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BACKGROUND AND PURPOSE

While the molecular pathways of baclofen toxicity are understood, the relationships between baclofen-mediated perturbation of
individual target organs and systems involved in cardiovascular regulation are not clear. Our aim was to use an integrative
approach to measure multiple cardiovascular-relevant parameters [CV: mean arterial pressure (MAP), systolic BP, diastolic BP,
pulse pressure, heart rate (HR); CNS: EEG; renal: chemistries and biomarkers of injury] in tandem with the pharmacokinetic
properties of baclofen to better elucidate the site(s) of baclofen activity.

EXPERIMENTAL APPROACH

Han-Wistar rats were administered vehicle or ascending doses of baclofen (3, 10 and 30 mg-kg~', p.o.) at 4 h intervals and
baclofen-mediated changes in parameters recorded. A pharmacokinetic-pharmacodynamic model was then built by
implementing an existing mathematical model of BP in rats.

KEY RESULTS

Final model fits resulted in reasonable parameter estimates and showed that the drug acts on multiple homeostatic processes. In
addition, the models testing a single effect on HR, total peripheral resistance or stroke volume alone did not describe the data. A
final population model was constructed describing the magnitude and direction of the changes in MAP and HR.

CONCLUSIONS AND IMPLICATIONS

The systems pharmacology model developed fits baclofen-mediated changes in MAP and HR well. The findings correlate with
known mechanisms of baclofen pharmacology and suggest that similar models using limited parameter sets may be useful to
predict the cardiovascular effects of other pharmacologically active substances.

Abbreviations

CO, cardiac output; CBT, core body temperature; DBP, diastolic BP; HR, heart rate; ka, absorption rate; ke, elimination rate;
Kin_CO, zero-order rate constant of cardiac output; Kin_TPR, zero-order rate constant of total peripheral resistance;
kout_CO, first-order dissipation rate constant of cardiac output; kout_TPR, first-order dissipation rate constant of total
peripheral resistance; MAP, mean arterial pressure; PKPD, pharmacokinetic-pharmacodynamic; PP, pulse pressure; SBP,
systolic BP; SV, stroke volume; TPR, total peripheral resistance
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Tables of Links

GABAg, receptor
GABAg, receptor

Baclofen

Formic acid

These Tables list key protein targets and ligands in this article which are hyperlinked to corresponding entries in http://www.guidetopharmacology.org,
the common portal for data from the IUPHAR/BPS Guide to PHARMACOLOGY (Southan et al., 2016) and are permanently archived in the Concise Guide

to PHARMACOLOGY 2015/16 (Alexander et al., 2015).

Introduction

Baclofen is a marketed drug approved for the treatment and
alleviation of signs and symptoms associated with neuro-
pathic pain, clonus, dystonia, insomnia, muscle spasticity,
rigidity addiction and anxiety. The CNS depressant properties
and availability of baclofen (Perry et al., 1998) has made it a
drug of abuse for recreational users. However, baclofen
misuse has resulted in a number of drug abusers presenting
to emergency rooms and hospitalizations due to acute high
dose baclofen toxicity (Leung et al., 2006). Patients present-
ing with acute baclofen toxicity exhibit multiple and varied
symptoms including hypertension and/or hypotension, pro-
found hypothermia, bradycardia and/or tachycardia and can
lapse into prolonged coma (Leung et al., 2006).

Baclofen is an agonist at the inhibitory metabotropic
GABAg receptor. The receptor consists of two major subunits,
GABAg; and GABAg,, combining as obligatory heterodimers
to form a functional receptor (White et al., 1998). GABAg
receptors are ubiquitously expressed at both pre and postsyn-
aptic neurons in the CNS and in peripheral target organs
including the heart, kidney and vasculature. Postsynaptic
GABAj receptors mediate their effects via receptor activated
G proteins Gja and G,o coupling to adenylyl cyclase and
direct activation of potassium channels while presynaptic
GABAg receptors modulate glutamatergic and GABA neuro-
transmitter release via increased calcium release.

While molecular signal transduction pathways involved
in baclofen-mediated activation of GABAy receptors within
the CNS are relatively well understood, the relationships
resulting from baclofen’s perturbation of individual target
organs involved in cardiovascular regulation are not clear. In
particular, the cardiovascular system is composed of multiple
organs and tissues whose combined functions contribute to
overall cardiovascular homeostasis. Cardiovascular parame-
ters such as BP, cardiac output and total peripheral resistance
(TPR) are functional parameters that are tightly regulated by
the CNS via the baroreflex arc, the autonomic nervous
system, the renin-angiotensin system and local mediators
such as endothelin and nitric oxide. Modelling
quantifiable parameters such as BP and heart rate (HR) re-
sponses can elucidate site- specific mechanisms of drug-
induced responses (Snelder et al., 2013, 2014). This informa-
tion can facilitate translation of basic science to the
clinical situation and promote the development of
improved pharmaceutical therapies by informing the selec-
tion of better drug candidates for drug development
(Collins et al., 2015).
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This study evaluated the pharmacokinetic properties of
baclofen in tandem with multiple physiological and
biochemical endpoints that contribute to overall cardiovas-
cular function. For this, the effects of baclofen on BP, HR,
CNS, body temperature, plasma chemistries, urine chemis-
tries and renal biomarkers of injury were simultaneously
measured in the same group of rats using an integrative phar-
macology approach (Kamendi et al., 2010) coupled with
quantitative pharmacokinetic-pharmacodynamic (PKPD)
modelling. In addition to detailed characterization of
baclofen-mediated effects in multiple organ systems, BP and
HR response data were used in quantitative PKPD modelling
to characterize site-specific mechanisms of baclofen activa-
tion on overall cardiovascular function. Summary data of
other salient treatment-related changes in power spectra
derived from cortical EEG, plasma clinical chemistries, urine
chemistries and biomarkers of acute kidney injury that were
measured concurrently in these studies are reported
separately (see Figure 3 and Supporting Information Tables
S1-S3 respectively).

Methods

Group sizes

Fifteen rats were dosed with baclofen, and PK was collected in
five rats. Similarly, nine rats were used as controls dosed with
saline.

Randomization. A simple randomization was carried out the
day of dosing based upon quality of blood sampling.

Blinding

The operator was not blinded to treatment. Treatments were
blinded to all other team members analysing specific param-
eters including necropsy, histopathology, clinical chemis-
tries, biomarkers and data analysis (statistician). Treatments
were labelled as Group 1 or Group 2, corresponding to vehicle
and baclofen respectively.

Normalization
Drug induced kidney injury biomarkers, urine electrolytes
and chemistries, and blood chemistries parameters were
normalized to baseline (24 h urine collected before dosing)
and log transformed.

For continuously sampled parameters [mean arterial pres-
sure (MAP), systolic BP (SBP), diastolic BP (DBP), pulse
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pressure (PP), HR, core body temperature (CBT) and EEG],
data were not normalized.

Validity of animal species or model selection
Rats are a commonly used rodent species for early safety
evaluations and their cardiovascular response to drugs exten-
sively studied. The present studies have used this species to
extend the rat cardiovascular PKPD model of others (Snelder
et al., 2013) to specifically model the cardiovascular response
to baclofen.

Animals

Male Hans-Wistar rats from Charles River Laboratories
(Raleigh, NC, USA) were implanted with PhysioTel®
multiplus radio transmitters (model TL11M2-CS50-PXT). At
time of surgery, animals were 10-12 weeks of age and their
weights averaged about 300 g. Animal studies are reported
in compliance with the ARRIVE guidelines (Kilkenny et al.,
2010; McGrath and Lilley, 2015).

Surgical implantation of radio telemetry and
catheters

Rats 10-12 weeks of age, weight averaging 300 g, were surgi-
cally implanted with PhysioTel multiplus radio transmitters
(model TL11M2-C50-PXT) at Charles River Laboratories
using aseptic surgical techniques (Kamendi et al., 2010).
Briefly, rats were anaesthetized with isoflurane (5%). The
chest, abdomen and right inner thigh were then shaved and
disinfected. The transmitter body was placed in the abdomen
and sutured to the abdominal wall. The BP catheter tip was
inserted into the abdominal aorta just distal to the renal
vessels and secured with Vetbond™ (3 M, St Paul, MN, USA).
Two bio-potential leads for EEG recordings were trochared s.
c. to the cranium and attached with skull screw electrodes.
The first screw was located over the right cerebral hemisphere
at 2.5 mm posterior from bregma and +3.0 mm lateral from
midline. The second screw was located over the left cerebral
hemisphere at 5.5 mm posterior from bregma and +3.0 mm
lateral from midline. Radio telemetry transmitters enabled
measurement of BP, EEG and CBT. The ability to record these
parameters was confirmed using Dataquest ART " software
v3.1 (DSI, St Paul, MN, USA) before completion of surgery.
After 2 weeks of recovery, the rats were outfitted with an
in-dwelling jugular vein catheter (BASi, West Lafayette, IN,
USA) for blood sampling. The catheter was filled with a 1:1
heparin-glycerol lock solution to maintain patency and the
animals were shipped 4 days later to AstraZeneca Pharmaceu-
ticals (AZ), Waltham, MA, USA.

Housing and husbandry
After arrival at the site, the surgically prepared animals were
allowed to acclimatize in-house for 7 days. The animals were
housed in a pathogen free facility which has been accredited
by Association for Assessment and Accreditation of Labora-
tory Care International. Each animal was individually housed
in box-shoe polycarbonate cages with corncob bedding mate-
rial placed on racks. Animals were fed lab diet rodent chow
and had free access to water.

On study Day —2, rats were removed from home cages
and placed into the experimental home cage system for
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acclimatization. The system allowed for automated blood
sampling, telemetry and acquisition of other parameters as
previously described (Kamendi et al., 2010). Animals were
housed in this system for the duration of the study.

Experimental design

On Day 1, baseline measures of all parameters were recorded
for 24 h. On Day 1, at time =0, rats were administered vehicle
or ascending doses of baclofen (3, 10 and 30 mg-kg ', p.o.) at
4 h intervals (n = 14). Timed blood samples were collected in
tubes containing 10 uL EDTA att=0, 5, 10, 15, 20, 25, 30, 60,
120, 180, 240, 245, 250, 255, 260, 265, 270, 360, 480, 485,
490, 495, 500, 505, 510, 515, 520, 600, 720, 960, 1020 and
1440 min to determine the plasma concentration time profile
of baclofen. In addition, the elimination profile was deter-
mined after the highest dose. For each sample, the blood
volume removed was replaced immediately with an equal
volume of isotonic saline. Total daily blood volume sampled
from each animal was within acceptable sampling limits in
accord with Institutional Animal Care and Use Committee
guidelines and did not alter haemodynamic parameters of
control animals as compared with non-sampled animals
(data not shown).

Telemetry data acquisition

Radio telemetry signals were captured at an acquisition
frequency of 500 Hz. BPs, EEG and CBT were continuously
recorded over the length of the study and processed using
Dataquest A.R.T 4.2 Gold software (DSI). MAP, systolic pres-
sure (SBP), diastolic pressure (DBP) and HR were derived from
the BP wave using a built-in software algorithm. CBT was
derived from the CBT wave. The data and statistical analysis
comply with the recommendations on experimental design
and analysis in pharmacology (Curtis et al., 2015).

Determination of baclofen in plasma

Briefly, plasma samples of 50 pL. were mixed with 250 uL of
acetonitrile (containing 250 ng-mL™' carbutamide as an
internal standard) to precipitate proteins and centrifuged at
2500x g for 5 min. The supernatants (200 pL) were dried
down to completeness under nitrogen and then
reconstituted with 250 pL of 80:20 10 mM ammonium for-
mate: acetonitrile +0.1% (v v') formic acid prior to
HPLC-MS/MS analysis. An analytical standard was prepared
by dissolving 2 mg-mLf1 baclofen in DMSO with serial dilu-
tion to various concentrations using blank rat plasma to
generate a calibration curve.

Sample separation was carried out using a Discovery
HS F5, 33 x 2.1 mm LC column (SUPLECO, Bellefonte,
PA, USA) held at 50°C, connected to a Shimadzu HPLC
system (Shimadzu Scientific Instruments, Columbia, MD,
USA) with LC20ADvP pump, CBM20A controller and
CTC PAL autosampler (CTC Analytics, Zwingen,
Switzerland) held at 10°C. Samples (5 pL) were eluted at
500 pL-min~' with a 2.3 min gradient elution method.
Mobile phase A consisted of 10 mM ammonium formate
+0.1% (v v'!) formic acid. Mobile phase B consisted of
0.1% (v v!) formic acid in acetonitrile. The elution
method was: 5% B for 0.5 min, then a linear increase
from 5 to 95% in 1 min, hold at 95% B for 0.5 min, then
a return to 5% B for 0.3 min. Eluted samples were
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analysed with a Sciex API 4000 MS (Applied Biosystems,
Framingham, MA, USA) fitted with an electrospray ioniza-
tion probe operated in positive ion mode with selected
reaction monitoring of m/z 214.2-151.0 with a collision
energy of 25 V for baclofen and m/z 272.1-156.1 with a
collision energy of 15 V for carbutamide. Data were
collected and analysed using Analyst software v1.4.1
(Applied Biosystems).

Materials: drugs, chemicals reagents and other
materials (including sources)

Baclofen (Sigma, St Louis, MO, USA); ammonium formate
(Sigma); formic acid (Sigma); acetonitrile (Sigma);
carbutamide (Sigma).

PKPD modelling and simulation methods
Baclofen pharmacokinetics were fitted using a one-
compartment model with linear absorption (k,), elimination
(ke) and volume of distribution (V). To account for nonlinear-
ity in dose, an available fraction was fit with a first order Hill
response and half-max (Kg) defined by

1
favailuble - 1 +Dlgsg'
B

The model was fit to all PK measurements across the three
doses simultaneously.

Cardiovascular physiological observations were fit based
on the model from Snelder et al. (2014). The model structure
was modified to include linear effect compartments linking
the plasma concentration with drug effect. Specifically, the
equations governing the model are as follows:

dHR

g = Kin (1~ FBMAP -+ EFFy) — Kous, HR
dTPR
g = Kingpy-(1 — FB-MAP + EFFrpr) — Koutrpe- TPR
dSVe

~gr = King (1~ FBMAP + EFFsy) — Kout,,-SVe

Where Koutnr, Koutsv and Kouerpr reflect the rate of turnover
in HR, stroke volume (SVe) and TPR respectively. The pa-
rameter FB governs the strength of the feedback from
MAP onto HR, SV and TPR respectively. The parameters
Kintir, Kinsy and ki,rpr are defined such that MAP, HR, SV
and TPR are at baseline in the absence of drug. SV was
corrected for HR as in Snelder et al. (2014) through the fol-
lowing equation:

HR
SV =SV, (1 ~ HRsyIn (ﬁ))

The drug effect parameters EFFg, EFFsy and EFFpg repre-
sent drug effect on HR, SV and TPR respectively. These were
modelled as both linear and Emax effects based on the con-
centration in an effect compartment:

d
4 =k (G, - o)

Effect compartment concentrations are defined by Cg,
and equilibration rate was represented by kegq. For linear drug
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effect, EFF parameters were fit with linear slope Spg, Ssv
and STPR:

EFFpr = Sur-Cg
EFFsy = Ssv-Ck
EFFpr = Stpr-Cg

For an Emax drug effect, half-max drug effect was repre-
sented by ICso, and the individual drug effects were repre-
sented as

EmaxHR-CE
EFFgp = ————
HR ICs50 + Cg
Emaxsy-Cg
EFFsy = —————
sV 1Cs0 + Cg
EmaprRCE
EFFrpr = ————
TPR ICSO T CE

The simulations were initialized at the analytically deter-
mined steady state values of each parameter, MAP,, SV,
HR( and TPR,, for MAP, SV, HR and TPR respectively. HR
was related to cardiac output (CO) and SV through the rela-
tionship CO = SV*HR.

The cardiovascular physiology model was linked to the
baclofen PK model with HR and MAP fit to observed data.
The model was fit by population approach allowing for
inter-individual variability in the baseline parameters. Base-
line values for HRy and MAP, were fit according to

HRy = Oppoe™™®
MAP() — HMAPOenMAm

Here Opgro and 6yapo represent the typical population
values of baseline HR and MAP, while nygo and ny4pp are as-
sumed to be normally distributed with expectation value 0
and variance of oyr” and opap” respectively. Population fits
were performed using the Lindstrom-Bates First-Order Con-
ditional Estimation algorithm, and all modelling and simula-
tion were performed in Phoenix (Pharsight, Cary, NC, USA).
The feedback parameter FB was set to depend on the MAP as
in Snelder et al. (2014) through the following formula:

MAPO

FB = FBO-( —
(MAPOSHR

) FByap

Results

Toxicokinetics
Baclofen was detected in the plasma of rats dosed with the
drug (Figure 1 and Table 1).

Systolic blood pressure

Baclofen 3 mg-kg ' induced a significant (19%, P < 0.05)
transient increase in SBP with maximum changes occurring
60 min post-dose (Figure 2A). Doses of 10 and 30 mg-kg '
each significantly (P < 0.05) increased SBP by 45%. At all
doses, SBP changes returned to baseline prior to the adminis-
tration of the next dose and by the end of the study following
the last dose.
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Table 1

Parameters determined from best fit of pharmacokinetic sub-model

Parameter Estimate

Y 1.57 Lkg ™' 8.8
ke 0.00817 min "~ 9.0
ka 0.0662 min " 13.3
Kg 75.3 mg-kg " 28.1

Diastolic blood pressure

Baclofen at 3, 10 and 30 mg-kg ' significantly (P < 0.05 each)
increased DBP to a maximum of 22%, 58% and 55%, respec-
tively, when compared with time-matched vehicle controls
(Figure 2B). These changes were transient at each dose with
areturn to baseline DBP values prior to administration of sub-
sequent doses and by the end of the study.

Mean arterial BP (MAP)

Baclofen at 3, 10 and 30 mg-kg ' doses significantly (P < 0.05
each) increased MAP to a maximum of 22%, 51% and 50%,
respectively, compared with time-matched vehicle control
responses (Figure 2C). MAP recordings returned to baseline
before the next dose was administered and by the end of the
study.

Pulse pressure (PP)

Consistent with the observed changes of SBP, DBP and MAP,
baclofen at 3 mg-kg™ ' increased PP 11% (P = N. S.; Figure 2D)
compared with time-matched vehicle control responses at
60 min. Baclofen at 10 and 30 mg-kg ' dose-dependently
and significantly (P < 0.05 each) increased PP further to
16% and 20%, respectively, compared with time-matched
vehicle controls.

Heart rate

A general trend, albeit variable, for dose-dependent increases
in HR was observed. Baclofen at 3 mg-kg ' caused a 4%
increase in HR 60 min post-dose compared with vehicle-
treated animals (Figure 2E). Baclofen at 10 mg-kg ' increased
HR further with a maximum 9% increase at 90 min following
administration. Baclofen at 30 mgkg ' significantly
(P < 0.05) increased HR by 14% 2 h post-dose compared with
time-matched vehicle animals. This parameter returned to
baseline before administration of each subsequent dose and
by the end of the study following the final dose.

Core body temperature

Baclofen also produced a trend toward dose-dependent
decreases in CBT (Figure 2F). Baclofen at 30 mg-kg ' only
caused a significant (P < 0.05) 1°C decrease in CBT compared
with time-matched vehicle control responses. CBT returned
to baseline values before administration of each dose and by
the end of the study.

Electroencephalogram power

No biologically relevant changes in  power were observed
following baclofen administration of 3 or 10 mg-kg~" doses.
At 30 mgkg™!, baclofen significantly (P < 0.05 each)
increased 8 and 6 power (Figure 3A-B) by 96% and 62%,
respectively, compared with timed-matched vehicle-treated
animals. Baclofen also significantly decreased (P < 0.05 each)
a, B and vy spectral power (Figures 3C-E) by 40%, 65% and
70%, respectively, compared with time-matched controls.
All spectral bands returned to baseline values by the end of
the study.

Modelling of HR and MAP data

The mechanism of the effect of baclofen on CV endpoints
could be driven by effect on HR, SV, TPR or some combina-
tion of these. To attempt to identify which observable
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measurements were reflecting primary effects and which were
reflecting secondary effects driven by baroreflex mechanisms,
we have applied a systems modelling approach. We
utilized the model built by Snelder ef al., 2014. PK was fit
first (Figure 1; Table 1) and fixed for subsequent
pharmacodynamic (PD) fitting to HR and MAP. Several
potential PD model structures were then analysed for their
ability to qualitatively and quantitatively describe the
behaviour of the MAP and HR observations under treatment
(Figure 4).
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In Models 1-3, we explored whether a drug effect applied
to each of three possible sites of action to determine if any
single effect could account for the observation. In Model 1,
drug effect is potentiated by TPR alone (fixed Eff7pr = 0 and
Effsy = 0). Here, the model does not fit well and results in
poorly estimated parameters. The baroreflex mechanism
predicts that any increase or decrease in MAP will be
counteracted by an opposing change in HR, which is incon-
sistent with the data and leading to poor fit (Figure S5A). In
Model 2, the effect is potentiated by HR alone (fixed Sy = 0
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and S7pg = 0). Here, the model fits well to the HR data but does
not capture the magnitude of observed change in MAP as the
baroreflex response again is activated this time minimizing
the change in MAP (Figure 5B). In Model 3, the effect is poten-
tiated by SV alone (fixed Syr = 0 and Stpr = 0). Again, the
model is not able to capture the change observed in the data
or obtain good fit parameters (Figure SC). Instead, the popula-
tion model accounts for the change in HR and MAP by
increasing the variability (Table 2).

In Model 4, we allow the drug effect on HR, TPR and SV
simultaneously. In this case, the model captures both the
magnitude and direction as well as the timing of the effect
on HR and MAP (Figure 5D). The population model accounts
the degree of variability on the treated animals through base-
line differences between individuals. In Model 4, the drug ef-
fect on each parameter was incorporated as an Emax effect,
which was found to fit significantly better than a linear drug
effect (P < 0.001).
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Hemodynamics

Drug Effect
Model 3

Figure 4

Schematic of different PKPD models used to fit the baclofen-mediated cardiovascular response. Haemodynamic model utilized in analysis of the
data. Model 1 assumes baclofen acts on TPR alone. Model 2 assumes site of action is HR alone. Model 3 assumes drug effect on SV alone. Model 4
allows for drug effect on all endpoints simultaneously. An effect compartment is included to account for differences from plasma exposure at each

of the endpoints individually.

Model 4 also produced reasonable parameter estimates
(Table 2). The parameters governing drug potency were sig-
nificantly differentiated from zero, as measured by the 95%
confidence intervals because both were greater than two stan-
dard deviations above zero. The effect was found to be stron-
gest on TPR and HR, while the effect on SV was smaller. This
suggests that the effect on HR and TPR is of greatest impor-
tance, with potential for some effect driven through SV. It is
worth noting that Model 4 is similar to a model where drug
effect is present on the FB parameter itself. We therefore also
tried incorporating all three effects as a single drug effect on
FB but ruled this model out based on Bayesian information
criterion (BIC).

Goodness of fit

Figures 6 illustrates the outcome of best fit for Model 4. Each
measurement and prediction of HR and MAP for each
individual is included on the plots. The predicted values are
plotted along the x-axis, while the observed values are plotted
along the y-axis. The left panel is for HR, and the right panel is
for MAP. The line represents the line of unity, which would
occur for a perfect fit with zero error.

Discussion and conclusions

This study evaluated mechanisms of baclofen-induced
changes in cardiovascular function using quantitative
pharmacology. For this, multiple physiological and biochem-
ical endpoints that contribute to overall cardiovascular func-
tion in tandem with pharmacokinetic properties of baclofen
were measured. Baclofen increased all measured BPs as well
as HR in a dose-dependent manner. Baclofen also induced
changes in body temperature and altered brain EEG function
(Figure 3) at the highest dose tested consistent with the
known pharmacological activities of this GABAp agonist.
There were no physiologically relevant responses observed
with plasma chemistries, urine chemistries and drug induced
kidney injury biomarkers (see Supporting Information Tables
S1-S3 respectively). A mathematical modelling approach
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supported the hypothesis that baclofen modulates cardiovas-
cular activity by inducing effects on multiple cardiovascular
systems.

Quantitative pharmacology approaches can help to
define mechanisms of drug activation directly at end target
organs or indirectly via feedback mechanisms. The PKPD
models published by Snelder et al., 2014 successfully charac-
terized mechanisms of BP regulation as a product of cardiac
output and TPR working in parallel to maintain BP homeosta-
sis. Both cardiac output and TPR are subject to modulation by
secondary targets including the CNS and renal systems. In the
present study, acute baclofen exposure dose-dependently
increased BP and HR. HR data served as a surrogate measure
for cardiac output based on the general assumption that SV
was relatively unchanged and only small magnitude changes
were observed in PP (Figure 2D).

Fitting BP and HR simultaneously to the Snelder model
supports the hypothesis that baclofen has activity on both
HR and peripheral resistance. The BP response following each
dose was rapid and rose sharply and in parallel to measured
baclofen concentrations. On the other hand, baclofen
induced increases in HR were associated with a delay
observed following each dose. The model fits were capable
of capturing the timing and magnitude of the effects. Our
model demonstrated clear effect of baclofen on TPR, consis-
tent with GABAg agonist mediated activity on the vascula-
ture. Additionally, the model also indicated that baclofen
has activity on increasing HR, as well as a much smaller
magnitude effect on stroke volume. These two effects are
consistent with centrally mediated baclofen activity.

High resolution PKPD data combined with mechanistic
systems models provide the opportunity for both retrospec-
tive and prospective applications. For example, the present
results suggest the ability to separate ‘system specific parame-
ters’ from ‘drug specific parameters’, allowing for the devel-
opment of testable hypotheses to further explore possible
sites of action retrospectively after aggregate pharmacological
effects have been observed and quantified. In effect, the
model allows for indirect comparison with any previously
studied compounds with well characterized effects and
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Best fits of the CV population models to HR and MAP observations. Panels (A-B) show HR and MAP best fits resulting from a fit to TPR alone. Panels
(C-D) show HR and MAP fits for baclofen effect on HR alone. Panels (E-F) show HR and MAP from drug effect on SV alone. Panels (G-H) show HR
and MAP resulting from simultaneous effect on HR, SV and TPR.

known sites of action. On the other hand, there is significant mammalian species based on preclinical observations in the
value in drug discovery using such models prospectively to rodent is a frequent application of PKPD in safety pharmacol-
understand what the effect could be in a new, untested, ogy studies during drug development. In such prospective
system. For example, predicting expected effects in higher application, a model can be used to predict behaviour in a
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Table 2

Parameters determined from best fit of pharmacodynamic sub-model

Parameter Unit Model 1 CV% Model 2 CV% Model 3 CV% Model 4 CV%
KoutHr min "~ 0.193 (fix) 0.193 (fix) 0.193 (fix) 0.193 (fix)
KoutTPR min "' 0.06 (fix) 0.06 (fix) 0.06 (fix) 0.06 (fix)
Koutsv min "’ 0.0021 (fix) 0.0021 (fix) 0.0021 (fix) 0.0021 (fix)
FB mmHg - 0.0029 (fix) 0.0029 (fix) 0.0029 (fix) 0.0029 (fix)
HR_SV - 0.32 (fix) 0.32 (fix) 0.32 (fix) 0.32 (fix)
FB_MAP - -1.98 (fix) -1.98 (fix) -1.98 (fix) -1.98 (fix)
MAPSHR mmHg 155 (fix) 155 (fix) 155 (fix) 155 (fix)
COo mL-min "' 129 (fix) 129 (fix) 129 (fix) 129 (fix)
TPRg mmHg-min~mL’1 0.84 (calc) 0.91 (calc) 0.90 (calc) 0.84 (calc)
SVo mL 0.30 (calc) 0.30 (calc) 0.30 (calc) 0.30 (calc)
OHRo beats-min ' 424 (fix) 428 2.1 430 3.5 423 0.97
Omaro mmHg 108 (fix) 118 1.5 116 2 109 1.1
Stpr mL-mg ! —0.003 245 0 (fix) 0 (fix) - -
SHR mL-mg’1 0 (fix) 0.0088 6 0 (fix) - -
Ssv mL-mg’1 0 (fix) 0 (fix) 0.0057 58 - -
Emaxtpr - - - - - - - 0.167 14
Emaxgyr - - - - - - - 0.111 16
Emaxsy - - - - - - - 0.054 29
ICso pg-mL~! = = = = = = 2.97 13
Keq min 0.04 73 0.01 44 0.011 31 0.028 8.7
ofR - 0.014 - 0.0055 - 0.007 - 0.0048 -
Ouap - 0.003 - 0.0024 - 0.002 - 0.0029 -
200 —

£ .
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Figure 6

Individual predictions versus the observations of HR and MAP for best fit of Model 4. Each point represents the model prediction for that individual
compared against the actual observed data that was measured at that time point.

new species or setting by readjusting the parameters appro-
priately based on an understanding of how they differ
between systems.

Our observations of increased HR and BP in rat are consis-
tent with recorded clinical observations where patients
exposed to the highest doses of baclofen greater than
200 mg presented with frequent hypertension and some-
times tachycardia or bradycardia (Persson and Henning,
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1980; Leung et al., 2006). Although not observed in this
study, hypotension has been observed in animals (Chahl
and Walker 1980; Persson and Henning, 1980; Garcia et al.,
2013) and in less than 10% of patients (Leung et al., 2006).
It is noteworthy, however, that the concentrations of baclo-
fen measured in this rodent study were significantly higher
than those reported to induce hypotension in other rat
studies. Future work should be devoted to exploring the



predicted effect in man, once a validated version of the
Snelder et al. (2014) structure and parameter sets in man can
be developed.

The modelling approach worked very well for suggesting
possible drug actions of baclofen; however, several assump-
tions implicit in the model were necessary over the course
of the analysis. We did not use a measure of direct cardiac out-
put as these are difficult, costly and time consuming to imple-
ment in conscious animals. Instead, we relied on HR as a
surrogate for cardiac output as the magnitude of changes in
PP observed with baclofen was smaller than changes in
MAP. This is consistent with the model fits showing
baclofen-mediated changes in SV may be small and may not
contribute as much as effects on TPR and HR to the overall
MAP. It should be noted that Snelder et al., 2014 have also
used HR and MAP alone to similar effect. An additional
assumption in the modelling was to use the previously
published model parameters directly in the model fitting
process rather than refitting the system parameters to a panel
of drug induced responses. This is one of the strengths of a
systems model as it allows you to keep the system parameters
fixed from experiment to experiment, capturing the changes
in drug specific parameters.

BP changes can be mediated centrally as well as peripher-
ally. Central GABAg receptor activation in the spinal cord,
brainstem and mid brain nuclei modulate changes in BP via
multiple mechanisms including sympathetic activation,
vagal stimulation and vasopressin release inducing varied
responses in BP depending on the site of activation (Amano
and Kubo, 1993; Takenaka et al., 1996; Callera et al., 1999;
Zhang et al., 2007; Li and Pan, 2007; Kobuchi et al., 2009;
Warner et al., 2011; Yamaguchi and Hama, 2011; Hanafusa
et al., 2012; Li et al., 2013; Wang et al., 2013; Rasoulpanah
et al., 2014). Activation of GABAy receptors in the brainstem
increases BP, while activation in the rostral ventrolateral me-
dulla and higher brain nuclei such as paraventricular, ventral
tegmental area and ventral medial hypothalamus either
decreases or has no effect on BP. Injecting baclofen in the
intra lateral cerebral ventricles particularly in the depressor
anterior hypothalamus increases BP via sympathetic nervous
activation (Takenaka et al., 1996). Peripheral GABAg receptors
directly induce vasodepression in the retina and in the pul-
monary vascular bed (Kaye et al., 2004; Hinds et al., 2013).
The mechanism underpinning these effects may be related
to changes in calcium handling and/or nitric oxide produc-
tion as evidenced by studies using cell culture systems (Wang
et al., 2014). Additionally, GABAy receptors are associated
with renal-induced elevations in BP (Donato et al., 2013) tu-
bular fibrosis and atrophy as well as attenuation of renal
nerve-induced noradrenaline release (Erdo, 1990; Fujimura
et al., 1999; Sasaki et al., 2007). In this present study, at the
concentrations tested, baclofen had no effect on urine chem-
istries or a battery of biomarkers of renal injury
(see Supporting Information Tables S2 and S3 respectively),
consistent with the observations of others showing that
concentrations of baclofen higher than those achieved
herein were required to induce changes in renal function
(Fujimura et al., 1999). Taken together, these data suggest a
peripheral mechanism of activation is unlikely and supports
a secondary mechanism where baclofen may be acting at
multiple central targets to increase BP.

PKPD modelling of baclofen cardiovascular effects m

HR can also be regulated at multiple targets of drug action.
Stimulation of GABAj receptors in the nucleus of the tractus
solitarius induces bradycardia (DiMicco and Monroe, 1998;
Callera ef al., 1999; Kim et al., 2000). Central injections of
baclofen to the intra lateral cerebral ventricles or anterior
hypothalamus increase HR. In contrast, direct activation of
peripheral GABAg receptors on the heart myocardium and
parasympathetic activation decrease HR (Varga and Kunos,
1992; Mendelowitz, 1996; Blackshaw et al., 2000; Lorente
et al.,, 2000). Peripheral activation of GABAp receptors
expressed on cardiac sarcolemmal membranes also activate
G-protein-coupled inward rectifier potassium channels
(K3 channels) that diminish cardiac excitation (Dirk, 1999;
Lorente et al., 2000) supporting a central mechanism of acti-
vation. The modelling analysis in this study suggests indirect
activation via a secondary site of action as the mechanism of
HR increase. Although the study design does not allow for
identification and confirmation of baclofen’s secondary site
of action responsible for HR changes, the paradigm allowed
for assessment of multiple possible targets of drug action. In
particular, central nervous activity was assessed using EEG.
Baclofen at 30 mg-kg~ ' induced massive excitation of GABA
receptors as measured using cortical EEG resulting in in-
creased EEG ¢ and 0 activity and diminished o, p and y activity.
Consistent with the EEG signature, animal activity was also
diminished for approximately 8 h following administration
of baclofen 30 mg-kg ' (data not shown). The EEG patterns
observed in the rat studies are consistent with clinical reports
of CNS depression and deep coma-like state observed in
patients presenting in emergency rooms with confirmed bac-
lofen intoxication (Pommier et al., 2014; Leung et al., 2006).
Although no significant central nervous effects were observed
at the lower doses in the present rat studies, we cannot rule
out drug penetration to the brain or spinal pathways that
are major sites of CNS modulation of cardiovascular function.

Baclofen also induced instantaneous and prolonged
decreases in temperature at the middle and high doses.
GABAg receptors inhibited amphetamine and methamphet-
amine induced hyperthermia as well as prolonged central
hyperthermia in a patient with basilar artery occlusion (Bexis
et al., 2004; Huang et al., 2009; van Nieuwenhuijzen and
McGregor, 2009). Stimulation of GABAg receptors located in
the hypothalamus, intermediolateral column and rostral
raphe pallidus also alters CBT (Addae et al., 1986; Jackson
and Nutt, 1991; Tupone et al., 2014; Quéva et al., 2003).
Additionally, CBT and BP share a common sympathetic
nervous system activation pathway (Bain et al., 2014). Thus,
baclofen can activate thermoregulatory mechanisms through
multiple targets in the CNS as well as in the periphery.

Conclusion

The results from the present study indicate that at the doses
tested, baclofen induces cardiovascular, CNS and thermoreg-
ulatory changes without changes in urine chemistry or
biomarkers of renal injury. The changes which we observed
are consistent with the pharmacological action of baclofen
as a GABAg receptor agonist. A mathematical model fits the
baclofen-mediated changes in MAP and HR to gauge effects
on cardiac output and TPR. Results support the hypothesis
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that baclofen modulates cardiovascular activity via action at
multiple sites of action in the cardiovascular system. In addi-
tion, this model, developed based on baclofen-mediated
responses in rat, may have predictive value in assessing
cardiovascular events occurring in higher mammalian
species. While the modelling analysis of the data presented
here provides a method to integrate and draw insight from
multiple physiological measurements simultaneously, it is
only capable of providing insight into endpoints that we
have examined directly. The model does not strictly identify
the organ(s) mediating the effects per se. Taken together, the
data on HR and MAP combined with effects on body temper-
ature argue strongly for the presence of centrally mediated
effects. However, without additional experimental interven-
tion data, it is impossible to rule out that some of the effects
may be mediated peripherally. This modelling approach rep-
resents an additional step toward ways of identifying possible
cardiovascular adverse events earlier in preclinical testing
phases. Information gleaned from these types of PKPD
modelling studies may potentially be leveraged to develop
credible and focused hypotheses to investigate possible
underpinning mechanisms of action, foster better decision-
making and prepare mitigation plans where necessary before
clinical testing, with the eventual aim of improving patient
safety. Although additional and more rigorous translational
validation studies are required with other cardiovascular
agents, this information provides an initial conceptual proof
that modelling systems developed using animal models may
have predictive value for preclinical risk assessment.
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