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ABSTRACT

Methamphetamine (METH), which is used to improve the alertness of narcoleptic patients, elicits autonomic
physiological responses such as increases in body temperature, blood pressure and heart rate. We have shown
that orexin synthesizing neurons, which have an important role in maintaining wakefulness, greatly contribute to
the regulation of cardiovascular and thermoregulatory function. This regulation is partly mediated by gluta-
matergic as well as orexinergic signalling from the orexin neurons. These signals may also be involved in the
autonomic response elicited by METH. This study aimed to determine if loss of either orexin or glutamate in
orexin neurons would affect METH-induced changes in heart rate and body temperature. We used transgenic
mice in which the vesicular glutamate transporter 2 gene was disrupted selectively in orexin-producing neurons
(ORX;vGT2-KO), prepro-orexin knockout mice (ORX-KO), and control wild type mice (WT). We measured body
temperature, heart rate and locomotor activity with a pre-implanted telemetry probe and compared the effect of
METH (0.5, 2 and 5 mg/kg i.p.) on these parameters between these three groups. A low dose of METH induced
hyperthermia and tachycardia responses in ORX;vGT2-KO mice, which were significant compared to ORX-KO
and WT mice. The highest dose of METH induced hypothermia and bradycardia in ORX-KO mice, however, it
induced hyperthermia in both WT and ORX;vGT2-KO mice. These results suggest that glutamate and orexin from
orexin neurons have differential roles in mediating METH-induced changes in body temperature and heart rate.

1. Introduction

Methamphetamine (METH) and its derivatives are powerful psy-
chostimulant drugs that increase arousal, alertness and lead to euphoria.
METH also causes hyperactivity and complex physiological responses
including an increase in body temperature (Namiki et al., 2005; Phelps
etal., 2010; Polesskaya et al., 2011; Rusyniak et al., 2012; Yoshida et al.,
1993). METH-induced hyperthermia, which occurs in both human and
experimental animals, is sometimes life threating and can be fatal.
Therefore, it is important to understand the mechanism underlying this
hyperthermia. METH-induced hyperthermia and tachycardia are pre-
vented by inhibition of neurons in the dorsomedial hypothalamus
(Rusyniak et al, 2008), which plays an essential role in

thermoregulatory and cardiovascular responses to physiological and
emotional stimuli (DiMicco et al., 2006; Dimicco and Zaretsky, 2007;
Kataoka et al., 2014; Kataoka et al.,, 2020). This indicates that
METH-induced autonomic responses are mediated via its central and not
peripheral action. However, the brain mechanisms involved are still
largely unknown.

Orexins, also known as hypocretins, are neuropeptides that are
produced exclusively by neurons in the perifornical-lateral hypotha-
lamic area. Orexin-producing neurons have been demonstrated to play
an important role in maintaining arousal (Sakurai, 2007). They also
have a pivotal role in controlling autonomic functions including ther-
moregulatory and cardiovascular systems (Kuwaki, 2015; Kuwaki and
Zhang, 2012; Zhang et al., 2006). Orexin neurons are activated by METH
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treatment (Estabrooke et al., 2001). Indeed, systemic administration of
orexin receptor antagonists attenuates METH-induced hyperthermia
and pressor responses (Behrouzvaziri et al., 2015; Rusyniak et al., 2012).
Further, loss of orexin peptide by disruption of the orexin gene attenu-
ates METH-induced hyperactivity (Mori et al., 2010). These lines of
evidence suggest that orexin neurons are involved in the central mech-
anisms of METH-induced autonomic responses.

Orexin-expressing neurons also contain other neurotransmitters/
modulators, including glutamate (Torrealba et al., 2003; Tsujino and
Sakurai, 2009). We have shown that thermogenic responses to febrile
and emotional interventions are attenuated in orexin neuron-ablated
mice but not in prepro-orexin knockout mice that can still release
other neurotransmitters (Takahashi et al., 2013; Zhang et al., 2010). We
have also demonstrated that the aforementioned thermogenic responses
are attenuated by glutamate antagonists, but not orexin receptor an-
tagonists (Takahashi et al., 2013). These findings suggest that other
co-transmitters from orexin neurons are responsible for the thermogenic
responses. The most likely co-transmitter for this is glutamate, which is
co-localized in orexin neurons and may also be involved in
METH-induced autonomic responses.

Glutamate is taken up into synaptic vesicles by vesicular glutamate
transporters before being released from the cell (El Mestikawy et al.,
2011). Orexin neurons express predominantly vesicular glutamate
transporter-2 (vGLUT2) (Rosin et al., 2003). In the present study, we
created a transgenic line that selectively induced vGLUT2 deficiency in
orexin-expressing neurons (Orexin-Cre;Vglut2f®/1%) by crossing
Orexin-Cre mice, in which orexin neurons express Cre-recombinase
(Matsuki et al., 2009), with Vglut2 flox/flox pice, wherein exon 2 of
Vglut2 gene is flanked by LoxP sites (Tong et al., 2007). We also used
prepro-orexin knockout mice (Chemelli et al., 1999) and wild type mice,
comparing METH-induced changes to body temperature and heart rate
between these three mice groups.

2. Material and methods

All experiments except in situ hybridisation was conducted at
Kagoshima University. The in situ hybridisation was conducted at the
University of Fukui. All procedures were approved by the Institutional
Animal Care and Use Committee of both universities. The number of
animals used and their suffering was minimized as much as possible.

2.1. Animals

Two types of genetically modified mice (ORX-KO, male,n =9, 28.8 -
46.1 g and Orexin-Cre;Vglut21°¥/1°% n — 12, 26.1 - 36.1 g) and control
wild type mice (WT) (C57BL/6, male, n = 9, 27.7 — 43.1 g) were used.
Orexin—Cre;VglutZﬂOX/ floX mice (hereafter called ORX;vGT2-KO) were
obtained by crossing orexin-Cre mice (Matsuki et al., 2009) with
vglut2fo¥/9% mice (Tong et al., 2007). The prepro-orexin knock out
mice (hereafter called ORX-KO)(Chemelli et al., 1999) and orexin-Cre
mice (Matsuki et al., 2009) were provided by Dr. Takeshi Sakurai
(Tsukuba University). Vglut21°1°* mice were provided by Dr. Bradford
Lowell (Beth Israel Deaconess Medical Center and Harvard Medical
School). The genotype of ORX-KO mice was identified using polymerase
chain reaction (PCR) of extracted DNA (Kayaba et al., 2003). For gen-
otyping ORX;vGT2-KO mice, we used 5’ primer, GTC TAC TGT AAG TGA
AGA CAC and 3’ primer, CTT TAG GCT TTC ATC CTT GAG for a loxP site
in intron 1 and another 5 primer, CCT GAG CGA AGG TGA GCT GAA
with a 3’ primer CCA AAT ACC TGA AAG TTA CTG to identify another
loxP site in intron 2.

2.2. Surgery
Under inhalation anaesthesia (0.5 ml/min, 2-3%) of isoflurane

(Escain inhalation anaesthetics, Mylan Inc., Pennsylvania, USA), mice
were surgically implanted with a telemetry probe (ETA-F10, Data
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Science International Inc., MN, USA) that transmits electrocardiograms
(ECG) and body temperature. During surgery, body temperature was
maintained on a heat pad. At the end of surgery, mice were given a
hypodermic injection of antibiotics (penicillin, 8 mg/ml, Nacalai Tes-
que, Kyoto, Japan). Following surgery, mice were individually caged
and allowed to recover for at least one week in a quiet environment with
ad libitum access to food and water.

2.3. Experimental procedures

All recordings were performed at an ambient temperature between
25 and 28 °C in a sound-insulated recording room with a 12-hour light-
dark cycle (lights on at 0700). The experimental mouse was transferred
to the recording room at least 36 h prior to any recording as a habitu-
ation period. During the experimental recording and habituation pe-
riods, the mouse received ad libitum access to food and water.

Recordings started at 14:00 on the day before METH treatment and
stopped at 14:00 on the day after treatment. At 10:00 on treatment day,
0.5, 2.0 or 5.0 mg/kg of METH (methamphetamine hydrochloride,
Sumitomo Dainippon Pharma, Tokyo, Japan), or 0.9% saline (0.4 ml),
was injected intraperitoneally. Mice received these METH treatments in
a counterbalanced rotating order to avoid serial effects with at least a 5-
day recovery period between each injection. When a mouse had to be
euthanized due to misadventure, the mouse was replaced with a new
one.

2.4. Data recording and analysis

The amount of locomotor activity was measured using infrared-light-
beams (XY grid pattern, 5 cm apart, homebuilt). This measuring in-
strument outputs an analogue block pulse (4 V, 170 msec/detection)
when a mouse interrupts the infrared beam. Body temperature and ECG
were measured with a pre-implanted telemetry probe. Ambient tem-
perature in the experimental room was measured with a thermometer
(BW-T100, Bio Research Center Co., Ltd, Nagoya, Japan). All measured
signals were digitalized (400 Hz for ECG, 1 Hz for body temperature,
100 Hz for locomotor activity, and 1 Hz for room temperature) with
PowerLab/16S (ADInstruments, NSW, Australia) and captured with
Chart software (ADInstruments). The captured signals were analysed
with Igor Pro (WaveMetrics, Inc., OR, USA). When signals were lost due
to noise disturbance, values were interpolated with values at sur-
rounding time points. Heart rate was calculated from an R-R interval in
the ECG. The pulse signals of locomotor activity were integrated every
60 s. The mean value during 20 min pre-injection period (time —30 to
—10 min before administration) was calculated as the pre-injection
reference value.

2.5. Virus injections

Vglut2fo%/9X mice were anesthetized with Ketamine (80 mg/kg) and
Xylazine (20 mg/kg), and placed in a stereotaxic head frame (Nar-
ishige). A 30-gauge bevelled metal needle connected via a tube to a
microsyringe pump (Pumpll Elite, Harvard Apparatus) was used to
infuse a viral vector at a rate of 100 nl per min. After infusion, the needle
was kept in the injection site for 5 min and then slowly withdrawn.
AAV5-CMV-GFP-Cre (7.8 x10'° vg/ml) were injected in the lateral
hypothalamus (LH) (anterior-posterior (AP) 1.9, lateral (L) 1.0, ventral
(V) 5.0-5.5 mm) with 0.5 pl per injection site. The plasmid for AAV
production of (AAV-GFP/Cre) was gifted by Dr. Fred Gage (Addgene
plasmid # 49056; http://n2t.net/addgene:49056; RRID:Addg-
ene_49056) (Kaspar et al., 2002). The AAV vector was prepared as
described previously (Kobayashi et al., 2016). After four weeks recovery
period, the mice were used as part of the in situ hybridization
examinations.



K. Miyata et al.
2.6. RNA probe preparation for in situ hybridization

To confirm deficiency of the Vglut2 gene in orexin neurons, we
performed fluorescent labelling of mRNA for Vglut2 exon2 or of orexin
using digoxigenin (DIG)-labelled RNA probes and immunoreactivity
against orexin as described previously with modification (Watakabe
et al., 2010). cDNAs for mouse Vglut2 exon 2 and orexin were
sub-cloned by conventional PCR with commercial cDNA library (MD-01,
Genostaff) and the following primer sets: Vglut2 exon 2, ggtgctggagaa-
gaagcag — ctccttgataactttgecteeg; Orexin, ttecttctacaaaggttcectg — cag-
gacaaggatagaagatggg. These sub-cloned cDNAs were inserted into
vectors (pGEM®-T easy vector, Promega). We prepared DIG-labelled
RNA probes with Roche’s in vitro transcription kit (11277073910,
Roche).

2.7. In situ hybridization

AAV-injected mice were euthanatized with an overdose of urethane,
and perfused with 0.01 M phosphate buffered saline (PBS) and then 4%
paraformaldehyde. The brain was removed and immersed in 4% para-
formaldehyde for 1 night and then 30% sucrose for 2 nights. It was then
immersed in water-soluble glycols and resin-based embedding medium
(OCT compound, Sakura Finetek) and frozen at — 80 °C. The brain was
sliced into coronal sections, of 20 um thickness, using a cryotome. The
sections were rinsed in PBS and 0.1 M PB, mounted on glass slides
(CREST coat, Matsunami) and dried overnight in a vacuum desiccator.
They were then stored at 4 °C until immunohistochemical analysis.

In situ hybridization was performed as described previously (Murata
et al., 2020). Dried sections were fixed in 4% paraformaldehyde,
digested with Proteinase K (10 pg/ml) for 30 min and then post-fixed in
4% paraformaldehyde again to deactivate this proteinase. Sections were
then incubated overnight at 65 °C with DIG-labelled RNA probes. After
stringent washing, the sections were incubated in 1% blocking buffer
(11096176001, Roche) for 1 h and then in goat anti-orexin antibody
(1:400 dilution, sc-8070, Santa Cruz) and anti-DIG antibody conjugated
with alkaline phosphatase (1:500 dilution, Roche) overnight. After in-
cubation, the sections were washed three times in Tris-NaCl-Tween
buffer (TNT) (0.1 M Tris-HCI, pH 7.5, 0.15 M NaCl, 0.1% Tween 20).
Following this, they were incubated with Alexa Fluor 488-conjugated
secondary antibody (1:400 dilution, Jackson ImmunoResearch) for 2
h, washed three times in TNT and once in Tris buffer (0.1 M Tris-HCI, pH
8.0, 0.1 M NaCl, 50 mM MgCl2). Further incubation with a fluorescent
substrate for alkaline phosphatase (HNPP fluorescence detection set,
11758888001, Roche) was also performed. This incubation was carried
out for 30 min, repeated a total of 3 times, and stopped by washing in
PBS. Sections were then counterstained with DAPI diluted in PBS (2
ug/ml) for 5 min. After washing in PBS, sections were mounted on slides
with aqueous mounting medium (PermaFluor, Thermo Fisher Scienti-
fic). Examination was done with a confocal laser microscope (FV1200,
Olympus) for localization of mRNA signals.

2.8. Statistical procedures

Statistical analysis was performed using SPSS (IBM Corp., Armonk,
NY, USA). Group data were shown as mean+SEM. Pre- and post-
injection values were compared using a paired t-test. Data between
doses in wild type animals, or between genotypes at each dose were
analysed using one-way factorial ANOVA. If the primary analysis
showed significant, a post-hoc analysis was performed using Fisher’s
least significant difference test. The significance threshold was set at
0.05 level. Regression analysis (linear regression of log-dose) was used
to determine dose-response relationships.
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3. Results

3.1. Effect of methamphetamine on body temperature, heart rate and
locomotor activity in WT mice

After injection of vehicle, body temperature transiently increased
from 34.7 £+ 0.5 °C to 36.3 + 0.3 °C (P = 0.00061, paired t-test, n = 7)
and peaked within 20 min (Fig. 1). Similarly to the body temperature
response, heart rate increased from 479 + 20 bpm to 659 + 15 bpm (P =
0.00066, paired t-test, n = 7) and peaked within 5 min. Locomotor ac-
tivity also increased from 37 + 24-228 + 61 (arbitrary unit) (P =
0.0099, paired t-test, n = 7).

METH (0.5, 2.0 and 5.0 mg/kg) caused a similar transient increase in
body temperature and heart rate. After the initial increase, body tem-
perature changed again, and its pattern was different between the three
doses. At a low dose of METH, body temperature gradually deceased to
pre-injection level. At the middle and highest doses, body temperature
decreased towards pre-injection level, then increased and peaked at
~200 min after injection (Fig. 1a). The mean increase in body temper-
ature during the 300 min post-injection observation period for the
highest dose was significantly larger compared to other treatments
(F(3,25= 4.554, P = 0.011, ANOVA; post-hoc, P = 0.015 for 5.0 mg/kg
vs vehicle, P = 0.002 for 5.0 mg/kg vs 0.5 mg/kg)(Fig. 1d). The effect of
METH on heart rate was variable depending on dose. At the low and
middle dose, heart rate decreased after the initial transient increase. At
the highest dose, heart rate decreased and then increased. Overall,
however, changes in heart rate during the 300 min post-injection period
were not significant between the four treatments (F(3 5= 0.899,
P = 0.445, ANOVA) (Fig. 1e). ANOVA analysis between doses showed
significant effects of METH on locomotor activity (F(325y= 14.1333,
P =0.000014; post-hoc, P =0.000006 for 5.0 mg/kg vs vehicle,
P = 0.000015 for 5.0 mg/kg vs 0.5 mg/kg, P = 0.009 for 5.0 mg/kg vs
2.0 mg/kg) and METH increased locomotor activity in a dose-dependent
manner (F(1,20= 22.946 P = 0.000112, R? =0.534 log-dose linear
regression). At the highest dose, locomotor responses to METH were
bimodal with the 1st peak at ~60 min and the second peak at ~160 min
(Fig. 1c).

Since body temperature and locomotor activity responses had two
phases, we divided the 300 min post-injection period into two parts; the
first phase (0-100 min) and the second phase (100-300 min) for further
analysis (Fig. 1). In the first phase, METH-induced increases in loco-
motor activity for the middle and the high dose of METH were signifi-
cantly larger when compared to vehicle and that low dose of METH
(F(3,25= 11.977, P = 0.000047, ANOVA; post-hoc, P = 0.000149 for
2.0 mg/kg vs 0.5 mg/kg, P = 0.000065 for 5.0 mg/kg vs 0.5 mg/kg).
The effect of METH on body temperature and heart rate was not
different between doses (F(325)= 0.253, P = 0.858 for body tempera-
ture, F(35y=1.338, P = 0.284 for heart rate, ANOVA). In the second
phase, METH-induced increases in body temperature and locomotor
activity were significantly larger for the middle and high dose of METH
compared to vehicle and low dose of METH (F(325= 8.469,
P = 0.000471 for body temperature, ANOVA; post-hoc, P = 0.036 for
2.0 mg/kg vs 0.5mg/kg, P=0.019 for 2.0 mg/kg vs 5.0 mg/kg,
P =0.001 for 5.0 mg/kg vs vehicle, P = 0.000064 for 5.0 mg/kg vs
0.5 mg/kg)(F(325= 14.766, P =0.00001 for locomotor activity,
ANOVA,; post-hoc, P = 0.000009 for 5.0 mg/kg vs vehicle in 2nd phase,
P = 0.000006 for 5.0 mg/kg vs 0.5 mg/kg in 2nd phase, P = 0.000164
for 5.0 mg/kg vs 2.0 mg/kg in 2nd phase). The effect of METH on heart
rate was not different between doses (F(325=1.888, P =0.157,
ANOVA).

3.2. Comparing effect of methamphetamine on body temperature between
WT, ORX-KO and ORX;vGT2-KO mice

After vehicle injection, body temperature increased in ORX-KO and
ORX;vGT2-KO mice and returned to the pre-injection level in the first
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phase similar to WT mice (Fig. 2a). Mean temperature increase during
the first phase was not significantly different between the three genetic
groups (F(2,21y= 1.207, P = 0.319).

As with vehicle treatment, there was an initial increase in body
temperature following METH treatment. After the initial increase, body
temperature changed again, and its pattern differed depending on dose
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and genotype.

At the low dose of METH (0.5 mg/kg), in ORX;vGT2-KO mice, body
temperature was sustained at a high level during the first phase and then
returned to the pre-injection level in the second phase (Fig. 2b). The
mean increase during the first phase was 2.0 + 0.4°C (n = 7), which was
significantly larger than the corresponding values in WT (0.6 + 0.3°C,
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Fig. 1. The effect of METH on recorded
physiological parameters in wild type
(WT) mice. Left graphs show changes
(10 min means) of body temperature
(a), heart rate (b) and body temperature
(c) in response to vehicle or METH
injected at time O (n = 7 for vehicle, 0.5
and 2.0 mg/kg and n =8 for 5.0 mg/
kg). Right vertical bar graphs show
mean changes in each parameter from
pre-injection level during 0-300 min
(1st+2nd phases), 0-100 min (1st
phase) and 100-300 min (2nd phase)
after injection. ANOVA analysis be-
tween doses shows significant effects of
METH on body temperature (d)
(F3.25= 4.554, P = 0.011 for 1st+ 2nd
phases, F(3 25)= 0.253, P = 0.858 for 1st
phase, F(3 25= 8.469, P = 0.000471 for
2nd phase) and locomotor activity (f)
(Fs.25= 14.133, P =0.000014 for
1st+ 2nd  phases, F(325=11.977,
P =0.000047 for 1st phase and
F(3.25= 14.766, P =0.00001 for 2nd
phase), but not on heart rate (e)
(F(3,25): 0.899, P = 0.455 for 1st+ 2nd
phases, F(3 25= 1.338, P = 0.284 for 1st
phase and F(3 25= 1.888, P = 0.157 for
2nd phase). * a significant difference
compared to vehicle (post-hoc after
ANOVA) (body temperature, P = 0.015
for 5.0 mg/kg vs vehicle mg/kg in
1st+2nd phase; locomotor activity,
P = 0.000149 for 2.0 mg/kg vs 0.5 mg/
kg in 1st phase, P =0.000065 for
5.0 mg/kg vs 0.5 mg/kg in 1st phase). #
a significant difference compared to
0.5 mg/kg (post-hoc after ANOVA)
(body temperature: P =0.002 for
5.0 mg/kg vs 0.5mg/kg in 1st+2nd
phase). § a significant difference
compared to other METH treatments
(post-hoc after ANOVA) (body temper-
ature, P =0.036 for 2.0mg/kg vs
0.5 mg/kg in 2nd phase, P = 0.019 for
2.0 mg/kg vs 5.0 mg/kg in 2nd phase).
t a significant difference compared to
other METH treatments and vehicle
(post-hoc after ANOVA) (body temper-
ature, P =0.001 for 5.0 mg/kg vs
vehicle, P = 0.000064 for 5.0 mg/kg vs
0.5 mg/kg in 2nd phase, P = 0.019 for
5.0 mg/kg vs 2.0 mg/kg in 2nd phase;
locomotor activity, P = 0.000006 for
5.0 mg/kg vs vehicle in 1st+2nd phase,
P = 0.000015 for 5.0 mg/kg vs 0.5 mg/
kg in 1st+2nd phase, P =0.009 for
5.0 mg/kg vs 2.0 mg/kg in 1st+2nd
phase, P = 0.000009 for 5.0 mg/kg vs
vehicle in 2nd phase, P = 0.000006 for
5.0 mg/kg vs 0.5 mg/kg in 2nd phase,
P = 0.000164 for 5.0 mg/kg vs 2.0 mg/
kg in 2nd phase,). Group data are
expressed as mean+SEM.
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Fig. 2. The effect of METH on body
temperature in WT, ORX-KO and ORX;
vGT2 mice. Left graphs show changes
(10 min means) of body temperature to
vehicle (n =7 for WT, n =7 for ORX-
KO, n=10 for ORX;vGT2), METH
0.5mg/kg (n=7 for WT, n=28 for
ORX-KO, n =7 for ORX;vGT2), METH
2.0mg/kg (n=7 for WT, n=38 for
ORX-KO, n=9 for ORX;vGT2) and
METH 5.0 mg/kg (n =8 for WT, n=7
for ORX-KO, n=7 for ORX;vGT2)
injected at time 0. Right horizontal bar
graphs show mean changes in each
parameter from pre-injection level dur-
ing 0-300 min (1st+2nd phases),
0-100 min (1st phase) and 100-300 min
(2nd phase) after the injection. ANOVA
analysis between genotypes shows the
significant effect of METH at 0.5 mg/kg
(F2,19)= 4.625, P = 0.023 for 1st+ 2nd
phases, F3 19)= 7.651, P = 0.004 for 1st
phase, F(319)= 3.262, P = 0.061 for 2nd
phase) and 5.0 mg/kg (F(2,19= 4.377,
P=0.027 for 1st+2nd phases,
F2,190= 2.919, P = 0.078 for 1st phase,
F(2,19)= 5.148, P = 0.016 for 2nd phase)
but not at 2.0 mg/kg (F(2,21)= 0.046,
P=0.955 for 1st+2nd phases,
F(2,21y=1.838, P = 0.184 for 1st phase,
F(2,21y= 0.189, P = 0.829 for 2nd phase)
and vehicle (Fz21)=0.422, P =0.654
for 1st+ 2nd phases, F 1= 1.207,
P = 0.319 for 1st phase, F(3 21)= 0.219,
P = 0.805 for 2nd phase). * a significant
difference compared to WT (post-hoc
after ANOVA) (0.5 mg/kg, P = 0.008 in
for WT vs ORX;vGT2-KO in 1st+2nd
phase, P = 0.005 for WT vs ORX;vGT2-
KO in 1st phase; 5.0 mg/kg, P = 0.009
for WT vs ORX-KO in 1st+2nd phases,
P =0.005 for WT vs ORX-KO in 2nd
phase at). { a significant difference
compared to other genotypes (post-hoc
after ANOVA) (0.5 mg/kg, P = 0.005 for
ORX;vGT2-KO vs WT in 1st phase,
P = 0.002 for ORX;vGT2-KO vs ORX-KO
in 1st phase). Group data are expressed
as mean+SEM.
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n=7) and ORX-KO mice (0.4 +0.2 °C, n=8) (Fp,19=7.651,
P = 0.004; post hoc P = 0.005 for ORX;vGT2-KO vs WT, P = 0.002 for
ORX;vGT2-KO vs ORX-KO) (Fig. 2a). In ORX-KO mice, the mean in-
crease during the first phase was similar to that for the vehicle control
(P =0.84). The mean changes during the second phase were not
significantly ~different between these genotypes (F(219)= 3.262,
P =0.061).

At a middle dose of METH (2.0 mg/kg), after the initial increase,
body temperature decreased towards pre-injection level and then started
increasing again during the first phase in ORX;vGT2-KO and ORX-KO
mice (Fig. 2c¢). Mean changes in body temperature during the 300 min
post-injection period and the first and second phases were similar be-
tween the three genotypes (F(221)= 0.046, P = 0.955 for the 300 min,
F(2,21y= 1.838, P = 0.184 for 1st phase and F(3 21)= 0.189, P = 0.829 for
2nd phase, ANOVA).

At the highest dose of METH (5.0 mg/kg), body temperature
decreased towards pre-injection level in ORX;vGT2-KO mice after the
initial increase seen during the first phase, as in WT controls (Fig. 2d). In
ORX-KO mice, body temperature decreased below pre-injection level
and reached the nadir at ~80 min after the injection (—1.0 + 0.4 °C,
n =7, P=0.021, paired t-test). Mean changes during the first phase
were not significantly difference between these genotypes
(Fo,199= 2.919, P =0.078). After the decrease, body temperature
increased again and peaked during the second phase in all three geno-
types. Mean temperature increase in the second phase for ORX-KO mice
was significantly less compared to WT mice (F(2,19)= 5.148, P = 0.016
ANOVA with post-hoc P = 0.005).

3.3. Comparing effect of METH on heart rate between WT, ORX-KO and
ORX;vGT2-KO mice

Vehicle treatment caused a similar transient increase in heart rate
during the first phase in ORX-KO and ORX;vGT2-KO mice, as also seen in
WT mice (F,21y= 0.132, P = 0.877, ANOVA)(Fig. 3a). Similar to the
effect of METH on body temperature, METH-induced changes in heart
rate after the initial tachycardia differed depending on dose and
genotype.

At the low dose of METH (0.5 mg/kg), heart rate in ORX;vGT2-KO
mice was kept above the pre-injection level during the first phase and
then returned to pre-injection level during the second phase. Mean
change in heart rate from pre-injection level during the first phase was
significantly larger than for WT and ORX-KO mice (F(219)= 8.593,
P =0.002, ANOVA; post-hoc, P =0.006 for ORX;vGT2-KO vs WT,
P = 0.001 for ORX;vGT2-KO vs ORX-KO)(Fig. 3b). Mean changes during
the second phase were not significantly different between the genotypes
(F2,199= 1.866, P = 0.182). At the middle dose of METH (2.0 mg/kg),
heart rate returned to pre-injection level during the first phase in all
three genotypes (Fig. 3c). The mean change in heart rate during the first
and second phases were similar between genotypes (F(221)= 2.104,
P = 0.147 for the first phase and F(y 21)= 0.119, P = 0.888 for the sec-
ond phase, ANOVA). At the highest dose of METH (5.0 mg/kg), heart
rate decreased below pre-injection level after the initial tachycardia in
ORX-KO and ORX;vGT2-KO mice and reached the minimum level during
the first phase (Fig. 3d). These changes in heart rate were significantly
different from what was seen in WT mice (F(,19)= 6.156, P = 0.009 for
the first phase, ANOVA; post-hoc, P =0.03 for WT vs ORX-KO,
P =0.033 for WT vs ORX;vGT2-KO). After this decrease, heart rate
returned to the pre-injection level during the second phase in all geno-
types (F(z,lg): 2.824, P = 0.086).

3.4. Comparing effect of METH on locomotor activity between WT, ORX-
KO and ORX;vGT2-KO mice

Similar to WT mice, METH caused a monophasic increase in loco-
motor activity at the middle dose (2.0 mg/kg) and a bimodal increase at
the highest dose (5.0 mg/kg) in both ORX-KO and ORX;vGT2-KO mice.
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The mean increase during 0-300min was does-dependent
(Fa,2n=15.160, P = 0.001, R? = 0.39, log-dose linear regression for
ORX-KO; F(;,21)= 16.332, P = 0.001, R? =0.41, log-dose linear regres-
sion for ORX;vGT2-KO). The regression slopes were not different be-
tween the three genotypes (F(2,62)= 1.331, P = 0.272, ANOVA). ANOVA
analysis between the genotypes showed that the effect of METH was
significant only in the second phase at 0.5 mg/kg (F2,19)= 4.04,
P =0.035 for second phase; post-hoc, ORX-KO vs WT, P =0.011)
(Figs. 4b) and 2 mg/kg doses (F(221)=5.037, P =0.016; post hoc,
P = 0.01 for ORX-KO vs WT, P = 0.016 for ORX-KO vs ORX;vGT2-KO)
(Fig. 4c), but not in other phases at any doses (0.5 mg/kg,
F(z’lg): 1.941, P=0.171 fOI', F(z’lg): 1.807, P =0.191 for 1st phase;
2.0mg/kg, Fp21)=1.318, P=0.289 for 1st+2nd phases,
Foo1=1.221, P =0.315 for 1st phase; 5.0 mg/kg, F(319)=1.214,
P = 0.319 for 1st+ 2nd phases, F(3 19)= 1.277, P = 0.302 for 1st phase,
F,199=0.234, P =0.794 for 2nd phase; vehicle, F(321)=0.324,
P = 0.727 for 1st+ 2nd phases, F(321)= 0.217, P = 0.807 for 1st phase,
F,21y= 0.772, P = 0.475 for 2nd phase).

3.5. Confirmation of deficiency of Vglut 2 gene in orexin neurons

To test for deletion of Vglut2 in orexin neurons, we performed in situ
hybridization with a labelled RNA probe correspondent to Vglut2 exon
2. In control Vglut2ﬂ°"/ flox mice, 86 out of 197 (44%) orexin neurons
were Vglut2-positive and expressed Vglut2 mRNA in the cytoplasm
(Figs. 5A-a and 5B-d). In ORX;VGT2-KO mice, 72 out of 157 (46%)
orexin neurons were Vglut2-positive, and 70 of these 72 neurons (97%)
abnormally expressed Vglut2 mRNA, which was condensed and found
only in nuclei but not in the cytoplasm (Figs. 5A-b and 5B-h). Two out of
157 (1%) orexin neurons showed the normal Vglut2 mRNA signal in the
cytoplasm. The normal signal was shown in non-orexin neurons in both
Vglut2f9*/1°X mice and ORX;VGT2-KO mice (Fig. 5 C).

To confirm whether the abnormal expression of mRNA in nucleus
was due to Cre-driven denaturing specific to the Vglut2 gene, we used
Vglut2ﬂ°"/ flox mice, injected the viral vectors (AAV5-CMV-GFP-Cre) into
the unilateral LH to drive Cre-dependent recombination in orexin neu-
rons and conducted the same in situ hybridization. The intra-nuclear
abnormal condensation of Vglut2 mRNA was found in the viral injec-
ted site (Figs. 6A-a and 6A-d) but not in the contralateral control site
(Figs. 6A-e and 6A-h). We also used an RNA probe correspondent to the
orexin gene and found that there was no abnormal condensation and
localization of orexin mRNA in both sites (Fig. 6B). These results rule out
non-selective recombination action of Cre.

4. Discussion

This study has characterized, for the first time, METH-induced re-
sponses in body temperature and heart rate in ORX-KO and ORX;vGT2-
KO mice. Body temperature and heart rate were increased after METH
injection in ORX;vGT2-KO mice compared to WT mice, whereas they
were decreased in ORX-KO mice, although the response patterns varied
with dose. These results suggest that the orexin peptide and glutamate
released from orexin neurons have distinctive roles in mediating METH-
induced changes in body temperature and heart rate.

There have been few reports measuring dose-dependent changes in
body temperature with a low range of METH doses (0.5-5 mg/kg) in
normal mice. Most reports have investigated METH toxicity, in which
high concentrations of METH (>5 mg/kg) are administered a couple of
times every 2-3 h (Anneken et al., 2018; Fantegrossi et al., 2008; Kau-
shal et al., 2011). Some METH dose-dependent studies in mice used a
higher dose range still (2-20 mg/kg, 1-40 mg/kg or 5-95 mg/kg), and
measured colonic temperature by insertion of a temperature probe every
15-30 min (Funahashi et al., 1990; Funahashi et al., 1988;Namiki et al.,
2005). Since frequent handling stress may complicate body temperature
response to METH, it is not appropriate to compare the previous data
with the present results. In rats, there are some reports examining
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Fig. 3. The effect of METH on heart rate
in WT, ORX-KO and ORX;vGT2 mice.
Left graphs show changes (10 min
means) of heart rate to vehicle (n = 7 for
WT, n = 7 for ORX-KO, n = 10 for ORX;
vGT2), METH 0.5 mg/kg (n = 7 for WT,
n=38 for ORX-KO, n=7 for ORX;
vGT2), METH 2.0 mg/kg (n = 7 for WT,
n = 8 for ORX-KO, n = 9 for ORX;vGT2)
and METH 5.0 mg/kg (n =8 for WT,
n = 7 for ORX-KO, n = 7 for ORX;vGT2)
injected at time 0. Right horizontal bar
graphs show mean changes in each
parameter from pre-injection level dur-
ing 0-300 min (Ist+2nd phases),
0-100 min (1st phase) and 100-300 min
(2nd phase) after the injection. ANOVA
analysis between genotypes shows the
significant effect of METH at 0.5 mg/kg
(F(g)lg): 4.698, P = 0.022 for 1st+ 2nd
phases, F(319)= 8.593, P = 0.002 for 1st
phase, F 19)= 1.866, P = 0.182 for 2nd
phase) and 5.0 mg/kg (F(2,19= 4.507,
P=0.025 for 1st+2nd phases,
F(2,19y= 6.156, P = 0.009 for 1st phase,
F(2,19)= 2.824, P = 0.086 for 2nd phase)
but not at 2.0 mg/kg (F(2’21)= 0.651,
P=0.532 for 1st+2nd phases,
F(2,21y= 2.104, P = 0.147 for 1st phase,
F(2,21y= 0.119, P = 0.888 for 2nd phase)
and vehicle (F21)=0.132, P = 0.877
for 1st+2nd phases, F(321)=0.031,
P = 0.970 for 1st phase, F321)= 0.348,
P = 0.710 for 2nd phase). * a significant
difference compared to WT (post-hoc
after ANOVA) (5.0 mg/kg, P = 0.01 for
WT vs ORX-KO in 1st+2nd phases,
P = 0.048 for WT vs ORX;vGT2-KO in
1st+2nd phase, P =0.03 for WT vs
ORX-KO in 1st phases, P = 0.033 for WT
vs ORX;vGT2-KO in 1st phase). t a sig-
nificant difference compared to other
genotypes (post-hoc after ANOVA)
(0.5 mg/kg, P=0.006 for ORX;vGT2-
KO vs WT in 1st phase, P = 0.001 for
ORX;vGT2-KO vs ORX-KO in 1st phase).
Group data are expressed as mean+SEM.
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Fig. 4. The effect of METH on loco-
motor activity in WT, ORX-KO and
ORX;vGT2 mice. Left show graphs
changes (10 min means) of locomotor
activity to vehicle (n =7 for W, n=7
for ORX-KO, n =10 for ORX;vGT2),
METH 0.5 mg/kg (n = 7 for WT, n =8
for ORX-KO, n=7 for ORX;vGT2),
METH 2.0 mg/kg (n =7 for WT, n=38
for ORX-KO, n = 9 for ORX;vGT2) and
METH 5.0 mg/kg (n =8 for WI, n=7
for ORX-KO, n=7 for ORX;vGT2)
injected at time 0. Right horizontal bar
graphs show mean changes in each
parameter from pre-injection level
during 0-300 min (1st+2nd phases),
0-100 min (1st phase) and
100-300 min (2nd phase) after the in-
jection. ANOVA analysis between ge-
notypes shows the significant effect of
METH in 2nd phase at 0.5 mg/kg
(Fi2,199=4.04, P=0.035 for 2nd
phase) and 2mg/kg (F(2,21)= 5.037,
P =0.016) but not in other phases at
any doses (0.5 mg/kg, F(z19=1.941,
P=0.171 fOl’, F(z’lg): 1807,
P =0.191 for 1st phase; 2.0 mg/kg,
F(2,21y= 1.318, P = 0.289 for 1st+ 2nd
phases, F(yo1=1.221, P=0.315 for
1st phase; 5.0 mg/kg, F(z19)=1.214,
P=0.319 for 1st+2nd phases,
F2,190= 1.277, P = 0.302 for 1st phase,
F(g,lg): 0234, P=0.794 for 2nd
phase; vehicle, F(2,21y= 0.324,
P=0.727 for 1st+2nd phases,
F(2,21y= 0.217, P = 0.807 for 1st phase,
F,21=0.772, P=0.475 for 2nd
phase). *a significant difference
compared to WT (post-hoc after
ANOVA) (P =0.011 in 2nd phase at
0.5mg/kg). 1 a significant difference
compared to other genotypes (post-hoc
after ANOVA) (P = 0.01 for ORX-KO vs
WT in 1st phase, P = 0.016 for ORX-KO
vs ORX;vGT2-KO in 1st phase at
2.0 mg/kg). Group data are expressed
as mean+SEM.
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Fig. 5. Histochemical analysis showing deficiency of Vglut 2 gene in orexin neurons. A: Sections of the lateral hypothalamus from Vglut2f°*/°% (a) and ORX;vGT2-
KO mice (b) were stained for orexin (green), Vglut2 (red) and nuclei (blue). Orexin neurons (white box) and non-orexin neurons (dotted white box) were magnified in
B and G, respectively. B: Normal Vglut2 mRNA expression (a and red in d) was found in cytoplasm (green in d) of the orexin neuron in Vglut2°*/fo* mjce, while
abnormal condensation and localization of the mRNA (e and red in h) was found in the nucleus (blue in h) of orexin neurons in ORX;vGT2-KO mice. C: In both the

control and experiment groups, normal Vglut2 mRNA expression was found in the non-orexin neurons. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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merged

Fig. 6. Histochemical analysis showing Cre-driven denaturing specific to the Vglut2 gene.A and B: In Vglut21°*/1°% mjce with unilateral injection of AAV5-CMV-GFP-
Cre into the lateral hypothalamus, a similar intra-nuclear abnormal condensation of Vglut2 mRNA (red in A) was shown in orexin neurons (green in A) in the
injection side (A-d) but not in the contralateral side (A-h), while normal orexin mRNA (red in B) without the intra-nuclear abnormal condensation and localization
was shown in orexin neurons (green in B) in both injection (B-d) and contralateral sides (B-h). (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)

METH-induced dose-dependent changes in body temperature with a
telemetry probe (Arora et al., 2001; Myles et al., 2008; Phelps et al.,
2010; Rusyniak et al., 2012). In the rat study reported by Phelps et al.,
(Phelps et al., 2010), a significant body temperature increase occurs at
45-60 min for 0.5 m/kg, 90-120 min for 2 mg/kg and 100-240 min for
5 mg/kg. In other words, the effect of METH on body temperature is not
dose-dependent, and the latency or patterning of the response varies
with dose. In the present mice study, body temperature responses to
METH were not dose-dependent either and showed a similar pattern to
the rat report. Along with the previous rat work, the present study
highlights that the pharmacological effect of METH on body tempera-
ture is not uniform and thus must be mediated by complex mechanisms.

Previous studies have suggested that there are two phases of body
temperature response to METH. The first phase peaks approximately
60 min after administration, followed by the second phase that peaks at
approximately 180 min (Myles et al., 2008). In the first phase, the
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temperature changes induced by METH can be hypothermic or hyper-
thermic, suggesting that METH acts on both temperature-increasing and
-decreasing mechanisms and that the extent of its action is influenced by
the experimental conditions (Myles et al., 2008). In the present study,
body temperature decreased to pre-injection levels after a transient in-
crease in the first phase in WT mice. It is therefore likely that METH acts
on both thermogenic and hypothermic mechanisms in mice also. Inter-
estingly, the treatment of ORX-KO mice with METH (5 mg/kg) resulted
in a hypothermic tendency in the first phase. This result suggests that the
hypothermic mechanism is enhanced without orexin in this phase. In
rats, orexin-receptor antagonists attenuate hyperthermic responses
induced by 5 mg/kg METH (Rusyniak et al., 2012). Thus, orexin neu-
ropeptides appear to play a role in METH-induced hyperthermia,
possibly suppressing the hypothermic effects of METH.

In the present study, a low dose of METH (0.5 mg/kg) produced a
monophasic increase in body temperature. The magnitude of this
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increase in WT and ORX-KO mice was not significantly different from
the vehicle control in these two groups, suggesting that 0.5 mg/kg
METH did not appear to cause a significant hyperthermic response.
Remarkably, this dose of METH did cause a large increase in body
temperature in ORX;vGT2-KO mice, and the duration of the hyper-
thermic response was longer comparing to WT and ORX-KO groups
(Fig. 2b). This suggests that METH does actually affect thermoregulatory
mechanisms at this low dose. It is plausible that METH may equally act
on hyperthermic and hypothermic mechanisms at 0.5 mg/kg in WT and
ORX-KO mice, making it appear to have no effect on body temperature.
Glutamate from orexin neurons may have an important role in sup-
pressing METH-induced hyperthermia at this dose.

In mice and rats, the main heat-producing organ is brown adipose
tissue, and the main heat-dissipating organ is the tail skin. Our previous
report demonstrates that methylenedioxymethamphetamine (MDMA), a
derivative of METH, increases brown adipose tissue thermogenesis
bimodally with the first peak seen within 60 min of administration,
followed by a second peak within the next 60 min (Blessing et al., 2006).
This report also shows that tail skin blood flow increases (enhanced heat
dissipation via vasodilatation) in the first phase and decreases (attenu-
ated heat dissipation via vasoconstriction) in the second phase. The tail
skin vasodilation response to METH (0.5 mg/kg) may be supressed in
ORX;vGT2-KO mice, which leads to significant hyperthermia in the first
phase. In ORX-KO mice, cutaneous vasodilatation may be enhanced with
METH (5 mg/kg), leading to hypothermia. Glutamate signalling from
orexin neurons may be involved in brain mechanisms mediating the
cutaneous vasodilation response to METH, while orexin signalling may
contribute to the cutaneous vasoconstriction response. It is necessary to
examine the effects of METH on tail skin blood flow in these transgenic
mice.

In rat studies, heart rate is increased by a similar dose of METH used
in the present study (Arora et al., 2001; Rusyniak et al., 2012; Yoshida
et al., 1993). In anesthetized normal mice, 5 mg/kg METH increases
heart rate by about 300 bpm (Polesskaya et al., 2011). In contrast to
these previous studies, our study found that heart rate was not signifi-
cantly altered by METH at all doses in WT mice. Interestingly, a low dose
of METH (0.5 mg/kg) significantly increased heart rate in ORX;
vGT2-KO mice and a high dose of METH (5 mg/kg) decreased heart
rate in both ORX-KO and ORX;vGT2-KO mice. In WT controls, the effects
of METH on heart rate-increasing and -decreasing mechanisms may be
balanced and therefore no significant changes in heart rate were
observed. At a low dose of METH, loss of glutamate from orexin neurons
may disturb this balance, leading to tachycardia in ORX;vGT2-KO mice.
However, orexin may not be involved in mediating this tachycardia,
because blockade of orexin-1 receptors does not significantly affect
METH-induced tachycardia (Rusyniak et al., 2012). At middle and high
doses, METH may act preferentially on heart rate-decreasing mechanism
in the absence of glutamate or orexin release from orexin neurons. Since
heart rate is under sympathetic and parasympathetic control, it remains
to be investigated whether METH-induced bradycardia involves acti-
vation of the vagus nerves.

In the present study, METH caused a similar increase in locomotor
activity between WT, ORX-KO and ORX;vGT2-KO mice. ORX-KO mice
had a lower mean increase in locomotor activity after a high dose of
METH compared to WT and ORX;vGT2-KO mice, but differences did not
reach the level of statistical significance (Fig. 4). A simple interpretation
of this result is that neither orexin nor glutamate from orexin neurons
plays a role in METH-induced hyper-locomotor activity. This view is
inconsistent as previous reports in which the METH-induced hyperac-
tivity, with the dose of 2 mg/kg, is less in ORX-KO compared to WT mice
(Mori et al., 2010). It should be noted that there are several differences
in the experimental procedures between the present and previous
studies. In the present study, animals were allowed to have a 36-hour
habituation time in order to reduce possible psychological stress to a
new environment, while animals had only a 90-minute habitation time
in the previous study. The experimental room temperature was
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maintained between 25 and 28°C (the thermoneutral range) to minimise
thermoregulatory stress in the present study, whilst a lower temperature
range (20-25°C) was used in the previous study. In other words, mice in
the previous study were likely under more stress from their environ-
mental conditions. The difference in degree of pre-exposed stress level
may explain the result discrepancy.

The previous report (Mori et al., 2010) also used orexin-ataxin3
mice, in which orexin-producing neurons are destroyed genetically
(Hara et al., 2001). It was shown that hyper-locomotion induced by
2 mg/kg METH was significantly less in these transgenic mice compared
to ORX-KO mice. This data suggests that co-existent neurotransmitters in
orexin neurons can play an important role in METH-induced hyperac-
tivity, since the orexin-ataxin3 mice lack both orexin and other neuro-
transmitters in the orexin neuron. However, glutamate is probably not
the candidate as hyper-locomotion was not affected in the ORX;
vGT2-KO mice in the present study.

We generated ORX;vGT2-KO mice by crossing orexin-Cre mice
(Matsuki et al., 2009) with Vglut2ﬂ°"/ flox mice (Tong et al., 2007). The
efficacy of eliminating Vglut2 by Cre-loxP technique using Vglut2flox/flox
mice has been demonstrated previously (Abbott et al., 2014; Birgner
et al., 2010; Kaur et al., 2013; Roccaro-Waldmeyer et al., 2018; Tong
et al., 2007). Since the ORX;vGT2-KO mice have exon 2 of the Vglut2
gene deleted via Cre-induced recombination selectively in orexin neu-
rons, no translation of the exon 2 is assumed in orexin neurons. As ex-
pected, the immunohistochemical examination showed that exon 2
mRNA was reduced in the cytoplasm of orexin neurons, while some
could be found in the nucleus. We do not know the cause of this
intra-nuclei expression. It could be a characteristic of the Vglut2ﬂ°"/ flox
line since similar intra-nuclei expression seems to also have occurred in
a previous report with this transgenic mice line (Fig. 3D in Kaur et al.,
2013). Nevertheless, the reduction of Vglut2 mRNA expression in the
cytoplasm of orexin neurons in the ORX;vGT2-KO mice suggests loss of
functional vGLUT2 from these neurons.

Orexin neurons express vGLUT2 predominantly over vGLUT1 (Rosin
et al., 2003), suggesting that vGLUT2 is the main contributor to gluta-
mate release from orexin neurons. Eliminating vGLUT2-dependent
glutamatergic neurotransmission with the Vglutzﬂ‘”‘/ flox mice line has
been previously confirmed in vGLUT2-deleted neurons that express
steroidogenic factor 1 in the hypothalamus (Tong et al., 2007) or in
dopamine neurons in the midbrain (Shen et al., 2018). It is assumed that
in the ORX;vGT2-KO mice, deletion of vGLUT2 leads to loss of glutamate
release from orexin neurons. This point will need to be confirmed in
future in vitro studies.

In a study that selectively deleted vGLUT2 in tyrosine hydroxylase-
synthesizing neurons, the morphology and projection pattern of these
neurons are not altered (Abbott et al., 2014), suggesting that glutamate
release via vGLUT?2 is not crucial for their development. In the present
study, no notable changes in morphology and orexin expression were
observed in the orexin neurons ORX;vGT2-KO mice upon visual in-
spection, suggesting that the loss of vGLUT2 does not affect the devel-
opment of orexin neurons.

It has been suggested that vGLUT2 may function in the vesicular
filling of catecholamines in dopaminergic neurons in the midbrain
(Hnasko et al., 2010). If a similar vesicular filling mechanism for neu-
rotransmitters exist in orexin neurons that co-express vGLUT2, release of
orexin and other co-transmitters may be affected in ORX;vGT2-KO mice.
Furthermore, loss of glutamate transmission due to vGLUT2 deficiency
may cause compensatory changes in the postsynaptic receptor expres-
sion for orexin and other co-transmitters. The consideration of such
possibilities will be the subject of a future issue.

Studies using c-Fos have shown that METH activates orexin neurons
(Estabrooke et al., 2001). Our findings that METH-induced changes in
body temperature and heart rate varied depending on genotype and dose
point to non-uniform activation of orexin neurons. Indeed, not all orexin
neurons express c-Fos after administration of amphetamine, the parent
compound of METH (Fadel et al., 2002). This suggests that orexin
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neurons are not a functionally homogenous entity (Fadel et al., 2002). In
support of this view, not all orexin neurons express glutamate — with it
being expressed in only about 50% of orexin neurons (Rosin et al.,
2003). Low concentrations of METH may selectively activate
glutamate-expressing orexin neurons, while high concentrations of
METH might also involve other orexin neurons. Further studies are
required to clarify these points.

It has been suggested that glutamate and orexin co-released from
orexin neurons have different effects on descending neurons in in-vitro
studies (Schone et al., 2014). Our experiment suggests, for the first time,
that orexin peptides and glutamate released from orexin neurons have a
differential role in mediating body temperature and heart rate responses
to METH. Deficiency of Vglut 2 gene in the orexin neurons enhances
hyperthermic and tachycardic responses to METH suggesting that
glutamate has a mitigating effect on METH excitatory action on ther-
moregulatory and cardiovascular function. Loss of the orexin peptide
exaggerates hypothermic and bradycardic responses to METH suggest-
ing that orexin has a suppressive action on METH inhibitory actions. The
present study indicates that the role orexin neurons play in
METH-induced body temperature and heart rate response is
multifaceted.

Orexin transmission requires a higher level of presynaptic activity
than glutamate transmission, suggesting that the two transmissions are
independent (Schone et al., 2014) and that they do not necessarily occur
in the same nerve terminal at the same time. It is also possible that
glutamate and orexin from orexin neurons act on different downstream
neuronal circuits, as vGLUT2 is not expressed in all orexin neurons
(Blanco-Centurion et al., 2018; Rosin et al., 2003). Glutamate can be an
inhibitory neurotransmitter (Fiorillo and Williams, 1998; Grueter and
Winder, 2005). Therefore, the effects of orexin and glutamate on the
final outputs could be opposite.
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