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Abstract During cancer chemotherapy, drugs such as
5-HT; receptor antagonists have typically been used to
control vomiting and anorexia. We examined the effects of
oxytocin (OXT), which has been linked to appetite, on
cisplatin-induced anorexia in rats. Fos-like immunoreac-
tivity (Fos-LI) expressed in the supraoptic nucleus (SON),
the paraventricular nucleus (PVN), the area postrema and
the nucleus of the solitary tract (NTS) after intraperitoneal
(ip) administration of cisplatin. We also examined the
fluorescence intensity of OXT-mRFP1 after ip adminis-
tration of cisplatin in OXT-mRFP1 transgenic rats. The
mRFP1 fluorescence intensity was significantly increased
in the SON, the PVN, and the NTS after administration of
cisplatin. The cisplatin-induced anorexia was abolished by
OXT receptor antagonist (OXTR-A) pretreatment. In the
OXT-LI cells, cisplatin-induced Fos expression in the SON
and the PVN was also suppressed by OXTR-A pretreat-
ment. These results suggested that central OXT may be
involved in cisplatin-induced anorexia in rats.
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Introduction

During chemotherapy for cancer, it is important to control
anorexia, nausea, and vomiting. Typically, drugs such as
5-HTj receptor antagonists [1], steroids [2], and neurokinin
1 receptor antagonists [3] are used. However, these drugs
cannot entirely control anorexia and nausea during
chemotherapy.

Cisplatin is widely used in chemotherapy for cancer. It
exerts anti-cancer effects by inhibiting the replication of
DNA [4]. Cisplatin also has various side effects, such as
anorexia, nausea, and vomiting. It has been suggested that
serotonin receptors are involved in the occurrence of nau-
sea and vomiting from the use of cisplatin [1]. However,
cisplatin-induced anorexia and nausea cannot be com-
pletely managed using 5-HT; receptor antagonists [1].
Some previous studies showed that peripheral administra-
tion of cisplatin activated the neurons of various areas in
the brain [5-8]. Cisplatin may also act through another
pathway related to the mechanisms of anorexia and nausea.

The neurohypophysial hormone oxytocin (OXT) is
mainly synthesized in the supraoptic nucleus (SON) and
the paraventricular nucleus (PVN) of the hypothalamus.
OXT is involved in reproduction, antinociception, anxiety,
feeding, social recognition, and stress responses [9—18].
OXT has an anorexic effect that is thought to play a role in
signaling satiety. Intracerebroventricular (icv) administra-
tion of OXT inhibited feeding in hungry rats, while this
inhibition of feeding was prevented by co-administration of
an oxytocin receptor antagonist [19, 20]. Although the site
of the anorectic action of OXT is not completely under-
stood, OXT neurons in the PVN project to the medullary
dorsal nucleus of the vagus nerve, and microinjection of
OXT into the dorsal nucleus of the vagus nerve was found
to inhibit gastric motility, suggesting that OXT neurons of
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the PVN projecting to the medulla oblongata may act to
inhibit feeding [21].

We have succeeded in generating transgenic rats bearing
an OXT-monomeric red fluorescent protein 1 (mRFP1)
fusion gene to readily visualize OXT and quantitatively
evaluate OXT expression in the hypothalamus [22, 23].
Moreover, we can also use OXT-mRFP1 transgenic rats to
examine OXTergic pathways from the hypothalamus to the
brainstem by confirming the presence of mRFP1-positive
granules in the axon terminals of OXT-expressing neurons,
because OXT neurons project from the dorsal division of
the parvocellular PVN (dpPVN) to the nucleus of the
solitary tract (NTS) [24, 25].

In the present study, we examined the relationship
between cisplatin-induced anorexia and oxytocin. First, we
used Fos immunohistochemistry to examine induction of
Fos-like immunoreactivity (LI) in the SON, the PVN, the
area postrema (AP), and the NTS after peripheral admin-
istration of cisplatin. We also examined induction of Fos-
LI in OXT neurons in the SON and the PVN by double
immunostaining for Fos and OXT. The mRFP1 fluores-
cence intensity, which is a quantitative indicator of OXT,
was also measured in the SON and the PVN in OXT-
mRFP1 transgenic rats after administration of cisplatin.
Moreover, mRFP1-positive granules in the NTS, which
were present in the axon terminals from OXT neurons in
the dpPVN, were counted manually to demonstrate the up-
regulation of an OXTergic pathway from the hypothalamus
to the brainstem. We also examined the effects of pre-
treatment with an OXT receptor antagonist (OXTR-A) on
food and water intake in rats with cisplatin-induced
anorexia. Finally, we used immunohistochemistry for Fos
to examine the effects of pretreatment with OXTR-A on
Fos-LI expression in the SON, the PVN, the AP, and the
NTS after administration of cisplatin. We also examined
the effects of pretreatment with OXTR-A on Fos-LI
expression in the OXT neurons in the SON and the PVN
using double immunostaining for Fos and OXT.

Materials and methods
Animals

We used adult male Wistar rats (weighing 200-325 g) in
the experiment to measure food and water intake and to
express Fos-LI. We also used adult male OXT-mRFP1
Wistar transgenic rats (weighing 220-480 g) in the fluo-
rescence immunohistochemistry and mRFP1 fluorescence
experiments. The rats were housed in plastic cages under
standard conditions in an animal room at 23-25 °C with a
12:12-h light:dark cycle (lights on at 7:00 a.m.). The
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animals were fed a standard rat diet and tap water ad libi-
tum. All procedures performed in this study involving
animals were in accordance with the ethical standards of
our institution or practice at which the studies were con-
ducted under the control of the Ethics Committee of Ani-
mal Care and Experimentation, University of Occupational
and Environmental Health, Japan. OXT-mRFP1 transgenic
rats were screened by polymerase chain reactions using
genomic DNA extracted from ear biopsies, as described
previously [22, 23].

Reagents

Cisplatin (cis-diammineplatinum(II) dichloride) (P-4394,
Sigma-Aldrich Japan Co. LLC., Tokyo, Japan) was dis-
solved in 0.9% sterile physiological saline (Otsuka Phar-
maceutical Co. LTD., Tokyo, Japan) (0.6 mg/ml). An OXT
receptor antagonist (OXTR-A) (L-368899, Tocris Bio-
science, Bristol, UK) was dissolved in 0.9% sterile physi-
ological saline (150 ng/ul).

Surgical procedures

For icv administration of solutions, animals were implan-
ted with stainless-steel cannulae in the lateral ventricle.
The animals were anesthetized (sodium pentobarbital,
50 mg/kg body weight, ip injection) and then placed in a
stereotaxic frame. A stainless-steel guide cannula (550 pm
outer diameter, 10 mm length) was implanted stereotaxi-
cally at the following coordinates: 0.8 mm posterior to the
bregma, 1.4 mm lateral to the midline, and 2.0 mm below
the surface of the left cortex, such that the tip of the can-
nula was 1.0 mm above the left cerebral ventricle [26].
Two stainless-steel anchoring screws were fixed to the
skull, and the cannula was secured in place by acrylic
dental cement. The animals were then returned to their
cages and allowed to recover for at least 5 days. They were
maintained in the same cages and handled daily until the
start of the experiments. As they did not indicate painful
behaviors any more during handling, we did not provide
post-surgical analgesic treatment for them as well as pre-
vious study [27].

Central administration of OXT receptor antagonist
(OXTR-A)

For icv administration of OXTR-A (150 ng/ul) or vehicle
(sterile 0.9% saline), a stainless-steel injector (300 pm,
outer diameter) was introduced through the cannulae at a
depth of 1.0 mm beyond the end of the guide. The total
volume of OXTR-A and saline solution injected into the
lateral ventricle was 5 pl.
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Experimental procedures

Fos immunohistochemistry and double
immunohistochemistry for Fos and oxytocin

Wistar rats were intraperitoneally (ip) administered with
cisplatin (6 mg/kg) or vehicle (n = 6 in each group). All
rats were allowed free access to tap water and dry food.
Ninety minutes after ip administration of the solution, the
animals were anesthetized deeply (pentobarbital sodium,
50 mg/kg body weight ip). They were then perfused tran-
scardially with 100 ml of 0.1 M phosphate buffer (PB; pH
7.4) containing heparin (1000 U/1) and 150 ml of a fixative
containing 4% paraformaldehyde (PFA). The brains and
pituitaries were carefully removed and the brains were
divided into three blocks that included the hypothalamus.
The brains were postfixed with 4% PFA for 48 h at 4 °C.
The tissues were then cryoprotected in 20% sucrose in
0.1 M PB for 24 h at 4 °C. For immunostaining, serial
sections (30 pum thick) were cut using a microtome (REM-
700; Yamato Kohki Industrial Co., Ltd., Saitama, Japan).
The sections were rinsed twice with 0.1 M phosphate
buffered saline (PBS), after which they were washed in
0.1 M Tris buffer (pH 7.6) containing 0.3% Triton X-100.
Floating sections were incubated with 1% hydrogen per-
oxide for 60 min, followed by a rabbit polyclonal anti-Fos
protein antiserum (#sc-52, Santa Cruz Biotechnology,
Santa Cruz, CA, USA) diluted at 1:500 in 0.1 M PBS
containing 0.3% Triton X-100 at 4 °C for 4 days. After
being washed in 0.3% Triton X-100/PBS for 20 min, the
floating sections were further incubated for 120 min with a
biotinylated secondary antibody solution (1:250) and
finally with an avidin-biotin peroxidase complex (Vector
Laboratories Inc., Burlingame, CA, USA) for 120 min. The
peroxidase reaction was visualized by incubating the sec-
tions in Tris buffer containing 0.02% diaminobenzidine
(DAB) and 0.05% hydrogen peroxidase for 3 min. For
OXT immunostaining, the floating sections were sequen-
tially incubated with rabbit anti-OXT antibody diluted at
1:5000 in 0.1 M PBS containing 0.3% Triton X-100 at
4 °C for 5 days. The avidin—biotin peroxidase complex
was visualized with nickel sulfate-enhanced DAB. Fos-LI
cells were identified by their dark brown nuclei, whereas
OXT-LI cells were identified by their violet cytoplasmic
and axonal precipitate. The sections were mounted on
gelatin-coated glass slides and then air-dried, dehydrated in
100% ethanol, cleared with xylene, and covered with a
coverslip. The number of Fos-LI and OXT-LI cells of the
bilateral hypothalamic area (SON and PVN) and the
medulla (AP and NTS) was counted in six sections selected
according to coordinates given in a rat brain atlas [26], and
the counts were averaged within each rat.

Observation of OXT-mRFP1 fluorescence
in transgenic rats

OXT-mRFP1 transgenic rats were divided into six groups:
control, 0, 12, 24, 48 h, and 1 week after administration of
cisplatin (n = 3-6 in each group). All rats were allowed
free access to tap water and dry food. The rats were deeply
anesthetized with ip administration of sodium pentobarbital
(50 mg/kg). They were perfused transcardially with 0.1 M
phosphate buffer (PB, pH 7.4) containing heparin (1000 U/
1), which was followed by 4% paraformaldehyde (PFA) in
0.1 M PB. The brains and pituitaries were carefully
removed, and the brains were divided into three blocks
including the hypothalamus.

The blocks were post-fixed with 4% PFA in 0.1 M PB
for 48 h at 4 °C as described previously [22-24]. The tis-
sues were then cryoprotected in 20% sucrose in 0.1 M PB
for 48 h at 4 °C. The fixed tissues were cut at a thickness of
30 um with a microtome (REM-700; Yamato Kohki
Industrial Co., Ltd., Saitama, Japan) into sections con-
taining the SON and PVN. The locations of the regions
were determined according to coordinates given in the rat
brain atlas [26]. The sections were rinsed twice with 0.1 M
PB and placed on glass slides.

The sections containing the SON and PVN were
examined using fluorescence microscopy (ECLIPSE Ti-E
(FL/DIC); Nikon Corp., Tokyo) with an mRFP1 filter
(Nikon Corp.) to examine OXT-mRFP1 expression. The
images were captured with a digital camera (DS-QilMc;
Nikon Corp.). We selected three sections of the SON and
PVN per rat. The bilateral SON and PVN were observed in
the selected sections by fluorescence microscopy.

Measurement of mRFP1 fluorescence intensity
in the SON, the PVN, and the NTS

The averages of mRFP1 fluorescence intensity values per
unit area in the SON and the PVN were quantified with an
imaging analysis system. Sections containing the SON, the
PVN, and the NTS were examined using a fluorescence
microscope (ECLIPSE E600; Nikon Corp., Tokyo, Japan)
with an RFP filter (Nikon Corp.) in order to examine OXT-
mRFP1 expression. The images were captured with a digital
camera (DS-L2, DS-Fil; Nikon Corp.). We used an imaging
analysis system (NIS-Elements; Nikon Corporation, Tokyo,
Japan) to average the mRFP1 fluorescence intensity per unit
area in the SON and the PVN for each rat. The number of
mRFP1-positive granules was counted manually in the NTS.

Measurement of water and food intake

Wistar rats were divided into four groups (n = 5-6 in each
group). Five days after the implantation of stainless-steel
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cannulae, all rats were allowed free access to tap water and
dry food. All rats had been deprived of food and free access
to tap water for 24 h before experiment. Thirty minutes
after icv administration of OXTR-A or saline (vehicle), we
administered cisplatin or saline (vehicle). The four groups
were vehicle/vehicle, vehicle/cisplatin, OXTR-A/vehicle,
and OXTR-A/cisplatin. Each rat was housed in a plastic
cage to measure its food and water intake 2 and 24 h after
ip administration of cisplatin or vehicle.

Pretreatment with OXTR-A in Fos
immunohistochemistry

Wistar rats were divided into four groups (n = 6-7 in each
group). Seven days after the implantation of stainless-steel
cannulae, all rats were allowed free access to tap water and
dry food. Thirty minutes after icv administration of OXTR-
A or saline (vehicle), we administered cisplatin or saline
(vehicle). The four groups were vehicle/vehicle, vehi-
cle/cisplatin, OXTR-A/vehicle, and OXTR-A/cisplatin.
Ninety minutes after ip administration of cisplatin or
vehicle, the animals were anesthetized deeply (pentobar-
bital sodium, 50 mg/kg body weight ip).

They were then perfused transcardially with 100 ml of
0.1 M phosphate buffer (PB; pH 7.4) containing heparin
(1000 U/1) and 150 ml of a fixative containing 4%
paraformaldehyde (PFA). As described in the above sec-
tion, after being post-fixed, tissues were cut to a thickness
of 30 um with a microtome (REM-700; Yamato Kohki
Industrial Co., Ltd., Saitama, Japan) into sections con-
taining the SON, the PVN, and the NTS. We detected and
counted Fos-LI and OXT-LI cells using immunohisto-
chemistry for Fos and OXT, as described above.

Statistical analysis

All of the data points are presented as the mean & SEM.
Comparisons with the saline or control groups (mean = -
SEM) were performed from the results of Fos expression
and mRFP1 fluorescence intensity. Each group was com-
pared with the corresponding saline or control group. The
data were analyzed by one-way ANOVA with the Tukey—
Kramer corrections for multiple comparisons. p < 0.05
was considered statistically significant.

Results
Fos expression in the SON, PVN, AP, and NTS
Fos-LI cells were observed in the SON, the PVN, the AP,

and the NTS after ip administration of cisplatin (Fig. 1A).
Fos-LI cells were scarce in all areas after ip administration
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of vehicle (Fig. 1A-a—e). After ip administration of cis-
platin, the number of Fos-LI cells significantly increased in
the SON (Fig. 1A-a), the PVN (Fig. 1A-b), the AP
(Fig. 1A-c), the medial NTS (Fig. 1A-d) and the caudal
NTS (Fig. 1A-e) in comparison with vehicle group.

Fos-LI cells were also observed in OXT-LI cells in the
SON (Fig. 1B-c, d) and the PVN (Fig. 1C-c, d). Few Fos-
LI cells were observed in OXT-LI cells in the SON
(Fig. 1B-a, b) and the PVN (Fig. 1C-a, b) after ip admin-
istration of vehicle. In OXT-LI cells, the number of Fos-LI
cells significantly increased in the SON (Fig. 1B-e) and the
PVN (Fig. 1C-e) in comparison with the vehicle group
after ip administration of cisplatin.

mRFP1 fluorescence intensity in the SON, the PVN
and the NTS of the OXT-mRFP1 transgenic rats

Twelve hours after ip administration of cisplatin, the
average OXT-mRFP1 fluorescence intensity was signifi-
cantly increased in the SON (Fig. 2A-a, B-b) and the PVN
(Fig. 2A-b, B-f) compared with the control (c), OH (0 h)
and 1 week (1w) groups.

Twenty-four hours after ip administration of cisplatin,
the number of mRFP1-positive granules was significantly
increased in the mNTS compared with the control (c), OH
(0 h), and 1-week (1w) groups (Fig. 2A-c, B-k).

Effects of pretreatment with OXTR-A on food
and water intake

In the vehicle/cisplatin group, food intake was significantly
decreased in comparison with the vehicle/vehicle and
OXTR-A/cisplatin groups 2 h after administration of
solutions (2H) (Fig. 3A-a). Twenty-four hours after
administration of solutions (24H), food intake in the
vehicle/cisplatin and OXTR-A/cisplatin groups was sig-
nificantly decreased in comparison with the vehicle/vehicle
and OXTR-A/vehicle groups (Fig. 3A-b).

In the vehicle/cisplatin group, water intake was signifi-
cantly decreased in comparison with the vehicle/vehicle
group 2 h after administration of solutions (2H) (Fig. 3B-
a). Twenty-four hours after administration of solutions
(24H), water intake in the vehicle/cisplatin and OXTR-
Alcisplatin groups was significantly decreased in compar-
ison with the vehicle/vehicle and OXTR-A/vehicle groups
(Fig. 3A-b).

Effects of pretreatment with OXTR-A in Fos
expression

Many Fos-LI cells were observed in the SON (Fig. 4A-a),
the PVN (Fig. 4B-a), the AP (Fig. 4C-a), and the NTS
(Fig. 4C-b, c) in the vehicle/cisplatin group. Some Fos-LI
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Fig. 1 The number of Fos-like immunoreactivity (LI) cells in the
supraoptic nucleus (SON) (A-a), the paraventricular nucleus (PVN)
(A-b), the area postrema (AP) (A-c), the medial nucleus of the solitary
tract (mNTS) (A-d) and the caudal NTS (cNTS) (A-e) after intraperi-
toneal (ip) administration of cisplatin (A) in rats. Colocalization of
Fos-LI (brown in round structures) and OXT-LI (violet in spindle-
shaped structures) in the SON (B-a—d) and the PVN (C-a-d). B-b, d,
C-b, d enlargements from the boxed areas in B-a, ¢ and C-a, c. Black

cells were observed in the SON and the PVN in the OXTR-
Alcisplatin group. Few Fos-LI cells were observed in the
AP and the medial NTS (mNTS) in the OXTR-A/cisplatin
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arrowheads indicate colocalization of nuclear Fos-LI and OXT-LI.
White arrowheads indicate OXT-LI without Fos-LI. The asterisks
indicate Fos-LI without OXT-LI. The number of Fos-expressing in
OXT-LI cells in the SON (B-¢) and the PVN (C-e). Values represent
the mean = SEM (each group, n = 6). *p < 0.05 compared with the
vehicle group. OC optic chiasma; 3V third ventricle. Scale bars
100 pm

group. Many Fos-LI cells were observed in the caudal NTS
(cNTS) in the OXTR-A/cisplatin group. Fos-LI cells were
scarce in all areas in the vehicle/vehicle and OXTR-A/
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Fig. 2 Oxytocin (OXT)-monomeric red fluorescent protein 1
(mRFPI) in the supraoptic nucleus (SON) (A-a, B-a—d), the
paraventricular nucleus (PVN) (A-b, B-e—h) and the medial nucleus
of the solitary tract (mNTS) (A-c, B-i-I) 0, 12, 24, and 48 h and
1 week after administration of cisplatin. The average mRFP1
fluorescence intensities are shown for the SON (A-a) and the PVN
(A-b). The average number of mRFP1-positive granules in the mNTS
(A-c). Values represent the mean = SEM (each group, n = 3-6).

vehicle groups. The number of Fos-LI cells was signifi-
cantly increased in the vehicle/cisplatin group in compar-
ison with the vehicle/vehicle and OXTR-A/vehicle groups
in the SON (Fig. 4A-a). Fos-LI was significantly increased
in the vehicle/cisplatin group in comparison with the
vehicle/vehicle, OXTR-A/vehicle and OXTR-A/cisplatin
groups in the PVN (Fig. 4B-a), the AP (Fig. 4C-a) and the
mNTS (Fig. 4C-b). In the cNTS, Fos-LI was significantly
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*p < 0.05 and **p < 0.01 compared with the control group (c).
#p < 0.05 and *p < 0.01 compared with 0 h after administration of
cisplatin group (0 h). SBp < 0.05 compared with 1 week after admin-
istration of cisplatin group (/w). Sections were obtained from the
SON (B-a-d), PVN (B-e—h), and mNTS (B-i-/) at 0, 12, and 24 h and
1 week after administration of cisplatin. The mRFP1-positive gran-
ules are apparent (C-i—l, boxed regions). OC optic chiasma; 3V third
ventricle; AP area postrema; CC central canal. Scale bar 100 pm

increased in the vehicle/cisplatin and OXTR-A/cisplatin
groups in comparison with the vehicle/vehicle and OXTR-
Alvehicle groups (Fig. 4C-c).

In the OXT-LI cells, Fos-LI was significantly
increased in the vehicle/cisplatin group in comparison
with the vehicle/vehicle, OXTR-A/vehicle and OXTR-
Alcisplatin groups in the SON (Fig. 4A-b) and the PVN
(Fig. 4B-b).
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Fig. 3 Food intake (A) and water intake (B) 2 h (2H) (A-a, B-a) and
24 h (24H) (A-b, B-b) after administration of cisplatin in rats. Values
represent the mean £ SEM (each group, n = 5-6). *p < 0.05 and

Discussion

The present study demonstrated that Fos-LI cells in the
SON, the PVN, and the NTS were significantly increased
after cisplatin-induced anorexia. It also demonstrated that
the mRFP1 intensity in the SON, the PVN, and the NTS
was significantly increased after administration of cis-
platin. Moreover, the cisplatin-induced anorexia was
significantly abolished by pretreatment with OXTR-A
2 h after administration of cisplatin. Cisplatin-induced
Fos expression in the SON, the PVN, the AP, and the
mNTS was also significantly diminished by pretreatment
with OXTR-A. This is the first study showing that

#*p < 0.01 compared with the vehicle/vehicle group. *p < 0.05 and
##p < 0.01 compared with the OXTR-A/vehicle group. $p < 0.05
compared with the OXTR-A/cisplatin group

central OXT may be involved

anorexia in rats.

in cisplatin-induced

Previous studies showed that peripheral administration
of cisplatin induced Fos expression in the AP and the NTS
in ferret [28, 29], least shrew [30], rat [6, 31-34], and
Suncus murinus [5]. Horn et al. also reported the presence
of Fos-LI cells in the SON and the PVN 48 h after
administration of cisplatin in rats [31]. In the present study,
we confirmed the presence of Fos-LI cells in the SON, the
PVN, the AP, and the NTS after ip administration of cis-
platin in rats. Moreover, we identified that Fos-LI colo-
calized with OXT in the SON and the PVN after
administration of cisplatin and that cisplatin-induced Fos
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Fig. 4 The number of Fos-like immunoreactivity (LI) cells in the
supraoptic (SON) nucleus (A-a), the paraventricular nucleus (PVN)
(B-a), the area postrema (AP) (C-a), the medial nucleus of the solitary
tract (mNTS) (C-b) and the caudal NTS (¢NTS) (C-c¢) after admin-
istration of cisplatin with pretreatment of oxytocin receptor antagonist
(OXTR-A) pretreatment in rats. The number of Fos- expressingon in

expression was diminished by pretreatment with OXTR-A.
Cisplatin-induced anorexia was also inhibited by pretreat-
ment with OXTR-A. As OXT is a well-known anorexic
neuropeptide, central OXT may partially underlie cisplatin-
induced anorexia.

In our present study, we can presume a mechanism
about cisplatin-induced anorexia with an OXT pathway
(Fig. 5). Peripherally administered cisplatin activates neu-
rons at the cNTS via vagus nerve and subsequently acti-
vates noradrenaline neurons at the Al and A2 area in the
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medulla. Activated noradrenaline neurons project to OXT
neurons in the SON and the PVN. OXT neurons are acti-
vated by the autocrine and paracrine system [35]. OXT
neurons in the dpPVN projected to the AP and the mNTS
and induced vomiting and nausea. OXT-RA may block in
the SON, the PVN, and the projection from the PVN to the
AP and the mNTS. Horn demonstrated that cisplatin-in-
duced Fos expression was diminished in the caudal NTS
and part of the medial NTS, but not in the remaining part of
the medial NTS or in the rostral NTS, after vagotomy [6].
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Fig. 5 A possible pathway of activated oxytocin (OXT) neurons after
peripherally administered cisplatin. Peripherally administered cis-
platin activates neurons at the caudal nucleus of the solitary tract
(cNTS) via vagus nerve and subsequently activates noradrenaline
(NA) neuron at the Al and A2 area in the medulla. Activated —» NA
neurons project to OXT neurons in the supraoptic (SON) nucleus and

Therefore, peripherally administered cisplatin induces Fos
expression in the caudal and part of the medial NTS by
vagal input, which comes to the caudal NTS. It is plausible
that cisplatin may act, in part, on abdominal vagal afferent
fibers and that its stimulus is transmitted to the caudal NTS,
which is the primary location for the vagal afferent fiber
synapses that transmit satiety information from the gas-
trointestinal system [36, 37]. Some previous studies have
reported the existence of a neuronal projection from the
NTS to the SON and the PVN through noradrenergic
pathways, resulting in anorexia [38, 39]. Maejima et al.
demonstrated that OXT stimulates pro-opiomelanocortin
(POMC) neurons, which synthesize bioactive peptides such
as o-melanocyte-stimulating hormone (MSH) in the NTS
[40]. Melanocortin-4 receptors (MC4R), which are
involved in feeding, expressed in the SON and the PVN
[41-45]. In light of our results, we propose that ip-ad-
ministered cisplatin may primarily affect vagal afferent
fibers and activate NTS—PVN noradrenergic projections
onto OXT neurons in the PVN. OXT from dpPVN may be
carried to POMC neurons in the medial NTS, and o-MSH
from POMC neurons may activate the neurons of the SON
and the PVN, which express MC4R and relate to feeding.
In the present study, pretreatment with OXTR-A signifi-
cantly mitigated cisplatin-induced anorexia and Fos
expression in the SON, the PVN, the AP, and the medial

Vagus nerve

~'

Stomach

) )

nausea / vomiting

the paraventricular nucleus (PVN). OXT neurons are activated by the
autocrine and paracrine system. OXT neurons in the PVN project to
the area postrema (AP) and the medial NTS (mNTS), and
induced — nausea and vomiting. OXT receptor antagonist (OXTR-
A) may block the autocrine and paracrine system in the SON and the
PVN, and the projection from the PVN to the AP and the mNTS

NTS, but not the caudal NTS. These results may support
our hypothesis (Fig. 5).

In the present study, 12 h after administration of cis-
platin, the average OXT-mRFP1 fluorescence intensity was
significantly increased in the SON and the PVN compared
with the control. Meanwhile, the number of mRFP1-posi-
tive granules did not change in the mNTS 12 h after
administration of cisplatin, and it was significantly
increased in the mNTS 24 h after administration of cis-
platin. OXT neurons in the dpPVN project to the AP and
the medial NTS. Therefore, peripheral administered cis-
platin may stimulate neurons in the SON and the PVN;
subsequently OXT neurons were activated by autocrine and
paracrine, and this stimulus is transmitted from the dpPVN
to the medial NTS (Fig. 5). There may be a time lag in the
visualization of mRFP1; when we investigate the mRFP1
intensity at a finer temporal resolution, we may be able to
observe the change fully. This point should be examined in
further research.

We demonstrated that OXT may be involved with cis-
platin-induced anorexia and Fos expression in the SON, the
PVN, the AP, and the medial NTS in the present study.
Delta-9-tetrahydrocannabinol, a specific cannabinoid-1
receptor antagonist, inhibited cisplatin-induced anorexia
and emesis and diminished cisplatin-induced Fos expres-
sion in the AP and NTS in ferrets [29] and in the least
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shrew [30]. Palonosetron, a 5-HT3 receptor antagonist,
diminished cisplatin-induced Fos expression in the NTS in
the Suncus murinus [5]. Therefore, peripherally adminis-
tered cisplatin induces anorexia and activates neurons
through mechanisms related to several neuropeptides,
including OXT.

OXT is released from the posterior pituitary. Although
we did not measure plasma OXT levels after ip adminis-
tration of cisplatin, in a preliminary study, the mRFP1
intensity was decreased in the posterior pituitary in OXT-
mRFP1 transgenic rats 24 h after ip administration of cis-
platin (data not shown). Although we did not measure
plasma OXT levels, we can presume that peripherally
administered cisplatin may activate OXT neurons in the
SON and the PVN and release OXT from the posterior
pituitary into circulation. However, changes in mRFP1
intensity may not always parallel changes in plasma oxy-
tocin levels. Thus, we need to measure plasma OXT levels
after peripheral administration of cisplatin in a future
study.

Although cisplatin-induced anorexia was significantly
attenuated by pretreatment with OXTR-A at 2 h after
administration of cisplatin, these effects of OXTR-A were
abolished at 24 h after administration of cisplatin. As the
half-valued period of L-368899 was about 2 h [46], we
presumed that the effects of L-368899 would keep only for
several hours. Therefore, cisplatin may have been induced
anorexia after the ineffective with L-368899.

Our used OXTR-A, L-368899, is non-specific to the
OXT receptor. Our used OXTR-A may block AVP Vla
and V2 receptors. Although we did not investigate the
effects of arginine vasopressin (AVP) after peripherally
administered cisplatin, cisplatin may be involved in the
AVP system in the hypothalamus. These points should be
examined in further research.

In conclusion, we demonstrated that the numbers of Fos-
LI cells in the SON, PVN, and NTS were significantly
increased after peripherally administered cisplatin. We also
demonstrated that the mRFP1 intensity in the SON, the
PVN, and the NTS was significantly increased after
peripherally administered cisplatin. Moreover, cisplatin-
induced anorexia was abolished by pretreatment with
OXTR-A. Cisplatin-induced Fos expressions in the SON,
the PVN, and the NTS were also significantly diminished
by pretreatment with OXTR-A. These results suggest that
central OXT may be involved in cisplatin-induced anorexia
in rats.
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