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Editor’s key points

† Activated BKCa (voltage
and calcium sensitive K+

channels) allow K+ efflux,
causing cell
hyperpolarization.

† Blockage of these
receptors in the carotid
bodies increases
respiratory drive.

† The authors performed a
first-in-human study of a
BKCa-channel blocker.

† At the highest doses
tested, the agent
stimulated ventilation but
also caused a burning
sensation at the
administration site.

Background. Potassium-channels in the carotid body and the brainstem are important
regulators of ventilation. The BKCa-channel contains response elements for CO, O2, and CO2.
Its block increases carotid body signalling, phrenic nerve activity, and respiratory drive. GAL-
021, a new BKCa-channel blocker, increases minute ventilation in rats and non-human
primates. This study assessed the single-dose safety, tolerability, pharmacokinetics (PKs),
and pharmacodynamics (PDs) of GAL-021 in healthy volunteers.

Methods. Thirty subjects participated in a nine-period, randomized, double-blinded, placebo-
controlled, crossover, ascending dose, first-in-human study with i.v. infusions of 0.1–0.96 mg
kg21 h21 for 1 h and intermediate doses up to 4 h.

Results. Adverse event rates were generally similar among dose levels and between placebo-
and GAL-021-treated subjects. At higher GAL-021 doses, a mild/moderate burning sensation
at the infusion site occurred during the infusion. No clinically significant changes in vital signs
or clinical chemistries were noted. Minute ventilation increased (AUE0 – 1 h ≈ 16%, P,0.05) and
end-tidal carbon dioxide (E′CO2

) decreased (AUE0 – 1 h ≈ 6%, P,0.05) during the first hour at 0.96
mg kg21 h21 with 1/2-maximal V̇E and E′CO2

-change occurring by 7.5 min. Drug concentration
rose rapidly during the infusion and decreased rapidly initially (distribution t1/2 of 30 min) and
then more slowly (terminal t1/2 of 5.6 h).

Conclusions. GAL-021 was safe and generally well tolerated with adverse events comparable
with placebo except for an infusion site burning sensation. GAL-021 stimulated ventilation at
the highest doses suggesting that greater infusion rates may be required for maximum PD
effects. GAL-021 had PK characteristics consistent with an acute care medication.
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Respiratory insufficiency in the hospital setting is a common, yet
difficult-to-address, medical issue particularly in postoperative
patients and those in the intensive care unit.1 After surgical pro-
cedures, severe perioperative and post-procedure respiratoryde-
pression remain prominent concerns and occur in 0.5–2% and
≈5% of hospitalized patients, respectively (L. Brookes, 2012, Per-
sonal communication, Premier Research: Incidence of acute
respiratory insufficiency post surgery in community hospitals).2–4

These respiratory events are often associated with opioid anal-
gesia and with significant additional morbidity and hospital
costs. Prospective studies conducted to continuously monitor
a patient’s ventilatory and cardiovascular responses while re-
ceiving opioids report an incidence rate of 12% for O2 desatur-
ation ,90% and an incidence of 41% for bradypnea rates in
general surgical patients.1 5 Certain surgical populations, such

as bariatric patients, have oxyhaemoglobin desaturation events
reported for nearly 100% of the patients studied.6 7

Respiration is controlled largely in the brainstem with input
from higher brain structures and peripheral nerves. Chemore-
ceptors exist both centrally in the nucleus tractus solitarius
(NTS) and peripherally (e.g. carotid body) and are sensitive to
oxygen tension, carbon dioxide tension, pH, and other chem-
ical stimuli.8 9 The NTS is the principal site of termination for
ventilatory-related sensory afferents arising from the lungs,
airways, and peripheral chemoreceptors. The NTS connects
to the pre-Botzinger complex forming the primary pacemaker
for normal respiration.10 – 12 Inhibition of several ion channels
(e.g. BKCa, TASK-1, and TASK-3) in the carotid body glomus
cells has been associated with an increase in respiratory drive
and minute ventilation.13 14
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GAL-021 (Fig. 1) inhibits large-conductance Ca2+/voltage-
activated K+ channels, BKCa (also known as Maxi-K, KCNMA1,
Slo1) primarily working through the carotid body.15 Upon i.v.
administration by bolus or infusion to rats16 or cynomolgus
monkeys,17 GAL-021 elicits dose-dependent increases in
minute ventilation and shows robust, dose-dependent, rever-
sal of opioid (morphine/fentanyl), benzodiazepine (midazolam),
and anaesthetic (isoflurane/propofol)-induced respiratory de-
pression. Unlike opioid receptor antagonists, GAL-021 does
not reverse or compromise opioid analgesia in rats.18

GAL-021 is being developed as an i.v. therapeutic agent for
short-term use to stimulate ventilation in patients with acute
respiratory insufficiency, including such conditions as opioid-
induced respiratory depression and post-anaesthetic atelec-
tasis. GAL-021 is intended to increase minute ventilation by
increasing tidal volume and secondarily through increasing
respiratory rate (RR). It is in these postoperative care settings
that GAL-021 will likely provide benefit by stimulating ven-
tilatory drive without antagonizing m-opioid receptors, revers-
ing analgesia, or acting as a generalized CNS stimulant. The
current study was the initial, first-in-human (FIH), GAL-021
clinical study with the primary objectives of determining
safety, tolerability, pharmacokinetics (PKs), and ventilatory
pharmacodynamics (PDs) of the compound.

Methods
The study was conducted at a single centre (SGS Life Science Ser-
vices, Antwerpen, Belgium) after approval by the ethics com-
mittee (Commisie Voor Medische Ethiek—Ziekenhuisnetwerk
Antwerpen: 001-4047409-63) and the Belgium Federal Agency
for Medicines and Health Products (EudraCT clinical trial regis-
try: 2011-003371-11). This was a randomized, double-blinded,
placebo-controlled, nine-period, single-rising dose study in
three alternating cohorts of healthy subjects. The inclusion cri-
teria were: 18–45 yr of age, BMI of 18–30 kg m22, body weight
of ≥60 to ≤90 kg with normal screening clinical laboratory/
haematology/urinalysis, pulmonary function tests (.80% of
predicted), and oxyhaemoglobin saturation (SpO2

). Subjects
were excluded for concurrent psychiatric disease, drug use/
alcohol abuse within the past 2 yr, tobacco product use,
recent blood donation, pulmonary disease history, clinical
trial participation within the past 8 weeks, or daily caffeine

consumption .750 mg. Females had to be postmenopausal
or surgically sterilized. The rotating panel study design was
chosen to better assess safety and tolerability and to provide
assessment of intrasubject PK dose proportionality and poten-
tially PD dose response. Three cohorts of 10 subjects each (8
treated, 2 placebo) received 3 treatments each (Table 1). The
subjects randomized to placebo during the first period also
received placebo during the second and third periods. Similarly,
drug-treated subjects received GAL-021 in all the three periods.
Safety and PK were evaluated between dose levels. The infu-
sion rate was reduced for longer infusion periods to maintain
similar Cmax concentrations.

Subjects were screened up to 28 days before the treatment
period. On the evening before dosing, subjects were admitted
and baseline safety evaluations conducted. After an overnight
fast, subjects received an i.v. infusion of GAL-021 or placebo.
PD, PK, and safety evaluations were conducted during the
next 24 h. Laboratory tests (haematology, clinical chemistry,
and urinalysis), vital signs, ECG parameters (telemetry and
12-lead ECG), physical examinations, blood pressure (BP), heart
rate,adverse events, pulmonary functiontests, and Ramsay Sed-
ation Scale were collected throughout the dosing periods to
assess safety and tolerability. After their last treatment, subjects
returned 1 week later for final safety assessments.

Adverse events were classified by body system/organ class
and severity. For vital signs, change and percentage change
from predose was integrated during the infusion, the next
2 h thereafter, and from then to the 9-h timepoint. PD end-
points were assessed by two independent systems: a Dräger
Infinity Delta Series patient monitor (Drägerwerk AG, Lübeck,
Germany, software VF8) and a portable respiratory monitor
(NOX-T3, NOX Medical, Reykjavik, IS). The Dräger system
assessed minute ventilation (V̇E), RR, tidal volume (VT) via
pneumotachometer, and oxyhaemoglobin saturation (SpO2

),
and end-tidal carbon dioxide (E′CO2

) partial pressure by Capno-
stat sensor. The NOX-T3 device monitored RR, VT via respiratory
inductance plethysmography (RIP), SpO2

(Nonin), actigraphy,
and nasal air flow. Relative gains in rib cage and abdominal
RIP signals were determined from 5 min of regular natural
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Fig 1 Chemical structure of GAL-021 (2-N,O-dimethylhydroxylamino-
4,6-bispropylamino-S-triazine). The drug product is prepared as a
H2SO4 salt.

Table 1 Study design with treatment period, subject panel/cohort,
and GAL-021 infusion rate and duration. During the first dosing
period, all panels had 10 subjects

Treatment period Cohort Infusion rate and duration
(mg kg21 h213h)

1 A 0.1×1

2 B 0.3×1

3 C 0.3×1

4 A 0.6×1

5 B 0.96×1

6 C 0.72×2

7 A 0.72×3

8 B 0.54×4

9 C 0.72×1, then 0.36×3
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breathing during the baseline period using the qualitative
diagnostic calibration method.19 The weighted RIP signal was
then calibrated to each subject’s average baseline VT from
the pneumotachometer.

Ventilatory PD data (V̇E, RR, VT, E′CO2
) were collected with sub-

jects lying in a partially upright position and evaluated over a
60-min baseline interval before dosing; 5-min intervals
centred at 7.5, 22.5, 37.5, and 52.5; and 10 min intervals
centred at 75 and 105 min post-infusion initiation. For longer
infusions (Periods 6–9), evaluations were performed for
10-min intervals centred at 135 and 165 min (2+ h), 195 and
225 min (3+ h), and 265 and 285 min (4 h). Before unblinding,
PD data were evaluated by polysomnographers to identify
high-quality recording periods from which the respiratorypara-
meters were assessed (Vivonoetics, Newport Coast, CA, USA).
Before the study, the Dräger pneumotachometer was desig-
nated as the primary device for ventilatory PD assessments.
The NOX-T3 device was included for comparison with pneumo-
tachometers across several studies (cross-study data not pre-
sented). Individual change and percentage change from
predose were calculated and integrated over the 0–1 and
0–2-h periods (2+-h infusions). The values at 1 and 2 h were
estimated using the time weight average of the two flanking
timepoints or last value carried forward when no subsequent
timepoint was available. Group mean, median, standard devi-
ation (SD), and standard error (SE) were calculated by dose level.
Data from treatment Periods 6 and 7 were pooled for analysis
during the first 2 h after infusion initiation. PD responses in
placebo and active treated subjects were compared using un-
paired t-test assuming non-similar distributions (Microsoft
Excel 2007). The P-values reported are all in comparison with
placebo. The integrated change in V̇E during the first hour
was declared as the primary PD variable before study start. If
the primary PD endpoint result was statistically significant,
other inferential comparisons were made without corrections
for multiple comparisons.

GAL-021 (Fig. 1) was prepared as a sterile product for injec-
tion ready for dilution in normal saline (colourless, pH 3.1).
GAL-021 or placebo (normal saline) was diluted in normal
saline (final volume≈250 ml) and administrated intravenously
by infusion pump.

Venous blood samples for plasma GAL-021 concentrations
were collected in K2EDTA pre-infusion and at 0.25, 0.5, 0.75
(1-h infusion only), 1, 2, 3, and 24 h thereafter from the contra-
lateral arm from the drug infusion. Additional PK samples were
collected at infusion termination and 0.25, 0.5, 1, 2, 4, and 8 h
thereafter. All GAL-021-treated subjects were included in the
PK analysis. Plasma PK samples were analysed using a vali-
dated liquid chromatography with the tandem mass spec-
trometry method. The method precision (%CV) and accuracy
(%RE) were ,15% for all of the quality control sample concen-
trations (0.25, 0.75, 50, and 300 ng ml21). PK evaluations
including compartmental analyses were performed using
WinNonlin Professional Edition Version 5.3 (Pharsight Corpor-
ation, Mountain View, CA, USA) and Microsoft Excel (Version
2010). Concentration values below the lower limit of quantita-
tion (,0.250 ng ml21) were treated as a zero for descriptive

statistics. The concentration–time profile for each subject at
each treatment was analysed individually in both the non-
compartmental and compartmental PK analysis.

All PK parameters (Cmax, AUC0 – 24, AUC0 – 1, CLp, Vz, and Vss),
except for tmax were transformed logarithmically for analysis,
means, SDs, and coefficients of variation computed. The power
model was used to evaluate dose proportionality of a PK par-
ameter (Y¼a.Doseb). Dose proportionality was declared when
b is 1 and ideal dose-independency is established when b is
zero. Y is dose proportional when the 90% confidence interval
(CI) forb falls within the critical region [1+ln(uL)/ln(r), 1+ln(uH)/
ln(r)], where b is the slope of the plot of log Y vs log Dose,
uL¼0.80, uH¼1.25, and r is the ratio of the highest to the
lowest dose.20 Y is dose-independent when the 90% CI for b
includes zero.

For compartmental modelling, individual plasma
concentration–time profiles were visually inspected to deter-
mine which compartment models best fit the characteristics
of the dataset. Compartmental modelling was performed
using two- and three-compartment open models without lag
time. In these multi-compartment models, a constant infusion
input into the central compartment, first-order transfer
between compartments, and first-order elimination from the
central compartment were assumed. The following modelling
parameters were considered to be log-normally distributed
and included in the analysis. For the two-compartment
model, V1 [central compartment volume of distribution (VD)],
V2 [peripheral compartment (VD)], CL1 (central compartment
elimination clearance), and CL2 (inter-compartment distribu-
tion clearance). For the three-compartment model, V3 (deep
peripheral compartment VD) and CL3 (slow inter-compartment
distribution clearance) were added. Initial parameter values
were generated by WinNonlin. A weighting factor of 1 yr22

was utilized along with Gauss–Newton minimization algo-
rithm for non-linear least squares regression.

Results
In total, 28 male and 2 female healthy volunteers (29 Cauca-
sian, 1 Black) participated in the study with a mean age of
33.0 (7.6) yr [mean (SD)] (range: 20–44 yr), a weight of 77.5
(7.7 kg); a height of 1.77 (0.07 m), and a BMI of 24.8 (2.5 kg
m22). The study was completed over a 9-week period with
the interval between repeat dosing of the same subject
ranging from 9 to 20 days. Three subjects discontinued the
study early: one because of a non-serious adverse experience
and because of protocol violations before their second treat-
ment period. Eight dose levels were administered to three
cohorts (Table 1) with the first seven dose levels infused at
fixed rates (0.1–0.96 mg kg21 h21) for 1, 2, 3, or 4 h and the
last dose infused by a loading dose (0.72 mg kg21 h21 for 1 h)
followed by a maintenance dose (0.36 mg kg21 h21 for 3 h).

Twenty-five subjects (83%) reported at least one adverse
event (AE) during the study. All AEs were mild to moderate in
severity. The most common AEs across all doses were venous
pain at the infusion site (60%), headache (23%), nasopharyn-
gitis (16.7%), nausea (10%), and catheter site pain in the
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contralateral arm to the drug infusion site (10%). AEs that oc-
curred more than once are presented in Table 2. Overall, the
AE rate was similar across all dose levels, during the first,
second, and third exposures, and comparable with placebo,
except for the mild/moderate burning sensation at the infusion
site. The burning sensation at the infusion site occurred only in
GAL-021-treated subjects at higher dose levels. The infusion
site sensation started usually soon after infusion initiation
(≈15 min), generally declining in intensity during the infusion
and ended soon after the infusion. There was no evidence of
local or venous injury post-infusion. One subject experienced
burning sensation shortly after the initiation of the infusion
(0.96 mg kg21 h21). Vasovagal syncope occurred and infusion
was stopped at the fourth minute of infusion after which the
AE rapidly resolved. No cardiac arrhythmias were noted and
BP promptly returned to predose levels. Plasma drug concen-
trations at that timepoint were less than those during the pre-
vious dosing period which was well tolerated by the subject.

No clinically significant changes in blood chemistry, haem-
atological parameters, PFT, or ECG occurred in any treatment
group. Heart rate was more variable and increased generally
during the day in all treatments without clinically meaningful
differences from placebo-treatment. No significant changes
in diastolic and systolic BP were observed across dose levels.
During Periods 1–3, no mean arterial pressure changes were
noted. During Periods 4 and 5 (second exposure), small mean
arterial BP increased by 3.3–4.2%. The same subjects returned
for a third treatment (Periods 7–9) with larger total exposures
and had no significant change in mean arterial pressure
(0.2–0.6%).

No clinical hyperventilation was noted during the study. RR
varied during the 2-h assessment period (baseline: 12.0 min21)
without a consistent post-dose pattern and a small mean inte-
grated change usually ,1 min21. Tidal volume (VT) had an
initial upward deflection at 7.5 min in all dose groups. There-
after, VT declined towards baseline in most groups. Over the
2-h assessment period, VT changes were small with only the
0.96 mg kg21 h21 dose having a generally sustained increase

of .10%. At the highest infusion rate, V̇E increased rapidly,
exceeding 1/2-maximal effect (14.5%) at the first point
assessed at 7.5 min (Fig. 2A), had a sustained effect (14.5–
18.9%) until infusion cessation, and gradually declined
thereafter. E′CO2

decreased in all groups after infusion initiation
and remained below baseline during the first hour. The 0.96 mg
kg21 h21 infusion produces a far greater decrease of E′CO2

,
which was statistically significant (P,0.05) at several time-
points, and then returned towards baseline after infusion ces-
sation (Fig. 2B). The 0.72 mg kg21 h21 infusion (2 and 3 h
duration) had a sustained E′CO2

decrease which was statistically
different (P,0.05) from the 37.5-min through the 2-h time-
points. Haemoglobin oxygen saturation (SpO2

) was unchanged
in lower dose groups. At the highest infusion rate, mean
SpO2

increased by 0.74–1.13% from a baseline of 95.5% and
was statistically different at all timepoints (P,0.05) during
the first hour.

To further analyse the responses, the area under the effect
curve (AUE) was determined for 0–1 and 0–2-h intervals.
Minute ventilation did not change significantly except at the
highest infusion rate, at which the integrated V̇E over the first
hour (AUE0 – 1h) was increased compared with placebo (16.1
vs 1.1%, P,0.05) (Table 3). In the pooled 0.72 mg kg21 h21

group, V̇E AUE0 – 1h increased to a lesser extent (6.3%, NS).
During the first hour in Period 9, the same 0.72 mg kg21 h21 in-
fusion rate was administered and similar PD effects observed
(5.4%). When Period 9 data were pooled with Periods 6 and 7,
the V̇E AUE0 – 1h was statistically significant (P,0.05) sug-
gesting the lack of significance at this infusion rate was sam-
ple size-related. Greater minute ventilation changes were
detected with the NOX-T3 device at the highest infusion rate
[23.9 vs 22.9% (placebo); P,0.05] confirming the PD effect.
The patterns of PD effects of V̇E, VT, and RR were similar
between the two devices with similar statistically significant
differences among treatments. At 0.96 mg kg21 h21, inte-
grated E′CO2

decreased (25.6%) during the first hour and
returned towards baseline during the second hour (24.3%)
(P,0.05, both intervals). At 0.72 mg kg21 h21, E′CO2

decreased

Table 2 Summary of adverse events with greater than a single occurrence. *Total number of individual subjects with specific adverse event. The
total subjects with any adverse events include adverse events that occurred only once during the study and are not included in the table

Period 1 2/3 4 5 6 7 8 9 All

Rate (mg kg21 h21) 0.1 0.3 0.6 0.96 0.72 0.72 0.54 0.72/0.36 Placebo Total subjects
reporting AE-Duration (h) 1 1 1 1 2 3 4 1/3 various

# Subjects 8 16 7 7 8 7 6 8 633 periods

Abdominal pain 1 1 2*

Common cold rhinitis 1 1 4 5*

Cough 1 1 2*

Headache 1 2 2 1 1 1 1 4 7*

Loose stools 1 1 1 2*

Nausea 1 2 1 1 3*

Venous pain contralateral (PK sampling site) 1 1 1 3*

Venous pain infusion site 2 5 4 6 5 6 18*

# Subjects with any AE 2 6 5 5 5 6 6 7 5 25
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(22.9%) during the firsthour, which wasunchanged during the
second hour of continued infusion (22.5%) (P,0.05, both
intervals). At 0.96 mg kg21 h21, integrated SpO2

during the
first hour increased 0.85% compared with placebo (20.05%,
P,0.01).

At all infusion rates, the shape of plasma concentration–
time profiles was similar. Plasma concentrations increased
rapidly during the infusion, and decreased sharply initially

and then gradually after the infusion (Fig. 3). The mean Cmax

values were generally reached at the end of infusion or the
end of loading dose infusion in the case of the biphasic infusion
(Period 9). After the end of infusion, all plasma concentration–
time profiles displayed apparent bi-exponential decay with a
steep distributional phase and a gradual terminal phase with
a mean terminal t1/2 of 5.6 h (Table 4). The PK analysis of
GAL-021 in healthy volunteers was performed using both the
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fusion rates are displayed forclarity. Periods 6 and 7 with identical infusion 0.72 mg kg21 h21 rates were pooled for time course analysis as described
in the Methods section [mean (SEM), *P,0.05].

Table 3 Integrated percentage change from baseline period during infusion during the interval from the start of infusion to first hour (0–1) and
through the first 2 h (0–2) for infusions ≥2 h. Mean (SEM); *P,0.05 vs placebo group; †P,0.01 vs placebo group, All infusion times are for 1 h, except
for 0.54 and 0.72 mg kg21 h21 which were two or more hours

Ventilatory
parameters

Baseline Duration
(h)

Infusion rate (mg kg21 h21)

Placebo 0.1 0.3 0.54 0.6 0.72 0.96

Tidal volume 565 (31 ml) 0–1 20.9 (1.7) 4.4 (4.5) 3.8 (3.8) 2.8 (3.9) 3.0 (2.5) 1.5 (1.9) 15.0 (10.4)
0–2 21.5 (1.5) 0.6 (2.9) 0.9 (1.9)

RR 12.0 (0.7 min21) 0–1 2.2 (2.0) 0.1 (2.7) 21.1 (2.8) 1.9 (3.7) 3.1 (2.1) 5.7 (2.5) 3.5 (5.7)
0–2 2.0 (2.0) 3.4 (3.0) 5.8 (2.4)

Minute
ventilation

7.1 (0.3 litre min21) 0–1 1.1 (1.2) 1.3 (1.5) 3.0 (1.8) 4.3 (3.3) 5.4 (2.9) 6.8 (2.6) 16.1 (5.2*)
0–2 0.2 (1.7) 3.6 (3.2) 6.5 (2.8)

E′CO2
5.46 (0.01 kPa) 0–1 21.2 (0.5) 21.1 (1.1) 21.4 (0.4) 21.8 (0.5) 22.6 (0.4) 22.9 (0.4*) 25.6 (1.2*)

0–2 20.4 (0.5) 0.0 (0.9) 22.6 (0.5†)
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non-compartmental and compartmental approaches. Based
on the non-compartmental analysis, the mean plasma clear-
ance (CLp) was 11.9 ml min21 kg21, approximately one-half
of hepatic blood flow rate in humans. The mean steady-state
volume of distribution (Vss) was 2.17 litre kg21, which is 2–3
times the total body water in humans, suggesting that
GAL-021 was highly distributed to tissues. Compartmental
analysis was evaluated with two- and three-compartment
models with resultant similar Akaike information criteria
values. Using a two-compartment model, mean central (V1)

and peripheral (V2) volume of distribution values were 0.75
litre kg21 (range: 0.6–0.9) and 1.74 litre kg21 (range: 1.4–
2.0), respectively. The mean inter-compartment clearance
(CL2) was 5.3 ml min21 kg21 (range: 4.2–6.1) with a mean
central compartment elimination clearance (CL1) of 12.7 ml
min21 kg21 (range: 11–14). The mean distribution half-life
(t1/2,a) was 0.45 h (range: 0.4–0.6) with a mean terminal dis-
position half-life (t1/2,b) of 5.6 h (range: 4.5–7.2).

The plasma concentration at 1-h of infusion (C1h) was
common to all doses and was dose proportional using the
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power model (Fig. 4A). The dose proportionality b value was
1.05 (90% CI, 0.992, 1.098) and completely contained within
the critical region (0.900, 1.100). The total systemic exposure
(AUC0 –1) was also dose proportional (Fig. 4B). The dose propor-
tionalityb-value was 1.01 (90%CI, 0.980, 1.046) entirely within
the critical region (0.927, 1.073). Intra-subject variability is
generally less than inter-subject variability for t1/2, CLp, and
Vss, suggesting that effects from other factors may exist.

Discussion
During the FIH study, GAL-021 was a generally well tolerated
potential therapeutic agent. The overall AE profile was similar
to placebo (Table 2). The burning sensation, the only notable
difference from placebo, has occurred with previous i.v. medi-
cations and may be a result of either the local concentration
of GAL-021 or low infusate pH (3.1).21 There were no post-
infusion clinical findings suggestive of venous injury.Additional
evaluations will be required to determine the aetiology of the
burning sensation. Small BP increases were observed at mid
dose, but not reproduced at greater and longer duration expo-
sures and greater plasma GAL-021 concentrations in the same
subjects. Any pressor effects, if present, will likely be limited
and unlikely to be a significant concern in the post-anaesthesia
setting where hypotensive findings are common.22

The presence of respiratory stimulation under ambient air
conditions was evaluated throughout the study. No stimulation
was observed at lower infusion rates. At the two highest infusion
rates, V̇E increased as measured by both the Dräger and NOX-T3
systems; thereby confirming the PD effects despite using
differing measurement approaches—pneumotachometer
with direct breath-by-breath integration vs inductance plethys-
mography. The rapid V̇E increase correlated with an equally
rapid reciprocal decrease in E′CO2

. The V̇E and E′CO2
changes at

the highest infusion rates suggest that greater infusion rates
may be required to establish maximum stimulatory effects
and confirm the current observation. The magnitude of the V̇E

changes is similar to those observed by Okubo23 at doxapram
concentrations greater than attained with approved doses for
the treatment of postoperative respiratory depression.24 The
rapid increase in V̇E with 1

2 maximum effect attained at 7.5
min would support GAL-021 use in treating acute respiratoryde-
pression with further refinement of the loading/maintenance
dosing approach explored in Period 9. The rapid increase in V̇E

and slow decline after the infusion cessation suggests a non-
linear relationship between PK and PD. Under more stimulatory
conditions (e.g. hypercapnia and hypoxia), the dose response
may be altered with lower or greater infusion rates required
for stimulating minute ventilation.

GAL-021 demonstrated low variability and tightly dose-
proportional PKs over the dose range studied. Plasma
concentration–time profiles in humans are similar to those in
dog and rat with plasma concentrations increasing rapidly
during the infusion and falling sharply at first and gradually
thereafter after cessation of infusion. In general, all plasma
concentration–time profiles fit well to a two-compartmental
model with a short distribution half-life of ,30 min. With
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Cmax and AUC0 – 1 being dose-proportional and t1/2, CLp, and Vss

being dose-independent, the dosage regimen design and
adjustment in the future could be simplified potentially as a
result of the linear PK.

Overall, GAL-021 was safe, generally well tolerated during
this study and demonstrated potentially clinically useful re-
spiratory stimulatory effects. The respiratory effects had a
rapid onset and slower offset which should allow effective up
titration and prevent a rapid loss of effect that has been asso-
ciated with some anaesthetic/analgesic reversal agents. The
drug concentration profile of rapid increase/decrease is con-
sistent with drugs used in an acute care setting. Very rapid
onset of near maximal V̇E (,1 min) was observed in primates
and rodents with bolus/maintenance dosing of GAL-021.16 17

It is likely that the rapid stimulatory effect will translate to
humans with further refinement of the infusion regimen. The
results of this study support continued clinical development
of GAL-021 and suggest that the BKCa-channel may be a thera-
peutic target for the treatment of respiratory depression.
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