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Abstract

The neurosteroid allopregnanolone (ALLO) is under investigation as a treat-
ment for benzodiazepine-refractory status epilepticus (SE). Here, we assess the
cardiopulmonary safety of intravenous ALLO by itself and after a clinically rec-
ommended dose of midazolam (MDZ) in two healthy adult beagles. Each dog re-
ceived ALLO (1 mg/kg, IV), and after a washout period of 2 weeks, each dog was
dosed with MDZ (0.2 mg/kg, IV) followed 10 minutes later by ALLO. Behavioral
state, vital signs, arterial blood gases, blood chemistries, and plasma ALLO con-
centrations were monitored for up to 6 hours after dosing. The dogs appeared
sleepy but were fully responsive after both treatments. No depression of mean
arterial pressure or respiratory rate was noted. Blood gas measurements failed to
show evidence of drug-induced acute respiratory acidosis. Estimated maximum
plasma ALLO concentrations were in the range of 1500 to 3000ng/ml. The re-
sults indicate that intravenous ALLO can be used safely to treat benzodiazepine-
refractory SE, even when administered shortly after a benzodiazepine.
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1 | INTRODUCTION
Benzodiazepines, including the rapidly acting water-
soluble benzodiazepine midazolam (MDZ)," are the rec-
ommended first-line treatment for status epilepticus (SE)
in both human and veterinary medicine.’ Benzodiazepines
become less effective with increasing time after SE onset
and often fail to terminate SE.> When one or more ben-
zodiazepine doses do not stop seizures, other antiseizure
medications are administered intravenously, and if these
also fail, general anesthesia may be required.”’ Continuing
seizure activity and the effects of the various treatments
are associated with increased risk of poor outcome. New
therapeutic agents or combinations that effectively termi-
nate benzodiazepine-refractory SE and avoid the adverse
physiological effects of general anesthetics are urgently
needed to improve long-term outcomes.
Allopregnanolone (ALLO) is an endogenous neu-
rosteroid that acts as a positive allosteric modulator of
GABA, receptors. Allopregnanolone has several phar-
macological properties that are distinct from benzodiaze-
pines, which also positively modulate GABA , receptors.®
Allopregnanolone has powerful antiseizure activity and
in experimental animal models of chemically induced SE
has been shown to significantly delay seizure onset, re-
duce seizure incidence and duration, terminate electroen-
cephalographic epileptic discharges, and protect against
neuronal calcium dysregulation, particularly when used
in combination with or following a benzodiazepine.’ ™2
Importantly, ALLO has been found to effectively terminate
SE in animals that fail to respond to MDZ at doses that are
associated with plasma levels comparable with or substan-
tially greater than those achieved in humans administered
MDZ at doses recommended for the treatment of SE.'!
These observations suggest that ALLO could be used to
terminate SE in benzodiazepine-refractory patients.
Recognizing that both MDZ and ALLO can potentially
depress respiration and blood pressure,"*** we sought to
assess the cardiopulmonary safety of a staged treatment
approach whereby the first drug administered is standard-
of-care MDZ followed by ALLO as a second agent. The
study was carried out in two healthy dogs. We used MDZ
at the recommended intravenous bolus dose for the treat-
ment of SE in dogs (0.2mg/kg)" and an intravenous dose
of ALLO (1 mg/kg) predicted to produce plasma levels in
dogs associated with therapeutic activity in animal mod-
els of benzodiazepine-refractory SE. In clinical practice, a
second treatment agent is administered as soon as possible
after treatment failure is recognized. Considering that SE
is commonly defined as seizure activity of 5 minutes or
more and assuming a lag of 5 minutes to administer the
second treatment, we imposed an interval of 10 minutes
between the initial MDZ dose and the ALLO dose.'®
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2 | METHODS

Two beagles (Marshall BioResources), a 1-year-old,
9.2 kg unneutered male and a 5-year-old, 12.2 kg unneu-
tered female, were housed individually at an AAALAC
International-accredited facility at the University of
California, Davis (UC Davis). Dogs were handled for at
least 1 hour per day for 2weeks prior to the study to re-
duce stress. The study adhered to the ARRIVE guidelines
and the NIH Guide for the Care and Use of Laboratory
Animals (NIH publication No. 8023, revised 1978) and
was approved by the UC Davis IACUC (protocol # 21966).

Dogs first received ALLO (1 mg/kg, IV) alone, and then
after a 2-week drug washout period, MDZ (0.2 mg/ml, IV;
West-Ward) followed 10 minutes later by ALLO (1 mg/
kg, IV). Allopregnanolone (99.9% pure) was dissolved in
0.9% NaCl in 40% hydroxypropyl-f-cyclodextrin (Captisol;
CyDex). Drugs were administered via an IV catheter
placed in the cephalic vein 1 hour before the first drug
dose and were injected by rapid IV push over a period of
<30seconds. A second catheter was placed in the metacar-
pal artery in the contralateral limb for blood collection. A
baseline blood sample was collected prior to dosing.

Vital sign data, including heart rate, respiratory rate,
and mean arterial pressure, were recorded at baseline
prior to dosing (designated time 0) and 2, 5, 10, 15, 20, 30,
45 minutes and then hourly from 1- to 6-hours posttreat-
ment. Heart rate and blood pressure were evaluated using
a Berry Electronic Technology pressure cuff. Five individ-
ual readings were collected at each time point, and the
data were averaged. The Modified Glasgow Coma Score
was used to monitor the level of consciousness.

Approximately 2 ml of blood was drawn from the in-
dwelling arterial catheter at 0.5, 1, 2, 5, 10, 15, 20, 30, and
45 minutes and hourly from 1- to 6-hours posttreatment
for blood chemistry, hematology, and ALLO analysis.
Whole arterial blood samples were analyzed immediately
after collection using an i-STAT handheld critical blood
analyzer (Abbott). Calibration standards were run before
each study. Electrolytes (sodium, potassium), glucose, he-
matology (hematocrit and hemoglobin), and blood gases
(pH; partial pressure of carbon dioxide, PaCO,; partial
pressure of oxygen, PaO,; calculated bicarbonate, HCO5;
calculated total CO,, TCO,; calculated base excess; and
calculated oxygen saturation, SaO,) were recorded in each
sample.

Plasma samples collected following whole blood centrif-
ugation were frozen at —80°C until analyzed. As described
previously, an ultraperformance liquid chromatography-
mass spectrometry method developed and validated at the
UC Davis Bioanalysis and Pharmacokinetics Core Facility
was used to measure total plasma ALLO concentrations.!’”
Normal beagle plasma served as the control.
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3 | RESULTS

While both dogs exhibited sleepiness following adminis-
tration of ALLO alone or with MDZ, they remained re-
sponsive. The Modified Glasgow Coma Scores for motor
activity and brain stem reflexes, which range from 6 for
normal to 1 for comatose, were all >5 for the first hour
(depressed consciousness and slow pupillary light reflex
noted at times), and then 6 thereafter.

For the majority of the 6-hours study, vital signs hov-
ered near or stayed within normal reference ranges'®
with both treatments (Figure S1). Dogs exhibited a
slight tachycardia immediately following dosing, per-
haps because of behavioral stimulation or stress, but
heart rate returned to normal within 30 minutes. Mean
arterial pressure fluctuated around the reference range
of 80-125mm Hg' with both treatments. Respiratory
rate remained largely within the reference range of
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FIGURE 1

18-34 breaths/min®° for both dogs, with a tendency for
higher rates in the first hour after dosing and lower rates
during the remaining period when the animals were less
stimulated.

HCO; levels were in the reference range (18.3-
26.4mmol/L*") in both dogs regardless of treatment
(Figure 1A,B). PaCO, levels were within the reference
range (27.8-47.2mm Hg?') for the female following
either treatment (Figure 1C,D). In contrast, the male
had elevated PaCO, levels following administration of
ALLO only (Figure 1C) for almost the entire experi-
ment. However, the baseline PaCO, level was also ele-
vated, so the high values could not be attributed to the
ALLO treatment. Following combined treatment with
MDZ and ALLO, the male's PaCO, levels remained
within the reference range (Figure 1D). Both dogs had
increased PaO, (reference range 85-100mm Hg?') fol-
lowing ALLO alone and sequential MDZ and ALLO
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Calculated arterial blood bicarbonate (HCO;) and partial pressure of carbon dioxide (PaCO,) immediately before (time 0)

and at intervals up to 6 h. In the experiments of (A and C), allopregnanolone (ALLO; 1 m/kg, IV) was administered at time 0. In (B and D),
midazolam (MDZ; 0.2 mg/kg, IV) was administered at time 0 followed by ALLO at 10 min. Red vertical lines indicate ALLO administration.
Dotted horizontal lines indicate upper and lower values of the reference range.
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(Figure 2A,B) at most time points. Sa0, levels remained
well above 95% in both dogs following both treatments,
except for a single measurement in the female dog of
94% (Figure 2C,D).

Blood electrolyte (sodium and potassium), chemistry
(glucose, pH, TCO,, and base excess), and hematology
(hematocrit and hemoglobin) values were recorded at
each time point and compared with normal canine refer-
ence ranges21 (Table S1). The male's sodium, potassium,
and hematocrit lower bound concentration values fell
just outside the corresponding reference ranges following
treatment with ALLO only. The pH measurements in the
male dog were in the acidotic range at some time points,
whereas this was not the case for the female dog. However,
in both animals, PCO, and HCO; were not elevated, indi-
cating that respiratory acidosis was not present. Following
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MDZ and ALLO treatment, some potassium measure-
ments in both animals were slightly below the reference
range as was pH and hematocrit in the male dog.

Plasma ALLO concentrations are plotted in
Figure 3A,B. Noncompartmental PK parameters derived
from these plots are given in the table below. Exposure to
ALLO as determined by the area under the curve (AUC)
was greater in the female dog than in the male dog,
which may reflect reduced clearance in the female dog
(Table S2). For both dogs, ALLO exposure was greater
when ALLO was administered following MDZ. Based on
the AUC,_, values, the difference was 44% in the male
dog and 13% in the female dog. Allopregnanolone vol-
ume of distribution and clearance (CL) parameters es-
timated by two-compartment modeling are shown in
Table S2.
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Calculated arterial blood partial pressure of oxygen (Pa0O,) and saturated oxygen (Sa0O,) immediately before (time 0) and

at intervals up to 6 h. In the experiments of (A and C), allopregnanolone (ALLO; 1 m/kg, IV) was administered at time 0. In (B and D),
midazolam (MDZ; 0.2 mg/kg, IV) was administered at time 0 followed by ALLO at 10 min. Red vertical lines indicate ALLO administration.
Dotted horizontal lines indicate upper and lower values of the reference range.
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4 | DISCUSSION
Intravenous ALLO is a potential treatment for

benzodiazepine-refractory SE that would be adminis-
tered after the failure of a benzodiazepine, such as MDZ.
Parenteral MDZ has been associated with respiratory
depression.*** There is concern that concomitant use
of ALLO, which is a central nervous system depressant,
would increase the risk of cardiopulmonary adverse
events, particularly at the high doses required to terminate
SE. Therefore, we evaluated the cardiopulmonary safety of
intravenous ALLO delivered alone or shortly after intrave-
nous MDZ in two dogs. The dose of ALLO (1 mg/kg) was
selected based on a two-compartment model using results
from a prior study in dogs.?> We intended to target a C,,,,
value of approximately 2000 ng/ml because peak plasma
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concentrations of ALLO of approximately 600-2000ng/
ml can effectively terminate benzodiazepine-refractory
SE in rodent models.'”** We obtained estimated C,,,,
values in the range of 1500-3000ng/ml, validating our
modeling. The C,,, value predicted by simulation in the
earlier study* for a 1mg/kg dose (~1000ng/ml) is below
the range obtained in the present study, likely because the
dose was infused over 5 minutes rather than as a rapid
bolus injection as was done here.

The two dogs used in this study, a 1-year-old male bea-
gle and a 5-year-old female beagle, did not suffer adverse
vital signs (heart rate, mean arterial pressure, and respira-
tory rate) or blood gas levels (PaO, and Sa0,). For the male
dog following ALLO only, PaCO, values were consistently
in the hypercapnic range (>45mm Hg) but there was no
increase in HCO; as would occur in acute respiratory
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FIGURE 3 Plasma allopregnanolone (ALLO) concentration-time profiles following ALLO (1 mg/kg, IV) alone (A) or when

administered 10 min after midazolam (MDZ; 0.2 mg/kg, IV) (B). Noncompartmental pharmacokinetic parameter estimates are shown in the
table. C,,, estimated maximum plasma concentration determined by extrapolation to time 0 using a two-compartment model simulation
with parameters as shown in Table S2; T}, time of last measurable concentration; AUC,,;, area under the concentration-time curve (AUC)
from dosing (time 0) to the time of the last measured concentration; AUC,_; AUC from dosing (time 0) extrapolated to infinity; Fraction
AUC extrapolated, fraction of total AUC due to the extrapolated AUC.
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acidosis. Moreover, the PaCO, level was elevated at base-
line, suggesting that the elevated values were not related
to the treatment. Importantly, PaCO, was not abnormal
in the same dog when ALLO was administered after MDZ
treatment.

For both dogs, exposure to ALLO was greater when
ALLO was administered following MDZ. Midazolam
is well-recognized as a CYP3A4 substrate, and in vitro
studies demonstrate that ALLO is strongly metabolized
by CYP3A4 (FDA Drug Approval Package for Zulresso).
However, MDZ is not known to affect the pharmacoki-
netics of other drugs, so an interaction between MDZ and
ALLO requires further study. Allopregnanolone is not
known to be a CYP3A4 inhibitor, so its action as a perpe-
trator on MDZ metabolism is not expected.

A major limitation of this study is the small number of
animals used; thus, we did not attempt to combine the PK
results, but rather reported them separately for each dog.
Confirmation of these preliminary results is required. We
also did not have a vehicle control, so we do not know to
what extent the stress of the IV injections contributed to
changes in vital signs or blood gas values.

5 | CLINICAL RELEVANCE
Allopregnanolone may be an effective treatment for
benzodiazepine-refractory SE. In this situation, patients
will have received a benzodiazepine as initial treatment.
The present results indicate that intravenous ALLO is
likely to be safe even when administered shortly after the
benzodiazepine.
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