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ABSTRACT

Severe anorexia limits the clinical application of cisplatin, and even leads to the discontinuation of treatment.
However, the mechanisms underlying cisplatin-induced anorexia are unknown. Herein, we demonstrated that
cisplatin could affect neuronal gamma oscillations and induce abnormal neuronal theta-gamma phase-amplitude
coupling in the arcuate nucleus (Arc) of the hypothalamus, and these findings were associated with significantly
decreased food intake and weight loss in mice. Chemogenetic activation of AgRP neurons in the Arc reversed the
cisplatin-induced food intake reduction in mice. We further demonstrated that endothelial peroxynitrite
(ONOO™) formation in the Arc induced nitrosative stress following cisplatin treatment via a previously
uncharacterized pathway involving neuronal caspase-1 activation. Strikingly, treatment with the ONOO™
scavenger uric acid (UA) reversed the reduced action potential (AP) frequency of AgRP neurons and increased
the AP frequency of POMC neurons induced by SIN1, a donor of ONOO™, in the Arc, as determined by whole-cell
patch-clamp electrophysiological recording. Consistent with these findings, UA treatment effectively alleviated
cisplatin-induced dysfunction of neuronal oscillations and neuronal theta-gamma phase-amplitude coupling in
the Arc of mice. Taken together, these results suggest, for the first time, that targeting the overproduction of
endothelial ONOO™ can regulate cisplatin-induced neurotoxicity through neuronal caspase-1, and thereby serve
as a potential therapeutic approach to alleviate chemotherapy-induced anorexia and weight loss.

1. Introduction

patients receiving cisplatin treatment, are the most common side effects
of cisplatin, and these side effects decrease the quality of life and sur-
vival of cancer patients [3]. Although several clinical approaches have

Cisplatin (cis-diamminedichloroplatinum II) is one of the most
widely used chemotherapeutic agents for treating malignant tumors in
the clinic [1]. Unfortunately, the therapeutic efficacy of cisplatin is
limited by its dose- and time-dependent side effects [2]. Nausea, emesis,
anorexia and weight loss, present in approximately 80% of cancer

been developed to prevent nausea and emesis (e.g., 5-hydroxytrypta-
mine receptor antagonists, neurokinin-1 antagonists, dexamethasone
and olanzapine), they lead to other side effects, such as headache and
severe gastrointestinal dysfunction, especially in the later phases of
chemotherapy [4]. Furthermore, a cumulative cisplatin dose of 350
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Abbreviations

AHP afterhyperpolarization

AP action potential

Arc arcuate nucleus

AgRP agouti-related protein
Caspl caspase-1

CFC cross-frequency coupling
CNO clozapine-N-oxide

GO gene ontology

HBMECs human brain microvascular endothelial cells
LFP local field potential

LPS lipopolysaccharide

MI modulation index

NO* nitric oxide

NPY neuropeptide

0y~ superoxide

ONOO™ peroxynitrite

POMC  proopiomelanocortin

RMP resting membrane potential
SIN1 3-Morpholinosydnonimine
UA uric acid

mg/m? has been considered as the threshold values for neurotoxicity
development [5]. Nonetheless, the exact mechanism of
cisplatin-induced feeding behavior disorder remains to be elucidated,
and there is no effective prevention for the side effects of cisplatin [6].

It is well documented that, within the central nervous system, hy-
pothalamic nuclei is involved in the regulation of feeding and energy
expenditure, such as the arcuate nucleus (Arc), the lateral hypothalamic
area and the dorsomedial nucleus [7-9]. The Arc is critical for feeding
behavior and body weight regulation. The Arc is located adjacent to the
third ventricle and has a weak or modified blood-brain barrier, which
ensures vulnerability to damage induced by circulating toxins or me-
tabolites [10,11]. Numerous studies demonstrate that there are two
classes of peptide-producing neurons in the Arc, with each class exerting
distinct opposing actions on feeding: orexigenic neurons which produce
agouti-related protein (AgRP) and neuropeptide (NPY) to promote food
intake, while anorexigenic neurons which express proopiomelanocortin
(POMC) to inhibit feeding behavior [12,13]. Feeding behavior is sup-
pressed when the function of AgRP neurons is blocked and POMC neu-
rons are activated [14]. However, the mechanisms underlying
cisplatin-induced neurotoxicity associated with the Arc neurons in the
hypothalamus remain unclear.

Persistent inflammation and oxidative/nitrosative stress have been
shown to play causative roles during platinum-based chemotherapy
[15]. The associated toxic amounts of reactive oxygen/nitrogen species
(ROS/RNS) lead to a cellular apoptotic cascade via NLRP3 inflamma-
some activation [16,17]. Cisplatin induces ototoxicity and nephrotoxi-
city through caspase-1 activation [18,19]. Activated caspase-1 promotes
the maturation and secretion of proinflammatory cytokines, such as
IL-1p and IL-18 [20]. Caspase-1 gene ablation or pharmacological
intervention protected against cisplatin-induced acute kidney injury
[18,21]. The generation of peroxynitrite (ONOO™) and nitrosative stress
was also reported to participate in cisplatin-induced damage in the
kidney and ototoxicity [22-24]. However, it is unclear whether
inflammation and ONOO™ are involved in the neurotoxicity induced by
cisplatin, and the mechanism underlying this neurotoxicity remains to
be clarified.

Here, we provide direct evidence of abnormal neuronal gamma os-
cillations and neuronal theta-gamma phase-amplitude coupling in the
Arc after cisplatin exposure. Notably, endothelial ONOO™ generation by
cisplatin mediates neuronal caspase-1 activation, which induces
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abnormal neuronal action potential in the Arc. We further show that an
ONOO™ scavenger (UA) can eliminate cisplatin-induced neurotoxicity
and consequently alleviate the feeding behavior disorder associated
with cisplatin-based chemotherapy.

2. Methods and materials
2.1. Animals

Male C57BL/6J mice (9-11 weeks old) were purchased from SLAC-
CAL Lab Animal Ltd. (Shanghai, China) and used in this study. Agrp-cre
mice (The Jaxson Lab, Stock No: 012899) were the gift from Professor
Zhan at the National Institute of Biological Science (NIBS). Agrp-cre; Ai
14 mice were obtained by crossing Agrp-cre mice with Ail4 mice
(Rosa26-tdTomato Cre reporter line, Stock No: 007914, The Jackson
Laboratory). Caspase-1-deficient mice (Caspl /") were the gift from
Professor Lu at Nanjing Medical University (NJMU). All mice were bred
in house and were allowed water and food ad libitum. Housing was kept
constant at 22 + 2 °C, and a 12/12 h reverse dark-light cycle was
employed. All experimental procedures were carried out in accordance
with protocols submitted to and approved by the Nanjing Medical
University Institutional Animal Care and Use Committee.

2.2. Cisplatin treatment procedure

For the acute phase, mice were administered intraperitoneally (i.p.)
with cisplatin (P4394 Sigma, USA) at the dose of 6 mg/kg and used for
further experiments. Body weight and food consumption were assessed
at 24 h after cisplatin treatment. For the chronic phase, wide-type (WT)
mice or Caspl /™ mice were daily treated with cisplatin (2.3 mg/kg, i.p.)
or saline for 5 days, and then rested for 5 days, followed by another 5
days injection and 5 days rest according to the procedure in clinic [25].
Total cumulative doses of 23 mg/kg cisplatin were used for mice which
approximating human therapeutic doses relative to body weight. Body
weights were measured daily at the time of cisplatin injections. In
accordance with the Institution Animal Care and Use Committee of
Nanjing Medical University, the mice were removed and humanely
euthanized when a weight loss was more than 20-25%. The weight
change from baseline (Day 1) was calculated. Food intake was calcu-
lated as the difference between the food provided initially and the un-
consumed food.

2.3. Drug administration

To investigate the effects of UA (216-00222, Wako, Japan) on the
neurotoxicity induced by cisplatin, mice were randomly assigned to
pretreat with UA (250 mg/kg, i.p.) for 3 days prior to cisplatin admin-
istration. Then, UA was administered everyday continuously for another
20 consecutive days at 6 h before the cisplatin injection.

To discuss the role of caspase-1 involved in the food intake disrupted
by cisplatin, mice were pretreated with the caspase-1 inhibitor VX-765
(Belnacasan, S2228, Selleck, 100 mg/kg, i.v.) before cisplatin adminis-
tration for 1 h. Food intake and weight of mice were measured at 24 h
after cisplatin treatment.

2.4. Surgery for implantation of tetrodes

Mice were deeply anesthetized and mounted in a stereotactic appa-
ratus. Then, the fur on the surface of the scalp was removed and a hole
was drilled above the right arcuate nucleus for implantation (Arc from
bregma: antero-posterior, —1.58 mm; medio-lateral, 0.2 mm). For local
field potential (LFP) recording, the tetrodes were implanted into the Arc.
They were lowered to an average depth between 5.6 and 5.8 mm to
target the Arc. Each tetrode consists of eight polyimide-coated nichrome
wires (single-wire diameter, item no. PF0O00591. RO-800, 0.0005” 12.7
pm, coating 1/4 hard PAC, Sandvik) connected to a 32-channel
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electrode interface board (EIB-32, Neuralynx). Skull screws overlying
the cerebellum and frontal cortex served as ground and reference,
respectively. Finally, the tetrodes were sealed to the bone by dental
acrylic. A custom-made aluminum head plate was attached to the skull
with stainless steel screws and dental cement. After surgery, mice were
housed individually for further experiments.

2.5. Local field potential recordings

Recordings were made during tetrodes implantation to ensure
optimal placement within Arc. The signals recorded from the tetrodes
were sent to a headstage and amplified by a 32-channel amplifier, and
then were sampled at 20 kHz by a Neuralynx recording system. For LFP
recordings, after recovered from surgery for at least 1 week, the awake
mice were placed in home cages during spontaneous behavior before or
after cisplatin treatment. LFP signals were amplified (1000 x gain,
Neuralynx), filtered at 0.1-250 Hz, and sampled at 1 kHz. LFP signals
were recorded via the same Neuralynx recording system.

2.6. Spectral analysis and phase-amplitude coupling

Spectral power was computed using MATLAB’s wavelet method (The
MathWorks), cwt (Continuous wavelet transform), with Morlet wave-
lets. We separately analyzed the power over three different frequency
bands, namely theta (4-12 Hz), beta (13-35 Hz) and gamma (36-90 Hz)
in the period of acute and chronic cisplatin administration, respectively.
Theta, beta and gamma waves were filtered by bandpass filtering of LFP
data. Power spectral analysis of oscillations was performed using the
multi-taper method in the Matlab, setting a window length of 2 s and the
time process is divided into 1 s period with 90% overlap. The power was
expressed as decibels by computing 10 x logl0O of the output and
standardized.

The phase-amplitude coupling is used to indicate the amplitude of
the high-frequency oscillation (gamma, 36-90 Hz) modulated by the
average phase of the low-frequency oscillation (theta, 4-12 Hz). Mod-
ulation index (MI) is an algorithm for calculating phase-amplitude
coupling, indicating the function of analytic amplitude (36-90 Hz)
and analytic phase (4-12 Hz) coupling in the Arc of mice after cisplatin
administration. The gamma oscillations and theta oscillations were first
filtered from the LFP signal. Then the phase of theta oscillation and the
amplitude of gamma oscillation was calculated from Hilbert transform.

2.7. Whole-cell recording

The Agrp-cre; Ai 14 mice (4-week-old) were used for whole-cell
recording and deeply anesthetized with isoflurane. As described previ-
ously [26], brains were quickly removed to ice-cold oxygenated cutting
solution containing (in mM): 75 sucrose, 87 NaCl, 2.5 KCl, 1.25
NaH,PO4, 25 NaHCOs, 0.5 CaCly, 7 MgCl, and 25 glucose. Slices con-
taining Arc region (200 pm thick) were prepared by the vibratome
(VT1000S Leica) and then transferred to normal artificial cerebrospinal
fluid containing (in mM): 124 NaCl, 3 KCl, 1.25 NaH2PO4, 26 NaHCOs3, 2
CaCly, 1 MgSO4 and 10 glucose; for 30 min at 34 °C and maintained at
24 + 1 °C for additional 1 h. All external solutions were saturated with
95% 02/2.5% CO4 gas.

Neuronal cells with tdTomato fluorescence-AgRP" neurons were
visualized with a laser optics microscope equipped with a 40 x lens
(Olympus). Whole-cell recording were performed in AgRP* and POMC™
neurons in the Arc with a MultiClamp 700B amplifier and 1550A digi-
tizer (Molecular Devices). Electrode resistance ranged from 4.5 to 6.5
MQ. Neurons were held at —60 mV, with the pipette solution containing
(in mM): 130 K-gluconate, 20 KCl, 10 HEPES, 0.2 EGTA, 4 Mg-ATP and
0.5 Na3-GTP (pH was adjusted to 7.30 with KOH). Membrane properties
and action potential firing were measured by current clamp recordings.
The cerebral slices were incubated with SIN1 (3-Morpholinosydnoni-
mine, Sigma, 567028, 100 pM) and UA (500 pM) for 20 min and then
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recorded. Data was analyzed using Clampfit 10 (Molecular Devices) and
MATLAB (MathWorks). All drugs and regents were purchased from
Sigma or Tocris.

2.8. Chemogenetic activation of AgRP neurons in the Arc

The Agrp-cre mice were anesthetized and bilaterally injected with
150 nl of AAV-hSyn-DIO-hM3Dg-mCherry and AAV-hSyn-DIO-mCherry
(BrainVTA Co., Ltd, Wuhan, China) in the Arc (from bregma: anterio-
posterior, —1.5 mm; medio-lateral, +£0.3 mm; dorso-ventral, —5.8
mm). AAV-hSyn-DIO-hM3Dq-mCherry contains the floxed inverted
sequence of hM3Dq-mCherry, which is reoriented in the presence of Cre.
This ensures that hM3Dqg-mCherry is only expressed on AgRP neurons
[27]. Cisplatin administration (6 mg/kg, i.p.) was performed after
hM3Dg-mCherry expression for 21 days. After cisplatin injection for 1 h,
the mice were administered with clozapine-N-oxide (CNO, C0832,
Sigma, 1 mg/kg, i.p.) to activate AgRP neurons in the Arc of mice.

2.9. Bulk RNA-seq

Total RNA in the Arc of mice were extracted using RNAiso Plus
(TaKaRa, Japan). We used poly-T oligomagnetic beads to purify mRNA
molecules containing poly-A. Then, DNA sequencing of the libraries was
performed on a BGISEQ-500 platform and data was processed by the
Beijing Genomics institution (BGI, China). We screened differentially
expressed genes between two groups through Expression profile by
using P_value < 0.05 and absolute value of Logs FoldChange >1. Clus-
terprofiler was used to perform Gene Ontology (GO) analysis (P < 0.05)
using differentially expressed genes and pheatmap (Pretty Heatmaps,
2015) was used to display differentially expressed genes [28,29].

2.10. Cell culture

Human brain microvascular endothelial cells (HBMECs) were
maintained in Dulbecco’s modified Eagle’s medium (DMEM, Gibco,
USA) supplemented with 10% fetal bovine serum (FBS, Gibco) and 1%
penicillin/streptomycin at 37 °C in 5% CO»-humidified incubator. The
HBMECs were seeded on coverslips in 24-well plates for 24 h and
incubated with cisplatin (10, 50 pM) for 3 h. Then the cells were incu-
bated with a fluorescent switch-on probe, NP3 (5 pM) at 37 °C for 30 min
and performed with DAPI staining [30]. The NP3 fluorescence in cells
were captured by confocal microscope.

2.11. Western blot analysis

Western blotting analysis was performed according to the method as
described previously [31]. The equivalent amount of protein in lysates
was separated by 10-15% SDS-PAGE and transferred to PVDF mem-
brane (Millipore, Billerica, MA, USA). Membranes were blocked and
incubated with primary antibodies as following: anti-Caspase-1 (1:1000,
AdipoGen, CA, USA); anti-Nitrotyrosine (1:1000, Millipore, CA, USA);
anti-p-Actin (1:5000, Sigma) at 4 °C overnight. Then, the membranes
were incubated with appropriate HRP-conjugated secondary antibodies
(1:5000, Life Science) for 2 h at room temperature. The proteins were
visualized by an enhanced chemiluminescence detection system
(Amersham Bioscience, GE Healthcare). Quantification was performed
with ImageJ software (NIH, Bethesda, MA, USA).

2.12. Immunohistochemistry

Mice were anesthetized and immediately perfused with PBS and 4%
paraformaldehyde (PFA) as previously described [32]. The brain was
post-fixed in 4% PFA overnight and transferred to 30% sucrose in PBS.
50 pm thick sections were prepared by vibratome. Then, the brain sec-
tions were incubated with primary antibodies as following:
anti-Caspase-1 (1:500, AdipoGen, CA, USA), anti-NeuN (1:300, Abcam,
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Fig. 1. Acute cisplatin administration could affect the neuronal activity in the Arc in mice. (A) Up: Schematic of electrophysiological recording in the Arc of
freely moving mice. Down: The mice were intraperitoneally (i.p.) administered with 6 mg/kg cisplatin. Electrophysiological recording was carried out on 1 day
before cisplatin administration, or at 4 and 24 h after cisplatin administration. (B and C) The food intake (B) and weight change (C) of mice were measured at 24 h
after acute cisplatin administration. n = 6 mice. ***P < 0.001 vs Vehicle. (D) Representative spectral power (1-100 Hz) of LFP in the Arc after acute cisplatin
administration. (E) LFP power (1-100 Hz) in the Arc after acute cisplatin administration (shaded areas: SEM). n = 6 mice. (F) LFP power in different frequency bands
in the Arc after acute cisplatin administration. Left: power of theta oscillations (4-12 Hz); Middle: power of beta oscillations (13-35 Hz); Right: power of gamma
oscillations (36-90 Hz). n = 6 mice. *P < 0.05, ***P < 0.001 vs Baseline. (G) Representative images of distribution for gamma amplitude-theta phase coupling in the
Arc of mice after acute cisplatin administration. The mean vector length (red) representing coupling strength of phase with the gamma amplitude. (H) Analysis of
modulation index (MI) to indicate the theta-gamma phase-amplitude coupling in the Arc of mice after acute cisplatin administration. n = 5 mice. ***P < 0.001 vs

Baseline. Data were presented as mean + SEM. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of
this article.)

Cambridge, UK), anti-Lectin (1:300, DL-1177, Vector Laboratories, Laboratories, CA). Immunofluorescence images were performed with a
USA), anti-Nitrotyrosine (1:1000, Millipore, CA, USA) for overnight at Zeiss LSM800 confocal microscope (Carl Zeiss, Germany). The 3D sur-
4 °C. After being rinsed three times, the sections were incubated with face visualization of grayscale intensity was plotted through ImageJ
appropriate fluorescent secondary antibodies (Invitrogen, Carlsbad, CA) v1.50H and its “Interactive 3D Surface Plot” plug-in.

for 2 h at room temperature. Finally, the sections were stained with

DAPI (0.5 pg/ml) for 5 min and mounted in Vectashield medium (Vector
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Fig. 2. Chronic cisplatin administration impaired neuronal oscillations in the Arc in mice. (A) Schematic diagram of the strategy used in mice treated with
cisplatin for electrophysiological recording in the Arc for 20 days. Cisplatin was injected i.p. into mice at the dose of 2.3 mg/kg on days 1 through 5 and days 11
through 15. An electrophysiological recording was carried out on 1 day before the cisplatin administration and on the D5, D6, D15, D16 and D20 during the course of

chronic cisplatin administration. (B) The weight change of mice was measured daily for 20 days with cisplatin treatment. n = 9-11 mice. ***P < 0.001 vs Vehicle on
D20. (C) LFP power (1-100 Hz) in the Arc after chronic cisplatin administration (shaded areas: SEM). n = 5 mice. (D) Representative spectral power (1-100 Hz) of
LFP in the Arc after chronic cisplatin administration. (E-G) LFP power in different frequency bands. Activity in the theta band (4-12 Hz) (E), in the beta band (13-35
Hz) (F) and in the gamma band (36-90 Hz) (G) in the Arc of mice after chronic cisplatin administration. n = 5 mice. **P < 0.01 vs Baseline. (H) Representative
images of distribution for gamma amplitude-theta phase coupling in the Arc of mice after chronic cisplatin administration. The mean vector length (red) representing
coupling strength of phase with the gamma amplitude. (I) Analysis of MI to indicate the theta-gamma phase-amplitude coupling in the Arc of mice after chronic

cisplatin administration. n = 5 mice. **P < 0.01, **
figure legend, the reader is referred to the Web version of this article.)

2.13. Statistical analysis

All data are presented as mean + SEM. Statistical analyses were
performed using GraphPad Prism 8 (GraphPad Software). Significant
differences were determined by either unpaired two-tailed Student’s t-
test or one-way analysis of variance (ANOVA) or two-way ANOVA fol-
lowed by a post-hoc Tukey’s Test. Differences were considered statisti-
cally significant at P < 0.05.

3. Results

3.1. The effect of acute cisplatin administration on neuronal activity in
the Arc of mice

Neurotoxicity caused by cisplatin is a major obstacle during
chemotherapy [5]. Here, we first examined the effects of cisplatin on
food consumption and the weight of mice. The food intake and weight of
mice were significantly decreased 24 h after cisplatin administration
(Fig. 1A-C). It is noteworthy that the Arc in the hypothalamus plays a
central role in control of feeding behavior; thus, there is increasing the
interesting to investigate whether the feeding behavior disorder in the
context of cisplatin exposure is related to the Arc. Thus, we further
measured neuronal activity in the Arc of mice during spontaneous
behavior after acute cisplatin administration by in vivo electrophysio-
logical recording (Fig. 1A). The power of theta (4-12 Hz), beta (13-35
Hz), and gamma (36-90 Hz) oscillations significantly increased in the
Arc of mice after cisplatin treatment for 4 h (Baseline, recorded 24 h

P < 0.001 vs Baseline. Data were presented as mean + SEM. (For interpretation of the references to color in this

before cisplatin administration) (Fig. 1D-F). Oscillations in these fre-
quency bands may occur simultaneously and can interact with each
other [33]. It has been suggested that cross-frequency coupling (CFC)
plays a vital role in neuronal signal processing [34]. Importantly, the
high-frequency amplitude can be modulated by the phase of slow brain
rhythms simultaneously, such as theta-to-gamma phase-amplitude
coupling [34]. Interestingly, standard phase-amplitude coupling anal-
ysis of LFPs demonstrated that the theta-gamma phase-amplitude
coupling increased significantly in the Arc of the mice after cisplatin
administration for 4 h (Fig. 1G and H, Supplemental Fig. 1A). Together,
these findings indicated that after acute cisplatin administration, mice
have impaired neuronal oscillations and theta-gamma phase-amplitude
coupling dysfunction in the Arc.

3.2. Chronic cisplatin administration impaired neuronal oscillations in the
Arc of mice

We mimicked the clinical cisplatin treatment regimen for patients
with cancer to further confirm the effects of cisplatin on neuronal ac-
tivity in the Arc in mice. The mice were administered with 2.3 mg/kg
cisplatin for 5 days, and followed by 5 days of rest for a total of 20 days
(Fig. 2A). As shown in Fig. 2B, the cisplatin-injected mice displayed a
significant weight decrease compared with vehicle-treated mice from
Day 2 (D2). Similarly, we also investigated neuronal activity in the Arc
of mice after chronic cisplatin administration. Compared to those of
vehicle-treated mice, the gamma oscillations (30-90 Hz) increased
significantly on D5, D6, D15, and D16 in the Arc of cisplatin-treated
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Fig. 3. Chemogenetic activation of AGRP neurons reversed the cisplatin-induced decrease in food intake of mice. (A) Experimental protocol for activation of
the AgRP neuron induced by clozapine-N-oxide (CNO) and cisplatin treatment in mice. Cisplatin administration (6 mg/kg, i.p.) was performed after hM3Dq-mCherry
expression for 21 days. After cisplatin injection for 1 h, the mice were administered with CNO (1 mg/kg, i.p.) to activate AgRP neurons. (B and E) AAV-hSyn-DIO-
hM3Dg-mCherry (B) and AAV-hSyn-DIO-mCherry (E) were injected into the Arc of hypothalamus in Agrp-cre mice. (C and F) Representative immunofluorescence
staining of mCherry (red) and DAPI (blue) in the Arc of Agrp-cre mice. Scale bar = 50 pm. (D and G) The cumulative food intake of mice treated with cisplatin and
CNO. n = 3 mice. *P < 0.05, ***P < 0.001. ns: No significant difference. Data were presented as mean + SEM. (For interpretation of the references to color in this

figure legend, the reader is referred to the Web version of this article.)

mice, whereas no such dynamics were observed for the theta and beta
oscillations of mice (Fig. 2C-G). In addition, standard phase-amplitude
coupling analysis of LFPs showed an obvious increase in theta-gamma
phase-amplitude coupling on D5, D6, D15, and D16 in the Arc of mice
after chronic administration of cisplatin (Fig. 2H and I, Supplemental
Fig. 1B). Taken together, these observations suggested that chronic
cisplatin administration could induce impaired gamma oscillations and
theta-gamma phase-amplitude coupling dysfunction in the Arc of mice,
which might be related to the feeding behavior disorder mediated by
cisplatin.

3.3. Chemogenetic activation of AgRP neurons reversed the cisplatin-
induced decrease in food intake in mice

AgRP and POMC neurons in the Arc play a key role in regulating food
intake and body weight [35]. Given the essential role of AgRP neurons,
which release AgRP and NPY and promote feeding [36,37], we sought to
investigate whether AgRP neurons in the Arc contribute to the feeding
behavior disorder induced by cisplatin (Fig. 3A). We performed Agrp-cre
mice with AAV-hSyn-DIO-hM3Dq-mCherry (Fig. 3B) and AAV-hSyn--
DIO-mCherry (Fig. 3E) through the combined use of Cre-dependent
adeno-associated viruses (AAVs) with restricted designer receptors
exclusively activated by designer drugs (DREADDs) in AgRP neurons

and CNO to pharmacogenetically activate AgRP neurons in vivo. 21 days
after virus injection, the mice were treated with cisplatin and CNO and
their food intake was evaluated for another 4 consecutive hours
(Fig. 3A). Confocal images showed that mCherry fluorescence was effi-
ciently expressed in a Cre-dependent manner in the Arc of Agrp-cre mice
(Fig. 3C and F). Interestingly, the activation of AgRP neurons by CNO
reversed the cisplatin-induced decrease in food intake in mice (Fig. 3D).
The control virus had no obvious effects on the food intake of
cisplatin-treated mice (Fig. 3G). All these results indicated that selective
activation of AgRP neurons could reverse the cisplatin-induced
abnormal food intake in mice.

3.4. Cisplatin activated caspase-1 in the Arc of mice

To elucidate the molecular mechanisms underlying neuronal oscil-
lation dysfunction mediated by cisplatin, we performed the RNA
sequencing analysis of cells sorting from the Arc of mice after treatment
with cisplatin or vehicle. We screened for differentially expressed genes
by using a P_value < 0.05 and |logs FoldChange| >1. Then, we evaluated
973 differentially expressed genes using GO analysis, which revealed an
alteration in pathways related to cisplatin-induced feeding behavior
disorder. We focused on the regulation of inflammatory response
pathway, which is important in control of Arc neuronal activity and
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Fig. 4. Cisplatin activated caspase-1 in the Arc in mice. (A) GO analysis of pathways enriched for the 973 genes that are more differentially expressed in cisplatin-
treated mice. (B) Heat map of normalized expression for 159 selected genes (P < 0.05 & |logz FC| > 1) between vehicle-treated and cisplatin-treated mice. The color
scale of the heat map indicated fold changes of expression for each gene: red, upregulation. (C) Gene Set Enrichment Analysis (GSEA) showed the acute inflammatory
response signaling pathway was highly expressed in the Arc of mice treated with cisplatin. (D and E) Representative Western blot of caspase-1 and f-Actin in the Arc
and cortex of mice after chronic cisplatin administration for 20 days (D) and quantitative analysis (E). n = 3 mice. ***P < 0.001 vs Vehicle. (F and G) Representative
immunofluorescence staining of Caspase-1 (green) and NeuN (red) in the Arc of mice treated with cisplatin (G) and quantitative analysis (F). n = 8 mice. **P < 0.01
vs Vehicle. Scale bar = 20 pm. (H and I) The food intake (H) and weight change (I) of mice were measured 24 h after cisplatin administration combined with VX-765.
n = 9-13 mice. ***P < 0.001 vs Vehicle; ##P < 0.01, ###P < 0.001 vs Cisplatin. (J) Representative immunofluorescence staining of Caspase-1 (red) and DAPI
(blue) in the Arc of mice administered with cisplatin combined with VX-765. Scale bar = 25 pm. (K) The 3D surface visualization of intensity of Caspase-1 and DAPI
signals from (J). (L) Western blotting assay of caspase-1 and f-Actin in the Arc of Casp1 ~/~ mice (Left) and quantitative analysis (Right). **P < 0.01 vs WT. (M) The
weight change of WT and Caspl~/~ mice treated with cisplatin or vehicle was measured daily for total 20 days. n = 4-8 mice. ***P < 0.001: WT + Saline vs WT +
Cisplatin; ###P < 0.001: WT + Cisplatin vs Caspl~/~ + Cisplatin on D20. Data were presented as mean + SEM. (For interpretation of the references to color in this

figure legend, the reader is referred to the Web version of this article.)

feeding behavior (Fig. 4A). The comparison of the heat map for 159
inflammation-related genes between the vehicle-treated group and
cisplatin-treated group revealed a clearly different signature (Fig. 4B). In
addition, the acute inflammatory response signaling pathway was highly
expressed in the Arc of cisplatin-treated mice, as determined through
Gene Set Enrichment Analysis (GSEA) (Fig. 4C) [29].

Considering the inflammatory response after cisplatin treatment, we
measured the canonical effector protein downstream of the most fully
characterized inflammasomes, caspase-1, which can process interleukin-
1 family members [38]. Interestingly, the results showed that Caspl p20
levels were elevated in the Arc of mice but not in the cortex after
cisplatin treatment (Fig. 4D and E). Furthermore, subsequent immuno-
fluorescence staining showed that caspase-1 was highly expressed in the
Arc neurons of cisplatin-treated mice (Fig. 4F and G). In addition,
lipopolysaccharide (LPS) administration into the Arc of mice attenuated
the food intake and weight of mice, indicating the crucial role of
elevated inflammation (particularly caspase-1) in the Arc in the feeding
behavior of mice (Supplemental Fig. 2). All these results suggested that
cisplatin could activate caspase-1 in the Arc in mice, which might be
related to abnormal feeding behavior.

3.5. Caspase-1 deficiency alleviated the abnormal feeding behavior
induced by cisplatin in mice

To further explore the potential role of caspase-1 in the abnormal
feeding behavior induced by cisplatin, the mice were treated with the
caspase-1 inhibitor VX-765. Caspase-1 inhibition with VX-765 increased
food intake and inhibited the weight loss induced by cisplatin (Fig. 4H
and I). Moreover, the caspase-1 level in the Arc was significantly
attenuated by VX-765 pretreatment (Fig. 4J and K). Furthermore,
caspase-1-deficient (Casp1 ~/~) mice were used to investigate the role of
caspase-1 in cisplatin treatment (Fig. 4L). Cisplatin-induced weight loss
was markedly attenuated in Caspl ™/~ mice compared to WT mice
(Fig. 4M). Taken together, these evidences indicated that cisplatin
activated caspase-1 in the Arc of mice, and caspase-1 deficiency could
alleviate the abnormal feeding behavior induced by cisplatin.

3.6. ONOO™ formation in the Arc was involved in cisplatin-mediated
neurotoxicity

To clarify the mechanism of cisplatin-mediated caspase-1 activation
in Arc neurons, we first examined the concentration of cisplatin in the
Arc and found that cisplatin was undetectable in the Arc of mice both 4 h
and 20 days after cisplatin treatment (Supplemental Fig. 3). Based on
our previous study, brain endothelial ONOO™ is a reactive product
generated from the reaction of nitric oxide (NO®) with superoxide (02*)
under pathological contexts, which could trigger neuronal dysfunction
and cell death [30,39]. Therefore, we analyzed the ONOO™ levels of
endothelial cells exposed to cisplatin. The NP3 probe was used to detect
the living intracellular ONOO™ generation after HBMECs were incu-
bated with cisplatin for 3 h. The intracellular fluorescence gradually
increased in a dose-dependent manner after cisplatin stimulation

(Fig. 5A). Moreover, compared to vehicle treatment, cisplatin treatment
significantly increased the levels of nitrotyrosine in the Arc of mice,
mainly in endothelial cells (Fig. 5B-E). Interestingly, UA, a known
natural scavenger of ONOO™, attenuated the elevated levels of nitro-
tyrosine and caspase-1 induced by cisplatin in the Arc of mice, which
implied the important role of ONOO™ in cisplatin-mediated caspase-1
activation (Fig. 5D-F). These evidences indirectly indicated that the
overproduction of ONOO™ in the Arc was involved in cisplatin-mediated
neurotoxicity.

3.7. Endothelial ONOO™ affected the excitability of AgRP and POMC
neurons in the Arc

To specifically characterize the effects of ONOO™ on AgRP and
POMC neurons in the Arc, we used ex vivo electrophysiology to record
the resting membrane potential (RMP) and action potential of the AgRP
and POMC neurons in acute separated cerebral slices. We first obtained
Agrp-cre; Ail4 mice by crossing Agrp-Cre mice with Ail4 mice, which
expressed tdTomato fluorescence following Cre-dependent recombina-
tion [40]. As shown in Fig. 5G, tdTomato fluorescence was efficiently
expressed in the Arc. We distinguished AgRP-positive neurons and
POMC-positive neurons by observing whether they expressed red fluo-
rescence and performed whole-cell recording (Supplemental Fig. 4A).
After treatment with SIN1, as an ONOO™ donor, AgRP neurons emitted
significantly fewer AP spikes than the control group. In contrast, pre-
incubation with UA could reversed the reduced AP frequency caused by
SIN1, suggesting the salvaging effect of UA on SIN1-induced neuronal
injuries (Fig. 5H and I). In addition, SIN1 decreased the amplitude and
increased the half-width of the AP in AgRP neurons (Fig. 5J and L)
without changing the release threshold or afterhyperpolarization (AHP)
current (Fig. 5K and M). Strikingly, SIN1-induced impairments in AP
properties were alleviated by UA treatment (Fig. 5J and L). There was no
difference in the RMP of AgRP neurons treated with SIN1 and/or UA
(Fig. 5N). Similarly, we also recorded the effects of SIN1 and UA on
POMC neurons. In contrast to AgRP neurons, the AP frequency of POMC
neurons increased significantly under SIN1 treatment and was attenu-
ated by UA pretreatment (Supplemental Fig. 4B), whereas other AP
properties (amplitude, AHP, AP firing threshold and RMP) did not
change (Supplemental Fig. 4C-G). According to ex vivo electrophysio-
logical results, we further evaluated the cerebral slices by Western
blotting analysis to explore the important role of ONOO™ in caspase-1
activation mediated by cisplatin in the Arc. Strikingly, SIN1 signifi-
cantly increased the expression of Caspl p20 in the Arc of the cerebral
slices, and this SIN1-induced increase in Caspl p20 expression could be
inhibited by UA treatment (Fig. 50 and P).

In summary, these results indicated that endothelial ONOO™ gener-
ation by cisplatin decreased the excitability of AgRP neurons and lead to
POMC neuron hyperacitivity, while UA provided a protective effect
against the insults induced by ONOO™.
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Fig. 5. Endothelial ONOO™ in the Arc was involved in cisplatin-mediated neurotoxicity by targeting caspase-1. (A) Representative confocal images showed
the ONOO™ level (green) and DAPI (blue) in HBMECs after cisplatin treatment. HBMECs were exposed to cisplatin (10, 50 pM) for 3 h and the ONOO™ level was
detected by the NP3 probe in living cells. Scale bar = 10 pm. (B and C) Representative Western blot of Nitrotyrosine and p-Actin in the Arc of mice after chronic
cisplatin administration for 20 days (B) and quantitative analysis (C). n = 4 mice. **P < 0.01 vs Vehicle. (D) Experimental protocol used to treat mice with UA and
cisplatin. UA (i.p.) was pretreated at the dose of 250 mg/kg before cisplatin administration for 3 days. UA was administered daily before cisplatin injection for 6 h and
continuously for another 20 days. (E) Representative immunofluorescence staining of Nitrotyrosine (green), Lectin (red, a marker for blood vessels) and DAPI (blue)
in the Arc of mice treated with cisplatin or UA. Scale bar = 20 pm. (F) Representative immunofluorescence staining of Caspase-1 (green), NeuN (red) and DAPI (blue)
in the Arc of mice treated with cisplatin or UA. Scale bar = 20 pm. (G) Representative immunofluorescence staining of Ai14 (red) and DAPI (blue) in the Arc of Agrp-
cre; Ai 14 mice. Scale bar = 20 pm. (H) Representative AP firing traces in the AgRP-positive neurons evoked by current injections (60 pA). (I) Number of AP firing in
AgRP neurons evoked by current injections from 0 to 60 pA in the Arc of cerebral slices. ***P < 0.001: Con vs SIN1; ##P < 0.01: SIN1 vs SIN1 + UA on 60 pA. (J-M)
Whole-cell patch clamps were used to detect AP properties of AgRP neurons, including AP amplitude (J), AP firing threshold (K), AP half-width (L) and AHP (M). (N)
UA and SIN1 had no effects on RMP of AgRP neurons. Con: n = 11 cells from 6 mice; UA: n = 8 cells from 3 mice; SIN1: n = 9 cells from 4 mice; SIN1 + UA: n = 8 cells
from 3 mice. **P < 0.01 vs Con; ##P < 0.01 vs SIN1. (O and P) Representative Western blot of caspase-1 and B-Actin in the Arc of cerebral slices after ex vivo
electrophysiological analysis (O) and quantitative analysis (P). Above experiments were repeated three times independently. *P < 0.05 vs Con; #P < 0.05 vs SIN1.
Eata were presented as mean + SEM. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

3.8. The ONOO™ scavenger UA normalized the abnormal neuronal and can occur independently between two rhythms. On the other hand,
oscillations in the Arc in cisplatin-induced neurotoxicity the two oscillations could emerge from the same neuronal substrate [42,
43]. Surprisingly, no compelling evidence has been shown for a func-

To further prove that ONOO™ in the Arc affected the excitability of tional role for the best-known theta-gamma phase-amplitude coupling

AgRP and POMC neurons, we examined neuronal oscillations in the Arc observed in the Arc. Specifically, our data from the phase-amplitude
of mice after treatment with cisplatin and UA. First, we found that the coupling analysis indicated clear modulation of gamma (36-90 Hz)
clearance of ONOO™ with UA could attenuate the weight loss of mice amplitudes by the theta phase under both in acute and chronic cisplatin
induced by cisplatin (Fig. 6A). Second, in vivo electrophysiological re- administration. Neuronal oscillations are a natural mechanism for
cordings in the Arc of mice showed significant increased gamma band forming cell assemblies, and are mostly reported in the cerebral cortex
activity (30-90 Hz) on D5, D6, D15, and D16 after cisplatin adminis- and hippocampus [44]. Our studies have widely expanded the neuronal
tration, and this increased gamma band activity could be inhibited by gamma oscillations and theta-gamma phase-amplitude coupling in the
UA treatment on D15 and D16 (Fig. 6B-D and G). However, no such Arc under cisplatin treatment.
dynamics were revealed in the theta and beta band activity of mice The underlying molecular complexity of feeding behavior disorder
treated with cisplatin, UA, cisplatin + UA or not on D15 (Fig. 6C-F). and how it relates to cisplatin-induced abnormal neuronal oscillations
Finally, an increase in theta-gamma phase-amplitude coupling on D15 are only beginning to be unraveled. Previous work has shown that
after chronic cisplatin treatment could be alleviated by UA administra- NLRP3 inflammasome-caspase-1 signaling not only underlies antitumor
tion (Fig. 6H and I). Taken together, these observations suggested that effects of cisplatin in triple-negative breast cancer [45], but also triggers
targeting endothelial peroxynitrite could normalize abnormal neuronal ototoxicity and nephrotoxicity [18,19,46]. Here, our findings clarified
gamma oscillations and neuronal theta-gamma phase-amplitude that caspase-1 activation in Arc neurons was one of the key biochemical
coupling in the Arc impaired by cisplatin. signals involved in cisplatin-induced feeding behavior disorder.
Caspase-1 inhibitor or caspase-1 knockout improved the food intake and
4. Discussion ameliorated weight loss after cisplatin treatment. It is well established
that two key populations of cells within the Arc of hypothalamus, AgRP
Severe toxicity caused by high-dose cisplatin therapy limits its and POMC neurons, exert opposing actions on food intake [47-49].
application [5]. However, there are no effective treatments or preven- Herein, chemogenetic activation of AgRP neurons in the Arc reversed
tive measures available for the anorexia, weight loss and neurotoxicity the cisplatin-induced decrease in food intake.
associated with cisplatin treatment. The present study demonstrated ONOO™ is generated upon the reaction of O5* and NO® and can
that cisplatin treatment could affect neuronal gamma oscillations, chemically modify proteins, subsequently modulating downstream
induce local theta-gamma phase-amplitude coupling dysfunction, and signaling [50]. The high concentration of O5* induced by uncoupled
mediate feeding behavior disorder. Remarkably, our findings further eNOS can quickly react with iNOS-induced NO°®, resulting in abnormal
showed that endothelium-derived ONOO™ induced AP firing dysfunc- ONOO™ formation [51,52]. ONOO™ has been reported to be associated
tion and caspase-1 activation in the Arc neurons under cisplatin treat- with various redox-related diseases [24,53]. To explore whether
ment, which were ameliorated by the ONOO™ scavenger UA (Fig. 6J). ONOO™ was involved in cisplatin-induced damage, we used NP3 (an
Endothelial ONOO™ mediating cisplatin-induced neurotoxicity through ONOO™ probe) to monitor ONOO™ generation in living HBMECs. We
neuronal caspase-1 activation provides a new working model for found that intracellular ONOO™ generation increased significantly in the
cisplatin-induced feeding behavior disorder, which can shed light on HBMECs and endothelial cells of cerebral microvessels after cisplatin
new drug targets and candidate drugs for the prevention of the neuro- exposure.
toxicity, anorexia and weight loss induced by cisplatin. Interestingly, endothelium-derived ONOO™ induced by cisplatin
To the best of our knowledge, this is the first study to report that Arc initiated caspase-1 activation in the Arc neurons of mice. Our results
neuronal oscillations, especially gamma oscillations, participate in showed that UA eliminated caspase-1 activation in the Arc neurons
feeding behavior under cisplatin treatment. Gamma-rhythmic input to induced by cisplatin. Similarly, under whole-cell patch current clamp
the lateral hypothalamus has been shown to evoke food approaches recording, SIN1, as an ONOO™ donor, decreased the AP frequency in
without affecting food intake [41]. Here, we first found, under 32-chan- AgRP neurons and increased the AP frequency in POMC neurons in the
nel electrode recording in the Arc of free-moving mice, an increase in the Arc, which were abolished by UA treatment. More importantly, UA
power of theta (4-12 Hz), beta (13-35 Hz) and gamma (36-90 Hz) os- normalized the abnormal neuronal gamma oscillations and neuronal
cillations in the neurons of the Arc under acute cisplatin treatment, and theta-gamma phase-amplitude coupling in the Arc involved in cisplatin-
chronic cisplatin treatment significantly enhanced gamma band activity. induced feeding behavior disorder. Thus, the findings of the present
Notably, neuronal gamma oscillations in the Arc of mice were associated study suggest the potential role of endothelium-derived ONOO™ and
with feeding behavior under cisplatin exposure. In brain networks, caspase-1 in Arc neurons in cisplatin-induced neurotoxicity and feeding
cross-frequency phase-amplitude coupling has been well documented behavior disorder. Investigating the effect of UA on cisplatin anorexia in
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Fig. 6. The ONOO™ scavenger normalized abnormal neuronal oscillations in cisplatin-induced neurotoxicity in the Arc. (A) The weight change of mice were
measured daily for a total of 20 days. n = 6 mice. ***P < 0.001: Vehicle vs Cisplatin; ##P < 0.01: Cisplatin vs Cis + UA on D20. (B) LFP power of gamma oscillations
(36-90 Hz) in the Arc of mice after chronic cisplatin administration. n = 5-11 mice. **P < 0.01, ***P < 0.001 vs Vehicle; ##P < 0.01, #P < 0.05: Cisplatin vs Cis +
UA on D15 and D16, respectively. (C) LFP power (1-100 Hz) in the Arc of mice on D15 after chronic cisplatin administration (shaded areas: SEM). n = 5-6 mice. (D)
Representative spectra (1-100 Hz) of LFP in the Arc of mice on D15 after chronic cisplatin administration. (E-G) LFP power in different frequency bands. Activity in
the theta band (4-12 Hz) (E), in the beta band (13-35 Hz) (F) and in the gamma band (36-90 Hz) (G) in the Arc of mice on D15 after chronic cisplatin administration.
n = 5-6 mice. ***P < 0.001 vs Baseline; ##P < 0.01 vs Cisplatin. (H) Representative images of distribution for gamma amplitude-theta phase coupling in the Arc of
mice on D15 after chronic cisplatin administration. The mean vector length (red) representing coupling strength of phase with the gamma amplitude. (I) Analysis of
MI to indicate the theta-gamma phase-amplitude coupling in the Arc of mice on D15 after chronic cisplatin administration. n = 5-11 mice. ***P < 0.001 vs Baseline;
###P < 0.001 vs Cisplatin. (J) A scheme for the proposed mechanisms underlying the cisplatin-induced feeding behavior disorder. Data were presented as mean +
SEM. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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the context of cancer in future studies may help optimize UA efficacy
and avoid side effects. Although the new complexes of platinum (Pt)
generated through modifications of Pt-based molecules showed lower
cross-resistance of tumor cells and higher antitumor effects [54], their
potential neurotoxic effect is still worthy of attention during clinical
practice.

Taken together, our novel data presented here demonstrated that the
communication of endothelium-derived ONOO™ and neuronal caspase-1
activation was involved in abnormal neuronal gamma oscillations in the
Arc and mediated neurotoxicity under cisplatin treatment. Strength-
ening the protection of the vascular endothelium and regulating
caspase-1 signaling may alleviate cisplatin-induced anorexia and weight
loss.
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