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Effects of acute and chronic systemic methamphetamine
on respiratory, cardiovascular and metabolic function,
and cardiorespiratory reflexes

Sarah F. Hassan', Travis A. Wearne?, Jennifer L. Cornish? and Ann K. Goodchild!

I'The Australian School of Advanced Medicine, Macquarie University, NSW 2109, Australia
2Neuropharmacology Laboratory, Department of Psychology, Macquarie University, NSW 2109, Australia

Key points

e Methamphetamine (METH) abuse is escalating worldwide, with the most common cause
of death resulting from cardiovascular failure and hyperthermia; however, the underlying
physiological mechanisms are poorly understood.

e Systemic administration of METH in anaesthetised rats reduced the effectiveness of some
protective cardiorespiratory reflexes, increased central respiratory activity independently of
metabolic function, and increased heart rate, metabolism and respiration in a pattern indicating
that non-shivering thermogenesis contributes to the well-described hyperthermia.

e In animals that showed METH-induced behavioural sensitisation following chronic METH
treatment, no changes were evident in baseline cardiovascular, respiratory and metabolic
measures and the METH-evoked effects in these parameters were similar to those seen in
saline-treated or drug naive animals.

¢ Physiological effects evoked by METH were retained but were neither facilitated nor depressed
following chronic treatment with METH.

® These data highlight and identify potential mechanisms for targeted intervention in patients
vulnerable to METH overdose.

Abstract Methamphetamine (METH) is known to promote cardiovascular failure or
life-threatening hyperthermia; however, there is still limited understanding of the mechanisms
responsible for evoking the physiological changes. In this study, we systematically determined
the effects on both autonomic and respiratory outflows, as well as reflex function, following
acute and repeated administration of METH, which enhances behavioural responses. Arterial
pressure, heart rate, phrenic nerve discharge amplitude and frequency, lumbar and splanchnic
sympathetic nerve discharge, interscapular brown adipose tissue and core temperatures, and
expired CO, were measured in urethane-anaesthetised male Sprague-Dawley rats. Novel findings
include potent increases in central inspiratory drive and frequency that are not dependent on
METH-evoked increases in expired CO, levels. Increases in non-shivering thermogenesis correlate
with well-described increases in body temperature and heart rate. Unexpectedly, METH evoked
minor effects on both sympathetic outflows and mean arterial pressure. METH modified cardio-
respiratory reflex function in response to hypoxia, hypercapnia and baroreceptor unloading.
Chronically METH-treated rats failed to exhibit changes in baseline sympathetic, cardiovascular,
respiratory and metabolic parameters. The tonic and reflex cardiovascular, respiratory and
metabolic responses to METH challenge were similar to those seen in saline-treated and drug
naive animals. Overall, these findings describe independent and compound associations between
physiological systems evoked by METH and serve to highlight that a single dose of METH can
significantly impact basic homeostatic systems and protective functions. These effects of METH
persist even following chronic METH treatment.
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AP, arterial pressure; HR, heart rate; iBAT, interscapular brown adipose tissue; 1ISNA, lumbar

sympathetic nerve activity; MAP, mean arterial pressure; METH, methamphetamine; PNA, phrenic nerve activity;
PNamp, phrenic nerve amplitude; PNf, phrenic nerve frequency; SNA, sympathetic nerve activity; sSNA, splanchnic

sympathetic nerve activity.

Introduction

Methamphetamine (METH) distributes rapidly throu-
ghout the brain and body to block and reverse mono-
amine transporters and as a result, enhances synaptic
and extra-synaptic levels of dopamine, noradrenaline
and serotonin (Brown et al. 2002; Sulzer et al. 2005;
Cruickshank & Dyer, 2009). While in humans, well-
described psychogenic effects are accompanied by a
range of physiological changes that include tachy-
cardia, hypertension, tachypnoea and hyperthermia
(Schep et al. 2010), the type and degree of change
reported are impacted by the drug dose, length of drug
use, and varying patient populations whose histories
of METH use (binge/occasional) are complicated by
poly-drug use (Carvalho et al. 2012). Initial attempts in
conscious animals to describe the physiological effects
evoked by METH indicate that METH increases arterial
pressure (AP), heart rate (HR), locomotor activity and
body temperature (Yoshida et al. 1993; Sprague et al.
2004; Rusyniak et al 2012); however, these earlier
studies are limited by a narrow range of physiological
measures. As such, we do not yet understand the
full range and degree of physiological effects of acute
METH administration, or their underlying mechanisms.
Importantly, identifying precisely how and what extent
these systems are altered may expose damage incurred
by chronic METH use and factors that underpin patient
mortality.

As METH administration promotes neuronal plasticity
(Guilarte et al. 2003; Jedynak et al. 2007) and/or neuro-
toxicity (Bowyer & Holson, 1995; Cadet & Krasnova, 2009;
Krasnova & Cadet, 2009) depending upon the dose, and
overdose is typically associated with significant cardiac
effects and life threatening hyperthermia, a comprehensive
study to delineate the physiological changes evoked by
repeated METH use is also required. Chronic use of
METH is associated with altered psychological profiles
and can evoke acute psychosis that is indistinguishable
from schizophrenia (Srisurapanont et al. 2003; Zweben
et al. 2004; Kim et al. 2009; Glasner-Edwards et al. 2010;
Krasnova et al. 2010). Many of these psychological changes
induced by METH are associated with abnormalities
within the brain (Steketee, 2003) and these neural
changes are detectable through behavioural examination.
Repeated exposure to METH followed by a period of

abstinence evokes a facilitated behavioural response in
locomotor activity and/or stereotypy when subsequently
challenged with METH, a process known as behavioural
sensitization (Pierce & Kalivas, 1997), while the locomotor
enhancement can further be attenuated by pretreatment
with antipsychotic drugs (Abekawa et al. 2008). The
neurobiological changes associated with repeated METH
use are increasingly described, but the effects of METH
sensitisation on autonomic and respiratory function are
unknown.

Thus, the objectives of this study were twofold.
The first aim was to define the changes in cardio-
vascular, sympathetic, respiratory and metabolic function,
as well as the effects on cardiorespiratory reflex
function, that are evoked by increasing concentrations
of systemically administered METH. The second aim
was to determine if basal physiological and cardio-
respiratory reflex functions were changed in a model
of behavioural sensitisation, and whether or not there
is enhanced sympathetic, cardiovascular, metabolic or
respiratory sensitivity to METH challenge. Experiments
were conducted in urethane-anaesthetised rats in order
to permit a comprehensive assessment of central
inspiratory drive, non-shivering thermogenesis, multiple
sympathetic nerve activities, blood pressure and heart rate,
together with central and peripheral chemoreceptor and
baroreceptor reflex function unencumbered by changes in
locomotor activity, to investigate specific reflex pathways
and systems altered by METH administration.

Methods
Ethical approval

All procedures conform to the regulations detailed in
the Australian Code of Practice for the Care and Use
of Animals for Scientific Purposes 7th edition (2004)
and were approved by the Macquarie University Animal
Ethics Committee (Animal Research Authority Number
2010/045, 2010/013).

Housing

Male Sprague-Dawley rats obtained from the Animal
Resources Centre (Perth, Australia) were housed at
Macquarie University vivarium in groups of four in
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standard plastic cages (64 cm (L) x 40 cm (W) x 20 cm
(H)) lined with wood shavings and environmental
enrichment material and were kept in a humidity-
and temperature-controlled room (21°C, 60% humidity)
maintained on a 12 h light-12 h dark cycle (lights on at
06.00 h). All experimentation was carried out during the
light period. Food and water were available ad libitum in
the home cages.

Drugs

() Methamphetamine HClI (METH) was obtained
from the Australian Government Analytical Laboratories
(AGAL, Pymble, Australia). METH was dissolved in iso-
tonic saline and injected into the intraperitoneal cavity
(1.r.) at a volume of 1 ml kg~'. Control rats were treated
with isotonic saline.

General surgical procedures

Anaesthesia and surgical preparation was conducted
as previously described by Hassan et al. (2015).
Briefly, rats were anaesthetised with urethane (10% in
saline, 1.3 g kg~! LP; Sigma-Aldrich, St Louis, MO,
USA). Right femoral artery and veins were cannulated
for arterial pressure (AP) and drug administration,
respectively. Tracheostomy permitted artificial ventilation
and measurement of expired CO,. Colonic temperature
was recorded and maintained at 36.5-37.5°C using
a thermoregulated heating blanket set to turn off at
37.0°C. Whole nerve recordings were made from left
phrenic, splanchnic and lumbar sympathetic nerves. Inter-
scapular brown adipose tissue temperature was recorded.
The left and right vagi were cut and neuromuscular
blockade was maintained with pancuronium bromide
(0.8 mg Lv. induction, 0.4mg h~! 1v. maintenance;
Astra Pharmaceuticals Pty Ltd, Sydney, Australia). Rats
were positioned prone in a stereotaxic frame. Nerve
recordings were amplified (CWE Inc., Ardmore, PA,
USA), band pass filtered (0.1-3 kHz), sampled at 5 kHz
(1401, CED Ltd, Cambridge, UK) and recorded on a
computer using Spike2 software (CED Ltd). Core and
iBAT temperatures and end-tidal CO, were sampled
at 2 kHz and recorded similarly. Heart rate (HR) was
derived from the AP signal. Phrenic nerve burst frequency
(PNf) was derived from PNA. All parameters were
continuously recorded for the duration of experiment with
additional doses of urethane administered as required. At
the end of each experiment, rats were killed with 3 m
KCl L.v.

Experimental protocols

Experiment 1: acute METH. Male Sprague-Dawley rats
(350-550 g, n = 6) were used. A stabilisation period of
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10-20 min was allowed. Baroreceptor function (1.v. bolus
of 10 ug sodium nitroprusside and 10 ug phenylephrine;
Sigma Aldrich) and then peripheral and central chemo-
reflex function (hypoxia: 14 s 100% nitrogen; hypercapnia:
60 s of 10% carbon dioxide) were tested. METH was then
administered (1.p.) cumulatively at concentrations of 0.03,
0.1,0.3, 1 and 5 mg kg™ '. The peak responses in MAP, HR,
splanchnic and lumbar sympathetic nerve activities (sSNA
and ISNA, respectively), phrenic nerve burst amplitude
(PNamp) and PNf, iBAT and core temperatures, and
expired CO, were determined at each dose with a
minimum period of 30 min between doses. Assessment
of baroreceptor and then chemoreflex function was
repeated at the time immediately after the peak response
was reached following each dose, with each stimulus
challenge presented twice and the response averaged.
Saline vehicle (1ml kg™! 1.p.) was administered as control
(n=4).

In order to investigate whether the physiological effects
evoked by METH were dependent or independent of the
hypercapnia produced (in paralysed, ventilated animals),
an additional group of animals (n = 5) received a single
dose of METH (5 mg kg~ ! 1.p.) and the METH-evoked
hypercapnia was immediately compensated by increasing
the ventilation rate to maintain the expired CO, level
within 0.1% of control levels.

Experiment 2: chronic METH sensitisation. The behavi-
oural sensitisation protocol is as described in Wearne
et al. (2015). Male Sprague-Dawley rats (277 £ 7g at
the start of testing (n = 26)) were used. Rats were
acclimated to the vivarium for 1 week. On Day 1, all
rats were given 15 min to explore a locomotor chamber.
Rats then received an injection of saline (1 ml kg™
L.p.), were placed back into the locomotor chamber
and their activity measured for 1 h. Rats were then
allocated to treatment groups (METH (n = 13) or
saline (n = 13)) based on baseline locomotor activity
such that there was no significant difference between
groups prior to the commencement of the drug schedule
(P=0.21).

METH-treated rats received once daily 1 mg kg™! ml™!
METH (1.p.) on Days 2 and 8 for locomotor testing, and
once daily injections of 5 mg kg~! ml~! METH (1.p.) on
Days 3—7 in the home cages. Saline rats received once daily
injections of physiological 1 mlkg~! saline (1.p.) from Days
2-8. METH doses used were low to moderate and would be
unlikely to cause neurotoxicity, consistent with previous
methods (Iwazaki et al. 2008; Morshedi & Meredith, 2008).
Locomotor activity was measured on Days 2 and 8 in all
rats and recorded as the number of beam breaks per 60 min
following druginjection (total time in chamber = 75 min).
At the end of the 8 day drug schedule, rats were left for
a withdrawal period of 14-16 days in their home cages
prior to locomotor testing (METH n = 6, saline n = 6)
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or electrophysiological assessment (METH #n = 7, saline
n=7).

Behavioural measures. Locomotor activity in all rats was
recorded on Days 1, 2 and 8 of the drug regime. Twelve
standard chambers (250 (L) x 310 (W) x 500 (H) mm)
consisting of aluminum top and side panels and plexi-glass
front and back panels with metal rod floor (16 rods,
6 mm diameter, 15 mm apart) were used. The chambers
were housed in individual wooden sound attenuation
boxes with ventilation fans providing a masking noise.
Each chamber was equipped with four infrared photo-
beam detectors (Quantum PIR motion sensor, part no.
890-087-2, NESS Security Products, Australia) positioned
on the front and back panels approximately 50 mm
apart and 30 mm above the floor. Locomotor activity
was quantified as the number of photobeam inter-
ruptions and recorded via an attached Macintosh
computer equipped with Med-IV PC software (Med
Associates). Rats were placed in the test chamber 15 min
prior to drug injection to reduce environment-induced
increases in activity. The test room was maintained
under low light conditions at an ambient temperature of
21°C.

Following the 14-16 day withdrawal period, rats under-
going locomotor testing only (METH 7 = 6, saline n = 6)
were injected with 1.0 ml kg~! saline (1.p.) to test for
conditioned baseline responding. The next day (Day 24),
all rats were assessed for METH-induced sensitisation
via a challenge dose of 1 mg kg~! ml™! METH (1.p.).
This procedure provides a behavioural correlate to the
physiological changes measured in the remaining cohort
of animals described below.

Electrophysiological measures. Following the 14-16 day
withdrawal period the remaining animals from each
treatment group (METH »n =7, saline n = 7) were assessed
for cardiovascular, respiratory and thermoregulatory
function and cardiorespiratory reflexes as described in
Experiment 1. Behavioural sensitisation is maintained for
up to 1 year (Paulson et al. 1991) and therefore these rats
were assessed on alternate days between Days 21 and 34
(1 rat day™!). Rats were collected and anaesthetised at the
same time on each day.

Electrophysiological data analysis

Nerve recordings were rectified and averaged using a 2 s
time constant. Baseline values were obtained by averaging
5 min of data in 60 s bins prior to the injection of METH.
Peak changes are expressed as peak value or percentage
(%) of baseline activity for each variable. The peak change
data are expressed as means =+ standard error of the mean
(SEM). Non-linear regression was used to curve fit the
dose-response data.

J Physiol 594.3

To assess sympathetic baroreflex function the effects of
sodium nitroprusside (10 pg) and phenylephrine (10 ug)
were assessed on splanchnic SNA and MAP. X-Y plots of
SNA vs. MAP were determined and the data normalised
setting 100% SNA to baseline levels of SNA. Data were
then fitted using non-linear regression to obtain, top,
bottom, V5o and slope. The first derivative of the curve was
calculated in order to determine the maximum baroreflex
gain (% ASNA/mmHg). To assess cardiac sympathetic
baroreflex function maximum and minimum HR values
generated in response to sodium nitroprusside and
phenylephrine were determined. One-way ANOVA with
Dunnett’s multiple comparison test was used to compare
doses to control responses, significance was indicated if
P < 0.05.

For peripheral and central chemoreflex challenge, peak
values of HR, PNf and sSNA were determined following
METH and compared to controls.

Statistical analysis

Statistical calculations were performed using SPSS version
17 or GraphPad 9. For behavioural analysis statistical
evaluations were made using two-tailed unpaired f tests.
One-way ANOVA (Dunnett’s multiple comparison test)
was used to compare dose-response to control in
physiological data. Curves were fitted using non-linear
regression where possible. Pearson’s correlation analysis
examined iBAT temperatures against other autonomic
parameters, plots were then assessed for linear regression
where possible. For chemoreflex and baroreflex analysis,
two-tailed unpaired ¢ tests and/or one-way ANOVA
(Dunnett’s multiple comparison test) was used. Two-way
ANOVA (Bonferroni multiple comparison test) was
used to compare between treatment groups and doses.
Significance was indicated if P < 0.05.

Results
Experiment 1: acute METH

Effects of METH on cardiovascular, respiratory and
metabolic outflows. To determine the effects of METH
on sSNA, ISNA, MAP, HR, iBAT and core temperatures,
expired CO, and PNamp and PNf, METH was
cumulatively administered at 0.03, 0.1, 0.3, 1 and 5 mg
kg™! doses (Fig. 1). Very small if any response was
evoked in sSNA, ISNA and MAP. In contrast, clear
dose-related responses were generated in HR, iBAT and
core temperatures, expired CO,, PNamp and PNf, with
thresholds consistently between 0.1 and 0.3 mg kg~ !. The
maximal response was typically generated between 1 and
5mgkg~! for respiratory and metabolic parameters.
Figure 2A shows a representative example of the physio-
logical effects evoked by METH (5mg kg™'). Decreases

© 2015 The Authors. The Journal of Physiology © 2015 The Physiological Society
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in sSNA, ISNA and AP (only seen at this dose) were
accompanied by increases in HR, PNamp, PNf, expired
CO,, iBAT and core temperatures. Effects were of varying
duration, with some increases in parameters >150 min
except for PNf, which returned to baseline levels within
<20 min.

A co-ordinated response in iBAT temperature, HR,
expired CO, and core temperature was consistently
observed following METH administration. Figure 2B
shows the correlation plots of changes in iBAT temperature
evoked by METH with changes in HR, PNamp,
PNf, expired CO,, and core temperature; correlation
coefficients are indicated. A strong linear correlation was
observed between iBAT temperature and HR (2 =0.4315,
P =0.0057), expired CO, (> = 0.6045, P = 0.0004), and
core temperature (¥ = 0.5789, P = 0.0006). Increases in
iBAT temperature were weakly associated with increases
in PNamp ( = 0.3001, P = 0.0426) but not PNf
(7 =0.1231).

Figure 2A shows that the increase in PNamp appeared
to precede the increase in expired CO, so we aimed to
determine whether increases in respiratory parameters

Physiological systems altered by acute and chronic methamphetamine
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resulted from elevated levels of expired CO, induced
by METH administration. To test this, another group of
animals was administered METH (5 mgkg ') and expired
CO; levels in each animal were tightly preserved at control
levels by increasing the ventilation rate; such that sub-
sequent changes in expired CO; levels in the cohort were
small (0.038 = 0.047% expired CO,, n=>5, compensated).
Figure 3Aa shows representative examples during the
control period and METH-evoked increases in central
respiratory drive (PNAmp and PNf) when the expired
CO, was compensated for by increasing the ventilation
rate (right-hand side Y axis, Fig. 3Ab). Figure 3B
shows that METH-evoked increases in PNf and PNAmp
(independent of CO, stimulus) resulted from reductions
of the expiratory period, with little change to the
inspiratory period. The peak responses in all parameters
evoked by vehicle, METH (5 mg kg™') and ‘METH
(5 mg kg™') + compensated’ are compared (Fig. 3C).
PNamp and PNf were still increased by >3-fold following
METH, despite similar levels of expired CO, during
compensation (Fig. 3C). Compensating the increasing
levels of CO, after METH (5 mg kg ') did not significantly
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()}
S 501 l g 50 - { T o 3
32 o . b o € 0] ¢ )
© 3 l © . t 1t { <
g t g ®
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Figure 1. Effects of methamphetamine (METH) on respiratory, cardiovascular and metabolic outputs

Grouped data showing the cumulative effects of METH at 0.03, 0.1, 0.3, 1 and 5 mg kg~' administered intra-
peritoneally on splanchnic and lumbar sympathetic nerve activity (sSSNA and ISNA), mean arterial pressure (MAP),
heart rate (HR), interscapular brown adipose tissue (iBAT) and core temperatures, expired CO;, phrenic nerve (PN)
amplitude and frequency. Grouped data are presented as means + SEM; non-linear regression curves are shown

where possible.
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alter the HR, PNamp, PNf and iBAT and core temperature
responses evoked by METH. Significant changes were
evoked by both METH (5 mg kg~!) (M) alone as well
as ‘METH (5 mg kg™') 4+ compensated” (M*) compared
to vehicle in HR (one-way ANOVA, Fp; 1) = 21.99,
P < 0.0001; Dunnett’s multiple comparison test; M,
P < 0.001; M*, P < 0.0001), PNamp (F,,11) = 6.664,

J Physiol 594.3

(F,100 = 5.006, P = 0.0312; M*, P < 0.05), expired
CO; (Fa,12) = 125.2, P < 0.0001; M, P < 0.0001), iBAT
temperature (F; 2 = 19.90, P = 0.0002; M, P < 0.0001;
M*, P < 0.01) and core temperature (F ;2 = 8.934,
P=0.0042; M, P < 0.05; M*, P < 0.01). SSNA and ISNA
were unchanged following administration of 5 mg kg™
METH alone or 5 mg kg~' METH when expired CO, was

P = 0.0127; M, P < 0.05 M*, P < 0.05), PNf compensated.
A B
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HR 50 -
(bpm)
%= 04315
[ 3 _
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400
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4
°
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CO,(%) | Figure 2. Co-ordinated respiratory,
cardiovascular and metabolic effects
5 q o 0e”® fzfg-gggf evoked following METH administration
Expired | ., y= 0.4791.)5 +0.3145 A, representative example of the effects of
CO,(%) =1 * 1 systemic METH (5 mg kg—") on ISNA, sSNA,
3. 15 AP, HR, PNamp, PNf, expired CO,, iBAT and
L] core temperature (respectively). Grey box
31 indicates period in which cardiorespiratory
A iBAT ’ reflexes were tested. B, correlation
Temp (°C) scatterplots showing the relationship
0-- between METH-evoked responses in HR,
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temperature.
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Effects of METH on cardiorespiratory reflex function: peri-
pheral and central chemoreceptor reflexes. HR, PNfand
sSNA responses to hypoxia and hypercapnia are shown in
Fig. 4, with responses in PNamp, ISNA and MAP collected
but not shown.

Hypoxia (14 s of 100% N,) evoked well-described
responses (Sun & Reis, 1994) that included tachycardia,
tachypnoea and sympathoexcitation (Fig. 4A). After
each dose of METH, hypoxia evoked similar effects in
HR and in PNf (ns, one-way ANOVA) (Fig. 4A). The
PNamp response to hypoxia was significantly reduced
at 5 mg kg METH (one-way ANOVA, F 13 = 4.146,
P =0.0288; control, 122.8 & 21.9%; METH: 0.3 mg kg’l,

A
a control b
5 5
Expired 4 4
%) |
COZ(/")a \//\//\l/l//\\//\n/\//\l /\/\1/ 4
20 20
/"\ M ,"1
Integrated (A
PNA (au) | .

oV —
100 100

PANARANARNARN b

Mo Al ' . | . " (au)
PNA ‘
,l_ e —
(au) o r—H 0‘ ‘ ‘ ‘ ‘ ‘ 0" o5s
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67.0 £ 45.8%; 1 mg kg_l, 49.3 £ 24.7%; 5 mg kg_l,
283 + 4.9%, P < 0.01). Sympathoexcitation in ISNA
was significantly enhanced following METH 5 mg kg™!
(Fi3.18) = 3.959, P = 0.0249; ISNA; control, 22.0 =& 7.1%;
METH: 0.3 mg kg!, 182 + 13.1%; 1 mg kg ',
32.9 £ 22.6%; 5 mg kg™!, 73.9 &+ 17.1%, P < 0.05) but
unchanged in sSSNA. MAP was not significantly affected by
hypoxia (control, —2.9 + 4.4 mmHg; METH: 0.3 mgkg ™',
3.9+ 1.0 mmHg; 1 mgkg™!, 6.9 &+ 6.9 mmHg; 5 mg kg™ ?,
2.6 = 6.5 mmHg, ns).

Hypercapnia (60 s of 10% carbon dioxide) also
evoked well-described responses (Makeham et al.
2004), which included bradycardia, tachypnoea and

B

METH 5 mg kg~' +
compensated CO,

—METH 5 mg kg™ +
compensated CO,

Int. PNA

—100 28 -100
PNAmMp PNf CO» iBAT Temp Core Temp
250 -
Fok 5 T s 5 i
S ]
N o O
< 2 < 4
¥ 2 N
X 1 P
o} © © x
o &) & ] ﬁ
0 R
0 B
14 -1
MAP sSNA ISNA
100 1 10 - 20 1
o D o [] vehicle
Iy £ B METH 5 mg kg~
< 4 [] METH 5 mg kg™ +
3 3 compensated CO,
a o
0- -40 - -60 - -60 -

Figure 3. Physiological effects of systemic methamphetamine (MIETH) before and after compensating

METH-evoked increases in expired CO,

A, representative example of expired CO,, ventilation rate (right axis, grey), integrated and raw phrenic nerve activity
during (a) control period and (b) after METH (5 mg kg~')-evoked changes in expired CO, were compensated by
increasing ventilation rate. B, comparison of integrated phrenic nerve activity respiratory period in control (grey line)

and following METH (5 mg kg~

") with compensation of expired CO; (continuous line). C, group data comparing

peak responses following vehicle (open bar), METH (filled bar) and METH with CO, compensation (shaded bar)
and. Grouped data are presented as means 4+ SEM; *P < 0.05, **P < 0.01, **P < 0.001 vs. control.
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sympathoexcitation (Fig. 4B). METH significantly
potentiated the bradycardic response (F3,19) = 6.188,
P = 0.0041; METH 5 mg kg~!, P < 0.01), whereas,
the increase in respiratory drive (PNf) was significantly
reduced (F3,17) = 10.84, P = 0.003; METH 1 mg kg,
P < 0.01) or abolished (METH 5 mg kg~!, P < 0.001)
(Fig. 4B). No differences were observed in the PNamp
response (control, 66.3 + 25.6%; METH: 0.3 mg kg™ !,
141.0 & 118.1%; 1 mg kg~', 36.3 + 19.9%; 5 mg kg~',
22.5 £ 4.9%, ns). Similarly, sympathoexcitation was
unaffected, but the small pressor response was blunted
at 5mgkg~! METH (F3 5 = 3.453, P = 0.0385; control,

S. F. Hassan and others
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9.0 £ 2.4 mmHg, METH: 0.3 mg kg’l, 3.0 &+ 4.2
1 mg kg™ '; 3.7 £ 1.8; 5 mg kg~!, —1.2 + 1.6 mmHg,
P < 0.05).

Peripheral and central chemoreflex function was also
assessed following METH (5 mg kg™!, n = 5) and CO,
compensation (Fig. 4A and B, open triangles). Hypo-
xia elicited a slightly reduced tachycardia (two-tailed
unpaired t test, P = 0.0375, Fig. 4A) compared to
control and a sympathoexcitation that was similar to
that evoked by METH alone, which was significantly
larger than that evoked at baseline (P = 0.0165, Fig. 4A).
Hypercapnia following METH (5 mg kg~') during
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Figure 4. Physiological effects evoked by cardiorespiratory reflex activation following acute systemic

methamphetamine (METH)

Response to hypoxia (A) and hypercapnia (B) before (grey boxes) and after acute METH (0.3, 1 and 5 mg kg~") with
expired CO, compensation (open symbol). C, comparison of heart rate range in response to sodium nitroprusside
and phenylephrine before (shaded bar) and after METH (0.3, 1 and 5 mg kg~") (open bar). Grouped data are
presented as means + SEM; *P < 0.05, **P < 0.001 vs. control (two-tailed unpaired t tests), TP < 0.05, TP < 0.01,
TP < 0.001 vs. control (one-way ANOVA, Dunnett’s multiple comparison test).
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Table 1. Baroreflex
METH
Control 0.3 mg 1 mg 5 mg
A: upper plateau (%sSNA) Acute 128.8 + 14.6 174.7 £+ 31.7 185.5 + 34.3 146.0 + 20.3
Saline treated 133.0 + 8.0 150.7 + 10.6 171.9 £ 123 168.2 + 21.9
METH treated 126.8 + 4.2 172.4 + 19.3 186.6 + 20.4 162.3 + 25.9
B: lower plateau (%sSNA) Acute 0.2 + 3.3 17.9 £ 5.5 129 + 154 17.4 + 4.6
Saline treated 10.6 + 4.2 12.1 + 6.2 13.7 £ 43 16.9 + 4.6
METH treated 10.6 £+ 4.2 11.22 + 3.8 93 £ 26 5.1 £ 3.6
C: gain (%sSNA/mmHg) Acute —-2.4 + 0.7 —-2.9 £+ 0.6 —-2.4 £+ 0.2 —-2.4 £+ 0.2
Saline treated -23 + 03 —-1.9 + 01 —-2.6 +£ 0.3 -28 +04
METH Treated —-1.9 £ 0.2 —-3.0 £ 0.3 —-29 + 05 —2.8 £ 0.6

compensated CO, conditions evoked a greater bradycardia
(P < 0.001, Fig. 4B) and maintained reductions in
tachypnoea (P = 0.0005, Fig. 4B). Compensating
the expired CO, levels did not alter the effects of
METH on PNamp for either hypoxia or hypercapnia,
which were similar to control (59.7 4+ 17.5% and
46.2 + 10.2%, respectively, ns). MAP was similarly
unaffected (6.2 + 4.7 mmHg and 2.7 + 2.1 mmHg,
respectively, ns). Surprisingly sympathoexcitation was
markedly increased by hypercapnia following METH with
CO, compensation (P = 0.0001).

Sympathetic baroreceptor reflex. Cardiac sympathetic
baroreflex function was assessed by determining the total
range in HR change which could be evoked by infusion
of SNP and PE (Fig. 4C). Increasing doses of METH
significantly attenuated the HR range in response to SNP
and PE (one-way ANOVA, F(3 15) = 6.568, P=0.0042) with
Dunnett’s test showing significant effects of both 1 mgkg ™!
and 5 mg kg~! METH (P < 0.01) (Fig. 4C).

Sympathetic baroreflex function was also assessed
from the splanchnic nerve. No significant differences in
sympathetic baroreflex range or gain were seen following
METH administration (Table 1, acute).

Experiment 2: chronic METH sensitisation

Behavioural sensitisation. Injections of METH were
given daily for 7 days and locomotor activity recorded
on Days 2-8. Locomotor activity significant increased
(two-tailed unpaired ¢ test, P = 0.0001) in the
METH-treated group on Day 8 (n=9) compared with Day
2 (n=9) (Fig. 5A). Moreover, the METH-treated animals
were significantly more active than saline-treated animals
on Day 8 (P < 0.0001), with no significant differences seen
within the saline-treated group.

On Day 24 (saline and METH treatment completed Day
8) locomotor activity to METH challenge was measured
in half of each cohort (Challenge, Fig. 5B). Both treated

© 2015 The Authors. The Journal of Physiology © 2015 The Physiological Society

groups showed increased locomotor activity on Day 24
in response to METH challenge compared to locomotor
activity measured on Day 8 (two-tailed unpaired
t test; saline treated, P = 0.0371; METH P = 0.0314).
Sensitisation of the METH-treated group was indicated by
a greater increase in locomotor activity in METH-treated
animals (n = 6) compared to saline-treated animals
(n=6) (P =0.0199). As a result the remaining animals
in each cohort were assumed to demonstrate behavioural
sensitization, so we then determined whether autonomic
and respiratory sensitisation to METH challenge occurred.

Respiratory, cardiovascular and metabolic effects fol-
lowing chronic METH sensitisation protocol. Following
chronic METH sensitisation but prior to METH challenge,
resting cardiorespiratory and metabolic measurements
and cardiorespiratory reflex function were determined

>
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Figure 5. Behavioural sensitisation following chronic
methamphetamine (METH)

A, locomotor activity on Days 2 and 8 of the drug schedule (see text)
in saline-treated (open bar) and METH-treated (filled bar) rats. B,
locomotor activity following METH (1 mg kg=') challenge after

14 days of abstinence in aligned cohort of rats which did not
undergo physiological assessment (grey boxed area). Grouped data
presented as means + SEM; *P < 0.05, ***P < 0.001,

P < 0.0001; METH treated vs. saline treated.
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Table 2. Baseline physiological values

J Physiol 594.3

MAP (mmHg) HR (bpm) PNf (bpm) Core (°Q) iBAT (°C) SSNA (V)
Saline treated 883 £+ 4.4 449.6 + 4.5 31.7 £ 1.8 36.72 &+ 0.19 34.15 4+ 0.47 3.24 + 0.50
METH treated 90.1 + 3.6 438.6 + 7.2 354 + 2.8 36.80 + 0.18 34.17 £+ 0.59 4.24 + 1.39

and compared (Tables 1 and 2, Fig. 7). Chronic METH
treatment had no significant effect on baseline variables:
MAP, HR, PNf, iBAT and core temperatures and sSNA.

In saline (open circles) and METH (filled
squares)-treated groups the effects of METH challenge
(0.1, 0.3, 1 and 5 mg kg !) on sSNA, ISNA, MAP, HR,
iBAT, core temperature, expired CO,, PN amplitude
and frequency were assessed (Fig. 6). The lowest
doses of METH evoked little or no response in any
parameter in either group. Treatment effects were
only observed in expired CO, (two-way ANOVA,
F(1,44) = 18.81, P < 0.0001) with significant dose effects
(F3,44) = 4.255, P = 0.0101) observed at 1 mg kg™!
(P < 0.05) and 5 mg kg~' METH (P < 0.001). Dose
related increases to METH were maintained in both
treatment groups in HR (F343) = 37.77, P < 0.0001),
iBAT (F344) = 98.99, P < 0.0001), core temperature
(F(3,44) = 2352, P< 00001), expired C02 (F(3)44) = 1221,
P < 0.0001), PNamp (F41, = 16.87, P < 0.0001)
and PNf (F3 44 = 4.259, P = 0.01). METH challenge
evoked responses in sSNA, ISNA, MAP, HR, iBAT,
core temperature, PN amplitude and frequency in
METH-treated animals (Fig. 6) were also similar to those
seen in treatment naive animals (Fig. 1).

Peripheral and central chemoreceptor reflex function
following METH sensitisation protocol. Inboth the saline
and METH-treated groups responses to hypoxia and
hypercapnia were obtained at baseline prior to METH
administration and at the peak of METH-evoked effects
(Fig. 7). Hypoxia at baseline evoked characteristic tachy-
cardia, tachypnoea and sympathoexcitation, with no
significant differences between the groups (two-tailed
unpaired ¢ tests) (Fig. 7A). Tachycardia and tachy-
pnoea to hypoxia were unaffected throughout the
dose range of METH challenge within or between
treatment groups. METH-evoked sympathoexcitation
was significantly increased in both saline (one-way
ANOVA, F3p = 20.61, P < 0.0001) and METH
(Fi324y = 5.007, P = 0.0078)-treated animals, with
significant increases at 5 mg kg='! METH in both
saline-treated (P < 0.0001) and METH-treated (P < 0.01)
animals compared to their respective baseline responses.
Surprisingly, saline-treated animals showed exaggerated
sympathoexcitation (two-way ANOVA, F3 01y = 4.77,
P=10.0037) in response to hypoxia with increasing METH
doses (F3,104) = 53.57, P < 0.0001).

Hypercapnia at baseline evoked bradycardia, tachy-
pnoea and sympathoexcitation, with no significant
differences between the two treatment groups observed
except in HR (two-tailed unpaired t tests, P = 0.0235)
(Fig. 7B). Dose-related increases in the bradycardic
response with increasing doses of METH were retained in
saline-treated animals (one-way ANOVA, F3,3) = 10.13,
P = 0.0002) and METH (F,5) = 14.61, P < 0.0001),
with significant effects at 1 mg kg~' (P < 0.01) and
at 5 mg kg7' (P < 0.001) METH in saline-treated
animals, and at 5 mg kg~' METH (P < 0.0001)
in METH-treated animals. Increasing doses of METH
also blunted the tachypnoea response in both saline
(Fi3.04) = 8.564, P = 0.0005) and METH (F3 19) = 4.971,
P = 0.0103)-treated animals, with significant effects at
0.3 mg kg' METH (P < 0.05), 1 mg kg~! METH
(P < 0.01) and 5 mg kg! METH (P < 0.001) in
saline-treated and 1 mg kg~! METH (P < 0.05) and
5 mg kg~! METH (P < 0.05) in METH-treated animals.
Tachypnoea responses to hypercapnia were significantly
different between treatment groups (two-way ANOVA,
F(1,43) = 6.88, P = 0.0120), with greater dose-dependent
reductions in the METH-treated group (Fz43) = 12.74,
P < 0.0001). In contrast, sympathoexcitation was similar
in both treatment groups.

Sympathetic baroreceptor reflexes following METH
sensitisation protocol. Sympathetic cardiac baroreflex
range was reduced in the METH-treated group at base-
line control (two-tailed unpaired ¢ tests, P = 0.0387,
Fig. 7C). HR range following METH challenge was
significantly different to baseline in both saline (one-way
ANOVA, F (3,4) = 12.66, P < 0.0001) and METH groups
(F3,21) = 9.828, P = 0.0003), with significant reductions
in HR following METH 0.3 mg kg~! (saline treated;
P < 0.01), 1 mg kg’1 (saline treated, P < 0.01; METH
treated, P < 0.05) and METH 5 mg kg™! (saline treated,
P < 0.0001; METH treated, P < 0.001). However, there
was no significant difference between treatment groups
(two-way ANOVA, Fig. 7C).

Upper and lower plateau values and sympathetic
baroreflex gains following 0.3, 1 and 5 mg kg~! METH
compared to control are shown in (Table 1A-C). No
differences in sympathetic baroreflex function were
observed within or between treatment groups following
METH challenge (one-way ANOVA/two-way ANOVA).

© 2015 The Authors. The Journal of Physiology © 2015 The Physiological Society
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Discussion

The principal findings of this study are that systemic
METH administration (a) increased HR, iBAT tempe-
rature, expired CO, and inspiratory drive and frequency
in a dose-dependent manner, with little effect on MAP
or the sympathetic outflows to the viscera or hind-
limb, (b) increased centrally mediated ventilatory drive
independently of changes in CO,, (c) modified protective
cardiorespiratory reflexes, and (d) was not associated with
facilitated sympathetic, respiratory, metabolic, cardio-
vascular responses or cardiorespiratory reflex function
following a behaviourally validated METH sensitisation
protocol.

Physiological systems altered by acute and chronic methamphetamine 773

The patterned physiological response of increased
HR and expired CO, which was correlated with iBAT
temperature and accompanied by increased respiratory
drive, is typical of non-shivering thermogenesis
(Morrison, 2011). This suggests that METH triggers
non-shivering thermogenesis which contributes to
the well-described METH-evoked hyperthermia. The
simplest explanation is that METH acts to release
noradrenaline from BAT sympathetic postganglionic
terminals, but other effectors may be possible as centrally
mediated release at other sympathetic outflows was not
evident. In addition, METH drives centrally evoked
increases in ventilatory drive independent of metabolically
induced changes in CO, which underlies the tachypnoea
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Figure 6. Effects of methamphetamine (METH) challenge on respiratory, cardiovascular and metabolic
outputs following chronic treatment with METH or saline

Dose-response curves to METH (0.1, 0.3, 1 and 5 mg kg~') in saline (open symbols) and METH (filled
symbols)-treated animals showing effects on splanchnic and lumbar sympathetic nerve activity (sSSNA and ISNA),
mean arterial pressure (MAP), heart rate (HR), interscapular brown adipose tissue (iBAT) and core temperatures,
expired COy, phrenic (PN) amplitude and frequency. Grouped data are presented as means & SEM; non-linear

regression curves are shown where possible.
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described in the clinic. The data further indicate that
METH-evoked behavioural sensitisation is mediated
independently of mechanisms which evoke sympathetic,
cardiovascular, respiratory and metabolic changes. Finally,
acutely administered METH alters tonic and reflex control
of cardiovascular, respiratory and metabolic systems in
such a way that does not provide an optimal environment
to withstand cardiorespiratory challenge.

S. F. Hassan and others

J Physiol 594.3

Methodological considerations

Several studies have reported the effects of METH on
a limited range of physiological variables able to be
measured in conscious rodents (MAP, HR and body
temperature; Yoshida et al. 1993; Sprague et al. 2004;
Myles et al. 2008; Rusyniak et al. 2012; Varner et al.
2013). An anaesthetised model was chosen for the current
study, permitting the concurrent measurement of multiple
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Figure 7. Physiological effects evoked by cardiorespiratory reflex activation following chronic
administration of methamphetamine (METH) or saline

Response to hypoxia (A) and hypercapnia (B) before (grey boxes) and after different doses of METH (0.3, 1 and
5 mg kg~") in saline (open symbols) and METH (filled symbol)-treated animals. C, comparison of heart rate range
in response to sodium nitroprusside and phenylephrine following METH challenge (0.3, 1 and 5 mg kg~") in saline
(open bars) and METH (dark shaded bar)-treated animals, compared to control. Grouped data are presented as
means =+ SEM: *P < 0.05 (two-tailed unpaired t tests). ¢, METH treated: f, saline treated; #TP < 0.05, *¥/1TP < 0.01,
s¥/fitp < 0.001, TP < 0.0001 vs. control (one-way ANOVA, Dunnett’s multiple comparison test). #P < 0.05,

#p < 0.01 (two-way ANOVA).
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variables, thus providing a greater understanding of the
physiological systems altered by METH administration.
However, the effects of urethane anaesthesia on neuro-
transmitter function in the brain (Hara & Harris, 2002)
and specifically the inhibitory effects when urethane is
directly applied to sympathetic premotor centres in the
medulla (Sun & Reis, 1995) may mask METH-induced
physiological effects seen in conscious but not in
anaesthetised rats. The lack of effect on the sympathetic
outflows measured was also surprising considering METH
concentrates in brain regions containing aminergic
presympathetic populations, potentially driving these
outflows at least at very high doses of the drug (Li
et al. 2012b). The threshold dose of METH for variables
measured in this study was between 0.1 and 0.3 mg kg™,
in keeping with studies in conscious animals (Yoshida ez al.
1993; Varner et al. 2013).

Physiological effects of acute METH

Thermoregulation. METH increased core temperature
as described previously (Bowyer et al. 1992; Callaway
& Clark, 1994; Makisumi et al. 1998; Arora
et al. 2001; Rusyniak et al 2012), with our data
indicating that non-shivering thermogenesis contributes
to METH-evoked hyperthermia. METH evoked an
increase in iBAT temperature of up to 4°C, which was
strongly correlated with increases in core temperature,
despite the use of a thermoregulated heating blanket.
METH also evoked tachycardia and an increase in expired
CO,, which were positively correlated both temporally and
with the magnitude of the iBAT response. Non-shivering
thermogenesis is consistently accompanied by increased
HR, probably increasing BAT blood flow in order to
distribute heat, and increased expired CO, resulting from
increased BAT metabolism (Morrison, 2004; Morrison
et al. 2012). Our findings are supported by a recent
study showing that iBAT ablation reduced METH-induced
hyperthermia in conscious mice (Sanchez-Alavez et al.
2013) and is in keeping with a previous report in which
systemic amphetamine in female rats evoked an increase
in iBAT temperature (Wellman, 1983). However, no other
parameters were measured in this study so the effects
could not be reliably attributed to increased thermogenesis
and changes in blood flow could strongly influence iBAT
temperature. Non-shivering thermogenesis is likely to be
evoked by METH increasing the availability of biogenic
amines directly at brown adipocytes by noradrenaline
release from BAT sympathetic postganglionic terminals
evoked either at the level of the synapse or centrally as
iBAT denervation reduces METH-induced mitochondrial
dysfunction in iBAT (Sanchez-Alavez et al. 2013), or
possibly via indirect mechanisms.

© 2015 The Authors. The Journal of Physiology © 2015 The Physiological Society
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The METH-evoked temperature changes were
independent of physical exertion, which may contribute
to hyperthermia measured under conscious conditions
(Yoshida et al. 1993; Sprague et al. 2004; Rusyniak
et al. 2012). The poor temporal relationship between
temperature and locomotor-induced activity has pre-
viously suggested that factors other than locomotion
contribute to the hyperthermia (Phelps et al. 2010;
Rusyniak et al. 2012). Data described here provide the
first measurement of iBAT temperature indicating that
it contributes to METH-evoked hyperthermia, adding
to previous reports that also implicate glucocorticoids
(Makisumi et al. 1998), the thyroid gland and hyper-
metabolism in skeletal muscle (Makisumi et al. 1998;
Sprague et al. 2004).

Respiration. We demonstrate for the first time that
METH evokes centrally mediated increases in inspiratory
drive and frequency, which were independent of
METH-driven metabolic increases in plasma CO, levels.
The increased inspiratory drive and reduced expiratory
period underlie the tachypnoea often reported in clinical
case and animal studies following METH use (Lin
et al. 1980; Mendelson et al. 2006; Cruickshank &
Dyer, 2009). These changes may be mediated via
activation of central adrenergic receptors, as central
B-adrenoreceptor blockade abolishes the tachypnoea seen
following amphetamine administration (Mediavilla et al.
1979; Mora et al. 1983). Whether central respiratory
centres are directly affected is yet to be determined, but
it is of interest that METH when administered at lethal
concentrations has been reported to concentrate in brain-
stem regions (Li et al. 2012b) where major respiratory
centres are located (Richter & Smith, 2014).

Cardiovascular. In the present study, METH consistently
evoked tachycardia but had no effect on blood pressure
except at 5 mg kg~! where depressor responses
were evoked. METH-evoked tachycardia is consistently
reported in conscious and anaesthetised animal studies
(Yoshida et al. 1993; Arora et al. 2001) and in clinical
reports (Chan et al. 1994; West et al. 2010). This is probably
mediated via 1 adrenoreceptors (Schindler et al. 1992) by
directactions of METH at the heart and/or via activation of
the cardiac sympathetic outflow (as the animals reported
here were vagotomised), or as a consequence of the
increased thermogenesis as indicated above.

The depressor response evoked at high doses of
METH in anaesthetised rats could be indicative of
approaching thresholds of METH toxicity, which at
12 mg kg~! 1.v. can lead to cardiovascular collapse and
death in conscious animals (Chan et al 1994; Kaye
et al. 2007, 2008; Li et al. 2012a,b). The lack of effect
of lower doses of METH on MAP contrasts strongly
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to the pressor responses evoked in conscious animals
(Yoshida et al. 1993) and thus may result from the
anaesthesia (see Methodological considerations above). It
is possible that in non-vagotomised conscious animals
the METH-evoked tachycardia, which is significantly
greater than in vagotomised anaesthetised rats used
here, contributed to the relatively modest pressor effect
(~17 mmHg at 1 mg kg=! METH) seen in conscious
rats or, alternatively, that MAP changes seen in conscious
animals simply reflect those required to accommodate the
increased locomotor activity and altered behaviour elicited
by METH (Shoblock et al. 2003; Hall et al. 2008).

Cardiorespiratory reflexes. We addressed the effects of
METH on chemo- and baroreceptor reflexes which act
to maintain blood pressure, appropriate tissue perfusion
and gas exchange. METH had little effect on the response
to hypoxia except for a reduction in respiratory drive,
likely to be due to a ceiling effect resulting from
METH-evoked CO, load. In contrast, METH altered the
response to hypercapnia, facilitating the bradycardia and
the sympathoexcitation (under CO, compensation), but
abolishing the tachypnoea.

The sympathetic baroreflex was unaffected by METH,
but METH reduced the range of the sympathetic cardiac
baroreflex. This effect could be mediated centrally or
directly at the heart, although the effect may simply result
from a ceiling effect, as METH evoked a large increase
in HR which may not be further increased under the
anaesthetised and paralysed conditions here. Nevertheless,
it is interesting to note that reduced HR variability
indicative of baroreceptor dysfunction is common in those
suffering METH addiction (Henry et al. 2012) and in
a model of METH overdose using very high levels of
METH, baroreceptor function is severely attenuated in
those animals that succumbed to fatal doses of METH (Li
etal 2012D).

These data indicate that respiratory and blood pressure
challenges assessed here following METH administration
fail to elicit appropriate protective reflex responses.

Physiological effects of acute METH following
METH-induced behavioural sensitisation

In line with others, rats that received repeated METH
showed increased locomotor activity compared to those
that received saline (Stewart & Badiani, 1993; McDaid et al.
2006). Following 14 days of abstinence, locomotor activity
was further exaggerated as previously described (Paulson
et al. 1991; McDaid et al. 2006). Evidence suggests this
is mediated by long-term neuroadaptative changes in the
brain (Cornish & Kalivas, 2001), particularly associated
with the mesolimbic dopamine system (Robinson &
Becker, 1986).
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Despite this significant behavioural sensitisation we
found no evidence either of changes in baseline sympa-
thetic, cardiovascular, respiratory or metabolic variables
or cardiorespiratory reflex function. Furthermore, exag-
gerated respiratory or autonomic responses were not
seen at any dose of METH administered in animals
chronically treated with METH. Yoshida and colleagues
(1993) showed that repeated administration of METH
in telemetered animals evoked an enhanced response
in MAP, body temperature, as well as activity (but
not HR) following 1.>. METH challenge. However, they
showed that only activity was sensitised following intra-
cerebroventricular METH challenge, so it is possible that
the enhanced locomotor activity could have contributed
to these larger changes in MAP and body temperature.
Also, rats receiving an escalating dose of METH or
saline for 12 days and then challenged with METH
(10 mgkg™!) on Day 13 showed no change in temperature
within 120 min in the METH-treated group, with a large
rise in core temperature exhibited in the saline-treated
group (Myles & Sabol, 2008). However, we cannot
rule out that significant differences due to METH
administration regimes (both time course and route of
administration) or the contribution of anaesthesia could
account for the differences between all these studies.
Nevertheless, using a protocol which demonstrated
behavioural sensitisation following a period of abstinence
in our conscious animal cohort, there was no facilitation of
METH-evoked autonomic responses in the anaesthetised
animals.

The sensitised locomotor response is likely to be
mediated by the mesolimbic dopamine system (Pierce &
Kalivas, 1997; Kelly et al. 2008). Although little evidence
is available to describe the neurotransmitters involved in
mediating central respiratory and autonomic effects of
METH, we have shown, at least in the prefrontal cortex,
that noradrenaline rather than dopamine best mimics the
physiological effects of systemic METH administration
(Hassan et al. 2015). It is possible that sensitisation
to repeated METH administration does not occur in
all systems. However, we have also demonstrated that
METH sensitisation alters proteins associated with the
GABAergic inhibitory network (Wearne et al. 2015),
one of many neurotransmitter systems targeted by the
general anaesthetic used here (Hara & Harris, 2002). It is
conceivable that such an interaction could limit measures
of physiological facilitation induced by chronic METH
exposure.

In response to peripheral and central chemoreceptor
stimulation, METH-pretreated animals responded very
similarly to both saline-pretreated and naive animals,
with only small differences in a few parameters between
treatment groups. Curiously, the sympathoexcitation
evoked by hypoxia following METH challenge was seen
in both treatment groups and in naive animals. Chronic
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METH treatment does not alter the responses to hypoxia
or hypercapnia at baseline but was similarly deleterious in
both METH-pretreated and drug naive animals during
METH challenge. Likewise, the cardiac sympathetic
baroreflex range was reduced in the METH-pretreated
group, which mimicked the effect in drug naive animals.
The effect of all doses of METH on the physio-
logical measures here were equivalent across all treated
groups.

This lack of sensitisation of cardiovascular, respiratory
and metabolic effects following chronic METH is in
contrast to that seen following other chronic stimuli.
Sustained hypoxia and chronic intermittent hypoxia
(CIH) evoke increased baseline ventilation (Reeves et al.
2003) and CIH causes increased sympathetic vaso-
motor tone, MAP, and haematocrit, with enhanced
peripheral and central chemoreflex sympathetic and
respiratory responses as well as augmentation of other
sympathoexcitatory reflexes (Greenberg et al. 1999; Zoccal
et al. 2009; Silva & Schreihofer, 2011). Furthermore,
these changes were seen in anaesthetised preparations.
Physiological adjustments to chronic exposure to low
environmental temperatures include maintenance of
lower levels of body temperature and a shift from shivering
to non-shivering thermogenesis (Cadena & Tattersall,
2014). Following cessation of all these chronic insults the
physiological changes do recover over time, so that it is
possible that immediately following a chronic exposure
to METH physiological effects may be detected, but this
remains to be determined. Alternatively, the mechanisms
affected by METH to evoke physiological change may not
be amenable to such plasticity.

Conclusions

In summary, acute METH administered in the anaes-
thetised animal increases cardiac, metabolic and respi-
ratory function in a pattern that mimics activation of
non-shivering thermogenesis, indicating that thermo-
genesis probably contributes to METH-evoked hyper-
thermia. METH increases ventilatory drive independently
of changes in CO,. Acute METH administration also
reduces the effectiveness of some components of protective
cardiorespiratory reflexes, probably due to heightened
METH-evoked respiratory and cardiac functions. In
contrast, chronic treatment with METH that facilitated
METH-evoked locomotor activity failed to modify basal
physiological parameters or sympathetic, cardiovascular,
respiratory and metabolic responses evoked by acute
METH challenge. These findings highlight the potent
and dangerous physiological effects of METH use and
indicate some underlying mechanisms responsible for the
increased cardiorespiratory vulnerability and lethal hyper-
thermia seen in those that abuse METH.

© 2015 The Authors. The Journal of Physiology © 2015 The Physiological Society
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Translational perspective

In the emergency room, the behavioural and physiological consequences of methamphetamine
(METH) intoxication are commonly seen. The use of METH is increasing worldwide and the ease
with which it can be manufactured is fuelling this. Death from an overdose of METH is due to
the consequences of extreme temperatures generated in the body or from heart-related events.
METH evokes widespread physiological changes but the underlying mechanisms responsible are
largely unknown. The data presented in this study provide the first comprehensive analysis of cardio-
vascular, respiratory and metabolic function altered by METH in the anaesthetised rat. The effects
are described over a range of doses and following chronic administration. We demonstrate that
non-shivering thermogenesis due to the increased activity of brown adipose tissue, contributes to the
METH-induced increase in body temperature, potentially providing a site of action that could be
targeted to lower the body temperature of patients who abuse METH. Furthermore, the data show
that METH evokes centrally mediated increases in respiration which are independent of the metabolic
consequences of the drug, and, further demonstrate a reduced capability of the heart and respiratory
system to generate appropriate cardiorespiratory reflex functions which are normally protective. Such
studies could ultimately pave the way for therapeutic intervention in patients suffering from METH
overdose.
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