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Abstract

Oxaliplatin is a platinum-based alkylating chemotherapeutic agent used for cancer treatment. Neurotoxicity is one of its major
adverse effects that often demands dose limitation. However, the effects of chronic oxaliplatin on the toxicity of the autonomic
nervous system regulating cardiorespiratory function and adaptive reflexes are unknown. Male Sprague Dawley rats were treated
with intraperitoneal oxaliplatin (3 mg kg ' per dose) 3 times a week for 14 days. The effects of chronic oxaliplatin treatment on
baseline mean arterial pressure (MAP); heart rate (HR); splanchnic sympathetic nerve activity (SSNA); phrenic nerve activity
(PNA) and its amplitude (PNamp) and frequency (PNf); and sympathetic reflexes were investigated in anaesthetised,
vagotomised and artificially ventilated rats. The same parameters were evaluated after acute oxaliplatin injection, and in the
chronic treatment group following a single dose of oxaliplatin. The amount of platinum in the brain was determined with atomic
absorption spectrophotometry. Chronic oxaliplatin treatment significantly increased MAP, sSNA and PNfand decreased HR and
PNamp, while acute oxaliplatin had no effects. Platinum was accumulated in the brain after chronic oxaliplatin treatment. In the
chronic oxaliplatin treatment group, further administration of a single dose of oxaliplatin increased MAP and sSNA. The
baroreceptor sensitivity and somatosympathetic reflex were attenuated at rest while the sympathoexcitatory response to hyper-
capnia was increased in the chronic treatment group. This is the first study to reveal oxaliplatin-induced alterations in the central
regulation of cardiovascular and respiratory functions as well as reflexes that may lead to hypertension and breathing disorders
which may be mediated via accumulated platinum in the brain.
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Introduction

Oxaliplatin (trans-l-diaminocyclohexane oxaliplatinum) is a
first-line chemotherapeutic agent used alone or in combina-
tion, for the treatment of various cancers including metastatic
colorectal cancer [19, 37]. It is a third-generation platinum-
based alkylating agent with a 1,2-diaminocyclohexane carrier
ligand. Like other platinum derivatives, oxaliplatin shows bi-
ological activity after being transformed to
diaminocyclohexane platinum (Pt(DACH)) derivatives
Pt(DACH)C1, in the biological system [39]. However,
oxaliplatin is preferred to other platinum-based chemothera-
peutic agents because it lacks nephrotoxicity unlike cisplatin
and due to low hematologic toxicity compared to carboplatin
[11, 33]. Platinum accumulates in the brain, spinal cord and
periphery (dorsal root ganglia (DRG) and sciatic nerve) fol-
lowing oxaliplatin treatment.

The major dose-limiting adverse effect of oxaliplatin treat-
ment is neurotoxicity leading to peripheral neuropathy [14],
which often demands treatment cessation. Dose reduction
compromises the efficacy of anti-cancer treatment putting a
significant negative impact on the quality of life of most can-
cer patients [6]. Oxaliplatin causes apoptosis of sensory DRG
neurons [45] participating in somatosensory transduction.
Accumulation of platinum from oxaliplatin and its binding
with neuronal DNA may cause the apoptosis of the DRG
neurons [4, 23]. Moreover, platinum-based drugs cause severe
cardiovascular toxicity [13, 47], which was attributed to alter-
ations in the function of the autonomic nervous system (ANS)
[6, 43]. However, these studies measured changes only in
cardiac rhythm and blood pressure (BP) in response to posture
change. Failure of baroreflex function also results in cardio-
vascular toxicity [21, 29]. Anti-cancer chemotherapy appears
to alter the baroreceptor reflex [2] that may take part in the
cardiovascular mortality of chemotherapy patients. However,
the exact mechanism is not clearly understood.

Oxaliplatin is a safer drug compared to other platinum-
based chemotherapeutic agents, but its neurotoxic potential
to impair cardiovascular and respiratory functions is un-
known. To date, no study reveals the direct effect of
oxaliplatin treatment on autonomic and phrenic nerve activity
that is essential for the moment-to-moment control of cardio-
respiratory functions. The effects of oxaliplatin on the sympa-
thetic reflexes, which help to maintain cardiorespiratory pa-
rameters at constant levels, have not been studied. We
hypothesise that oxaliplatin penetrates the brain and modu-
lates cardiorespiratory functions and sympathetic reflexes by
altering the sympathetic and parasympathetic nervous system.
We aimed to determine (i) if basal physiological functions and
cardiorespiratory reflexes were altered following chronic
oxaliplatin treatment; (ii) the effects of acute oxaliplatin injec-
tion on cardiorespiratory functions and reflexes in vehicle-
treated animals; (iii) if the parameters observed in aim (i) were
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altered with further systemic injection of a single dose of
oxaliplatin; and (iv) platinum accumulation in the brain after
chronic oxaliplatin treatment. Physiological functions that
were observed include BP, HR, splanchnic sympathetic nerve
activity (sSNA), and phrenic nerve activity (PNA). The
cardiorespiratory reflexes induced and analysed were
baroreceptor reflex, somatosympathetic reflex and cen-
tral chemoreceptor reflex.

Methods
Animals

All animal experiments in this study complied with the guide-
lines of the Australian Code of Practice for the Care and Use
of Animals for Scientific Purposes and were approved by the
Victoria University Animal Ethics Committee (AEETH_12-
018). Male Sprague Dawley rats (n =26, 350-430 g) were
obtained from Animal Resources Centre (Perth, WA,
Australia). All rats were housed in a temperature-controlled
environment with 12-h day/night cycles at the animal holding
room at the Western Center for Health, Research and
Education (Melbourne, Australia). Standard laboratory rat
chow and tap water were available ad libitum. The rats were
allowed to acclimatize for at least 7 days before experimental
manipulations. Food and water were withdrawn 30 min before
anaesthesia.

Treatments

The rats were randomly divided into two groups: treatment
group (n = 13) and vehicle-treated group (n = 13). In the treat-
ment group, the rats received intraperitoneal (i.p.) injections of
oxaliplatin (3 mg kg ' per dose) 3 times a week for 14 days
(chronic treatment) via a 26-gauge needle. The maximum vol-
ume was 400 pL per injection. The oxaliplatin dose was cal-
culated to be equivalent to the standard human dose per body
surface area [35, 36]. In the vehicle-treated group, the rats
received i.p. injections of sterile water 3 times a week for
14 days via a 26-gauge needle. A single dose of oxaliplatin
(3 mg kg ', 300-400 pL) was injected systemically (intrave-
nously, i.v.) following surgery in the treatment group to deter-
mine any further change in the observed parameters.

Electrophysiological experiments

Experimental design

Electrophysiological experiments were conducted as de-
scribed previously [30, 31]. Briefly, rats were anaesthetised

with urethane (1.2-14 g kg_l, i.p.). Supplemental doses of
urethane (30-40 mg, i.v.) were given when necessary if
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nociceptive stimuli (tested every half an hour) caused a
change in MAP of more than 10 mmHg. Rectal temperature
was maintained at ~ 36.5 °C with a thermostatically controlled
heating pad (Harvard Apparatus, Holliston, MA, USA) and
infrared heat lamp.

The left jugular vein and right carotid artery were cannu-
lated with polyethylene tubing (internal diameter = 0.58 mm;
outer diameter =0.96 mm) for administration of drugs and
fluids, and for the measurement of BP. In some experiments,
both femoral veins were cannulated to enable administration
of sodium nitroprusside (SNP) or phenylephrine hydrochlo-
ride (PE). The trachea was cannulated to enable artificial ven-
tilation, and a 3-lead electrocardiogram was fitted. HR was
derived from the BP. The left greater splanchnic and phrenic
nerves were isolated, tied with silk thread and cut distally to
permit recording of efferent sSSNA and PNA respectively. In a
subset of animals, the sciatic nerve was isolated, tied and cut
distally for electrical stimulation to allow activation of the
somatosympathetic reflex. The rats were secured in a stereo-
taxic frame, vagotomised, paralysed (pancuronium bromide;
0.8 myg initially, then 0.4 mg h™") and artificially ventilated
with oxygen-enriched room air. The animals were infused
with 5% glucose in water (1.0-2.0 mL h™") to ensure hydra-
tion. Nerve recordings were made with bipolar silver wire
electrodes. The neurograms were amplified (x 10,000,
CWE Inc., Ardmore, PA, USA), bandpass filtered
(0.1-2 kHz), sampled at 3 kHz (1401 plus, CED Ltd.,
Cambridge, UK) and recorded on the computer using
Spike2 software (v7, CED Ltd.).

Cardiorespiratory reflexes were evoked as described previ-
ously [1, 32, 42], with sequential i.v. injections of SNP
(10 mg kg ") and PE (10 mg kg ") to induce baroreflex or
electrical stimulation (10-25 V; 0.2 ms pulse width; 50
sweeps at 1 Hz) of the sciatic nerve to induce the
somatosympathetic reflex. Chemoreceptors were activated
by ventilating the animals with 5% C0,:95% O, (3 min, hy-
percapnia; targeting central chemoreceptors; BOC gas and
gear, VIC, Australia). Reflexes were activated before and after
i.v. injection of vehicle (sterile water, 300-400 uL) or
oxaliplatin (3 mg kg ', 300-400 pL) in each group. The rats
were killed with i.v. injection of KCI (3 M, 0.5 mL).

Data acquisition

Neurograms were rectified and smoothed (sSNA, 1 s time
constant; PNA, 50 ms). Minimum background activity after
death was taken as zero sSNA, and this value was subtracted
from sSNA before analysis with off-line software (Spike 2
version 7, CED Ltd., Cambridge, UK). Baseline values were
obtained by averaging 60 s of data 5 min prior to oxaliplatin or
vehicle injection, and maximum changes were expressed as
absolute (MAP, HR, phrenic nerve frequency (PNf)) or per-
centage (SSNA and phrenic nerve amplitude (PNamp))

changes from baseline values. sSSNA was rectified and
smoothed at 1 s and 5 ms time constants to analyse the baro-
receptor reflex and somatosympathetic reflex respectively. To
analyse reflexes, sSSNA was normalised between the activity
of sSSNA before vehicle injection (100%) and the sSNA after
death (0%). The sSNA response to sciatic nerve stimulation
was analysed using peristimulus waveform averaging. The
percentage of peak heights of the sympathoexcitatory peaks
was analysed. The response to hypercapnia (5% C0O,:95% O,
inhalation for 3 min) was quantified by comparing the average
maximum sSNA during hypercapnia compared with a control
period during normal hyperoxic ventilation. The maximum
response to stimulation was then expressed as a percentage
change from the baseline (control) considering maximum re-
flex response in control as 100%.

To analyse the data from the baroreflex function tests,
mean MAP was divided into 1-s consecutive bins, and the
average sSNA during each bin was determined; successive
values were tabulated and graphed as XY plots, taking MAP
as the abscissa and sSSNA as the ordinate. Each data set was
then analysed to determine the sigmoidal curve of best fit [20],
which is described by

v =Al/[1 + exp{A2(x—A3)}] + A4 (1)

where y is sSSNA, x is MAP, Al is the y range (y at the upper
plateau—y at the lower plateau), A2 is the gain coefficient, A3 is
the value of x at the midpoint (which is also the point of
maximum gain) and A4 is y at the lower plateau. The comput-
ed baroreflex function curves were differentiated to determine
the gain of sSSNA of the baroreflex across the full range of
MAP, and the peak gain of each curve was determined. The
range of sSSNA was calculated as the difference between the
values at the upper and lower plateaus of the curve. The
threshold and saturation values for MAP were defined as the
values of MAP at which y was 5% (of the y range) below and
above the upper and lower plateaus, respectively [24].

Platinum analysis by atomic absorption
spectrophotometry

To determine platinum accumulation, the atomic absorption
spectrophotometry (AAS) technique was employed, as previ-
ously published [44]. Rat brains were collected; the brainstem
and cerebrum were manually homogenised using a Potter-
Elvehjem PTFE pestle and glass mortar. Once the samples
were prepared, they were diluted to a volume of 4 mL to allow
an adequate sample volume for analysis of platinum concen-
trations. Samples were then aspirated into a Shimadzu AA-
6300 AAS (Tokyo, Japan). The specific AAS conditions used
to carry out these analyses for platinum included an air-
acetylene flame, with a fuel flow of 1.5 L/min and an air flow
15 L/min. The burner height was optimised, and the analytical
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wavelength used was 265.9 nm. Background correction was
supplied by a D2 lamp, and a slit width of 0.7 nm was used.
The lamp current used for platinum was 25 mA. Standard
calibration curves were produced before running the samples,
with concentration ranges of 10-40 ppm being utilised.
Samples were aspirated, with 3 repeat measurements recorded
following an initial 2 s pre-spray time. Individual measure-
ments were taken by averaging the absorbance readings over
3 s, which also allowed the calculation of a relative mean
square percentage uncertainty. These three measurements
were then averaged to give a final absorbance reading for each
sample. Concentration values for the unknown samples were
calculated automatically by the Shimadzu AAWizard soft-
ware (Tokyo, Japan).

Data analysis

Grouped data are expressed as mean = SEM. Statistical anal-
ysis was conducted with GraphPad Prism (version 7.0)
(Graph-Pad, La Jolla, CA, USA). Unpaired ¢ test was
used to analyse peak effects and reflexes. P< 0.05 was
considered significant.

Fig. 1 Effect of chronic a
oxaliplatin (Oxal) treatment on BP
cardiorespiratory parameters. a
Representative recording of blood

pressure (BP) (pulsatile and MAP 1257

Drugs

Oxaliplatin (MW:397.29; Cat. No: RDS262350-50MG) was
obtained from Tocris Bioscience (UK). Urethane, glucose, PE
and SNP were purchased from Sigma-Aldrich (Castle Hill,
Australia), and pancuronium bromide was obtained from
AstraZeneca Pty Ltd. (Sydney, Australia). Oxaliplatin was
dissolved in sterile water in order to make 107> M L' stock
solution and kept frozen at —20 °C. The stock was then
defrosted and further diluted with sterile water to make
10> M L™" solution for injections. PE and SNP were prepared
in de-ionised water. Urethane was dissolved in 0.9% NaCl.

Results

Effects of chronic oxaliplatin treatment on
cardiorespiratory parameters at rest

Changes in the baseline cardiorespiratory parameters were
evaluated to determine any shift following chronic oxaliplatin
treatment (Fig. 1). Baseline MAP (113 +2.9 mmHg vs 97 +
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5.3 mmHg, P<0.01) and sSSNA (8 £1.0 a.u. vs 3.7£0.1 a.u.,
P <0.05) were significantly increased in chronic oxaliplatin-
treated rats (n=7) as compared to the vehicle-treated group
(n=17), whereas baseline HR was significantly decreased
(438 £6.7 bpm vs 459 £3.9 bpm, P<0.01) (Fig. 1).

Chronic oxaliplatin treatment (n = 7) also caused a signifi-
cant increase in the baseline PNf (644 1.5 bpm vs 56 £
1.9 bpm, P <0.05) value but a reduced baseline PNamp (5.5
+0.4au.vs13.2+1.0au., P<0.01)value as compared to the
vehicle treatment (n =7, Fig. 1).

Effects of chronic oxaliplatin treatment on the
baroreceptor reflex

In the baroreceptor reflex, the changes in SSNA were plotted
against the changes in MAP evoked by i.v. injections of SNP
and PE in the anaesthetised rats. At baseline, the treatment group
showed significant potentiation in the upper plateau, range of
sSNA and operating range as compared with the vehicle-
treated group (n = "7/group, Fig. 2 and Table 1). But the maxi-
mum gain of the sSSNA and the threshold level of MAP were
significantly reduced in the treatment group without significant

a Sham Oxal
SNP PE SNP PE
' 1]

25071 ]
(mmHg) 100 ;

30

127
SSNA 8] M/M
(a.u.) 4 o

1 2min
b

150 -5.0 Gain
2 7
2 c -25
% 754 g
v = 0.0

50 150 250
0 MAP(mmHg)
50 150 250

MAP(mmHg)

Sham (n=7) —Oxal (n=7)

Fig. 2 Effect of chronic oxaliplatin (Oxal) treatment on the arterial baro-
reflex evoked by intravenous injection of sodium nitroprusside (SNP) and
phenylephrine hydrochloride (PE). a Representative experimental record-
ing of the effect of changes in blood pressure (BP) on splanchnic sympa-
thetic nerve activity (SSNA) due to SNP or PE in vehicle-treated and
chronic oxaliplatin-treated rats. b Average splanchnic sympathetic baro-
reflex function curves generated for data at baseline in vehicle-treated and
oxaliplatin-treated rats. The trace on the right represents baroreflex gain
for sSSNA (error bars are omitted for clarity—see Table 1). In Oxal-treated
rats, there is a significant decrease in maximum gain compared to vehicle-
treated rats

Parameters describing baroreflex control of SSNA at baseline in sham and oxaliplatin-treated rats

Table 1

Operating range

(mmHg)

Saturation level

(mmHg)

Threshold level

(mmHg)

Max. gain (%/mmHg) Gain coefficient Range of sSSNA (%)

Mid point

(mmHg)

Lower plateau Upper plateau (%)

(%)

269 +3.3

119.7 £ 4.6 145.2 +£10.0

999 £52 126.5 +4.3 -48+0.6 0.19 £ 0.06 90.6 £ 3.9

93+14

Sham

Oxaliplatin 12.0 + 2.3 (ns) 122.1 £ 5.2 (P <0.05) 141.9 = 5.1 (ns) —2.7 + 0.4 (P <0.05) 0.07 = 0.01 (ns) 127.2 = 8.9 (P <0.05) 86.4 + 2.4 (P <0.01) 152.9 + 4.3 (ns) 82.8 = 10.7 (P <0.01)

6). Maximum (Max.) gain is the slope of the sigmoid curve of best fit at the MAP corresponding to the steepest part of the curve

Values are means + SEM (n

ns non-significant
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alteration in the lower plateau, gain coefficient, midpoint and the
saturation levels of MAP as compared with the vehicle-treated
group (n = 7/group, Fig. 2 and Table 1).

Effects of chronic oxaliplatin treatment on
somatosympathetic and central chemoreceptor
reflexes

Intermittent (discontinuous) stimulation (at three times thresh-
old to elicit a minimal excitatory response) of the sciatic nerve
resulted in two characteristic excitatory peaks in SSNA with
latencies of 78 £ 1 ms and 167 &= 5 ms at rest in vehicle-treated
rats (n =7, Fig. 3a). These two excitatory peaks result from the
activation of both A- and C-fibre nociceptors following sciatic
nerve stimulation. The latencies of the peaks were significant-
ly longer at rest in chronic oxaliplatin-treated rats (88 =3 ms
and 179 £3ms, n =7, P <0.05, Fig. 3b). Both first and second
excitatory peaks were significantly reduced by 40% and 30%
of baseline, respectively, in the treatment group as compared
to the vehicle-treated group (P < 0.05; n = 7/group, Fig. 3b).

a

Sham

Oxal

sSNA
(a.u.)
etCO,
(%)

5%CO,

Fig. 3 Effect of chronic oxaliplatin (Oxal) treatment on
somatosympathetic and central chemoreceptor reflexes. a Grouped eftect
of sciatic nerve-evoked stimulation of splanchnic sympathetic nerve ac-
tivity (sSSNA) at baseline in vehicle-treated and chronic oxaliplatin-treated
rats. Data are mean (black) + SE (grey). Arrows indicate the time of
stimulation. b Grouped data illustrating the changes in latency and the
Ist and 2nd sympathoexcitatory peaks in oxaliplatin-treated rats com-
pared to vehicle-treated rats. Note that chronic Oxal treatment causes
increased latency, but a marked reduction of sympathoexcitatory peaks
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Activation of central chemoreceptors with hypercapnia
evoked an increase in MAP, HR and sSNA in both vehicle-
treated and oxaliplatin-treated rats (Fig. 3c). These changes
were enhanced following activation of the central chemoreflex
in chronic oxaliplatin-treated rats. The increases in HR (6=
0.5 bpm vs 3£0.3 bpm, P<0.01) and sSNA (25.7+2.8% vs
13.9+2.7%, P<0.05) following hypercapnia were signifi-
cantly higher in the treatment group without any significant
alteration in MAP response (14+4.2 mmHg vs 8+
2.3 mmHg, ns) as compared to the vehicle-treated group
(n="7/group, Fig. 3d).

Effects of a single dose of oxaliplatin injection in the
vehicle-treated group

Effects of acute oxaliplatin injection on cardiorespiratory
parameters

In the vehicle-treated group, acute injection of oxaliplatin
(3 mg kg ') caused no changes in MAP, HR or sSNA as

b

N
o
o
1
*

Latency (ms)
)
o
*

Peak height
(% baseline)
[4)]
bt

o
L

1st peak 2nd peak
Sham (n=7) Ml Oxal (n=7)

MAP HR sSNA
ESham (n=7) 1M Oxal (n=7)

compared to vehicle treatment. ¢ Experimental recording of hypercapnic
episodes with 5% CO, in oxygen for 3 min in vehicle-treated and chronic
oxaliplatin-treated rats. d Grouped data of peak effects on cardiovascular
(mean arterial pressure (MAP), heart rate (HR: bpm, beats per minute))
and splanchnic sympathetic nerve activity (sSSNA) parameters in response
to hypercapnia in vehicle-treated and oxaliplatin-treated rats. Following
chronic Oxal treatment, there is a greater increase in pressor and
symapathoexcitatory response after hypercapnia compared to vehicle
treatment. Values are expressed as mean =+ SE. **P < 0.01, *P <0.05
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compared to vehicle injection (n =6) (data not shown).
Similarly, the respiratory parameters, i.e. PNf and PNamp,
were not changed significantly following acute oxaliplatin
administration compared to the vehicle (data not shown).

Effects of acute oxaliplatin injection on baroreceptor,
somatosympathetic and central chemoreceptor reflexes

In the vehicle-treated group, acute injection of oxaliplatin sig-
nificantly increased only the upper plateau without significant

alteration in any other parameters of the baroreflex curve as
compared to vehicle injection (n = 6; Fig. 4a and Table 2).

In the somatosympathetic reflex, the latencies of the first

and second excitatory peaks were not significantly altered
following injection of acute oxaliplatin (80 + 1 ms and 169
+4 ms, n=06,ns) or vehicle (82+3 msand 173 +£5ms, n=06,
ns) as compared to baseline (78 £ 1 ms and 167 + 5 ms). Acute

administration of oxaliplatin also caused no changes in
the height of both the excitatory peaks of the
somatosympathetic reflex compared to baseline (n=06,
Fig. 4b) in vehicle-treated rats.

a 450+
-5.0
< S
< £
-2.5
& E
[ X
0.0 4 A .
100 150 200
50 150 250 MAP(mmHg)
MAP(mmHg) Vehicle (n =6) — Oxal (n =6)
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‘ .g 125
2
®© 751
Oxal '2
< 200 xa 2
% ] S
7] O
<l 50 1stpeak  2nd peak
o~ P
° 100 ms [ Baseline @ Vehicle 1 Oxal
(n=6)
¢ Baseline  Vehicle Oxal — 200
175 [
— T *k
mmHg ]""A =
HR 550 o @ 100
P S
(bpm) 450" )
sSNA 10 3 0
]"""""‘ o g MAP HR sSNA
etCO 10 _ ‘
(%) 0 f— j T, ‘*m [1 Baseline [Vehicle
5%CO, 5%002 5%CO, B Oxal (n=6)

Fig. 4 Effect of acute oxaliplatin (Oxal) on the arterial baro-,
somatosympathetic and central chemoreceptor reflexes. a. Average
splanchnic sympathetic baroreflex function curves generated for data
from intravenous injection of sodium nitroprusside (SNP) and phenyleph-
rine hydrochloride (PE) following injection of the vehicle or oxaliplatin.
Trace at right represents baroreflex gain for splanchnic sympathetic nerve
activity (sSSNA) (error bars are omitted for clarity—see Table 2). b
Grouped effect of sciatic nerve-evoked stimulation of sSSNA following
vehicle and oxaliplatin injection. Data are mean (black) + SE (grey).
Arrows indicate the time of stimulation. Trace at right represents grouped

data illustrating the changes in the 1st and 2nd sympathoexcitatory peaks
following injections of the vehicle and acute oxaliplatin compared to
control. ¢ Experimental recording of hypercapnic episodes with 5%
CO, in oxygen for 3 min at baseline (control) and following injections
of'the vehicle and acute oxaliplatin. Right trace represents grouped data of
percentage changes in peak effects on cardiovascular (mean arterial pres-
sure (MAP), heart rate (HR: bpm, beats per minute)) and sSSNA parame-
ters. Note that only pressor response to hypercapnia is significantly in-
creased following acute Oxal injection compared to vehicle. Values are
expressed as mean + SE. **P < 0.01 compared to vehicle
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In the vehicle-treated group, acute injection of %ﬁ
oxaliplatin significantly increased the pressor response 2E50n
to central chemoreceptor activation by hypercapnia by g gnj IS5
44% (P<0.01) of the control, without any significant éi “%éé%
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oxaliplatin-treated group g 2 § 3 E
oD fos |2
Effects of a single dose of oxaliplatin on cardiorespiratory Sl w5 £ 2% B
parameters E E P § o g
2 e 2
In the treatment group (n = 6), injection of a single dose of § 2 §
oxaliplatin (i.v.) significantly increased MAP (16 + E S E é
2.7 mmHg vs 2+0.3 mmHg, P<0.01) and sSNA (28.3 + 2|2 2 Tﬁ £) °
4.0% vs 2.1+0.6%, P<0.01) compared to vehicle injection g & o ez _%D
(Fig. 5). However, HR, PNfand PNamp were not significantly = gOJD GE SHH 5
altered following single-dose oxaliplatin compared to vehicle E 5 § § é) § § g
in the treatment group (n = 6; Fig. 5). g q E
» . i HE TR
ects of a single dose of oxaliplatin on baroreceptor, 5|8 Ss oaf =
somatosympathetic and central chemoreceptor reflexes é g o @Eﬁé ; z§
2 oo = A — %
In the treatment group, a single-dose oxaliplatin injection (i.v.) A%D = e, '::;
significantly enhanced the upper plateau, range of sSNA and & E _ E _ i
operating range (Table 3). Meanwhile, it reduced the lower g § m:f, %mé _.;
plateau and the threshold level, without significantly altering ‘i ) b E A gﬂ
midpoint, maximum gain, gain coefficient and the saturation ElE 02 EL% @
level as compared to the vehicle (n = 6; Fig. 6a and Table 3). E E b E h =
The latencies of the first and second excitatory peaks of the Bl _ 2 _ 2
somatosympathetic reflex were not significantly altered fol- ; E g E g §
lowing injection of a single dose of oxaliplatin (8041 ms E % 35 %%E £
and 169 +4 ms, n=6, ns) or vehicle (82+3 ms and 173 + z ; oo _.;g o ﬁ
5ms, n= 6, ns) as compared to baseline (78 = 1 ms and 167 + < | = S puEEP-E p 5,
5 ms). But the changes of heights of both excitatory peaks 2l ) _ 2 g
were significantly reduced by 33% (P<0.001) and 32% s VAR 2
(P<0.01) of baseline, respectively, following a single dose % é % é Q:‘ £
of oxaliplatin injection as compared to baseline (n =6, Fig. ?5) % 2‘; Tiiﬁ < §
6b). Injection of vehicle caused no alteration in peak heights gl & §; éi; =
of the somatosympathetic reflex (Fig. 6b). 2 P a= Po— ©)
The increased response in MAP, HR and sSNA to activa- "'é S S \;
tion of central chemoreceptors by hypercapnia was not altered £18 & § 2 =z
significantly following vehicle injection in the treatment § 2 <2 B2 a
group as compared to baseline. On the other hand, a single % g ij Eﬂi g g
dose of oxaliplatin markedly potentiated the effects of hyper- gl= = = Ho= £ b=
capnia on MAP by 56% (P<0.01) and sSNA by 50% N Og Oé § 5
(P<0.01) of baseline, without any significant alteration in o Ez%‘ 2& 2 §
the HR response (1 = 6, Fig. 6¢). S S5 S8 S oz
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Platinum accumulation within the rat brain following
chronic oxaliplatin treatment

To determine whether platinum from oxaliplatin accumulates
within the brain following treatment, the AAS technique was
employed. A significant amount of platinum was detected in
the brain from the oxaliplatin-treated animals (0.52 ppm +
0.03, P<0.001) when compared to the vehicle-treated cohort
(all negative) (n =4/group, Fig. 7).

Discussion

The novel findings of this study are that chronic oxaliplatin
treatment has significant effects on cardiorespiratory function:
(1) increases baseline MAP, sSNA and PNf but reduces HR
and PNamp; (ii) delays the latencies of both excitatory peaks
of the somatosympathetic reflex and attenuates heights of both
peaks; (iii) reduces the baroreceptor sensitivity; (iv) increases
the tachycardiac and sympathoexcitatory responses to hyper-
capnia; and (v) causes accumulation of platinum in the brain.
A single dose of oxaliplatin (vi) increases MAP and sSNA;
(vii) reduces both sympathoexcitatory peaks of the
somatosympathetic reflex; and (viii) potentiates the pressor
and sympathoexcitatory response to activation of the central
chemoreflex. Another important finding of the study is a sig-
nificant accumulation of platinum in the brain following
chronic oxaliplatin treatment.

a Vehlcle Oxal
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MAP 150
(bpm 400]!“WW

o 1°°mmmm
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Fig. 5 Effect of a single dose oxaliplatin (Oxal) in chronic oxaliplatin-
treated rats on cardiorespiratory parameters. a Representative recording
of blood pressure (BP) (pulsatile and mean), heart rate (HR), splanchnic
sympathetic nerve activity (sSSNA) and phrenic nerve activity (PNA)
(rectified) [arbitrary units (a.u.)], phrenic nerve frequency (PNf), and
phrenic nerve amplitude (PNamp) before and after injection of vehicle
or oxaliplatin. b Grouped data of maximum cardiovascular and

b

A(mmHg)

Hypertension is a common problem in patients treated with
oxaliplatin chemotherapy [18]. Dermitzakis et al. [6] reported
that oxaliplatin-based regimens, FOLFOX (oxaliplatin with 5-
fluorouracil/leucovorin) or XELOX (oxaliplatin with capecit-
abine), significantly affect adrenergic cardiovascular reaction
and parasympathetic heart innervation. However, these find-
ings were obtained by measuring BP and cardiac rhythm in
response to posture change. It has not been distinguished that
the effects on ANS were solely due to oxaliplatin. Oxaliplatin
also causes bradycardia, arrhythmias and changes in the elec-
trocardiogram (ECG) as shown in canine experiments [9].
Cancer patients with metastases experience shortness of
breath due to the spread of cancer to the lungs. These cardio-
respiratory problems may be exacerbated by chemotherapy.
However, the toxicity potential of oxaliplatin in the cardiovas-
cular function and breathing has not been extensively investi-
gated. Here, we report that oxaliplatin enhances BP, sSSNA
and the frequency of phrenic nerves. Phrenic nerves control
the contraction of the diaphragm, and thereby allow proper
functioning of the lungs and help us to breathe. From the
effects of chronic oxaliplatin treatment in this study, we sug-
gest that an increase in MAP is due to oxaliplatin-induced
potentiation of sSNA, and the bradycardia is due to
reflex response to increased sympathoexcitation or in-
crease in the parasympathetic vagus nerve activity
(Rahman, et al., unpublished data).

Peripheral neuropathy, the most common and dose-
limiting complication of oxaliplatin, can affect sensory nerves
and pain reflexes. Of the patients receiving oxaliplatin, 10—

MAP HR SSNA
20 * 10 40
ra %* %
£
= o
10 §: 5 4 20
3 2
0 0 )
. 201 pNAmp 101 pnt
£
£ —~
310 §s
2 1
<
0 0

= Vehicle (n = 6) = Oxal (n = 6)

respiratory effects following injections of vehicle and single dose of
oxaliplatin. Peak effects are shown as absolute (mean arterial pressure
(MAP), HR (bpm, beats per minute), PNf (bpm, bursts per minute)) or
percentage (sSNA, PNamp) change from respective basal values. Single
dose of Oxal causes a greater increase in MAP and sSNA compared to
vehicle. Data are expressed as mean + SE. The number of animals is
shown in parentheses. **P < 0.01 compared with vehicle
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Table 3  Parameters describing baroreflex control of sSSNA after i.v. injection of a single dose of vehicle and oxaliplatin in oxaliplatin-treated rats

Saturation Operating

Threshold

Range of sSNA (%)

Gain coefficient

Mid point (mmHg) Max. gain

Upper plateau (%)

Lower plateau (%)

range (mmHg)

56.9+9.4
80.8+9.2
(P<0.05)

level (mmHg)

149.1+9.4

level (mmHg)

90.5+9.5

(%/mmHg)
-3.6+0.7

103.4+7.9

0.14+0.04
0.12+0.05

(ns)

Mid point (mmHg) Max. gain (%/mmHg) Range of sSSNA (%)

121.9+6.8 128.9+6.9

21.2+3.8

Vehicle

1229+ 12.6 (P<0.05) 77.0+8.7 (P<0.05) 149.3%9.0 (ns)

—3.3+0.9 (ns)

Oxaliplatin  11.7+3.2 (P<0.01) 138.1£7.9 (P<0.05) 119.4+7.8 (ns)

Operating

Saturation

Threshold

Upper plateau (%)

Lower plateau (%)

range (mmHg)

56.9+94

level (mmHg)

149.1+9.4

level (mmHg)

90.5+9.5

121.9+6.8 128.9+6.9 -3.6+0.7 103.4+7.9

21.2+3.8

Vehicle

80.8+9.2
(P<0.05)

149.3+£9.0 (ns)

(P<0.05)

122.9+12.6 (P<0.05) 77.0+8.7

—3.3+0.9 (ns)

Oxaliplatin  11.7+3.2 (P<0.01) 138.1+7.9 (P<0.05) 119.4+7.8 (ns)

6). Maximum (Max.) gain is the slope of the sigmoid curve of best fit at the MAP corresponding to the steepest part of the curve

Values are means = SEM (n

ns non-significant

15% suffer from sensory neurotoxicity as indicated by
dysesthesia and paraesthesia [38]. These symptoms increase
in intensity with cumulative oxaliplatin dose, leading to im-
paired sensation and/or deficit in fine sensory-motor coordi-
nation. However, the exact mechanism behind this neurotox-
icity is still unclear. Following oxaliplatin treatment, platinum
was detected in the DRG and sciatic nerve. Oxaliplatin also
reduced sensory nerve conduction velocity in the sciatic nerve
in rats [4]. Moreover, apoptosis in the DRG was observed in
an in vitro preparation following oxaliplatin administration
[45]. In accordance with these findings, our study revealed
prolongation of the onset of sympathoexcitatory peaks and
attenuation of both peak heights. These results may be attrib-
uted to oxaliplatin-induced damage of the sensory pathway.

The chemoreflex is an important mechanism altering both
sympathetic function and thereby regulating sympathetic
drive. Activation of the chemoreflex plays an important role
in the development of emesis [46]. In our study, chronic
oxaliplatin treatment augments the sympathoexcitatory re-
sponse to chemoreceptor activation. This oxaliplatin-induced
hyperactivation of the chemoreflex circuit may be correlated
with the high incidence of vomiting associated with
oxaliplatin chemotherapy. Augmented sympathetic excitatory
chemoreceptor reflex also takes part in the potentiation of the
sympathetic drive [28], as observed after chronic oxaliplatin
injection in this study.

Oxidative stress may be a potential mechanism underlying
platinum neurotoxicity [7], and recently, we reported that
oxaliplatin increases oxidative stress in enteric neurons of
mice [25]. Oxaliplatin also induced mitochondrial damage
that leads to excessive nitric oxide (NO) production via acti-
vation of nitric oxide synthase [25]. NO acts as a neurotrans-
mitter and is an important signalling molecule involved in the
signalling pathways operating between cerebral blood vessels,
neurons and glial cells that thereby participate in the regula-
tion of cardiorespiratory functions [15]. NO production is in-
creased in the response to increased CO, levels (hypercapnia)
in human cell cultures [12] indicating its role in central
chemoreflex. Similarly, oxaliplatin can induce NO alteration
which in turn can affect the autonomic pathway to regulate
cardiovascular function and breathing.

Baroreflex provides a rapid negative feedback loop to the
BP change and maintains it at a constant level via the ANS.
Recently, Dampney (2017) suggested that the baroreflex is
reset in different circumstances including exercise, stress and
sleep [5]. The same can be applicable to different disease
states. Neurotoxicity, cardiotoxicity, hypertension and breath-
ing dysfunction are common and severe adverse effects of
cancer chemotherapy [6, 8, 18]. However, the effect of
oxaliplatin chemotherapy on baroreflex function has not been
studied before. Our novel results demonstrate a reduction in
the maximum gain but an increase in the upper plateau and
operating range in oxaliplatin-treated rats. It has been
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suggested that to regulate BP at a level appropriate for a par-
ticular state or disease, four parameters of baroreflex function
curve, including operating range, upper plateau, maximum
gain and lower plateau, can be reset alone or in combination
[5]- However, the exact way of baroreflex reset in a particular
disease, and the mechanisms regulating the reset, are not
completely understood. For example, the gain of the
baroreflex curve is reduced in patients with sleep

a  450-

apneoa [27], but remains unchanged in essential hyper-
tension [16, 22, 34]. In this study, although the barore-
flex gain is reduced in oxaliplatin-treated rats, there is
an evident increase in the upper plateau and operating
range suggesting that baroreflex can function over a
higher range of BP. Moreover, midpoint MAP in
oxaliplatin-treated rats shows a trend to a higher value
compared to sham-treated rats (even though the
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Fig. 6 Effect of a single-dose oxaliplatin (Oxal) in chronic oxaliplatin-
treated rats on the arterial baro-, somatosympathetic and central chemo-
receptor reflexes. a Average splanchnic sympathetic baroreflex function
curves generated for data from intravenous injection of sodium nitroprus-
side (SNP) and phenylephrine hydrochloride (PE) following injection of
vehicle or oxaliplatin. Trace at right represents baroreflex gain for
splanchnic sympathetic nerve activity (sSSNA) (error bars are omitted
for clarity—see Table 3). b Grouped effect of sciatic nerve-evoked stim-
ulation of sSNA following vehicle and oxaliplatin injection. Data are
mean (black)+ SE (grey). Arrows indicate the time of stimulation.
Trace at right represents grouped data illustrating the changes in the 1st
and 2nd sympathoexcitatory peaks following injections of vehicle and
acute oxaliplatin compared to control. Following injection of a single-

5%CO,

dose Oxal, both the sympathoexcitatory peaks of the somatosympathetic
reflex are reduced compared to vehicle. ¢ Experimental recording of
hypercapnic episodes with 5% CO, in oxygen for 3 min at baseline
(control) and following injections of vehicle and acute oxaliplatin.
Right trace represents grouped data of percentage changes in peak effects
on cardiovascular parameters (mean arterial pressure (MAP), heart rate
(HR: bpm, beats per minute) and sSSNA (a.u., arbitrary units)) in response
to hypercapnia after injection of the vehicle or oxaliplatin. The pressor
and sympathoexcitatory responses to hypercapnia are potentially in-
creased following a single-dose Oxal injection compared to vehicle injec-
tion. Values are expressed as mean + SE. ***P < 0.001, **P < 0.01 com-

pared to control
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Platinum in brain
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Fig. 7 Platinum accumulation within the brain following chronic
oxaliplatin treatment. Grouped data representing platinum concentration
in the rat brain in sham and oxaliplatin-treated rats. A significant amount
of platinum (ppm, parts per million) was detected within the rat brain
following oxaliplatin treatment, when compared to the vehicle treatment.
Data are expressed as mean + SE. Number of animals are shown in pa-
rentheses. *P <0.001 compared to vehicle-treated group

difference is not significant). Further detailed studies
can help in understanding the mechanisms behind this.
Most of the adverse effects of chemotherapy are cumula-
tive and occur after chronic use of the drug. Along with cu-
mulative, chronic side effects, oxaliplatin also causes transient
acute neuropathy, to sensory nerves in particular [6]. Little is
known about the acute effects of oxaliplatin on nerve excit-
ability. Adelsberger et al. [3] reported an alteration in the
activation and inactivation behaviour of Na™ channels
pointing towards a direct effect on nerve excitability.
However, the exact mechanism is still unclear. We have ob-
served a significant change in cardiorespiratory parameters,
on both sympathetic and phrenic nerve functions and sympa-
thetic reflexes after chronic treatment with oxaliplatin over
14 days. But acute i.v. injection of oxaliplatin causes no alter-
ation in any of the cardiorespiratory parameters or cardiovas-
cular reflexes. However, i.v. injection of a single dose of
oxaliplatin in chronic oxaliplatin-treated rats alters cardiovas-
cular and respiratory functions along with the sympathetic
reflexes. One possible explanation is that the cumulative dose
administered over a long period of time may allow for the
accumulation of platinum metabolites that then enter cells
via a combination of passive and facilitated diffusion. And
further i.v. injection of a single dose of oxaliplatin possibly
causes alteration in the sensitivity of the autonomic nerves and
a different reflex arch produced by cumulative, chronic
oxaliplatin treatment. This explanation is supported by previ-
ous studies where platinum has been detected in the brain or
periphery several days or weeks after treatment with
oxaliplatin with a minimum gap of 3 days [10, 17, 39, 40].
There are few studies determining the amount of platinum
accumulation in the brain, spinal cord, DRG and peripheral
nerves. Those studies reported higher platinum accumulation
in DRG and peripheral nerves while a very low amount

@ Springer

accumulated in the brain and spinal cord after chronic treat-
ment with cisplatin and oxaliplatin [17, 39, 40]. Consistent
with previous reports, our study also reveals that chronic
oxaliplatin treatment results in platinum accumulation in the
brain. This platinum accumulation can be correlated with the
effects of oxaliplatin on the ANS regulating cardiorespiratory
functions and sympathetic reflexes as observed in this study.
However, it is not clear whether the small amount of platinum
is sufficient to cause any alteration in the nervous system. The
possible explanation is that a different amount of platinum is
required to induce a certain grade of neurotoxicity in different
sites of accumulation. For example, 2 ug g platinum was
required to show mild toxicity in dorsal roots, whereas
0.5 ug g ' was enough to show the same degree of toxicity
in the DRG after cisplatin treatment [17]. The amount of plat-
inum found (0.5 ug g ') in this study is higher than that found
(less than 100 ng g ') in a previous study [39] in spite of the
shorter duration of oxaliplatin treatment (2 weeks) in this
study. The previous study used 1 mg kg ' oxaliplatin for
8 weeks. As part of the brainstem (area postrema) lacks a true
blood-brain barrier, this may act as a conduit for greater plat-
inum drug entry to this particular brain region. As the
brainstem contains the cardiorespiratory control centres, this
may explain why autonomic functions are particularly suscep-
tible to change following oxaliplatin treatment. The histopath-
ological effects of oxaliplatin treatment on these cardiorespi-
ratory centres are part of an ongoing study. Moreover, chemo-
therapy treatment that lasts for at least 1 year may result in the
accumulation of more amount of platinum in the brain leading
to greater toxicity. It has been shown that the degree of neu-
rotoxicity of platinum drugs is not correlated with their solu-
bility or concentration of platinum [40]. Therefore, it is suggested
that mechanisms other than the tissue accumulation of platinum,
e.g. relative reactivity of platinum compounds with plasma pro-
teins, may be involved in the neurotoxicity of platinum drugs.

Conclusion

Regardless of therapeutic advances, cancer survivors remain
at higher risk of cardiovascular morbidity and mortality due to
the disease itself or related treatment strategy [26, 41].
Oxaliplatin treatment induces severe peripheral neurotoxicity
and cardiotoxicity as well as gastrointestinal side effects in-
cluding nausea and vomiting that often demand dose
limitations/withdrawal of the treatment. The mechanisms un-
derlying these toxicities are not clearly understood.
Oxaliplatin-induced platinum accumulation may be associat-
ed with its toxicity to cardiovascular, respiratory and other
neuronal functions. Our findings are that oxaliplatin, after cu-
mulative, chronic administration, increases basal MAP, sSNA
and PNf. Oxaliplatin also reduces baroreceptor sensitivity and
somatosympathetic reflex suggesting a role of oxaliplatin in
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autonomic function. Further studies elucidating mechanisms
of chronic oxaliplatin-induced autonomic dysfunction causing
an increase in MAP, sympathoexcitation and reduced
barosensitivity are warranted in order to develop strategies to
reduce the risk of cardiovascular mortality and achieve more
effective anti-cancer treatment. At the least, the present data
suggest that there may be a need to avoid chronic dosing with
platinum compounds.
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