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Abstract
Background and Purpose: GABA, receptors (GABAARs) are heteropentameric ion
channels that control almost all CNS functions, including spinal nociception. Most
GABAARs contain a y2 subunit but differ in their o and B subunit composition.
TPAO23B is an a2/a3 subtype selective, non-sedative, positive allosteric modulator
(PAM)  with

pharmacodynamic (PK/PD) characteristics of its antihyperalgesic action are

antihyperalgesic activity in rodents. The pharmacokinetic/
unknown.

Experimental Approach: To establish the PK/PD relationship for the antihyperalgesic
effects of TPAO23B, blood and brain concentrations, and brain and spinal cord recep-
tor occupancies (RO) were determined at various time points following the adminis-
tration of single oral doses of TPAO23B in mice, and correlated with the
antihyperalgesic effects (increases in paw withdrawal thresholds to punctate
mechanical stimuli). In addition, the potentiating effects of TPAO23B on recombinant
v1- and y2-containing GABAARs (y1-GABAARs and y2-GABAARs, respectively) were
determined in electrophysiological (patch-clamp) and fluorometric (membrane
potential-sensitive dye) assays.

Key Results: Antihyperalgesic effects of TPAO23B correlated well with blood and
brain concentrations, and no signs of tolerance (clockwise hysteresis) were observed.
However, antihyperalgesia did not correlate with receptor occupancy at
v2-GABAARs, suggesting that a relevant part of the antihyperalgesic action occurred
through non-y2-GABAARs. In this regard, experiments in heterologous expression
systems revealed that TPAO23B not only potentiates y2 but also y1 containing

GABAARs.

Abbreviations: AUC, area under the curve; BDZ, benzodiazepine; CCl, chronic constriction injury; FLIPR, fluorometric imaging plate reader; MPE, maximum possible effect; PAM, positive
allosteric modulator; PK, pharmacokinetic; PD, pharmacodynamic; RO, receptor occupancy.
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1 | INTRODUCTION

Chronic pain is a debilitating medical condition affecting about 20% of
humans (Breivik et al., 2006). Plastic changes in neuronal communica-
tion within the spinal dorsal horn are major contributors to chronic
pain states. Among them, a reduced inhibitory tone by GABAergic
neurons plays a particular role both in neuropathic and inflammatory
conditions (for reviews, see De Koninck, 2007; Zeilhofer &
Zeilhofer, 2008; Zeilhofer et al., 2012). Restoring a physiological level
of inhibition with GABAA receptor (GABAAR) positive allosteric modu-
lators. (PAMs) should therefore constitute a rational approach to the
treatment of chronic pain (Zeilhofer et al., 2012; Zeilhofer
etal, 2015).

GABAARs are heteropentameric receptor complexes. A total of
19 genes encode GABAAR subunits. Most GABAARs in the CNS contain
two «, two p and one y subunit chosen from a repertoire of 6 o (a1-aé),
3 B (B1-p3), and 3 y (y1-y3) subunits (Sieghart & Savic, 2018). The great
majority of GABAARs in the CNS contain a y2 subunit, which together
with an al, a2, a3, or a5 subunit forms the high affinity benzodiazepine
(BDZ) binding site. a4 and a6 subunits cannot form a high affinity BDZ
binding site because of the presence of a histidine to arginine amino
acid exchange in their N-terminal extracellular domain. Positive alloste-
ric modulation of GABAARs that contain an a1 subunit induces sedation
and anticonvulsive actions (Rudolph et al., 1999). Conversely, potentia-
tion of GABAARs containing a2 and/or a3 subunits elicits profound
anxiolytic effects in the absence of sedation (Dias et al., 2005; Loéw
et al., 2000), as well as antihyperalgesic (Knabl et al., 2008; Lorenzo
et al., 2020; Ralvenius et al., 2015) and antipruritic effects (Ralvenius
et al., 2018). Indeed, the prototypic a2/a3-GABAAR PAM TPA023 dem-
onstrated anxiolytic-like activity in a Phase 2 study of generalised anxi-
ety disorder (Atack, 2009). TPA023B, the back-up compound to
TPA023, is another positive allosteric modulator (PAM) at GABAARs
containing o2 and/or a3 subunits (Atack, 2011) that also binds to the
high affinity BDZ binding site (Ralvenius et al., 2018). It has no activity
at al GABAARs and only relatively weak activity at a5 GABA4Rs.
TPAO23B possesses anxiolytic activity in rodents, non-human primates
and humans (Atack et al., 2011), and is, in addition, antihyperalgesic in
various mouse pain models, where it reduces both the sensory and the
affective component of pain (Neumann et al., 2021). This antihyperalge-
sic efficacy corresponds well with the enrichment of a2 and a3 GABAAR
subunits in the spinal dorsal horn (Paul et al., 2012), where somatosen-
sory, including nociceptive, processing occurs. Dorsal horn GABAAR

expression is also somewhat peculiar as about 20% of the total GABAAR

Conclusions and Implications: Antihyperalgesic effects of TPA0O23B do not undergo
tolerance development. Besides y2-GABAARs, y1-GABAARs appear to contribute to
the antihyperalgesic effects of TPA023B. y1-GABAAR selective PAMs may hence

have a therapeutic potential in chronic pain conditions.

analgesia, hysteresis, PK/PD model, proteresis, receptor occupancy, TPA023B

What is already known?

e Subtype selective positive allosteric modulators of
GABA, receptors (GABAARs PAMs) exert antihyperalge-
sic effects in rodent models of chronic pain.

e TPAO023B is an a2/a3 subtype selective, non-sedative,
GABAAR PAM

What does this study add?

o These antihyperalgesic effects do not undergo tolerance
development and are likely mediated by non-canonical
(Y1-)JGABARs.

What is the clinical significance?

e y-1 GABAARs may be new potential targets for analgesic
drugs.

y subunit mRNA encodes for the y1 subunit (Neumann et al., 2024),
which is expressed only at very low levels in most supraspinal CNS
regions (Pirker et al., 2000). Although the antihyperalgesic effects of
TPAO023B and of similar compounds are well established, detailed infor-
mation about the required CNS concentrations and levels of receptor
occupancies (RO) are unknown. To address these questions, we have
conducted this pharmacokinetic/pharmacodynamic (PK/PD) study on
the antihyperalgesic actions of TPA023B.

Our results reveal, over the dose range tested, a good correlation
of whole blood and brain concentrations of TPA023B with the
degrees of antihyperalgesia achieved. Plots of antihyperalgesic activity
over time-dependent drug concentrations in the brain showed
counterclockwise—rather than clockwise—hysteresis, indicating that,
unlike the sedative effects of conventional non-selective BDZ site
agonists, antihyperalgesia by TPA0O23B does not undergo tolerance
development. An unexpected finding was that the degree of RO
determined with the y2/y3 GABAR selective radioligand [*H]fluma-
zenil did not correlate with the antihyperalgesic activity, suggesting

that other (non-y2/y3 containing) GABAARs make a relevant
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contribution to antihyperalgesia. In line with this finding, experiments
on recombinant GABAARs showed that TPAO23B not only potenti-
ates y2-GABAARs but also y1-GABAARs.

2 | METHODS

21 | General study design

We first measured antihyperalgesic effects of different doses of
TPAO23B in the chronic constriction model of neuropathic pain in
mice. We then obtained blood and brain concentrations of TPA023B
to obtain basic pharmacokinetic (PK) parameters of TPA023B in mice
and to correlate antihyperalgesic effects with drug concentrations. To
examine whether a potential loss of efficacy during drug exposure fol-
lowing a single dose of TPA023B occurs, we made hysteresis plots of
time-dependent anti-allodynic effects versus time-dependent drug
concentrations in blood and brain. A chronic 9-day treatment experi-
ment was performed to test whether the antihyperalgesic action of
TPAO23B would undergo tolerance development during repeated
drug exposure. Receptor occupancy was measured in brain and spinal
cord to correlate RO with antihyperalgesic effects of TPA023B.
Finally, we analysed the binding of TPA023B to GABAARs containing
either y1 or y2 subunits and its modulatory effects on these receptors
in heterologous expression systems. The authors have followed the
recommendations set out in the British Journal of Pharmacology (BJP)

editorials where they are relevant.

22 | Mice

Experiments were performed in wild-type mice of the 129X1/SvJ
background. This strain was chosen to allow comparisons with previ-
ous work from our group.

Breeding pairs of mice were obtained from The Jackson Labora-
tories and were bred in-house. Permission for animal experiments
was obtained from the Canton of Zurich (license numbers
ZH096/2021 and ZH034/2024). Mice were randomly attributed to
the different treatment doses and, when applicable, to the different
time points. The study has no implication for the 3R principles. All
experiments were performed in 7- to 10-week-old male and female
mice. Mouse weight was 20.63 + 0.19 g (range 17-25 g, n = 30) and
25.13+£0.23 g (range 19-28 g, n = 46) for female and male mice,
respectively. Animal studies are reported in compliance with the
ARRIVE guidelines (Percie du Sert et al., 2020) and with the recom-
mendations made by the British Journal of Pharmacology (Lilley
et al., 2020). Mice were kept under specific pathogen free (conditions
in type T2L cages with 2-6 mice per cage with a regular 12/12 h
light/dark cycle at room temperature (21-24°C) and at 40-60%
humidity with ad libitum access to food and water. Trunk wood (Safe
Aspen Premium Hygiene) was used as bedding material. Environmen-
tal enrichment included paper crinkles (ARBOCEL crinklets natural)
and paper tissue (Kleenex). In-house breeding was performed
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through 1:1 matings. All experiments were performed during the light
phase. Well-being of mice in experiments was checked every day.
Termination criteria (humane endpoints) included infected or open
wounds, signs of paralysis, signs of autotomy behaviour, weight
loss > 10%, strongly ruffled fur, permanently closed eyes, arced back
or severely reduced spontaneous activity during any stage of the

experiment.

23 | Drugs

TPAO023B (6,2" -difluoro-5'- [3-(1-hydroxy-1-methylethyl)imidazo
[1,2-b][1,2,4]triazin-7-yl]biphenyl-2-carbonitrile) was synthesised by
PharmaBlock Sciences (Nanjing), Inc. China (cat # PBLJB817). For oral
(po) administration, TPAO23B was suspended in 0.9% saline (sodium
chloride, Sigma-Aldrich, St. Louis, MO, USA) and 1% Tween
80 (Sigma-Aldrich). For in vitro
(i.e. electrophysiological and fluorescence-based assays), TPA023B

functional  experiments
was dissolved in dimethyl sulfoxide (DMSO, Sigma-Aldrich; final con-
centration < 0.1%) and subsequently diluted in appropriate assay
buffer.

2.4 | Chronic constriction injury surgery

Neuropathic pain was induced by applying a chronic constriction
injury (CCl; Bennett & Xie, 1988) to the left sciatic nerve proximal to
the trifurcation with three loose (5-0, not absorbable) silk (Ethicon,
Somerville, NJ, USA) ligatures in mice anesthetised with isoflurane at
1-3%. Skin was closed with 5-0 Dermalon sutures (Covidien, Minne-
apolis, MN, USA). Care was taken to ensure aseptic conditions. This
CCI model is a standard rodent model of neuropathic pain and well

established in mice.

2.5 | Behavioural experiments

The effects of TPAO23B on mechanical hyperalgesia were assessed
between 7 and 10 days after surgery, except in the tolerance experi-
ments, in which pain thresholds were assessed for up to 14 days after
surgery. Electronic von Frey filament (no. 7; IITC, Woodland Hills, CA,
USA) was used to determine mechanical withdrawal thresholds. Three
measurements were taken per time point and mouse. Mice were
culled by decapitation in deep isoflurane anaesthesia at the end of the
experiment. The percent maximal possible effect (%MPE) was calcu-

lated as follows:
%MPE(t) = ((W(t) - Wpredrug)/(wpreCCI - Wpredrug)) x 100% (1)

where W(t) is the paw withdrawal thresholds at time point t, Wpredrug
is the withdrawal threshold measured after CCl surgery but before
TPAO23B application and Wecc is the baseline withdrawal threshold
before CCl surgery.
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2.6 | Whole blood and brain concentrations of
TPA023B
2.6.1 | Sample collection

Mice were treated with TPA023B (0.1, 0.3 and 1.0 mg kg%, p.o.) and
culled by decapitation in deep isoflurane anaesthesia at 0.5, 1, 1.5,
2,3,4,5, 6,10 and 24 h post drug administration. At these points,
blood and CNS samples (cerebrum, cerebellum and spinal cord), snap
frozen separately on dry ice, were taken for both PK and RO analyses
(see Section 2.6). Three mice (two male and one female) were ana-
lysed per time point.

2.6.2 | Blood preparation

Whole blood concentrations were obtained using a dried blood spot
method (Deglon et al., 2011). In brief, 10 uL of whole blood collected
after decapitation was spotted directly onto filter paper (Thermo
Fisher Scientific, Waltham, MA, USA, Cat no 84783) and allowed to
dry overnight at room temperature. All samples were extracted into
0.5 mL MeOH containing internal standard (carbamazepine) and then
vacuum evaporated. The same procedure was applied to matrix
matched standard curve samples.

2.6.3 | Brain preparation

One hemisphere was thawed, weighed and homogenised to
100 mg mL™Yin ice cold 10 mM K,PO, (pH 7.0). One hundred micro-
litres of homogenised sample or matrix matched standard curve sam-
ple was then precipitated in 900 uL methanol containing internal

standard (carbamazepine).

2.64 | Analytics

The dried blood and brain samples were then re-suspended in 50%
acetonitrile. The levels of compound in blood and brain were ana-
lysed using mass spectrometry (Waters, Milford, MA, USA, Xevo
TQ-S micro). Analyte standard curve samples (matrix matched in
untreated mouse blood and then spotted onto filter paper or matrix
matched in untreated mouse brain homogenate) and dry blood spot
papers or brain samples from treated mice were precipitated in meth-
anol containing an internal standard (carbamazepine). Once centri-
fuged, the supernatant was diluted and subjected to HybridSPE
filtration to remove lipids to minimise matrix associated ion suppres-
sion during MS analysis, followed by vacuum evaporation. The dried
samples were then re-suspended in 50% acetonitrile and analysed via
LC/MS-MS. Analyte peak areas were normalised to the internal stan-
dard, and concentrations interpolated from the matrix matched stan-

dard curve.

2.7 | Receptor occupancy

RO was determined ex vivo by the level at which TPA023B inhibited
binding of the radioligand [*H]flumazenil to the GABAAR BDZ binding
site (Li et al., 2006). On the day of assay, each tissue sample was rap-
idly homogenised in 8 x volumes (brains) or 20x volumes (spinal cord)
of ice-cold assay buffer (10 mM potassium phosphate buffer, pH 7.4).
For brains, 300 uL aliquots from each sample was added to 1050 pL
of assay buffer and 150 pL of [*H]flumazenil (final concentration of
4 nM). For spinal cords, 100 pL aliquots from each sample were added
to 400 pL assay buffer containing 2.5 nM [*H]flumazenil.

A reference compound, bretazenil, was added ex vivo to a group
of samples from vehicle dosed mice to block all BDZ binding sites in
order to define the level of non-specific binding of [*H]flumazenil. For
spinal cord, nonspecific [*H]flumazenil binding was in addition deter-
mined with samples derived from mice that had been injected with
5 mgkg™! (ip.) bretazenil (dissolved in PEG300) to completely
occupy all BDZ-binding sites. All samples were vortexed immediately
and incubated for 20 s on ice. The incubations were terminated by
filtration through Whatman GF/B filters and washing with 10 mL of
ice-cold 50 mM Tris buffer (pH 7.4). The radioactivity retained on the
filters was determined by liquid scintillation counting using a Packard
TriCarb2500 or TriCarb2900 Liquid Scintillation Analyser.

For each dosed mouse, triplicate samples were analysed (the
membrane-bound radioactivity counted) and the results averaged.
The value of non-specific binding defined using bretazenil was sub-
tracted to give values of specific binding. The percent GABA, RO
of the test compound at a specific dose and treatment time was cal-
culated as the percentage by which the specific binding (radioactiv-
ity) observed in the vehicle-treated group was inhibited by drug as
measured in the drug-treated rodents (Li et al., 2006). Therefore,
the percentage RO of TPAO023B in drug-treated animals was

expressed as

RO=100- ((CPMsample - CPMbretazeniI control)/
(CPMvehicle control — CP'\/Ibretazenilcontrol) X 100%) (2)
CPM = counts per minute

2.8 | Pharmacokinetic/pharmacodynamic (PK/PD)
modelling

281 |
over time

Whole blood and brain concentrations

Whole blood and brain concentrations of TPA0O23B over time (c(t))
after oral drug administration were fitted to the Bateman function:

c(t) =A1 x (ka1/ (ka1 —ke1) X (exp(—ke1 X t) — exp(—ka1 x t))  (3)

where Al is the arbitrary constant, k,, is the rate constant of drug

absorption into whole blood or brain, k., is the rate constant of
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drug elimination from whole blood or brain, and t is the time after

drug administration.

2.8.2 | Drug effect versus time
Drug effect (percent maximum possible antihyperalgesia) was plotted

versus time. Data were fitted to the Hill equation:

E(Cettct(£)) = Emax / (1 + (e /Cetrect ()™ )

with an embedded Bateman function describing the time course
of the concentration of TPA023B in the (unknown) effect

compartment:
Ceffect (t) =A2 X (Ka2/ (ka2 —ke2)) % (exp(—kez X t) — exp(—ka2 x t)) (5)

where A2 is the arbitrary factor, k., is the rate constant for absorp-
tion into the effect compartment, k., is the rate constant for elimi-
nation from effect compartment, and t is the time after drug
administration.

Terminal half-life of TPA0O23B was estimated from the k. values
obtained in the various fits:

t1)2=In2/ke (6)

2.8.3 | Drug effect versus whole blood or brain
concentrations (hysteresis plots)

To detect potential hysteresis effects between antihyperalgesia and
whole blood or brain concentrations, drug effects (percent maximum
possible antihyperalgesia) measured at time point t (E(t)) were plotted
against measured drug concentrations at the same time point in whole
blood or brain (c(t)). Data points in the graphs were overlaid with
curves that display the fits of E(t) to Equation (4) plotted versus fits of
Chlood(t) OF Cprain(t) from Equation (3).

2.84 | Dose-response curves

Dose-response curves were calculated for the maximum degree of
antihyperalgesia reached for a particular dose and for the areas under
the effect-versus-time curve (AUC). AUCs were calculated from the
fits of E(t) to the Bateman function by numerical integration over time
using the trapezoid method. The dose response data were fitted to

the Hill equation.

E(D) = Emax/ (1+ (Drar/D)™) ™

where Dy, is the dose at which the half-maximal effect is reached,

nH is the Hill coefficient, and D is the dose administered.
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2.8.5 | RO versustime
RO values (RO(t)) were plotted against time. Data were fitted to the

Hill equation:

RO (Ceffect (1)) = ROmax/(1 + (Chalf/ceffect(t))nH> ®)

with an embedded Bateman function describing the time course of

the (unknown) concentration of TPA023B in the effect compartment:
Ceffect (t) = A4 X (Kaa/(Kaa —Kea)) X (€Xp(—Kea X t) — exp(—kaa x t)) (9)

where RO, is the maximal RO with the given dose, ch. is the brain
drug concentration yielding half-maximal RO, nH is the Hill coefficient,
A4 is the arbitrary factor; k,4 is the rate constant for absorption into
the effect compartment, ke4 is the rate constant for elimination from

the effect compartment, and t is the time after drug administration.

2.8.6 | RO versus dose

RO(D) =ROmax /(1+ (Drar/D)™) (10)

where Dy.i¢ is the dose at which the half-maximal RO is reached, nH is
the Hill coefficient, and D is the dose administered. RO,,.x Was set
to 100%.

2.87 | RO versus Cymin

RO (Cbrain) = Romax / (1 + (Chalf/cbrain)nH) (11)

where Dy, is the dose at which the half-maximal RO is reached, nH is
the Hill coefficient, and cp.in is the concentration in the brain. RO,,.x
was set to 100%.

2.8.8 | Antihyperalgesia versus time-dependent
receptor occupancy (RO) (hysteresis plots)

To detect potential hysteresis between antihyperalgesia and RO, mea-
sured percent maximal possible antihyperalgesia values at time point
t (E(t) were plotted against RO(t). Data points in the graphs were
overlaid with the curve, which displays the fitted E (Ceffectiry) from
Equation (4) plotted versus the fitted RO(t) from Equation (8).

2.89 | Receptor occupancy (RO) versus time-
dependent brain concentrations (hysteresis plots)

To detect potential hysteresis effects between RO and brain concen-
trations, RO measured at time point t (RO(t)) was plotted against the

measured concentration in brain at the same time point (Cprain(t)).
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Graphs were overlaid with the curves in which the fitted RO(t)
(Equation 8) was plotted versus the fitted cp.in(t) from Equation (3).

2.9 | Electrophysiology

The effects of TPA023B on currents through recombinant GABAARs
were studied in HEK293 cells (ATCC; RRID: CVCL_0045) transiently
transfected with rat GABAAR subunits using Lipofectamine™ 2000
(Invitrogen, Waltham, MA, USA). To ensure expression of the y1 or y2
subunit in all recorded cells, a plasmid was used for y1 and y2 subunit
expression that also contained an IRES eGFP expression cassette.
Only cells with green fluorescence were selected for recording. The
transfection mixture contained in (ug): 1 o2, 1 p3, 3 y1-eGFP or
y2-eGFP. This subunit combination was chosen because antihyperal-
gesia by BDZ site agonists occurs mainly through a2 GABAARs (Knabl
et al., 2008) and because the a2 subunit is most frequently associated
with B3 subunits (Benke et al., 1994).

Whole-cell patch-clamp recordings were made at room temperature
(20-24°C) at a holding potential of —60 mV 18-48 h after transfection.
Recording electrodes were filled with intracellular solution containing
(in mM): 120 CsCl, 10 EGTA, 10 HEPES (pH 7.40), 4 MgCl,, 0.5 GTP
and 2 ATP. The external solution contained (in mM): 150 NaCl, 10 KCl,
2.0 CaCl,, 1.0 MgCl,, 10 HEPES (pH 7.40) and 10 glucose. GABA at
EC,o together with various concentrations of TPAO23B was applied for
2-10 s using a manually controlled application system. EC,o values of
GABA were 0.87 and 1.16 uM for y1 and y2 containing GABAARs,
respectively. ECsq values and Hill coefficients (nH) were obtained from

fits of normalised concentration-response curves to the Hill equation

Icasa = Imax [GABAI™/ (IGABAI™ + [ECso]™). (12)

Imax Was determined as the average maximal current elicited by a
saturating concentration of 1 mM GABA. TPA023B was dissolved in
DMSO (final concentration < 0.1%) and subsequently diluted
in external solution and co-applied with GABA without preincubation.
Potentiation was calculated as

E(c) = (I(c) — lo)/lo x 100% (13)

2.10 | Fluorometric imaging plate reader
(FLIPR) assay

The potentiating actions of TPA023B in comparison to the canonical
BDZ site agonist diazepam were evaluated using the FLIPR membrane
potential assay in the FLIPR Penta system (Molecular Devices, San
Jose, CA, USA). TPA023B was tested for its ability to modulate ion
channels through an increase in fluorescent signal as cellular mem-
brane potential changes. For the FLIPR assays, a stable HEK293 cell
line expressing a2p3y1GABAARs (HEK-a2B3y1) and an inducible
human Ltk(") cell line (ATCC; RRID: CVCL_3392) expressing
a2p3Y2GABA, (Ltk-a2p3y2) were used.

Cells expressing a2p3y1 were maintained in Dulbecco's Modified
Eagle Medium (DMEM) medium supplemented with 10% fetal bovine
serum tetracycline-free 1% L-glutamine, 0.6 mgmL™! geneticin,
4 pg mL™? blasticidin, 0.4 mg mL~* zeocin and 1x non-essential amino
acids. Cells expressing a2p3y2 were maintained in DMEM F1/2 with
10% fetal bovine serum, 1% penicillin/streptomycin and 1 mg mL~?
geneticin. Both cell lines were maintained at 80% confluence. Black
walled, clear bottom 384-well assay plates were coated with poly-
D-lysine (PDL) overnight. The PDL solution was removed, and the
plates were washed twice with sterile water and left to dry completely.

The cell seeding density was optimised so that a uniform 90%
confluent monolayer was formed on the day of the assay. Both cell
lines were seeded into poly-D-lysine coated plates at 10,000 cells per
well in 50 pL culture media. Seeded plates were incubated at 37°C in
a humidified atmosphere with 5% CO,. After 24 h, expression in Ltk
() cells was achieved by incubating the cells in media containing
dexamethasone at a final concentration of 300 nM and incubated fur-
ther at 18-24 h prior to testing.

In the FLIPR assay, HEK-a2p3y1 cells were tested using the
FLIPR® Membrane Potential Assay Kit (Blue), bulk (Molecular Devices,
cat #R8034), and Ltk(7)-a2p3y2 cells were tested using the FLIPR®
Membrane Potential Assay Kit (Red), bulk (Molecular Devices, cat #
R8123). One vial of each dye was resuspended in 100 mL assay buffer
(25 mM HEPES in HBSS pH 7.4) and allowed to fully dissolve. The
dye was aliquoted and stored at —20°C until use. The resuspended
dye was further diluted by adding 6 to 24 mL of assay buffer (red) and
5.4 to 24.6 mL of assay buffer (blue). All media were carefully aspi-
rated from the induced cells and replaced with 35 pL of either red or
blue dye in assay buffer. The cells were incubated for 30 min at 37°C
in a humidified atmosphere with 5% CO,.

The effects of TPAO23B and diazepam were evaluated in the
presence of a GABA EC,5 concentration in GABA assay buffer, which
contained in mM: 25 HEPES, 10 glucose, 1.25 CaCl,, 1.25 MgSQyq,
135 Na™ gluconate and 5 K* gluconate (pH 7.4). Every assay included
a 12 point threefold dilution GABA concentration response curve
starting at 300 pM for a2p3y1 and 30 pM for a2p3y2. TPAO23B and
diazepam were evaluated at 1 uM GABA for «2p3y1 and 0.2 uM
GABA for a2p3y2 (the GABA EC,5 concentrations were determined
from separate GABA concentration response curves).

The compounds were first dissolved in DMSO as a 10-mM stock
and then further diluted to the testing concentrations so that the final
DMSO concentration in the assay was 0.5%. The compounds were
screened at 12 concentrations in duplicate from threefold dilutions.
The highest concentration was 100 uM in the final assay for
TPAO23B and 50 uM for diazepam. Five microlitres of the test com-
pound (TPAO23B or diazepam) was added to the test well followed by
a 10-min incubation before the addition of 10 uL GABA and subse-
quent incubation for 2 min. Fluorescence was monitored throughout
the 15-min protocol. The dyes were excited at wavelength 510-
545 nm, and fluorescent signals were recorded at emission wave-
length 565-625 nm. The following settings were used: exposure time
0.4 s, data capture 1 read per second, excitation intensity 30% and
gain 10%.
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The average fluorescence baseline was calculated from the mean
of the first 10 readings at the point of GABA addition. All readings were
normalised against the average fluorescent baseline. Each time point
was then further normalised against the equivalent time data point of
the averaged, normalised ‘buffer only’ sample. The final fluorescence
readings after GABA addition were plotted as log [GABA] or log
[compound]. ECsg values were determined by sigmoidal dose-response
curve calculation performed in GraphPad Prism (San Diego, CA, USA).
Potentiation by TPA023B relative to diazepam was normalised to the

potentiation observed at saturating concentrations of diazepam.

211 | Radioligand binding to transiently
transfected HEK293 cells

HEK293 cells were grown on 9-cm culture dishes in DMEM medium
supplemented with 10% fetal bovine serum and penicillin/streptomy-
cin. Cells were transfected with a total of 8 pg DNA of a2, 3 and y2
plasmid (ratio: 1:1:3) or «2, p3 and y1 plasmid (ratio: 1:1:3) using the
polyethyleneimine (PEI) method according to the jet-PEl protocol
(Polyplus, lllkirch, France, Transfection) and then kept at 37°C and 5%
CO, for 48 h. For harvesting, culture dishes were washed with ice-
cold phosphate-buffered saline (PBS) followed by scraping the cells in
buffer and centrifugation at 1000 g for 10 min at 4°C. Cells were
resuspended in 20 mM Tris/HCI pH 7.4 containing protease inhibitors
(Complete Mini, Roche, Basel Switzerland), homogenised, and
centrifuged for 10 min at 1000 g and 4°C. The supernatant was then
re-centrifuged for 50 min at 45,000 g and 4°C to obtain the crude
membrane fraction. The pellet was resuspended in 20 mM Tris/HCI
pH 7.4, 100 mM KCI and stored at —80°C.

For radioligand binding, aliquots of the crude membranes were incu-
bated with increasing concentrations of TPA023B and 2.5 nM [®Hflu-
mazenil (80 Ci mmol™%, ARC) or 1.2nM of the yl-selective ligand
[®HIy1sRL (83 Ci mmol ™%, custom synthetised by SYNthesis and RcTRI-
TEC according to patent WO 2023/213757 A1) in a total volume of
200 pL for 90 min on ice. Subsequently, the samples were filtered onto
glass fibre filters using a 12-channnel semi-automated cell harvester
(Scatron Instruments AS, Lier, Norway) and washed with ice-cold buffer
(20 mM Tris-HCI pH 7.4, 100 mM KCI). Non-specific radioligand bind-
ing was determined using equal amounts of membranes prepared from
non-transfected HEK293 cells. The radioactivity retained by the filters
was determined by liquid scintillation counting using a Tricarb 2500 lig-
uid scintillation analyser. Binding data were analysed using the GraphPad
Prism software (version 8.4.3, GraphPad Software, Reston, VA, USA) by
a nonlinear one site fit. The Kp values used to calculate the K; values for
TPA023A were 1.0 nM for [*H]flumazenil and 0.56 nM for [°H]y1sRL.

212 | Spinal cord electrophysiology

Transverse 400-um thick spinal cord slices were prepared from the

spinal cord segments L4-L6 of mice 7 days after CCI surgery (for
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details, see Werynska et al., 2023). Whole-cell patch-clamp record-
ings were made from superficial dorsal horn neurons of the affected
spinal cord side and voltage clamped at —60 mV. Patch pipets were
filled with the following internal solution containing (in mM):
120 CsCl, 10 HEPES, 2 MgCl,, 0.05 EGTA, 2 ATP, 0.1 GTP and
5 QX-314. A Cs-based solution was used to block GABAg receptor-
activated K* currents. Slices were continuously superfused with the
following external solution containing (in mM): 120 NaCl, 2.5 KClI,
26 NaHCO3, 1.25 NaH,P0,4, 2 CaCl,, 1 MgCl,, 5 HEPES, 15 glucose,
continuously gassed with 95% O,/5% CO,. An application pipette
filled with 1 MM GABA was placed about 500 um from the recorded
neuron. The pipette was connected to a pressure-valve system, and
GABA was ejected for 10 ms, every 30s, for at least 20 min.
TPA023B (10 uM) was bath-applied. Data passed the Shapiro-Wilk
test for normality and were statistically analysed with a one sample
t-test.

213 | Dataand analysis

Studies were designed to generate groups of equal size, and mice
were randomly attributed to the different treatment groups.
Declared group sizes are the number of independent values, and sta-
tistical analyses were performed using these independent values.
The different statistical tests applied are detailed in the results
section and the figure legends. Statistical significance was assumed
for P < 0.05. Post-hoc tests were run only if F achieved P<0.05 and
there was no significant variance inhomogeneity. All experimenters/
data analysts were blinded to the treatment of the mice. Statistical
analysis was undertaken for experiments where each group size was
at least n=5. When concentration response relationships
(Figure 4a,c) and when drug concentrations or receptor occupancy
were studied over time (Figures 1c and 3a,f), the number of cells or
mice was < 5 for individual time points or concentrations. However,
all analyses included all concentrations, such that n > 5 for all ana-
lyses. For quantification of antihyperalgesia, data were normalised to
correct for differences in the degree of sensitisation achieved in indi-
vidual mice. For quantification of GABAAR current potentiation, data
were also normalised to account for differences in current ampli-
tudes in individual cells. No outliers were excluded. The manuscript
complies with the BJP's recommendations and requirements on
experimental design and analysis (Curtis et al., 2025). All PK and
PK/PD analysis calculations were made using Igor 64 (Wavemetrics;
Portland, OR 97223).

2.14 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to corre-
sponding entries in http://www.guidetopharmacology.org, and are
permanently archived in the Concise Guide to PHARMACOLOGY
2023/2024 (Alexander et al., 2023).
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3 | RESULTS
3.1 | Antihyperalgesic effect and PKs of TPA023B

We first assessed the antihyperalgesic actions of TPAO23B in the
chronic constriction injury (CCI) model of neuropathic pain (Figure 1a

and Table 1). Following CCI surgery, all mice developed pronounced
mechanical hyperalgesia assessed with electronic von Frey filaments.
Hyperalgesia was quantified as the reduction in mechanical with-
drawal thresholds compared to pre-surgery baselines. Seven to
14 days after CCl surgery, mice were treated orally (p.o.) with three
different doses of TPA023B (0.1, 0.3, 1.0 mg kg™ 2), which elicited
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FIGURE 1 Time- and dose-dependent antihyperalgesia by TPA023B, and its pharmacokinetics in whole blood and brain. (a) Dose-dependent
antihyperalgesia of TPA023B (0.1, 0.3 and 1.0 mg kg body weight). Percent maximum possible effect (MPE) plotted against time. Line, fit of the
individual data points to the Bateman function with time-dependent c in the effect compartment (Equations 4 and 5). n = 6 mice for 0.1 and

0.3 mg kg~ and n = 7 for 10 mg kg™ *. (b) Drug effect (AUC of MPE [%MPE-h], black, and Percent MPE at tp.y (%), red) versus dose. Area under the
curve (AUC) values were calculated for each dose from the fitted drug effect from Figure 1a versus time curve integrated over time (O to 24 h). Solid
lines indicate fits to the Hill Equation (7). Dashed lines indicate EDsq values. (c) Whole blood concentration of TPA023B (ng mL™?) over time after
drug administration. Open symbols, individual mice; closed symbols, mean values. Line, fit of the individual data points to the Bateman function
(Equation 3). n = 3 mice per dose and time point. (d) Same as Figure 1c but brain tissue concentrations. (e) Drug exposure (AUC of whole blood and
brain concentrations plotted over time [0-24 h] Figure 1c and d) versus dose. (f) Brain concentrations (t) plotted versus whole-blood concentrations
(t) (mean + SEM, for both parameters). Red arrow indicates the temporal order of data points obtained with 1 mg kg~* TPA023B.

85UB01 SUOLIWIOD BAERID) (qedl|dde auy Ag peusenob a1 S YO 1SN JO S9N 10} ARG BUIIUO A3]IM UO (SUORIPUOD-PUR-SWRIALIOD" A3 I ARRIq 1/BU1IUO//SANY) SUORIPUOD PUe SWR L 33 885 *[9202/T0/ZT] Uo ARIqITuIUO A8]IM ‘20UB|[pIX3 218D PUe L3ESH J0j aimiisu] uoieN ‘3OIN A9 T0E0L Uda/TTTT 0T/10p/wod As|imAriq1ieutjuosqndsday/sdiy woJ papeojumoq ‘0 ‘T8ESILYT



NEUMANN ET AL.

TABLE 1 Kinetic parameters of
antihyperalgesia (values obtained from
fits of the data from individual mice to
the Bateman function).

dose (mg kg 1)
0.1 (n = 6 mice)®
0.3 (h = 6 mice)
1.0 (n = 7 mice)

tmax (h)

1.94

2.78 +0.19 (2.59)
248 +0.13(2.17)

Ermax (%)

8.96
31.2 +4.6(35.3)
62.8 + 4.6 (65.3)

TABLE 2

dose (mg kg™?)
0.1
0.3
1.0
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Duration (h)?
5.59

8.88 +0.71 (6.9)
7.46 +0.34 (6.0)

aTime from t,ax until drug effect declined to less than 20% of its maximum at a given dose.

PBecause of the small effects of 0.1 mg kg2, it was not possible to calculate tmax, Emax and duration for
individual mice. Therefore, only an average value is reported derived from the fit of the %MPE values of
the three 6-7 mice tested per dose plotted versus time.

Pharmacokinetic parameters of TPA023B in whole blood and brain (n = 3 mice)?.

Terminal half-life (t,,,)°

Uz Crmax

blood (h) Brain (h) Blood (ng mL™Y) Brain (ng g %) blood (h) brain (h)

0.56 +0.16 (0.72) 1.45 + 0.14 (1.46) 15.5 £ 1.25(14.0) 51.5+0.3(51.4) 2.77 £0.18 (3.1) 4.40 + 0.73 (4.38)
1.61 + 0.08 (1.39) 1.21 +£0.14 (1.25) 52.2 +1.91 (44.0) 91.2+1.7(91.2) 2.28 +0.84 (3.0) 4.02 +0.33 (4.05)

1.77 £ 0.21 (1.75)

1.61 + 0.08 (1.58)

169 + 1.84 (168.7)

188 + 6.0 (188)

3.01£0.74(3.1)

4.43 +0.10 (4.50)

2Values in brackets are derived from the fit of all the cpjo0q OF Chrain Values obtained from the three mice tested per dose plotted versus time.

bt1/2 was calculated from the rate constant of elimination (ke).

dose- and time-dependent antihyperalgesia. Maximal antihyperalgesia
obtained with 1 mg kg~ TPA023B was about 60-65% reduction in
mechanical hyperalgesia. It was reached between 2.5 and 2.8 h after
drug administration. To estimate the dose required to achieve the
half-maximal anti-allodynic effect, we plotted the percent MPE at t,ax
and the AUC of curves shown in Figure 1a versus the applied dose.
Fits to the Hill equation (7) show that the half maximal effective dose
(EDso) was 0.32 and 0.27 mg kg~ for the two analyses, respectively
(Figure 1b). From that analysis, we estimate that saturating doses of
TPAO023B will reduce hyperalgesia by 75% at tnax.

PK properties of TPAO23B after oral administration were charac-
terised in whole blood and brain (Figure 1c,d and Table 2). Whole
blood and brain concentrations were measured in separate groups of
three mice each at the same time points at which the antihyperalgesic
activity of TPAO23B had been measured. Again, single oral doses of
0.1, 0.3 and 1.0 mg kg~* were administered. Average maximum whole
blood concentrations determined from fits to the Bateman function
(Equation 3) were 15.5, 52.2 and 169 ngmL~! for 0.1, 0.3 and
1.0 mg kg™ TPA023B, respectively, and terminal half-lives, also
determined from fits to the Bateman function, were between 2.28
and 3.01 h.

Average maximum brain concentrations were 51.2, 91.2 and
188 ng mL™! for 0.1, 0.3 and 1.0 mg kg™? TPA023B, respectively,
and half-life varied between 4.02 and 4.43 h (Figure 1d and Table 2).
Assuming that 0.73 + 0.03% (determined in rat brain tissue; unpub-
lished data) of the total drug being unbound, these values yield free
drug concentrations of 0.96 + 0.04, 1.70 + 0.07 and 3.50 + 0.14 nM.
The time points at which maximal drug concentrations were reached
(tmax) Were similar for whole blood and brain (between 0.56 and
1.77 h and between 1.21 and 1.61 h, for whole blood and brain,
respectively). Drug exposure area under the curve (AUC) increased lin-

early with dose for both whole blood and brain (Figure 1e).

To determine to what extent TPAO23B penetrates across the
blood brain barrier, we plotted for each time point brain concentra-
tions versus whole blood concentrations (Figure 1f). Our results show
a good correlation of whole blood and brain levels. Ratios of brain ver-
sus whole-blood exposure (AUCs) decreased slightly with increasing
doses (2.37, 1.27 and 0.93, for 0.1, 0.3 and 1.0 mg kg™ 2). Our results
also indicate that brain concentrations followed whole blood concen-
trations with no obvious delay, as indicated by the absence of coun-
terclockwise hysteresis in the brain versus whole blood
concentrations (Figure 1f). These results confirm a quick penetration
of TPA023B through the blood brain barrier.

3.2 | Pharmacokinetic/pharmacodynamic (PK/PD)
properties of TPA023B

Comparing the time courses of TPA023B-induced antihyperalgesia
and TPA023B concentration in the brain (Figures 1a and d) shows that
antihyperalgesia by TPA023B declined faster than its brain concentra-
tions, hinting at possible tolerance development. Tolerance against
the sedative effects of several classical non-selective BDZ site ago-
nists has been repeatedly reported manifesting in clockwise hysteresis
in human PK/PD studies (Barbanoj et al., 2007; Ellinwood et al., 1984;
Luurila & Olkkola, 1996; Wright et al., 1997). We therefore plotted
TPAO23B-induced antihyperalgesia against the whole blood concen-
tration of TPAO23B for all time points, at which drug concentrations
and antihyperalgesic effects had been determined (Figure 2a). For all
three doses (0.1, 0.3 and 1.0 mg kg™2), a given drug concentration
produced stronger antihyperalgesia during the falling phase of drug
concentrations than when drug concentrations were rising, demon-
strating counterclockwise rather than clockwise hysteresis and argu-

ing against tolerance development.
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FIGURE 2 Pharmacokinetic/pharmacodynamic (PK/PD) modelling. (a) Percent maximum possible effect (MPE) antihyperalgesia (%MPE(t))
plotted versus whole-blood drug concentrations (cpi0q(t)). Mean + SEM, for both parameters. Curves show fits of effect data to the Hill Equation (4)
with time-dependent drug concentrations (Equation 5) plotted versus the fits for c,00q(t) to the Bateman function (Equation 3). Arrows indicate
temporal order of data points (counterclockwise hysteresis). Number of mice n = 6 or 7 fur MPE, n = 3 for concentrations measurements see also
figure legend 1. (b) Same as Figure 2a but for brain concentrations. (c) Efficacy of TPA023B after a 9-day once-daily treatment. veh/TPA, mice
pretreated with veh (vehicle) and tested with TPA023B on day 10; veh/veh, mice pretreated with veh and tested with veh; TPA/TPA, mice
pretreated with TPA023B and tested with TPA023B; TPA/veh, mice pretreated with TPA023B and tested with veh. n = 6 mice for veh/TPA and
TPA/TPA, n = 7 mice for veh/veh and TPA/veh. Left: time course of anti-allodynia following treatment with TPAO23B or vehicle. Inset illustrates
experimental design. Significant differences in the degree of anti-hyperalgesia were found between baseline (time 0) and all subsequent time points
> 40 min and = 60 min for TPA/TPA (repeated measures one-way ANOVA followed by Dunnett's multiple comparisons test; F[5,35] = 8.31) and
veh/TPA (F[5,35] = 2.04), respectively. No significant differences were found between TPA/TPA and veh/TPA for any of the time points (one-way
ANOVA F[15,80] = 11.69 Sidac's post hoc test). Right: AUC of antihyperalgesia (0-120 min). Circles, female mice; squares, male mice. One-way
ANOVA followed by Dunnett's multiple comparison test with veh/TPA single dose treatment as reference, F (3,22) = 24.2.

Delayed drug exposure of the putative effect compartment rela-
tive to the compartment in which drug concentrations were measured
is a frequent cause of counterclockwise hysteresis. Because previous
work has shown that the antihyperalgesic effect of subtype-selective
BDZ site agonists originates from the CNS, we repeated these ana-
lyses with brain instead of whole blood concentrations (Figure 2b).
These analyses yielded very similar counterclockwise hysteresis for all
three doses, ruling out delayed penetration into the brain as a cause
underlying the counterclockwise hysteresis.

The counterclockwise hysteresis found for both whole blood and
brain concentrations strongly argue against acute tolerance develop-
ment. To complement these experiments, we tested whether a
chronic 9-day long once-daily pretreatment with 1 mg kg~* TPA023B

would induce tolerance. Previous experiments from our group with a

non-selective BDZ site agonist (diazepam) had revealed pronounced
tolerance development in the same dosing regimen (Ralvenius
et al, 2015). Antihyperalgesic actions of TP023B measured in
TPAO23B pretreated mice were only slightly smaller than in naive
mice (AUC [%MPE-time] = 112.7 + 14.0%-h versus 83.2 + 10.3%:-h,
P =0.11, in pretreated versus drug naive [vehicle treated] mice,

respectively) (Figure 2c).
3.3 | Receptor occupancy by TPA023B in brain
and spinal cord

GABAAR occupancy was measured using a tritiated version of the

BDZ site antagonist flumazenil (IH]flumazenil) as the radioligand
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FIGURE 3 TPAO023B exposure of brain and spinal cord. (a) Flumazenil-sensitive receptor occupancy (RO) by TPA023B in brain (RO(t)) versus
time after drug administration (t). Symbols represent individual mice. Line, fit of the individual data points to the Hill Equation (8) with time-
dependent drug concentrations in the hypothetical effect compartment (Equation 9). n = 2 or 3 mice per time point and dose. (b) Dose
dependence of RO. Data points are maximal RO values obtained from Figure 3a. Line, fit to the Hill equation (Equation 10). Dotted line illustrates
EDsp. (c) RO plotted versus cprain. Symbols indicate individual mice. Colours indicate the different doses. Solid line, fit to the Hill equation
(Equation 11). Dotted line illustrates ECso. Number of mice n = 36 per dose. (d) Time dependent flumazenil-sensitive RO in brain (RO(c(t))) plotted
VErsuUS Cpyain (). Mean + SEM for both parameters. Curves show fits of RO values to the Hill equation (Equation 8) with time-dependent whole-
blood drug concentrations (Equation 9) plotted versus the fits for ¢y o0q(t) to the Bateman function (Equation 3). Arrows indicate temporal order of
data points (counterclockwise hysteresis). Number of mice n = 3 per time point and dose. (e) Time-dependent maximum possible antihyperalgesia
(percent MPE (RO(t)) plotted versus RO(t)). Mean + SEM for both parameters. Arrows indicate temporal order of data points (counterclockwise
hysteresis). Number of mice n = 6 or 7 (for %MPE) and n = 2 or 3 (for receptor occupancy) per time point and dose. (f, g) Same as Figures 3a and
e, but spinal cord. Only the dose of 1.0 mg kg~* was tested. n = 3 mice per dose for RO measurements. n = 2 or 3 mice per time point (f), n =

6 or 7 mice per data point (g).

(Figure 3). TPA023B produced a dose- and time-dependent occu-
pancy of brain GABAARs with maximum levels reached between 1.4
and 0.9 h after TPAO23B administration. Maximum RO were 75.9%,
94.9% and 99.9% for 0.1, 0.3 and 1.0 mg kg~* TPA023B, respectively
(Figure 3a and Table 3). Fitting the data to the Hill equation
(Equation 10) yielded a dose of 0.05 mg kg™?! required for 50% RO
(Figure 3b). Although this value is in good agreement with previous
data (Atack et al., 2011), it has been derived from only three data
points which all fall into the RO range above 75%. Plots of RO versus
brain concentrations allowed us to estimate the in vivo affinity of

TABLE 3 Kinetics of receptor occupancy (n = 3 mice).
Dose (mg kg ") tmax (h) ROax (%)
0.1 1.38 75.9 £5.01
0.3 1.38 94.9 £ 0.82
1.0 n.d. 99.9 £0.32

TPAO23B at mouse brain GABAARSs. Fitting the data to the Hill equa-
tion yielded a brain concentration inducing 50% RO of 27.7
+ 1.3 ng g%, equivalent to an affinity of 71 + 3.3 nM (Figure 3c).
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Subsequently, we plotted for all measured time points RO (RO(t))
over brain concentration (cp.in(t)) to gain additional insights into pos-
sible processes underlying the counterclockwise hysteresis in the E(t)
versus c(t) plots (Figure 3d). Unexpectedly, this analysis revealed again
a counterclockwise hysteresis this time in the RO(t) over Cp4in(t) plot.
Such a behaviour is typically seen with drugs that show very slow
unbinding from the receptor (Louizos et al., 2014). This explanation is
supported by the still 30-40% RO found at 24 h after drug adminis-
tration when brain concentrations were already below the quantifica-
tion limit (compare Figure 1d).

We finally used the RO data to also investigate how TPA023B-
induced antihyperalgesia correlates with brain RO. We plotted brain
RO(t) versus the percent maximum possible antihyperalgesia E(t)
(Figure 3e). This analysis indicated that an almost complete RO
(> 90%) was needed to achieve significant (> 20%) antihyperalgesia.
Moreover, especially with the highest dose of TPA023B (1 mg kg™3),
antihyperalgesic effects continued to increase over time even though
RO was already virtually complete. We considered that the spinal cord
rather than the brain is the primary site of the antihyperalgesic action
of TPA023B (Paul et al., 2014) and that TPA023B kinetics in spinal
cord might differ from those in the brain. We therefore repeated the
RO measurements for the highest dose of TPA023B in spinal cord tis-
sue (Figure 3f,g). These analyses yielded results very similar to those
obtained for the brain, ruling out major differences in RO between
brain and spinal cord.

The data thus suggest that antihyperalgesia by TPA023B was not
evoked by the receptor population whose occupancy was detected
with [®H]flumazenil. Yet, previous findings by our group had indicated
that the sensory effects of TPAO23B occur exclusively through
GABARs (Ralvenius et al., 2018). Collectively, these results suggest
an involvement of GABAARs that are not detected with [*H]flumaze-
nil. In fact, flumazenil binds y2 and y3 GABAAR with much higher
affinity than yl GABAAR, opening the possibility that TPA0O23B
exerted its antihyperalgesic activity mainly via y1 GABAARs. In line
with this, recent work from our group has shown that besides y2
GABAARs, Y1 GABAARs are densely expressed in the spinal dorsal
horn (Neumann et al., 2024). We therefore tested whether TPA023B
modulates not only y2- but also y1-GABAARs.

3.4 | vy GABAAR subtype selectivity of TPA023B

We analysed the binding and modulatory effects of TPAO23B on
recombinant y2- and y1- GABAARs transiently expressed in HEK293
cells (Figure 4). Because most of the antihyperalgesic effect of
GABAAR PAMs occurs through a2-GABAARs (Knabl et al., 2008;
Ralvenius et al., 2015), we tested TPA023B on recombinant GABAARs
containing an a2 subunit in combination with B3 and either y1 or y2
subunits. In competition radioligand binding assays, TPA023B inhib-
ited with high potency [°H]flumazenil binding to «2p3y2 receptors (K;
value: 4.7 + 1.5 nM) and with lower affinity [*H]y1sRL binding to
a2p3y1 receptors (K; value: 599 + 188 nM) (Figure 4a), demonstrating
that TPAO23B also binds to a233y1 GABAARs. In a functional assay,
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FIGURE 4 Legend on next page.

TPAO23B, as expected, increased the amplitudes of GABA evoked
currents through a2p3y2 (Figure 4b). This effect occurred with an
ECso of 0.95 £ 0.35 nM. Maximum potentiation estimated from a fit
of the data to the Hill equation was 73.0 + 3.7%. These values are in
good agreement with previous data (Atack et al., 2011). We also
observed a pronounced potentiation of GABAAR currents through
a2p3y1-GABAARs with lower potency but with much higher efficacy.
Fits to the Hill equation yielded an ECsg value of 153 £ 51 nM and an
Emax Of 276 + 20%. The potency of TPAO023B in the electrophysiology

85U80| 7 SUOWILLIOD) BAITERID 8|edl|dde ayy Aq pausenofi afe s YO 8sn Jo s8N Joy AkeiqiauljuQ A8]1/ UO (SUOTIPUOD-pUe-SLUBIL0D A3 1M AfeJq 1 U1 UO//:SANY) SUONIPUCD pUe SW.B 1 31 88S “[9202/T0/ZT] o A%iqiaulluQ /8| ‘80Us|[e0XT 818D Uk UifeaH 10} a1misu| euoeN ‘3O IN A T0E0. Yda/TTTT 0T/10p/wod A m ARe.qpuljuo'sgndsday/sdny wouy pspeojumoq ‘0 ‘T8ESILYT



NEUMANN ET AL.

assay was confirmed in studies using a fluorescence-based assay that
detects the change in membrane potential. In this orthogonal indirect
measure of GABAAR function, TPA023B had a PAM activity of around
1 and 500 nM in cells expressing a2p3y2- and a2p3y1l-GABAARS,
respectively. Figure 4c shows the data relative to diazepam to normal-
ise between different cell types and different assay membrane poten-
tial dye. The latter two assays demonstrate that TPAO23B not only
potentiates y2- but also y1-GABAARs and that potentiation of y1-
GABAARs occurs with an about 100-fold to 500-fold lower potency.

FIGURE 4 Binding of TPA023B to y1 and y2 G GABAreceptors
and potentiation by TPA023B. (a) Binding of TPA023B to o2p3y1 and
a2p3y2 GABAARs. Mean + SD of 5 (I®H]flumazenil binding) and

3 (®H]y1sRL binding) independent experiments. Affinities of [°H]
flumazenil to «2p3y2 GABAaRSs and of [°H]y1sRL to a2p3y1
GABAARs are similar (0.56 nM [Benke et al., 1994] and 1.0 nM
[Graham et al., 1996]). (b) Concentration-response curves for the
potentiating action of TPA023B on GABA evoked currents through
a2p3y1 and a2p3y2 GABAARs. Mean + SEM. Solid lines are fits to the
Hill equation. n = 9-11 cells per concentration for «2$3y1, and 9-20
cells per concentration for a2p3y2. Insets show example traces before
(light colour) and during the application of TPA023B (3 uM) (dark
colour). Scale bars, 100 pA, 2 s, for a2p3y1; 200 pA, 2 s, for a2p3y2.
(c) Concentration-response curves from Fluorometric imaging plate
reader (FLIPR) assay for the modulation of TPA023B relative to
diazepam in HEK-a2p3y1 and Ltk-a23y2 at GABA EC,s, with

ECs0 ~ 500 nM and ~1 nM respectively. Mean + SEM. Nonlinear
regression log (agonist) versus response variable slope. n = 4 wells per
concentration with n = 3 replicates. Note that the data for «a233y1
and a2p3y2 were obtained with different fluorescent indicators and
different cells types; therefore, the data are expressed relative to
diazepam. Maximal fluorescence values cannot be compared between
the two receptor subtypes.
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3.5 | Potentiation of GABAAR currents in dorsal
horn neurons of mice with peripheral nerve injury

We have previously shown that non-selective (diazepam; Knabl
et al., 2008) and subtype-selective (TPA023B; Ralvenius et al., 2018)
BDZ site agonists potentiate GABAAR currents in dorsal horn neurons
of healthy mice. To better link these cellular effects to the antihyper-
algesic actions of TPAO23B in nerve injured mice, we tested if
TPAO23B would potentiate GABAAR currents in superficial dorsal
horn neurons of nerve injured mice (Figure 5). In the absence of
TPA023B, GABA evoked membrane currents with average amplitudes
of 72.9 + 29.6 pA (n = 5). Application of TPA023B (10 uM) potenti-
ated these currents on average by 34 + 12% (P < 0.05, one sample t-
test). These results confirm previous behavioural studies (Neumann
et al., 2021; Paul et al., 2014) and further support that TPA0O23B
exerts its antihyperalgesic actions through a potentiation of GABAer-

gic inhibition in the spinal dorsal horn.

4 | DISCUSSION
4.1 | Pharmacokinetic (PK) characteristics of
TPAO23B in mice

PK characteristics of TPA023B have been reported previously for var-
ious species including mouse, rat, dog and man (Atack, 2009; Atack
et al., 2011). In vitro affinity of TPAO23B measured in this study for
human GABAARs expressed in HEK293 cells (4.7 nM) was similar to
those determined previously for the same human recombinant recep-
tors (2 nM; Atack et al., 2011) and for rat native receptors (0.99 nM;
Atack et al., 2011). This value is about 15-times lower than the appar-

ent in vivo affinity determined in the present study (28 ng g™ or
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FIGURE 5

Potentiating effects of TPA023B on GABAAR currents in superficial dorsal horn neurons of neuropathic mice. (a) Example traces

of GABAreceptor evoked membrane currents recorded before and during the application of TPA023B (10 uM) in transverse lumbar spinal cord
slices prepared from mice 7 days after CCl surgery. (b) Time course (mean + SEM) of normalised GABAAR current amplitudes in n = 5 neurons
prepared from five mice. (c) Potentiation of GABAAR currents. Amplitude ratios (averages of the last five traces recorded in the presence of
TPAO023B versus control conditions) were significantly different from unity (P < 0.05, one sample t-test, n = 5 neurons).
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71 nM total brain concentration). This difference is likely because of
the small fraction of the total brain TPA023B that is free (0.73%,
unpublished data). Previous studies and our study report similar oral
TPAO23B doses required to reach 50% RO in mice (0.11 and
0.05 mg kgfi). Previous work has found large differences in the PK
properties of TPAO23B between species (human, dog and rat), with a
much shorter half-life and t,.x in dogs compared to rat and human
(Atack, 2009). The values reported there for dogs are similar to those

reported here for mice.

4.2 | Tolerance development

Many effects of classical non-selective BDZ site agonists such as
sedation and anxiolysis undergo pronounced PD tolerance. Acute
tolerance occurring during drug exposure following a single dose man-
ifests in PK/PD studies as clockwise hysteresis when time-dependent
drug effects (E(c(t)) are plotted against time-dependent drug concen-
trations (c(t)). The underlying mechanisms are still unknown, but in
case of tolerance development to the antihyperalgesic effects, an
intracellular accumulation of chloride has recently been proposed
(Lorenzo et al., 2020).

Clockwise hysteresis was not detected in our study, and we
rather found counterclockwise hysteresis both for plots of effect ver-
sus whole-blood or brain concentrations, suggesting that no toler-
ance had developed. Accordingly, chronic (9-day) treatment
experiments revealed a relatively small and statistically insignificant
loss of efficacy in mice pretreated with TPAO23B relative to naive
(vehicle pretreated) mice. Previous work from our group has shown
that antihyperalgesia induced with the non-selective BDZ site
agonist diazepam is subject to tolerance development (Ralvenius
et al., 2015). Clockwise hysteresis was also observed for the antihy-
peralgesic activity of N-desmethyl clobazam, a BDZ site ligand with
reduced sedative properties (Besson et al., 2013; Ralvenius
et al., 2016). Other previous experiments from our group (Ralvenius
et al.,, 2015) and from others (van Rijnsoever et al., 2004) have sug-
gested that the subtype selectivity of BDZ site ligands is a major
determinant of tolerance liability. The present experiments with
TPAO023B further support that GABAAR subtype selectivity is a major
determining factor.

Typical explanations of counterclockwise hysteresis include
delayed penetration of the drug into the effect compartment or the
generation of active metabolites (Louizos et al., 2014). In our experi-
ments, counterclockwise hysteresis was not only seen in the plots
against whole-blood concentrations but also when antihyperalgesic
activity was plotted against brain concentrations, ruling out delayed
penetration into the brain as an underlying mechanism. t;,.x was in
fact nearly identical for whole-blood and brain concentrations. An
alternative explanation is the generation of an active metabolite.
However, previous work found no TPA023B metabolites in the brain
(Atack et al., 2011). Sensitisation or up-regulation of receptors can
also lead to counterclockwise hysteresis. Interestingly, spinal a2- and

a3- GABAARs have been reported to be up-regulated following

peripheral nerve injury (Lorenzo et al., 2020). However, this process is
likely too slow to account for the hysteresis seen here. Other results
of the present study hint at different explanations. We not only
observed counterclockwise hysteresis for the antihyperalgesic action
of TPAO23B but also when RO, instead of antihyperalgesia, was plot-
ted against brain concentrations (Figure 3d). This latter hysteresis is
most likely explained by a very low rate of the unbinding of TPA023B
from GABAARs (see also Louizos et al., 2014). Additionally, even more
downstream mechanisms may also contribute. Plots of drug effect
versus RO also showed some counterclockwise hysteresis, suggesting
a certain delay between receptor binding and the antihyperalgesic
action. Such delays can be caused by a progressive series of molecular
events (Campbell, 1990; Louizos et al., 2014) required to reduce
hyperalgesia following the binding of TPA023B to its receptors. Such
molecular events might include signalling steps reverting pronocicep-
tive neuroplastic changes by enhanced inhibition in nociceptive

circuits.

4.3 | Possible involvement of y1 GABAARs
A very unexpected finding of our study was made when we plotted
the magnitude of TPA023B-induced antihyperalgesia versus RO. We
found that the antihyperalgesic effect increased steeply over time
only when RO was already almost complete, supposedly disconnect-
ing the antihyperalgesic effect from GABAAR RO and suggesting that
TPAO23B acted through receptors that were not detected with the
radioligand [*H]flumazenil. These could in principle include receptors
not belonging to the GABAAR family. We have, however, previously
shown that TPAO23B acts exclusively through GABAARs (Ralvenius
et al., 2018). Important in this context is that flumazenil exhibits high
affinity binding only at y2 (and to a lesser extent y3) GABAARs, while
it has negligible affinity at y1-GABAARs (Wingrove et al., 1997). Inter-
estingly, the spinal dorsal horn, which is the main site of the antihy-
peralgesic action of subtype-selective GABAAR PAMs (Paul
et al., 2014), expresses besides y2- GABAARs also y1- GABAaRs,
while it virtually lacks y3-GABAARs (Neumann et al., 2024). Electro-
physiological experiments in the present study showed that TPA023B
not only potentiates y2-GABAARs, but with lower potency yet even
higher efficacy also y1l- GABAARs, rendering possible that
Y1-GABAARs make a significant contribution to the antihyperalgesic
effect of TPAO23B, while flumazenil detected RO at y2- GABAARs.
Given the relatively low abundance of y1 GABAaRs (relative to y2
GABAARs) and the relatively low RO of y1 GABAARs expected at
TPAO23B concentrations reached in vivo in this study, one might
question the potential contribution of y1 GABAsRs. However, y1
GABAARs may be enriched in certain subpopulation of dorsal horn
neurons or may have specific subcellular localisations, for example, on
axon terminals or axon initial segments, where a relatively low number
of receptors may have strong effects on excitability or synaptic
transmission.

Besides TPAO23B, several non-selective or a2/a3-GABAAR sub-
type selective BDZ site agonists exhibit antihyperalgesic activity in
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rodent or human pain models. These include diazepam (Knabl
et al., 2008; Knabl et al., 2009), midazolam (Ralvenius et al., 2015),
L-838'417 (Knabl et al., 2008; Lorenzo et al., 2020; Nickolls
et al., 2011; Reichl et al., 2012), HZ-166 (Di Lio et al., 2011), KRM-II-
081 (Lewter et al, 2024), NS16085 (Lewter et al., 2024), PF-
0637286 (van Amerongen et al., 2019) and N-desmethyl clobazam
(Besson et al., 2013; Di Lio et al., 2011). All these compounds bind
and modulate y2-GABAARs. So far, only three of them—diazepam
(Khom et al., 2006), midazolam (Khom et al., 2006) and HZ-166
(Neumann et al., 2024)—have been reported to also exhibit activity
at y1-GABAARs, whereas for the others, no such information is cur-
rently available. It will be informative to determine the extent to
which activity at y1-GABAARs correlates with antihyperalgesic
efficacy.

Several previous studies have found that antihyperalgesic effects
of BDZ site agonists can be attenuated by flumazenil to variable
degrees (Di Lio et al., 2011; Knabl et al., 2008; Lewter et al., 2017;
Lewter et al., 2024), indicating that part of the antihyperalgesia origi-
nated with y2-GABAARs. The relative contribution of y1-GABAARs
versus y2-GABAARs will probably vary between compounds depend-
ing on their relative potency and efficacy at the two receptor

subtypes.

44 | Implications

In summary, the TPA023B PK/PD relationship for antihyperalgesia
could not be simply accounted for by occupancy of y2-GABAAaRs.
Together with the electrophysiology experiments, these results there-
fore provide further support for an involvement of y1- GABAARs in
spinal nociceptive processing and suggest y1-GABAARs as potential
targets for novel analgesics. TPAO23B is, in fact, well tolerated in mice
(Ralvenius et al., 2018) and in humans (Atack et al., 2011), and the
apparent absence of tolerance liability may further support its clinical

usefulness.
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