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Abstract

One side effect of cisplatin, a cytotoxic platinum anticancer drug, is peripheral neuropathy; however, its central nervous
system effects remain unclear. We monitored respiratory nerve activity from the C4 ventral root in brainstem and spinal
cord preparations from neonatal rats (P0-3) to investigate its central effects. Bath application of 10—-100 pM cisplatin for
15-20 min dose-dependently decreased the respiratory rate and increased the amplitude of C4 inspiratory activity. These
effects were not reversed after washout. In separate perfusion experiments, cisplatin application to the medulla decreased
the respiratory rate, and application to the spinal cord increased the C4 burst amplitude without changing the burst rate.
Application of other platinum drugs, carboplatin or oxaliplatin, induced no change of respiratory activity. A membrane
potential analysis of respiratory-related neurons in the rostral medulla showed that firing frequencies of action potentials
in the burst phase tended to decrease during cisplatin application. In contrast, in inspiratory spinal motor neurons, cisplatin
application increased the peak firing frequency of action potentials during the inspiratory burst phase. The increased burst
amplitude and decreased respiratory frequency were partially antagonized by riluzole and picrotoxin, respectively. Taken
together, cisplatin inhibited respiratory rhythm via medullary inhibitory system activation and enhanced inspiratory motor

nerve activity by changing the firing property of motor neurons.
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Introduction

Although immune checkpoint inhibitors are becoming the
mainstream drug therapy for cancer [16], cytotoxic anti-
cancer drugs are still widely used [35]. Cisplatin is a plat-
inum-based anticancer drug that inhibits DNA replication
and that has been used in chemotherapy for many cancers
since its development [12]. Clinically, cisplatin is used to
treat a wide variety of carcinomas, including lung, head and
neck, ovarian, and breast cancers [10]. Cisplatin has vari-
ous side effects, including myelosuppression, gastrointes-
tinal disorders, renal disorders, and neurological disorders
[36]. Neuropathy includes peripheral neuropathy and hear-
ing impairment [41]. Peripheral neuropathy is particularly
troublesome because once it develops, it is irreversible, caus-
ing numbness, pain, hypoesthesia, and mechanical sensitiv-
ity in the extremities, leading to a decline in quality of life
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[17]. The mechanism by which cisplatin causes peripheral
neuropathy is unclear, but accumulation of cisplatin in the
dorsal root ganglia (DRG), including the primary afferent
sensory nerves, is thought to cause peripheral neuropathy.
In contrast, cisplatin-induced central nervous system (CNS)
disorders include seizures [44] and cognitive decline after
chemotherapy, so-called chemobrain [11], but it is unclear
whether they are directly caused by cisplatin, and the fre-
quency and mechanism of their occurrence are not clear. In
clinical practice, as acute side effects involving the CNS,
hiccups, nausea, and vomiting are frequently observed dur-
ing chemotherapy, especially with cisplatin [24]. It is postu-
lated that the putative central pattern generator of hiccups in
the brainstem interacts with the respiratory pattern generator
[45]. The neuronal circuit producing vomiting is also located
in the medulla and interacts with the respiratory pattern gen-
erator [21]. Thus, the clinical question arises as to whether
cisplatin may have some acute effects not only on peripheral
neuropathy but also on the CNS, especially the lower brain-
stem including the respiratory center.

The brainstem—spinal cord preparation isolated from
newborn rats preserves the neuron networks essential for
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respiratory rhythm generation and can produce respiratory
activity that can be monitored from spinal ventral roots for
several hours under in vitro conditions [5, 20, 46]. This
preparation has great advantages for pharmacological
study of a brainstem function such as the respiratory center
because it can be maintained in an anesthetic-free condi-
tion with no actual sensory peripheral input, and drugs
can be applied by superfusion in known concentrations. In
the present study, we presumed that we could detect any
significant changes in spinal motor neuron activity of this
in vitro preparation if cisplatin affected neuronal activ-
ity in the brainstem and spinal cord, and we verified this
possibility. We found that cisplatin induced an increase in
the amplitude of inspiratory (Insp) motor neuron bursts
in the spinal cord and a decrease in respiratory rhythm in
the medulla.

Methods
Preparations and solutions

The experimental protocols were approved by the Animal
Research Committee of Showa University (approval nos.
09049, 02,022, 03,066) in accordance with Law No. 105
for the care and use of laboratory animals of the Japanese
Government. All efforts were made to minimize the num-
ber of animals used and their suffering.

Brainstem and spinal cords were isolated from Wistar
rats of either sex at postnatal days 0-3 under deep anes-
thesia with isoflurane. The specimens (108 preparations
in total) were cut slightly rostral to the level of the ante-
rior inferior cerebellar artery and caudally at the 6-8th
cervical cord and were continuously perfused at a rate of
2.5-3 ml/min with artificial cerebrospinal fluid (ACSF)
[46] composed of (in mM) 124 NaCl, 5 KCl, 1.2 KH,PO,,
2.4 CaCl,, 1.3 MgCl,, 26 NaHCO;, and 30 glucose, equili-
brated with 95% O, and 5% CO,, pH 7.4, at 25-26 °C.

Separate perfusion

In some experiments, we performed separate perfusion to
investigate the effects of drugs on the medulla and spinal
cord, respectively [3, 20, 46]. For this, two thin plastic
partitions were placed at the levels of the medulla—spinal
cord junction and C2 spinal cord, and perfusates were sep-
arately introduced from the spinal cord and medulla sides.
Refluxed solutions were ejected from the gap between the
two partitions using surface tension to prevent mixing of
solutions from the spinal cord and medulla sides.
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Drugs and protocols

Cisplatin, carboplatin, and oxaliplatin were used as the
platinum-based drugs and were purchased from Tokyo
Chemical Industry (TCI), Tokyo, Japan. These drugs
were stocked as 100 mM solutions in DMSO and stored at
4 °C and used at final concentrations of up to 100 uM for
experiments after being dissolved in ACSF, as described
above. We confirmed that this concentration of DMSO had
no effect on the neural activity of brainstem-spinal cord
preparation. Riluzole was purchased from Sigma-Aldrich
(Tokyo, Japan) and was stocked as a 100 mM solution in
dimethyl sulfoxide. Picrotoxin was purchased from Wako
Pure Medical Co. (Tokyo, Japan) and was stocked as a
10 mM solution including 42% ethanol.

Experiments were divided into four main sections.

1. Effects of cisplatin on C4 inspiratory activity: As there
were no similar previous studies on the concentration of
cisplatin, and its dose dependence was unknown, we first
conducted experiments with four concentration levels
of cisplatin: 1, 10, 50, and 100 pM. The perfusion time
for all drugs was 15-20 min. Activity after the washout
of drugs was followed for a minimum of 30 min. Sepa-
rate perfusion experiments were performed for 100 pM
cisplatin. The other platinum drugs were examined at
concentration of 100 pM. This section also included
membrane potential recordings of respiratory neurons
in the rostral ventrolateral medulla and of inspiratory
motor neurons in the spinal cord (see below).

2. Effects of riluzole on cisplatin-induced changes in res-
piratory activity: We used riluzole because this drug
has the property of decreasing the firing frequency of
action potentials [7, 8, 26]. Previous studies suggested
that riluzole takes more than 10 min to exert a pharma-
cological effect possibly due to slow diffusion into cells
of the medulla and/or spinal cord. Therefore, riluzole
was administered for 15 min prior to the application of
cisplatin, and then 100 pM cisplatin was applied in the
presence of the riluzole. Riluzole was applied at con-
centrations of 10, 50, and 100 pM based on a previous
report in which these concentrations of riluzole alone
induced a dose-dependent decrease of the C4 burst rate
(i.e., increase in the burst interval) without noticeable
change in the burst amplitude [26].

3. Effects of GABA, receptor blocker picrotoxin [31] on
cisplatin-induced changes in respiratory activity: A
previous study indicated that 10 pM picrotoxin alone
induced minor change in the respiratory frequency and
also induced a low frequency of seizure-like activity
[32]. We administered 100 pM cisplatin for approxi-
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mately 15 min. After 15 min of washout, 10 pM picro-
toxin was applied for 15-20 min. The burst parameters
were compared before and after picrotoxin application.
In these experiments, 10 uM riluzole was co-applied
with cisplatin to prevent the induction of the “huge
wave” (see the “Results” section) because measure-
ments were interrupted for more than 10 min if this wave
occurred even once.

4. Detailed description of seizure-like activity and the huge
wave induced by cisplatin or cisplatin + picrotoxin.

Electrophysiology

Respiratory activity was monitored by the 4th cervical
ventral root (C4) activity in most experiments, and by the
C5 or C6 activity in some cases. The nerve activity was
amplified via a 0.5-Hz high-pass filter (MEG-5200, Nihon
Kohden, Tokyo, Japan). We also recorded the membrane
potential of pre-inspiratory (Pre-I) or Insp neurons of the
rostral ventrolateral medulla at the level of 50-250 pm cau-
dal to the caudal end of the facial nucleus, i.e., in the range
from the caudal parafacial respiratory group (pFRG) to the
rostral part of the preBotzinger complex (preBotC) [6, 20].
The intracellular recordings were performed using a blind
whole-cell patch-clamp method [20, 34], with a high input
impedance DC amplifier (CEZ-3100; Nihon Kohden). The
electrodes were made by pulling thin-wall borosilicate glass
(GC100TF-10, Harvard Apparatus LTD, Kent, UK) while
heating. The inner tip diameter was 1.2-2.0 pm and the
resistance was 4-8 MQ. The electrodes were filled with a
pipette solution (in mM) of 130 K-gluconate,10 EGTA, 10
HEPES, 2 Na,-ATP, 1 CaCl,, and 1 MgCl,, KOH at pH
7.2-7.3. The electrode tip was filled with 0.5% Lucifer Yel-
low (lithium salt; Sigma-Aldrich) dissolved in the same solu-
tion for the histological analysis of recorded cells. The elec-
trode was inserted into a small area of the ventral medulla
oblongata, where the pia membrane was removed by a glass
needle. Weak positive pressure was applied to keep the tip
of the patch electrode clean (20-40 cmH,0). When the elec-
trode reached the respiratory neuron, it was functionally con-
firmed by monitoring the extracellular action potentials, and
negative pressure was applied for gigaohm (> 1 GQ) seal
formation. The whole-cell configuration is then completed
by a single hyperpolarization (amplitude, 0.6 nA; duration,
30 ms) associated with the application of slight negative
pressure. A bridge balance circuit was used to compensate
for the access resistance, which ranged from 20 to 60 MQ.
In some experiments, Insp motor neurons were recorded in
the ventral horn of the C5 or C6 spinal cord with a similar
procedure to that described above. In these experiments, the
spinal cord of the preparation was transversally cut at the
C5 or C6 level, and the ventral root was suctioned for nerve
recording and antidromic stimulation. Insp motor neurons

were recorded by an approach from the cut surface of the
spinal cord. We analyzed the resting membrane potential,
input resistance, and peak firing frequency during the burst
phase. Hyperpolarizing current pulses (10—100 pA; dura-
tion, 0.5 s) were injected around the middle of the interburst
period to measure the input resistance. Firing properties of
neurons were also examined by applying depolarizing cur-
rent pulses (10-250 pA) during the interburst period.

After the experiment, specimens were fixed in 4% para-
formaldehyde in 0.1 M phosphate-buffered solution (PBS)
at 4 °C and stored for histological analysis, and transverse
50-pm slices were cut with a vibrating-blade tissue slicer
(PRO7, DOSAKA EM CO. Ltd., Osaka, Japan). Labeled
neurons were photographed using a fluorescence microscope
(BX60; Olympus Optical, Tokyo, Japan). The locations of
the cell bodies of recorded neurons were confirmed after
staining with NeurdTrace (435/455 blue or 530/615 red fluo-
rescence; Molecular Probes/Invitrogen).

Data analysis

The initial data analysis was performed using the Lab
Chart 7 Pro software program (AD Instruments). The burst
rate was calculated as an average of 3—-5 min. The ampli-
tude and duration time were calculated from the average
of 6-10 consecutive cycles. The peak firing frequency of
action potentials in respiratory neurons was calculated using
Lab Chart 7 Pro. The significance of the values was ana-
lyzed by a paired #-test or one-way ANOVA after passing
the normality test, followed by a Tukey—Kramer multiple
comparisons test at a confidence level of P <0.05 using the
GraphPad Prism 6 software program (GraphPad Software
Inc., La Jolla, CA, USA).

Results
Effects of cisplatin on C4 activity

To our knowledge, no previous studies in the relevant lit-
erature have described the proper concentrations of cispl-
atin for in vitro experiments. Therefore, we first examined
the effects of a wide range of concentrations (1, 10, 50,
100 pM; 20-min application) of cisplatin on C4 Insp activ-
ity. No changes in amplitude, burst duration, or burst rate
were observed at 1 pM cisplatin (Fig. 1a). As shown in the
examples of Fig. 1b and c and Fig. 2, cisplatin at more than
10 pM increased the amplitude of C4 Insp activity. Table 1
summarizes the dose-dependent changes by cisplatin on C4
Insp activity. Averaged values from five preparations of each
concentration showed that a significant increase of burst
amplitude was induced at 50 and 100 pM, and the burst rate
was significantly reduced at 100 pM (Figs. 1, 2; Table 1).
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Fig. 1 Examples of traces of
C4 inspiratory activity during

1 uM cisplatin

the application of 1-50 pM

cisplatin. Note that cisplatin 0.2
at concentrations of > 10 pM mV
increased the amplitude of C4 C4
inspiratory activity
10 min
10 uM cisplatin
0.2
mV
C4
10 min
50 uM cisplatin
0.2
c4 m
AT
10 min

These results suggested that cisplatin caused dose-depend-
ent effects. Typically, the application of 100 pM cisplatin
induced increases of the C4 amplitude and burst duration
to 312 and 166.7% of control, respectively, and a decrease
of burst rate to 43.7% (Fig. 2). These effects were sustained
for more than 30 min even after washout. In many cases, the
application of 100 pM cisplatin also induced spinal seizure-
like activity (see below).

Effects of separate perfusion of cisplatin

In the next step, separate perfusion was performed to clarify
the effects of the application of cisplatin to the medulla or
spinal cord (n=35 in each experiment). When 100 pM cispl-
atin was applied to the spinal cord (Fig. 3a), the respiratory
frequency and duration did not change to a statistically sig-
nificant extent (101.7 +9.9% and 105.4 + 12.9% of control in
cisplatin, respectively), but the amplitude was significantly
increased to 351.5+106.9% of control. The increase of
amplitude did not recover after washout (Fig. 3a,c). When
cisplatin was applied from the medullary side (Fig. 3b),
the respiratory frequency decreased to 36.3 +7.7% and the
duration increased to 162.0 4+ 38.8%, whereas the amplitude
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increased slightly to 112.3 +19.4%, but this was not a sig-
nificant change (Fig. 3b,d). These effects did not recover
after washout.

Effects of other platinum drugs on C4 activity

We examined the effects of other platinum drugs, carbo-
platin and oxaliplatin, on C4 activity. We applied 100 pM
carboplatin and oxaliplatin (five preparations for each drug).
However, the application of these drugs did not induce any
change in the burst rate, duration, or amplitude (Fig. 4;
Table 2).

Effects of cisplatin on respiratory-related neurons

We performed whole-cell recordings from six Insp neurons
and four Pre-I neurons in the rostral ventrolateral medulla
distributing from the caudal pFRG to the rostral part of the
preBotC. In the example of an Insp neuron shown in Fig. 5,
the peak firing frequencies of action potentials in the burst
phase were calculated as the average over 10 consecutive
bursts, and they decreased to 23.7 Hz (in cisplatin) from
27.6 Hz (in control) (Fig. 5a,b). However, averaged values
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Fig.2 Effects of 100 pM cispl-
atin on C4 inspiratory activity.

a A C4 trace during and after
washout of cisplatin. Cisplatin
(100 pM) induced an amplitude
increase and burst rate decrease
of C4 activity. Note that the
amplitude increase and burst
rate decrease did not recover
after the washout of cisplatin.

b Faster sweep representations
of C4 burst activity; b1 and b2
correspond to bl and b2 in (a).
Note the increase in amplitude
and burst duration of C4 inspira-
tory activity after the application
of cisplatin in b2. ¢ Summary of
the effects of 100 uM cisplatin
on C4 burst activity (n=5).
Control, before the application
of cisplatin; 20 min, immedi-
ately before washout following
20-min cisplatin application;
washout, at 30-min washout of
cisplatin. *P<0.05, **P<0.01,
*##%P <(0.001 by one-way
ANOVA followed by Tukey—
Kramer multiple comparisons
test

a

b1

100 uM cisplatin
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Table 1 Effects of cisplatin on C4 inspiratory activity
Burst amplitude Burst duration Burst rate

20-min application

30-min washout

20-min application

30-min washout

20-min application 30-min washout

1 uM 94.5+9.1
10 pM 177.1£107.3
50 M 186.3£60.9
100pM  312.1+198.5%

90.4+14.6 101.5+15.0

181.7+111.5 12424227

206.4+80.5* 100.4+£11.5
403.5+219.1%%* 166.7 +46.5*

105.4+21.8
110.0+£24.6
115.0£18.2
158.8 +29.4*

96.1+17.6 101.4+24.7
82.7+32.4 77.1£33.0
76.0+33.7 71.3+£44.6
43.7+16.7%%* 26.5 +14.8%**

Values show % of control. Mean + SD (n=>5 for each concentration)

“P<0.05, **P <0.01, ***P <0.001 in comparison to control (by one-way ANOVA followed by Tukey—Kramer multiple comparisons test)
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Fig. 3 Effects of separate perfu- a
sion of 100 pM cisplatin on C4

100 uM cisplatin to spinal cord

inspiratory activity. a Example

of the application of cisplatin

to the spinal cord. Note that the

C4 amplitude increased but the

burst rate did not decrease. b

Example of the application of C4
cisplatin to the medulla. Note

that the C4 burst rate decreased

with slight increase of burst

amplitude. ¢, d Summary of b
the effects of the application of

100 puM cisplatin to the spinal
cord (¢) or the medulla (d) on
C4 inspiratory activity (n=>5,
respectively). Control, before
the application of cisplatin;

20 min, immediately before
washout following 20-min C4
cisplatin application; washout,
at 30-min washout of cisplatin.
*P<0.05, %P <0.001 by a
one-way ANOVA followed by

Tukey—Kramer multiple com- C Spina| cord
parisons test .
(V) 1
1000 *k ok
800 '|'
600
400
200
Control 20 min  Washout

Burst amplitude

d Medulla
(uV)
300
250
200
150
100
50

0
Control

Burst amplitude

from six neurons in six preparations did not reach statistical
significance (Table 3). Table 3 also shows that the peak fir-
ing frequency during the burst phase in Pre-I neurons (n=4)
was significantly reduced. The membrane potentials and
input resistances did not change to a statistically significant
extent during the application of 100 pM cisplatin (Table 3).

Next, we recorded the membrane potential of the Insp
motor neurons at C5 or C6. We found that the firing pat-
tern in the burst phase changed to show repeated clusters of
higher frequency firings during the application of 100 pM
cisplatin (Fig. 6b, b'l). In the example of an Insp motor neu-
ron shown in Fig. 6, the peak firing frequencies of action
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potentials in the burst phase were calculated as the average
over 10 consecutive bursts, and they increased to 33.4 Hz
(in cisplatin) from 74.6 Hz (in control). Clustering of action
potential firings was also observed in the action potential
firings in response to a depolarizing pulse (Fig. 6b2). The
peak firing frequencies of action potentials in the burst phase
averaged from six neurons in six preparations significantly
increased after the application of cisplatin (Table 3). The
time change of the increase in the peak frequency of action
potentials (spike rate in Fig. 6¢) during the application of
100 pM cisplatin corresponded to the time course of the
increase in the amplitude of Insp motor nerve activity. To
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Fig.4 Examples of C4 traces a .
during the application of 100 IJM Carb0p|atln
100 pM carboplatin (a) or oxali-
platin (b). Neither drug induced
a clear effect on C4 inspiratory ‘ 0.1
activity :
C4 ‘ mV
5 min
b 100 uM oxaliplatin
0.1
mV
C4
5 min

Table 2 Effects of 100 pM carboplatin or oxaliplatin on C4 inspiratory activity

Burst amplitude

Burst duration

Burst rate

20-min application 30-min washout

20-min application

30-min washout 20-min application 30-min washout

88.8+12.6
107.7+13.5

83.7£16.8
106.4 +22.7

Carboplatin
Oxaliplatin

100.7£5.5
92.7+6.1

108.7+8.9
106.0+18.4

98.6+13.2
103.7+9.6

108.1+10.8
93.1+£23.0

Values show % of control. Mean+ SD (n =35 for each concentration). Not significant by one-way ANOVA

clarify the relationship between the firing frequency of
action potentials in the Insp motor neuron and motor nerve
activity, we conducted cycle trigger averaging (Fig. 6d).
The peak of the firing frequency appeared to correspond
to the peak of C5 activity in the early phase of the Insp
burst. Figure 6e shows the relationship between the peak
firing frequency in each Insp burst and the amplitude of Insp
motor nerve activity, indicating a good correlation between
these parameters. These results suggest that the increase in
the amplitude of Insp motor nerve activity is caused by the
increase in the peak firing frequency of the action poten-
tials of motor neurons. Thus, we hypothesized that drugs
reducing the firing frequency of action potentials could
antagonize the increase in amplitude induced by cisplatin.
Riluzole is known to decrease the firing frequency of action
potentials [7, 8, 26]. Therefore, in the next step, we inves-
tigated whether riluzole could inhibit the increase of Insp
burst amplitude induced by cisplatin.

Effects of riluzole on cisplatin-induced C4 amplitude
increase

Riluzole was applied at concentrations of 10, 50, and
100 pM by 15-min pretreatment and co-application with
100 pM cisplatin (six preparations in each condition). In

the presence of more than 10 pM riluzole, there was a ten-
dency to suppress the decrease in respiratory frequency by
cisplatin, although the change was not statistically signifi-
cant in comparison with the value in the control (Fig. 7a).
The increase in the amplitude by cisplatin was significantly
suppressed in the presence of more than 50 pM riluzole
(Fig. 7b). In addition, it was notable that the administration
of riluzole suppressed the seizure-like activity induced by
cisplatin (see below).

Effects of picrotoxin on cisplatin-induced C4 burst
rate decrease

The decrease of the respiratory frequency by cisplatin
might be caused by excitation of the inhibitory system such
as GABA , receptor in the medulla. Because picrotoxin is
one of the drugs that blocked inhibitory synaptic effects, we
investigated its effects on the cisplatin-induced suppression
of respiratory rhythm (n=5). We applied 100 pM cisplatin
for 15-16 min and performed washout for 15 min. After con-
firmation of a burst rate decrease by cisplatin, 10 pM picro-
toxin was applied (Fig. 8) in the presence of 10 pM riluzole
(see “Methods” section). The Insp burst interval was short-
ened to 14.1 +2.8 s (in picrotoxin) from 31.6 +3.3 s (before
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Fig.5 Effects of 100 pM cispl-
atin on an inspiratory neuron in
the ventrolateral medulla. a, b
Burst activity during inspiratory
phase in control (a) and 16-min
cisplatin application (b). a’, b’
Membrane potential responses
to depolarizing current pulse in vm
control (a’) and at 4 min after
washout of cisplatin (b’). Note
that the firing frequency of
the action potential tended to
decrease after the application of a
cisplatin. ¢ Traces of C4 activ-

ity (C4), membrane potential

trajectory of this inspiratory

neuron (Vm), stimulus cur-

rent (I), and firing frequency

of action potentials (Spike vm
rate). Note that the peak firing
frequency tended to decrease
after the application of cisplatin.
d Location of the recorded cell.
d1 A low-magnification view
and d2 a higher-magnification C

a Control

0.1
C4 ————J‘“WWM—’—-—————-——_—J mV

.W.J——L_____”| o
Im PA

b 100 uM cisplatin

mV
m\{go ] -30
] 50  Vm -50
0.1
c4 Wl mv
05s 0.5s
b,
mV mV
] -30 ] -30
-50 Vm -50
W
Im PA
02s 02s

100 pM cisplatin

view of the highlighted square
in a. Arrow denotes the Lucifer
Yellow—stained cell. The level
of the slice was 200 pm caudal

to the caudal end of the facial ’

. Vm
nucleus, corresponding to area

0.1
ca WWWWMM&MMM 1mv

mV
-20

-60
150

between the caudal pFRG and | ,ﬂf
preBotC

Jl |
"I|| |"I\| pA

Sike“]' “n' H| H H “ l “ 40
rage ]OHZ

5 min

picrotoxin) (P <0.001, n=35), whereas it was 9.9+ 1.3 s in
control. The C4 amplitude decreased to 68% of that after
the application of 100 pM cisplatin (i.e., before picrotoxin)
(P<0.05).

Seizure activity and huge waves

Application of 100 uM cisplatin increased the amplitude
and also induced seizure-like activity in many cases (70% of
preparations examined) (e.g., Fig. 9b, arrowheads; Fig. 10c2,
arrowhead). In addition, in approximately half of the cases to
which 100 pM cisplatin was applied, strong depolarization
of neurons followed by a temporary cessation of activity
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(> 10 min) was induced (Fig. 9, arrows; Fig. 10b, arrow).
We named this phenomenon the “huge wave.” Respiratory
activity was restored again after 10-20 min. This phenom-
enon was observed only at a concentration of 100 uM cis-
platin and not at the lower concentrations. Furthermore, it
was not observed with the other platinum drugs. The huge
wave appeared to be triggered in conjunction with seizure-
like activity (e.g., Fig. 9b, Fig. 10c3). It was observed dur-
ing the application of 100 pM cisplatin or at its washout
but more frequently occurred when cisplatin washout was
followed by the application of picrotoxin (Fig. 10). We
recorded membrane potentials from 11 respiratory neurons
in the rostral medulla when the huge wave appeared. At this
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Table 3 Effects of cisplatin on membrane properties

Control Cisplatin 100 pM
Medulla
Insp Vm (mV) —-52.0+53 —-52.6+7.4
(n=6) Rm (MQ) 495.6+1123  449.4+154.0
Peak freq. (Hz) 25.4+8.6 23.7+9.8
Pre-1 Vm (mV) —553+52 —535+52
(n=4) Rm (MQ) 785.4+313.7  782.1+398.6
Peak freq. (Hz) 17.6+12.9 12.4+11.2%
Spinal cord
Insp motor Vm (mV) —49.3+6.8 —49.8+13.7
(n=6) Rm (MQ) 90.8+34.6 129.9+79.7
Peak freq. (Hz) 32.5+54 64.8+9.2%*

Insp inspiratory neuron in the medulla, Pre-I pre-inspiratory neuron
in the medulla, Insp motor inspiratory motor neurons in the C5 or C6
spinal cord, Vimm membrane potential, Rm input resistance, Peak freq.
peak firing frequency of action potentials during burst phase

“P<0.05, **P <0.01 in comparison to control (by paired -test)

time, the membrane of the respiratory neurons depolarized
to—13.9+6.1 mV. At the peak of the huge wave, the input
resistance measured in three cells decreased to 28% of the
control. The membrane potential gradually repolarized and
action potentials were generated again, following which res-
piratory activity reappeared (Fig. 10b). The generation of
the huge wave was never observed in preparations that were
treated by riluzole at concentrations of > 10 puM (n=23),
suggesting that riluzole has a strong depressive effect on
huge wave generation.

Discussion

We found that cisplatin (10-100 pM) increased the ampli-
tude of Insp C4 burst activity and slowed the respiratory
rhythm in the medulla-spinal cord preparation. Moreover,
we showed that the separate perfusion of cisplatin to the
medulla suppressed the respiratory rhythm without a change
of the C4 amplitude, whereas perfusion to the spinal cord
increased the amplitude without a change of the respiratory
rhythm. To the best of our knowledge, this is the first report
indicating that cisplatin suppresses the rhythm of the respira-
tory center and increases the amplitude of Insp motor neuron
activity in the spinal cord.

In addition, we examined the effects of carboplatin and
oxaliplatin as other platinum drugs. Along with cisplatin,
oxaliplatin, which is often used—especially in the field of
gastrointestinal cancer—has been reported to cause periph-
eral neuropathy [9]. The peripheral neuropathy caused by
oxaliplatin is characterized by cold allodynia, which is a
cold-induced electric shock pain [43]. This implies that other
platinum drugs may have effects similar to those seen with

the application of cisplatin. However, neither oxaliplatin
nor carboplatin had any effect on respiratory neural activity.
These findings indicated that at the very least, the phenom-
enon observed in the present study was unique to cisplatin.
These three drugs contain platinum with different ligands
[47]. Therefore, the specific molecular structure of cisplatin
may be involved in the unique effects, although the detailed
mechanisms are unknown.

Amplitude increase of spinal motor neuron activity
by cisplatin

Cisplatin increased the peak firing frequency of Insp spinal
motoneurons during bursts. In contrast, this phenomenon
was not observed in medullary Insp neurons. There was a
good correlation between the peak firing frequency of the
motor neurons and Insp motor nerve activity. On the basis of
these results, we anticipated that substances that suppressed
the firing frequency of action potentials would antagonize
the effects of cisplatin on the Insp motor nerve amplitude.
Riluzole [26, 30], as one of these substances, partially inhib-
ited the cisplatin-induced amplitude increase in Insp motor
nerve activity. It is known that riluzole inhibits fast sodium
channels and persistent sodium channels [23, 48] and that it
also blocks calcium channels, thereby activating potassium
ion channels and G-protein-dependent signaling pathways
[7]. Thus, we suggest that the increase in the amplitude of
Insp motor nerve activity was caused by a specific action
of cisplatin on Insp spinal motor neurons via a change in
the characteristics of action potential firings. It is also pos-
sible that changes in potassium channel properties are indi-
rectly involved in this change. However, no such amplitude
increase has been reported with the administration of various
potassium channel blockers [33]. This suggests that cisplatin
most likely acts on sodium channels that are specifically
expressed in motor neurons (but not medullary interneu-
rons); however, further studies are needed. One previous
study reported that oxaliplatin altered voltage-gated Na*
channel kinetics on rat sensory neurons [2] and showed that
application of oxaliplatin (250 pM) elicited repetitive firings
in sural nerve preparations. This observation might corre-
late with our result indicating an increase of peak firing fre-
quency induced by cisplatin, although oxaliplatin (100 pM)
had no effect on neuronal activity in the brainstem-spinal
cord preparation.

Inhibition of respiratory rhythm by cisplatin

The inhibitory effect of cisplatin on the respiratory rhythm
was caused by an effect on the medullary rhythm generator,
and picrotoxin partially reversed the inhibition. Therefore,
the inhibitory effect of cisplatin on respiratory rhythm may
be at least partially due to the activation of GABAergic or
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Fig.6 Effects of 100 uM cisplatin on an inspiratory motor neuron of
C5. a, b Burst activity during the inspiratory phase in control (a) and
at 7 min after washout following the application of cisplatin (b). a’-
1, b’-1 Faster sweep representation of early inspiratory phase of (a)
and (b). a’-2, b’-2 Membrane potential responses to depolarizing cur-
rent pulse in control (a’-2) and at 16-min cisplatin application (b'-2).
Note that the firing frequency of the action potential increased after
the application of cisplatin. ¢ Traces of C5 activity (C5), membrane
potential trajectory of this inspiratory motor neuron (Vm), stimulus
current (I), and firing frequency of action potentials (Spike rate). Note
that the peak firing frequency increased in association with the appli-
cation of cisplatin. d Cycle trigger averaging of the firing frequency

glycinergic inhibitory neurons in the medulla oblongata [5,
22, 32].

Seizure-like activity and huge wave

Apart from the above effects, cisplatin induced spinal sei-
zure-like activity in many cases. In addition, a huge wave

@ Springer

1100
A

p:
100
Hz

5 min

of action potentials (Spike rate). The firing frequency was averaged
with the peak of the C5 activity as the trigger pulse (10 cycles). Left,
control; right, after 100 pM cisplatin. Note that the peak of the fir-
ing frequency appeared to correspond to the peak of C5 activity. e
Plot of the C5 amplitude to the peak firing frequency of the recorded
motor neuron. Note the good correlation between these parameters
(r=0.834, P<0.0001). f Location of the recorded neuron (Luci-
fer Yellow staining). f1 A low-magnification view and f2 a higher-
magnification view of the highlighted square in (a). This cell was in
the ventral horn, and the axon could be traced into the C5 nerve root
(arrow)

appeared in approximately 50% of the specimens that were
treated with 100 pM cisplatin, followed by a loss of respira-
tory rthythm, and respiratory activity was restored again after
10-20 min. This phenomenon occurred following spinal
seizure-like activity. The time course of depolarization and
repolarization of the medullary neurons and that of nerve
recordings (e.g., C4), were almost parallel, suggesting that
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Fig.6 (continued)

this phenomenon occurs over a wide area from the spinal
cord to the medulla oblongata. The large decrease observed
in the input resistance (28% of control) at the peak (approx-
imately — 14 mV) of the huge wave in recorded neurons
might be due to non-selective opening of cation channels.
The huge wave was not observed at all in the presence of low
concentrations of riluzole (e.g., 10 pM). This effect was not
directly related to the antagonistic effect of riluzole on the
cisplatin-induced increase in burst amplitude that required
riluzole of more than 50 pM. A previous report showed that
10 pM riluzole depressed seizure-like activity induced by
pharmacological treatments [25]. As riluzole inhibits sodium
channels, glutamate release, and NMDA receptors [23], it
is possible that these combined effects blocked seizure-like
activity followed by the huge wave. This result is also con-
sistent with the neuroprotective effect of riluzole [49]. Due
to its neuroprotective properties, riluzole was approved by
the U.S. Food and Drug Administration in 1995 for the treat-
ment and management of amyotrophic lateral sclerosis and
is in clinical use [39].

Molecular structure of cisplatin and effects caused

It is not clear at this time why the phenomenon observed
in the present study occurs only with cisplatin and not with

a Interval
(%)
600

500 -
400
300
200 -
100 -

10 50 100

Riluzole (uM)

b Amplitude

(%) [
500,

400
300
200

100 -

0 10 50 100
Riluzole (uM)

Fig.7 Effects of riluzole on the changes of C4 burst activity induced
by 100 pM cisplatin. Riluzole (10, 50, or 100 pM) was co-applied
with cisplatin. Values are calculated as a percentage of those after
20-min cisplatin application in comparison to those immediately
before the start of cisplatin application. a The C4 burst interval
tended to decrease in the presence of riluzole. b The C4 burst ampli-
tude decreased in the presence of 50 and 100 pM riluzole. The sam-
ple number was 6 in each condition. *P <0.05

other platinum drugs. As mentioned above, the effects of
cisplatin are thought to be due to its specific molecular
structure [29], which is different from other platinum drugs.
Cisplatin (cis-diamminedichloroplatinum(Il)) is classified
as a platinum complex. The central metal of the complex is
platinum (Pt), and the ligands are ammine and chloride ions.
The ligands form the complex in the cis form. Because cispl-
atin is a neutral metal complex with zero charge [27], it can
easily pass through the cell membrane and enter the cell. As
the chloride ion concentration in the cells is lower than that
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Fig. 8 Effects of 10 pM picrotoxin on the changes of C4 burst activity
induced by 100 pM cisplatin. a Example of a C4 trace. Cisplatin was
applied for 16 min. After 15-min washout of cisplatin, 10 pM picro-
toxin was applied for 19 min. This experiment was performed in the
presence of 10 pM riluzole to prevent induction of the huge wave (see
Figs. 9 and 10). b Faster sweep representation; b1-b4 correspond to
bl-b4 in (a). Note that the C4 burst rate increased after the applica-
tion of picrotoxin

Fig.9 Huge waves induced
by cisplatin. a Example of the

in the plasma, the chloride ions coordinated to the platinum
are replaced by water molecules [28]. As hydrogen ions are
ionized from water molecules, several platinum complexes
reach an equilibrium state, and the hydrolysis products bind
to the guanine and adenine N-7 positions of DNA to form a
cross-link. The DNA adducts inhibit the replication of can-
cer cells and exert anticancer effects [14].

The intracellular molecule derived from the unique struc-
ture of cisplatin may have acted on sodium channels, causing
changes in the firing pattern of motoneurons and an increase
in the amplitude of Insp motor output. However, the detailed
molecular mechanism needs to be studied further. Cisplatin
releases chloride ions after it has penetrated into cells [40],
and these chloride ions may have some effects on neural
activity. If the equilibrium potential of chloride ions were
reversed, the inhibitory postsynaptic potential would become
depolarizing and cause excitation. However, the results of
our preliminary experiments with a gramicidin perforated
patch clamp from medullary neurons did not show this pos-
sibility and the effects of GABA did not turn excitatory
(unpublished observation). Thus, effects of intracellular free
chloride ions are thought to be negligible. However, we do
not exclude the possibility that the increase of intracellular
chloride ions in interneurons of the spinal cord are involved
in the generation of spinal seizure-like activity by cisplatin,
and further studies are needed to investigate this point.

Effects of cisplatin on the CNS

Cisplatin-induced neurological damage is mostly periph-
eral and is less recognized as CNS damage. The reason for
this may be the existence of the blood—brain barrier (BBB)
[13]. In general, lipophilic molecules with smaller molecular

huge wave (arrow) after the
application of cisplatin. C4
activity was silenced after the
huge wave and reappeared after
24 min. b Faster sweep repre-
sentation around the huge wave
(black line in a). Note that the
seizure-like bursts (arrowheads)
appeared before the huge wave
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Fig. 10 Membrane potential a
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neuron in the rostral ventro-
lateral medulla. Traces of C4
activity (C4), membrane poten-
tial trajectory of this neuron
(Vm), and stimulus current (I).
a, b Consecutive recordings.
Application of 10 uM picro-
toxin after cisplatin induced the
huge wave (b, arrow). ¢ Faster
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weights (< 15 g/mol) can pass freely through the BBB [41],
whereas molecules with larger hydrophilicity [37], such as
cisplatin (300 g/mol), are considered less permeable. This
suggests that cisplatin has little effect on the CNS. However,
cisplatin-induced cognitive impairment has been reported
in animal models [18]. In humans, posterior reversible leu-
koencephalopathy syndrome [19] and cognitive memory
impairment (chemobrain) [42] can also occur after chemo-
therapy with cisplatin. From these reports, it can be inferred
that cisplatin has an effect on the CNS. In recent animal
experiments, chronic oxaliplatin treatment has been reported
to cause changes in cardiorespiratory function, such as an

increase in mean arterial pressure and respiratory frequency
and a decrease in heart rate and amplitude of phrenic nerve
activity, whereas acute oxaliplatin injection had no effect
[38]. The same study reported that platinum accumulated in
the brain after chronic oxaliplatin treatment. Thus, platinum
could actually reach the CNS and have some effects.

The reason anticancer drugs, including platinum drugs,
reach the CNS despite the presence of the BBB is thought
to be the increased permeability of the BBB. The possi-
ble causes include but are not limited to [41]: conditions
in which cells are destroyed, such as brain metastasis or
brain tumors, combined use of multiple anticancer drugs,
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Fig. 10 (continued)

repeated exposure, high drug concentrations, administration
into the cerebrospinal fluid, and the presence of inflamma-
tory cytokines. In the present experiment, the specimen was
the isolated brainstem and spinal cord, so there was no BBB
and the drugs could directly reach the CNS.

Limitations

As mentioned above, there are clinical reports of changes
in cognitive function, but no actual suppression of respira-
tory thythm or enhancement of respiratory output during the
administration of cisplatin was confirmed. Because we used
brainstem and spinal cord specimens from rats up to 3 days
of age, it is necessary to consider the effects of differences in
drug concentration per body weight and volume and differ-
ences in sensitivity according to the number of days of age.

Assuming a typical Japanese body size of 170 cm in
height and 60 kg in weight, the body surface area is approxi-
mately 1.69 m?. Assuming that the circulating blood volume
is 1/13 of the body weight, the specific gravity of blood
is 1.055, and plasma is 55-60% of blood, the circulating
plasma volume is estimated to be approximately 2.5 1. In
standard lung cancer chemotherapy, cisplatin is often used
at a dose of 80 mg/m? [15], and if this is applied to a typical
body size, the concentration of cisplatin in the blood vessels
is theoretically calculated to be 180 pM. In clinical practice,
the concentration is expected to be lower than this because
hydration with extracellular fluid is performed at the same
time as the administration of cisplatin. In light of these fac-
tors, the concentration of cisplatin in our experiments was
speculated to be lower than or almost equal to the concentra-
tion used in clinical practice.

@ Springer
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It was reported that cisplatin occasionally induced
encephalopathy and seizure [44]. Cisplatin frequently
induced spinal seizure-like activity in the in vitro prepa-
ration used in the present study. However, it is unclear
whether this seizure-like activity is caused by the same
mechanisms in different preparations. Furthermore, we
did not detect the induction of neuronal activity implying
hiccups that were observed rather frequently in cisplatin-
treated patients [24].

Cisplatin is used in humans to treat pediatric cancers
(osteosarcoma, neuroblastoma, germ cell tumor, hepatoblas-
toma, and others) [1, 50]; however, it is rarely used in neo-
nates. Thus, the effects of cisplatin on the CNS in neonates
are unclear, and therefore, the effect of cisplatin sensitivity
in immature individuals is unknown. It should also be noted
that brain development (especially in the medullary respira-
tory network) of PO-3 in rats corresponds to that at approxi-
mately 25-30 weeks of gestation in humans [4].

The clinical administration of cisplatin in the human body
is generally via intravascular injection. As the drugs in the
present experiment were applied directly to the medulla and
spinal cord in which there was no BBB, it is quite possible
that the effect of cisplatin was greater than that in actual
clinical practice.

Conclusion

In PO-3 rats, we showed, for the first time, that cisplatin
induced respiratory rhythm suppression in the medulla
oblongata and increased the amplitude of Insp motoneu-
ron activity in the spinal cord. The detailed mechanism and
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clinical significance of this effect are still unclear, and fur-
ther studies are needed.
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