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The in vivo quantification of myocardial beta-adrenergic recep-
tor has been obtained in five closed-chest dogs using positron
emission tomography (PET). The ligand was racemic (+){''C]
CGP 12177, a very potent hydrophilic antagonist of the beta-
adrenergic receptor. A kinetic method appeared unsuitable
because of the presence of metabolites which made the input
function difficult to measure and also inaccurate. Therefore,
a graphical method, based on a particular protocol, was
proposed. The animals were injected with a trace amount of
(£)"'CICGP 12177, which was followed 40 min later by a
second injection of radioligand with a low-specific activity. An
additional injection of an excess of unlabeled CGP 12177 was
administered after 90 min and allowed for the estimation of
the dissociation rate constant. The main advantage of this
graphical approach is that the results are obtained without
having to measure the input function and therefore without
estimating the metabolites. The average value of Brnax was 31
+ 4 pmole/ml of tissue and the dissociation constant was
0.014 + 0.002 min~".
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There is ample evidence from both experimental and
clinical studies that changes in beta-adrenergic receptor
density can be associated with cardiac diseases, such as
congestive heart failure, myocardial ischemia and infarc-
tion, cardiomyopathy, diabetes, or thyroid-induced heart
muscle disease. Changes in beta-adrenergic density have
also been shown in the denervated transplanted heart (7,
2). These alterations of cardiac adrenoceptors have been
demonstrated in vitro on homogenates from samples col-
lected mainly during surgery or postmortem.

Recent developments of positron emission tomography
(PET) and of radioligands suitable for in vivo cardiac
receptor binding studies make both the imaging and the
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quantification of receptor density possible (/,2). Important
information in the living physiologic and pathologic con-
ditions, as well as in defining the alterations induced by
treatment of certain diseases, are thus now available.

The most commonly used beta-adrenergic ligands in in
vitro binding studies are lipophilic antagonists such as
['**I}iodocyanopindolol, [*H]dihydroalprenolol, or ['*I]io-
dopindolol. However, the hydrophilic antagonist, [*H]
CGP 12177, has proved to be superior iin studies with
intact cells, and particularly in studies of the agonist-
induced internalization of beta-adrenergic receptors (3,4).
[P’H]CGP 12177 binds to the receptor in crude membranes
or intact cells with a very high affinity (0.3 nM) (5). Owing
to its high hydrophilicity, [PHJCGP 12177 selectively iden-
tifies cell-surface beta-receptors that are thought to be
coupled to adenylate cyclase.

We previously showed that lipophilic molecules such as
["'C]propranolol could not be used for studying the cardiac
beta-adrenoceptor with PET because it accumulates in the
lungs after intravenous injection during time of PET im-
aging (7). Carbon-11-practolol, a hydrophilic ligand, con-
centrated in the heart, but its low affinity prevented meas-
urement of receptor density (/). It could be anticipated
that because of both its very high hydrophilicity and
affinity ['"'C]JCGP 12177 would bind to myocardial 8-
adrenergic receptors with low nonspecific binding to the
heart and lung tissue.

The concentration of receptor sites cannot be directly
deduced from measured PET radioactive concentration
values and it is necessary to use a mathematical model.
The model parameters, including the receptor concentra-
tion and the kinetic rate constants, can be identified from
experimental data using either the kinetic method or a
graphical method. The kinetic method is based on a fitting
procedure, allowing the identification of all the model
parameters which makes this method available even with
a complex model. The main constraints of these fitting
procedures are the need to measure the input function
(usually the labeled ligand concentration in the arterial
plasma) and to maintain a balance between the respective
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complexities of the model structure and of the experimen-
tal protocol (6). This is not always possible if we wish to
consider a complex model and if the choice of experimen-
tal protocol is too limited. The graphical methods only
give some parameter values and are based on simplifying
hypotheses, very simple models or special protocols. Often,
these graphical methods only allow the identification of a
composite parameter such as the product of the association
rate constant and the receptor concentration (7).

In this study, we have envisaged the two approaches.
However, the fitting method, as suggested in (6,8), appears
difficult to use because of the presence of metabolites
which make the input function difficult to measure and
also inaccurate. So, we propose an original graphical
method based on a special protocol and on certain hy-
potheses which are justified in the case of CGP 12177.
With this method we can obtain the concentration of beta-
adrenergic receptor sites in vivo without having to measure
the input function and the metabolites.

MATERIALS AND METHODS

Animal Preparation

Male or female beagle dogs, weighing 10-12 kg were fasted
overnight before the experiment. They were anesthetized first
with a bolus of sodium thiopental (25 mg/kg) followed by a
continuous injection at a rate of 5 mg/kg/hr. All dogs had
undergone an endotracheal intubation and were ventilated with
room air by a respirator (Monnal D Medical). A catheter to inject
the ligand was inserted in the right atrium via the jugular vein,
while a second catheter was inserted into the aorta via a femoral
artery to withdraw arterial blood. The animals were monitored
continuously by an electrocardiogram.

Preparation of (£)[''C]JCGP 12177

4-(3-t-butylamino-2-hydroxypropoxy)-benzimidazol-one ((+)
CGP 12177) was labeled with carbon-11 using CGP 17704 as a
precursor and [''C]phosgen (9). Labeled material was purified
using high-performance liquid chromatography, the specific ra-
dioactivity varying from 400 to 1300 mCi/umole (15 - 48 GBq/
umole) at the time of injection.

Plasma Radioactive Concentration Measurements.

Arterial blood samples were collected from the aorta when the
measurement of the plasma time-activity curve, Cy(t), was nec-
essary. After rapid centrifugation of sampled blood, the ''C
radioactive concentration in plasma was measured in a gamma
counting system (Kontron CG 4000). The time-activity curves
were corrected for physical decay of ''C activity from time To.
Plasma concentrations were expressed as pmole/ml after dividing
by the specific radioactivity.

Metabolite Measurement Methods

The experimental process used for measuring the concentra-
tion of unmetabolized (+)[''C]CGP 12177 has been described
(10). About 50-80 mCi (1.8-3 GBq) of (+)[''CICGP 12177 were
intravenously injected and blood samples were collected between
1 and 30 min. Plasma radioactive concentrations were measured
after centrifugation. For the measurement of unchanged labeled
CGP in plasma, 2 ml of methanol were added to 0.2 ml of
plasma. After centrifugation, the precipitate was resuspended and
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washed in 1 ml of methanol. After the methanolic supernatant
was evaporated, the residue was dissolved with 20 ul of methanol
and analyzed by thin-layer chromatography (TLC) on silica gel
(Si60 F254, Merck) and on reverse-phase support (RP18 F254,
Merck). Ascending free migration or over-pressure liquid chro-
matography was used to separate radioactive compounds which
were measured using a radiochromatogram analyzer.

PET Measurements

PET studies were performed using a seven-slice, time-of-flight
assisted positron camera (//) (LETI TTVO0l, Commissariat a
I’Energie Atomique, Grenoble, France). Each slice was 13 mm
thick and spatial transverse resolution was 12 mm. Transmission
scans were performed with a rotating ®Ge source to correct
emission scans for 511 keV photon gamma-ray attenuation
through the thorax. Emission data were recorded in list mode
starting with the first injection of [''C]JCGP 12177 until the end
of the experiment.

Sequential images, from one of the seven cross sections inter-
secting the ventricular septum, were selected for analysis. Outer
myocardial boundaries were automatically defined with an iso-
contour plotting routine. The 80% isocontour which was selected
on a 20-min image included the septum and the left ventricular
wall. Radioactivity was measured in each region of interest after
correction for ''C decay and expressed as pmole/ml after nor-
malization using the specific radioactivity measured at time T,.
Calibration was performed every week by the use of a cylindrical
phantom containing a uniform source of %Ge.

Myocardial wall thickness was measured postmortem and PET
data were corrected for count recovery loss. This loss was due to
the small size of the heart wall compared to the spatial resolution
of PET. This correction was performed using a recovery factor
measured experimentally on a heart phantom with the same PET
system. The thickness of the ventricular septum and lateral wall
of the left ventricle was measured after death and was found to
be 10 £ 0.2 mm (/2). The ratio of true-to-measured concentra-
tion was equal to 0.45 for a 10-mm thickness in our phantom
calibration experiments. True [''CJCGP 12177 concentrations
were obtained by dividing the measured concentration values by
this 0.45 recovery coefficient.

Experimental Protocol

The protocol included three injections of [''CJCGP 12177
and/or CGP 12177. A trace dose, Dy, of [''CJCGP 12177 was
intravenously injected for about 1 min at the beginning of the
experiment (time To). At time T, we injected a mixture of labeled
and unlabeled CGP 12177 in the same syringe (“co-injection”
experiment). The injected amounts of labeled and unlabeled
ligand were denoted by D and D,, respectively. [''C]JCGP 12177
injected at T, and T, was produced by the same synthesis so that
the specific radioactivity measured at T, was identical for both
injections. At time T, a third injection, consisting of an addi-
tional intravenous injection of an excess of unlabeled ligand (dose
D,), was performed (“displacement” experiment). Exact timing
and doses administered during the five experiments are given in
Table 1.

The Ligand-Receptor Model

The in vivo kinetics of labeled CGP 12177 between blood and
beta-adrenergic receptor sites are composed of two basic proc-
esses. First, the free ligand is transferred from plasma to tissue,
and second, the ligand binds to available free receptor sites.
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FIGURE 1. Compartmental ligand-receptor model used to es-
timate the concentration of receptor by a graphical method. The
upper part represents the possible model describing the kinetics
of the radioligand (quantities denoted with a star superscript) and
the lower part, the same model associated with the unlabeled
ligand (quantities denoted without a star superscript). The struc-
ture of this model is undefined except for the part conceming the
ligand-receptor interactions which includes the free ligand com-
partment concentration (F or F*) and the bound ligand compart-
ment concentration (B or B*). All transfer kinetics between com-
partments are linear except for the binding probability which
depends on the biomolecular association rate constant and on
the local concentration of free receptor sites. The PET data
represent the sum of the concentrations of the labeled ligand in
all compartments. The unlabeled ligand is not directly observable
with PET, but the concentration of the unlabeled bound ligand
has an effect on the local concentration of free receptor sites and
consequently on the binding probability of free radioligand.

The ligand-receptor interaction is considered to be similar in
both the in vivo and in vitro approach (2). We assume that a
boundary layer, containing free ligand at a given concentration,
F*(t), is formed in the interstitial space close to the myocardial
cells (13). The free ligand may bind directly to a free receptor
site, escape to other compartments, or possibly bind nonspecifi-
cally (Fig. 1). We may also include the nonspecific and reversible
binding in the free ligand compartment, F*, if the association-
dissociation kinetic rate constants are much higher than the other
rate constants (/4,15). In a simple case where the ligand binds
reversibly to a single class of independent sites, the specific
binding probability depends on the bimolecular association rate
constant and on the local concentration of free receptor sites,
which is equal to [Bmnax — B*(t)], where B, is the unknown
concentration of free receptor sites available for binding and B*(t)
is the concentration of labeled ligand bound to receptors. The
association rate constant is denoted by k,,/Vgr (as ml pmole™'
min~'), where Vg (as ml/ml) is the volume of reaction defined as
the fraction of the region of interest in which the ligand can react
with receptors (6). The rate constant for the dissociation of the
bound ligand is denoted by k-,. The ratio of k-, to k., defines
the equilibrium dissociation constant K,.

The number of compartments and the model structure repre-
senting the transfer of the free ligand from plasma to tissue may
differ depending on the human organ, the molecule, or the
experimental protocol used [see detailed and critical reviews of
the quantitative models in refferences (6,7,13-17). In the model
diagram represented in Figure 1, the sum of the transfer constants
from the free ligand in the boundary layer (concentration F*(t))
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to all other compartments, except to the bound ligand compart-
ment, is denoted by k. The flux of labeled ligand in the opposite
direction is denoted by g*(t).

The protocol included injections of unlabeled ligand during
displacement and coinjection experiments. The kinetics of the
unlabeled ligand are not seen directly by PET data, but they
affect the local concentration of free receptor sites and thus the
kinetics of the labeled ligand. Therefore, the kinetics of the
unlabeled ligand must be taken into account in the model. The
notations indicating the concentration of the unlabeled ligand
are similar to those used for the labeled ligand but without an
asterisk.

The ligand-receptor kinetics, shown in the model diagram in
Figure 1, is described by the following equation system, which
presents two sets of two equations representing the labeled and
unlabeled ligand kinetics (6):

dF(t) _ _ _ka
T g*t) — k F¥(t) Ve
. (B — B¥(t) — BOJFY(t) + k. B¥0) Eq. I
4B _ ke g — BY(t) - BOIF*W) - kBt  Eq.2
dt A"
FO_ e ke
T g - kR -
. [Binax — B*(1) = BOJF() + koiB(1) Eq.3
0 = 3 B - B0 - BOIFW® - k-BO)  Ea.4
R
F*(0) = B*(0) = F(0) = B0) =0 Eq. 5

The unlabeled ligand kinetics were assumed to be similar to
those of the labeled ligand. Thus, the model structure and the
parameter values are the same in both parts of this model (see
Fig. 1).

Hypotheses

The proposed method can only be used if the myocardial time-
activity curve rapidly becomes a straight line on a logarithmic
scale after injecting the labeled ligand. We were able to distinguish
from our experiments the fast kinetic periods (between the time
of a labeled ligand injection and the beginning of a straight line)
and the slow kinetic periods (represented by a straight line). With
the proposed protocol, we had two fast kinetic periods and three
slow kinetic periods (Figs. 2 and 3). This graphical method is
based on the model diagram shown in Figure 1 and on four
hypotheses; three related to the kinetics of the ligand (Hypotheses
1-3) and one to the injected doses (Hypothesis 4).

Hypothesis 1: During a slow kinetic period, the measured PET
concentrations principally representd the bound radioligand con-
centration.

Hypothesis 2: The dissociation rate constant was sufficiently
low so that the dissociations can be neglected during a fast kinetic
period.

Hypothesis 3: The function F*(t) (or F(t)) indicated that the
free ligand concentration was equal to the product of the injected
dose of labeled (or unlabeled) ligand by a unknown function
F(t), assumed to represent the free ligand concentration obtained
after an injected dose equal to 1 nM.

Hypothesis 4: After the first injection (a trace amount of
labeled ligand), the labeled bound ligand concentration (B*(t))
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FIGURE 2. Schematic representation of a myocardial time-
concentration curve showing the graphical measurements. The
experimental protocol is defined by the injection times (To, T,
and T,) and by the injected doses of [''C]JCGP (D; with star
superscript) or unlabeled CGP (D; without star superscript). The
measurements of the two concentrations, C5 and Cj, are suffi-
cient to estimate the concentration of available receptor sites
Bmex. The use of the three slopes So, S and S, allows the
estimation of the dissociation rate constant and the composite
parameter k../(k.Vg) (See text).

CGP 12177 :

was negligible compared to B,.x and after the second injection (a
mixture of labeled or unlabeled ligand), it is negligible compared
to the concentration of the receptor sites occupied by the unla-
beled ligand. This hypothesis, which was easily verified using
well-chosen injected doses, was very useful for simplifying the
calculations. However, this hypothesis was not essential and the
results were also given without it.

The validity of these hypotheses has been justified for CGP
12177 as shown in the Discussion section.

Graphical Determination of the Receptor Density
In order to estimate the receptor concentration, we used two
experimental myocardial concentration values obtained from the
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FIGURE 3. Example of the myocardial time-activity curve fol-
lowing injection of (+)["'C]JCGP 12177. Exact timing, doses, and
results are given in Tables 1 and 2 (experiment 1).
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PET time-activity curve. First, Cy, which represents the intercept
at the concentration axis of the straight line on a logarithmic
scale corresponding to the slow kinetics following the first injec-
tion. Second, Cj, which represents the difference between the
concentration at T, extrapolated from the straight line obtained
after the second injection, and the concentration measured just
before this second injection (Fig. 2).

The proposed graphical method estimated the receptor con-
centration using five values: the two measured concentrations
C; and C}, and the three doses D, D}, and D,, which was the
labeled or unlabeled CGP 12177 injected at time T, and T,.

The first injection being a tracer injection, the concentration
B*(t) was very low compared to B... (Hypothesis 4). Therefore,
we can consider the model as a linear model with a binding rate
constant equal to k,;Bna./Vr. The function, F¥(t), the evolution
of the concentration of the free labeled ligand in the boundary
layer, was an unknown function, but we assumed that it became
negligible after a fast kinetic period (Hypothesis 1). Consequently,
by integrating Equation 2 and ignoring the dissociation of the
bound ligand (k-,B*(t)) (Hypothesis 2), we obtained the following
equation:

ki

1]
B*(%) = V_RB;naxl: F*(7)dr,

Eq. 6

where 6 represents the duration of the fast kinetic period. From
Hypothesis 3, we have for any injected dose py;

8
I F¥(r)dr = D, Eq.7

3
v = I Fi(r)dr.

The measured concentration Cp corresponds about to B*(3)
(Hypothesis 1) and therefore we deduced from Equations 6 and
7 that Cj can be written as:

where

Eq. 8

Co = K+1YBmaxDo/ Vi, Eq.9
and therefore
CoVr
=T . . . 10
7 = BouDi Eq

At time T,, we injected both labeled and unlabeled ligand.
Since the injected unlabeled ligand quantity was much greater
than the injected labeled ligand quantity, we consider, the labeled
ligand as a tracer of the unlabeled ligand kinetics (Hypothesis 4).
Therefore, from C;, which was assumed to be an estimation of
the labeled bound ligand concentration (Hypothesis 1) resulting
from the second injection, we can estimate the concentration C,
of the unlabeled bound ligand by the following equation:

—. Eq. 11

The value of C, can also be calculated using another way.
Since B*(t) is negligible compared to B(t) (Hypothesis 4) and
since the dissociation of the bound ligand (k-,B(t)) can be ignored
during a fast kinetic period (Hypothesis 2), we deduced from
Equation 4 that the binding kinetics of the unlabeled ligand
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during the period [T,, T, + 8] was described by the following
equation:

t .
dgﬁ ) = (k+I/VR)(Bmau - B(t»F(t), te[Tl, TI + 5] Eq. 12
B(T|) =0 Eq 13
The solution of this differential equation is given by:
B(t) = B;nnx<l - e—(k‘l/VR)(J:lF(')dT)>
t€[T, T +3). Eq.14

Similar to the equivalence between C; and B*(8), we can
consider that C, corresponds about to B(T, + §). Therefore, a
second estimation of C, was obtained:

Ti+s

C, = Byl 1 — et R

Eq. 15

From Hypothesis 3, and similarly from Equation 7, we know

that
T, +8
J; F(r)dr = 9D,. Eq. 16
From Equations 15 and 16, we found that
C =B (1 — e*"Di/Vr), Eq. 17
1 max

Comparing Equations 11 and 17 and eliminating v by Equation
10, finally led to the following equation:

B;m(l

In this equation, all values were known except Bp.., which
appeared twice. The unique solution of this equation which is of
the type “[f{Bmax) = 0” can easily be obtained using a numerical
or a graphical method.

If Hypothesis 4 cannot be consider as verified, similar calcu-
lations led to the more complex equation:

GD, D
—€ B;“"D‘.’)_Clb—;l=0'

Eq. 18

(Bmax — CX(T) — ¢))
(- EEmeed)

where C*(T, — ¢) is the concentration of the labeled CGP just
before the second injection.

- IRol:O,

o Eq.19

Determination of k_, and k./(kVg)

We have assumed that the PET concentration principally
represents the labeled bound ligand during the slow kinetic pe-
riods (Hypothesis 1). Therefore, the slopes of the straight line on
a logarithmic scale were a function of the number of the occupied
receptor sites and of several kinetic rate constants (/3).

After the first injection, the concentration of bound ligand was
Cs, which was low when compared to the total number of
receptors Br... (Hypothesis 4). Therefore, the slope S, was very
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low and was given by the following equation:
kK
K + (K+1/Vr)Bmax

Just after the second injection, the concentration of unlabeled
bound ligand C, was given by Equation 10. If the concentration
of labeled bound ligand is considered negligible when compared
to C, (Hypothesis 4), the slope S, is given by:

k
k + (kﬂ/vk)(B;nu - C:%;)

So= k-, Eq. 20

S] = k-|

Eq. 21

The third injection was an injection of a large amount of
unlabeled ligand, and we can consider that all the receptor sites
were occupied. Therefore, from the slope S, we immediately
deduced an estimation of the dissociation rate constant k_,:

k- =S, Eq. 22

From Equations 20-22, we calculated two estimations of the
ratio k,,/(k.VR) using the following equations:

ka _(S:_ U

- (so - Eq. 23
ke _ (S !
v = ( Eq.24

RESULTS

Myocardial and Plasma Time-activity Curves

Five dog experiments were performed according to the
experimental protocol previously described using three
injections. The time-concentration curves of labeled ligand
in the myocardium reached a maximum (0.92 + 0.07
pmole/ml™' per nM injected) within the first minute fol-
lowing the first injection. Then, the curves fell rapidly and
during the period (8 min, T,) they presented a plateau at
a level of 0.46 + 0.03 pmole/ml~' per nM injected, with a
low slope estimated at 0.0044 + 0.0015 min~' (Fig. 3).
The same phenomenon was observed after the second
injection, the slope of the curve appeared constant on a
logarithmic scale during the period [T, + 8 min, T,]
(0.0059 + 0.0005 min~'). However, this second injection
including unlabeled ligand, and the height of the second
plateau (C}) was lower than the height of the first (Cp),
depending on the injected amount D, of the unlabeled
CGP. This ratio C}/D; was respectively 0.242 and 0.247
pmole ml™' per nM injected in the two experiments using
a dose D, equal to 0.025 mg (Exp. 1 and 2), and it was
respectively 0.289, 0.302, and 0.366 when D, was respec-
tively equal to 0.020 mg (Exp. 5), 0.015 mg (Exp. 3), and
0.010 mg (Exp. 4). The injection of an excess of unlabeled
ligand (injection 3) at time T led to a significant modifi-
cation of the curve slopes which became steeper (0.0137
+0.0018 min™!).

No significant change in canine heart rate was observed
during continuous monitoring, even after the largest
amounts of CGP were injected.
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Metabolite Study

An experiment was performed with a single injection of
2.5 mCi (0.092 GBq) of [''C]JCGP 12177 with high-specific
activity (380 mCi/umole, 14 GBq/umole), which also
included the measurement of the plasma concentration
(Fig. 4). The time-concentration curve of labeled ligand in
the plasma had a maximum (25.7 pmole/ml) within the
first minute. It then fell rapidly but remained significant
throughout the experiment: 2.3 pmole/ml at 10 min and
0.8 pmole/ml at 50 min. The myocardial concentration
measured by PET had a smaller maximum (5.8 pmole/
ml) and it appeared constant (about 4 pmole/ml) during
the 8-50-min period whereas the plasma concentration
was divided by about three.

The comparison of radioactivity in the protein precipi-
tate and the corresponding untreated plasmatic sample
showed that more than 90% of the radioactivity was
collected in methanol from plasma and analyzed by TLC.
Radiochromatogram analysis obtained in normal and re-
verse phases were similar. These measurements showed
that the labeled CGP metabolites appeared very quickly,
the fraction of unmetabolized CGP ranging from 10% to
15% at 5 min and less than 5% at 20 min. Figure 5 displays
a typical radio-TLC silica gel analysis that provides a way
of estimating of the percentage of unmetabolized CGP
12177 in plasma. In Figure 4, the single injection experi-
ment, the plasma concentration of unmetabolized CGP
12177 was traced, which allowed the comparison of this
curve with the plasma concentration without correction.
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FIGURE 4. Example of the myocardial and plasma time-activity
curves following a single injection of (+)['"'CICGP 12177. (@):
Concentration of labeled CGP in dog heart measured by PET.
(¢ X 5): Arterial plasma radioactive concentration uncorrected
for metabolites. (x* X 5): Plasma concentration of unmetabolized
(£)["'C]ICGP 12177. During the period 5-50 min, the myocardial
concentration appeared almost constant, whereas the plasma
radioactive concentration was divided by three. Since the plasma
concentration of unmetabolized CGP appeared negligible after 5
min, these results suggest that this last curve is much closer to
the true input function than the uncorrected plasma radioactivity
curve.
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FIGURE 5. Typical radiochromatogram obtained after TLC sil-
ica gel analysis. These results showed that the labeled (+)CGP
12177 metabolites appeared very quickly. The fraction of unme-
tabolized (+)CGP 12177 ranged from 10% to 15% at 5 min and
less than 5% at 30 min.

Beta-Adrenergic Receptor Density and Kinetic Rate
Constants

Table 1 gives the detailed timing, the injected doses, and
the concentrations (C; and C}) measured in all five exper-
iments. In the first three experiments, the two injected
labeled CGP doses (Dp and D)) were almost similar. In the
two other experiments, the dose D was two or three times
larger than the first dose Dj in order to compensate for
the increase of the experimental uncertainties associated
with ''C decay during the second slow kinetic period. In
the same experiments, the times between the three injec-
tions were longer in order to improve the accuracy of the
So and S, slopes.

Two estimations of the receptor concentration By, are
given in Table 1. The first estimation was obtained by
solving Equation 18, the second by solving Equation 19.
Hypothesis 4 only needs to be verified in the first case.
The means and the usual standard deviations were calcu-
lated from the five experiments. The results obtained from
the two equations were similar (Table 1): it was found that
Bmax Was 30.9 + 3.7 pmole/ml tissue with Hypothesis 4
and 29.4 + 3.4 pmole/ml tissue without this hypothesis.

Table 2 gives the slopes P,, P,, and P; graphically
measured and the estimations of parameter k_, and of the
composite parameter k.,/(k.Vg) deduced from Equations
22 and 23. The dissociation rate constant k_, was found
to be equal to 0.014 = 0.002 min~'. The parameter k.,/
(k.VR) was estimated to 0.10 + 0.07 min~' when the slopes
So and S, were used (Equation 22) and 0.17 + 0.04 min™'
when the slopes S, and S; were used (Equation 23).

DISCUSSION

We have previously shown that the hydrophilic com-
pound (+)[''CJCGP 12177 met all the criteria needed to
characterize the specific binding of a ligand to its receptor
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TABLE 1
Numerical Values of the Protocol Parameters (Injection Times and Injected Doses) of the Two Concentration Graphical
Measurements and of the B’ max Estimations Corresponding to the Five Experiments Performed.

Units Exp. 1 Exp. 2 Exp. 3 Exp. 4 Exp. 5 Means + s.d.
SA. mCi/uM 933 392 820 1318 1070

Timing and injected doses
Initial Injection (To = 0)

D% M 48 9.4 3.5 1.7 19
Coinjection

T, min 30 30 30 40 40

" M 5.6 6.9 37 3.6 59

D, mg 0.025 0.015 0.010 0.020 0.025
Displacement

T. min 70 70 70 90 90

D, mg 6 6 1 1 1
Exp. Dur. min 100 100 100 120 120
Concentration graphical measurements
Co + s.e. pmoleml™' 221+002 365+0.03 174+002 0.82+0.06 091+0.02

Y £ s.e. pmolemI™* 139+0.13 1.71+019 1.12+0.12 132+006 1.71+0.02
Estimations of B’ e
With Hypothesis 4

(Eq. 18)
B’max * S.€. pmoleml™* 30.2+54 354+119 245+6.7 33.7 £ 82 31.0+5.1 30937
Without Hypothesis 4

(Eq. 19)
B’max  S.€. pmolemi™' 309 +4.9 347+ 89 246 +5.6 274 +44 295+42 294+ 34

S.A. = specific activity measured at To.

s.e. = standard errors. The standard errors of C%, and C*, have been estimated using the classical approach based on the least-squares
method (see ref. 6). The standard errors of B na, are obtained by a Monte-Carlo method.

s.d. = Usual standard deviation calculated from the five experiments.

TABLE 2
Numerical Values of the Slope Graphical Measurements and of Two Kinetic Parameters Corresponding to the Five
Experiments Performed
Units Exp. 1 Exp. 2 Exp. 3 Exp. 4 Exp. 5 Means + s.d.
Slope graphical measurements
So = s.e. min~! 0.0033 + 0.0005 0.0048 + 0.0005 0.0066 + 0.0007 0.0021 + 0.0003 0.0054 + 0.0005 0.0044 + 0.0015
S, £ s.e. min~! 0.0058 + 0.0004 0.0062 + 0.0011 0.0068 + 0.0006 0.0053 + 0.0003 0.0057 + 0.0005 0.0059 + 0.0005
S, + s.e. min~! 0.0113 + 0.0005 0.0154 + 0.0013 0.0116 + 0.0010 0.0153 + 0.0014 0.0147 + 0.0026 0.0137 + 0.0018
Resulits
k- £ s.e. min~! 0.0113 £ 0.0005 0.0154 + 0.0013 0.0116 + 0.0010 0.0153 + 0.0014 0.0147 + 0.0026 0.0137 + 0.0018

Estimation of k../(k.Vr) from S, and S; (Eq. 22)
k+1/(k.Vg) £+ s.e. mi pmole™  0.08 + 0.02 0.07 £ 0.03 0.04 + 0.02 0.23 + 0.07 0.06 + 0.02 0.10 £ 0.07
Estimation of k../(k.Vg) from S; and S (Eq. 23)
k+1/(k.Va) £ s.e. mipmole™  0.16 + 0.10 0.15 + 0.09 0.12 £ 0.09 0.16 + 0.08 0.25 + 0.14 0.17 +£ 0.04

s.e. = standard errors estimated according to the classical approach based on the least-squares method (see ref. 6).
s.d. = usual standard deviation calculated from the five experiments.
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site. A high ventricular myocardial uptake was seen in
dogs and in normal volunteers after intravenous injection
of a trace dose of (x)[''CJCGP 12177 (2,18). The rapid
intravenous injection of an excess of cold CGP or pindolol,
26 min after the radioligand injection, led to rapid decrease
in myocardial radioactivity. The percentage of radioligand
displaced 30 min after injection of the excess of cold
compound was related to the amount of cold CGP or
pindolol injected for displacement and to the degree of the
decrease in the heart rate. Both physiologic effect and
binding inhibition were synchronous (2,/8). The same
patterns of inhibition were seen in the present study when
increasing amounts of unlabeled CGP 12177 were injected
attime T, and T,.

The goal of this work was to measure the beta-adrenergic
receptor density and the rate constants describing the
binding kinetics in vivo using the same ligand. One of the
principal advantages of CGP 12177 for in vivo cardiac
studies is its low nonspecific binding because the fraction
of nonspecific binding is much more difficult to evaluate
in the heart than in the brain where one can often find
some regions without receptor sites, e.g., the cerebellum
when studying the D2 receptors (7,15). The other principal
advantage is that CGP 12177 binds to plasma-membrane
receptors and thus a decrease of receptors due to a move-
ment of the receptors from the plasma membrane to a
vesicular cell compartment can be detected although there
is no change in the total number of receptor sites. A rapid
decrease in the number of receptors detectable with CGP
12177 has been observed during the desensitization of the
beta-adrenergic receptors (5). An externalization of beta-
adrenergic receptors has been observed after 1 hr of myo-
cardial ischemia in guinea pig and dog heart (19,20).

The Kinetic Approach and the Metabolites

We have investigated the possibility of modeling the
interactions of the (+)[''C]JCGP with cardiae beta-adrener-
gic receptors using data obtained from a single injection
(Fig. 4). Using the plasma concentration values obtained
from arterial samples as input function, we have tested all
the classical models containing less than five parameters.
However, with the linear models, the fits were never sat-
isfactory. These simple models could not explain why,
after an injection of [''C]CGP at high-specific activity, the
PET concentration was constant or decreased very slowly
during the 8-50-min period, whereas the plasma concen-
tration was divided by three. We therefore suspected that
the plasma curve was not representative of the input
function in the myocardium. The only good fit was ob-
tained with a non-linear model in which the receptor
density was such that all receptors could be occupied 7
min after the initial tracer injection. This explanation
seemed unacceptable, so we concluded that the stability of
the PET concentration 8 min after an injection must be
explained by the absence or a very slight transfer between
the blood and the tissue. This supposes that the apparent
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dissociation rate constant is very low and that the true
input function becomes rapidly negligible.

The metabolite study showed that the metabolism of
(£)CGP 12177 was very fast and that the unmetabolized
ligand concentration in the plasma disappeared 5 min
after the injection. Therefore, the apparent disappearance
of the transfers between blood and tissue at the same time,
may be explained by the fact that metabolites enter the
myocardium very slowly or do not enter it at all. The
modeling of the myocardial time-concentration curve,
using the unmetabolized labeled concentration in the
plasma as input function, was tested. However, the uncer-
tainties of the input function (difficult to estimate but
probably about 50%) due to the measurement method,
and the very small percentage of unmetabolized ligand,
resulted in inaccurate identification of the model param-
eters (e.g. about 60% for B, in the best cases).

The Graphical Method and its Hypotheses

This graphical method has the main advantage of not
using an input function, which is possible because of
Hypothesis 3. The unknown ratio from the integral of the
free ligand concentration curve to the injected dose (coef-
ficient v in Equations 7 and 16) is eliminated by compar-
ing the data after the first two injections. An important
consequence of this method without input function is that
the structure of the model between the plasma compart-
ment and the free ligand compartment (F* or F) can
remain unknown. For example, we have included an
unknown number of intermediate compartments and a
possible nonspecific binding compartment in Figure 2.
Another advantage of the absence of an input function is
that we do not have to measure the metabolites. Our
assumption, that the CGP metabolites have difficulty en-
tering the myocardium, is not essential and there is no
inconvenience if a small percentage of metabolites reach
the tissue, providing the percentage is similar after the first
two injections. Similarly, the influence of the local myo-
cardial blood flow is not taken into account, provided the
condition of local blood flow is not modified between the
first two injections.

This graphical method for estimating B, is based on
four hypotheses. The first hypothesis assumes that the PET
data of a slow kinetic period correspond principally to the
labeled ligand concentration. This is justified by the fact
that after a fast kinetic period resulting from an injection
of high-specific activity the concentration is constant (or
with a slight decrease) and it can only be significantly
modified by an injection of unlabeled ligand. During an
experiment (Fig. 6), we studied the displacement curve
over a long period (70 min). After an initial injection of
3.2 nM (0.12 GBq) of [''C]JCGP 12177, an injection of an
excess of unlabeled CGP 12177 (6 mg) was given 30 min
later. The curve appears as a straight line on a logarithmic
scale, from the displacement time right up to the end of
the experiment. Seventy minutes after an injection of an
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FIGURE 6. Example of a displacement experiment. After an
initial injection of 3.2 nM (0.12 GBq) of (+)[''C]JCGP 12177, an
injection of an excess of unlabeled CGP (6 mg) was performed
at 30 min. The curve appears as a straight line on a logarithmic
scale after the displacement time.

excess of unlabeled ligand, 70% of the unlabeled CGP was
displaced. The short period of [''C] does not allow the
measurement of the undisplaceable fraction corresponding
to a nonspecific binding, but previous studies showed that
this fraction was small (3,4).

From the estimated value of the dissociation rate con-
stant, we deduced that the maximum error, resulting from
the neglect of the dissociations during a fast kinetic period
(Hypothesis 2), was about 6.5%. However, taking into
account the rebinding phenomenon (see later) and the fact
that the concentrations C; and C] were extrapolated at
times 0 and T, respectively (and not measured at the end
of the fast kinetic periods), we estimate that the true error
is about 1% or 2%.

The third hypothesis assumes that the free ligand con-
centration (curves F(t) or F*(t)), is the product at any time
of the corresponding injected dose by the corresponding
concentration given by a curve F,(t). This property is
correct with a linear model and therefore entirely valid for
the first tracer injection. After the second injection, the
binding probability and thus the free ligand concentration
depends on the concentration of receptor sites occupied
by the unlabeled ligand. So, Hypothesis 3 is only an
approximation if the percentage of occupied receptor sites
is large. For example, the simulations showed that if 50%
of the receptor sites were occupied at the end of the second
fast kinetic period, the integral of the F(t) corresponding
to the unlabeled free ligand is underestimated by about
15% by Equation 16, which leads to an overestimation of
Bmax Of about 8%. This error can be decreased by reducing
the dose D,. However, since the estimation of By, is based
on the comparison of the concentration between the first
and the second slow kinetic periods, it is essential that the
percentage of receptor sites occupied during the second
period was significant. If it is too low, the bias introduced
by Hypothesis 3 becomes negligible but the estimates of
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the standard error become much greater. In practice, the
percentage of the receptor sites occupied at the end of the
second fast kinetic period 30%-50% seems to be the best
solution, because the bias introduced by the Hypothesis 3
is much smaller than the standard error estimates.

The injection of [''CJCGP 12177 cannot always be
considered as a tracer injection. For example, in experi-
ment 3, about 10% of receptor sites are occupied after the
first injection. Therefore, the equation given the B, value
without Hypothesis 4 has been established (Equation 19).
However, the comparison between the results obtained
with and without this hypothesis (Table 1) shows that the
differences are not significant.

Parameter Values

The density of beta-adrenergic receptors has been stud-
ied by in vitro methods and found to be different in each
species. In biopsied specimens of the human left ventricle,
the B, was from 30 to 79 pmole/g of protein by ['*]]
cyanopindolol (2/-23), which equaled 152, 150, and 311
pmole/g of protein in the rat, rabbit, and dog, respectively,
using [*H]dihydroaprenolol (24). However, the results ob-
tained by in vitro methods and by PET are difficult to
compare since the first results are expressed as pmole/g of
protein and the second as pmole/ml of tissue. Our result
(Bmax = 29.4 £ 3.4 pmole/ml tissue) can be compared to
the result obtained in dog using [*H]dihydroaprenolol, if
the percentage of tissue protein is estimated at 10%, which
is a usual value.

The slopes of the curves after displacement showed that
the dissociation rate constant is significant (0.0137 +
0.0018 min™"'), indicating that about 1.4% of specifically
bound ligand dissociated from the receptor sites every
minute throughout the experiment. This is low but far
from negligible. Therefore, the presence of a plateau, after
the injection of ligand at high specific activity, is not an
indication of the irreversibility of the ligand-receptor bind-
ing. It means that a ligand which dissociates from a recep-
tor site has a higher probability of rebinding to the same
or another free receptor site rather than escaping into
capillary blood. From the obtained parameter values, we
can estimate the probability of rebinding of a dissociated
ligand by the ratio (ks i(Bmax — B*(t) — B(t)))/(Vrk +
K+1(Bmax — B*(t) — B(t). It appears that this probability of
rebinding is about 83% after the first injection (with a
nonsignificant part of receptor sites occupied by (+)[''C]
CGP) and about 78% after the second (with about 50% of
receptor sites occupied particularly by unlabeled CGP).
The slight difference between these probabilities, in spite
of the number of free sites divided by two, explains why
the slopes So (0.0044 + 0.0015 min~') and S, (0.0059 +
0.0005 min™') do not appear to be very different.

The affinity constant Ky cannot be identified by this
approach since we can only estimate the composite param-
eter K4.k.Vg, which is found to be equal to about 0.1
pmole ml~! min~'.
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CONCLUSION

This study shows that it is possible to measure nonin-
vasively beta-adrenergic receptor density in the living
heart. It thus becomes possible to investigate possible
changes in receptor density in patients. The relative insen-
sitivity of the failing human heart to sympathetic stimuli
could result in part from down-regulation of beta-adrener-
gic receptors, although a functional abnormality of the G
stimulatory protein has also been demonstrated (25,26).
Experimental myocardial ischemia provokes a rapid exter-
nalization of the beta-receptors by up to 50% (27) coupled
to an increase in circulating catecholamines, which could
explain the increased frequency of ventricular arrhytmias
occurring after myocardial infarction. Beta blockade pro-
duces up-regulation of cardiac beta-receptors. These
changes could be measured with PET and ''C-CGP 12177
since this ligand binds only to cell surface receptors and is
not internalized (5).
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