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The plasma–occupancy relationship of the novel
GABAA receptor benzodiazepine site ligand, a5IA,
is similar in rats and primates
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Gerard R Dawson1, Richard J Hargreaves2 and H Donald Burns2
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Background and purpose: a5IA (3-(5-methylisoxazol-3-yl)-6-[(1-methyl-1,2,3-triazol-4-yl)methyloxy]-1,2,4-triazolo[3,4a]phthalazine) is a triazolophthalazine with subnanomolar affinity for a1-, a2-, a3- and a5-containing GABAA receptors. Here
we have evaluated the relationship between plasma a5IA concentrations and benzodiazepine binding site occupancy in
rodents and primates (rhesus monkey).
Experimental approach: In awake rats, occupancy was measured at various times after oral dosing with a5IA (0.03–
30 mg·kg-1) using an in vivo {[3H]flumazenil (8-fluoro 5,6-dihydro-5-methyl-6-oxo-4H-imidazo[1,5-a][1,4]benzodiazepine-3carboxylic acid ethyl ester)} binding assay. In anaesthetized rhesus monkeys, occupancy was measured using {[123I]iomazenil
(ethyl 5,6-dihydro-7-iodo-5-methyl-6-oxo-4H-imidazo[1,5-a][1,4]benzodiazepine-3-carboxylic acid ethyl ester)} g-scintigraphy
and a bolus/infusion paradigm. In both rat and rhesus monkey, the plasma drug concentration corresponding to 50%
occupancy (EC50) was calculated.
Key results: In rats, a5IA occupancy was dose- and time-dependent with maximum occupancy occurring within the first 2 h.
However, rat plasma EC50 was time-independent, ranging from 42 to 67 ng·mL-1 over a 24 h time course with the average
being 52 ng·mL-1 (i.e. occupancy decreased as plasma drug concentrations fell). In rhesus monkeys, the EC50 for a5IA
displacing steady-state [123I]iomazenil binding was 57 ng·mL-1.
Conclusions and implications: Rat plasma EC50 values did not vary as a function of time indicating that a5IA dissociates readily
for the GABAA receptor in vivo. These data also suggest that despite the different assays used (terminal assays of [3H]flumazenil
in vivo binding in rats and [123I]iomazenil g-scintigraphy in anaesthetized rhesus monkeys), these techniques produced similar
plasma a5IA EC50 values (52 and 57 ng·mL-1 respectively) and that the plasma–occupancy relationship for a5IA translates
across these two species.
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Abbreviations:

a5IA, 3-(5-methylisoxazol-3-yl)-6-[(1-methyl-1,2,3-triazol-4-yl)methyloxy]-1,2,4-triazolo[3,4-a]phthalazine;
a5IA-II,
3-(5-methylisoxazol-3-yl)-6-[(2-pyridyl)methyloxy]-1,2,4-triazolo[3,4-a]phthalazine;
flumazenil,
8-fluoro 5,6-dihydro-5-methyl-6-oxo-4H-imidazo[1,5-a][1,4]benzodiazepine-3-carboxylic acid ethyl ester;
iomazenil, ethyl 5,6-dihydro-7-iodo-5-methyl-6-oxo-4H-imidazo[1,5-a][1,4]benzodiazepine-3-carboxylic acid
ethyl ester; LC-MS/MS, liquid chromatography–tandem mass spectrometry; Occ50, dose required to produce
50% occupancy; PET, positron emission tomography; SPECT, single-photon emission computed tomography

Introduction

a]phthalazine) binds with equal affinity to the
benzodiazepine binding site of GABAA receptors containing
either an a1, a2, a3 or a5 subunit (Sternfeld et al., 2004;
Dawson et al., 2006). Although a5IA is non-selective in terms
of binding affinity, it has inverse agonist efficacy selective for
the a5 subtype in that it exhibits inverse agonism at this
subtype but has low or antagonist efficacy at the a1, a2 and
a3 subtypes (Dawson et al., 2006). Consequently, the in vitro
and in vivo effects of this compound are exerted primarily via
GABAA receptors containing the a5 subunit (Dawson et al.,
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2006). More specifically, a5IA enhances long-term
potentiation in a mouse hippocampal slice assay (a putative
model of synaptic remodelling associated with learning
and memory) and enhances cognitive performance in a
hippocampal-dependent version of the Morris water maze
(Dawson et al., 2006). Receptor occupancy studies using
a [3H]flumazenil (8-fluoro 5,6-dihydro-5-methyl-6-oxo-4Himidazo[1,5-a][1,4]benzodiazepine-3-carboxylic acid ethyl
ester) in vivo binding assay demonstrated that the minimally
effective dose for the behavioural effect was around 25%
(Dawson et al., 2006). Recently, this same compound has been
shown to decrease the cognition-impairing effects of ethanol
in healthy normal volunteers (Nutt et al., 2007).
The purpose of the present study was to further explore the
a5IA occupancy of rat brain GABAA receptors using an in vivo
[3H]flumazenil binding assay and relate the kinetics of occupancy to plasma drug concentrations. Hence, we were interested in establishing whether a5IA occupancy was dictated
primarily by plasma drug concentrations or whether occupancy was sustained (presumably due to a slow off-rate for
a5IA), in which case occupancy would be maintained while
plasma drug concentrations decreased. Accordingly, the
plasma a5IA concentration required to achieve 50% occupancy (EC50) was measured at various times after oral dosing
of a5IA. Thus, if there was sustained occupancy, then the EC50
would decrease as a function of time whereas if occupancy
was dictated primarily by plasma drug concentrations, the
EC50 value should be time-independent. A secondary aspect of
these studies was to examine the a5IA plasma–occupancy
relationship in rhesus monkey using [123I]iomazenil (ethyl
5,6 - dihydro - 7 - iodo - 5 - methyl-6-oxo-4H-imidazo[1,5-a][1,4]
benzodiazepine-3-carboxylic acid ethyl ester) g-scintigraphy
in order to examine whether there were any inter-species
differences in the plasma–occupancy relationship for a5IA.
The data show that in rodents there was no evidence of
sustained occupancy and that plasma pharmacokinetics can
be used as a surrogate for occupancy and thereby dictate the
frequency of dosing in subsequent clinical studies. Moreover,
the plasma–occupancy relationship in rats and rhesus
monkey were similar (respective EC50 values of 52 and
57 ng·mL-1), indicating minimal across-species differences.

797

which pretreatment of rats with a5IA inhibited the in vivo
binding of [3H]flumazenil (i.e. a5IA occupancy) was measured
as described elsewhere (Atack et al., 2006; Dawson et al., 2006).
In brief, 3 min prior to the appropriate pretreatment time
point (for example, 57 min after dosing of the 1 h time point
animals) rats were given an i.v. tail vein injection of [3H]flumazenil (diluted 1:150 with saline and dosed at 1 mL·g-1) and
3 min later were killed by decapitation. Trunk blood was
collected into lithium-heparin tubes, centrifuged and plasmaretained for subsequent analysis of drug concentrations (see
below). Brains were removed, homogenized, and 300 mL aliquots were filtered and washed with 10 mL of ice-cold buffer
over Whatman GF/B filters. The filters were then placed in
scintillation vials, scintillation fluid was added and radioactivity counted on a Beckman LS6500 scintillation counter.
In order to define the extent of non-specific binding, a
separate group of animals were pretreated for 30 min with
bretazenil (5 mg·kg-1 i.p. in PEG 300) prior to [3H]flumazenil
in vivo binding being measured as described above. The degree
of non-specific binding in filtered and washed 300 mL aliquots
of bretazenil-treated brain homogenate was in the region of
100 dpm whereas the corresponding value in vehicle treated
rats was around 2000 dpm.
The plasma concentrations of a5IA were determined using
a liquid chromatography–tandem mass spectrometry (LC-MS/
MS) assay. Briefly, an internal standard (a5IA-II, 3-(5methylisoxazol-3-yl) - 6 - [(2-pyridyl)methyloxy]-1,2,4-triazolo
[3,4-a]phthalazine; Collinson et al., 2006) was added to aliquots (50 mL) of plasma samples and then protein precipitated
with acetonitrile. The supernatant obtained from centrifugation was diluted with ammonium formate (25 mmol·L-1,
pH 3) and then analysed by LC-MS/MS.
Occupancy (i.e. the degree to which specific binding of
[3H]flumazenil was reduced in a5IA- relative to vehicle-treated
animals) was plotted as a function of either dose or plasma
a5IA drug concentrations, and curve-fitting was carried out
by using GraphPad Prism (GraphPad Software Inc., San Diego,
CA, USA) and from these data the dose that inhibited 50% of
the in vivo binding of [3H]flumazenil (Occ50, dose required to
produce 50% occupancy) or the plasma drug concentration
corresponding to 50% occupancy (EC50) values were
calculated.

Methods
Animals
All aspects of animal care and experimental procedures
complied with the United Kingdom Animals (Scientific
Procedures) Act 1986 and its associated guidelines.

Rat brain a5IA occupancy measured using [3H]flumazenil in
vivo binding
Male Sprague-Dawley rats (250–300 g, B&K Universal, Hull,
UK) were dosed orally (dose volume = 1 mL·kg-1) with either
0.5% methyl cellulose vehicle (Methocel A4C; The Dow
Chemical Company, Midland, USA) or a5IA (in 0.5% methyl
cellulose vehicle and at doses ranging from 0.03 to 30 mg·kg-1)
for periods up to 8 h for the lower doses (0.03–1 mg·kg-1) or up
to 24 h for the higher doses (3–30 mg·kg-1). The extent to

Rhesus monkey brain a5IA occupancy measured using
[123I]iomazenil g-scintigraphy
The measurement of a5IA occupancy in rhesus monkeys was
carried out by using [123I]iomazenil employing methods previously described (Innis et al., 1991a,b; Laruelle et al., 1993).
In brief, after withholding food overnight male rhesus
monkeys (3.5–5.0 kg) were initially anaesthetized with ketamine (10 mg·kg-1 i.m.), then induced with propofol
(5 mg·kg-1 i.v.), intubated and respired with medical grade
oxygen. Subsequent anaesthesia was maintained with propofol (0.4 mg·kg-1·min-1 i.v.). The rhesus monkeys were placed
on the patient bed with the left side of the head resting on the
low-energy collimator [Siemens Orbiter single-photon emission computed tomography (SPECT) camera]. Acquisition of
planar images allowed the generation of detailed time–
activity curves (2 min per frame resolution) of the uptake and
British Journal of Pharmacology (2009) 157 796–803
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chase of [123I]iomazenil binding to GABAA receptors. Due to
attenuation, most of the measured signal is obtained from the
lateral cortex juxtaposed to the g-camera, which is functionally similar to the approach of Innis et al. (1991a,b) in which
they used a collimated g-probe to measure time–activity
curves with a resolution of 1 min. Furthermore, in separate
studies we showed that in vivo dose inhibition of the binding
of [123I]iomazenil to GABAA receptors in rat brain by diazepam
did not vary from region to region with the Occ50 values in
the cortex, striatum and cerebellum being cortex, 1.5, 1.0 and
2.4 mg·kg-1 respectively. Thus, activity derived from deeper
structures should not alter the results obtained from planar
imaging.
Initial studies were performed by using flumazenil, and the
kinetics from these studies were used to help design subsequent studies with a5IA. Following i.v. injection of a bolus
(~0.4 mCi) of [123I]iomazenil, steady state was achieved by
infusion of [123I]iomazenil (0.05–0.06 mCi·h-1) over the course
of the study. After either 180 min for the flumazenil study or
100 min for the a5IA study (both of which were sufficient
time to achieve steady state), displacement of radiotracer
binding was achieved by a bolus and infusion of different
doses of these drugs. Plasma concentrations were obtained
over the time–course of drug infusion to determine the
concentration of drug required to produce the measured
reduction in [123I]iomazenil binding. Only one concentration
of drug was studied per imaging session, rather than the
stepwise, multiple-dose regimen described by Innis et al.
(1991b).
[123I]iomazenil time–activity curve analysis. Following injection of the competing drug, [123I]iomazenil rapidly dissociated
establishing a new steady-state concentration of radiotracer
binding. The extent of radiotracer displacement was determined by curve-fitting the washout of radiotracer to an exponential plus constant in which the constant represents the
extent to which drug inhibits the [123I]iomazenil binding at
steady state. In a number of studies, the extent of ‘nonspecific’ binding was established by displacing radiotracer
with 1 mg·kg-1 flumazenil. These studies showed that the
level of non-specific binding defined this way was a relatively
constant proportion of the total binding, allowing this
average value for non-specific binding to be applied to the
subsequent analysis of the a5IA competition studies.
While we achieved steady state of radiotracer accumulation
in rhesus brain for most studies, we also fit the wash-in data
with a bi-exponential function and used the curve fit value as
the extent of uninhibited binding of [123I]iomazenil to GABAA
receptors in rhesus brain. The % inhibition was subsequently
calculated from the fraction of inhibition at steady state relative to the total signal available versus plasma concentration
of a5IA. The plasma–occupancy curve was then fitted by
using GraphPad Prism (GraphPad Software Inc., San Diego,
CA, USA), and from these data the EC50 was determined.

Data analysis
Data are presented as mean ⫾ SEM. Comparison of the plasma
EC50 values as a function of time was performed by using an
ANOVA.
British Journal of Pharmacology (2009) 157 796–803

Materials
a5IA and a5IA-II were synthesized as described previously
(Sternfeld et al., 2004), and flumazenil and bretazenil were
also synthesized in-house. [3H]Flumazenil ([3H]Ro 15-1788;
87 Ci·mmol-1) was purchased from PerkinElmer LAS (Boston,
MA, USA). The synthesis of [123I]iomazenil is described in
more detail below.
Preparation of [123I]iomazenil. [123I]Iomazenil was prepared by
oxidative radioidination of the trimethyltin precursor essentially as previously described (McBride et al., 1991). In a
typical radiosynthesis, a shipping vial of Na123I (20 mCi, dry,
MDS Nordion, Ottawa, Canada) containing a stir bar and an
Iodobead was treated with methanol (50 mL) and 30 mL of
Na123I solution (13 mg·mL-1 in water) and stirred for 1 min at
room temperature. To the vial was added trifluoroacetic acid
(TFA; 20 mL) and a solution of trimethyltin precursor
(~0.25 mg in 50 mL methanol) and the mixture was stirred at
room temperature for about 2–5 min before addition of
another batch of trimethyltin precursor (~0.25 mg in 0.05 mL
methanol). The resulting mixture was stirred at room
temperature for ~30 min before it was quenched with
concentrated ammonium hydroxide (20 mL) and sodium
thiosulphate (10 mL of a 10 mg·mL-1 aqueous solution). The
reaction mixture was then purified by HPLC (Vydac C-18
Protein and Peptide column, 3.9 ¥ 250 mm) with 20%
acetonitrile/0.1% TFA at 1.0–1.5 mL·min-1 for 15 min and
then 40% acetonitrile/0.1% TFA until the main radioactive
peaks were eluted off the column and collected by a fraction
collector. Thereafter, the column was eluted with acetonitrile/
0.1% TFA to remove any unreacted trimethyltin precursor
and other organic matters. The desired fractions containing
[123I]iomazenil (5–7 mCi, in ~20–35% radiochemical yields
and with >90–95% radiochemical purities, as confirmed by
HPLC analysis) were pooled and partially concentrated
in vacuo to remove volatile organic solvents, before being
further formulated and buffered for use in the planar imaging
studies.

Results
Kinetics of rat plasma a5IA concentrations and occupancy
The pharmacokinetics of a5IA in rat plasma are shown in
Figure 1A with the parameters derived from these data being
presented in Table 1. The data clearly show that plasma exposure of a5IA was dose-dependent but that the maximum
plasma concentrations (Cmax) were not linearly related to dose
at higher doses. Hence, the ratio of the maximum plasma
concentrations observed at 3 and 30 mg·kg-1 (233 and
327 ng·mL-1 respectively) was only 1.4- rather than 10-fold
greater. The exposure (as measured by the area under the
concentration–time curve between 0 and 24 h, AUC0–24)
showed modestly improved dose proportionality with the
exposure at 30 mg·kg-1 (5099 ng·h·mL-1) being threefold that
at 3 mg·kg-1 (1647 ng·h·mL-1). However, the AUC0–24 at
30 mg·kg-1 a5IA is likely to be an underestimate of the total
exposure as appreciable plasma concentrations (60 ⫾
20 ng·mL-1) remained 24 h after dosing (i.e. the AUC0–24 <
AUC0–•). The fact that the kinetics after oral administration
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Figure 1 Rat plasma a5IA concentrations and occupancy of GABAA receptor benzodiazepine sites are dose- and time-dependent following
oral dosing. (A) Plasma a5IA concentrations at various times after dosing with different doses of a5IA (0.03–30 mg·kg-1 p.o. in 0.5% methyl
cellulose vehicle). The grey symbols shows the pharmacokinetics of a5IA following an i.v. dose (0.9 mg·kg-1 in PEG 300 vehicle, n = 3). (B)
Occupancy of benzodiazepine sites by a5IA (dosed p.o.) in the same animals used for plasma drug measurements as measured by the extent
to which prior dosing with a5IA reduced the in vivo binding of [3H]flumazenil. Figures within each panel represent the corresponding dose.
Values shown are mean ⫾ SEM (n = 5–12 per group). a5IA, 3-(5-methylisoxazol-3-yl)-6-[(1-methyl-1,2,3-triazol-4-yl)methyloxy]-1,2,4triazolo[3,4-a]phthalazine.

Table 1

Characteristics of plasma pharmacokinetics and GABAA receptor occupancy following oral dosing of a5IA (0.03–30 mg·kg-1) in rats

Dose (mg·kg-1)

0.03
0.1
0.3
1.0
3.0
10
30

Plasma a5IA kinetics

GABAA receptor occupancy

Cmax (ng·mL-1)

Tmax (h)

AUCa (ng·h·mL-1)

Estimated F b (%)

Maximum occupancy (%)

Tmax (h)

4
15
54
109
233
301
327

0.5
0.5
0.5
2
2
2
2

N/D
41(0–8 h)
128(0–8 h)
408(0–8 h)
1647(0–20 h)
3044(0–24 h)
5099(0–24 h)

N/D
70
72
70
92
52
29c

15
27
45
79
82
87
87

0.5
2
1
2
2
2
2

a5IA, 3-(5-methylisoxazol-3-yl)-6-[(1-methyl-1,2,3-triazol-4-yl)methyloxy]-1,2,4-triazolo[3,4-a]phthalazine; N/D, not determined due to insufficient data.
a
AUC, area under the concentration–time curve.
b
F, bioavailability, calculated in relation to i.v. kinetics following a 0.9 mg·kg-1 dose (t½ = 0.9 h, clearance = 29 mL·min-1·kg-1, volume of distribution = 1.9 L·kg-1).
c
This value is an underestimate as the full area under the curve was not measured as plasma concentrations were only measured up to 24 h post dose.

were different from those following i.v. dosing (Figure 1A)
suggests that in rats there was a sustained absorption phase
for a5IA, which was most obvious at higher doses (i.e. at lower
doses, the oral kinetics were more comparable to the i.v.
kinetics).
The dose-dependent nature of the plasma a5IA concentrations was mirrored by the dose occupancy of rat brain GABAA
receptor benzodiazepine binding sites (Figure 1B). Hence, the
maximum occupancy increased with dose (Table 1) but at
the higher doses, there was relatively little change in the
maximum occupancy observed with, for example, the
maximum occupancies at 1 and 30 mg·kg-1 being 79% and
87% respectively. At the highest dose (30 mg·kg-1) occupancy
was relatively sustained, varying only from 74% to 87%
within the time period of 0.5–20 h post dose and even 24 h
after dosing, significant occupancy remained (41 ⫾ 5%). Similarly, at a dose of 10 mg·kg-1, 32 ⫾ 9% occupancy remained
after 20 h. However, this sustained occupancy reflects the
relatively constant plasma drug concentrations, which were,
as mentioned above, presumably related to an extended
absorption phase.

Dose dependency of rat brain a5IA occupancy
The relationship between dose and occupancy 2 h after
dosing (Figure 2) shows that at low doses where proportionality between dose and plasma drug concentrations was
apparent (0.03–1 mg·kg-1; Table 1), occupancy was well
described by a single-site binding equation, with an Occ50 of
0.35 mg·kg-1. However, at the higher doses at which proportionality in plasma drug concentrations and maximum occupancy was reduced (3–30 mg·kg-1; Table 1), data fell below the
curve fitted to the lower-dose data.

Relationship between rat a5IA occupancy and plasma drug
concentrations
For each time point studied, the relationship between occupancy and plasma drug concentrations was plotted and the
corresponding EC50 values determined (Table 2). These data
were generally well described by a single-site model with a
Hill slope around unity. In addition, there was no tendency
for the EC50 values describing the plasma–occupancy relationship (range = 42–67 ng·mL-1) to change as a function of time
British Journal of Pharmacology (2009) 157 796–803
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Table 2 Relationship between occupancy and plasma concentrations at various times following p.o. dosing of a5IA [3-(5methylisoxazol-3-yl)-6-[(1-methyl-1,2,3-triazol-4-yl)methyloxy]-1,2,4
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Figure 2 Occupancy of rat brain benzodiazepine binding sites by
a5IA, 2 h after oral administration, was dose-dependent. Filled circles
denote those data points used to fit the curve, which gives an Occ50
of 0.35 mg·kg-1 (Hill slope = 1.08); the open circles (3–30 mg·kg-1)
were excluded as plasma Cmax drug concentrations (and therefore
occupancy) demonstrated poor dose proportionality (Table 1).
Values shown are mean ⫾ SEM (n = 7–9 per group). a5IA, 3-(5methylisoxazol-3-yl)-6-[(1-methyl-1,2,3-triazol-4-yl)methyloxy]-1,2,4
-triazolo[3,4-a]phthalazine; Occ50, dose required to produce 50%
occupancy.

Time (h)

80

20

20
0
0.01

EC50 = 52 ng·mL−1

EC50 (ng·mL-1) (95%
confidence intervals)
67
46
44
42
67
63
60
63
52
52

(60–74)
(41–52)
(38–52)
(35–50)
(60–76)
(54–73)
(46–79)
(51–77)
(36–76)
(49–56)

Hill slope (n)

1.12
1.00
0.95
0.98
1.00
1.08
1.22
1.11
0.90
0.98

(43)
(35)
(37)
(46)
(31)
(12)
(10)
(11)
(11)
(236)

(ANOVA, P < 0.05) and, more importantly, no trend for the EC50
values to be lower at later, compared with earlier, time points.
These data therefore indicate that a5IA did not give sustained
occupancy (i.e. occupancy does not remain when drug is
cleared from the plasma) and that a5IA must, therefore, have
a relatively fast off-rate in vivo. Given that the plasma EC50 was
not time-dependent, all data were analysed together
(Figure 3) to give a combined EC50 for a5IA of 52 ng·mL-1.

Rhesus monkey brain [123I]iomazenil time–activity curves
Under conditions of a steady-state infusion of [123I]iomazenil
(Laruelle et al., 1993), displacement of radioligand could be
achieved by a single bolus injection of the prototypic nonselective antagonist flumazenil (Figure 4A). Similarly, using a
bolus/infusion paradigm to reach steady-state plasma concentrations, a5IA was also able to produce dose-dependent displacement of [123I]iomazenil (Figure 4B). Increasing the dose
of flumazenil produced a greater displacement of [123I]iomazenil such that at a dose of 1 mg·kg-1 there was essentially
British Journal of Pharmacology (2009) 157 796–803
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Figure 3 The occupancy of each animal used in the time–course
study (Figure 1) was plotted as a function of the corresponding plasma
concentration of a5IA. The curve fit through these data gave an EC50
of 52 ng·mL-1 (Hill slope = 0.98, n = 236). The increased variability at
the bottom end of the curve presumably reflects the reduced sensitivity to the measurement of drug concentrations and occupancy at
lower levels. a5IA, 3-(5-methylisoxazol-3-yl)-6-[(1-methyl-1,2,3triazol-4-yl)methyloxy]-1,2,4-triazolo[3,4-a]phthalazine.

complete displacement of [123I]iomazenil (Figures 4A and B),
thereby defining the level of non-specific [123I]iomazenil
uptake.

Relationship between rhesus monkey a5IA occupancy and
plasma drug concentrations
By determining the plasma flumazenil concentrations at the
end of data acquisition, it was possible to establish that the
plasma concentration of flumazenil required to give 50% displacement of [123I]]iomazenil (i.e. 50% flumazenil occupancy)
was equivalent to 40 ng·mL-1 (data not shown). Similar analyses of data for a5IA produced an EC50 of 57 ng·mL-1 (Figure 5).

Discussion
Comparison of [3H]flumazenil and [123I]iomazenil radioligands
Flumazenil (Ro 15-1788) is the prototypic non-selective benzodiazepine antagonist (Hunkeler et al., 1981) in that it binds
with equally high affinity (0.4–1.5 nmol·L-1) to GABAA receptors containing either an a1, a2, a3 or a5 subunit (Sieghart,
1995). Iomazenil (Ro 16-0154) is a close structural analogue
of flumazenil in that the 8-fluoro substituent on the
benzodiazepine moiety of flumazenil is replaced by a 7-iodo
group in iomazenil (Beer et al., 1990; Johnson et al., 1990) and
this confers iomazenil with similar or slightly higher affinity
for the benzodiazepine site of rat and human brain GABAA
receptors compared with flumazenil (Beer et al., 1990;
Johnson et al., 1990). Although the subtype selectivity of
iomazenil has not been described, the generally similar anatomical distribution of [3H]- or [11C]flumazenil and [123I]- or
[125I]iomazenil binding both in vitro and in vivo suggest that
both radioligands have comparable, non-selective binding
profiles (Beer et al., 1990; Millet et al., 2002). The high affinity
of flumazenil and iomazenil combined with the physicochemical properties of each compound (Beer et al., 1990) have
resulted in both compounds being used extensively for the
in vivo labelling of GABAA receptors, whether in rodents
(Goeders and Kuhar, 1985; Atack et al., 1999; 2006; 2007;
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Figure 4 Representative time–activity curves showing the displacement of [123I]iomazenil (~0.4 mCi bolus followed by 0.05–0.06 mCi·h-1
infusion) from rhesus monkey brain using either flumazenil or a5IA. (A) [123I]iomazenil was displaced by bolus injections of either 0.015, 0.05
or 1.0 mg·kg-1 flumazenil (arrows indicate time of bolus injections). (B) [123I]iomazenil was displaced by a5IA administered as a bolus followed
by infusion (0.075 mg·kg-1 bolus plus 0.06 mg·kg-1·h-1 infusion, and 0.25 mg·kg-1 bolus plus 0.20 mg·kg-1 infusion). Flumazenil and a5IA data
are from two and three separate studies respectively. For presentation purposes, all curves have been normalized so each condition can be
presented in the same plot. In these examples, the inhibition of radiotracer binding by a5IA at steady state was 38% and 71%, for the
0.075 mg·kg-1 bolus plus 0.06 mg·kg-1·h-1 infusion and 0.25 mg·kg-1 bolus plus 0.20 mg·kg-1 infusion dosing regimes respectively. The
time–activity curve for flumazenil (1 mg·kg-1) is included to show the extent of the non-specific radiotracer signal. The fit of the accumulation
of radiotracer (solid grey line) suggests steady state was approximated prior to injection of a5IA chase. a5IA, 3-(5-methylisoxazol-3-yl)-6-[(1methyl-1,2,3-triazol-4-yl)methyloxy]-1,2,4-triazolo[3,4-a]phthalazine.
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Figure 5 Relationship between plasma drug concentration and
rhesus monkey GABAA receptor occupancy as measured using
[123I]iomazenil g-scintigraphy. The data were constrained to a Hill
slope of unity and gave an EC50 value of 57 ng·mL-1. For comparative
purposes, the plasma occupancy curve for rat (Figure 3) is shown as
a dashed line (EC50 = 52 ng·mL-1).

Dawson et al., 2006), primates (Hantraye et al., 1984; Innis
et al., 1991a,b; Laruelle et al., 1994) or humans (Persson et al.,
1985; Beer et al., 1990; Millet et al., 2002).
Although a5IA is an inverse agonist with selectivity for the
GABAA a5 subtype, this selectivity is based upon differential
efficacy rather than affinity (Sternfeld et al., 2004; Dawson
et al., 2006). Consequently, as a5IA binds, like flumazenil or
iomazenil, with comparable affinity to the different GABAA
receptor subtypes, inhibition of the in vivo binding of radiolabelled flumazenil or iomazenil reflects equivalent occupancy at a1-, a2-, a3- and a5-containing GABAA receptors.
For example, a 70% inhibition of in vivo [3H]flumazenil or
[123I]iomazenil binding reflects an a5IA occupancy of 70% at
each of the a1, a2, a3 and a5 subtypes.
Comparison of [3H]flumazenil in vivo binding and
[123I]iomazenil g-scintigraphy methods
In order to interpret the effects of CNS drugs, it is necessary to
establish that a drug enters the brain and engages the target.

This is readily quantified in rodents by measuring the extent
to which a compound inhibits the in vivo or ex vivo binding of
a target-specific radioligand using post-mortem measurements of radioactivity (Li et al., 2006). In primates and
humans minimally invasive in vivo imaging techniques, such
as SPECT or positron emission tomography (PET) can be used
to generate occupancy data. In addition, non-tomographic
methods can be used in which there is no anatomical resolution but rather radioactivity is counted using g-scintigraphy
for single-photon emitters or total head counts for positron
emitters (Malizia et al., 1995; 1996).
Although the properties of [3H]flumazenil and [123I]iomazenil radioligands are comparable (see above), and apart from
the radioactivity detection methods employed (post-mortem
for in vivo binding versus in vivo for g-scintigraphy), there
remain key methodological differences between [3H]flumazenil in vivo binding and [123I]iomazenil g-scintigraphy. Thus,
[3H]flumazenil in vivo binding was performed in conscious
rats whereas [123I]iomazenil g-scintigraphy was carried out in
rhesus monkeys maintained under anaesthesia using propofol. In this regard, it is interesting to note that despite GABAA
receptors having a defined recognition site for certain anaesthetics (including isoflurane; Schofield and Harrison, 2005),
isoflurane did not appreciably alter lorazepam occupancy in
anaesthetized versus conscious rats (Atack et al., 2007).
However, the possibility that propofol influences the in vivo
binding of [123I]iomazenil and/or a5IA cannot be excluded.
Another difference between the rodent and primate studies is
that with [3H]flumazenil in vivo binding, rats were pretreated
with a5IA and then [3H]flumazenil was given as a tracer for
a relatively short period (3 min). In contrast, in rhesus
monkeys, [123I]iomazenil was administered and maintained at
a steady state using an i.v. infusion and then a5IA was administered by the i.v. route, and again infused to achieve a steady
state, as a ‘chase’ to displace [123I]iomazenil from the benzodiazepine recognition sites. Despite these fundamentally
British Journal of Pharmacology (2009) 157 796–803
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different dosing paradigms, the similar plasma–occupancy
relationship of a5IA measured by using either rat [3H]flumazenil in vivo binding or rhesus monkey [123I]iomazenil
g-scintigraphy (52 and 57 ng·mL-1 respectively) argue against
methodological differences being a major issue. Consistent
with this, in rat the plasma–occupancy relationship for
lorazepam was similar whether it was measured by using
either [3H]flumazenil in vivo binding or [11C]flumazenil microPET methodologies (respective EC50 values of 134 and
96 ng·mL-1; Atack et al., 2007). In addition to the [123I]iomazenil study, a single rhesus monkey [11C]flumazenil PET study
was performed but the dose of a5IA used, 10 mg·kg-1 i.v.,
produced essentially complete (i.e. 100%) occupancy even 6 h
following injection, at which time plasma a5IA concentrations were still in the region of 5 mg·mL-1 (data not shown).
Although the similar potency of a5IA in terms of plasma
EC50 when measured using either rat [3H]flumazenil in vivo
binding or rhesus monkey [123]iomazenil g-scintigraphy
suggest no appreciable effect of methodological differences,
these data are inconsistent with previous reports that in mice
and rhesus monkey [3H]- or [11C]flumazenil and [125I]- or
[123I]iomazenil produce markedly different results in terms of
flunitrazepam occupancy (Hosoi et al., 1999; Inoue et al.,
2001). It could be argued that, in the present study, methodological inconsistencies actually do exist but inter-species differences cancel these out and produce comparable EC50 values
(52 and 57 ng·mL-1). Nevertheless, in the present study, the
Occ50 for flumazenil of 0.04 mg·kg-1 as measured with
[123I]iomazenil (Figure 4A) is in the same region as that measured in baboons and man using [11C]flumazenil (~9 and
20 mg·kg-1 i.v. respectively; Brouillet et al., 1991; Savic et al.,
1991; Atack et al., 2007). Furthermore, the Occ50 for
lorazepam measured in baboon using [123I]iomazenil SPECT
(0.34 mg·kg-1 i.v.; Sybirska et al., 1993) is similar to that measured in rat using [3H]- or [11C]flumazenil (0.15–0.25 mg·kg-1;
Atack et al., 2007) all of which argue against occupancy values
being affected by the choice of flumazenil or iomazenil as
radioligand.

Pharmacodynamic properties of a5IA
The main purpose of the present study was to characterize the
in vivo receptor occupancy properties of a5IA. Most particularly, we wanted to examine whether a5IA gave occupancy
that outlasted plasma drug exposure. This information is
useful in the clinical setting since if occupancy is dictated by
plasma drug concentrations then standard plasma pharmacokinetics can be used to dictate the frequency of dosing in
humans. On the other hand, if there is prolonged occupancy,
then the dosing regime should be dictated by the duration
of occupancy and not by plasma pharmacokinetics. For
example, the atypical antipsychotics risperidone and olanzepine as well as the 5HT2A antagonist MDL-100,907 all give
sustained occupancy relative to plasma drug concentrations
(Gründer et al., 1997; Tauscher et al., 2002; Takano et al.,
2004).
Qualitatively, the time course of a5IA rat brain occupancy
reflected that of the plasma pharmacokinetics (Figure 1).
However, since the relationship between drug concentrations
and occupancy are non-linear and are described by a S-shaped
British Journal of Pharmacology (2009) 157 796–803

semi-log function, it is not possible to directly equate plasma
and occupancy values (i.e. a doubling of drug concentrations
does not double the level of occupancy). Moreover, although
plasma pharmacokinetics are often described in terms of the
half-life, an occupancy half-life is a meaningless concept
(Olsson and Farde, 2005). Therefore, we chose to compare the
rat plasma drug EC50 values at different times after dosing on
the basis that if there was sustained occupancy, then the EC50
should decrease as a function of time whereas if occupancy
tracked plasma drug concentrations then the EC50 should not
vary with time. The data clearly show (Table 2) that there was
no tendency for the plasma EC50 of a5IA to vary with time
with the EC50 24 h after dosing (52 ng·mL-1) being comparable to that measured 0.5 h after dosing (67 ng·mL-1).
Although it is possible to readily study the relationship
between receptor occupancy and plasma drug concentrations
in rat, comparable analyses (i.e. the measurement of the
plasma–occupancy relationship at different times after
dosing) are very expensive in humans. Therefore the utility of
the present data in suggesting that the kinetics of plasma drug
can be used to predict the frequency of dosing in humans
needs to be considered. Whether or not a compound gives
prolonged occupancy is a function of the rate at which it
dissociates from the receptor in vivo and this, in turn, is
related to the in vivo affinity. Although the in vivo affinity of
a5IA remains unknown, it does, nevertheless, have comparable in vitro affinity for recombinant human and native rat
brain GABAA receptors (Dawson et al., 2006). Moreover, the
similar efficacy profile of a5IA at rat and human GABAA receptors (Dawson et al., 2006) suggest that this compound interacts in a very similar manner with the benzodiazepine
binding site of rat and human GABAA receptors. Consequently, it is not unreasonable to assume that the in vivo
affinity of a5IA will be similar in rat and human brain and
that in human brain, there would not be a slow rate of
dissociation. The binding of a5IA to rat and human plasma
proteins was 88% and 82% respectively (data not shown).
Because the free fraction of a5IA is greater in human compared with rat plasma (18% and 12% respectively) then it
might be predicted that the plasma EC50 for a5IA is less in
human compared with rat. Indeed, this appears to be the case
as the EC50 in man, as measured using [11C]flumazenil PET, is
10 ng·mL-1 (B. Langstrom and M. Bergstrom, unpubl. obs.,
Uppsala, Sweden).
In conclusion, we have shown that the plasma drug concentrations of a5IA required to give 50% inhibition of GABAA
receptors were similar whether measured in rat using [3H]flumazenil in vivo binding or in rhesus monkey using [123I]iomazenil g-scintigraphy (52 and 57 ng·mL-1 respectively).
Moreover, the pharmacodynamic response (receptor occupancy) follows the plasma pharmacokinetic profile and demonstrates that, at least in rats, a5IA does not have a slow
in vivo off-rate nor, therefore, sustained occupancy and that
plasma a5IA concentrations are a surrogate for GABAA receptor occupancy.
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