
azepine receptor binding in human epileptic foci was
demonstrated (14). The successful imaging of the ben
zodiazepine receptors by PET, the continuing impor
tance of benzodiazepines as tranquillizers in clinical
practice, and the intensity of basic research on the role
of benzodiazepines in alleviating anxiety, insomnia,
muscle tension, and epilepsy, prompted us to label an
analogue offlumazenil (Ro 16-0154, Fig. 1)with iodine
123 (123!)for single-photon emission computer tomog
raphy (SPECT) imaging of the GABA/benzodiazepine
receptors in the living human brain. The advantage of
flumazenil as an imaging agent (benzodiazepine antag
onist with high affinity for the receptor and lacking
major intrinsic pharmacologic effects) was combined
with the ideal radiation properties of 123!to obtain a
new brain imaging agent. In contrast to the usual short
lived positron-emitting nucides for PET, the suitable
half-life of )231enables investigations in nuclear mcdi
cine departments which lack a nearby cyclotron facility.

The fiumazenilanalogue,Ro 16-0154, a benzodiazepine
partial inverseagonist,has been labeledby halogenax
changeto enableSPECT investigationsof centralbenzo
diazepina receptors in the human brain. The purified 1231..
Ro 16-0154 was found to be stable in rat brain prapara
tions and to be metabolizedin rat liver preparations.Its
pharmacologic properties were comparable to those of
fiumazenil. The biodistnbution in rats (1 hr postinjection)
resultedina highbrain-to-bloodratioof 16. Clinicalstudies
revealed images of the benzodiazapine receptor density in
the brain. Since the receptor labelingwas markedlyra
ducedby injectionof fiumazanil,it was consideredto be
specific.Storagedefectsdueto pathologiccerebralblood
flow and changed receptor density ware detected; this
showsthe potentialusefulnessof the substancefor diag
nostic purposes, e.g., the differential diagnosis of various
formsof epilepsy.

J NucIMed 1990;31:1007-1014

ince the first description of the potent benzodiaze
pine antagonist flumazenil (Ro 15-1788) by Hunkeler
et al. (1), numerous clinical investigations with this
compound have been undertaken. Several studies with
the hydrogen-3 (3H) and carbon-l 1-labeled (â€˜â€˜C)corn
pounds in mice, rats, baboons, and human volunteers
(2â€”6)have demonstrated the selective binding of flu
mazenil to benzodiazepine receptors. Positron emission
tomography (PET) studies (4â€”7)have allowed the im
aging of the benzodiazepine receptor density in the
living brain. Alterations in the density ofthese receptors
have been reported for experimental seizures (8), Hun
tington's disease (9, 10), Alzheimer's disease (11), anx
iety disorders, ethanol dependence (12), and hepatic
encephalopathy (13). Recently, the reduced benzodi

ReceivedJun. 2, 1989; revision accepted Jan. 9, 1990.
Forreprintscontact:Dr.P.A. Schubiger,PaulScherrerInstitute,Radi
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Investigations of Benzodiazepine Receptors
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Isolde Bangerl, Walter Hunkeler, Enco P. Bonetti, Lorenzo Pieri, J. Grayson Richards, and
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Radiopharmacy Division, Paul Scherrer Institute, Viiigen, Switzerland; Division Autonome, CHUV, Lausanne,
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MATERIALSAND METHODS

Labeling and Purification
Sodium (@23I)iodide in 0.1 N NaOH with a specific activity

between 0.2 and 1.5 TBciJmg (0.04-3.7 GBq/ml) was pro
duced at PSI. The bromoprecursor (Ro 19-3797) was synthe
sized at F. Hoffmann-La Roche in Basle/CH. All chemicals
used were either of p.a. or high-performance liquid chroma
tography (HPLC) quality. Thin-layer chromatography (TLC)
was performed on silica (Kieselgel 60, layer 0.25 mm, 5 x 20
cm glass plates, Merck).

Two different solvent systems were used:

Mixture Aâ€”ethylacetate/NH4OH 200/1 (v/v).
Mixture Bâ€”CHC13/CH3COOH/H2O65/35/5 (v/v/v).

The radioactivity on the developed plates was detected on a
positron-sensitive detector (Chromelec, Numelec SA, Ge
neva).

A new and very simple labeling procedure for halogen
exchange was developed and performed in a conical reaction
vial tightly closed by a teflon laminated silicon septum. The
solution containing the 1231activity (up to 11.1 GBq) in 0. 1 N



binding in vitro and the flunitrazepam binding in vivo were
CH2CH3 investigated.

Hydrogen-3-diazepam (NEN, North Bilerica, MA) binding
assays were performed with membranes from whole rat brain
in vitro as described in Reference 16. The concentrations
necessary for half-maximal inhibition (IC5O values) were de
termined.

To assess the interaction of Ro 16-0154and flumazenil
with benzodiazepinereceptorsin vivo, the inhibition of 3H-
flunitrazepam binding to rat brain was studied using the
method of Williamson et al. (1 7). Various doses of Ro 16-
0154 or flumazenil (1.0, 3.0, 10, 30, 100 mg/kg, suspension
in 0.3% Tween 80; two animals per dose) were administered
orally ;13 mm later, 3H-flunitrazepam(8.l08 kBuJkg dissolved
in 1.0 ml 0.9% NaC1, specific activity 2.96 TBciJmmole,
Amersham) was intravenously injected; decapitation followed
2 mm thereafter.Aliquots of whole brain homogenates(ex
cluding brain stem) in TRIS-buffer pH 7.4 were applied to
Whatman GF/B filters and washed twice with 5 ml TRIS
buffer, before counting the radioactivity bound to the tissue.
Nonspecificbindingof3H-flunitrazepamwasdeterminedafter
oral administration of 100 mg/kg diazepam.

Radioautography. Hydrogen-3-Ro 16-0154 (3 11.9 1 G&iJ
mmole, F. Hoffmann-La Roche, Basle) and â€˜25I-Ro16-0154
(> 5.476GB@Jmmole,PSI, Villigen-PSI)were used. In vitro
binding assays were performed with cryostat sections of lightly
fixed rat brain as previouslydescribed (18). Brain regions
labeled with the radioligands (total binding with 2 nmole)
were revealed by radioautography using LKB Ultrofllm.

Proconvu/sant Activity. In order to test the proconvulsant
effect, the mice received 60 mg/kg i.p. pentylenetetrazol(PTZ)
which by itself induced tonic convulsions in 0%â€”20%of
animals. Flumazenil and Ro 16-0154 were administered p.o.
15 mm before PTZ, and the number of mice exhibiting tonic
convulsions was noted. A statistical difference between mice
receiving Ro 16-0154 plus PTZ and those receiving only PTZ
wasassessedby the chi-squaredtest.

Antagonism ofDiazepam: Pentylenetetrazol Test. The an
tagonism was studied in mice given 5 mg/kg diazepam i.p. 1
hr before 120 mg/kg PTZ i.p. The antagonists Ro 16-0154
and flumazenilwere given by oral gavage 15 mm (0.68-6.8
mg/kg p.o. and 0.32-2.1 mg/kg p.o., respectively) before PTZ
(19). The ED5Ovalues were calculatedby use of a probit
analysis program.

Horizontal Wire Test. In this test (19,20), the mice were
lifted by the tail and allowed to grasp a horizontally strung
wirewith the forepawsand released.The number of animals
from a total of ten per treatment group was determined that
did not activelygrasp the wire with at least one hind paw
within 3 sec or did not grasp the wire with the forepaws. In
untreatedcontrol animals,this number wasconsistentlyzero.
After two trials, performed at 5-mm intervals, diazepam (3
mg/kg i.p.) was injected. This dose usually prevents grasping
in nine or ten animals. At 15 mm after the injection of
diazepam, the vehicle or the test compound were adminsitered
by oral gavage. Antagonism was quantified by comparing
maximumeffectswithin45 mm afteradministrationof either
the vehicleor the test compound in two groupsofanimals. A
dose-dependent antagonism (0.03-3.0 mg/kg p.o. and 0.1-3.0
mg/kg p.o. for flumazenil and Ro 16-0154, respectively) of
the depressant effect of diazepam in the horizontal wire test
was found.

FIGURE 1
Ro 16-0154: ethyl-5,6,-dihy
dro-7-iodo-5-methyl-6-oxo
4H-imidazo[1,5a][i ,4]benzo
diazepine-3-carboxylate.

NaOH was evaporated to dryness by means of a gentle stream
ofnitrogen at 90Â°C.Afterwards, 1.5 mg ofthe bromoprecursor
(Ro 19-3797)dissolvedin 100 @lglacialaceticacidwasadded
and the reaction mixture heated for 1 hr at 155Â°C.After
cooling, the mixture was dissolved in 5 ml water and purified
by HPLC, using the following conditions: RP-l8 column (8
x 250)Knauer Lichrosorb10 @m,MeOH/H2O45/55, 2 ml/
mm, iodide: k' = 0.0, Ro 19-3797: k' = 2.75, Ro 16-0154:k'
= 4.00. The purification was performed on a device consisting

of a valco 6-port valve with 20 ml loop, a Waters 510 pump,
a Kontron 740 LC detector, and a Na! scintillation detector.
Labeling and purification was done in a lead box equipped
for remote handling. The labeling was virtually quantitative
(monitored by HPLC). A substance with the same retention
value (k' = 1.63) as the free acid of Ro 16-0154 was detected
by HPLC as a byproduct. During the HPLC separation, the
â€˜23IRo16-0154peakwascollectedand afterwardsevaporated
to dryness with a Rota-Vapor. The residue was dissolved in a
solution containing 5% glucose and passed through a silver
powder column to adsorb iodine liberated during the Rota
Vapor treatment. After sterile filtration and adjustment of the
activity concentration to 37 MBq/ml, the new radiopharma
ceutical was ready for use.

Stability and Metabolism
The metabolism and the stability of â€˜231-Ro16-0154 were

investigated by means of TLC, using extracts from rat liver
and brain and homogenates ofthese tissues. Five to 6 g of the
organs, stored in liquid nitrogen, were thawed and rinsed with
phosphate-buffered saline (100 mM NaCI, 45 mM phosphate
buffer pH 7.3). After addition of 50 ml TRIS buffer solution
(50 mM pH 7.4), the tissues were homogenized in a glass
homogenizer, halved, and stored at 4Â°C.The halves were
centrifuged at 4Â°Cand 1,000 rpm (280 g) for 5 mm (Beckman
J-6). The supernatants were further used as extracts.

For comparison, the behavior of â€˜231-Ro16-0154 was tested
in three different solutions, i.e., TRIS buffer, blood serum,
and artificial cerebrospinal fluid (15), a solution of 126 mM
NaCl, 6 mM KC1, 1 mM NaH2PO4, 0.88 mM MgSO4, 1.45
mM CaCl2,and 25 mM Hepes (pH 7.2).

Five-tenth milliliters of the final product were added to 5
ml of the respective solution or suspension and incubated at
37Â°C.The homogenates of the tissues were gently shaken
during the whole incubation period. After 0.5 and 20 hr
samples were withdrawn and analyzed by TLC using the
mixtures A and B (see Labeling section). In the case of the
homogenates, the solid contents were eliminated by means of
a centrifuge (Eppendorf 5417; 10 mm, 1,400 rpm, ca. 1,500
g) prior to the analysis.

Pharmacologic Investigations
Binding Studies in Rat Brains. The antagonistic properties

of flumazenil and Ro 16-0154 with respect to the diazepam
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FIGURE2
Radiochromatogram devel
opedwithsolventmixtureB,
20 hr incubationof 0.5 ml
ready for use radiopharma
ceuticalin 5 ml rat liverho
mogenate.

with TRIS buffer, the product was virtually stable
within 20 hr. The sum of the decomposition products
did not exceed 4%.

The investigation with the liver tissue showed no
significant differences between the homogenate and the
extract. After 30 mm incubation time, 5%â€”6%iodide
and 5%â€”i1% of the free acid were found. After 20 hr,
a greater augmentation of the free acid concentration
(27%â€”72%,Fig. 2) was seen as compared to the iodide
(7%-ll%). In addition, 8%â€”i7%of the third uniden
tified compound was detected. After 20 hr incubation
in rat brain preparations, the â€˜231-Ro16-0154 remained
nearly undecomposed as shown in Figure 3. About 1%
iodide and 2%-3% free acid were found, values corn
parable to those obtained with the TRIS buffer. Cen
trifugation ofthe brain homogenate after the incubation
resulted in a diminution of the product peak to â€˜@-4%
in the supernatant.

No detectable decomposition products were found in

artificial cerebrospinal fluid. In human blood serum,
9% of decomposition products were detected.

Chemical and Pharmacologic Properties of Ro 16-0154
The chemical and pharmacologic properties of Ro

0154 and flumazenil are given in Tables 1 and 2. Ro
16-0154, but not flumazenil, showed slightly procon
vulsive properties in animal experiments. With 0. 1 mgI
kg, 11 out of 20 mice had tonic convulsions, whereas
up to 100 mg flumazenii/kg failed to potentiate the
convulsant effect ofPTZ. In acute toxicity experiments,

the maximum tolerated dose was estimated to be
>5,000 mg/kg p.o.

Radioautography

A comparable distribution in Ro 16-0154 binding
with both isotopes was observed (Fig. 4 A-B). This is
consistent with results previously reported for 3H-flu

FIGURE3
Radiochromatogramof the
brain homogenate, condi
tions, as in Figure2.

Biodistribution
The biodistribution ofthe â€˜231-Ro16-0154 was determined

2, 10, 20, 40 mm, 1, 6, and 15 hr after i.v. injection. At each
of those times, three rats (female, Wistar, SPF, alimentation
ad libitum) were killed after narcotization in an ether atmos
phere, and the radioactivity of their organs was measured in
an ionisation chamber. The weights of the animals ranged
between 113 and 144 g. The injected doses varied between 6.8
and 13.1 MBq in a volume ofO.2 ml.

Clinical Trials: Displacement Kinetics and SPECT
With healthy volunteers, studies (n = 10) were performed

at three nuclear medicine departments, with protocols adapted
to the individualcamera systems,to provethe receptorbind
ing properties of â€˜231-Ro16-0154 (Phase I). Details of the
methods are published elsewhere (2 1â€”23).

The displacementkineticsin two normal volunteerswere
investigated using a single head rotating gamma-camera (Sic
mens-GammasonicOrbiter ZLC 37 with a Dec-PDP-l1/34
computer, Des Plaines, IL). After injection of 122 MBq@
Ro 16-0154(0.6â€”4.3@Lg),the uptake of the radioactivityinto
the brain was monitored by a dynamic study with 1 frame/30
sec until 15 mm postinjection. The first SPECT investigation
started â€˜@@40mm postinjection. The second dynamic study was
recorded with the injection ofcold flumazenil at the indicated
time points, followed at -@-l15mm postinjection by the second
SPECTimaging.The third and finaldynamicstudywasdone
â€˜@â€˜l50mm postinjection.

Another study (24) was performed, comparing the CBF
pattern, using â€˜231-isopropyl-p-iodoamphetamine(IMP) and
99mTcHMPAO with the â€˜231-Ro16-0154 distribution in pa
tients (Phase II) with partial epilepsy (n = 9), and Lennox
Gastaut-Syndrome (n = 15). The Lennox-Gastaut-Syndrome
is a form of epilepsy starting between 1 and 6 yr of age.
Frequently the syndrome is accompanied by myoclonal symp
toms and atypical absences. These patients suffer from mental
retardation and show an insufficient response to conventional
antiepileptic therapy (25,26). The patients taking part in this
Phase II study were investigated 30 mm after injection of 185
MBq â€˜231-Ro16-0154 (0.9â€”6.5gig)with SPECT. For SPECT,
64 angles were measured with an average acquisition time of
30 sec/angleuntil 50,000countswerecollected.All patients
wereadditionallyinvestigated1day later with 185 MBq @23I@
IMP or 555 MBq 99mTCHMPAOIn the case of the IMP
investigation, the rotation started 30 mm after the injection
and for 99mTcHMPAO10mm after the injection.

RESULTS

Stability and Metabolism
The if values for the different TLC-systems are as

follows: with mixture A the â€˜23I-Ro16-0154 has an rf
= 0.3. Iodide, the free acid of the â€˜231-Ro 16-0154 and

an unknown third compound are retained at the origin
(rf = 0). Chrornatograms with mixture A prove the

absence oflabeled impurities with an rfhigher than 0.3
(less polar than â€˜231-Ro16-0154). With mixture B,
different metabolites can be determined. With this TLC
system, â€˜231-Ro16-0 154 migrates to the front (if = 1.0).
Iodide has 11= 0.04, the free acid rf = 0.38, and the
third compound rf = 0.55. In the control experiment
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Ro16-1054Ro15-1788Melting

point246Â°C200Â°CSolubility
in water1.2 x 10@mole/i14 x 10@mole/IpK1.61.7Partition

coefficientbetweenn-octanol/0.02M phos3015phate
buffer(pH7.4):

â€¢@:1L
@qit@@ ;â€˜:@. :@.@ ; . . â€¢@@@@

.@ .@:9

Ro 16-0154Ro15-1788Diazepam

binding:lC5O[nmolefl]2.22.5Flunitrazepam
binding:ED5O[mg/kg]4.63.9Antagonism

of diazepamversusPTZ:0.72.8ED5O
[mg/kg]Horizontal

wiretest: ED5O[mg/kg]0.30.2

TABLE I
The ChemicalPropertiesof Ro i 6-0154 and Ro 15-i 788 (Flumazenil)

mazenil in vitro and in vivo (3,18). Hydrogen-3 and
â€˜25IRo16-0 154 bindings were competitively inhibited
by 1 @moleflumazenil.

Biodistribution
In Figure 5, the biodistribution in percentage of

injected radioactivity per gram of tissue for some se
lected organs is shown. The highest accumulation oc
curs in liver and kidneys 10 mm postinjection. Within
1 hr, a very rapid decline takes place. The intestine
activity increases correspondingly to a declining liver
value. At the first time point, the other organs contain
a low and decreasing radioactivity. The spleen, muscles,
and bones shown a similar timecourse of accumulation.

The blood and the brain radioactivities are plotted in
Figure 6 and the brain/blood ratio is shown. The highest
value in the brain is reached within 10 mm after injec
tion. The decrease ofradioactivity in the blood is faster
than in the brain, and is comparable to the other organs.
After 1 hr, nearly all activity is eliminated from the
blood. The elimination from brain is considerably
slower, with a residual brain content of0.05% ID/g at
6 hr. Correspondingly,the brain/bloodratio increases
from 3 at 2 mm to 16 after 1 hr postinjection and is
still >1 after 6 hr. These results are comparable with
those described by d'Argy and Persson (2) for 3H-
flumazenil accumulation in mice. The higher concen

tration of 3H-flumazenil in the brain than in the rest of
the body was described as a â€œdominatingfinding.â€•In
their experiment, no other tissue showed such remark
able accumulation.

In Figure 7, the results of â€˜231-Ro16-0154 are corn
pared with those of99mTc@HM@PAO(27) and [â€˜231]IMP
(28). The most important differenceis the higherclear
ance rate of â€˜231-Ro16-0154 observed in all organs.
Thus, all organs except the brain retain a very low
amount of the new product, while the other two sub

TABLE 2
Pharmacologic Properties of Ro i 6-Oi54 and

Roi 5-i 788(Flumazanil)

stances show similar values at a higher level 10 mm and
1 hr after injection. A striking difference bewteen 1231
IMP and the â€˜231-Ro16-0154 is found in the lung uptake
ofboth substances, where the value for IMP is very high
and stable.

The regional distribution pattern of the benzodiaze
pine receptors in the rat brain has been published
(29,30). By comparison of the images in Figure 4 with
those in References 29 and 30, it is seen that the regional
distributions offlumazenil and Ro 16-0154 in the brain
are similar and closely resemble the known distribution
of the benzodiazepine receptors.

Based on the reported animal data, we estimated the
radiation burden per organ in man. The activity for

each organ in man was calculated according to Roedler
(31) and combined with MIRD values (32). The results
of this estimation are shown in Table 3. The main
radiation burden is given to the intestine. The MIRD
value for the brain is not given. The similar uptake of
Ro 16-0154 and IMP in the brain (Fig. 7) indicates that

FIGURE4
Radioautographicdistributionof bindingsitesof 3H-Ro16-
0154 (top)and 1251-Ro16-0154 (bottom)in semi-adjacentrat
brain sections. White areas represent highest intensities of
radiolabeling(calibrationbar= 3 mm)
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TABLE3Estimation
of the RadiationBurdenin ManCausedby

the 1231-Roi 6-Oi54 Based on AnimalDataDoseOrgan

(@@Gy/MBq)Thyroid

4.7Liver
4.1Spleen
3.3Kidneys
5.6Stomach
17.2Intestine
48.1Lungs
1.9Ovaries
11.0Red

bone marrow5.2Whole
body 3.7

10mm 60n@Ir@

2 10 20 40 60 360 900 t(mrn]

%lDIg

5

60 360 900 t [m@i]

FIGURE 5
Percentof injected dose of the @l-Ro16-0154 per gram of
tissue, mean value of three rats, the s.d. is typically ranging
between 5% and 25%.

lung kidney liver braW' blood

bra@i/bIood

a similar radiation burden is caused by both substances
(i.e., 29 @Gy/MBq)(33).

CLINICALRESULTS

OrganDistributionin Man
The organ distribution of â€˜231-Ro16-0154 was deter

mined in five healthy volunteers 2 and 90 mm after
applications of the radiopharmaceutical (21). The re
sults are shown in Table 4 and indicate the high and
stable uptake ofthe tracer in the human brain, the small
burden in other tissues, and the excretion through liver
and bladder.

Displacement Kinetics and SPEC!'
The results of the â€˜231-Ro16-0154 uptake and dis

placement study are shown in Figure 8. Immediately
after administration ofthe radiopharmaceutical, a steep
increase of the count rate in the brain was observed. A
plateau of @@-l60â€”170imp/(pixel-min) is reached within
20 mm postinjection. In one ofthe two volunteers, the
count rate stayed constant up to 100 mm postinjection.
In the other, a decrease ofthe count rate was observed.

a... Tc-HMPAO
= 1-123-lomazenil

I- 123-isopropyl-p--iodo

amphetamine(5mm

C

FIGURE 7
Comparisonof the distributionin selectedorgansof @â€œTc
HM-PAO(27), @l-Ro16-0154,andisopropyl-p-iodo-123-am
phetamine(28) 10 mm (A)*, 1 hr (B) postinjection, and the
brain/blood ratio (C). (iomazenil = flumazenil analogue Ro 16-
0154)* Inthecaseofisopropyl-p-iodoamphetamine,novalues
determined10 mmafter injectionarereportedin(28),therefore
the valuestaken 5 mmafter injectionwere includedhere.

Injection of 0.05 mg/kg AnexateÂ®,containing fluma
zenil as active compound, caused in both cases a sudden
loss ofradioactivity in the brain. No reaction ofthe two
volunteers after injection of AnexateÂ®was observed.

The initial uptake of the â€˜23I-Ro16-0154 in the 10
normal volunteers was similar to the rCBF seen with
[â€˜23]IMPand 99mTc..HM..PAO,with the exception of the

FIGURE 6
Percentof injecteddose of the 1231-Ro16-0154 per gram of
tissue,meanvalueof threerats Â±s.d. for the brain,the blood,
and the brain/bloodratio.
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TABLE4Organ
Distributionin Man Expressedas PercentofInjected

Dose per Organ (mean value of 5 Â±s.d.)2

mm 90mmHead

8.28Â±1.027.07Â±0.74Heart
3.60 Â±0.40 0.96 Â±0.19Lungs
9.04Â±1.89 2.78Â±1.03Liver

16.26 Â±1.47 4.89 Â±2.44Bladder
â€” 26.30Â±2.18

basal ganglia showing a lower activity as demonstrated
in Figure 9. The unbound Ro 16-0154 was virtually
completely cleared from the brain within 30 mm post
injection and the distribution followed the known dis
tribution of the benzodiazepine receptors as measured
with â€˜â€˜C-flumazenil(5). In the patient group, the inves
tigations 30 mm postinjection showed the distribution
pattern of these receptors, but defects in the uptake
were also seen. The investigations of the patients with
Lennox-Gastaut-Syndrome resulted in a considerable
difference between the perfusion pattern seen with
99mTcHMPAO and the receptor distribution seen with
â€˜23IRo16-0154. Two examples oftransverse slices with
99mTcHMPAO and â€˜23I-Ro16-0154 are shown in Fig
ure 10.

DISCUSSION

Most tests demonstrated the high stability of â€˜231-Ro
16-0154. Degradation was observed only in liver prep
arations, indicating an enzymatic process. The assump
tion that the necessary enzymes are contained in the
cytosole is supported by the observation that no signif

knp
Pixelâ€¢min

FIGURE 8
Uptake and displacement study in two volunteers. Initial
phase: rapid uptake in the brain after injectionof 122 MBq
1231R016-0154. Arrows indicate the injectionof AnexateÂ®
(0.05mg/kg), the dotted linesindicateSPECTinvestigations.

a b
FIGURE9
Comparisonof SPECTimages(two adjacentsagittalslices)
with @Tc-HM-PAOand1231-Ro16-0154 in a normalvolun
tear. (A) 555 MBq @â€˜Tc-HM-PAOand (B) 185 MBq 1@l-Ro
16-0154.

icant difference between the degradation in the liver
homogenate and centrifugate was found. In the brain
homogenate and centrifugate, no degradation was seen,
indicating that no metabolism takes place. The dimi

FIGURE10
Comparisonof CBFandbenzodiazepmnereceptordistribution
in two adjacenttransversebrainslicesfound in a patientwith
Lennox-Gastaut-Syndrome.(A)555 MBq @â€œTc-HM-PAOand
(B)185MBq123l-Ro16-0154.Theslicesareshownfromthe
lower side. The storage defect in example B is found in the
lefthemisphere.(ImagescourtesyG.Riccabona,lnnsbruck)

a b
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nution of the unchanged product after centrifugation
of the rat brain homogenate mixture can be explained
by the binding of the product to parts of the cells.

Because of the close chemical relationship between
Ro 16-0154 and flumazenil, a comparison of their
pharmacologic properties is given. With the exception
of the antagonism of diazepam versus PTZ (where Ro
16-0154 has partial inverse-agonist properties), the two

substances have similar properties. The order of mag
nitude of the IC5O and EC5O values is the same for
both.

The radioautographic images indicated that Ro 16-
0154 binding sites have the same distribution in the
brain as those for 3H-flumazenil and, with the exception
ofthe thalamus, the same as known for GABA receptors
(3,18,29,30).

All these findings suggest that â€˜23I-Ro16-0154 is a
benzodiazepine receptor ligand which in vivo is en
riched rapidly in the brain. This uptake is in accordance
with the high n-octanol-to-phosphate buffer partition
coefficient. The high percentage of radioactivity meas
ured in the liver, intestine, and kidneys, prove that the
substance is excreted by these two excretion paths. No
other tissue showed much enrichment.

The clinical displacement study indicates the fast and
efficient uptake of â€˜23I-Ro16-0154 in the human brain,
but shows also large individual differences between both
investigated persons. The displacement of â€˜231-Ro16-
0 154 by unlabeled flumazenil proved that Ro 16-0154
binds to the same central binding sites as does fluma
zenil. The specific binding of â€˜â€˜C-labeledflumazenil to
the benzodiazepine receptors in the human brain has
been demonstrated by MaziÃ¨reet al. (4). The fact that
15%â€”19%of the radioactivity in the brain is not dis
placed in these experiments is obviously not caused by
metabolism of Ro 16-0154, as was seen in the studies
with the rat brain. Three possible reasons can be put
forward to explain this remaining radioactivity. The
first and simplest is the assumption that 0.05 mg/kg
cold flumazenil is not able to displace all the specifically
bound radioactive tracer. The second may be some type
of nonspecific binding of the radiotracer. Finally, the
third could be the difference in the excretion velocity
of Ro 16-0154 and flumazenil expressed as the half-life
of the plasma or (respective) serum clearance of both
substances. Flumazenil has a very short plasma clear
ance with t,,2 = 53 mm (34), whereas the half-life of
Ro 16-0154 has been reported (22) to be 2 hr and 45
mm. After the elimination of cold flumazenil, a â€œback
occupationâ€• of the benzodiazepine receptors with @23I@
Ro 16-0154 can be expected. This would lead to a
remaining part of radioactivity in the brain because it
is not possible to distinguish between radioactivity
bound to the receptors or displaced but not crossed the
blood brain barrier. Due to the higher polarity of flu
mazenil, it is washed out faster from the brain than Ro

16-0154. After the complete clearance of flumazenil, a
certain amount of Ro 16-0154 is still present in the
brain tissue and can occupy the receptors again. A
similar â€œbackoccupationâ€•was observed during the
antagonism of midozalam or flunitrazepam in patients
with AnexateÂ®(flumazenil) as reported in (34), where
a resedation phenomenon is described. The reason for
the slower elimination ofthe iodocompound compared
to the fluorocompound is probably the higher octanol/
phosphate buffer ratio of the iodocompound, rather
than the higher molecular weight. In vivo studies with
additional amounts of either cold flumazenil or Ro 16-
0154 (i.e., â€˜271-Ro16-0154) might allow us to elucidate
the real reason. However, the remaining radioactivity
in the brain did not exceed 20% ofthe maximal uptake,
which is considered to be so low that the value of the
results would not justify experiments with patients or
volunteers.

SPECT investigations (21â€”23)with â€˜231-Ro16-0154
resulted, immediately after the injection (10-15 mm
postinjection) in images of the cerebral blood flow,
indicating the transport of the compound through the
blood brain barrier, and the distribution of the radio
activity according to the cerebral blood flow. Delayed
images (30 mm postinjection) after the washout of the
free product with the blood flow showed a distribution
of the radioactivity consistent with the known distri
bution of the benzodiazepine receptors in the human
brain. The comparison of images gained with a blood
flow tracer and â€˜23I-Ro16-0154 enables the physician
to distinguish between uptake defects caused by a path
ologic cerebral blood flow, and storage defects caused
by a change in the receptor density, as is clearly dem
onstrated in all cases (n = 15) of the Lennox-Gastaut
Syndrome.

Different forms of epilepsy were chosen for investi
gation because of their well-defined clinical status. The
nuclear medicine departments involved in these Phase
II clinical studies will present their results elsewhere.
Studies concerning other diseases mentioned in the
introduction are in progress.

CONCLUSIONS

Iodine-123-Ro 16-0154 is the first SPECT tracer for
the clinical investigation of central benzodiazepine
receptors. It is hoped that it will enable neurologists,
psychiatrists, and nuclear physicians to investigate the
involvement of these receptors in neurologic disorders
using an accessible method.
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