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Thyrotropin-Releasing Hormone Increases Behavioral
Arousal through Modulation of Hypocretin/Orexin Neurons
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Thyrotropin-releasing hormone (TRH) has previously been shown to promote wakefulness and to induce arousal from hibernation.
Expression of TRH-R1 (TRH receptor 1) is enriched in the tuberal and lateral hypothalamic area (LHA), brain regions in which the
hypocretin/orexin (Hcrt) cells are located. Because the Hcrt system is implicated in sleep/wake control, we hypothesized that TRH
provides modulatory input to the Hert cells. In vitro electrophysiological studies showed that bath application of TRH caused
concentration-dependent membrane depolarization, decreased input resistance, and increased firing rate of identified Hert neurons. In
the presence of tetrodotoxin, TRH induced inward currents that were associated with a decrease in frequency, but not amplitude, of
minijature postsynaptic currents (PSCs). Ion substitution experiments suggested that the TRH-induced inward current was mediated in
partby Ca>™ influx. Although TRH did not significantly alter either the frequency or amplitude of spontaneous excitatory PSCs, TRH (100
nwm) increased the frequency of spontaneous inhibitory PSCs by twofold without affecting the amplitude of these events, indicating
increased presynaptic GABA release onto Hcrt neurons. In contrast, TRH significantly reduced the frequency, but not amplitude, of
miniature excitatory PSCs without affecting miniature inhibitory PSC frequency or amplitude, indicating that TRH also reduces the
probability of glutamate release onto Hcrt neurons. When injected into the LHA, TRH increased locomotor activity in wild-type mice but
not in orexin/ataxin-3 mice in which the Hert neurons degenerate postnatally. Together, these results are consistent with the hypothesis

that TRH modulates behavioral arousal, in part, through the Hcrt system.

Introduction

Thyrotropin-releasing hormone (TRH) is a tripeptide hypophy-
siotropic hormone that is well known to stimulate the release of
thyroid-stimulating hormone (Boler et al., 1969; Burgus et al.,
1969) and prolactin from the anterior pituitary. Through its ac-
tion on the hypothalamo-pituitary—thyroid (HPT) system, TRH
has widespread effects on metabolism and thermogenesis (Hol-
lenberg, 2008). In addition to the hypothalamic nuclei associated
with the hypophyseal portal system, TRH mRNA is particularly
highly expressed in several other hypothalamic nuclei, the olfac-
tory system, caudate—putamen, thalamic reticular nucleus, gran-
ule cell layer of the cerebellum, nuclei raphe magnus and obscu-
rus, and the spinal trigeminal nucleus (Heuer et al., 2000). Two
TRH receptors and the TRH-degrading enzyme are also widely
expressed in the CNS (Heuer et al., 2000). These data support
behavioral and pharmacological studies indicating CNS activities
for TRH (Gary et al., 2003; Yamada et al., 2003; Lechan and
Fekete, 2006).
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TRH has excitatory effects throughout the CNS (Lechan and
Fekete, 2006). In the thalamus, TRH application to the GABAer-
gic neurons of the perigeniculate (PGN) or thalamocortical cells
in the lateral geniculate nucleus results in depolarization and
increased membrane resistance (Broberger and McCormick,
2005). TRH application transforms these neurons from the
burst-firing mode typically associated with the synchronized cor-
tical activity that occurs during slow-wave sleep to the tonic,
single-spike mode of action potential generation associated with
desynchronized cortical activity that occurs during wakefulness
and rapid eye movement sleep. In the hippocampus, TRH in-
duces membrane depolarization and increases action potential
firing of GABAergic interneurons in CAl stratum radiatum and
increases the frequency of GABA, receptor-mediated spontane-
ous IPSCs, suggesting that TRH increases the excitability of in-
terneurons to facilitate GABA release in this brain region (Deng
etal., 2006). In vivo, TRH and TRH analogs increase wakefulness,
decrease sleep, and reduce cataplexy in narcoleptic canines
(Nishino etal., 1997). Intrahippocampal TRH injections provoke
arousal from hibernation (Stanton et al., 1982).

The dorsomedial hypothalamic nucleus (DMH) is among the
brain regions that express TRH at the highest levels in the CNS
(Heuer et al., 2000). DMH lesions markedly reduce circadian
rhythms of sleep—wake behavior and locomotor activity (LMA)
(Chou et al., 2003). The DMH sends TRH and glutamate projec-
tions to the lateral hypothalamic area (LHA). Because the LHA
contains the wakefulness-promoting hypocretin/orexin (Hcrt)
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cells (de Lecea et al., 1998; Sakurai et al.,
1998), this suggests the possibility that
TRH-containing cells in the DMH may be
an important relay in the regulation of
sleep and wakefulness. Therefore, we hy-
pothesized that the TRH effects on behav-
ioral arousal may be mediated through ac-
tivation of Hcrt neurons. To test this
hypothesis, we characterized the cellular
effects of TRH on identified Hert neurons
and determined whether the effects of di-
rect microinjection of TRH on LMA, a
measure of active wakefulness and behav-
ioral arousal, were dependent on an intact
Hert system. We find that TRH has direct
excitatory effects and indirect modulatory
effects on Hert cells and that the TRH-
stimulatory effects on LMA, but not body
temperature (7y), are mediated in part by
the Hert cells.

Materials and Methods

Animals. Mice were treated according to guide-
lines approved by the SRI International Institu-
tional Animal Care and Use Committee in con-
formance with the United States Public Health
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Service Guidelines on Care and Use of Animals in
Research. Both sexes of orexin/EGFP mice, in
which enhanced green fluorescent protein
(EGFP) is linked to the hcrt/orexin promoter
(Yamanaka et al., 2003b), were used for in vitro
studies of Hcrt neurons. For behavioral studies,
male orexin/ataxin-3 mice, a transgenic strain
in which the Hert cells degenerate postnatally
and are completely lost by adulthood (Hara et
al., 2001), were used. Transgenic mice were
backcrossed onto a C57BL/6 background for at
least 10 generations and maintained on this isogenic background. Mice
were housed with ad libitum access to food and water under a 12 h
light/dark cycle (lights on at 6:00 A.M.) for at least 2 weeks before use in
an experiment.

Hypothalamic slice preparation. Hypothalamic slice preparation and
the recording conditions used to study orexin/ EGFP mice (2—3 weeks of
age) followed the procedures described previously (Xie et al., 2006,
2008). Eutopic expression of EGFP fluorescence has been found in
~80% of Hert neurons; immunostaining with an anti-EGFP antibody
labels >95% of the Hert neuron population without any evidence of
ectopic expression (Yamanaka et al., 2003b).

Drugs. TRH, tetrodotoxin (TTX), N-(2,6-dimethylphenylcarbamoyl-
methyl)-triethylammonium bromide (QX-314), 6,7-dinitroquinoxaline-
2,3-dione (DNQX), pL-2-amino-5-phosphono-pentanoic acid (AP-5),
bicuculline (BIC), picrotoxin (PTX), and most laboratory reagents were
purchased from Sigma-Aldrich. For the electrophysiological experiments, all
drugs were made in stock solution (10—-100 mm), dissolved in external solu-
tion, and applied either by bath application or, where indicated, by local
application close to the recorded neurons.

Electrophysiologic recordings. The procedures used for patch-clamp re-
cording of Hert neurons, including isolation of spontaneous EPSCs
(sEPSCs), spontaneous IPSCs (sIPSCs), miniature EPSCs (mEPSCs),
and miniature IPSCs (mIPSCs), have been described previously (Xie et
al., 2006). Current-clamp recordings were performed with a KCl internal
solution. Voltage-clamp recordings were performed using a KCl internal
solution with QX-314 in the pipette. SEPSCs were isolated using 40 um
bicuculline, whereas sIPSCs were isolated using 20 um DNQX and 50 um
AP-5. Peptide and drug applications were via bath perfusion at a 2 ml/
min flow rate. The frequency of sEPSCs or sIPSCs was measured using
pClamp (version 9.2; Molecular Devices); only those events with ampli-
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TRH depolarizes hypocretin neurons in the LHA. A, Current-clamp recording showing the excitatory effect of 100 nm
TRH on the firing of action potentials of a hypocretin neuron. Membrane potential was adjusted to —60 mV by DC current
injection; hyperpolarizing current pulses (— 0.3 nA; 800 ms) were delivered every 5 s. B, Concentration dependence of the TRH
effect on membrane potential.
determinations per concentration). C, The effects of TRH on spike frequency of Hert neurons are reversible after washout. Error bars

The IC5, value was estimated at 66 nm (Hill coefficient, 1.0). Data are mean == SEM (n = 2-15

tudes >10 pA were used. Frequency and amplitudes were calculated as a
mean of the values obtained during an 180 s recording period.

Animal surgery. Wild-type and orexin/ataxin-3 mice (n = 6/group)
were implanted unilaterally with a guide cannula with the tip positioned
in the LHA and an intraperitoneal transmitter (E-Mitters; MiniMitter) to
record body temperature (T,) and LMA. Mice were anesthetized with
isoflurane (5% for induction and 2—-3% for maintenance, in 100% O,)
and placed in a stereotaxic apparatus with an anesthesia mask, and the
skull was levelled. For drug infusions, a 23 gauge guide cannula was fixed
to the skull using stainless-steel screws and dental cement. Stereotaxic
coordinates for the guide cannula placement into the LHA were 1.1 mm
posterior to bregma, 0.8 mm lateral to the midline, and 3.4 mm ventral to
the skull surface (Paxinos and Franklin, 2001). Guide cannulae were
plugged with blunt stylets to avoid occlusion. For drug injections, the
injection cannula protruded 1.5 mm from the tip of guide cannula. After
surgery, mice were singly housed in plastic cages that were placed on a
telemetry receiver board. LMA and T}, data were captured from the trans-
mitter at 5 s intervals and averaged in 1 min bins; mice were allowed to
recover for at least 7 d before experiments.

Drug microinjections. Injections of saline or TRH (0.1 and 1 pg) in a
volume of 100 nl were made in a balanced order between 9:00 A.M. and
9:40 A.M., 3 h after light onset (Zeitgeber time 3) via an injection cannula
(outer diameter, 130 wm; Nanofil 35G Blunt Needle; World Precision
Instruments). Injection cannulae were attached to a 0.5 ul Hamilton
microsyringe via PE-20 polyethylene tubing, and the solution was in-
jected over a period of ~15 s. The microinjection procedure involved
anesthesia with 5% isoflurane within 1 or 2 min, removal of the stylet,
inserting the injection cannula, injecting the solution, and keeping the
injection cannula in situ for an additional 15 s. Confirmation of success-
ful injection was obtained by monitoring the movement of a small air
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physiological studies, a two-tailed Student’s t
test was used to determine significant differ-
ences between drug and control conditions. For
behavioral studies, group differences were de-
termined using two-way ANOVA, with one fac-
tor being genotype and the other being treat-
ment (saline vs low-dose TRH vs high-dose
TRH). If the ANOVA was statistically signifi-
cant, Fisher’s PLSD was used to determine
group differences. The level of significance was
set at p < 0.05 for all tests.

Results

Anatomy

The TRH receptor 1 (TRH-R1) is predom-
inantly expressed in the hypothalamus,
whereas TRH-R2 is present broadly
throughout the brain (Heuer et al., 2000).
Using the Allen Brain Atlas (http://mouse.
brain-map.org/), we compared the distri-
bution of trh-rI mRNA in the tuberal
and lateral hypothalamic region to the
distribution of prepro-hcrt mRNA and
found a striking similarity, suggesting that
TRH-R1 mRNA might be expressed in
Hert neurons. Our attempts to demon-
strate expression on TRH-R1 on Hert cells
were thwarted by the absence of a reliable
antiserum to recognize TRH-R1, so we re-
lied on electrophysiological criteria, as de-
scribed below.
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Figure 2.

indicate SEM.

bubble in the PE-20 tubing. Mice were ambulatory within 3-5 min after
injection. LMA and T, data were recorded for 2 h after injection of the
TRH or saline. The mice were allowed to recover for 2 d between TRH or
saline injections.

Histological verification of microinjection site. At the end of the experi-
ments, mice were anesthetized with 5% isoflurane and 100 nl of 10%
FluoroGold solution was microinjected into the brain to mark the mi-
croinjection site. Thirty minutes after the FluoroGold injections, mice
were perfused with 20 ml of cold PBS followed by 20 ml of 4% formal-
dehyde. The brains were removed and cryoprotected in 30% sucrose.
Five sets of coronal sections were cut at 40 wm on a freezing microtome
and processed for Hert immunostaining.

Immunohistochemistry. To detect the Hcrt cells, one set of coronal
brain sections from each mouse was incubated overnight at room tem-
perature in the goat anti-orexin B antibody at 1:5000 (sc8071; Santa Cruz
Biotechnology). After washing, the sections were incubated with the bi-
otinylated donkey anti-mouse IgG (1:500; Jackson ImmunoResearch)
for 2 h and then reacted with avidin—biotin complex for 1 h (Vector
Laboratories). The DAB (3,3’-diaminobenzidine) method was used to
visualize the reaction product. Brain sections were examined under a
microscope (Leica DM5000B) equipped with a CCD video camera and
photographed.

Statistical analyses. All data are presented as mean * SEM. For electro-

Current (pA)

TRH depolarizes hypocretin neurons in the presence of TTX. A, Whole-cell current-clamp recording of an Hert neuron
showing that TRH (100 nm) depolarized Hert neuronsin the presence of 0.5 um TTX. B, Representative trace of TRH-induced inward
current under voltage-clamp recording at a holding potential of —60 mV. C, I~V relationship under current-clamp recording
mode in the presence and absence of TRH when calcium was replaced with strontium in the external medium. D, TRH-induced
voltage change produced when calcium was replaced with strontium in the external medium. Data were derived from C. Error bars

In vitro electrophysiology
Electrophysiological evidence for direct
TRH effects on Hcrt neurons

Functional modulation of Hert neurons
by TRH was evaluated using whole-cell
patch-clamp recordings of visually identi-
fied Hcrt neurons from orexin/EGFP
transgenic mice. Brain slices (250 um)
containing the LHA were prepared and
orexin/EGFP (i.e., Hcrt) neurons were
identified under fluorescence illumina-
tion; the same neurons were visualized us-
ing infrared—differential interference contrast microscopy to
guide electrode placement for patch-clamp recording. The elec-
trophysiological characteristics of the Hcrt neurons recorded
were consistent with those we reported previously (Xie et al.,
2006,2008): V,, = —59.4 = 0.9 mV (n = 29). Bath application of
TRH (100 nM for 20 s) caused a depolarization to —51.1 = 1.1
mV from a resting level of —60 mV (n = 13), decreased input
resistance to 61% of control (n = 4), and increased spontaneous
firing of Hert neurons (Fig. 1A). The magnitude of depolariza-
tion was concentration dependent (Fig. 1B). Using a dose—1-
esponse model (OriginPro 7.5; OriginLab), we estimated the
half-maximal effective concentration of TRH-induced depolar-
ization (EC,) as ~66 nM with a Hill coefficient of 1.0, suggesting
a single binding site. Membrane potential and cell excitability
recovered ~2 min after washout of TRH (Fig. 14, C).

To determine whether TRH excited Hert neurons directly,
TRH was applied in the presence of TTX (0.5 uMm) under current
clamp. As shown in Figure 2A, TRH (100 nm) consistently depo-
larized membrane potential (11.2 = 2.2 mV; n = 7) in the pres-
ence of TTX. Under voltage-clamp mode at a holding potential

-40 -20 O
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(V) of =60 mV, TRH induced inward
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A Control

currents (31.3 £ 4.5 pA; n = 3) (Fig. 2B)
that were associated with a decrease in fre-
quency of mEPSCs but not mEPSC ampli-
tude. These results suggest a direct
postsynaptic action of TRH. TRH

We evaluated the current—voltage rela-
tionship of Hert neurons in the presence
and absence of TRH. The I-V relationship J A
indicated that Hert neurons had a mem- 1s
brane resistance of 915 M{) in the presence B
of normal extracellular Ca’" (2.4 mm). 1.2 5 1.2 1
TRH (100 nm) reduced membrane resis- E 104 Ctrl .‘E 104 TRH
tance to 550 MQ (n = 4) (Fig. 2C). To - £150 g =120
evaluate the ionic basis for the underlying g 0.8+ TRH E ‘é 0.8 1 Ctrl 8
membrane current, we substituted stron- 56 §100 L5 2 80
tium (Sr*™) (2.4 mm) for calcium in the E E’ .g g
external medium. The membrane resis- 2 041 E 50 2 041 5 40
tance changed from 915 M) in the pres- E 0.2 a -_E-, 0.2 1 g 0
ence of Ca*" to 760 M() in the presence of o w 0cr O @ cCT
Sr**. TRH reduced membrane resistance 0 2000 4000 6000 8000 00 ! 5'0 ' 160 ‘ 15'0

. 2+ —
to .520 M in the presence.ofSr (n=4) Inter-event Interval (ms) Amplitude (pA)
(Fig. 2C). Thus, the TRH-induced change
in membrane potential from control was Conksl
reduced in the presence of Sr>* compared
with Ca®" conditions (Fig. 2D), indicat-
ing that the TRH-induced inward current TRH
and membrane conductance changes were
mediated in part by Ca*™ influx. P ' V ' vr ’ ' * '
TRH modulates Hcrt neuron activity by 20pA
presynaptic and postsynaptic mechanisms D 1s
We next tested the effect of TRH on sEP- 31 29 > 1.2
SCs and sIPSCs under voltage-clamp con- = 404 TRH = 10
" o 1. a 1 TRH

ditions. GABA, receptors were blocked s s 8 =120
with 40 um BIC to pharmacologically iso- 2 0.81 > 2 0.8+ =
late sEPSCs. Under voltage clamp with V}, © 0.6- § 0 06- Ctn E 80
= —60 mV, the mean frequency of sEPSCs £ g '% E-
was 3.6 = 0.8 Hz (n = 8). TRH (100 nm) 3 041 i 3 041 S 40
did not significantly change either the fre- E 0.2- @ E 0.2- §
quency or amplitude of sEPSCs (Fig. o 5 s 0 eT_ © 0 % 0 CT
34,B). 0 2000 6000 10000 0 100 200 300

In a separate set of cells, we recorded
the frequency and amplitude of sIPSCs in
the presence of NMDA and AMPA recep-
tor antagonists AP-5 (50 um) and DNQX
(20 uM) to block excitatory synaptic trans-
mission (Fig. 3C). Under these conditions,
the mean frequency of sIPSCs recorded
from Hert neuronswas 1.3 = 0.3 Hz (n =
14). Bath application of 100 nm TRH dra-
matically increased the frequency of sIP-
SCs to 207 * 43% of baseline (n = 14; p = 0.027) but had no
effect on the amplitude of these events (Fig. 3D). In some cells,
the frequency of synaptic events recovered after prolonged wash-
out of the peptide. These results indicate that TRH increases the
spontaneous release of GABA onto the Hcrt neurons.

To determine whether TRH acts directly at presynaptic termi-
nals to affect the probability of glutamate and GABA release, we
examined the effects of TRH receptor activation on the frequency
and amplitude of mMEPSCs and mIPSCs under voltage clamp at a
V}, of =60 mV (Fig. 4). mEPSCs were pharmacologically isolated

by adding BIC (40 uMm) and TTX (0.5 um) to the external solu-

Figure 3.

Inter-event Interval (ms)

Amplitude (pA)

TRH increases the frequency of sIPSCs, but not sEPSCs, recorded in hypocretin neurons. 4, Spontaneous EPSCs were
recorded by whole-cell voltage clamp at a holding potential of —60 mV in the presence of bicuculline (40 ). B, TRH (100 nw) did
not affect the frequency or amplitude of SEPSCs (n = 8). C, Spontaneous IPSCs were recorded at a holding potential of —60 mV
in the presence of AP-5 (50 M) and DNQX (20 wum). D, TRH increased the frequency of sIPSCs by twofold ( p = 0.027) without
affecting sIPSCamplitude (n = 14). Error bars indicate SEM. *p << 0.05.

tion. Under these conditions, the mean frequency of mEPSCs was
1.8 = 0.3 Hz (n = 13). Bath application of TRH (100 nm) signif-
icantly decreased the frequency of mEPSCs to 46.5 = 4.0% of
control (n = 13; p < 0.0001); the amplitude of these events was
not significantly altered by TRH (Fig. 4 B). mIPSCs were iso-
lated by adding DNQX (20 um), AP-5 (50 um), and TTX (0.5
uM) to the external solution. Under these conditions, the
mean frequency of mIPSCs was 0.6 = 0.2 Hz (n = 4). Bath
application of TRH (100 nm) had no effect on either mIPSC
frequency or amplitude (Fig. 4 D). These results indicate that
TRH can reduce the probability of presynaptic glutamate re-
lease onto Hcrt neurons.
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was seen in the LHA of wild-type mice
(Fig. 5A). FluoroGold injections per-
formed subsequent to behavioral pharma-
cology experiments revealed that the injec-
tion sites were located dorsal to the Hert
cell field so damage to Hert cells by the
injection cannula was likely minimal (Fig.
5B). FluoroGold diffused into the brain

1—s|20 A area occupied by Hert cells. Although the
B diffusion efficiency may differ between the
TRH and FluoroGold, the results suggest
1.2 1.2 that TRH diffused in the area of distribu-
240 Ctrl §‘1 0- tion of Hcrt neurons. In orexin/ataxin-3
o £120 k] TRH s 120 mice, only a few faintly stained Hecrt-
2 2081 ry immunoreactive cells were detected in the
§ 80 o 06 Ctrl 2 80 LHA (Fig. 5C). Therefore, we relied on an-
g ,, _g g atomical landmarks such as the fornix and
w40 5041 < 40 mammillothalamic tract to determine the
o 20.2- o location of injection sites in the orexin/
. 4w 07T 3 o £ 0ET ataxin-3 mice (Fig. 5D).
0 5000 10000 15000 0 50 100 Effects of TRH on locomotor activity

Inter-event Interval (ms) Amplitude (pA) To facilitate injections through the guide
C cannula, mice were briefly anesthetized
Control using isoflurane. The LMA counts were
low during first 5 min after the injection
’ I ' I I ' v because the mice were under the influence
TRH of isoflurane during that period of time.
After 5 min postinjection, LMA rapidly in-
W creased in all mice (Fig. 6), with the largest
—120pA increase in LMA observed between 5 and
D Ts 15 min after the injection of 1 ug of TRH
12+ 12.- in wild-type mice (Fig. 6C). Therefore, we
> ' > ' analyzed LMA during this time interval;
=101 Ctrl 2 109w two-way repeated-measures ANOVA
80s- 220 2o £120 showed significant effects of treatment
g TRH g g g (p = 0.006) and genotype (p = 0.009)
2061 g 80 o 0.6 1 2 80 with no significant genotype by treatment
-%0 41 g %0 4 3 40 interaction. Fisher’s PLSD test revealed
= & 5 o that LMA counts were significantly higher
£0.21 o 0 E0.21 & o in wild-type mice injected with 1 ug of
o 0 ‘ E " cT © 0 ned . TE 'C T ~ TRH (p < 0.05) compared with wild-type
0 10000 20000 0 100 200 mice injected with either 0.1 ug of TRH or
Inter-event Interval (ms) Amplitude (pA) saline; no such effect was seen in the

orexin/ataxin-3 mice (Fig. 6 D).
Figure 4.  TRH reduces the frequency of miniature EPSCs but not miniature IPSCs recorded in Hert neurons. A, mEPSCs were Because recovery from anesthesia has

recorded by whole-cell voltage clamp at a holding potential of —60 mV in the presence of TTX (0.5 ) and bicuculline (40 pum).
B, TRH (100 nm) reduced the frequency ( p << 0.0001) but not the amplitude of mEPSCs (n = 13). *p << 0.05. €, mIPSCs were
recorded by whole-cell voltage clamp at a holding potential of —60 mV in the presence of TTX (0.5 wm), AP-5 (50 rum), and DNQX
(20 um). D, TRH (100 nw) did not significantly affect either mIPSC frequency or amplitude (n = 4). Error bars indicate SEM.

In vivo physiology

Having established that Hcrt neurons are responsive to TRH ap-
plication in vitro, we sought to identify an in vivo correlate for this
activation. To deliver TRH locally into the region of the Hert
neurons, we implanted cannulae into the LHA of wild-type
mice and orexin/ataxin-3 mice in which the Hert neurons have
been genetically engineered to degenerate postnatally (Hara et
al., 2001).

Location of guide cannulae
The location of injection sites was determined by analysis of Flu-

oroGold fluorescence in brain sections that were stained for Hert
(Fig. 5). A group of intensely stained Hcrt-immunoreactive cells

been shown to be dependent on a func-
tional hypocretin/orexin system (Kelz et
al., 2008), we evaluated whether the in-
crease in LMA illustrated in Figure 6 might
be attributable to a differential effect of an-
esthesia between the two mouse strains. Male orexin/ataxin-3
(n = 5) and litter-matched wild-type control (n = 4) mice were
implanted with telemeters for measurement of LMA and T, as
described above. After a 7 d recovery period, mice were anesthe-
tized with 2% isoflurane for 2 min, and then allowed to recover
while LMA and T;, were recorded. Both mouse strains showed a
transient increase in LMA that gradually declined over the next 40
min, but there was no difference in LM A between the two strains
(Fig. 7A). In contrast, when the same mice were anesthetized with
2% isoflurane for induction followed by 1.5% isoflurane for
maintenance for 2 h, the increase in LMA in the orexin/ataxin-3
mice was greatly delayed relative to the wild-type mice: whereas
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Figure 5. Identification of injection sites in wild-type and orexin/ataxin-3 mice. A, Distribution of hypocretin-immunoreactive cells in a representative brain section of a wild-type mouse. The
arrows show location of the guide cannula, and the triangles show the tracks of the injection cannula. B, Location of the injection site in the same brain section as A is indicated by FluoroGold
fluorescence. Note that the location of the injection site is dorsal to the distribution of hypocretin neurons. €, In orexin/ataxin-3 mice, there is a dramatic reduction in the number of hypocretin-
immunoreactive cells (compare C, A). D, The location of FluoroGold injection site in the same brain section from the orexin/ataxin-3 mouse immunostained in .

A ) B C D
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%‘ 3 —=— ataxin mice L MW ataxin mice
g | £ @
<9
5 2 2
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8 g 1
80 = 5
0011 0011
Time after injection (min) TRH (ug)

Figure 6.  Effect of unilateral TRH injections into the lateral hypothalamus on LMA in wild-type and orexin/ataxin-3 mice. LMA counts recorded by the transmitters were averaged over 5 min
intervals. The zero time point represents the LMA calculated during the first 5 min after the injection. A-C, Saline (4), 0.1 1.g of TRH (B), or 1 g of TRH (€) was injected in a balanced order through
aguide cannula implanted in the lateral hypothalamus in both wild-type (n = 6) and orexin/ataxin-3 mice (n = 6). D, Average LMA counts in the 10 min interval from 5 to 15 min after injection of
TRH or saline. TRH at the dose of 1 g produces significantly more LMA counts than saline injection in wild-type mice but not in orexin/ataxin-3 mice. *p << 0.05 compared with the saline group of

the same genotype. Error bars indicate SEM.

an increase in LMA is evident in wild-type mice within 10 min
after cessation of anesthesia, the increase in LMA occurs over a
20—40 min period after cessation of anesthesia in orexin/ataxin-3
mice (Fig. 7B). Thus, the results from this latter experiment are
consistent with the necessity of an intact hypocretin/orexin sys-
tem for recovery from prolonged anesthesia as described by Kelz
et al. (2008). However, the absence of a differential response be-
tween the two strains in response to transient anesthesia indicates
that the increase in LMA in response to TRH illustrated in Figure
6 is unlikely to be artifactual.

Figure 8 presents the locations of the tip of the injection can-
nulae for both wild-type mice and orexin/ataxin-3 mice. The av-
erage LMA counts during the 5-15 min interval after the injec-
tion of 1 ug of TRH are color-coded according to the scheme
provided in the figure legend. The greatest increase in LMA
counts was produced by injection of 1 ug of TRH in the wild-type
mice in which injection cannulae were located near the core of the
Hecrt neurons at —1.3 mm from bregma. In two wild-type mice
injected at —2.1 mm from bregma, there was a small increase in
LMA. The change in LMA counts was also small in all orexin/
ataxin-3 mice, although injections were done into the same brain
sites in which TRH effectively increased LMA in wild-type mice.

Effects of TRH on body temperature
The profile of T, was similar in both strains of mice when injected
with TRH or with saline: T}, decreased within first 10 min after

injections and then gradually increased (Fig. 9). When TRH was
injected at the dose of 1 ug, T}, reached peak levels ~30 min after
the injection and remained at a higher level for at least 60 min.
Therefore, we analyzed T}, levels for 60 min postinjection in both
strains. Two-way ANOVA indicated a significant effect of treat-
ment ( p < 0.001) but no effect of genotype or interaction. Post
hoc tests revealed that, in contrast to LMA, 1 ug of TRH produced
a significant increase in T, in both mouse strains (Fig. 9D).

Discussion

Among the hypothalamic nuclei that express TRH, neurons in
the medial and periventricular parvocellular divisions of the
paraventricular nucleus have received considerable attention be-
cause of their projections to the median eminence and their role
in release of thyroid-stimulating hormone from the anterior pi-
tuitary; these neurons are required for normal function of the
thyroid (Hollenberg, 2008). In contrast, TRH-synthesizing neu-
rons in the DMH have only recently received attention as poten-
tial relays between the circadian system and arousal systems lo-
cated in the LHA (Chou et al., 2003), particularly because LHA
neurons express TRH receptors (Heuer et al., 2000). Because
Hecrt neurons are the most well understood arousal-related neu-
rons in the LHA, we hypothesized that these cells would be re-
sponsive to TRH and that this input might provide important
modulatory control of the Hert system. Our results demonstrate
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ness (Broberger and McCormick, 2005).
In the hippocampus, TRH also induces
membrane depolarization and increases
neuronal discharge of CA1 GABAergic in-
terneurons, suggesting that TRH increases
the excitability of interneurons to facilitate
GABA release (Deng et al., 2006). Thus,
our results on TRH effects on Hert neu-
rons are consistent with the previous
literature.

Figure 2 presents evidence that TRH ef-
fects on Hcrt neurons are direct and that
TRH induces inward currents that are me-
diated, at least in part, by Ca?" influx, re-
sults consistent with those described in the
thalamus (Broberger and McCormick,
2005). The ionic basis for TRH effects has
been explored more thoroughly in other
systems. TRH induces a slow depolariza-
tion that has been attributed to the leak K *
conductance in the spinal cord (Kolaj et
al., 1997) and, more specifically, to inhibi-
tion of two-pore domain K channels in
hypoglossal motor neurons (Talley et al.,
2000), in GABAergic neurons in the thala-
mus (Broberger and McCormick, 2005),
and in CA1 stratum radiatum (Deng et al.,
2006). Tandem-pore domain K * channels
have previously been described in Hecrt
neurons, and K,, channels are thought to
mediate inhibition of Hert neurons by glu-
cose (Burdakov et al., 2006). However,
TRH has also been reported to inhibit
Ca**-dependent K * (BK) channels in pi-
tuitary cells (Haug et al., 2004), observa-
tions consistent with Ca**-dependent ef-
fects of TRH in Hert cells (Fig. 2C,D).

In addition to direct effects on Hert
neurons, TRH exhibited complex indirect
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Figure 7.

indicate SEM.

that TRH directly excites Hert cells in vitro and stimulates LMA in
vivo and, therefore, can influence wakefulness and behavioral
arousal, in part, through the Hert system.

The excitatory effects of TRH on Hcrt neurons, evidenced by
concentration-dependent membrane depolarization, decreased
input resistance, and increased discharge (Fig. 1), are consistent
with previous observations in the thalamus (Broberger and Mc-
Cormick, 2005) and hippocampus (Deng et al., 2006). Based on
recordings of thalamocortical and PGN neurons, increasing lev-
els of TRH appear to shift the activity of thalamic cells from
enhancement of spindle activity associated with non-rapid eye
movement sleep, to blockade of spindle activity to, at the highest
concentrations, induction of the tonic, single-spike activity asso-
ciated with the desynchronized EEG that occurs during wakeful-

Effects of 2 min versus 2 h exposure to isoflurane on LMA in orexin/ataxin-3 mice compared with litter-matched
controls. A, Mice were anesthetized with 2% isoflurane for 2 min and then allowed to recover while LMA was recorded. B, The
same mice were anesthetized with 2% isoflurane for induction followed by 1.5% isoflurane for 2 h and then allowed to recover
while LMA was recorded. One week was allowed for the mice to recover between 2 min and 2 h isoflurane treatments. Error bars

effects. The frequency of sEPSCs was ap-
proximately threefold greater than sIPSCs;
excitatory inputs have previously been de-
scribed to predominate on Hert cells
(Horvath and Gao, 2005). TRH had no ef-
fect on sEPSCs (Fig. 3A,B) but reduced
mEPSC frequency (Fig. 4A, B). These re-
sults indicate that TRH reduces the prob-
ability of glutamate release at presynaptic
terminals onto Hcrt neurons. In contrast,
TRH increased the frequency of sIPSCs (Fig. 3C,D) without af-
fecting mIPSC frequency (Fig. 4C,D). Similar TRH effects on
sIPSCs have been obtained in CA1, CA3, and dentate gyrus neu-
rons (Deng et al., 2006). Furthermore, responses to local GABA
application were not enhanced by TRH (data not shown). These
observations suggest that TRH activates a GABAergic interneu-
ron to increase GABA release onto Hcrt neurons without altering
presynaptic GABAergic terminal release probability.

Having established the cellular effects of TRH on Hcrt neu-
rons, we sought to establish whether these in vitro effects had
functional consequences in vivo. TRH has previously been impli-
cated in LMA, including movements such as head swaying,
grooming, and chewing (Wei etal., 1975; Ervin et al., 1981; Lin et
al., 1987), and TRH injections into the ventromedial hypothala-
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Figure8. Relationship between injection site location and change in LMA induced in mice injected with 1 g of TRH. The symbols overlaid on a mouse brain atlasimage indicate the location of
the injection sites and are color-coded to indicate the magnitude of the effect of 1 1.g of TRH on average LMA counts. The greatest increase in LMA was seen in the wild-type mice in which the tip
of injection cannula was located near the core of hypocretin neurons. In the orexin/ataxin-3 mice, the increase of LMA was not significant (compare Fig. 6 D), although some injections were located
at the brain sites in which TRH effectively increased LMA in wild-type mice.

38 7 Saline B 0.1pg of TRH C o Mgof TRH D %  Dwidtype mice

o L S12 MW ataxin mice
5}

E 37 !m] " f gé’ 36‘8 *
2
g 36 | : RI* £ o364
g g
E 35 4 —— wildtype mice 5 36
= .
g a4 0. —= ataxinmice 2 356
o o

33 T T ™ —rT v T T T T T T T 35.2

0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100 001 1 0011
Time after injection (min) TRH (ug)

Figure9. Effectof unilateral TRH injections into the lateral hypothalamus on body temperature. T, data were averaged over 5 min intervals; the zero time point represents the 7, observed within
thefirst 5 min after the injection. A—(, Saline (4), 0.1 g of TRH (B), or 1 g of TRH (€) was injected as described in Figure 6. D, Average T, for the 60 min after injection of TRH or saline in wild-type
and orexin/ataxin-3 mice. TRH at the dose of 1 g produces significant increase in T, compared with saline in both wild-type and orexin/ataxin-3 mice. *p << 0.05 compared with the saline group
of the same genotype. Error bars indicate SEM.

mus (Lin et al., 1987) and ventral tegmental area (Kalivas et al.,  optic area, TRH decreases the activity of warm-sensitive neurons
1987) induce locomotion. As indicated in Figures 6—8, TRH in-  and increases the activity of cold-sensitive neurons (Hori et al.,
jection into the LHA significantly increased LMA in mice; more-  1988). As indicated in Figure 9, when injected into the region of
over, this effect was dependent on intact Hcrt neurons (Fig.  the Hcrt neurons, TRH significantly increased T, in both wild-
6C,D). Furthermore, as illustrated in Figure 8, the magnitude of  type and orexin/ataxin-3 mice, indicating that, in contrast to the
the locomotor response observed was diminished in injection  effects on LMA, TRH effects on T}, are not dependent on an intact

sites that were distant from the core of the Hert neuronal popu- ~ Hert system. These results are remarkable because T, and LMA
lation. Together, these results indicate that TRH effects on LMA  are usually correlated.
are dependent, at least in part, on a functional Hert system. Al- The results presented here make a compelling case that TRH

though emergence from anesthesia is prolonged in orexin/  can activate Hcrt neurons both in vitro and in vivo; Figure 10
ataxin-3 mice (Kelz et al., 2008), the protocol in that study in-  summarizes the cellular effects of TRH on Hcrt neurons. Al-
volved a 2 h exposure to isoflurane rather than the 1-2 min  though the experiments in Figure 2 demonstrate direct postsyn-
exposure used in the present study to facilitate microinjections. aptic effects of TRH, they do not preclude the possibility of pre-

Although TRH is also well known to play arole in metabolism  synaptic effects. Measurement of sEPSCs and sIPSCs (Fig. 3)
and thermogenesis through the HPT axis, TRH also hasarolein ~ combined with measurement of mEPSCs and mIPSCs (Fig. 4)
central thermoregulation. When injected intracerebroventricu-  clearly indicate presynaptic effects of TRH. Such presynaptic
larly, TRH increases T}, and brown fat temperature; these effects ~ TRH effects depend on the localization of presynaptic TRH re-
can be blocked by pretreatment with TRH-R1 antisera (Shintani ~ ceptors; the increase in sIPSC frequency induced by TRH appli-
etal., 2005). When injected into the anterior hypothalamic—pre-  cation (Fig. 3D) is suggestive of TRH receptor localization on
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evaluated in an in vivo context. The in vivo
results presented here demonstrate that
TRH can stimulate LMA through the Hert
system and can thereby affect behavioral
arousal; whether TRH effects on sleep and
wakefulness (Nishino et al., 1997) are a
secondary consequence of the effect on
LMA and dependent on an intact Hert sys-
tem remains to be determined. Nonethe-
less, the results described here are consis-
tent with the concept of a pathway of
TRH-synthesizing neurons located in the
DMH that projects to Hcrt cells in the
LHA and is involved in behavioral state

regulation.
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Figure 10.

release at presynaptic terminals.

inhibitory interneurons. Previous studies (Horvath and Gao,
2005) indicate that excitatory inputs to the Hert neurons domi-
nate inhibitory inputs by approximately fourfold to fivefold. The
fact that TRH increased Hcrt neuron activity (Fig. 1) and pro-
duced locomotion, an effect that was dependent on intact Hert
neurons (Fig. 6), indicates that postsynaptic excitatory TRH ef-
fects dominate any presynaptic inhibitory effects. This suggestion
is further supported by the absence of a transient GABA-
mediated presynaptic inhibition before membrane depolariza-
tion. Additional exploration of this hypothesis is limited at the
moment by the absence of TRH antagonists to evaluate the pres-
ence of endogenous TRH tone, for example.

In addition to TRH, cellular electrophysiological studies using
orexin/ EGFP mice has revealed that Hert cells are excited by glu-
tamate (Li et al., 2002; Yamanaka et al., 2003a), ghrelin (Ya-
manaka et al., 2003b), low glucose levels (Yamanaka et al., 2003b;
Burdakov et al., 2005, 2006), ATP (Wollmann et al., 2005),
corticotrophin-releasing factor (Winsky-Sommerer et al., 2004),
glucagon-like peptide 1 (Acuna-Goycolea and van den Pol,
2004), cholecystokinin (Tsujino et al., 2005), neurotensin (Tsu-
jino et al., 2005), and vasopressin and oxytocin (Tsujino et al.,
2005; Tsunematsu et al., 2008). Conversely, Hert neurons are
inhibited by GABA (Li et al., 2002; Yamanaka et al., 2003a; Xie et
al., 2006), norepinephrine, dopamine and epinephrine (Li et al.,
2002; Yamanaka et al., 2003a, 2006; Li and van den Pol, 2005),

serotonin (Li et al., 2002; Yamanaka et al., 2003a; Muraki et al.,

2004), neuropeptide Y (Fu et al., 2004), leptin (Yamanaka et al.,

2003b), high glucose levels (Yamanaka et al., 2003b; Burdakov et
al., 2005; Burdakov et al., 2006), adenosine (Liu and Gao, 2007),
cannabinoids (Huang et al., 2007), dynorphin (Li and van den
Pol, 2006), Met-enkephalin (Li and van den Pol, 2008), and no-
ciceptin (Xie et al., 2008). However, with few exceptions (Ya-
manaka et al., 2003b; Muraki et al., 2004; Winsky-Sommerer et
al., 2004; Tsunematsu et al., 2008; Xie et al., 2008), information
regarding regulation of the Hecrt cells obtained in vitro is rarely
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