R
R E S EARC H PA P E R Correspondence

Gregory R Thatcher, University of
Illinois, College of Pharmacy, 833

Novel analogues of s o 5, i .
chlormethiazole are ywd
n e u ro p rote Ctive i n fo u r ?}ljgre:nn;flrl’isajcﬁg?sezcitotoxicity;

GABA; GABA, receptor;

cellular models of Resrobegenetao ke
neurodegeneration by a oy 13

15 September 2013

mechanism with variable cepied
dependence on GABA,
receptor potentiation

Lawren VandeVrede!?, Ehsan Tavassoli!, Jia Luo!, Zhihui Qin!,
Lan Yue**, David R Pepperberg®* and Gregory R Thatcher!?

Department of Medicinal Chemistry and Pharmacognosy, College of Pharmacy, University of
Hlinois at Chicago, Chicago, IL, USA, *Graduate Program in Neuroscience, University of Illinois
at Chicago, Chicago, IL, USA, *Department of Ophthalmology and Visual Sciences, University of
linois at Chicago, Chicago, IL, USA, and *Department of Bioengineering, University of Illinois
at Chicago, Chicago, IL, USA

BACKGROUND AND PURPOSE

Chlormethiazole (CMZ), a clinical sedative/anxiolytic agent, did not reach clinical efficacy in stroke trials despite
neuroprotection demonstrated in numerous animal models. Using CMZ as a lead compound, neuroprotective methiazole
(MZ) analogues were developed, and neuroprotection and GABA4 receptor dependence were studied.

EXPERIMENTAL APPROACH

Eight MZs were selected from a novel library, of which two were studied in detail. Neuroprotection, glutamate release,
intracellular calcium and response to GABA blockade by picrotoxin were measured in rat primary cortical cultures using four
cellular models of neurodegeneration. GABA potentiation was assayed in oocytes expressing the a132y2 GABA, receptor.

KEY RESULTS

Neuroprotection against a range of insults was retained even with substantial chemical modification. Dependence on GABA4
receptor activity was variable: at the extremes, neuroprotection by GN-28 was universally sensitive to picrotoxin, while GN-38
was largely insensitive. In parallel, effects on extracellular glutamate and intracellular calcium were associated with GABAx
dependence. Consistent with these findings, GN-28 potentiated o:132y2 GABA, function, whereas GN-38 had a weak
inhibitory effect. Neuroprotection against moderate dose oligomeric AB;_s, was also tolerant to structural changes.

CONCLUSIONS AND IMPLICATIONS

The results support the concept that CMZ does not contain a single pharmacophore, rather that broad-spectrum
neuroprotection results from a GABAa-dependent mechanism represented by GN-28, combined with a mechanism
represented in GN-38 that shows the least dependence on GABAa receptors. These findings allow further refinement of the
neuroprotective pharmacophore and investigation into secondary mechanisms that will assist in identifying MZ-based
compounds of use in treating neurodegeneration.
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Abbreviations

AD, Alzheimer’s Disease; CMZ, chlormethiazole (also clomethiazole); DIV, days in vitro; MTT, thiazolyl blue
tetrazolium bromide; MZ, methiazole (4-methylthiazole); 0AB, oligomeric amyloid-B; OGD, oxygen-glucose deprivation;

OPA, o-phthalaldehyde; PTX, picrotoxin; THF, tetrahydrofuran

Introduction

Selected thiazole derivatives are known to manifest sedative/
hypnotic and anticonvulsant effects, which is indicative of
GABA-mimetic activity (Lindberg, 1971a,b). Chlormethiazole
(CMZ) was selected as a potent anticonvulsant from
limited structure-activity studies (Lechat et al., 1965a,b,c),
and entered clinical use in the 1960s for treatment of epi-
lepsy, alcohol withdrawal, and agitation, and is currently
used for management of restlessness and insomnia in the
elderly; all indications consistent with the CNS bioavailabil-
ity of CMZ and its proposed mechanism of action as a poten-
tiator of GABA activity at the GABA, receptor (Cross et al.,
1989; Moody and Skolnick, 1989). Two decades ago, initial
observations of CMZ’s neuroprotection were repeated in
several rodent models of cerebral ischaemia, which demon-
strated that neuroprotection correlated with reduction in
extracellular glutamate, an effect consistent with the hypoth-
esis that CMZ was acting via GABA, receptors to reduce
excitotoxicity in the stroke penumbra (Snape efal., 1993;
Baldwin et al., 1994; Sydserff et al., 1995a,b). Importantly, the
observed neuroprotection also correlated with improvements
in behavioural models of memory, and in further studies both
neuroprotection and functional recovery were demonstrated
in non-human primates after focal cerebral ischaemia (Liang
et al., 1997; Marshall et al., 1999; 2000).

Based on the above animal model data and a history of
tolerability during clinical use, CMZ was advanced into clini-
cal trials for stroke (Green, 1998; Farooque etal., 1999;
Marshall et al., 1999; Wahlgren et al., 1999). However, a large
phase III clinical trial did not achieve the primary end point
of improvement in the general population, although signifi-
cant improvement was reported in a subset of the population
with more extensive infarction (Mucke, 1999; Wahlgren
etal., 1999; 2000). Speculation on the lack of success in
human trials ranged from a relatively short reported half-life
to an inability to reach the site of infarct, while some authors
interpreted the failure in the broader context of the universal
failure of neuroprotective drugs in stroke clinical trials (De
Keyser et al., 1999; Muir and Grosset, 1999; Gladstone et al.,
2002; Hankey, 2002; Wilby and Hutchinson, 2004). Such
failures in the latter part of the 20th century have all but
halted clinical studies on neuroprotection in diseases that
may benefit from agents such as CMZ, including Alzheimer’s
disease (AD).

Neuroprotective agents derived from CMZ as a lead
molecular scaffold and containing the 4-methylthiazole (MZ)
pharmacophore are a potential source of novel therapeutics.
However, pharmacological data on only a very limited
number of CMZ derivatives have been published and CMZ
has not been studied extensively in cellular models (Lechat
et al., 1965b; Bengtsson and Lindberg, 1982; Colado et al.,
2001; Green et al., 2001; Nelson et al., 2001). A library of CMZ
analogues and MZ derivatives was synthesized (Qin et al.,
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2012), and selected members studied herein in rat primary
cortical neuronal cultures subjected to four types of insult,
providing models of ischaemia-reperfusion injury, excitotox-
icity and AD: oxygen-glucose deprivation (OGD); application
of glutamate; application of NMDA; and application of oli-
gomeric amyloid-f;_s, (0AP).

The involvement of GABA, signalling in neuroprotection
was probed with picrotoxin (PTX) (Olsen, 1982), and based
upon these data, GN-28 and GN-38 were selected for further
study on GABA potentiation using the Xenopus oocyte model
expressing o1B2y2 GABA, receptors. These two MZ deriva-
tives were further compared in vivo with CMZ itself, demon-
strating that novel, brain-bioavailable MZ derivatives can be
designed with enhanced neuroprotective efficacy. The results
support the concept that CMZ contains more than one
neuroprotective pharmacophore: GN-28 highlights the
GABA,-dependent pharmacophore, whereas in GN-38 a neu-
roprotective pharmacophore is dominant with much less reli-
ance on GABA, receptors. These two agents represent brain
bioavailable chemical probes that may be used to understand
and refine neuroprotective mechanisms for CMZ and non-
sedative MZ derivatives for treatment of neurodegenerative
disorders including AD and stroke.

Methods

Ethical animal handling and care

Experiments on rats and mice were performed at the Biologic
Resources Laboratory (BRL) at University of Illinois at
Chicago (UIC). The BRL ensures that the UIC program meets
the Federal regulations, the requirements of the American
Association for the Accreditation of Laboratory Animal Care,
and currently accepted standards for providing adequate vet-
erinary care and proper animal husbandry. Use of animals
was approved by the Institutional Animal Care and Use Com-
mittee at the UIC (Chicago, IL, USA; protocol number
09-012). All experiments conformed to the Animal Welfare
Act, Guide to Use and Care of Laboratory Animals, and the
U.S. Government Principles on the Utilization and Care of
Vertebrate Animals Used in Testing, Research and Training
guidelines on the ethical use of animals. In addition, efforts
were made to reduce the required number of animals, mini-
mize suffering and employ alternative methods when possi-
ble. Pregnant female Sprague-Dawley rats (n = 10) and male
C57Bl1/6 mice (n = 20) originated from Charles River Labora-
tories (Wilmington, MA, USA). Xenopus laevis toads, used as
the source of oocytes for engineered expression of a2(32y2
GABA, receptors, were obtained from Xenopus One (Ann
Arbor, MI, USA). All animal maintenance and surgical proce-
dures on X. laevis conformed to UIC institutional policies
(BRL protocol 13-125) and to the Statement for the Use of
Animals in Ophthalmic and Vision Research adopted by the
Association for Research in Vision and Ophthalmology.



All studies involving animals are reported in accordance
with the ARRIVE guidelines for reporting experiments involv-
ing animals (Kilkenny et al., 2010; McGrath et al., 2010).

Primary neuronal cultures

Cell cultures were prepared from the cortex and hippocam-
pus of mixed sex E16-18 Sprague-Dawley rat embryos as
previously described (Abdelhamid et al., 2011). Briefly, cells
were harvested and plated in a medium of DMEM, 10%
neonatal horse serum and 10% FBS (Invitrogen, Carlsbad, CA,
USA) at a density of 1x 10° cells per well in 96-well plates
coated with poly-L-lysine (Sigma, St Louis, MO, USA). One
day after plating, media was replaced with growth media
consisting of Neurobasal media (Invitrogen), B27 supplement
(Thermo Fisher Scientific, Waltham, MA, USA), 0.5 mM glu-
tamine and 1% pen/strep, with further media changes every
3-4 days. This protocol reproducibly results in a neuronal
culture of >99.5% purity. Three days before the start of any
assay, B27 supplement was changed to B27 supplement
minus antioxidants. In all experiments, final concentration
of DMSO vehicle was consistent and kept <0.5%.

Oxygen-glucose deprivation

After 10-11 days in vitro (DIV) neuronal cultures were trans-
ferred to a sealed hypoxic chamber (Coy Lab, Grass Lake, MI,
USA; dimensions 41 L x 23” D x 23” H) with an atmosphere of
5% CO,/95% N, (oxygen tension was monitored with an
electrode and kept <0.5%). Culture media was replaced with
a solution containing the following (in mM): NaCl 116, CaCl,
1.8, MgS0, 0.8, KCl1 5.4, NaH,PO, 1, NaHCO; 14.7, HEPES 10.
All compounds were added at 50 uM at start of OGD period,
and this concentration was kept constant through media
changes. For GABA, receptor blockade, PTX (Sigma) was
added at 100 uM 1 h before the start of the OGD, and this
concentration was kept constant through media changes.
After 2 h, cells were removed from hypoxic chamber and
resupplied with growth media. After 24 h, supernatant was
aspirated and preserved at —80°C for HPLC analysis, and cell
survival was assayed via colorimetry by adding the organic
dye, thiazolyl blue tetrazolium bromide (MTT), which is
reduced to a formazan dye in the presence of active mito-
chondrial enzymes. Dye crystals were dissolved in acidified
organic propanol and absorbance was read at A = 570 nm,
using A = 630 nm as a reference wavelength, on a Dynex MRX
Il micro-plate spectrophotometer.

Extracellular glutamate by HPLC

Aliquots of culture supernatant were deproteinized by rapid
centrifugation (10 000x g for 20 min) at 4°C. All samples were
analysed for glutamate using a binary gradient HPLC with
fluorescence detection at 450 nm and pre-column derivatiza-
tion with o-phthaldialdehyde (OPA; Pierce, Rockford, IL,
USA); C-18 column (5 um Hypersil BDS C18 column, 100 x
4.6 mm; Thermo Fisher Scientific) with guard column; flow
rate 1.0 mL-min™' at 35°C; mobile phase (A) 0.1 M sodium
acetate, 5% methanol, and 2.5% tetrahydrofuran (THF) solu-
tion (pH 6.95) and (B) 97.5% methanol, 2.5% THE Each
experimental condition was assayed at least in triplicate and
contained pooled supernatant obtained from six independ-
ent cultures in a 96-well plate. The concentration of gluta-
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mate in the supernatant of cultures not exposed to OGD was
below the threshold of detection for this assay (~25 nM per
10° cells), so the increase in extracellular glutamate attribut-
able to OGD was substantial but not directly measurable with
this approach.

Intracellular calcium

Cortical cultures were prepared as described above, with the
exception that 29 mm culture dishes with 10 mm glass-
bottomed wells (Invitrogen) were used to prepare cells. Intra-
cellular Ca2+ was measured using fluo-4 AM dye in 1 mM
DMSO stock solution (Invitrogen). Dye loading was done at
final concentration of 5 uM fluo-4 over 45 min at 37°C in
growth media described above followed by a triplicate wash
using PBS and addition of compounds in fresh phenol red-
free culture media. After 30 min, cells were visualized with an
inverted fluorescence microscope (Olympus, Center Valley,
CA, USA) and intracellular dye was excited at 488 nm and
recorded at 515 nm at 1 Hz for 1 min with addition of 1 mM
glutamate 2 s after beginning the recording. Results were
analysed using Image]J, with total fluorescence recorded using
total integrated density value for each image normalized to
starting fluorescence, and average peak fluorescence reported
for each experimental condition. Representative images dem-
onstrating change in intracellular calcium were prepared by
subtracting peak fluorescence from starting fluorescence
using image calculator and merged with bright field images
taken prior to recording.

Glutamate and NMDA toxicity

At 10-11, DIV neuronal cultures were resupplied with fresh
growth media. PTX blockade was performed as in OGD and
added 1 h before excitotoxic insult. NMDA (100 uM; Sigma)
or glutamate (1 mM; Sigma) was added to each culture as
indicated in figures. One hour after addition of excitotoxic
insult, each compound was supplied at a final concentration
of 50 uM. After incubation for 24 h, final cell survival was
assayed by MTT as above.

Electrophysiological measurement of

GABA, potentiation

Experiments were conducted on X. laevis oocytes expressing
alB2y2 GABA, receptors. Oocytes expressing a1B2y2 recep-
tors (rat o1, rat f2 and human 7y2s) were prepared by cRNA
injection and studied by two-electrode voltage-clamp record-
ing (holding potential: =70 mV; amplifier: GeneClampS500B;
Axon Instruments, Foster City, CA, USA) (Yue et al., 2012).
Oocytes were superfused with Ringer solution (physiological
saline) at a rate of ~1 mL-min'. The standard Ringer solution
contained 100 mM NaCl, 2 mM KCI, 2 mM CaCl,, 1 mM
MgCl,, 5 mM HEPES, and 10 mM glucose, at pH 7.4. Glass
micropipettes for oocyte recording were prepared using a
programmable puller (Sutter Instruments, Novato, CA, USA)
and yielded a resistance of 1-10 MQ when filled with 3 M
KCI. The voltage-clamp procedure was controlled by a com-
puter running Clampex 8.2 (Axon Instruments) interfaced
with the apparatus. Electrophysiological data were obtained
in response to the presentation, to the oocyte, of Ringer
solution containing pharmacological agents. Test solutions
were delivered via multiple channels from separate reservoirs
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by a gravity flow system (Automate Scientific, Berkeley, CA,
USA) operated under computer command. Membrane
current data were obtained using Clampex 8.2 and analysed
using Clampfit 10.0 (Axon Instruments) and OriginPro7.5
(OriginLab Corporation, Northampton, MA, USA).

AP oligomer toxicity

Soluble oligomers of A4, (0AB) were prepared 24 h before
their addition to cultures as previously described (Stine
et al., 2003). Briefly, lyophilized full-length human-sequence
peptide was dissolved in 1,1,1,3,3,3-hexafluoro-2-propanol
and evaporated to leave a peptide film, which was then dis-
solved to 5 mM in DMSO and added to cold phenol-free F-12
cell culture media and kept at 4°C for 24 h. This procedure
reliably develops soluble oligomers upon addition to culture
media as confirmed by atomic force microscopy. At DIV 10-11,
neuronal cultures were resupplied with fresh growth media.
PTX blockade was performed as in OGD and added 1 h before
oligomers. oAp was added at a final concentration of 250 nM
or 5 uM. One hour after addition of 0AB, each compound was
supplied at a final concentration of 50 uM. After incubation
for 4 days, final cell survival was assayed by MTT as above.

Brain bioavailability

C57BL/6 male mice 8-10 weeks old were administered com-
pounds (4.45 umol-kg™ i.p.) in 10% DMSO solution. Twenty
minutes after drug administration, mice were killed using
CO,. Blood was rapidly collected from the dorsal aorta in
Greiner Vacuette tubes (0.5 mL sterile plastic vials with
K;EDTA) and kept on ice. After centrifugation (10 000x g for
10 min at 4°C), plasma supernatant was collected and kept at
—80°C. Subsequent to blood draw, each animal was intracar-
dially perfused with PBS buffer (pH 7.4) and then decapitated.
Brains were collected, and cortices and hippocampi were
rapidly dissected and flash frozen in liquid N, to be stored
at —80°C. Detailed sample preparation for LC-MS/MS is
described in Supporting Information Methods. Briefly, quan-
titative analysis of drug concentrations in plasma and brain
used internal standards spiked into plasma and brain
homogenates before liquid extraction, and separation and
measurement by LC-MS/MS tandem mass spectrometry.

Data analysis
Analysis of data was performed using ANOVA with either
Dunnett’s post-hoc test when comparing to vehicle control or
Bonferroni’s post-hoc test for multiple within group compari-
sons (as indicated in each figure legend) using GraphPad
Prism v5 (San Diego, CA, USA). P-values of 0.05 or less
(P < 0.05) were considered significant, and P-values of less
than 0.01 or less than 0.001 are additionally reported.

All drug/molecular target nomenclature conforms to BJP’s
Concise Guide to PHARMACOLOGY (Alexander et al., 2013).

Results

Initial screen of novel MZs reveals
neuroprotection with a variable sensitivity to
PTX blockade

CMZ has been shown to be associated with a sedative effect at
100 uM in vivo, while in vitro studies show neuroprotection
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against OGD at doses as low as 10 uM (Green et al., 2000).
Consistent with these findings, we have found that CMZ at
50 uM consistently demonstrates ~125% cell viability over
vehicle against OGD with no associated toxicity in primary
cortical culture models (Supporting Information Figure S1A).
Using this approach, a small, focused library of over 40 MZs
that preserved the 4-methylthiazole ring of CMZ was designed
and synthesized, and limited structure activity relationships
were explored (Qin et al., 2012). For further investigation,
eight compounds were selected from our novel library that
sampled the pharmacophore space (Figure 1A) and were neu-
roprotective in the OGD model with equal or greater efficacy
to CMZ (Figure 1B). Co-treatment with PTX (100 uM), a
GABA, chloride channel blocker, revealed varied dependence
on the GABA, receptor at a dose known to completely inhibit
activity (Olsen, 1982); for example, MZs GN-38 and GN-46
maintained significant neuroprotection relative to control in
the presence of PTX, while the neuroprotective action of
GN-28 and GN-12 was almost completely abolished.
Extracellular glutamate is recognized as a marker of exci-
totoxicity in tissues and cell cultures. Fluorescence detection
of glutamate after separation with HPLC and pre-column
derivatization with OPA was used to measure the concentra-
tion of extracellular glutamate in culture supernatant 24 h
after initiation of OGD, normalizing to in-plate vehicle con-
trols. The concentration of glutamate in cultures not exposed
to OGD was below the threshold of quantification (~50 nM
per 2 x 10° cells); however, OGD caused significant elevation
of extracellular glutamate level, which was reduced by CMZ
and five MZs, with GN-28 showing the greatest reduction and
GN-38 showing the least effect on extracellular glutamate
(Figure 1C). On the basis of these results, two novel MZs,
GN-28 and GN-38, were selected for more in-depth study as
representatives of neuroprotective CMZ derivatives with
greater and lesser dependence on GABA, receptors respec-
tively. Toxicity assay showed that after 24 h, GN-28 and
GN-38 had a negligible effect on cell survival at doses of
100 nM-100 uM  (Supporting Information Figure S1C),
results consistent with previous observations on CMZ; and
furthermore, no artefactual interaction was found between
these MZs and MTT (Supporting Information Figure S1B).

GN-28 and GN-38 showed neuroprotection in
the OGD model of stroke, with opposite
sensitivity to PTX blockade
GN-28 and GN-38 elicited survival of primary rat neuronal
cell cultures 24 h after OGD when measured by MTT and
normalized to CMZ (100% + 7.7) and vehicle controls (0% +
6.3): GN-28 provided increased survival over that of CMZ
(160.8% £ 15.7; P < 0.01), attenuated by PTX (29.1% + 22.3;
P < 0.01); while GN-38 resulted in survival equal to that of
CMZ (133.5% + 15.2; P > 0.05), which was not significantly
affected by PTX (96.8% * 18.5; P > 0.05) (Figure 2A). These
observations were extended to obtain concentration-
response curves for GN-28 and GN-38 (100 nM-100 uM) for
cellular protection after OGD, demonstrating a similar and
approximately linear dependence of cell viability on concen-
tration (Figure 2B).

OGD is a model of ischaemia-reperfusion injury. The
mechanisms of cell death elicited during cellular hypoxia and
ischaemia are not identical to those caused by reoxygenation
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MZs protect neurons from OGD with variable dependence on GABA, receptor. (A) Neuroprotection of MZs was demonstrated in primary cortical
cultures against OGD. OGD was maintained for 2 h with (+) or without (=) 100 uM PTX added 1 h prior to start of OGD. MZs were added at
initiation of OGD period (50 uM), and after 24 h survival were measured with MTT assay normalized to vehicle (0%) and CMZ (100%). (B)
Extracellular glutamate was measured in above cortical cultures after 24 h of exposure to OGD by pre-column derivatization with OPA and
fluorescent detection by HPLC, with results normalized to vehicle control (100%). All data show mean and SEM, with statistical significance
determined by one-way anova and post hoc Dunnett's MCT comparing to vehicle control exposed to insult: *P < 0.05, **P < 0.01, ***P < 0.001.
Data were obtained from at least six replicates from one plate for each experimental condition.

and subsequent apoptotic and inflammatory mechanisms.
Consequently, drug treatment during and after ischaemia can
have varied outcomes. Pre-conditioning provides a further
array of mechanisms for protection against subsequent insult.
To study the role of drugs in each stage of OGD damage,
GN-28 or GN-38 was added at four different timepoints: (i)
1 h pretreatment with removal of drug at commencement of
OGD (pre-tx); (ii) immediately at the start of OGD (+0 h); (iii)
immediately after the 2 h OGD period (+2 h); and (iv) 6 h
after start of OGD (+6 h). OGD was transient for 2 h in each
paradigm. Both GN-28 and GN-38 showed a similar protec-
tion profile, with no effect seen on pretreatment, but neuro-
protection was seen for both GN-28 and GN-38 even up to
6 h after initiation of OGD and 4 h after oxygen/glucose
reperfusion (Figure 2C).

Reductions in extracellular glutamate and intracellular
calcium correlate with PTX sensitivity in OGD.

As introduced above, extracellular glutamate was meas-
ured in pooled supernatants after exposure to OGD. The
attenuation of glutamate release, normalized to in-plate
vehicle control (100% * 3.4), was for CMZ and GN-28, 76.9%

+ 5.2 and 47.5% £ 7.1, respectively, and was greater for GN-28
over CMZ (P < 0.01). Although GN-38 was neuroprotective
against OGD, attenuation of glutamate release was not sig-
nificant (91.9% + 0.8; P > 0.05), compatible with the absence
of significant blockade by PTX (Figure 3A,B). Increased intra-
cellular calcium levels are associated with apoptosis after exci-
totoxic insult. Accordingly, we tested for an effect of these
compounds on intracellular compounds using a fluorescent
dye reporter in cortical cultures after exposure to 1 mM of
glutamate. Paralleling the results on extracellular glutamate,
CMZ and GN-28 showed significant reduction in intracellular
calcium increase over baseline compared with vehicle control
(113.4% + 8.1, P < 0.05; and 106.3% + 8.4, P < 0.01; vs.
136.2% + 8.3), while reduction by GN-38 did not reach sig-
nificance (119.4 + 15.4, P > 0.05) (Figure 3C,D).

GN-28 and GN-38 show protection against
direct excitotoxins with similar sensitivity to
PTX blockade as in OGD

As mentioned previously, the OGD model incorporates a
relatively complex pathophysiology of insult, which includes
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GN-28 and GN-38 protect neurons from OGD with variable dependence on GABA, receptor. (A) Neuroprotection of MZs was demonstrated in
primary cortical cultures against OGD, with efficacy significantly attenuated by GABA, receptor blockade for CMZ and GN-28, while GN-38
remained neuroprotective without significant dependence on GABA,4 receptor. OGD was maintained for 2 h with (+) or without () 100 uM PTX
added 1 h prior to start of OGD. MZs were added at initiation of the OGD period, and after 24 h survival was measured with MTT assay normalized
to vehicle (0%) and CMZ (100%). (B) Concentration-response relationships for neuroprotection in OGD by GN-28 and GN-38, added at initiation
of OGD period (0 h). (C) Effect of time of administration on neuroprotective effect in OGD for GN-28 and GN-38. No significant neuroprotective
effect was seen after pretreatment of cell cultures with GN-28 or GN-38 (50 uM). However, neuroprotection was significant for both treatments
when added any time from 0 to 6 h after start of OGD. All data show mean and SEM, with statistical significance determined in panels A and C
by one-way anova and post hoc Bonferroni’s MCT: *** P < 0.001 compared to first vehicle control; ## P < 0.01, ###P < 0.001 compared between
marked groups; ns = not significant. Data for panels A-C were obtained from at least six replicates from one 96-well plate for each experimental

condition.

reperfusion injury and disrupted energy homeostasis. To
compare the results from OGD and test the direct ability of
compounds to prevent cell death in a model with more
limited oxidative and metabolic disruption but sustained
excitotoxicity, cell survival was measured for each compound
at 50 uM using the MTT assay 24 h after addition of either
1 mM glutamate or 100 uM NMDA, and results were normal-
ized to vehicle controls either subjected to excitotoxic insult
(0%) or no insult (100%). These concentrations were shown
to result in reproducible and significant cell death after 24 h
(Supporting Information Fig. S1d).

Against 1 mM of glutamate, GN-28 showed a comparable
behaviour to CMZ, eliciting significant neuroprotection
(53.4% + 6.6, P < 0.001; 47.3% + 7.1, P < 0.01 respectively)
(Figure 4A). The neuroprotective effect of both agents was
reduced by PTX blockade with no difference over vehicle-
treated control (GN-28 -19.5% * 4.6, P > 0.05; CMZ 4.5% +
9.6, P>0.05). GN-38, in contrast, was neuroprotective against
glutamate toxicity (41.3% + 9.6, P < 0.01), and even in the
presence of PTX cell viability was greater than vehicle control
(37.4% + 12.2, P < 0.05). Concentration-response curves for
GN-28 and GN-38 (100 nM-100 uM) showed an approxi-
mately linear response within the concentrations tested, with
no difference between the two agents (Figure 4B): an ICs, of
2.8-3.5 UM was estimated from curve fitting. The pattern of
results in response to NMDA neurotoxicity was qualitatively
similar to that observed for glutamate toxicity (Figure 4C)
with respect to the dependence of neuroprotection on the
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GABA, receptor. The concentration-response curves revealed
attenuated efficacy of both neuroprotective agents and again
no difference was observed between the two novel MZ deriva-
tives (Figure 4D).

GN-28 potentiates the olB2y2 GABA4
receptor while GN-38 is weakly inhibitory
Application of GN-28 and GN-38 to a132y2 GABA-receptor
expressing oocytes was assayed in the presence of GABA to
confirm the ability of GN-28 to modulate GABA, receptor-
mediated ion channels and to investigate any effect of GN-38
on this receptor isoform. GN-28 exhibited a dose-dependent
potentiating effect on membrane currents elicited by 3 uM
GABA (~EC6; Figure 5A). In the absence of GABA, GN-28 did
not elicit a measurable response, and in addition, GN-28-
potentiated GABA responses were eliminated by PTX: 200 uM
PTX inhibited >99% of the GABA response potentiated by
100 uM GN-28 (1 = 7, not shown). In contrast, GN-38 did not
exhibit any potentiation at this GABA, receptor (Figure 5B).
On the contrary, normalized response amplitudes obtained
with GN-38 and 3 uM GABA exhibited, on average, a modest
decline with increasing GN-38 concentration (Figure 5C,
open triangles). The concentration response obtained for
potentiation of GABA response by GN-28 demonstrated that
at 50 uM GN-28, a ~2.5-fold increase of the response ampli-
tude was elicited (Figure 5C, filled circles), compatible with
the PTX-sensitive neuroprotection observed in primary neu-
ronal cell cultures at the same concentration of GN-28.
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GN-28 significantly reduces extracellular glutamate release and intracellular calcium after excitotoxic insult, while GN-38 does not. (A,B) Extracellular
glutamate concentration was significantly attenuated compared with vehicle control by CMZ and GN-28, but not by GN-38. GN-28 showed
significantly more reduction than CMZ. Glutamate was measured from supernatants pooled from at least six replicates from one 96-well plate for
each experimental group and assayed at least in triplicate by HPLC-UV after pre-column derivatization with OPA, which represents peaks shown in
(B). (C,D) An increase in intracellular calcium was significantly reduced by CMZ and GN-28 after application of T mM glutamate, but not by GN-38.
Intracellular calcium was measured using a fluo-4 dye reporter with fluorescence after glutamate addition normalized to baseline levels, and peak
fluorescence reported. Measurements were taken in three independent cultures in 29 mm glass bottom dishes for each experimental group, with
change in fluorescence shown in representative experiments after subtraction of baseline fluorescence and merged with bright field images in [D:
compared with vehicle control, after treatment with GN-28, only a few cells showed substantial change in calcium-dependent fluorescence
(arrows)]. All data show mean and SEM, with statistical significance determined in panels (A) and (C) by one-way anova and post hoc Bonferroni’s
MCT: * P<0.05, ** P<0.01, *** P < 0.001, compared to vehicle control; ## P < 0.01, compared between marked groups; ns = not significant.

2007). oA also increases glutamate release, disrupts calcium

P TOtGCtIOTl agams.t ollgomerzc Aﬁ sugges ts ion homeostasis, and leads to apoptosis, potentially via direct
dlﬁr erent _meChanlsmS Of insult at two doses, activation of a glutamate-mediated pathway leading to neu-
with variable dependence on GABA, ronal loss (Mattson et al., 1992; Brito-Moreira et al., 2011).
T€C€pt01‘ blockade Therefore, it was reasonable to hypothesize MZ derivatives
To extend observations to an in vitro model of neuroprotec- exhibiting neuroprotection against OGD and direct excito-
tion relevant to the amyloid-B hypothesis of AD aetiology, toxins might have the potential to protect neurons against an
MZ derivatives were tested against neurotoxicity resulting insult induced by oAB. However, to observe neurotoxicity
from application of oligomeric human Ap;_4, (0AB). The exact caused by 0AB,_4, in vitro, supraphysiological concentrations
nature of the insult by oAB is not completely understood. are routinely employed. Even in primary neuronal cultures,
However, neurotoxicity mediated through direct action at levels of cell death caused by 0Af,_4, are modest (Supporting
NMDA receptors has been hypothesized (De Felice efal., Information Figure S1D). Some authors have presented more
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Figure 4

MZs protect neurons against excitotoxic insult with variable dependence on GABA, receptor. (A) Primary cortical cultures were subjected to
glutamate-induced (1 mM) excitotoxicity with survival measured by MTT 24 h after start of insult and normalized to vehicle controls with (+, 0%)
or without glutamate (-, 100%). Neuroprotection determined with CMZ and GN-28 (50 uM) was attenuated by addition of PTX (100 uM), but
GABA, receptor blockade did not significantly decrease the efficacy of GN-38. (B) Concentration-response relationships for neuroprotection
against 1 mM glutamate by GN-28 and GN-38, added 1 h after glutamate. (C) Primary cortical cultures were subjected to NMDA-induced
(100 uM) excitotoxicity with survival measured by MTT 24 h after start of insult and normalized to vehicle controls with (+, 0%) or without
glutamate (-, 100%). Neuroprotection was only significant for CMZ, but a trend towards a decreased effect was observed for CMZ and GN-28
(50 uM) after GABA, blockade with PTX (100 uM), no significant effect on neuroprotection was observed for GN-38. (D) Concentration-response
relationships for neuroprotection against 100 uM NMDA by GN-28 and GN-38, added 1 h after NMDA. All data show mean and SEM, with
statistical significance determined in panels (A) and (C) by one-way anova and post hoc Dunnett's MCT compared to vehicle control exposed to
insult: * P < 0.05, ** P < 0.01, *** P < 0.001. Data for panels (A)~(D) were obtained from at least six replicates from one 96-well plate for each
experimental condition.

complex pictures of oA activity, where at moderate doses, neurotoxic form of AP (Lambert etal.,, 1998; Haass and
excitotoxic effects at the network level predominate, whereas Selkoe, 2007; Yu etal.,, 2010), using either a moderate
at higher doses direct effects on the cell are observed (Mucke (250 nM) or high (5 uM) concentration of oA.

and Selkoe, 2012). Therefore, two models were developed for Results were normalized to vehicle controls either sub-
use in rat primary neuronal cultures, both using application jected to insult (0%) or no insult (100%). At the high oAf
of soluble oligomeric A4, widely held to be the primary dose, only CMZ and GN-38 treatment elicited neuroprotec-
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GN-28 shows potentiation at 0:132y2 GABA, receptor expressing oocytes, while GN-38 is weakly inhibitory. (A) Representative waveforms of the
responses to the application of 3 uM GABA supplemented with varying concentrations of GN-28. (B) Representative waveforms of the responses
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four oocytes. Data for GN-38 obtained from seven oocytes. All data are shown as mean + SD.

tion compared with vehicle (73.1% + 14.1, P < 0.001; 71.3%
+ 7.5, P < 0.001, respectively), while GN-28 showed no
response (-8.5% =+ 12.7, P>0.05) (Figure 6A). PTX co-
treatment blocked the effect of CMZ (26.6% + 9.8, P > 0.05),
but neuroprotection by GN-38 was insensitive (67.7% + 28.9,
P < 0.01). Response curves for neuroprotection by GN-28
and GN-38 (100 nM-100 uM) showed a concentration-
dependence for both compounds. However, the effects of
GN-28 against high-dose oAP were only significant at the
highest concentration studied (Figure 6B). Against the mod-
erate dose of 0Ap, all MZs were observed to provide signifi-
cant neuroprotection relative to the vehicle control, and,
unlike other models, each compound was sensitive to PTX
co-treatment (Figure 6C). Overall, these results are consistent
with a role for excitotoxicity in the presence of oligomeric Ap,
and the capacity of MZ derivatives to provide neuroprotec-
tion against this insult.

Both GN-28 and GN-38 show CNS
bioavailability by LC-MS/MS

An important consideration in advancing a neuroprotective
compound to in vivo studies is whether the compound crosses
the blood-brain barrier to provide sufficient brain bioavail-
ability. Therefore, for GN-28 and GN-38, CNS bioavailability
was evaluated in male C57BL/6 mice at 8-10 weeks of age
after i.p. administration, using solution-phase extraction
from plasma and brain after perfusion and subsequent detec-
tion by LC-MS/MS. Compounds (4.45 pmol-kg™") injected
20 min before collection of plasma and brain tissue were
identified by LC-MS/MS and quantified using internal stand-
ards that were added prior to liquid extraction (see Support-
ing Information for details). Both MZ derivatives crossed the

Table 1

Plasma and brain concentration 20 min after administration

Plasma Brain [Brain]/
Analyte (ng-mL™") (ng-mL™") [Plasma]
GN-28 18.4£0.8 329+3.7 1.8
GN-38 559 £ 24 56.4+£5.5 0.1

Quantified using LC-MS/MS after i.p. administration of equimo-
lar doses.
Data are expressed as the mean = SEM (n = 4).

blood-brain barrier, with a superior brain/plasma ratio for
GN-28, but with a higher concentration of free drug observed
in the brain of animals treated with GN-38 (Table 1). Further
metabolism and protein binding studies were not conducted
at this stage; however, both MZ derivatives demonstrated
brain bioavailability.

Discussion

Clinical agents are needed to treat a variety of intractable
neurodegenerative disorders including AD and stroke.
However, neuroprotective agents have yet to show sufficient
clinical efficacy to support therapeutic application despite
numerous promising mechanisms. One oft-proposed mecha-
nism to block the resulting apoptotic neuronal death in the
penumbra after ischaemic stroke is selective activation of
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Figure 6

MZs protect neurons against 250 nM oligomeric A with dependence on GABA, receptor, while protection against 5 uM oligomeric AR by CMZ
and GN-38 requires GABAx-independent activity. (A) Primary cortical cultures were subjected to toxicity induced by oligomers of ABi_s, (5 uM)
with survival measured by MTT 4 days after start of insult and normalized to vehicle controls with (+, 0%) or without oAB (-, 100%).
Neuroprotection seen with CMZ and GN-38 (50 uM) was attenuated by addition of 100 uM PTX (+), while GN-28 did not show significant
neuroprotection at this dose. (B) Concentration-response relationships for neuroprotection against 5 UM oAp by GN-28 and GN-38, added 1 h
after oAP. (C) Primary cortical cultures were subjected to toxicity induced by oAB (250 pM) with survival measured by MTT 4 days after start of
insult and normalized to vehicle controls with (+, 0%) or without oAB (-, 100%). Neuroprotection demonstrated by all MZs (50 uM) was
attenuated by addition of 100 uM PTX (+). All data show mean and SEM, with statistical significance determined in panels (A) and (C) by one-way
ANOVA and post hoc Dunnett’s MCT compared to vehicle control exposed to insult: * P < 0.05, ** P < 0.01, *** P < 0.001. Data for panels (A)-(C)
were obtained from at least six replicates from one 96-well plate for each experimental condition.

inhibitory GABA, receptors to allow compensatory chloride
ion influx causing a so-called voltage ‘clamp’ at lower resting
potentials (Rudolph and Knoflach, 2011), which would
inhibit both excessive neuronal firing and overactivation of
NMDA receptors, leading to decreased glutamate release,
reduced intracellular calcium and thus reduced apoptosis. For
AD, the aetiology of the initial insult remains a matter of
debate, as does the exact nature of the neurotoxicity caused
by oligomeric AB;_s»,. However, excitotoxicity occurs in the
human AD brain, evidenced strongly in the reduced thresh-
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old for seizure activity, and selective activation of inhibitory
GABA, receptors has been proposed as a target for AD thera-
peutics (Vellas et al., 2011; Limon et al., 2012).

CMZ, shown extensively to be neuroprotective in animal
models of ischaemic infarct (Marshall et al., 2000), continues
to be suggested as a potential component of future combina-
tion therapies for neuronal injury (Hankey, 2002; Wilby and
Hutchinson, 2004). CMZ is primarily understood to act as a
GABA, receptor potentiator, independent of the benzodiaz-
epine site (Usala ef al., 2003), and potential applications for



GABAergic compounds have been proposed in diseases as
diverse as stroke, AD, schizophrenia, depression, and analge-
sia, complimenting their current utility as anticonvulsants,
anxiolytics and sedative/hypnotics (Mohler, 2011; Rudolph
and Knoflach, 2011). Intriguingly, CMZ has also been
reported to inhibit pro-inflammatory pathways associated
with TNF-o (Harmon et al., 2003; Clarkson et al., 2005) and to
rescue mitochondrial function in brain tissues (Clarkson
et al., 2007). These observations further stimulate interest in
MZ derivatives, because recent evidence supports inhibition
of TNF-a and restoration of mitochondrial function as thera-
peutic targets in AD (Alvarez et al., 2007; Strum et al., 2007;
McAlpine et al., 2009; Santos et al., 2011; Shi et al., 2011).

CMZ, an effective therapeutic currently used in the clinic,
represents a lead compound for anti-neurodegenerative drug
discovery, targeting a combination of mechanisms proposed
to combat multifactorial neuronal insults. In the present
work, CMZ provided significant neuroprotection in four in
vitro models of neurodegeneration at doses that are pharma-
cologically relevant in vivo (Cross et al., 1995; Green et al.,
2000). In initial screening for neuroprotection, a library of
CMZ analogues and MZ derivatives was observed to show
subtle relationships between structure and activity: for
example, the 2-pyridyl isomer of GN-12 was significantly less
active than GN-12 (Qin et al., 2012). A number of MZ deriva-
tives were observed to have significantly greater efficacy than
CMZ as neuroprotectants, and one objective of the present
work was to examine the dependence on the GABA, receptor
for CMZ and selected MZ neuroprotective agents in greater
detail. GN-28 was found to equal or exceed the activity of
CMZ in all models in which excitotoxicity was expected to
provide the major contribution, and, in these models, the
actions of both GN-28 and CMZ were sensitive to GABA,
blockade. Nevertheless, GN-38 provided comparable levels of
neuroprotection to GN-28, despite insignificant effects on
glutamate release and intracellular calcium, with an effect
largely independent of the GABA, receptor. A possible expla-
nation for these results would be changes in binding affinity
at the GABA, receptor, with GN-28 showing enhanced
binding over CMZ, and GN-38 either losing binding affinity
or losing potentiating activity at the receptor itself, but
formal binding studies and other pharmacokinetic work have
yet to be completed for all receptor subtypes, so this hypoth-
esis remains speculative.

Measurement of ion currents through isolated GABA,
receptors provides a definitive measure of GABA, activity. In
accord with observations using PTX, GN-28 was confirmed to
be an «al1B2y2 GABA, receptor potentiator, amplifying the
GABA response ~2.5-fold at the 50 uM concentration used in
neuronal cell cultures. GN-28, like CMZ, was not found to be
a direct agonist at alpf2y2 GABA, at the concentrations
studied. These data strongly support the hypothesis that
GN-28 and CMZ are achieving neuroprotection through at
GABA, receptor potentiation. Conversely, again in accord
with observations using PTX, GN-38 showed neither agonist
nor GABA potentiating activity at the «132y2 GABA, receptor,
supporting the hypothesis of substantially reduced activity at
least at this receptor subtype, making an alternative mecha-
nism for its activity much more likely in excitotoxic models.

CMZ was neuroprotective in primary cultures treated with
both high and moderate doses of 0AB, and, at the moderate

Novel neuroprotective methiazoles

dose of 0oAB (250 nM), both GN-28 and GN-38 provided
almost complete neuroprotection. Importantly, GN-38 pro-
vided neuroprotection against high doses of 0AB even in the
presence of GABA, receptor blockade, while GN-28 failed to
show substantial neuroprotection except at the 100 uM dose,
suggesting the GABA, independent mechanism is of more
importance at higher doses of 0AB. Against more moderate
doses of 0A that result in only a small amount of cell death
(Supporting Information Figure S1d), PTX blockade abolishes
activity for all compounds studied, thus GABA, activity is
necessary and sufficient for neuroprotection against this type
of insult, which may more closely correlate to levels of oA
found early in the AD brain. Interestingly, this experiment
provides the sole evidence that GN-38 may still retain some
activity at the GABA, receptor, while also showing that the
unknown GABA,-independent activity is not sufficient for
protection against this insult. Future electrophysiological
studies in other receptor subtypes may help elucidate the
GABA, receptor profile of these novel compounds, and
planned screening against known drug targets will help deter-
mine the nature of the GABA-independent activity demon-
strated most strongly by GN-38.

Disorders in which neuronal loss is a major pathophysi-
ological event are likely to gain benefit from treatment with
neuroprotective agents. Increased activity at the GABA4
receptor is recognized as an unharnessed neuroprotective
mechanism in stroke; and in AD, excitotoxicity, increased
seizure activity and AB-induced GABA, receptor dysfunction
commend non-benzodiazepine GABA, receptor potentiators
as neuroprotective therapeutic agents (Rissman and Mobley,
2011; Vellas et al., 2011). Herein, novel, neuroprotective MZ
derivatives, based upon the clinical sedative, anxiolytic
agent, CMZ, are reported to provide neuroprotection in four
different in vitro models, relevant to neurodegenerative disor-
ders, including stroke and AD. Our observations support the
concept of dual mechanisms of action for CMZ that are
represented differentially in GN-28 and GN-38. Whereas the
GABA,-dependent activity proves successful against a wide
range of excitotoxic insults, contribution from the GABAs-
independent mechanism would seem to be essential to
provide protection against cell death induced by high-dose
0AB. The GABA,-dependent activity is increased in GN-28,
while the GABAs-independent mechanism appears to pre-
dominate in the structure of GN-38. Finally, development as
therapeutics is promising as GN-28 and GN-38 were both
observed to remain protective even when administered 6 h
after OGD insult, to cross the blood-brain barrier, and to have
significantly attenuated sedative activity in vivo compared
with CMZ (Supporting Information Figures S5 and $6).
Further studies, including binding assays and a screen against
known drug targets, of these GABA,-dependent and GABA,-
independent neuroprotectants would expand our under-
standing of the mechanism and facilitate their development
as therapeutics.
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Figure S1 (A) CMZ showed substantial, reproducible neuro-
protection compared with untreated vehicle controls in
OGD. Data shown represent mean and SEM of over 30 inde-
pendent experiments, with analysis by two-tailed Student’s
t-test. (B) No effect was seen when compounds were incu-
bated for 24 h with MTT in growth media without cells,
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suggesting no artefactual reducing interaction between drugs
and MTT. (C) Incubation of compounds (50 uM) in primary
cortical cultures for 24 h did not result in significant protec-
tion or toxicity at any dose studied. (D) After treatment with
various insults using protocols described in the text, the
amount of cell death measured by MTT and normalized to
untreated vehicle controls was reproducible and significant.
All data from panels B-D show mean and SEM, with statistical
significance determined in panels B and D by use of one-way
aNova and post hoc Dunnett’s MCT compared to vehicle
control: *P < 0.05, ***P < 0.001; ns, not significant. Data for
panels B-D were obtained from at least six independent rep-
licates for each experimental condition.

Figure $2 Calibration curves were constructed for GN-28
and GN-38 in plasma spiked with standard solutions and
internal standard (GN-27 and F-12 respectively). Final con-
centrations of analyte ranged from 1 to 100 ng-mL™. The
equation for the regression line was used to quantify analytes
in plasma samples.

Figure $3 Total ion chromatograms (TIC) of GN-28 in
mouse plasma 20 min after i.p. injection [GN-27 was used as
an internal standard (IS)]; and of GN-38 in mouse plasma
20 min after i.p. injection [F-12 was used as an internal stand-
ard (IS)]. LC-MS/MS chromatograms showing fragmentation
used for MRM quantification of analytes relative to internal
standards: Transition MRM m/z 220—189 and m/z 238—207
were used to detect GN-28 and IS, respectively; transition
MRM m/z 288—147 and m/z 352—147 were used to detect
GN-38 and IS respectively.
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Figure $4 TIC and MRM chromatograms of GN-28 and
GN-38 in mouse brain 20 min after i.p. injection and spiking
with internal standards.

Figure S5 CMZ was applied (i.p.) at 30, 40, 50 mg-kg'. Mean
latency to fall was determined at 30 and 60 min post injec-
tions. The data represent the average time (s) animals stayed
on the rod before and after treatments. CMZ decreased the
latency to fall in a dose-response fashion. CMZ (50 mg-kg™)
caused significant sedation, which translated to a great loss in
animal balance when compared with pretreatment mean
latency (***P < 0.001, n = 5). This effect faded away after
60 min. Vehicle group was injected with the same vehicle
used to prepare i.p. injections. Solvent was composed of:
water 90% (v v'!), DMSO 10% (v v'). Vehicle did not show
any significant effect on the mean latency to fall.

Figure $6 The accelerated rotarod performance task was per-
formed with: CMZ (45 mg-kg™, i.p.); GN-28 (equimolar dose,
59 mg-kg’, i.p.); or GN-38 (equimolar dose, 64 mg-kg™’, i.p.).
Mean latency to fall was determined at 10, 30 and 60 min
post injections. The data represent average time (s) animals
stayed on the rod after drug treatments. Vehicle, composed of
water 90% (v v''), DMSO 10% (v v'), did not show any
significant effect on the mean latency to fall. Bars represent
mean and SEM, analysed by two-way repeated measures
ANOVA with Bonferroni’s post-test comparing with vehicle
control: **P < 0.01, *** P < 0.001 (n =5 for each group).
Table S1 Retention times, coefficients of determination (R?)
of calibration curves and extraction recoveries for the differ-
ent compounds.



