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Effect of tracer metabolism on PET measurement of [1!C]pyrilamine

binding to histamine H; receptors
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The present study was carried out to investigate the time course of [!'C]pyrilamine metabolism and
the degree of entry of metabolites into the brain. PET studies were performed in seven healthy
volunteers and arterial plasma concentrations of [!'Clpyrilamine and its labeled metabolites were
determined. After intravenous injection, [''C]pyrilamine metabolized gradually in the human body,
with less than 10% of plasma activity being original radioligand at 60 min. Tracer metabolism
markedly affected the input function and the calculated impulse response function of the brain. Rat
experiments demonstrated that although metabolites of [!'Clpyrilamine might enter the brain, they
were not retained for prolonged periods of time. At 30-90 min after injection of [!'C]pyrilamine,
less than 1% of the radioactivity in the brain was originating from metabolites of ['!C]pyrilamine.
Based on the rat data, the contribution of ''C-labeled metabolites to total [''C]pyrilamine
radioactivity in the human brain was estimated and found to be negligible. These results suggest that
the metabolites of ['!C]pyrilamine do not accumulate within the cerebral extravascular space and
that there is minimal metabolism of [''C]pyrilamine by brain tissue itself. Therefore, [''C]pyrilamine
metabolites can be neglected in kinetic analysis, using either a compartmental or a noncompartmental

model, of the [''C]pyrilamine binding to histamine H; receptors.
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INTRODUCTION

HistaMINE has been suggested as one of the principal
neurotransmitters regulating alertness.!-2 In addition to
their involvement in the sleep/wake cycle, histamine H;
receptors have been implicated in the mediation of many
other behavioral processes, such as vestibular function,?
neuroendocrine control,* cardiovascular control,® ther-
moregulation,® feeding behavior,’ stress reaction and stress
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analgesia.’ The distribution of H; receptors also impli-
cates their involvement in limbic functions, such as emo-
tion, learning, sexuality and memory.%?

The antihistaminic drug pyrilamine (also known as
mepyramine) binds selectively to histamine H; receptors
and has been used to probe histamine H; receptors in
in vitro and in vivo experiments.'%!3 Recently, pyril-
amine has been labeled with the positron emitter carbon-
11 and used for mapping of the histamine H; receptors
in the human brain by positron emission tomography
(PET).“‘""’

To obtain parameters of ligand-receptor interactions
from PET data one has to take into account not only the
blood-brain transport of ligand, ligand binding to recep-
tors, and nonspecific binding, but also the transformation
of the drug in the body. Correcting the arterial plasma
activity (the input function) for the presence of drug

Original Article 101



metabolites is of great importance in modeling and quan-
tifying ligand-receptor kinetics.!”'® Modification of the
input function may not be sufficient to improve the perfor-
mance of a tracer kinetic model if a labeled metabolite has
a high extraction fraction so that it too would be distrib-
uted throughout the brain in a manner dependent upon
regional blood flow and brain permeability.!” Another
important factor for monitoring receptor binding is whether
the ligand bound to receptor sites undergoes further me-
tabolism (i.e., metabolic stability).!” Therefore, to mea-
sure ligand-receptor interactions in vivo, knowledge of
the kinetics of drug metabolites both in plasma and brain
is essential.

Investigations with [3H]pyrilamine have shown
significant metabolism of this ligand in guinea pigs.?° The
present study was designed to determine the degree and
time course of [!!C]pyrilamine metabolism in humans
and their effect on PET measurements of receptor bind-
ing. Since in humans it is not possible to determine the
transfer of metabolites into the brain unless the nature of
the metabolites is known, they are radiolabeled and per-
mission is obtained to administer them parenterally, data
from rodent studies have to suffice to estimate the contri-
bution of metabolites to the total brain radioactivity.
Therefore, investigations in rats were conducted with
['!C]pyrilamine to determine the degree to which me-
tabolites are transferred into or generated within the brain.
The investigation reported here describes 1) the entry and
generation of [''C]pyrilamine metabolites in the rat brain;
2) the measurement of !'C-labeled metabolites in human
plasma after injection of [!!C]pyrilamine; 3) the effect of
plasma metabolites on the blood input function and the
brain impulse response function; and 4) the estimation of
the effect of [!!'C]pyrilamine metabolites entering the
human brain on PET measurements of ligand-H; receptor
interactions.

MATERIALS AND METHODS

PET studies and plasma metabolite analysis in humans
Seven healthy males (ages 20-36 yr) with no history of
ingestion of antihistaminics or other drugs and no history
of psychiatric or neurological disorders were recruited.
Informed consent was obtained in agreement with the
Institutional Review Board guidelines.
Carbon-11-pyrilamine synthesis involved the N-alkyl-
ation of the nor-methyl precursor with !'C-labeled methyl
iodide obtained from high specific activity ''C-labeled
carbon dioxide produced in a Scanditronix AB RNP-16
biomedical cyclotron, as previously described. '
Approximately 740 MBq (20 mCi) (average 4.5 ug) of
["'Clpyrilamine (specific activity 1417 + 500 mCi/umol)
was administered intravenously as a bolus with a 5-sec
injection duration. PET studies were done by means of a
NeuroECAT scanner with an in-plane resolution of 8 mm.
PET data were acquired beginning 30 sec (the time of
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arrival of significant radioactivity in the brain) after
['!C]pyrilamine administration according to the follow-
ing protocol: three 1 min scans, three 2 min scans, three 5
min scans, three 10 min scans and one 20 min scan. A 10-
min transmission scan with a %Ge source was done prior
to the study for subsequent attenuation correction. PET
data were used to calculate the impulse response function
by deconvolution analysis (see below). A radial artery
catheter was placed in order to collect blood samples to
determine the kinetics of total plasma radioactivity and
the fraction of the total arterial radioactivity represented
by unmetabolized [''C]pyrilamine. Total plasma radioac-
tivity was obtained according to the following sampling
protocol: 5 sec intervals for the first 2 min, 1 min intervals
up to 10 min, 2 min intervals up to 20 min, and 5-15 min
intervals up to 90 min postinjection. Arterial samples
were also collected for determination of plasma metabo-
lites by high performance liquid chromatography (HPLC)
at 2, 5, 10, 20 and 60 min after tracer injection.

Samples for HPLC metabolite analyses were obtained
by the following procedure. C-18 SEP-PAKs (Waters
Associates, Milford, MA, U.S.A.) were activated with 5
m! of methanol and subsequently flushed with 5 m/ of
HPLC grade water. Plasma was isolated from 10 m/ blood
samples collected in heparinized tubes, passed slowly
through the SEP-PAK, and washed with 5 m/ of HPLC
grade water to remove residual proteins. The radioactivity
was then eluted off the SEP-PAK with five 1 m! fractions
of methanol. The radioactivity in the 5 fractions and the
SEP-PAK was counted. The first and second methanol
fractions were pooled, and HPLC analysis performed.
More than 90% of the radioactivity on the SEP-PAKs was
eluted by this procedure. All separation procedures were
performed with ice-cold solutions and materials. Control
studies in which [''C]pyrilamine was added directly to
blood samples demonstrated that no metabolism or deg-
radation occurred during the period necessary to complete
the above procedure.

Two m/ of the methanol solution containing the iso-
lated plasma radioactivity was injected onto a C-18 re-
verse phase analytical column (Alltech Associates,
Deerfield, IL, U.S.A., 4.6 mm X 250 mm, particle size 10
pm). All separations were performed with a vacuum-
degassed mobile phase consisting of 40/60 acetonitrile/
water buffered with 0.1 M ammonium formate at a flow
rate of 3 m//min. The HPLC eluent passed through a UV
detector and subsequently through a 1 m/ loop positioned
between two opposing 5 in. Nal(Tl) detectors that were
peaked to detect 511 keV photons in a singles mode. The
ratemeter signal was fed to a Rainin Dynamax dual
channel control/interface module with an Apple Macintosh
computer and the area under each radioactive peak was
calculated by means of the Dynamax software package.
Peaks were identified by comparing the retention times
and ultraviolet absorption ratios of the eluates with those
of authentic samples (pyrilamine and N-desmethylpyril-
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amine). The area of each peak was decay corrected to the
time of sample injection and from these data the percent
of the total activity represented by unchanged ['!'C]pyril-
amine was determined.

The measured metabolite percentages were interpo-
lated linearly and multiplied by the total plasma activity to
obtain the metabolite-corrected plasma time-activity curve.
Details of the PET imaging studies are published else-
where.'¢ For the purpose of this work time-activity curves
from regions of the frontal cortex were calculated. To
examine the effect of plasma metabolites on the brain
impulse response function, the impulse response
functions for [''C]pyrilamine in the human brain were
deduced and compared by deconvolving both the
metabolite-corrected and uncorrected input functions from
the measured brain time-activity curve?'?? with the
MATLAB™ software package (The MathWorks Inc.,
Natick, MA, U.S.A.). Deconvolution was accomplished
by singular value decomposition, a technique based on the
matrix formulation of the convolution integral.?> The
impulse response function was calculated based on the
assumption that the kinetics of [!!C]pyrilamine are linear
and stationary.

Uptake of [ C]pyrilamine and labeled metabolites in rat
brain

Male Sprague-Dawley rats (Charles River Laboratories,
Wilmington, MA, U.S.A.), weighing between 172 and
258 g, were used. To determine the entry of [''C]pyrilamine
metabolites into the brain, 740-1110 MBq (20-30 mCi)
(5.0-10.9 ug) of [''C]pyrilamine in a volume of 1 m/ of
saline was injected intravenously via a tail vein. At 30 min
postinjection, the animals were killed by decapitation,
and the blood was collected. The blood was promptly
centrifuged and the plasma was stored on ice. The plasma
(1.8-3.0 m/) was injected into a second set of rats
which were then sacrificed to study the kinetics of the
metabolites at 5 (n = 1), 30 (n = 2), and 60 min (n = 2)
postinjection. A portion of the plasma was used for
determination of ['!'C]pyrilamine metabolites by HPLC
analysis as described above. Plasma HPLC analysis
showed that the majority of the radioactivity (70-100%)
belonged to !!C-labeled metabolites. The tissue radio-
activity (see below) was corrected for unmetabolized
[!'C]pyrilamine as determined by HPLC. For pyrilamine
distribution, rats were injected intravenously via a tail
vein with 37-111 MBq (1-3 mCi) (1.3-10.9 ug) of
[!!Clpyrilamine in 1 m/ of saline, and then sacrificed at
selected times [5 (n = 2), 30 (n = 3), and 60 min (n = 3)].
The brain was removed from the skull and the cerebrum
(whole brain less the cerebellum) dissected. The tissue
and plasma samples were weighed and their radioactivity
content measured in an automated gamma counter (1282
Compugamma CS, Pharmacia/LKB Nuclear Inc.,
Gaithersburg, MD, U.S.A.). Aliquots of the injected tracer
were counted along with the samples and served as
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Fig. 1 A) HPLC chromatograms of human arterial plasma
samples obtained at 5, 20, and 60 min after injection of
['iC]pyrilamine. B) Time course of [}!C]pyrilamine metabo-
lism in human plasma. Data are means = SEM.

standards for the calculation of percent injected dose per
gram tissue (%ID/g). Since capillaries contain metabo-
lized as well as unmetabolized pyrilamine, the volume of
blood within the tissue contributes to the measured count
rate in proportion to the total count rate for whole blood.
We therefore corrected the brain radioactivity for cerebral
blood volume based on the *™Tc-human serum albumin
distribution.?*

Analysis of labeled metabolites in rat brain

The chemical identification of the radioactivity detected
in the brain after the administration of ['!'C]pyrilamine
was carried out in rats. Rats were injected with 74-370
MBq (2-10 mCi) (1.9-10.9 ug) of [''C]pyrilamine and
killed by decapitation at 30 (n = 2), 60 (n = 2), and 90 min
(n = 2) postinjection. The brains were rapidly removed
and homogenized with a Polytron (Brinkman) in 5 m/ of
ice-cold methanol. The homogenate was centrifuged at
50,000 g for 10 min. The pellet and the supernatant were
separated and the respective radioactivity concentrations
determined in a gamma counter. Over 85% of the radio-
activity was found in the supernatant under these extrac-
tion conditions. Two m/ of supernatant was then passed
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Fig. 2 Kinetics of total arterial plasma activity and unmetab-
olized [!!Clpyrilamine in one subject.
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Fig. 3 Impulse response functions for [!!C)pyrilamine in hu-
man brain, obtained by deconvolving the measured brain time-
activity curve with and without correction of the input function
for labeled metabolites.

through an Acro LC 13 filter and analyzed by HPLC under
the same conditions as for the human plasma samples.

Estimation of labeled metabolite uptake in human brain
For the estimation of labeled metabolite uptake in human
brain, we assumed that 1) plasma metabolites of
[''C]pyrilamine in humans are identical with those in rats,
2) blood-brain permeability in humans to ['!'C]pyrilamine
and its labeled metabolites is similar to that in rats, and 3)
the initial uptake ratio of [''C]pyrilamine to labeled
metabolites and clearance rate for the metabolites are
similar in both human and rat brains. On these assump-
tions, the time-activity curve representing response to
injecting 100% metabolized tracer was estimated in hu-
man brain by using the data from the rat experiments and
the human PET studies.

RESULTS
Analysis of human plasma metabolites by HPLC

['!Clpyrilamine was metabolized in the human body,
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Fig. 4 Time-activity curves for [!!C]pyrilamine (A) and its
labeled metabolites (B) in rat brain and plasma. Data are means
+ SD.

with the appearance of metabolites on HPLC analysis
(Fig. 1A). Inspection of the HPLC chromatograms dem-
onstrated that the labeled metabolites of ['!C]pyrilamine
migrated as significantly more polar substances on the C-
18 column than ['!C]pyrilamine itself. The time course of
['!C]pyrilamine metabolism is shown in Fig. 1B. Ap-
proximately 90% of the plasma radioactivity was recov-
ered as unchanged radioligand at 10 min postinjection.
Subsequently, the fraction of unmetabolized [''C]pyril-
amine decreased exponentially to less than 10% at 60 min
postinjection.

An example of the measured plasma radioactivity and
the corresponding metabolite-corrected curve is shown in
Fig. 2. Whereas the total plasma radioactivity increased
gradually from 20-90 min after injection, the concentra-
tion of unmetabolized [!'C]pyrilamine decreased con-
tinuously during this time interval. The same pattern was
observed in other individuals.

The impulse response function for [!'Clpyrilamine in
human brain was obtained by deconvolving the brain
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Fig. 6 Measured time-activity curve after injection of
[!'C]pyrilamine and estimated time-activity curve for labeled
metabolites in human brain.

time-activity curve with and without metabolite correc-
tion of the input function. An appropriate pattern with a
monotonously decreasing function between 10 and 90
min was obtained only when corrections for metabolites
were made. Without metabolite correction the impulse
response function showed wide oscillations, which is a
physiologically meaningless pattern (Fig. 3).

Uptake of [ C]pyrilamine and labeled metabolites in rat
brain

Figure 4 shows the time course of [''C]pyrilamine (Fig.
4A) and labeled metabolites (Fig. 4B) in rat brain and
plasma. After the ['!C]pyrilamine injection, the initial
cerebrum (total brain minus cerebellum) uptake was 1.17
+ 0.02%ID/g at 5 min and decreased rapidly to 0.21
0.04%1D/g at 60 min. Plasma radioactivity fell rapidly to
a very low level within 5 min after injection. At each time
point, the concentration of [!'C]pyrilamine in the cere-
brum was consistently higher than in the plasma (Fig.
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4A). In contrast, the initial uptake of labeled metabolites
in the cerebrum was 0.27%ID/g, followed by a rapid
decline. At each time point, the concentration of labeled
metabolites in the cerebrum was lower than in the plasma
(Fig. 4B).

Analysis of labeled merabolites in rat brain

Inspite of the fact that some [!!'C]pyrilamine metabolites
were found to enter the rat brain (Fig. 4B), HPLC of
methanol extracted rat brain homogenates at 30, 60 and 90
min after i.v. injection of [!!C]pyrilamine showed that
less than 1% of the total 'C radioactivity was from
metabolites (Fig. 5). This indicates that there was no
significant retention of labeled metabolites in rat brain.
This result also demonstrates that there is minimal me-
tabolism of [!'C]pyrilamine by brain tissue itself.

Estimated metabolite uptake in human brain

An estimated time-activity curve for labeled metabolites
of [!'C]pyrilamine in human brain, based on the data from
the rat experiments and the human PET studies, is shown
in Fig. 6 together with a measured time-activity curve
after injection of [!'C]pyrilamine. In this and the other 6
human brains, no significant amount of metabolites was
estimated (1.8 + 0.3% of total radioactivity at peak
[''C]pyrilamine uptake). This metabolite curve repre-
sents response to injecting 100% metabolized tracer and
it is therefore an overestimation of the actual metabolite
concentrations present after injection of [!'CJpyrilamine.
Therefore, after injection of [!!'Clpyrilamine the brain
radioactivity originating in the metabolites would pre-
sumably be negligible.

DISCUSSION

In this study we showed that [!!C]pyrilamine is rapidly
metabolized, with less than 10% of unmetabolized
("'C]pyrilamine remaining in human plasma at 60 min
postinjection. Our study also suggests that !'C-labeled
metabolites do not significantly accumulate within the
cerebral extravascular space.

It has been correctly stipulated!” that radioligand me-
tabolism affects quantitative parameters obtained with
PET. To obtain accurate parameters an exact input func-
tion corrected for metabolites is required, so that careful
chemical analysis of arterial blood activity has been
proposed.!81925 As shown in Fig. 2, after the initial bolus
of [''C]pyrilamine the relative concentration of drug
metabolites in the plasma increases with time with
unmetabolized drug levels significantly smaller than indi-
cated by total plasma activity measurements. Correction
of the arterial plasma activities for radioactive metabo-
lites is therefore essential for the quantitative analysis of
[!!C]pyrilamine binding to histamine H; receptors in
vivo. Furthermore, the extent of [!'C]pyrilamine metabo-
lism in the absence and presence of pyrilamine binding
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inhibitor (e.g., diphenhydramine or hydroxyzine) was
different (data not shown), demonstrating the need to
determine metabolites for each study of receptor density
by multicompartmental analysis.

Theoretically a labeled metabolite that has a high
extraction fraction would be distributed throughout the
brain in a manner dependent upon regional blood flow and
brain permeability. In this situation correction of the input
function for metabolites might not suffice to improve the
performance of the tracer kinetic model.!” Since in hu-
mans it is difficult to determine the transfer of metabolites
into the brain, data from rodent studies have to suffice to
estimate the contribution of metabolites to the total brain
radioactivity. In the present study, therefore, the estima-
tion of uptake of [!!C]pyrilamine metabolites in human
brain was made based on the rat experiments (Fig. 6). This
estimation was made assuming that the human brain, like
the rat brain, has an initial uptake ratio of [''C]pyrilamine
to labeled metabolites of 4.3 (see Fig. 4), and the clearance
rate for metabolites from human brain is similar to that
from rat brain. Based on these assumptions, no significant
amount of metabolites was estimated in human brain.
Since these time-activity curves are those estimated when
the same activity of [!!C]pyrilamine and its labeled me-
tabolites are administered, the brain radioactivity origi-
nating in the metabolites will presumably be negligible in
images obtained with ['!C]pyrilamine. Kinetic analysis
of the PET measurements is therefore feasible, and both
compartmental and noncompartmental models (such as
the impulse response function calculated here) are appli-
cable.

The metabolic stability of the radioligand is another
important factor in monitoring receptor-ligand kinetics.!®
In spite of the fact that some [!!C]pyrilamine metabolites
were found to enter the rat brain (Fig. 4B), from 30 min to
90 min after injection of ['!C]pyrilamine less than 1% of
the radioactivity in the brain was originating in metabo-
lites of [''C]pyrilamine (Fig. 5). This indicates that there
is no significant retention of labeled metabolites in rat
brain. Furthermore, this result suggests that there is mini-
mal metabolism of [''C]pyrilamine by brain tissue itself.
These results support our estimation in human brain that
the metabolites of [!!C]pyrilamine do not accumulate
within the cerebral extravascular space.

Factor analysis of [!!Clpyrilamine PET images of the
human brain have shown a relatively high degree of
nonspecific binding of the radioligand.!® The present
study indicates that the apparent high nonspecific binding
may not be attributed to the tracer metabolism and the
entry of the labeled metabolites into the brain. Low
density of histamine H; receptors in the human brain or
other factors, such as lipophilicity of the radioligand or
binding to other secondary or non-histamine Hj receptors,
should be considered.

In summary, after intravenous injection [''C]pyrilamine
metabolizes in the human body, with only less than 10%
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of the original radioligand remaining in plasma at 60 min.
Rat experiments demonstrated that although metabolites
of [''C]pyrilamine may enter the brain, they are not
retained for prolonged periods of time. Based on the rat
data, the contribution of !'C-labeled metabolites to total
['!C]pyrilamine radioactivity in human brain was esti-
mated and found to be negligible. Metabolites of
["!C]pyrilamine do not appear to accumulate within the
cerebral extravascular space, and there is minimal me-
tabolism of ['!C]pyrilamine by brain tissue itself. There-
fore, kinetic analysis, with either a compartmental or a
noncompartmental model, of the ['!C]pyrilamine bind-
ing to histamine H; receptors would be feasible.
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