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ABSTRACT
To provide back-up compounds to support the development
of the GABAA receptor (GABAAR) potentiator KRM-II-81, three
novel analogs were designed: replacing the pyridinyl with
2’-Cl-phenyl (FR-II-60), changing the positions of the N and O
atoms in the oxazole ring with addition of an ethyl group (KPP-
III-34 and KPP-III-51), or substituting a Br atom for the ethynyl
of KRM-II-81 (KPP-III-34). The compounds bound to brain GA-
BAARs. Intraperitoneal administration of FR-II-60 and KPP-III-34
produced anticonvulsant activity in mice [maximal electroshock
(MES)-induced seizures or 6 Hz-induced seizures], whereas KPP-
III-51 did not. Although all compounds were orally bioavailable,
structural changes reduced the plasma and brain (FR-II-60 and
KPP-III-51) exposures relative to KRM-II-81. Oral administration of
each compound produced dose-dependent increases in the la-
tency for both clonic and tonic seizures and the lethality induced by
pentylenetetrazol (PTZ) in mice. Since KPP-III-34 produced the
highest brain area under the curve (AUC) exposures, it was selected
for further profiling. Oral administration of KPP-III-34 suppressed
seizures in corneal-kindled mice, hippocampal paroxysmal dis-
charges in mesial temporal lobe epileptic mice, and PTZ-induced
convulsions in rats. Only transient sensorimotor impairment was

observed in mice, and doses of KPP-III-34 up to 500 mg/kg did not
produce impairment in rats. Molecular docking studies demon-
strated that all compounds displayed a reduced propensity for
binding to a1His102 compared with the sedating compound al-
prazolam; the bromine-substituted KPP-III-34 achieved the least in-
teraction. Overall, these findings document the oral bioavailability
and anticonvulsant efficacy of three novel analogs of KRM-II-81
with reduced sedative effects.

SIGNIFICANCE STATEMENT
A new non-sedating compound, KRM-II-81, with reduced pro-
pensity for tolerance is moving into clinical development.
Three new analogs were orally bioavailable, produced anti-
convulsant effects in rodents, and displayed low sensorimotor
impairment. KPP-III-34 demonstrated efficacy in models of
pharmacoresistant epilepsy. Docking studies demonstrated a
low propensity for compound binding to the a1His102 residue
implicated in sedation. Thus, three additional structures have
been added to the list of non-sedating imidazodiazepine anti-
convulsants that could serve as backups in the clinical devel-
opment of KRM-II-81.

Introduction

Potentiators of GABAA receptors (GABAARs) or GABAkines
have tremendous value in the therapeutics of neurologic (e.g.,
epilepsy) and psychiatric (e.g., anxiety) disorders. For example,
diazepam (Valium) is on the World Health Organization’s List
of Essential Medicines. However, GABAkines can come with a
risk of tolerance development, abuse, and dependence liability,

along with sedative and motor-impairing effects (see Cerne
et al., 2022a). The search for GABAkines without these safety
and side effect issues has been ongoing in earnest since the
discovery of receptor subtypes (Lippa et al., 1978, 1981, 1982;
Klepner et al., 1979). The recent US Food and Drug Adminis-
tration (FDA) approval of brexanolone (Zulresso) has led to a
resurgence of new GABAkines entering clinical development
(Cerne et al., 2022a; Witkin et al., 2022). As recently as March

ABBREVIATIONS: AUC, area under the curve; AUC0–24, area under the concentration versus time curve from zero to last measurable time
point; FR-II-60, 5-(6-(2-chlorophenyl)-8-ethynyl-4H-benzo[f]imidazo[1, 5-a][1, 4]diazepin-3-yl)oxazole; GABAAR, GABAA receptor; hERG, hu-
man ether a-go-go–related gene (KCNH2); 5-HT1A, 5-hydroxytryptamine 1A (serotonin 1A); KPP-III-34, 2-(8-bromo-6-(pyridin-2-yl)-4H-benzo[-
f]imidazo[1, 5- a][1, 4]diazepin-3-yl)-4-ethyloxazole; KPP-III-51, 4-ethyl-2-(8-ethynyl-6-(pyridin-2-yl)-4H-benzo[f]imidazo[1, 5- a] [1, 4]diazepin-
3-yl)oxazole; KRM-II-81, (5-(8-ethynyl-6-(pyridin-2-yl)-4H-benzo[f]imidazole[1, 5-a][1, 4]diazepin-3-yl) oxazole); MES, maximal electroshock;
NIMH PDSP, National Institute of Mental Health Psychoactive Drug Screening Program; PBR, peripheral benzodiazepine receptor; PTZ,
pentylenetetrazol.
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2022, another GABAkine [ganaxolone (Ztalmy)] was approved
for seizure control in patients with cyclin-dependent kinase-
like 5 (CDKL5) deficiency disorder (https://www.fda.gov/drugs/
news-events-human-drugs/fda-approves-drug-treatment-seizures-
associated-rare-disease-patients-two-years-age-and-older).
An imidazodiazepine GABAkine, (5-(8-ethynyl-6-(pyridin-2-yl)-

4H-benzo[f]imidazole[1,5-a][1,4]diazepin-3-yl) oxazole) (KRM-II-81)
(Witkin et al., 2022), is currently being readied for Investiga-
tional New Drug (IND)-enabling safety studies. In rodent mod-
els, KRM-II-81 has demonstrated anxiolytic-like efficacy (Poe
et al., 2016; Witkin et al., 2017), antidepressant-like activity
(Methuku et al., 2018), anticonvulsant activity (Witkin et al.,
2018, 2020; Knutson et al., 2020), and efficacy in a host of
acute and chronic pain models in rodents (Cerne et al., 2022b).
The efficacy of KRM-II-81 is coupled with an intriguing side
effect profile that includes low sedative and motor-impairing
effects, along with a lack of tolerance development and abuse
liability (Cerne et al., 2022a; Witkin et al., 2022). KRM-II-81
is active in models predicting efficacy in pharmacoresistant ep-
ilepsy (Witkin et al., 2020). In cortical slices from patients
with pharmacoresistant epilepsy, KRM-II-81 has demon-
strated suppression of hyperactivity across the neuronal net-
work (Witkin et al., 2018). As an anticonvulsant, KRM-II-81
does not develop tolerance (Witkin et al., 2020). In a murine
model of neuropathic pain, no analgesic tolerance was ob-
served (Biggerstaff et al., 2020). In the intracranial self-stimu-
lation model that detects drugs of abuse, KRM-II-81 did not
show activity (Moerke et al., 2019). Additionally, when studied
as a discriminative stimulus, another model used to predict
abuse liability, KRM-II-81 did not fully reproduce the effects
of midazolam (Lewter, 2019).
Given the pharmacological profile of KRM-II-81, chemistry

in the imidazodiazepine structural series has continued [e.g.,
Knutson et al. (2020); Pandey et al. (2020)]. In the present
manuscript, the oral bioavailability, anticonvulsant activity,
and sedative side effect profile of three structural analogs of
KRM-II-81 (Fig. 1) will be disclosed. A structural basis for the
reduced sedative profile of these imidazodiazepines was also
elucidated. The compounds were constructed to determine
changes in bioavailability and in vivo efficacy (anticonvulsant
activity) with specific structural variation of the KRM-II-81
structure as shown in Fig. 1. 5-(6-(2-Chlorophenyl)-8-ethynyl-
4H-benzo[f]imidazo[1,5-a][1,4]diazepin-3-yl)oxazole (FR-II-60)
replaced the pyridine with a 2’-Cl phenyl group. Both 2-
(8-bromo-6-(pyridin-2-yl)-4H-benzo[f]imidazo[1,5- a][1,4]diaze-
pin-3-yl)-4-ethyloxazole (KPP-III-34) and 4-ethyl-2-(8-ethynyl-

6-(pyridin-2-yl)-4H-benzo[f]imidazo[1,5- a] [1,4]diazepin-3-yl)
oxazole (KPP-III-51) substituted the 1,3 oxazole with a 1,4 ox-
azole, known also to produce a nonsedating molecule like
KRM-II-81 [compound 6 in Pandey et al. (2020)]. Ethyl sub-
stituents were added to the oxazoles as another structural
change. In addition, the ethynyl group of KPP-III-51 was re-
placed by a bromine atom to create KPP-III-34, allowing direct
comparisons of this structural element. Since KPP-III-34 dem-
onstrated the highest brain exposure after oral gavage in rats,
yielding a brain area under the curve (AUC) value 14% higher
than that of the parent KRM-II-81, as estimated as the aver-
age from two previous studies (Golani et al., 2022a; Mian
et al., 2022), this compound was selected for additional more
detailed anticonvulsant profiling.

Materials and Methods
Compounds

We synthesized FR-II-60, KPP-III-34, and KPP-III-51 (JM Cook
Laboratory, University of Wisconsin-Milwaukee) as previously de-
scribed (Poe et al., 2016; Li et al., 2018; Knutson et al., 2020; Pandey
et al., 2020; Rashid, 2021). The other compounds were obtained from
Sigma-Aldrich (St. Louis, MO).

The test compounds were suspended in 1% carboxymethylcellulose
unless otherwise noted; pentylenetetrazol (PTZ) was dissolved in 0.9%
NaCl. Compounds were dosed at 10 ml/kg in mice and 1 ml/kg in rats.

Cytotoxicity
These studies were conducted at the University of Wisconsin-

Milwaukee. The methods used cultured human embryonic kidney
(HEK)293T cells (supplemental information of Poe et al., 2016). 3-Dibu-
tylamino-1-(4- hexyl-phenyl)-propan-1-one (150 lM in DMSO) was used
as a positive control and DMSO alone as a negative control. After an
18-hour incubation, cell levels were assayed.

Receptor Binding
Radioligand binding studies at the primary (benzodiazepine binding

site of the GABAAR) and secondary protein binding sites were con-
ducted by the National Institute of Mental Health Psychoactive Drug
Screening Program (NIMH PDSP) with four replicates using the
methods described (https://pdsp.unc.edu/pdspweb/content/PDSP%20
Protocols%20II%202013-03-28.pdf) [see Besnard et al. (2012) for over-
view of assay systems]. Binding in rat brain tissue using [3H]flunitra-
zepam was used as the primary screen as described (Chang and
Snyder, 1978; Sieghart et al., 1983).

Rodent Assays
All studies were performed in accordance with guidelines of the na-

tional governments and by local animal care and use committees. All
animals had free access to food and water except when they were re-
moved from their cages for experimental procedures. All animals were
group housed in approved density housing in a temperature-, humid-
ity-, and light-controlled vivarium prior to experimental study.

Intraperitoneal Dosing: Seizure Models and Rotarod
These studies were conducted by the US National Institutes of

Health Epilepsy Therapy Screening Program (formerly Anticonvul-
sant Screening Program). The assay methods used have been reported
(Witkin et al., 2018, 2020; https://panache.ninds.nih.gov/Home/
CurrentModels). The male CF1 mice and male Sprague-Dawley rats,
both sourced from Charles River Breeders, used in these experiments
were group housed prior to experimental treatments.

In the 6 Hz (44 mA) model, the eyes of mice were treated with a
drop of 0.5% tetracaine hydrochloride in 0.9% NaCl. Forty-four
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milliampere stimulation to induce seizures was delivered by corneal
electrodes for 3 seconds (Witkin et al., 2018). A seizure was defined as
occurring if there was an initial momentary stun followed by jaw clo-
nus, forelimb clonus, twitching of the vibrissae, and Straub tail.

In the maximal electroshock (MES) test, mice were given 50 mA at
60 Hz for 0.2 seconds via corneal electrodes after eye treatment with
0.5% tetracaine hydrochloride.

Behavioral assessment of the mice was made after dosing with the
test compound by placing them on a 1-inch knurled rod rotating at
6 rpm. A mouse was scored as impaired if it fell off three times during
a 1-minute period.

Additionally, 36 specific signs were monitored by observers blinded
to treatments (e.g., salivation, hyperactivity, loss of righting, and
lethality).

Data are presented as the number of mice affected (protected in sei-
zure assays or failing the rotarod test for motor impairment assay).
Fisher’s Exact Probability test (one-tail) assessed statistical signifi-
cance with the a priori prediction of increases in number of mice pro-
tected compared with the no drug treatment condition (P < 0.05). The
N value for the control (no drug) condition was 12 (three dose condi-
tions × four mice per dose condition). Historical controls were em-
ployed where under vehicle conditions there was neither any
protection from seizures nor impairment of rotarod performances (C,
Metcalf, University of Utah, personal communication). Probit analysis
was used to calculate ED50 and the 95% confidence interval.

Oral Dose Pharmacokinetics
These experiments were conducted at the University of Belgrade,

Serbia. To determine pharmacokinetic parameters and concentration-
time profiles of the selected ligands, a standard pharmacokinetic study
was conducted using adult male Sprague-Dawley rats (University of
Belgrade, Belgrade, Serbia). Rats were housed in groups of five
(21 ± 2�C, 40%–45% relative humidity). They had free access to stan-
dard rat chow and water under a 12-hour light/dark cycle (lights on at
06.00 hours). All animal handling and testing occurred in the light
phase.

The study was conducted as approved by the Ethical Council for
the Protection of Experimental Animals of the Ministry of Agriculture,
Forestry and Water Management of the Republic of Serbia.

The rats (n 5 45, 280–320 g) were divided into three cohorts of five
groups of animals; each group contained three animals corresponding
to predetermined time sampling intervals (15 minutes, 40 minutes,
2 hours, 6 hours, and 24 hours). Rats received a cassette of three com-
pounds (2.0 mg/kg by mouth) from a 0.4 mg/ml suspension in 0.25%
methyl cellulose in distilled water.

At the designated time intervals, animals were anesthetized with
ketamine HCl (90 mg/kg i.p.) (Ketamidor; Richter Pharma AG, Wels,
Austria) and xylazine HCl (10 mg/kg i.p.) (Xylased; Bioveta, a. s., Iva-
novice na Han�e, Czech Republic), and samples of blood (collected via
cardiac puncture in heparinized syringes) and brain were taken.
Plasma was obtained after centrifugation for 10 minutes at 1000 × g
(MiniSpin plus centrifuge; Eppendorf, Germany). Brain tissue samples
were weighed and homogenized in 1 ml of methanol via ultrasonic
probe sonication (70% amplitude, 2 × 20 seconds). Supernatants were
separated after centrifugation for 20 minutes at 3400 × g (MiniSpin

plus centrifuge). Plasma and supernatants were further processed with
solid phase extraction using Oasis HLB cartridges (Waters Corporation,
Milford, MA). Sample preparation and concentration determination
were performed by ultraperformance liquid chromatography–tandem
mass spectrometry (UPLC–MS/MS) with a Thermo Scientific Accela
600 UPLC system connected to a Thermo Scientific TSQ Quantum
Access MAX triple quadrupole mass spectrometer (Thermo Fisher
Scientific, San Jose, CA) equipped with an electrospray ionization
source, as described in detail (Obradovi�c et al., 2014). Noncompartmen-
tal pharmacokinetic analysis was performed using pharmacokinetic
functions for Microsoft Excel software developed by J. Usansky and col-
leagues (see www.pharmpk.com/xcel/pkf/pkf.doc for details and soft-
ware download) Graph construction was by Sigma Plot 12 (Systat
Software Inc.).

Oral Dose: Anticonvulsant Effects
Pentylenetetrazol-Induced Seizures in Mice. These studies

were conducted at Indiana University (Indianapolis, IN). Male C57BL/
6N mice (Charles River, Indianapolis, IN) were used. Experimental
compounds were suspended in 1% carboxymethylcellulose, and PTZ
was dissolved in 0.9% NaCl. Compounds were dosed at 10 ml/kg. The
mice were given test compound (by mouth) and placed back into their
home cages. After 60 minutes, these mice were given PTZ (75 mg/kg
s.c.) as described (Knutson et al., 2020). The latencies to produce clonic
or tonic seizures were measured by stopwatch to the second by a
trained observer. The number of mice that died within the 60-minute
observation period was also recorded.

Latency to clonus and tonus were analyzed separately by one-way
ANOVA followed by Dunnett’s test (a priori probabilities of 0.05 were
set for statistical significance). Lethality was statistically evaluated by
Fisher’s exact probability test at 0.05.

Pentylenetetrazol-Induced Seizures in Rats. KPP-III-34 was
studied in rats as a protector against clonic convulsions induced by
PTZ. After the oral administration of KPP-III-34, PTZ was given to
male CD Sprague-Dawley IGS rats at 68 mg/kg, s.c. An episode of ap-
proximately 3–5 seconds of clonic spasms of the fore and/or hind limbs,
jaws, or vibrissae was taken as the endpoint. Animals not displaying
fore and/or hind limb clonus, jaw chomping, or vibrissae twitching
were considered protected. Both time course and dose-response data
were collected.

Corneal Kindling in Mice. In these experiments (University of
Utah, Salt Lake City, UT), KPP-III-34 was evaluated for its ability to
block seizures in fully kindled mice using methods as described previ-
ously (Witkin et al., 2020). Adult male CF1 mice (n 5 8 per group,
18–25 g) were kindled to a criterion of five consecutive secondarily
generalized seizures of stage 5 by exposure to twice-daily corneal stim-
ulation (3 mA at 60 Hz for 3 seconds). After reaching the first stage
5 seizure (generally after about 2 weeks), the twice-daily stimulation
regimen was continued until each mouse achieved the criteria of five
consecutive stage 5 seizures, at which point the mouse was considered
to be fully seizure kindled. Fully kindled mice continued to be stimu-
lated every 2 to 3 days until all mice become fully kindled.

Testing of KPP-III-34 began at least 5 days after the last corneal
stimulation. Compounds were dosed 1 hour prior to stimulation for
the assessment of anticonvulsant efficacy. Oral doses of 1–30 mg/kg

Fig. 1. Structures of KRM-II-81 and the struc-
tural analogs reported in this manuscript.
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were tested in groups of eight mice. The percentage of mice protected,
and the seizure severity score were measured.

The effects of KPP-III-34 on seizure protection were assessed by
Fisher’s exact probability test and the ED50 and 95% confidence limits
were determined by probit analysis. Effects of the compounds on sei-
zure severity scores were analyzed by one-way ANOVA followed by
Dunnett’s test. Probabilities of <0.05 were set a priori as the accepted
level of statistical significance.

Mesial Temporal Lobe Model. Seven male C57/Bl6 mice (10
weeks old from Janvier Laboratories, Le-Genest-St-Isle, France)
were used in these experiments conducted by Synapcell (Saint-Ism-
ier, France). Seizures were generated by unilateral application of
kainic acid into the dorsal hippocampus according to standard proto-
col (https:/panache.ninds.nih.gov) as previously described (Witkin
et al., 2020). Two to three weeks after the kainate injection, sponta-
neous recurrent hippocampal paroxysmal discharges were recorded
in the epileptic hippocampus. The mice were allowed to recover for 4
weeks prior to drug testing. Each mouse was used as its own control.
Digital electroencephalographic (EEG) recordings were made on
freely moving mice for 20 minutes prior to drug testing and then for
90 minutes after dosing.

KPP-III-34 (30 mg/kg) was given by mouth 60 minutes prior to
EEG recording. The number of hippocampal paroxysmal discharges
were counted during baseline and drug conditions and compared by
Student’s t test for paired observations. Probabilities of <0.05 were set
a priori as the accepted level of statistical significance.

Oral Dose Side Effect Profiling
Motor Impairment: Rotarod in Mice. Methods were generally

as previously reported (Pandey et al., 2020) and were carried out at
the University of Wisconsin-Milwaukee (Milwaukee, WI). Female
Swiss Webster mice were trained to maintain balance at a constant
speed of 15 rpm on the rotarod apparatus (Omnitech Electronics Inc.,
Nova Scotia, Canada) until they reached a behavioral criterion of suc-
cessful balance for 3 minutes across three consecutive trials. Separate
groups of nine mice received oral gavage of vehicle (2% hydroxypropyl
methylcellulose and 2.5% polyethylene glycol) or compounds in a volume
of 200 ll. Diazepam in 10% DMSO, 40% propylene glycol, and 50% phos-
phate-buffered saline was used as a positive control at 5 mg/kg by
mouth. The mice were placed on the rotarod at three separate time
points of 10, 30, and 60 minutes after administration. A ‘fail’ was defined
for each mouse falling twice prior to 3 minutes.

Data were analyzed separately for each compound tested by
two-way repeated-measures ANOVA with time, dose, and animals
as factors. Post hoc analyses were made by Bonferroni’s multiple
comparison test (P < 0.05 set as the a priori rate for statistical
significance).

Modified Irwin Test in Rats. KPP-III-34 that was chosen for
profiling was given orally and assessed for untoward effects by previ-
ously published methods (Mathiasen and Moser, 2018). The studies
were conducted at the University of Utah (Salt Lake City, UT). Before
testing, animals were handled over 2 days to familiarize them with
handling. Rats were visually evaluated by two independent observers
for impaired autonomic (e.g., salivation, porphyrin), neuromuscular
(e.g., ataxia, tremors), sensorimotor (e.g., hyperesthesia, loss of right-
ing reflex), and behavioral (e.g., vocalizations, grooming) function at
0.25, 0.5, 1, 2, and 4 hours after oral dosing (50–500 mg/kg) (n 5 8 per
dose). The rats were also observed 24 hours after compound dosing to
assess recovery from any impairment seen the previous day. A numer-
ical score was assigned for the severity, from normal to extreme, for
each functional parameter.

Molecular Docking Studies. Studies were conducted as previ-
ously described (Pandey et al., 2020; Witkin et al., 2020; Golani et al.,
2022b) at the University of Wisconsin-Milwaukee. In brief, molecular
docking was performed using AutoDock Vina 1.5.6.22 and the cryo-
genic electron microscope (cryo-EM) structure of the human full-
length a1b3c2L GABAAR ion complex with alprazolam (Protein Data

Bank: 6HUO) (Masiulis et al., 2019). FR-II-60 and KPP-III-34 were so
modeled. The docking analysis of KPP-III-51 was reported previously
(Pandey et al., 2020).

Results
Cytotoxicity

3-Dibutylamino-1-(4- hexyl-phenyl)-propan-1-one was run
as a positive control at 150 lM; all cells were killed at this con-
centration. For FR-II-60, the IC50 was >150 lM and for KPP-
III-34 and KPP-III-51, the IC50 was >300 lM for cytotoxicity
in HEK293 cells.

Receptor Binding

The inhibition of radioligand binding is shown in Table 1.
Only the receptor proteins for which binding was inhibited
by >50% at 10 lM across 47 receptor targets [including hu-
man ether a-go-go–related gene (hERG) for potential cardio-
vascular liability] in the primary screen are shown; the
values for 5-hydroxytryptamine 1A (5-HT1A, also known as se-
rotonin 1A) and peripheral benzodiazepine receptor (PBR) are
reported here for purposes of comparison with the other
analogs.

Intraperitoneal Dosing: Seizure Models and Rotarod

Intraperitoneal dosing with FR-II-60, KPP-III-34, and
KPP-III-51 was studied in two seizure models in mice at 0.5
hours and 2 hours after dosing. The mice were also tested
for motor impairment as measured on a rotarod to ascertain
the impact of the compounds on the ability of the mice to
maintain balance. The data are summarized in Table 2.
Dose-dependent increases in the number of mice protected
from seizures were observed for FR-II-60 and for KPP-III-34
but not for KPP-III-51 where no dose produced significant
protection. The doses that produced seizure protection were
also generally motorically impairing as assessed on the
rotarod for FR-II-60 and KPP-III-51. In contrast, KPP-III-
34 protected against seizures induced by 6 Hz

TABLE 1
Primary and secondary binding data for the three compounds studied

Compound Receptor
Primary

(Mean % Inhibition)
Secondary
(Ki in nM)a

Fold
Selectivity

FR-II-60 BZP 99.1 34.0 NA
5-HT1A 26.7 NA NA
KOR 53.4 1847 54.3
PBR 40.1 NA NA

Sigma2 60.5 4396 129
KPP-III-34 BZP 92.2 49.6 NA

5-HT1A 50.2 2027 40.9
KOR 90.6 282 5.7
PBR 63.9 662 13.3

KPP-III-51 BZP 92.0 182 NA
5-HT1A 51.5 2108 11.6
KOR 65.6 1292 7.10
PBR 74.3 1263 6.94

BZP, benzodiazepine binding site assessed by inhibition of [3H]-flunitrazepam
binding in rat brain homogenates; 5-HT1A, serotonin 1A receptor assessed by
inhibition of [3H]-WAY100635 binding; Ki, inhibitory constant; KOR, kappa
opioid receptor assessed by inhibition of [3H]-U69593 binding; NA, not applica-
ble; PBR, peripheral benzodiazepine receptor site assessed by inhibition of
[3H]-PK11195 in rat brain homogenates.
aSecondary binding was determined only for primary binding sites for which
>50% inhibition was achieved. Only these sites are reported in the table. The
secondary binding data are the mean of two determinations.
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stimulation at 100 mg/kg without significantly impairing
rotarod performance.
All mice were observed for atypical body signs including seda-

tion, ataxia, parasympathetic activity, seizures, tremor, and
death. No adverse reactions were noted at either the 0.5- or 2-
hour time points except for KPP-III-51 where mice had difficulty
grasping the rotarod at 300 mg/kg at 0.5 hours after dosing.
There was no mortality at 72 hours after dosing in any of the
mice with the exception of one mouse in the 100 mg/kg group for
KPP-III-51 that died during the MES test (Table 2).
A further study of the anticonvulsant effects of KPP-III-34 was

conducted in rats with i.p. doses of 10–25 mg/kg KPP-III-34 with
eight rats per dose (0.25 hours after dosing with KPP-III-34). Us-
ing s.c. PTZ as a chemoconvulsant, the ED50 of KPP-III-34 was
16.6 mg/kg (95% Cl: 13.6–19.0 mg/kg). In the rotarod assay in
rats conducted at 0.5 hours after dosing in eight rats each at doses
of 50–100 mg/kg, i.p., the ED50 for disruption of performances
was 77.4 mg/kg (95% Cl: 62.6–91.0 mg/kg). The differential of mo-
toric effects versus anticonvulsant efficacy was thus 4.7.

Oral Dose Pharmacokinetics

Pharmacokinetic studies were performed to evaluate the
in vivo fate, after oral gavage, of the three structural analogs
of KRM-II-81 (FR-II-60, KPP-III-34, and KPP-III-51). Kinetic

profiles in plasma and brain for FR-II-60 (Fig. 2), KPP-III-34
(Fig. 3), and KPP-III-51 (Fig. 4) show similarities and some
striking differences. Using the compound concentration sum-
mary parameters of Cmax and AUC0–24 (area under the con-
centration versus time curve from zero to last measurable
time point) (Table 3), the plasma levels achieved by KPP-III-
34 are up to 10-fold greater than that of the two other ana-
logs. Likewise, the brain exposures achieved by KPP-III-34
(AUC0–24) are more than 2-fold higher than the other two
analogs and 14% higher than that with KRM-II-81 (Golani
et al., 2022a; Mian et al., 2022). The Cmax for brain levels of
KPP-II-51 was much lower than that of the other two

TABLE 2
Effects of the test compounds given i.p. in two acute seizure provoca-
tion models and on rotarod performance of male CF1 mice
Historical controls were employed where under vehicle conditions there
was neither any protection from seizures nor impairment of rotarod per-
formances (C. Metcalf, University of Utah, personal communication).

Assay
Dose

(mg/kg, i.p.)

Number Affected/
Number Tested
at 0.5 hours

Number Affected/
Number Tested

at 2 hours

FR-II-60
6 Hz 30 3/4* 1/4

100 3/4* 3/4*
300 3/4* 4/4*

MES 30 2/4 1/4
100 4/4* 4/4*
300 4/4* 4/4*

Rotarod 30 4/8 0/8
100 6/8* 5/8
300 8/8* 7/8*

6 Hz 30 0/4 0/4

KPP-III-34
100 3/4* 0/4
300 3/4* 2/4

MES 30 0/4 0/4
100 2/4 0/4*
300 2/4 3/4*

Rotarod 30 0/8 0/8
100 2/8 0/8
300 8/8* 2/8

6 Hz 30 0/4 0/4

KPP-III-51
100 0/4 0/4
300 0/4 2/4

MES 30 0/4 0/4
100 0/4 0/4b

300 0/4 0/4
Rotarod 30 0/8 0/8

100 2/8 0/8
300 8/8*a 3/8

aUnable to grasp rotarod.
bDeath associated with tonic seizure.
*P < 0.05.

Fig. 2. Pharmacokinetic profiles and calculated parameters of FR-II-60
in plasma and brain after oral gavage in adult male Sprague-Dawley
rats (n 5 3 per time point) at dose of 2 mg/kg. Tmax, time of maximum
concentration; t1/2 - terminal elimination half-life.

Fig. 3. Pharmacokinetic profiles and calculated parameters of KPP-III-34
in plasma and brain after oral gavage in adult male Sprague-Dawley rats
(n 5 3 per time point) at dose of 2 mg/kg. Tmax, time of maximum concen-
tration; t1/2 - terminal elimination half-life.
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analogs. However, given the sustained increases in brain lev-
els of KPP-III-51 (Fig. 4) compared with the other two ana-
logs, the AUC differences are not as great.
It is also noted that whereas FR-II-60 displayed relatively

linear kinetics (Fig. 2), KPP-III-34 (Fig. 3) and KPP-III-51
(Fig. 4) showed higher levels of compound in brain than
plasma at 24 hours. Compound concentrations from these
studies converted from weight to molar units are shown in
Table 3 for direct comparison. Partition coefficients (i.e., brain-
to-plasma ratios of compound exposure) document the larger
brain to plasma uptake of FR-II-60 compared with the other
compounds (Table 3). The large brain/plasma partition coeffi-
cient for FR-II-60 is accounted for by the high brain levels
achieved compared with plasma (with variability) at 2–6 hours
after dosing (Fig. 2).

Oral Dosing: PTZ Seizures in Mice

FR-II-60 significantly increased the latency of PTZ to pro-
duce clonic seizures in mice (F2,16 5 33.6; P < 0.0001). Post
hoc Dunnett’s test revealed that doses of both 10 and 30 mg/kg
significantly increased clonic seizure latency (Fig. 5, left panels).
Tonic seizure latency was also significantly increased by FR-II-
60 (F2,13 5 35.7; P < 0.0001). Post hoc Dunnett’s test revealed
that both 10 and 30 mg/kg significantly increased tonic seizure
latency (Fig. 5, right panels).

KPP-III-34 also significantly increased the latency to clonus
(F2,20 5 4.68; P 5 0.023) and tonus (F2,21 5 9.13; P 5 0.002).
Only the 30 mg/kg dose of KPP-III-34 significantly increased
seizure latencies (Fig. 5).
KPP-III-51 significantly increased the latency for PTZ to in-

duce clonic seizures (F2,20 5 14.4; P 5 0.0002) and tonic seiz-
ures (F2,21 5 6.54; P 5 0.007). Whereas only 10 mg/kg
significantly increased the latency to produce clonus, both 10
and 30 mg/kg significantly increased the latency for PTZ to in-
duce tonus (Fig. 5). The increases in latency to produce tonus
by KPP-III-51 were also generally less than those increases
produced by FR-II-60 and KPP-III-34.
All three compounds significantly prevented or exhibited

trends toward preventing PTZ-induced lethality (Table 4). This
effect was not always dose dependent. In contrast to FR-II-60
and KPP-III-34, KPP-III-51 was less efficacious on this measure.

KPP-III-34: Oral Anticonvulsant Activity in Rats

Based upon the preceding findings, KPP-III-34 was chosen
as a compound for further anticonvulsant screening. In these
studies with rats, there were no signs of impairment by KPP-
III-34 and no deaths. Blockade of pentylenetetrazol-induced
convulsions was dose and time dependent (Table 5). Dose-
response data for orally administered KPP-III-34 are shown in
Table 6 (testing at 0.5 hours after dosing of KPP-III-34). The
data from the dose-response curve yielded an ED50 of 15.5 mg/
kg with 95% confidence limits of 8.75–25.0.

KPP-III-34: Rat Oral Dose Side Effects

High oral doses of KPP-III-34 (50, 100, 300, and 500 mg/kg)
were given to rats (n 5 8 per group) under observation in a
modified Irwin test. There were no observed signs of untoward
effects at any of the time points evaluated (0.25, 0.5, 1, 2, 4,
and 8 hours) and no observations at 24 hours after dosing of
KPP-III-34 (data not shown). Further, no adverse events or le-
thality were observed in the rats in a functional test battery
that observed autonomic, neuromuscular, sensorimotor, and
behavioral functions (data not shown).

KPP-III-34: Oral Dose Anticonvulsant Activity in the 6 Hz
(44mA) Assay in Mice

Effects of KPP-III-34 were studied in mice using 6 Hz
(44mA) electrical stimulation to induced seizure. At doses of
50–300 mg/kg (n 5 8 mice per dose) given 1 hour prior to 6 Hz
stimulation, the ED50 for blocking seizures was 115.5 mg/kg
with 95% confidence limits of 62.0–177 mg/kg. In contrast, the
ED50 for rotarod impairment was calculated to be >300 mg/
kg, with some of the mice affected only at 300 mg/kg (two of
eight).

Fig. 4. Pharmacokinetic profiles and calculated parameters of KPP-III-51
in plasma and brain after oral gavage in adult male Sprague-Dawley rats
(n 5 3 per time point) at dose of 2 mg/kg. Tmax, time of maximum concen-
tration; t1/2 - terminal elimination half-life.

TABLE 3
Maximal concentrations of compounds and AUCs in the plasma and brains of rats after oral dosing (2 mg/kg) as well as the brain-to-plasma ratios
of maximal concentrations and AUCs (Kp, partition coefficient) derived from these values
Concentrations are in nmol/l and nmol/kg for plasma and brain, respectively. AUCs are in ng · h/ml and ng · h/g.

Compound Cmax (Plasma) Cmax (Brain) Cmax (Brain/Plasma) AUC0–24 (Plasma) AUC0–24 (Brain) Kp (Partition Coefficient)

FR-II-60 22.4 391.2 17.46 24.44 402.92 16.49
KPP-III-34 228.2 259.2 1.14 462.18 1014.60 2.20
KPP-III-51 39.3 69.6 1.77 96.13 430.25 4.48
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KPP-III-34: Oral Dose Anticonvulsant Activity in Corneal-
Kindled Mice

Mice that were seizure kindled by daily electrical corneal
stimulation were tested with KPP-III-34 (Table 7). Oral doses
of KPP-III-34 dose-dependently reduced the incidence of seiz-
ures in these mice (F4,39 5 7.17; P < 0.001), with an ED50 of
12.7 mg/kg (95% confidence limits: 4.35–21.9).

KPP-III-34: Oral Dose Anticonvulsant Activity in the Mesial
Temporal Lobe Model in Mice

In the mesial temporal lobe epilepsy model, KPP-III-34 sig-
nificantly reduced the number of spontaneous recurrent

hippocampal paroxysmal discharges when given at 30 mg/kg
by mouth (t6 5 2.74; P 5 0.034) (Fig. 6).

Oral Dose Motor Impairment: Rotarod

Mice trained to balance on the rotarod for 3 minutes were
given diazepam, FR-II-60, or KPP-III-34. Rotarod data for
KPP-III-51 has been disclosed recently where an oral dose of
120 mg/kg did not significantly disrupt motor performance
(Pandey et al., 2020).
FR-II-60 by mouth was studied alongside 5 mg/kg diazepam

by mouth (Fig. 7). In this experiment there was a significant
effect of drug treatment (F4,80 5 6.91; P 5 0.0003), of time
(F2,80 5 4.75; P 5 0.011), and of subjects (F40,80 5 3.63; P <

0.0001) but not an overall significant treatment × time interac-
tion (F8,80 5 1.72; P 5 0.11). Post hoc analyses documented a
significant effect of diazepam at 10 and 30 minutes after dos-
ing. Significant impairment at 80 mg/kg FR-II-60 was also ob-
served at 10 and 30 minutes after dosing (Fig. 7).
Effects of KPP-III-34 (Fig. 7) showed a trend toward an ef-

fect of dose (F3,64 5 2.29; P 5 0.097), an effect of time (F2,64 5
4.38; P 5 0.017), and a significant dose × time interaction
(F6,64 5 2.29; P 5 0.046) but not a significant effect of subjects
(F32,64 5 1.00; P 5 0.49). The effect of 120 mg/kg KPP-III-34
showed a significant effect of dose only at the 10-minute time
point. Effects of no other doses significantly separated from ve-
hicle (Fig. 7).

Molecular Docking Studies

The minimal effects of the three test compounds on rotarod
performances and in visual observations encouraged molecu-
lar docking studies to help define a structural basis. Docking
experiments with KPP-III-51 have been reported (Pandey
et al., 2020). Comparison of the docking of FR-II-60 and the se-
dating compound alprazolam are shown in Fig. 8. Docking re-
sults from the modeling experiments indicated that replacing
the C8 chlorine atom in alprazolam with the ethynyl group in
FR-II-60 leads to a loss in this key halogen bond interaction

Fig. 5. Effects of orally administered FR-II-60, KPP-III-34, or KPP-III-
51 on the latency to produce clonic (left panels) or tonic (right panels)
seizures after 75 mg/kg PTZ s.c. in male C57BL/6N mice. *P < 0.05,
**P < 0.01, and ***P < 0.001 compared with respective vehicle control
value. n 5 6–9 mice per group.

TABLE 4
Protection against lethality induced by 75 mg/kg PTZ (s.c.) after oral
administration (60 min prior) of test compounds in male C57BL/6N
mice

Compound Lethality/Number Testeda

Vehicle 12/15
FR-II-60 (10 mg/kg) 0/6*
FR-II-60 (30 mg/kg) 1/6*
KPP-III-34 (10 mg/kg) 0/6*
KPP-III-34 (30 mg/kg) 2/6
KPP-III-51 (10 mg/kg) 1/6*
KPP-III-51 (30 mg/kg) 4/6

aShown are the number of mice that died/number of mice tested.
*P < 0.05.

TABLE 5
Time course of the anticonvulsant effects of orally administered KPP-
III-34 on PTZ-induced convulsions in rats
Male Sprague-Dawley rats were tested for seizure induction by PTZ at
different times after dosing of KPP-III-34. Data are shown as number
of rats protected/number of rats tested.

Dose (mg/kg) 0.25 hours 0.5 hours 1 hour 2 hours 4 hours

5 1/4 1/4 0/4 1/4 0/4
20 3/4* 4/4* 3/4* 3/4* 2/4
50 6/8* 8/8* 6/8* 7/8* 7/8*

*P < 0.05 compared with vehicle control.

TABLE 6
Dose-response of orally administered KPP-III-34 on PTZ-induced con-
vulsions in rats
Male Sprague-Dawley rats were tested at 0.5 hours after dosing of KPP-
III-34. Data are shown as number of rats protected/number of rats tested.

Dose (mg/kg) Number Protected/Number Tested Adverse Events

5 1/4 0/8
10 1/8 0/8
20 5/8 0/8
50 8/8* 0/8

*P < 0.05 compared with vehicle control.
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with a1His102. The docking score of FR-II-60 (Table 8) also in-
dicates that the binding affinity of FR-II-60 should be less
compared with alprazolam at the a1subtype GABAAR.
Alprazolam forms a crucial halogen bond interaction be-

tween the carbonyl oxygen atom of the a1His102 backbone
and the chlorine atom. The angle between the oxygen, chlo-
rine, and carbon atoms is 167�. KPP-III-34 was docked into
the cryogenic electron microscope (cryo-EM) structure (Fig. 9,
A and B). The docking pose shows that the angle between oxy-
gen, bromine, and carbon atoms is 122.75�. The docking score
of KPP-III-34 (Table 8) also indicates that the binding affinity
of KPP-III-34 should be less compared with alprazolam at the
a1subtype GABAAR. This was found to be the case (Table 8).

With the exception of the halogen bond interaction, other in-
teractions with the a1 subunit were maintained by the pre-
dicted binding poses of FR-II-60 and KPP-III-34. Here we
show that the predicted binding pose of FR-II-60 overlapped
with that of alprazolam better than the predicted binding pose
of KPP-III-34 (Figs. 8B and 9B). This predicted interaction is
consistent with the greater impairment in rotarod performan-
ces observed with FR-II-60 (Fig. 7). Indeed, KPP-III-34 was
not sedating in rats up to 500 mg/kg by mouth (data presented
here). The disorientation of the diazepine ring, which occurs in
the predicted binding pose of KPP-III-34, is probably due to
compensation for the binding of the ethyl substituted oxazole
ring that allows the ligand to fit in the binding pocket (Fig. 9).
Also, the Br atom of KPP-III-34 in place of the ethynyl moiety
of KPP-III-51 (Table 8) enables reduced binding interaction
due to length differences of these two substituents.

Discussion
The imidazodiazepine KRM-II-81 is undergoing prepara-

tions for clinical development (Witkin et al., 2022). In the pre-
sent set of experiments, three novel analogs were synthesized
to broadly test effects of specific structural features on phar-
macokinetics and in vivo activity.
All compounds bound to brain receptors labeled by [3H]-flu-

nitrazepam (benzodiazepine binding site on the GABAA recep-
tor). Non-GABA binding was observed at only a few of the 47
other receptors evaluated and, with one exception, binding at
these non-GABA sites was weaker than at GABAA receptors.
The three analogs also presented with low potency cytotoxicity
with selectivity over [3H]-flunitrazepam binding. Binding to
hERG channels, another potential marker of in vivo toxicity
was also weak with binding for all compounds greater than
10 lM.
The most striking findings observed with structural modifi-

cations of KRM-II-81 were the reduced systemic exposures af-
ter oral administration for FR-II-60 and KPP-III-51. One
factor affecting pharmacokinetics is compound lipophilicity
(Lipinski, 2004). The CLogP values for the compounds were
1.58 (KRM-II-81), 3.05 (FR-II-60), 2.38 (KPP-III-51), and 2.97
(KPP-III-34). The substantial increase in CLogP in FR-II-60
might therefore be one factor responsible for the reduction in
plasma and, to a lesser degree, brain exposures relative to
KRM-II-81. Theoretically, such a difference is expected to de-
teriorate the absorption at the level of intestinal barrier while
at the same time enhancing its capability to pass the blood-
brain barrier. Indeed, the variations in lipophilicity do appear
to have some impact on the oral pharmacokinetics of these
compounds. However, the substitution of a Br atom in KPP-
III-34 for the ethynyl group in KPP-III-51 reinstated plasma
exposures to near the levels of KRM-II-81 (Table 9) despite
the increased lipophilicity of KPP-III-34. The dynamics regu-
lating this difference in the two compounds will require de-
tailed study of drug disposition, particularly the role of
metabolism.
A second peak of exposure at 24 hours was also observed

with KPP-III-34 suggesting a potential depot effect. This
might have resulted from unpredicted precipitation in the gas-
trointestinal tract even though a standard vehicle for oral dosing
in preclinical animal models was chosen. It seems more probable
that enterohepatic recirculation with continuous KPP-III-34
reabsorption after biliary excretion (Zhang et al., 2021) may

TABLE 7
Effects of KPP-III-34 on orally administered KPP-III-34 on corneal kin-
dling in male CF1 mice
KPP-III-34 was given orally 1 hour prior to corneal stimulation and given
a seizure severity score from 0 to 5 as described in Materials and Methods.

Dose
(mg/kg)

Number Protecteda/
Number Tested

Individual
Seizure Scoresb

Mean Seizure
Score (S.E.M.)

3.5 1/8 0,4,5,4,4,5,5,4 3.88 (0.58)
15 6/8* 0,0,0,4,0,5,0,0 1.12 (0.74)**
30 5/8 0,0,3,0,4,4,0,0 1.38 (0.68)*
60 6/8* 0,0,0,0,0,2,0,3 0.62 (0.42)***
120 8/8* 0,0,0,0,0,0,0,0 0.00 (0.00)***

aMice were considered protected from seizures when they did not exhibit any
seizure signs (Materials and Methods).
bMice that were considered protected from seizures were given a score of 0 for
their seizure score.
*P < 0.05, **P < 0.01, ***P < 0.001 compared with effects at 3.5 mg/kg.

Fig. 6. Effects of KPP-III-34 in male C57/Bl6 mice that were created to
exhibit spontaneous recurrent hippocampal discharges. *P < 0.05; n 5
8 mice per group.
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have taken place; however, this hypothesis needs to be experi-
mentally investigated.
Intraperitoneal administration of FR-II-60 and KPP-III-34,

but not that of KPP-III-51, produced anticonvulsant activity
(6 Hz model and maximal electroshock) at doses lower than
those required to disrupt rotarod performance of mice. Further
investigation of KPP-III-34 showed that it was also an effec-
tive anticonvulsant (vs. PTZ) in rats by the intraperitoneal
route. Oral administration of all three compounds was anti-
convulsant in mice against PTZ-induced seizures and lethal-
ity, an effect also shared by KRM-II-81 (Witkin et al., 2018).
However, KPP-III-51 was the weakest anticonvulsant in this
assay, with a lack of dose dependence and a reduced efficacy
against tonic seizures. However, that the relatively low brain
exposure and especially plasma exposure of KPP-III-51 was
sufficient to drive oral anticonvulsant activity is consistent
with the ability of other imidazodiazepines, like HZ-166, to be
anticonvulsant despite low exposure levels (Rivas et al., 2009).
HZ-166 is the precursor molecule for KRM-II-81. An ester

group in the position of the oxazole of KRM-II-81 was a target
for metabolism that resulted in low bioavailability (Poe et al.,
2016) and in some cases a lack of anticonvulsant activity
(Witkin et al., 2018).
Although FR-II-60 and KPP-III-51 showed marked reduc-

tions in plasma and, to a lesser extent, brain exposure after
oral administration compared with KRM-II-81, they were still
able to produce anticonvulsant effects. This suggests poten-
tially important features of these compounds as antiepileptics
since lower plasma exposures generating therapeutic efficacy
should be associated with larger margins of safety. In this
vein, the pharmacokinetic behavior of KPP-III-51 and FR-II-60
cannot be seen as inadequate for their possible further develop-
ment as brain-targeting treatments.
We suggest that the anticonvulsant activity of the compounds

is due to their ability to act as GABAkines (potentiators) of GA-
BAARs. The brain exposures of the compounds in rats after oral
administration were compared with their affinities for binding to
rat brain benzodiazepine receptors. The Cmax level of exposure

Fig. 7. Effect of orally administered diazepam (5 mg/kg), FR-II-60, and KPP-III-34 on sensorimotor coordination in female Swiss Webster mice as
assessed by rotarod performance. Data are means ± S.E.M. (n 5 10 per group). *P < 0.05 or ***P < 0.001 compared with vehicle-treated mice at
the same time point.

Fig. 8. (A) Showing best pose of compound FR-II-60 (goldenrod) docked in 6HUO. (B) Showing best pose of compound FR-II-60 (goldenrod) docked
in 6HUO, overlay with bound alprazolam (gray) in 6HUO. a1 (aquamarine) and c2 (orchid) subunits of a1b3c2L GABAA receptor 6HUO. Dashed
lines indicate p–p, hydrogen bond, and halogen bond interactions.
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was greater than the IC50 for FR-II-60 (11.5 times) and KPP-III-
34 (5.5 times) but not KPP-III-51 (0.4 times). However, the phar-
macokinetic data were obtained after oral administration of only
2 mg/kg, whereas higher oral doses were used in the anticonvul-
sant studies. Although ancillary activity (Table 1) might be re-
sponsible or contribute, we view this as unlikely due to low
potency. Kappa opioid receptor agonists have been shown to be
anticonvulsant (Manocha et al., 2003; Loacker et al., 2007; Zan-
grandi and Schwarzer, 2022). Peripheral benzodiazepine receptor
ligands have also shown potential relationships toward seizure
control (Ferrarese et al., 1997; Shiotani et al., 2000), as have 5-
HT1A receptors (Sapa et al., 2014; Waszkielewicz et al., 2015;
Pelz et al., 2017; Gharib et al., 2018). However, the selectivity of
these compounds over these targets is one piece of evidence that
these ancillary actions are not necessary for the anticonvulsant
activity of these compounds. Nonetheless, the possibility that
multiple actions contribute to anticonvulsant efficacy cannot be
excluded with these data alone.
KPP-III-34 was selected for additional anticonvulsant profil-

ing based upon its encouraging brain exposure after oral ga-
vage and anticonvulsant data. In addition to protecting
against PTZ-induced seizures and lethality in mice, KPP-III-
34, like KRM-II-81 (Witkin et al., 2018, 2020), was an effica-
cious anticonvulsant against PTZ in rats and against fully kin-
dled seizures (corneal kindled seizures in mice) as well in a
kainate-induced mouse model of mesial temporal lobe epilepsy.
The 6 Hz (44mA), corneal kindling, and mesial temporal lobe
models are all used to help identify improved anticonvulsants
and those that might function against pharmacoresistant

epilepsy (Bouilleret et al., 1999; Barton et al., 2001; Leclercq
et al., 2014; Wilcox et al., 2013).
The three analogs of KRM-II-81 did not show appreciable

sensorimotor impairment in mice when measured on the ro-
tarod; in contrast, diazepam disrupted performances. The abil-
ity of benzodiazepine GABAkines to produce sedative effects
and decreases in locomotion in rodents is well documented (cf.
Witkin et al., 2018; Knutson et al., 2020). In comparison,
when tested up to 500 mg/kg in rats by mouth, KPP-III-34 did
not exhibit any signs indicative of untoward effects. These
findings are congruent with the reduced impact of imidazodia-
zepines of this series on sensorimotor function, including
HZ-166 and KRM-II-81 (cf. Witkin et al., 2020, 2022; Cerne
et al., 2022b). As with KPP-II-51, which also demonstrated
low sensorimotor impairing effects (Pandey et al., 2020), FR-
II-60 and KPP-III-34 showed weaker halogen bonding with
the backbone of a1His102. The ideal bond angle for a halogen
bond is 180�; the halogen bond becomes weaker if the angle
deviates from linear (Shinada et al., 2019). Consequently,
KPP-III-34 forms a weaker halogen bond with the backbone of
a1His102. This could be the reason for the decreased affinity
toward a1, which results in no sedation of KPP-III-34 up to
120 mg/kg in mice. KPP-III-34 was also devoid of notable side
effects when given up to 500 mg/kg in rats. The ethyl oxazole
KPP-III-34 was less sedating and ataxic than FR-II-60 and re-
lated oxazoles because the former ethyl oxazole fits into the
binding pocket with a slightly different alignment, which de-
creased the strength of the halogen bond of the C-8 bromine
atom with the histidine backbone of the C-loop (see Golani
et al., 2022b).
That these three novel imidazodiazepine GABAkines dis-

played oral bioavailability and anticonvulsant efficacy with
low propensity to disrupt sensorimotor function or produce
other untoward side effects is encouraging of further develop-
ment. The comparative pharmacology of KPP-III-34 relative to
the parent molecule KRM-II-81 is summarized in Table 9. Small
decreases in systemic plasma exposure were observed with KPP-
III-34, but the brain levels and brain-to-plasma ratio of this ana-
log was generally unharmed. Although equally efficacious to

TABLE 8
Docking scores of alprazolam, FR-II-60, KPP-III-34, and KPP-III-51

Compound Docking Score (Binding Affinity in kcal/mol)

Alprazolam �10.8
FR-II-60 �9.5
KPP-III-34 �9.1
KPP-III-51a �9.6

aData on KPP-III-51 are from Pandey et al. (2020).

Fig. 9. (A) Showing best pose of compound KPP-III-34 (purple) docked in 6HUO. (B) Showing best pose of compound KPP-III-34 (purple) docked
in 6HUO, overlay with bound alprazolam (gray) in 6HUO. a1 (Aquamarine) and c2 (orchid) subunits of a1b3c2L GABAA receptor 6HUO. Dashed
lines indicate p–p, hydrogen bond, and halogen bond interactions.

KRM-II-81 Analogs 59

 at A
SPE

T
 Journals on A

pril 9, 2024
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


KRM-II-81, the oral anticonvulsant potency of KPP-III-34 was
slightly less than that of KRM-II-81. Both compounds demon-
strated good tolerability in mice and rats that corresponded to
their molecular modeling docking scores, with the brominated
KPP-III-34 molecule showing the least interaction with the criti-
cal a1 residue. KPP-III-34 at GABAARs was more potent than
that of KRM-II-81, but KPP-III-34 also incurred additional low-
potency off-target activity compared with KRM-II-81. Thus,
KPP-III-34 presents as a novel compound with overlapping as
well as unique pharmacological properties that continues to
carry anticonvulsant activity with low sedative liability.

Acknowledgments

The authors are grateful to the Henry and Nellie Pence Founda-
tion for their support of this research that has enabled the advance-
ment of new potential therapeutic entities. The authors also
acknowledge the University of Wisconsin-Milwaukee Shimadzu
Laboratory for Advanced and Applied Analytical Chemistry and
support from the Milwaukee Institute of Drug Discovery and the
University of Wisconsin-Milwaukee Research Foundation.

Authorship Contributions

Participated in research design: Pandey, Divovi�c, Golani, Ping,
Cook, Savi�c, Witkin.

Conducted experiments: Pandey, Divovi�c, Rashid, Golani, Ping.
Contributed new reagents or analytic tools: Pandey, Rashid, Golani.
Performed data analysis: Divovi�c, Golani, Ping, Savi�c, Witkin.
Wrote or contributed to the writing of the manuscript: Pandey,

Divovi�c, Rashid, Golani, Cerne, Zahn, Meyer, Arnold, Sharmin, Mian,
Smith, Ping, Jin, Lippa, Tiruveedhula, Cook, Savi�c, Witkin.

References
Barton ME, Klein BD, Wolf HH, and White HS (2001) Pharmacological characteriza-
tion of the 6 Hz psychomotor seizure model of partial epilepsy. Epilepsy Res
47:217–227.

Besnard J, Ruda GF, Setola V, Abecassis K, Rodriguiz RM, Huang XP, Norval S, Sas-
sano MF, Shin AI, Webster LA, et al. (2012) Automated design of ligands to poly-
pharmacological profiles. Nature 492:215–220.

Biggerstaff A, Kivell B, Smith JL, Mian MY, Golani LK, Rashid F, Sharmin D, Knut-
son DE, Cerne R, Cook JM, et al. (2020) The a2,3-selective potentiators of GABAA

receptors, KRM-II-81 and MP-III-80, produce anxiolytic-like effects and block che-
motherapy-induced hyperalgesia in mice without tolerance development. Pharma-
col Biochem Behav 196:172996.

Bouilleret V, Ridoux V, Depaulis A, Marescaux C, Nehlig A, and Le Gal La Salle G (1999)
Recurrent seizures and hippocampal sclerosis following intrahippocampal kainate injec-
tion in adult mice: electroencephalography, histopathology and synaptic reorganization
similar to mesial temporal lobe epilepsy.Neuroscience 89:717–729.

Cerne R, Lippa A, Poe MM, Smith JL, Jin X, Ping X, Golani LK, Cook JM, and Witkin
JM (2022a) GABAkines - advances in the discovery, development, and commercializa-
tion of positive allosteric modulators of GABAA receptors. Pharmacol Ther 234:108035.

Cerne R, Smith JL, Fisher JL, Golani LK, Knutson DE, Cook JM, and Witkin JM
(2022b) The orally bioavailable imidazodiazepine, KRM-II-81, is a novel potentiator
of a2/3-containing GABAA receptors with analgesic efficacy, in The Neurobiology,
Physiology, and Psychology of Pain (Rajendram R, Preedy VR, Patel VB, and
Martin CR, eds) pp 117–127, Academic Press, Cambridge, MA. DOI: 10.1016/
B978-0-12-820589-1.00011-7.

Chang RS and Snyder SH (1978) Benzodiazepine receptors: labeling in intact animals
with [3H] flunitrazepam. Eur J Pharmacol 48:213–218.

Ferrarese C, Tortorella R, Bogliun G, Beghi E, Cogliati T, Zoia C, Passoni D, and
Frattola L (1997) Decreased density of lymphocyte benzodiazepine receptors in
drug-resistant epileptic patients. Epilepsy Res 27:181–185.

Gharib A, Sayyahi Z, Komaki A, Barkley V, Sarihi A, and Mirnajafi-Zadeh J (2018) The
role of 5-HT1A receptors of hippocampal CA1 region in anticonvulsant effects of low-fre-
quency stimulation in amygdala kindled rats. Physiol Behav 196:119–125.

Golani LK, Divovi�c B, Sharmin D, Pandey KP, Mian MY, Cerne R, Zahn NM, Meyer
MJ, Tiruveedhula VVNPB, Smith JL, et al. (2022a) Metabolism, pharmacokinetics,
and anticonvulsant activity of a deuterated analog of the a2/3-selective GABAkine
KRM-II-81. Biopharm Drug Dispos 43:66–75.

Golani LK, Yeunus Mian M, Ahmed T, Pandey KP, Mondal P, Sharmin D, Rezvanian
S, Witkin JM, and Cook JM (2022b) Rationalizing the binding and a subtype selec-
tivity of synthesized imidazodiazepines and benzodiazepines at GABAA receptors
by using molecular docking studies. Bioorg Med Chem Lett 62:128637.

Klepner CA, Lippa AS, Benson DI, Sano MC, and Beer B (1979) Resolution of two bio-
chemically and pharmacologically distinct benzodiazepine receptors. Pharmacol Bi-
ochem Behav 11:457–462.

Knutson DE, Smith JL, Ping X, Jin X, Golani LK, Li G, Tiruveedhula VVNPB, Rashid F,
Mian MY, Jahan R, et al. (2020) Imidazodiazepine anticonvulsant, KRM-II-81, produces
novel, non-diazepam-like antiseizure effects. ACS Chem Neurosci 11:2624–2637.

Mian MY, Divovi�c B, Sharmin D, Pandey KP, Golani LK, Tiruveedhula VVNPB,
Cerne R, Smith JL, Ping X, Jin X, et al. (2022) Hydrochloride salt of the GABAkine
KRM-II-81. ACS Omega 7:27550–27559.

Leclercq K, Matagne A, and Kaminski RM (2014) Low potency and limited efficacy of anti-
epileptic drugs in the mouse 6 Hz corneal kindling model. Epilepsy Res 108:675–683.

Lewter LA (2019) Characterization of novel a2/a3 subtype-selective GABAA receptor
positive allosteric modulators. Doctoral dissertation, University at Buffalo, The
State University of New York, Buffalo, NY.

Li G, Golani LK, Jahan R, Rashid F, and Cook JM (2018) Improved synthesis of anxiolytic,
anticonvulsant and antinociceptive a2/a3-GABA(A)ergic receptor subtype selective
ligands as promising agents to treat anxiety, epilepsy, as well as neuropathic pain.
Synthesis (Stuttg) 50:4124–4132.

TABLE 9
Comparative effects of KPP-III-34 and KRM-II-81
Data for KPP-III-34 are from the present study. In vivo data are with oral dosing. Anticonvulsant data are minimum effective doses. Binding
data are shown for the receptors identified in a primary screen for KPP-III-34 where >50% inhibition was observed at 10 mM. Data are expressed
as Ki in nM or as % inhibition in the primary screen.

Assay KPP-III-34 KRM-II-81 KRM-II-81 Reference

Cmax plasma – rat 228 nM 395–1832 nM Golani et al., 2022a; Mian et al., 2022
Cmax brain – rat 259 nM 594–678 nM Golani et al., 2022a; Mian et al., 2022
Cmax – brain/plasma 1.14 0.32–1.7 Golani et al., 2022a; Mian et al., 2022
AUC0-24 plasma – rat 1064 nM 2161–3589 nM Golani et al., 2022a; Mian et al., 2022
AUC0-24 brain – rat 2336 nM 2343–2690 nM Golani et al., 2022a; Mian et al., 2022
PTZ clonus – mouse 30 mg/kg 10 mg/kg Golani et al., 2022a; Mian et al., 2022
PTZ tonus – mouse 30 mg/kg 10 mg/kg Golani et al., 2022a; Mian et al., 2022
PTZ lethality – mouse 10 mg/kg 10 mg/kg Golani et al., 2022a; Mian et al., 2022
6 Hz (44 mA) – mouse 200 mg/kg 50 mg/kg Witkin et al., 2018
Corneal kindling – mouse 13 mg/kg 8 mg/kg Witkin et al., 2020
Mesial temporal lobe seizures – mousea 30 mg/kg 15 mg/kg Witkin et al., 2020
Rotarod – mouse 120 mg/kg 100 mg/kg Ping et al., 2023
Molecular modeling docking score �9.1 kcal/mol �9.4 kcal/mol Witkin et al., 2020
Adverse events – rat >500 mg/kg >300 mg/kg Witkin et al., 2020
Cytotoxicityb >300 mM >100 mM Poe et al., 2016
hERG binding >10 mM >100 mM Poe et al., 2016
BZP binding 47.4 294–554 from NIMH PDSP
5-HT1A binding 1835 29.5% inhibition from NIMH PDSP
KOR binding 380 45.9% inhibition from NIMH PDSP
PBR 591 435–723 from NIMH PDSP

Ki, inhibitory constant.
aFor the mesial temporal lobe seizure assay, only one dose was tested.
bFor the cytotoxicity assay, only 100 mM was tested for KRM-II-81.

60 Pandey et al.

 at A
SPE

T
 Journals on A

pril 9, 2024
jpet.aspetjournals.org

D
ow

nloaded from
 

http://10.1016/B978-0-12-820589-1.00011-7
http://10.1016/B978-0-12-820589-1.00011-7
http://jpet.aspetjournals.org/


Lipinski CA (2004) Lead- and drug-like compounds: the rule-of-five revolution. Drug
Discov Today Technol 1:337–341.

Lippa AS, Beer B, Sano MC, Vogel RA, and Meyerson LR (1981) Differential ontogeny
of type 1 and type 2 benzodiazepine receptors. Life Sci 28:2343–2347.

Lippa AS, Klepner CA, Yunger L, Sano MC, Smith WV, and Beer B (1978) Relationship
between benzodiazepine receptors and experimental anxiety in rats. Pharmacol Biochem
Behav 9:853–856.

Lippa AS, Meyerson LR, and Beer B (1982) Molecular substrates of anxiety: clues
from the heterogeneity of benzodiazepine receptors. Life Sci 31:1409–1417.

Loacker S, Sayyah M, Wittmann W, Herzog H, and Schwarzer C (2007) Endogenous
dynorphin in epileptogenesis and epilepsy: anticonvulsant net effect via kappa opioid
receptors. Brain 130:1017–1028.

Manocha A, Mediratta PK, and Sharma KK (2003) Studies on the anticonvulsant effect
of U50488H on maximal electroshock seizure in mice. Pharmacol Biochem Behav
76:111–117.

Masiulis S, Desai R, Ucha�nski T, Serna Martin I, Laverty D, Karia D, Malinauskas
T, Zivanov J, Pardon E, Kotecha A, et al. (2019) GABAA receptor signalling mecha-
nisms revealed by structural pharmacology. Nature 565:454–459.

Mathiasen JR and Moser VC (2018) The Irwin test and functional observational bat-
tery (FOB) for assessing the effects of compounds on behavior, physiology, and
safety pharmacology in rodents. Curr Protocols Pharmacol 83:e43.

Methuku KR, Li X, Cerne R, Gleason SD, Schkeryantz JM, Tiruveedhula VVNPB,
Golani LK, Li G, Poe MM, Rahman MT, et al. (2018) An antidepressant-related
pharmacological signature for positive allosteric modulators of a2/3-containing GA-
BAA receptors. Pharmacol Biochem Behav 170:9–13.

Moerke MJ, Li G, Golani LK, Cook J, and Negus SS (2019) Effects of the a2/a3-sub-
type-selective GABAA receptor positive allosteric modulator KRM-II-81 on pain-
depressed behavior in rats: comparison with ketorolac and diazepam. Behav Pharmacol
30:452–461.

Obradovi�c AL, Joksimovi�c S, Poe MM, Ramerstorfer J, Varagic Z, Namjoshi O,
Batini�c B, Radulovi�c T, Markovi�c B, Roth BL, et al. (2014) Sh-I-048A, an in vitro
non-selective super-agonist at the benzodiazepine site of GABAA receptors: the ap-
proximated activation of receptor subtypes may explain behavioral effects. Brain Res
1554:36–48.

Pandey KP, Khan ZA, Golani LK, Mondal P, Mian Y, Rashid F, Tiruveedhula VVNPB,
Knutson DE, Sharmin D, Ahmed T, et al. (2020) Design, synthesis and characterization
of novel gamma-aminobutyric acid type A receptor ligands. ARKIVOC 2020:242–256.

Pelz MC, Schoolcraft KD, Larson C, Spring MG, and L�opez HH (2017) Assessing the
role of serotonergic receptors in cannabidiol’s anticonvulsant efficacy. Epilepsy Be-
hav 73:111–118.

Ping X, Meyer MJ, Zahn NM, Golani LK, Sharmin D, Pandey KP, Revanian S, Mondal P,
Jin X, Arnold LA, et al. (2023) Comparative anticonvulsant activity of the GABAkine
KRM-II-81 and a deuterated analog. Drug development research DOI: 10.1002/
ddr.22042 [published ahead of print].

Poe MM, Methuku KR, Li G, Verma AR, Teske KA, Stafford DC, Arnold LA, Cramer JW,
Jones TM, Cerne R, et al. (2016) Synthesis and characterization of a novel g-aminobuty-
ric acid type A (GABAA) receptor ligand that combines outstanding metabolic stability,
pharmacokinetics, and anxiolytic efficacy. J Med Chem 59:10800–10806.

Rashid F (2021) Design and Synthesis of Achiral and Chiral Benzodiazepines and
Imidazodiazepines to Modulate the Activity of GABAA Receptors for the Treatment
of Cancer, CNS Disorders and Pain. Doctoral dissertation, University of Wisconsin-
Milwaukee, Milwaukee, WI.

Rivas FM, Stables JP, Murphree L, Edwankar RV, Edwankar CR, Huang S, Jain
HD, Zhou H, Majumder S, Sankar S, et al. (2009) Antiseizure activity of novel
gamma-aminobutyric acid (A) receptor subtype-selective benzodiazepine analogues
in mice and rat models. J Med Chem 52:1795–1798.

Sapa J, Zygmunt M, Kulig K, Malawska B, Dudek M, Filipek B, Bednarski M, Kusak
A, and Nowak G (2014) Evaluation of anticonvulsant activity of novel pyrrolidin-2-
one derivatives. Pharmacol Rep 66:708–711.

Shinada NK, de Brevern AG, and Schmidtke P (2019) Halogens in protein-ligand
binding mechanism: a structural perspective. J Med Chem 62:9341–9356.

Shiotani T, Nakamoto Y, Watabe S, Yoshii M, and Nabeshima T (2000) Anticonvul-
sant actions of nefiracetam on epileptic EL mice and their relation to peripheral-
type benzodiazepine receptors. Brain Res 859:255–261.

Sieghart W, Mayer A, and Drexler G (1983) Properties of [3H]flunitrazepam bind-
ing to different benzodiazepine binding proteins. Eur J Pharmacol 88:291–299.

Waszkielewicz AM, Cegła M, _Zesławska E, Nitek W, Słoczy�nska K, and Marona H
(2015) N-[(2,6-dimethylphenoxy)alkyl]aminoalkanols-their physicochemical and an-
ticonvulsant properties. Bioorg Med Chem 23:4197–4217.

Wilcox KS, Dixon-Salazar T, Sills GJ, Ben-Menachem E, White HS, Porter RJ, Dichter
MA, Mosh�e SL, Noebels JL, Privitera MD, et al. (2013) Issues related to development
of new antiseizure treatments. Epilepsia 54(0 4, Suppl 4)24–34.

Witkin JM, Cerne R, Wakulchik M, S J, Gleason SD, Jones TM, Li G, Arnold LA, Li
J-X, Schkeryantz JM, et al. (2017) Further evaluation of the potential anxiolytic ac-
tivity of imidazo[1,5-a][1,4]diazepin agents selective for a2/3-containing GABAA re-
ceptors. Pharmacol Biochem Behav 157:35–40.

Witkin JM, Li G, Golani LK, Xiong W, Smith JL, Ping X, Rashid F, Jahan R, Cerne R,
Cook JM, et al. (2020) The positive allosteric modulator of a2/3-containing GABAA
receptors, KRM-II-81, is active in pharmaco-resistant models of epilepsy and reduces
hyperexcitability after traumatic brain injury. J Pharmacol Exp Ther 372:83–94.

Witkin JM, Lippa A, Smith JL, Jin X, Ping X, Biggerstaff A, Kivell BM, Knutson DE,
Sharmin D, Pandey KP, et al. (2022) The imidazodiazepine, KRM-II-81: an example
of a newly emerging generation of GABAkines for neurological and psychiatric dis-
orders. Pharmacol Biochem Behav 213:173321.

Witkin JM, Smith JL, Ping X, Gleason SD, Poe MM, Li G, Jin X, Hobbs J, Schker-
yantz JM, McDermott JS, et al. (2018) Bioisosteres of ethyl 8-ethynyl-6-(pyridin-2-
yl)-4H-benzo[f]imidazo [1,5-a][1,4]diazepine-3-carboxylate (HZ-166) as novel alpha
2,3 selective potentiators of GABAA receptors: improved bioavailability enhances
anticonvulsant efficacy. Neuropharmacology 137:332–343.

Woodbury LA and Davenport VD (1952) Design and use of a new electroshock seizure
apparatus, and analysis of factors altering seizure threshold and pattern. Arch Int
Pharmacodyn Ther 92:97–107.

Zangrandi L and Schwarzer C (2022) The kappa opioid receptor system in temporal
lobe epilepsy. Handb Exp Pharmacol 271:379–400.

Zhang D, Wei C, Hop CECA, Wright MR, Hu M, Lai Y, Khojasteh SC, and Humphreys
WG (2021) Intestinal excretion, intestinal recirculation, and renal tubule reabsorption
are underappreciated mechanisms that drive the distribution and pharmacokinetic
behavior of small molecule drugs. J Med Chem 64:7045–7059.

Address correspondence to: Kamal P. Pandey, University of Wisconsin-
Milwaukee, 2200 East Kenwood Boulevard, Milwaukee, WI 53211. E-mail:
kppandey@uwm.edu; or Jeff Witkin, 1616 Cool Creek Drive, Carmel,
IN 46033. E-mail: witkinconsult@gmail.com

KRM-II-81 Analogs 61

 at A
SPE

T
 Journals on A

pril 9, 2024
jpet.aspetjournals.org

D
ow

nloaded from
 

10.1002/ddr.22042
10.1002/ddr.22042
mailto:kppandey@uwm.edu
mailto:witkinconsult@gmail.com
http://jpet.aspetjournals.org/

