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The 5-HT1A Receptor PET Radioligand 11C-CUMI-101
Has Significant Binding to a1-Adrenoceptors in Human
Cerebellum, Limiting Its Use as a Reference Region
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Prazosin, a potent and selective a1-adrenoceptor antagonist, dis-
places 25% of 11C-CUMI-101 ([O-methyl-11C]2-(4-(4-(2-methoxy-

phenyl)piperazin-1-yl)butyl)-4-methyl-1,2,4-triazine-3,5(2H,4H)dione)

binding in monkey cerebellum. We sought to estimate the percent-

age contamination of 11C-CUMI-101 binding to a1-adrenoceptors in
human cerebellum under in vivo conditions. In vitro receptor-binding

techniques were used to measure a1-adrenoceptor density and the

affinity of CUMI-101 for these receptors in human, monkey, and rat
cerebellum. Methods: Binding potential (maximum number of

binding sites · affinity [(1/dissociation constant]) was determined

using in vitro homogenate binding assays in human, monkey, and

rat cerebellum. 3H-prazosin was used to determine the maximum
number of binding sites, as well as the dissociation constant of
3H-prazosin and the inhibition constant of CUMI-101. Results:
a1-adrenoceptor density and the affinity of CUMI-101 for these

receptors were similar across species. Cerebellar binding potentials
were 3.7 for humans, 2.3 for monkeys, and 3.4 for rats. Conclusion:
Reasoning by analogy, 25% of 11C-CUMI-101 uptake in human cer-

ebellum reflects binding to a1-adrenoceptors, suggesting that the
cerebellum is of limited usefulness as a reference tissue for quantifi-

cation in human studies.
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Having a reference region in the brain typically makes PET
quantitation of receptors both easier and more precise than mea-
suring the concentration of parent radioligand in arterial plasma.
The quantitation is easier because it requires only brain imaging
and because it eliminates the need for an arterial line to measure
the radioligand and its metabolites in plasma. A reference re-
gion should contain little or no specific (i.e., high affinity [1/
dissociation constant]) binding to reflect nondisplaceable
uptake: the sum of nonspecific binding and free radioligand in
brain. However, measuring the amount of specific binding in a
proposed reference region can be challenging, especially if the

radioligand binds with high affinity to more than one receptor
subtype.

11C-CUMI-101 ([O-methyl-11C]2-(4-(4-(2-methoxyphenyl)
piperazin-1-yl)butyl)-4-methyl-1,2,4-triazine-3,5(2H,4H)dione)
was initially proposed as a novel agonist radioligand selective
for subtype 1A of the 5-hydroxytryptamine (5-HT1A) receptor
(1). However, previous studies from our laboratory found that
11C-CUMI-101 is an antagonist that nonselectively binds with
high affinity to both 5-HT1A and a1-adrenoceptors (2). The per-
centage contamination of binding to a1-adrenoceptors is low
enough to allow 11C-CUMI-101 to predominantly measure 5-
HT1A receptors in many target regions of the brain such as the
neocortex and hippocampus. However, it is unclear whether the
cerebellum, which contains few 5-HT1A receptors (3) but a rel-
atively high density of a1-adrenoceptors (4,5), can still be used
as a reference region, as is commonly done for other 5-HT1A

receptor PET radioligands.
In monkeys, we previously reported that 25% of the cerebellar

11C-CUMI-101 was bound to a1-adrenoceptors, as assessed via
blockade by prazosin, a potent and selective a1-adrenoceptor
antagonist (2). The present study sought to estimate the per-
centage contamination in human cerebellum under in vivo
conditions, with the limitation that comparable displacement
by prazosin would be difficult, if not impossible, because of
cardiovascular side effects. Thus, to indirectly answer this
question, we used in vitro receptor-binding techniques to
measure both the density of a1-adrenoceptors and the affinity
of CUMI-101 for these receptors in human, monkey, and rat
cerebellum. To the best of our knowledge given the extant
data in this area, when these two in vitro parameters are the
same for two species, their in vivo cross-reactivity—in this
case, for 11C-CUMI-101 and a1-adrenoceptors—should also
be similar.

MATERIALS AND METHODS

Animal and human postmortem tissue was obtained from either the
National Institute of Mental Health or Columbia University. All animals

received standard laboratory care, including daily feedings and access to
water ad libitum. The study was approved by the Animal Care and Use

Committee of the National Institute of Mental Health.

Membrane Homogenization

Cerebellar tissue (comprising primarily gray matter but also
containing some white matter) homogenates were prepared from

rats, monkeys, and humans using a Polytron (Kinematica AG) in
50 mM Tris-HCl (pH 7.4) and centrifuged at 25,000g for 30 min at

4�C. The supernate was discarded, and the pellet was resuspended in
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the same buffer so that the final concentration was about 100 mg of

wet tissue per milliliter. Tissues were stored at 280�C until the day
of the experiment.

Radioligand and Drugs
3H-prazosin was purchased from PerkinElmer. Prazosin, WAY-

100635 (N-(2-[4-(2-methoxyphenyl)-1-piperazinyl]ethyl-N-(2-pyridinyl)
cyclohexanecarboxamide), demethylated WAY-100635 (DWAY), and

fluorocyclohexanecarboxylic acid WAY-100635 (FCWAY) were pur-
chased from Sigma. N-{2-[4-(2-methoxyphenyl)piperazinyl]ethyl}-N-

(2-pyridyl)-N-(4-fluoromethylcyclohexane)carboxamide (mefWAY
[trans]) was purchased from Isoflex. CUMI-101 was purchased from

Alpha Biopharmaceuticals. All other reagents were purchased from
Quality Biological.

3H-Prazosin Binding

Radioligand binding assays were performed as previously de-

scribed (6). Briefly, brain tissues were thawed on ice and diluted in
binding buffer (a1-adrenoceptors: 20 mM Tris-HCl, 145 mM NaCl;

pH 7.4) to a final concentration of 6 mg of wet tissue per milliliter.
Binding was performed by sequentially adding to each borosilicate

vial, first, 100 mL of radioligand (radioactivity concentration for
3H-prazosin was 0.05–0.1 nM so that the final concentration was

below the dissociation constant value (7)); second, 100 mL of dis-
placer; and third, 800 mL of tissues mixed in the binding buffer.

This step was followed by a 1.5-h incubation in a light-shielded

shaker at either 37�C or 23�C because the affinity of receptors may
increase or decrease with temperature. We chose 23�C because it

was close to the temperature used for the initial characterization of
CUMI-101 (25�C) (8), and we chose 37�C because it reflects in vivo

body temperature. Reactions were terminated by rapid filtration
under a vacuum and washing with ice-cold binding buffer through

a GF/B glass fiber filter (Whatman) presoaked for 30 min in 0.5%
polyethyleneimine.

Filters and collected radioactivity were measured (5 min per vial)
in a liquid scintillation Ultima-Gold cocktail (4 mL per vial) in a

b-counter (PerkinElmer). Protein concentration was determined us-
ing the Micro BCA protein assay kit (Thermo Scientific).

RESULTS

As expected, CUMI-101 showed nanomolar affinity to a1-
adrenoceptors. These affinities were similar in cerebellar tissue
from humans, monkeys, and rats (Table 1). In addition, the den-
sity of a1-adrenoceptor receptors was similar across species.

At 37�C, the concentration required for 50% displacement (in-
hibition constant, or Ki) of 3H-prazosin binding to a1-adrenoceptors
by CUMI-101 was 2.8 6 0.5 nM, which was only 10-fold lower
than that for prazosin (0.3 6 0.02 nM) (Table 2). In contrast,
the displacement of 3H-prazosin by the current PET radioli-
gands, which are WAY-100635 analogs, showed a greater dif-
ference in the shift of the binding curves (Fig. 1). The Ki for
WAY-100635 analogs ranged from 80 to 120 nM (Table 2),
suggesting that CUMI-101 would be expected to have 30- to
40-fold higher binding to a1-adrenoceptors than that for WAY-
100635 analogs.

DISCUSSION

Using in vitro receptor-binding techniques, we found that the
density of a1-adrenoceptors, as well as the affinity of CUMI-101
for these receptors, were similar in human, monkey, and rat
cerebellum. The product of these two parameters (i.e., density and
affinity) is the binding potential of 11C-CUMI for a1-adrenoceptors.
Analogous to the in vitro measurements, we would expect the in
vivo binding potential of 11C-CUMI for a1-adrenoceptors to be
similar in human, monkey, and rat cerebellum. Moreover, as the
total uptake (i.e., total distribution volume, or VT) of 11C-CUMI
in cerebellum was similar in monkeys and humans, we would
expect—on the basis of prior studies conducted on monkeys
(2)—that about 25% of the uptake of 11C-CUMI in human cer-
ebellum would be displaced by prazosin if this selective a1-
adrenoceptor antagonist could be safely administered to humans.
This moderate cross-contamination confounds the use of the
cerebellum as a reference region. Use of the cerebellum would
require proof that binding to a1-adrenoceptors is the same be-
tween individuals or groups.
Both a true reference region (i.e., devoid of receptor binding)

and a pseudo-reference region (i.e., one that contains receptor
binding) can be used in the denominator as a normalization
factor for regions with higher receptor binding. When individ-
uals are being compared, however, either a reference region or
a pseudo-reference region must be the same in all subjects. This
is typically the case if the reference region contains only
nonspecific binding (i.e., low-affinity adsorption of the radio-
ligand to a wide variety of lipids and proteins in brain) because
such brain components are typically the same between indi-
viduals and even between species (9). Nevertheless, a reference

TABLE 1
3H-Prazosin Binding to α1-Adrenoceptors in Human, Monkey, and Rat Cerebellum at 37°C and 23°C

Bmax (fmol/mg) Prazosin KD (nM) CUMI-101 Ki (nM) Bmax/Ki

Species 37°C 23°C 37°C 23°C 37°C 23°C 37°C 23°C

Human 104 ± 34 50 ± 22 0.27 ± 02 0.04 ± 02 2.80 ± 50 0.64 ± 12 3.7 7.8

Monkey 81 ± 28 NA 0.34 ± 09 0.06 ± 03 3.50 ± 67 0.40 ± 07 2.3 NA

Rat 172 ± 42 74 ± 9 0.34 ± 01 NA 5.00 ± 06 0.80 ± 02 3.4 NA

Bmax 5 maximum number of binding sites; KD 5 dissociation constant; Ki 5 (half-maximal inhibitory concentration)/(1 1 [radioligand]/

KD).

Data are mean ± SD. Concentration-dependent displacement by nonradioactive prazosin was analyzed as homologous saturation
curve to estimate Bmax and KD. Concentration-dependent displacement by nonradioactive CUMI was analyzed to provide Ki values, which

correct for concentration of 3H-prazosin.
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region containing specific binding (i.e., high-affinity binding to
a particular protein) can still be used either if the specific bind-
ing is a small component of total radioactivity or if the specific
binding in the pseudo-reference region is the same in all sub-
jects. Here, we demonstrate one way to reasonably predict the
percentage of specific receptor binding in such a region when
blockade studies are not possible in human subjects. Specifi-
cally, definitive blockade experiments can be performed in an-
imals, and the relative binding potential of the radioligand for
this target can subsequently be measured in vitro in human and
animal brain.
With regard to measuring parent radioligand, a reference

tissue analysis not only is much easier but also may significantly
increase sensitivity. Our prior studies imaging translocator
protein, a biomarker of inflammation, in Alzheimer’s disease
demonstrate this point (10). Furthermore, in this particular
study, we could use the cerebellum as a pseudo-reference region
because we previously demonstrated that binding of the radio-
ligand 11C-PBR28 in this region was the same in patients and
controls. In addition, the cerebellum was a useful pseudo-reference
region despite the fact that its binding was only slightly lower
than that in target neocortical regions. For example, the VT of

11C-PBR28 was 3.9 mL/cm3 in temporal cortex and 3.5 in
cerebellum, with a ratio of only 1.11. Although that ratio was
only slightly greater than 1, its variance in the population was
significantly less than that of VT in the target region: 10% co-
efficient of variation for ratio of target to cerebellum compared
with 38% coefficient of variation for VT. This decreased vari-
ance markedly increased the sensitivity and statistical power to
detect differences between patients and controls. In this case,
the VT of temporal cortex differed between groups, with a P value
of 0.02, whereas the ratio of this region to cerebellum had a P value
of 0.0005. Clearly, a reference region or pseudo-reference region
has significant utility for brain imaging, but as shown here, the
adequacy of this region must be carefully examined for the pro-
posed purpose.
This paper primarily sought to assess what percentage of

11C-CUMI uptake in human cerebellum reflects binding to a1-
adrenoceptors. We estimated this percentage on the basis of in
vitro binding affinity and in vivo imaging in monkeys. Never-
theless, the most direct answer would come from 3H-prazosin
blockade of 11C-CUMI uptake in humans. We initially thought
such a study would cause intolerable cardiovascular effects
and be associated with risks unlikely to be approved by an
institutional review board. However, partial blockade of a1-
adrenoceptors may be achievable with tolerable side effects
and still provide an adequate displaceable signal from the brain
regions to be analyzed with the Lassen/occupancy plot (11). Nev-
ertheless, we do not know the occupancy-versus-response curve for
a1-adrenoceptors versus cardiovascular side effects. If a pharmaco-
logic dose of 3H-prazosin can be well tolerated, a blocking study of
11C-CUMI could be performed safely in humans. Such an exper-
iment would provide a definitive and direct answer as to
whether the cross-reactivity of a1-adrenoceptors with 11C-
CUMI in human cerebellum is quantitatively significant.

CONCLUSION

This study found that both the density of a1-adrenoceptors and
the affinity (1/Ki) of CUMI-101 for these receptors were similar
in monkey and human cerebellum. We previously found that 25%
of 11C-CUMI-101 was displaced by prazosin in monkey cerebel-
lum. Taken together and reasoning by analogy, these findings
suggest that using cerebellum as a reference tissue for quantifi-
cation in human studies is problematic because a similar cross-
reactivity between 11C-CUMI-101 and human a1-adrenoceptors
would be expected.
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FIGURE 1. Unlike WAY-100635 analogs, CUMI-101 demonstrates

nanomolar affinity to α1-adrenoceptors in human cerebellum. n 5 3;

error bars represent SD.

TABLE 2
Binding Affinity of WAY-100635 Analogs vs. 11C-CUMI-101

to α1-Adrenoceptors in Human Cerebellum

Compound Ki (nM) SD (n 5 3)

Prazosin 0.27 0.02

CUMI-101 2.80 0.50

WAY-100635 120.68 35.15

DWAY 78.96 29.33

FCWAY 87.11 22.85

MefWAY (trans) 116.60 15.70

For prazosin, value is KD (dissociation constant) instead of Ki.
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