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Abstract. An acute effect of triazolam, a potent benzodi-
azepine agonist, on cholinergic receptor binding in the
human brain was measured by PET (positron emission
tomography) using [''C]N-methyl-4-piperidylbenzilate
(("'CINMPB), a potent muscarinic cholinergic receptor
antagonist. Two PET scans were performed in each sub-
ject: (1) control scan; (2) after oral administration of
0.5 mg triazolam or placebo. The previously discussed
amnestic effect of triazolam was measured by immediate
and delayed recall of meaningful and meaningless sylla-
bles. A compartment model employing the radioactivity
in the cerebellum as an input function was used for the
quantification of receptor binding. The binding parame-
ter, k;, was decreased after triazolam administration in all
measured regions, whereas no change was observed after
placebo treatment. The reduction compared to the con-
trol study varied from 8.6+ 3.7% in the temporal cortex
to 16.3 +6.3% in the thalamus. Triazolam administration
impaired both immediate and delayed recall of syllables,
whereas placebo administration had no effects. Benzodi-
azepine agonists are reported to decrease the cortical
acetylcholine release. The decrease of acetylcholine re-
lease in the synaptic cleft might be the explanation for the
decreased binding of ["'CINMPB.
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The functions of the brain are the result of numerous
neurochemical actions and in the living human brain
many neurotransmitter systems are believed to interact
with each other, However, most neurochemical experi-
ments have focused on the single neurotransmitter sys-
tem in vitro, and even in vivo. However, in vivo, signifi-
cant interactions between the different neural systems
can be observed that can not be observed in vitro (Dewey

Correspondence to: T. Suhara

et al. 1990; Suhara et al. 1990). Positron emission to-
mography (PET) made it possible to measure the neuro-
transmitter receptors in the living human brain and the
interactions of neurotransmitter systems (Dewey et al.
1990).

Benzodiazepines are known to produce anterograde
amnesia as a side effect (Curran 1991; King 1992). The
underlying mechanism of amnesia caused by benzodi-
azepines is not clear, but it is well known that the cholin-
ergic neural system plays a very important role in learn-
ing and memory {Drachman and Leavitt 1974; Sitaram
et al. 1978). Some clinical studies show that diazepam
and scopolamine have similar effects on certain memory
tests (Ghoneim and Mewaldt 1975; Frith et al. 1984).
Animal studies show that the disruptive effects of chlor-
diazepoxide on learning and memory in mice were par-
tially antagonized by the choline esterase inhibitor
{Nabeshima et al. 1990). Some interactions have been
reported between the cholinergic system and the GABA-
benzodiazepine system (Decker and McGaugh 1991).
Diazepam and triazolam increase the concentration of
acetylcholine in rat brain (Sethy 1978) due to the reduc-
tion of its release (Petkov et al. 1982). It has been suggest-
ed that certain benzodiazepines are more selective in in-
terfering with memory (Scharf et al. 1988). Triazolam has
been reported to change learning and memory at thera-
peutic doses (Morris and Estes 1987; Weingartner et al.
1992).

Triazolam is known to be a short-acting hypnotic
drug in the usval dosage of 0.25-0.5 mg and it is also
known as a potent benzodiazepine agonist with high
affinity for benzodiazepine receptors. The peak plasma
concentration of triazolam is reached at 1.3 h after oral
ingestion and the plasma elimination half-life is about
2.2 h (Pakes et al. 1981).

In the present study, we investigated the acute effect of
triazolam on muscarinic cholinergic receptor binding in
the human brain, 'measured by PET, and on memory,
measured by immediate and delayed recall of syllables to
elucidate the interactions between the GABA-benzodi-
azepine system and the muscarinic cholinergic system,
both of which are closely related to human memory.
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Materials and methods

Subjects. Nine healthy male volunteers (age: 18-24 years; mean
21.342.3), with no history of drug- or alcohol-related problems,
were recruited primarily from a university community. None of the
participants had taken any medicine for several months before the
study. They were told to avoid alcohol for at least 24 h. The re-
search project was described to the subjects, and informed consent
was obtained prior to participation. All procedures were approved
by the Ethics and Radiation Safety Committee of the National
Institute of Radiological Sciences, Chiba.

Study design. Two PET scans were performed in each subject: (1)
control scan; (2) after oral administration of 0.5 mg triazolam or
placebo. The two experiments were performed on the same day for
seven subjects (four triazolam, three placebo). The control experi-
ment started about 10 a.m. after a 20-min transmission scan, and
the post-drug experiment started about 12:30 p.m. One subject
underwent the post-drug experiment on the following day of the
control experiment, and another subject underwent the control ex-
periment 3 weeks after the post-drug experiment, Three subjects
received a placebo. In the post-drug experiment, the tracer was
injected 90 min after the oral administration of the drug. The sub-
jects reported sleepiness about 60 min after the oral administration
of triazolam. Blood sampling was performed immediately before the
tracer injection to measure the blood level of triazolam.

A memory test was performed at the time of the control and
post-drug PET experiments. Subjects were tested with two test bat-
teries, using meaningful combinations of two syllables of “kana”
Japanese syllabary, as well as meaningless combinations (Ebbing-
haus 1885; Ikeda et al. 1989). Three sets of both tests, with equal
difficulty and consisting of five printed cards in each test, were used.
Instructions and rehearsals took place before the first experiment.
Each card was presented for 4 s followed by the reciting of syllables.
Immediate recall of both tests was performed just before the control
and post-drug PET experiments, using different sets of tests. At first,
five meaningful syllables were presented and subjects were asked to
recall them; then five meaningless syllables were presented and sub-
jects were asked to recall. Delayed recall of the meaningful syllables
was first carried out immediately after the immediate recall of the
meaningless syllables to investigate the interference effect, and again
after the PET scan (60 min). Delayed recall of the meaningless syl-
lables was conducted after the PET scan (60 min) following the
meaningful syllables. All memory tests were performed in the PET
scanner.

During the 60 min following the injection of the tracer, subjects
were instructed to keep their eyes open and remain awake. To keep
the subjects awake, two different tones were presented via a cassette
recorder in a random fashion with one target tone occurring during
40% of the total stimulus presentation. Subjects were instructed to
sound a horn when the target tone was heard. If the use of the horn
stopped, tactile stimulation was added on the right hand to awaken
the subject.

PET. [''C]-labelled N-methyl-4-piperidylbenzilate (NMPB) (Mul-
holland et al. 1988; Koeppe et al. 1992; Suhara et al. 1993), a potent
muscarinic cholinergic antagonist for both M, and M, subtypes
(Sokolovsky et al. 1980; Gurwitz et al. 1987), was synthesized by
N-methylation of 4-piperidylbenzilate with [''C]methyliodide. The
radiochemical purities were more than 95%, and the specific ra-
dioactivities at the time of injection ranged from 12 to 47 GBq/pmol
(Table 1). A whole-body, eight ring positron emission tomography
system (Hitachi PCT 3600 W) was used to follow the radioactivity
in 15 sections of the brain covering an axial field of view of 100 mm.
The intervals between the section midpoints were 7 mm. The spatial
resolution for the reconstructed image was 6.5 mm FWHM (full
width at half maximum) and the in-plane and cross-plane slice
thicknesses were 6.9 mm and 5.9 mm, respectively (Endo et al
1991).

The head of the subject was carefully aligned parallel to the
orbitomeatal (OM) line with the aid of a vertical laser line. The head
was immobilized for the duration of the scanning session with a
specially designed head holder and a face mask. The face mask was
molded to the shape of the face of each subject and fastened to the
head holder with plastic bolts to assure accuracy on re-positioning
(Suhara et al. 1992).

A transmission scan for attenuation correction was performed
using a *®*Ge-*®Ga source before the first emission scan and this data
was also used for the reconstruction of the second emission data. A
dose of 333-720 MBq [''C]NMPB was injected intravenously into
the antecubital vein with a 10-ml saline flush (Table 1). Thirty se-
quential scans were performed during a period of 60 min immedi-
ately after the injection.

The tissue concentration of carbon 11 in eight brain regions
(pons, hippocampus, frontal cortex, striatum, temporal cortex, tha-
lamus, occipital cortex, parietal cortex) was obtained from regions
of interest (ROTs) defined on the image of the emission scan. [rregu-
lar ROIs were defined by computer-controlled delineation of the
percentage isocontour (Suhara et al. 1992) with reference to the
brain atlas (Matui and Hirano 1977) and to MRI of young normal
volunteers which parallel the OM line of the same slice thickness as
the PET image. For each subject, the ROIs were delineated by the
same standard and ROIs used in the second experiment were
confirmed to be the same as those of the first experiment by com-
paring images of both ROIs. The average values of left and right
ROIs were used for calculation.

Data analysis. The compartment model was applied for the quantifi-
cation of receptor binding in vivo (Wong et al. 1986). As the cerebel-
lum contains few muscarinic cholinergic receptors (Lin et al. 1986),
and a saturation study using a rhesus monkey indicated that 30 pg/
kg NMPB, which inhibits more than 80% of the specific binding in
the cerebral cortex, did not significantly affect the ['' CINMPB accu-
mulation of radioactivity in the cerebellum (unpublished data), the
cerebellum was used as an inert region. Assuming that the rate of
the ligand across the blood-brain barrier is the same in the cerebel-
fum as in the rest of the brain and that the ligand is irreversibly

Table 1. Radiochemical data of [''CINMPB

for each experiment and blood concentra- ~ Subject  Specific Injected Weight of Blood
tion of triazolam radioactivity radioactivity cold ligand concentration
(GBq/umol) (MBq) (nmol/kg) of triazolam
Control  Drug Control Drug Control Drug (ng/ml)
Subj. 1 16.1 31.9 333 449 0.38 0.26 3.58
Subj. 2 36.5 15.9 677 438 0.31 047 2.6
Subj. 3 27.2 21.8 641 680 0.36 0.48 2.52
Subj. 4 20.5 20.0 580 605 047 0.50 331
Subj. 5 347 12.4 459 497 0.24 0.72 317
Subj. 6 284 37.6 676 602 0.43 0.29 3.99
Subj. 7 310 19.9 720 524 0.38 0.43 placebo
Subj. 8 34.8 21.5 574 638 0.28 0.51 placebo
Subj. 9 46.6 28.4 634 701 021 0.28 placebo




bound throughout the duration of the experiment, the ratio be-
tween the measured radioactivity in the specific binding region (Ms)
and that in the cerebellum (Mc) can be expressed by the following
equation (Patlak and Blasberg 1985; Wong et al. 1986; Eckernis
et al. 1987}

Ms{t) ks [oMct)de ( k, )"‘ . k,
M) ky + ks Mc® ky + ks ky + Ky

The rate constant k; is the association rate constant of the ligand
with the receptors, which is equal to the product of the bimolecular
association constant (k )} and the number of unoccupied recep-
tors (B] ..}, whereas k, is the rate of dissociation from the receptor
and k, is the efflux rate constant from tissue to blood (Wong et al.
1986). If k, > k,, then equation (1) can be written (Wong et al. 1984;
Eckernis et al.1987)

Ms(ty . [eMe(r)ydo
Mct) ~ 7 Mc(r)
By this method, the Ms(t)/Mc(t) ratio plotted against the nor-
malized integral of the radioactivity in the cerebellum, {§ Mc(t) d/
Mc(t), yields a straight line (Wong et al. 1986; Eckernis et al. 1987;

Suhara et al. 1993). The slope of this line (k;) was used for the
quantification of receptor binding.

)

+1 (2

Blood concentration of triazolam. A 1-ml plasma sample was diluted
with 2ml 50 mM ammonium acetate buffer (pH 4.0) containing
10 ng alprazolam as an internal standard. The diluted sample was
applied to the solid-phase extraction column. The drugs were eluted
with 0.5 ml 50% aqueous methanol and were analyzed on an HPLC
system.

Results
PET study

Figure 1 shows the time course of [''C]NMPB in both
control and post-drug experiments. The accumulation of
["'CINMPB in the frontal cortex was significantly de-
creased after administration of triazolam. The time
course in the cerebellum was not significantly different
between the control and the post-drug experiments. Fig-
ure 2 shows the decreased slope (k;) of the frontal cortex
after triazolam administration compared with the con-
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Fig. 1. Time course of [!'CINMPB in the frontal cortex of subject 1.
The accumulation of ['""CINMPB in the frontal cortex was signifi-
cantly decreased after triazolam administration (@) [control (O)].
The time course in the cerebellum was not significantly different
between the control ([]) and post-drug experiments ()
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Fig. 2. The ratio of radioactivity in the frontal cortex to that in the
cerebellum of subject 1 plotted against the normalized integral of
the radioactivity in the cerebellum. The slope (k;) of the frontal
cortex decreased after triazolam administration (@) compared to
the control experiment (Q)
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Fig. 3. The percent of k; reduction after triazolam administration
compared to the control study. The ky value was decreased after
triazolam administration in the pons (Pon), hippocampus (Hip),
frontal cortex (Fr), striatum (S¢), temporal cortex (Tem), thalamus
(Th), occipital cortex (Occ) and parietal cortex (Par). The percent
reduction varied from 8.6+43.7% in the temporal cortex to
16.346.3% in the thalamus; all were statistically significant (paired
t test; P<0.05 or P<0.01)

trol experiment. Figures 1 and 2 show the data from sub-
ject 1 who underwent the post-drug experiment on the
day following the control experiment. The length of inter-
val between control and post-drug experiment or the or-
der of drug administration had no significant effect on
the results. The k, was decreased after triazolam adminis-
tration in the pons, hippocampus, frontal cortex, stria-
tum, temporal cortex, thalamus, occipital cortex and
parietal cortex (Table 2, Fig. 3). The reduction compared
to the control study varied from 8.6 4+ 3.7% in the tempo-
ral cortex to 16.3+6.3% in the thalamus and all regions
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Table 2. Effects of triazolam on k; (min™ ') in eight brain regions

Subject Pons Hippo- Frontal Striatum Temporal Thalamus  Occipital Parietal
campus cortex cortex cortex cortex
Subj. 1 control 0.0170 0.0171 0.0266 0.0259 0.0246 0.0246 0.0276 0.0235
triazolam 0.0128 0.0162 0.0213 0.0219 0.0220 0.0183 0.0242 0.0204
Subj. 2 control 0.0157 0.0153 0.0225 0.0248 0.0220 0.0176 0.0234 0.0218
triazolam 0.0140 0.0135 0.0205 0.0236 0.0200 0.0154 0.0213 0.0200
Subj. 3 control 0.0175 0.0171 0.0255 0.0266 0.0245 0.0224 0.0289 0.0237
triazolam 0.0141 0.0140 0.0217 0.0238 0.0214 0.0180 0.0246 0.0202
Subj. 4 control 0.0167 0.0197 0.0274 0.0290 0.0275 0.0188 0.0253 0.0261
triazolam 0.0146 0.0176 0.0246 0.0277 0.0244 0.0164 0.0233 0.0244
Subj. 5 control 0.0178 0.0242 0.0310 0.0337 0.0288 0.0203 0.0287 0.0290
triazolam 0.0157 0.0239 0.0285 0.0331 0.0280 0.0186 0.0268 0.0269
Subj. 6 control 0.0171 0.0207 0.0249 0.0315 0.0241 0.0199 0.0279 0.0222
triazolam 0.0156 0.0158 0.0220 0.0261 0.0227 0.0161 0.0202 0.0208
Control mean 0.0170 0.0190 0.0263 0.0286 0.0252 0.0206 0.0270 0.0244
+SD +0.0007 +0.0032 +0.0028 +0.0035 +0.0024 +0.0025 +0.0022 +0.0027
Triazolam mean 0.0145** 0.0169* 0.0231 #* 0.0260* 0.0231 %% 0.0171%* 0.0234% 0.0221 %%
+SD +0.0011 +0.0037 +0.0030 +0.0040 +0.0028 +0.0013 +0.0024 +0.0029
* P<0.05, ** P<0.01, Paired ¢ test between control and post-drug k, values
Table 3. Bffects of placebo on k; (min~') in eight brain regions
Subject Pons Hippo- Frontal Striatum Temporal  Thalamus  Occipital Parietal
campus cortex cortex cortex cortex
Subj. 7 control 0.0195 0.0205 0.0288 0.0343 0.0271 0.0218 0.0315 0.0298
placebo 0.0176 0.0207 0.0278 0.0334 0.0265 0.0207 0.0313 0.0289
Subj. 8§ control 0.0185 0.0232 0.0287 0.0295 0.0283 0.0248 0.0315 0.0265
placebo 0.0171 0.0226 0.0296 0.0308 0.0297 0.0243 0.0329 0.0268
Subj. 9 control 0.0156 0.0239 0.0289 0.0319 0.0280 0.0240 0.0333 0.0270
placebo 0.0146 0.0225 0.0296 0.0317 0.0271 0.0227 0.0327 0.0264
Control mean 0.0179 0.0225 0.0288 0.0319 0.0278 0.0236 0.0321 0.0278
+SD +0.0020 +0.0018 +0.0001 +0.0024 +0.0006 +0.0016 +0.0010 +0.0018
Placebo mean 0.0164 0.0219 0.0290 0.0320 0.0278 0.0226 0.0323 0.0274
+SD +0.0016 +0.0011 +0.0010 +0.0013 +0.0017 +0.0018 +0.0009 +0.0013

showed statistical significance (paired ¢ test; P<0.05 or
P <0.01) (Fig. 3). There was no significant change in k,
after placebo administration in eight brain regions (Table
3). The average blood concentration of triazolam imme-
diately Dbefore the injection of the tracer was
3.2040.57 ng/ml. Within this range, no statistically sig-
nificant relation was observed between the percent reduc-
tion of k; and blood concentration in any brain regions.

Memory tests

Table 4 shows the average correct responses for immedi-
ate and delayed recall. Triazolam administration im-
paired both immediate and delayed recall of meaningful
and meaningless syllables (paired ¢ test; P <0.05, P<0.01
or P<0.001), whereas placebo administration did not
have an effect on ecither immediate or delayed recall.
However, the deficits were more pronounced in delayed

Table 4. Effects of triazolam and placebo on immediate and delayed
recall of meaningful and meaningless syllables

Triazolam Placebo
Control Triazolam Control Plecabo
Immediate recall
Meaningful 5.0 351514 5.0 50
Meaningless 42+0.8 1.841.2%* 37406 40+1.0
Delayed recall
Meaningful 45+0.5 07+08** 50 4.6+0.6
(pre-scan)
Meaningful 41408 02404%** 50 4.0+1.0
(post-scan)
Meaningless 27410 0O** 20410 23412

* P<0.05, % P<0.01, ¥** P<0.001 paired ¢ test between control
and post-drug results
Values are mean -+ SD



recall than in immediate recall. The first delayed recalls
(before PET scan) were severely affected by the interfer-
ence of meaningless syllables. Subjects who performed
two tests on the same day recalled the syllables presented
in the control experiments (2.5+ 1.9), rather than the syl-
lables presented after triazolam administration at the
post-drug delayed recall. There was no statistically signif-
icant correlation between the percent of reduction of k;,
and the correct number of recall responses in the ana-
lyzed brain regions.

Discussion

In this study we demonstrated that acute treatment with
triazolam decreased the specific binding of [''CJNMPB in
vivo in the human brain and impaired memory. The
post-triazolam decrease in the binding is probably drug
induced, as the placebo group did not show a similar
change.

Benzodiazepine treatment is reported to reduce the
cerebral blood flow, predominantly in the subcortical re-
gions such as the striatum and cerebellum (Matthew et al.
1991). The degree of reduction ranges from 5 to 30%
depending on the type of drugs used in the experiment
and the methods (Mathew et al. 1985; Matthew et al.
1991). In the present study, a decrease in k; of
["'CINMPB due to changes in cerebral blood flow follow-
ing administration of triazolam cannot be ruled out,
when the magnitude of k, is significant compared to the
magnitude of k, (Patlak and Blasberg 1985). However, it
is unlikely that the decrease in k; was simply due to
changes in the cerebral blood flow, because the time
course of the cerebellum, which contains the flow compo-
nent used as a reference region in this study, was not
significantly changed by triazolam administration, espe-
cially after 30 min when steady state levels between plas-
ma and cerebellum were expected.

A metabolite study using a thin-layer chromatograph-
ic method indicated that in mice more than 95% of the
radioactivity in the brain was unmetabolized [PH]NMPB
at 60 min after the injection (unpublished data). General-
ly, the rate of drug metabolism is much slower in humans
than in mice, and it is thus unlikely that the metabolites
of ["CINMPB affected the present results.

As benzodiazepines do not bind to muscarinic recep-
tors directly (Nilvebrant and Sparf 1986), this change in
muscarinic receptor binding is explained by the indirect
effect of triazolam in the in vivo condition. Numerous
experiments have demonstrated that the activity of the
forebrain cholinergic neurons is modulated by inhibitory
GABA-benzodiazepine system (Sarter et al. 1990). Ben-
zodiazepine agonists are reported to decrease the cortical
acetylcholine release (Consolo et al. 1974; Petkov et al.
1983). The decrease of acetylcholine release in the synap-
tic cleft may explain the decreased binding of
[""CINMPB, since endogenous neurotransmitters such as
dopamine modulate the in vivo binding of the dopamine
antagonist [*H]spiperone, which is irreversibly bound to
the receptors during the study, in the same direction as
the dopaminergic activity (Chugani et al. 1988; Inoue et
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al. 1991a). In other words, the higher the dopamine in the
synaptic cleft, the higher the binding of [*H]spiperone to
the receptor; likewise, the lower the dopamine concentra-
tion, the lower the binding (Bischoff et al. 1991). Agonist-
mediated receptor internalization is reported to be the
explanation of this phenomenon, which is the opposite of
the effect expected from in vitro studies (Chugani et al.
1988). However, opposite results are reported using the
reversible binding ligand, raclopride (Ross and Jackson
1989; Farde et al. 1992; Hume et al. 1992) or even the
irreversible binding ligand N-methylspiperone (Dewey et
al. 1991; Young et al. 1991). These discrepancies are part-
1y explicable by the variations in individual responses to
the drugs or by the difference in experimental conditions.
However, the difference of the kinetic properties of the
ligands seems more important, since the effect of reser-
pine on receptor binding in vivo acts in an opposite man-
ner to the reversible binding ligand [*HJraclopride and
the irreversible binding ligand [PH]N-methylspiperone
(Inoue et al. 1991b). NMPB has a much higher affinity to
muscarinic cholinergic receptors than acetylcholine itself
(Kp = 041 aM, IC,,=30uM for acetylcholine)
{Sokolovsky et al. 1980) and here it irreversibly bound to
the receptors in the brain during the study. If the role of
endogenous acetylcholine on [""CINMPB binding is the
same as in irreversible dopaminergic ligand binding, the
decrease in ['!CJNMPB binding might be explained by
the decrease of acetylcholine release. However, there are
many unknown mechanisms in ligand-receptor binding
in vivo; there is a possibility that other factors which
modulate the rate-limiting step of ligand receptor bind-
ing in vivo might be changed by triazolam administra-
tion (Inoue et al. 1992).

In confirmation of previous studies, the present results
of the memory test show that significant anterograde
memory deficit occurs following triazolam administra-
tion (Roth et al. 1980). Although triazolam did affect the
immediate recall, the delayed recall was more greatly af-
fected. The present results show that triazolam-treated
subjects could recall the syllables presented before triazo-
lam administration at the post-drug delayed recall, even
though the subject could not recall syllables presented
after triazolam administration. The amnesia caused by
benzodiazepine is reported to be a failure of acquisition
and consolidation of new information rather than reten-
tion and retrieval (Lister 1985; Dorow et al. 1987). The
present results are consistent with this view, and also
indicate a significant deficit after the interference task of
the meaningless syllables. The interference effect is re-
ported to be related to a disorder of the medial temporal
lobe (Hermann et al. 1988). Furthermore, the medial tem-
poral lobe, thalamus and frontal basal region have been
reported to be associated with memory (Fazio et al.
1992). However, even though there are some regional dif-
ferences in the reduction of [MCINMPB binding, the
present results indicate a rather diffuse effect of triazolam
in the brain. These results might be explained by the
diffuse interaction between triazolam and the cholinergic
system; that is, not only memory and cognitive function,
but also sedation, sleep and motor function.

In this study, we have demonstrated the benzodi-
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azepine/cholinergic interactions in the human brain us-
ing PET and confirmed the amnestic effect of triazolam.
However, further studies are needed to clarify the mecha-
nism of in vivo receptor binding, and more elaborate
clinical evaluations are needed to assess the relationship
between the PET data and clinical symptoms. Even
though there are many unknown crucial factors in the in
vivo receptor binding, to measure the interaction be-
tween the different neural systems using in vivo receptor
binding is important to elucidate the mechanism of drug
action in the central nervous system (Dewey et al. 1990;
Suhara et al. 1990).

Acknowledgements. This work was supported by the Special Coor-
dination Fund for Promoting Science and Technology. We wish to
thank Dr. Sakae Komatsu and his group at the Upjohn Pharmaceu-
ticals Limited Tsukuba Research Laboratories for the measurement
triazolam blood concentrations.

References

Bischoff S, Krauss J, Grunenwald C, Gunst F, Heinrich M, Schaub
M, Stocklin K, Vassout A, Waldmeier P, Maitre L (1991) En-
dogenous dopamine (DA) modulates [*H]spiperone binding in
vivo in rat brain. J Recept Res 11:163-175

Chugani DC, Ackermann RF, Phelps ME (1988) In vivo
[PH]spiperone binding: evidence for accumulation in corpus
striatum by agonist-mediated receptor internalization. J Cereb
Blood Flow Metab 8:291-303

Consolo S, Ladinsky H, Peri G, Garattini S (1974) Effect of di-
azepam on mouse whole brain and brain area acetylcholine and
choline levels. Eur J Pharmacol 27:266-268

Curran HV (1991) Benzodiazepines, memory and mood: a review.
Psychopharmacology 105:1-8

Decker MW, McGaugh JL (1991) The role of interactions between
the cholinergic system and other neuromodulatory systems in
learning and memory. Synapse 7:151-168

Dewey SL, Brodie JD, Fowler IS, MacGregor RR, Schlyer DJ,
King PT, Alexoff DL, Volkow ND, Shiue C-Y, Wolf AP, Bendri-
um B (1990) Positron emission tomography (PET) studies of
dopaminergic/cholinergic interactions in the baboon brain.
Synapse 6:321-327

Dewey SL, Logan J, Wolf AP, Brodie JD, Angrist B, Fowler JS,
Volkow ND (1991) Amphetamine induced decreases in (**F)-N-
methylspiroperidol binding in the baboon brain using positron
emission tomography. Synapse 7:324-327

Dorow R, Berenberg D, Duka T, Sauerbrey N (1987) Amnesic ef-
fects of lormetazepam and their reversal by benzodiazepine an-
tagonist Ro 15-1788. Psychopharmacology 93: 507-514

Drachman DA, Leavitt J (1974) Human memory and cholinergic
system: a relationship to aging? Arch Neurol 30: 113-121

Ebbinghaus H (1885) Uber das Gedaechtnis. Duncker & Humbolt,
Leipzig

Eckernis S-A, Aquilonius SM, Hartvig P, Hégglund J, Lundqvist
H, Négren K, Lingstrdm B (1987) Positron emission tomogra-
phy (PET) in the study of dopamine receptors in the primate
brain: evaluation of a kinetic model using ' C-N-methyl-spiper-
one. Acta Neurol Scand 75:168-178

Endo M, Fukuda H, Suhara T, Matsumoto T, linuma T, Yamasaki
T, Tateno Y, Nohara N, Ogushi A, Kumamoto M, Inoue S
(1991) Design and performance of PCT-3600 W (15-slice type): a

whole-body positron emission tomography. J Nucl Med
32:1061

Farde L, Nordstrdm A-L, Wiesel F-A, Pauli S, Halldin C, Sedvall G
{1992) Positron emission tomographic analysis of central D, and
D, dopamine receptor occupancy in patients treated with classi-
cal neuroleptics and clozapine. Arch Gen Psychiatry 49: 538
544

Fazio F, Perani D, Gilardi MC, Colombo F, Cappa SF, Vallar G,
Bettinardi V, Paulesu E, Alberoni M, Bressi S, Franceschi M,
Lenzi GL (1992) Metabolic impairment in human amnesia: a
PET study of memory networks. J Cereb Blood Flow Metab
12:353-358

Frith CD, Richardson JTE, Samuel M,Crow TJ, McKenna PJ
(1984) The effects of intravenous diazepam and hyoscine upon
human memory. Q J Exp Psychol 36A: 133-144

Ghoneim MM, Mewaldt SP (1975) Effects of diazepam and scopo-
lamine on storage, retrieval and organizational processes in
memory. Psychopharmacologia 44:257-262

Gurwitz D, Egozi Y, Henis Y1, Kloog Y, Sokolovsky M (1987)
Agonist and antagonist binding to rat brain muscarinic recep-
tors: influence of aging. Neurobiol Aging 8:115-122

Hermann BP, Wyler A, Steenman H, Richey E (1988) The interrela-
tionship between language function and verbal learning/memo-
ry performance in patients with complex partial seizures. Cortex
24:245-253

Hume SP, Myers R, Bloomfield PM, Opacka-Juffry J, Cremer JE,
Ahier RG, Luthra SK, Brooks DJ, Lammertsma AA (1992)
Quantitation of carbon-11-labeled raclopride in rat striatum us-
ing positron emission tomography. Synapse 12:47-54

Tkeda Y, Ooshiro K, Tomoda Y, Fujiki ¥, Okuyama S, Itoh T,
Yamauchi T (1989) Aging-induced memory deficit indicated by
newly-developed memory test. Proceedings of the Fourth Con-
gress of the International Psychogeriatric Association (abstract)
p 120

Inoue O, Tsukada H, Yonezawa H, Suhara T, Langstrdm B (1991a)
Reserpine-induced reduction of in vivo binding of SCH23390
and N-methylspiperone and its reversal by d-amphetamine. Eur
J Pharmacol 197:143-149

Inoue O, Kobayashi K, Tsukada H, ltoh T, Langstrém B (1991b)
Difference in in vivo receptor binding between [*H]N-methyl-
spiperone and [*H]raclopride in reserpine-treated mouse brain. J
Neural Transm 85:1-10

Inoue O, Kobayashi K, Suhara T (1992) Effect of sedative drugs
upon receptor binding in vivo. Prog Neuropsychopharmacol
Biol Psychiatry 16:783-789

King DJ (1992) Benzodiazepines, amnesia and sedation: theoretical
and clinical issues and controversies. Hum Psychopharmacol
7:79-87

Koeppe RA, Frey KA, Zubieta JA, Fessler JA, Mulholland GK,
Kilbourn MR, Mangner TJ, Kuhl DE (1992) Tracer kinetic
analysis of [C-11]1N-methyl-4-piperidyl benzilate binding to
muscarinic cholinergic receptors. J Nucl Med 33:882

Lin $-C, Olson KC, Okazaki H, Richelson E (1986) Studies on
muscarinic binding site in human brain identified with
[*H]pirenzepine. ] Neurochem 46:274-279

Lister RG (1985) The amnesic action of benzodiazepines in man.
Neurosci Biobehav Rev 9:87-94

Mathew RJ, Wilson WH, Daniel DG (1985) The effect of nonsedat-
ing dose of diazepam on regional cerebral blood flow. Biol Psy-
chiatry 20:1109-1116

Matthew E, Pettigrew K, Andreason P, Cohen R, Carson R, Her-
scovitch P, King C, Paul SM {1991) Receptor-mediated benzo-
diazepine effects on regional cerebral blood flow. J Cereb Blood
Flow Metab 11: 8277

Matui T, Hirano A (1977) An atlas of the human brain for comput-
erized tomography. Igaku Shoin, Tokyo

Morris HH, Estes ML (1987) Traveler’s amnesia: transient global
amnesia secondary to triazolam. JAMA 258: 945-946

Mulholland GK, Jewett DW, Otto CA, Kilbourn MR, Sherman PS,
Kuhl DE (1988) Synthesis and regional brain distribution of
[C-11]N-methyl-4-piperidyl benzilate ({C-11]NMPB) in the rat. J
Nucl Med 29:768

Nabeshima T, Tohyama K, Ichihara K, Kameyama T (1990) Effects
of benzodiazepine on passive avoidance response and latent
learning in mice: relationship to benzodiazepine receptors and
cholinergic neural system. J Pharmacol Exp Ther 255:789-794



Nilvebrant L, Sparf B (1986} Dicyclamine, benzenol and ocybu-
tynine distinguish between subclasses of muscarinic binding
sites. Eur J Pharmacol 123:133-143

Pakes GE, Brogden RN, Heel RC, Speight TM, Avery GS (1981)
Triazolam: a review of its pharmacological properties and ther-
apeutic efficacy in patients with insomnia. Drugs 22:81-110

Patlak CS, Blasberg RG (1985) Graphical evaluation of blood-brain
transfer constants from multiple-time uptake data. Generaliza-
tions. J Cereb Blood Flow Metab 5:584-590

Petkov V, Georgiev VP, Getova D, Petkov VV (1982) Effects of
some benzodiazepines on the acetylcholine release in the anteri-
or horn of the lateral cerebral ventricle of the cat. Acta Physiol
Pharmacol Bulg 8:59-65

Petkov V, Georgiev V, Getova D, Petkov VV (1983} On the effects
of diazepam, hyoscine and oxotremorine on acetylcholine re-
lease from the cerebral cortex. Acta Physiol Pharmacol Bulg 9:
3-12

Ross SB, Jackson DM (1989) Kinetic properties of the accumula-
tion of *H-raclopride in the mouse brain in vivo. Naunyn-
Schmiedeberg’s Arch Pharmacol 340:6-12

Roth T, Hartse KM, Saab PG, Piccione PM, Kramer M (1980) The
effects of flurazepam, lorazepam, and triazolam on sleep and
memory. Psychopharmacology 70:231-237

Sarter M, Bruno JP, Dudchenko (1990} Activating the damaged
basal forebrain cholinergic system: tonic stimulation versus sig-
nal amplification. Psychopharmacology 101:1-17

Scharf MB, Fletcher K, Graham JP (1988) Comparative amnesic
effects of benzodiazepine hypnotic agents. J Clin Psychiatry
49:134-137

Sethy VH (1978) Effect of hypnotic and anxiolytic agents on region-
al concentration of acetylcholine in rat brain. Naunyn-
Schmiedeberg’s Arch Pharmacol 301:157-161

317

Sitaram N, Weingartner H, Gillin JC (1978) Human serial learning:
enhancement with arecholine and impairment with scopo-
lamine. Science 201:274-276

Sokolovsky M, Egozi Y, Kloog Y (1980) Biochemical characteriza-
tion of muscarinic receptors, Monogr Neural Sci 7: 30-40

Suhara T, Inoue O, Kobayasi K (1990) Effect of desipramine on
dopamine receptor binding in vivo. Life Sci 47: 2119-2126

Suhara T, Nakayama K, Inoue O, Fukuda H, Shimizu M, Mori A,
Tateno Y (1992) D, dopamine receptor binding in mood disor-
ders measured by positron emission tomography. Psychophar-
macology 106:14-18

Suhara T, Inoue O, Kobayashi K, Suzuki K, Tateno Y (1993} Age-
related changes in human muscarinic acetylcholine receptors
measured by positron emission tomography. Neurosci Lett
149:225-228

Weingartner HJ, Hommer D, Lister RG, Thompson K, Wolkowitz
0O (1992) Selective effects of triazolam on memory. Psychophar-
macology 106:341-345

Wong DF, Wagner HN Jr, Dannals RF, Links JM, Frost JJ, Ravert
HT, Wilson AA, Rosenbaum AE, Gjedde A, Douglass KH,
Petronis JD, Folstein MF, Toung JKT, Burns HD, Kuhar MJ
(1984) Effects of age on dopamine and serotonin receptors mea-
sured by positron tomography in living human brain. Science
226:1393-1396

Wong DF, Gjedde A, Wagner HN Jr (1986) Quantification of neu-
roreceptors in the living human brain. L. Irreversible binding of
ligands. J Cereb Blood Flow Metab 6:137-146

Young LT, Wong DF, Goldman S, Minkin E, Chen C, Matsumura
K, Scheffel U, Wagner HN Jr (1991) Effects of endogenous do-
pamine on kinetics of [*H]N-methylspiperone and
[PHlraclopride binding in the rat brain. Synapse 9:188-194



