAG fluorescence and relative intracellular calcium levels were
visualized when switching to the 488nm excitation/509nm emission filter. Solenoid valves
were used to switch between the normal bathing solution and the experimental solutions
[recipes below].

In Vitro Drugs and Solutions—The cutting solution contained [in mM]: 110 choline
chloride, 25 NaHCO3, 2.5 KCl, 7 MgSO4-7H2O, 1.25 NaH2PO4; 10 glucose; 0.5
CaCl2-2H2O; bubbled with 95% O2/5% CO2 during the entire cutting process. Normal
Krebs contained [in mM]: 124 NaCl, 25 NaHCO3, 3.0 KCl, 1 MgSO4-7H2O, 1.5 NaH2PO4;
10 glucose; 1.5 CaCl2-2H2O; bubbled with 95% O2/5% CO2, continuously; osmolality was
300 ± 10mOsm; pH = 7.3. As needed for the different experimental conditions, the
following drugs were added to the Normal Krebs:

• glutamate [500uM; Sigma-Aldrich; excitatory amino acid]

• TRH [10uM; Bachem]

• Leptin [10nM; mouse recombinant leptin; NIDDK National Hormone and Peptide
Program, Torrance, CA]

• U73122 [10uM; Tocris; PLC antagonist = blocks the TRH-PLC transduction step;
(Bleasdale et al., 1990)]

• Ryanodine [10uM; ryanodine endoplasmic reticular calcium channel blocker;
(Lancaster et al., 2002)

• Wortmannin [100nM; Sigma-Aldrich; PI3 kinase inhibitor; (Rameh et al., 1998)]

• PP2 [10uM; (4-amino-5(4-chlorophenyl)-7-(t-butyl)pyrazolo(3,4-d) pyrimidine;
CalBiochem; Src-SH2 antagonist; (Lee et al., 2004)

• Chelerythrine [10uM; Sigma; PKC antagonist; (Herbert et al., 1990)]

• TTX [1uM; Sigma; used to block action potential-mediated communication
between neurons (Lee and Ruben, 2008)

In vitro Calcium Signal Analysis—Initially, each brainstem slice was briefly exposed
(30sec) to 500uM glutamate [see Figure 3 for example of experimental design]. Relative
changes in intracellular calcium levels (i.e., [Ca++]i) were monitored continuously from
10sec before glutamate exposure through 2min after the exposure to visually determine
viability and basal responsiveness of NST neurons. Viable neurons are easily discriminated
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from glia since they do not take up the red SR101 dye and neurons demonstrate a brisk
[Ca++]i calcium wave in response to 500uM glutamate while astrocytes generally do not
respond (Hermann et al., 2009). Viable neurons are defined as those that generate a
minimum 10% increase in relative [Ca++]i over baseline in response to glutamate challenge.
Relative changes in [Ca++]i were quantified as (ΔF/F)%, where F is the fluorescence
intensity within an area of interest [e.g., the outline of an NST neuron] prior to stimulation
and ΔF is the change from this value resulting from stimulated cellular activity (Helmchen,
2000). Background fluorescence [i.e., non-involved areas in same field] was subtracted from
both Δ and F.

After the initial identification protocol for viability, the slices were exposed to one of the
following ten (10) experimental protocols. To determine the basic neuronal response to
either (1) leptin or (2) TRH, alone, the slice was perfused with normal Krebs solution for
10min followed by a 1min exposure to either leptin or TRH, alone. To evaluate if pre-
exposure to leptin could augment neuronal response to TRH, brainstem slices were perfused
with (3) normal Krebs solution plus leptin for 10min. At the end of this 10min pretreatment,
the cellular responsiveness to 1min exposure to TRH was monitored. Lastly, to determine
what signaling pathways may be involved in changing the neuronal responsiveness to TRH
stimulation after leptin exposure, the pretreatment phase with normal Krebs plus leptin also
included one of the following blockers: (4) U73122, (5) ryanodine, (6) wortmannin, (7) PP2,
(8) chelerythrine, or (9) TTX. A tenth experimental group was included to evaluate if pre-
exposure to TRH could augment the neuronal response to leptin. In this case, brainstem
slices were perfused with normal Krebs solution plus TRH for 10min. At the end of this
pretreatment, the cellular responsiveness to 1min exposure to leptin was monitored. In all
experiments that involved blockers or inhibitors [e.g., U73122, ryanodine, wortmannin, PP2,
chelerythrine, or TTX] slices were rewashed in normal Krebs for 10min followed by another
exposure to glutamate to reassess basic viability.

Statistical analysis—A total of 27 animals were used for these experiments; each animal
yielded approximately 5 brain slices with the necessary neurocircuitry under study. Data for
each of the designated experimental groups were obtained from a minimum of two animals
and three different slices. The total number of individual cells [n = individual cells]
evaluated in these different experimental groups is represented in Figure 2.

Peak changes in (ΔF/F)% in response to TRH [or leptin] across all conditions were
compared in one way analyses of variance. Dunnett’s post test comparisons against the TRH
following leptin pretreatment condition were also performed.
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Research Highlights

• medial NST neurons are rarely activated by leptin alone,

• leptin pretreatment significantly augments NST neurons’ responsiveness to TRH

• leptin primes TRH action on NST neurons via PI3 kinase

• TTX did not eliminate synergy; sensitization not due to pre-synaptic
mechanisms
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Figure 1. Schematic of experimental design to investigate potential intracellular interactions
between leptin and TRH to augment neuronal activation
Leptin binding to its receptor causes PIP3 production through a JAK2, IRS-1 transduction
mechanism (Procaccini et al., 2009). PIP3 activates Src-tyrosine kinase [Src-TK] which, in
turn, can positively modulate transduction elements for other agonists such as TRH as well
as cation channels which are responsible for regulating neuronal excitation. In this scheme,
the sensitivity of the TRH-PLC-calcium release mechanism is strongly upregulated by the
leptin-PIP3-Src-TK transduction path. A lack of activity in the leptin transduction path
yields desensitization of the TRH path. Restoring leptin restores the effectiveness of TRH.
Therefore, if leptin causes the augmentation of the TRH thermogenic response via these
shared signal transduction elements, then this augmentation should be eliminated if Src-TK
activation is blocked by wortmannin [i.e., loss of PIP3 production] or PP2 [blocks
phosphorylation of PLC or cation channels]. Similarly, blocking the activation of PLC via
U73122 [ultimately, eliminating the generation of IP3] should abolish the leptin-TRH
synergy. In contrast, chelerythrine’s interference of the activation of phosphokinase C
[PKC] or ryanodine’s blockade of calcium-induced calcium release should have little, if any,
effect on the leptin-TRH synergy.
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Figure 2.
An order-sensitive synergistic relationship exists between leptin and TRH in the activation
of NST neurons. Exposure to leptin [either alone or after pretreatment with TRH] yields a
small response for NST neurons. However, the magnitude of response elicited by TRH
exposure was doubled if the neurons had been pretreated with leptin. These in vitro effects
mirrors the same results we observed in the original in vivo experiments (Rogers et al.,
2009) where brown adipose tissue thermogenesis was strikingly augmented if the brainstem
was exposed to leptin followed by TRH. Additionally, this leptin-mediated sensitization of
NST neurons was uncoupled by pretreatment with (a) phospholipase C inhitior [U73122;
ultimately resulting in loss of IP3 production]; (b) phosphoinositol-tris phosphate kinase
[PI3K] inhibitor [wortmannin]; or (c) the Src-SH2 antagonist [PP2]. Neither chelerythrine
[PKC blocker] nor ryanodine [calcium-induced calcium release blocker] interfered with the
augmented response. Most importantly, TTX did not eliminate the synergistic response of
the agonists; thus the sensitization cannot be attributed to pre-synaptic mechanisms.
[Numbers at bottom of bar graphs represent the number of viable NST neurons tested in
each experimental group. ANOVA: F (9,938) = 17; p<0.0001. Dunnett’s post test with “TRH
after leptin” as comparison; * p<0.05]
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Figure 3.
Representative example of live cell imaging experiment. NST neurons and astrocytes are
pre-labeled with CalciumGreen 1AM [green only]; astrocytes [green plus red] also
selectively take up SR101 as a vital dye for identification purposes. Initially, viability of
NST neurons is determined by 30sec exposure to 500uM glutamate: [A] field of interest at
rest; [B] same field at peak of response to bath perfusion of glutamate. Note that astrocytes
are not sensitive to this concentration of glutamate (Hermann et al., 2009). Quantification of
calcium response to glutamate over time by a selected neuron [outlined by yellow dashed
oval] and astrocyte [outlined by white dashed box] is displayed in the panel below [B].
Relative changes in CAG fluorescence were quantified as (ΔF/F)%, where F is the
fluorescence intensity within an area of interest [e.g., the outline of an NST neuron] prior to
stimulation and ΔF is the change from this value resulting from stimulated cellular activity
(Helmchen, 2000). Once responsive cells have been verified, brainstem slice is exposed to
one of the nine experimental conditions described in Methods. In this case, the slice was
bathed with Krebs plus leptin [10nM for 10min]. Then the slice was exposed to TRH [10uM
for 60sec]: [C] same slice as in [A] and [B] after the leptin pre-treatment; [D] same field at
peak of response to bath perfusion of TRH. Relative fluorescence changes [calcium] plots
over time displayed below [D].
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Table 1

Summary of live cell imaging results

# of viable NST neurons [defined as
responsive to glutamate] Agonist challenge # of viable NST neurons

responsive to agonist
% of viable NST neurons also

responsive to agonist

263 TRH alone 85 32.8

149 TRH after leptin 70 47.0

153 Leptin alone 24 15.7

117 Leptin after TRH 10 8.5

Individual CAG pre-labeled NST neurons were defined as “viable” based on their response [≥ 10% increase in (ΔF/F)%] to a 30sec exposure to
glutamate. Viable neurons were considered to be “responsive to agonist” with ≥ 1% change in fluorescence [(ΔF/F)%] in response to 1min
exposure of agonist challenge listed. Those viable NST neurons that responded with less than a 1% change were considered not responsive. Of the
viable NST neurons, we found approximately 33% of the population responded to TRH, applied alone; while approximately 47% of the viable cells
responded to TRH if the brain slice had been pre-treated with leptin. In those slices that were stimulated by leptin, we found approximately 16% of
the population responded to leptin, applied alone; while only about 9% of the viable cells responded to leptin if the brain slice had been pre-treated
with TRH.
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