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Abstract

This paper discusses the effect of mass (chemical quantity) of injected dose on positron emission tomography (PET) and single-photon
emission computed tomography (SPECT). Commonly, PET or SPECT imaging study uses a “no-carrier added” dose, which contains a small
amount of radioactive imaging agent (in picogram to microgram). For small animal (rodent) imaging studies, specifically targeting binding
sites or biological processes, the mass (chemical quantity) in the dose may significantly modify the binding, pharmacokinetics and,
ultimately, the imaging outcome. Due to differences in size and other physiological factors between humans and rodents, there is a dramatic
divergence of mass effect between small animal and human imaging study. In small animal imaging studies, the mass, or effective dose
(EDsyp), a dose required for 50% of receptor or binding site occupancy, is usually not directly related to binding potential (B ,,x/K4) (measured
by in vitro binding assay). It is likely that dynamic interplays between specific and nonspecific binding in blood circulation, transient lung
retention, kidney excretion, liver—gallbladder flow, soft tissue retention as well as metabolism could each play a significant role in
determining the concentration of the tracer in the target regions. When using small animal imaging for studying drug occupancy (either by a

pretreatment, coinjection or chasing dose), the mass effects on imaging outcome are important factors for consideration.

© 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Gamma emitting radioactive imaging agents (radiola-
beled tracers), commonly used for positron emission

Abbreviations: ADAM, (SERT ligand) 2-[(2-amino-4-iodophenyl)thio]-
N,N-dimethyl-benzenemethanamine, [305352-10-7]; CFT, (DAT ligand)
3-[4-(fluoro-'*F)phenyl]-8-methyl-, 8-azabicyclo[3.2.1]octane-2-carboxylic
acid, methyl ester, (1R,25,35,55)-(WIN35428) [178693-47-5]; DAT,
dopamine transporter; DASB, (SERT ligand) 3-amino-4-(2-dimethylami-
nomethylphenylsulfanyl)benzonitrile; ECD, [**™Tc]-ethyl cysteinate dimer;
FDG, 2-fluoro-2-deoxy-D-glucose; HMPAO, [**™Tc]-D,L-hexamethylpro-
pylene amine oxime; IBZM, (dopamine D,/Dj receptor ligand) N-[[(2S)-
1-ethyl-2-pyrrolidinylJmethyl]-2-hydroxy-3-iodo-6-methoxy-benzamide
[84226-06-2]; IMP lofetamine, N-isopropyl-p-iodoamphetamine; 6-Fluoro-
DOPA, 2-Fluoro-5-hydroxy-L-tyrosine; IMPY, 6-iodo-2-(4'-dimethyla-
mino-)phenyl-imidazo[1,2]pyridine; Raclopride, 3,5-dichloro-N-[[(2S)-
1-ethyl-2-pyrrolidinylJmethyl]-2-hydroxy-6-methoxy-benzamide [84225-
95-6] (dopamine D,/Ds receptor ligand); SERT, serotonin transporter;
WAY 100635, (5-HTIA ligand) N-[2-[4-(2-methoxyphenyl)-1-piperazinyl]
ethyl]-N-2-pyridinyl-cyclohexanecarboxamide, [146714-97-8].
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tomography (PET) and single-photon emission computed
tomography (SPECT) targeting receptors or specific binding
sites, are prepared in a high specific activity. In human
imaging studies, only a small chemical amount of tracer is
injected (in a range of picogram to microgram). This tracer
dose has several advantages, including conforming to true
tracer kinetics and giving a lower or negligible toxicity.
Recent advances in small animal imaging with the same
human tracers have led to a burgeoning of efforts in
applying these imaging agents targeting receptors or specific
binding sites or enzymatic reactions in small animals
(rodents including rats and mice) [1-12]. Small rodent
imaging quantitatively accesses the status of gene expres-
sion, including the number of receptors or specific binding
sites, in the same animal by repeating imaging studies. This
approach may reduce the individual differences and provide
longitudinal information on the receptor or specific binding
sites in the same animal. The SPECT or PET imaging of
rodents is useful to examine macro changes in relation to the
uptake and retention due to the presence of specific
receptors or binding sites in the whole volume of tissues
or organs. Quantitative evaluation of specific binding sites
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in vivo is often difficult to assess by other imaging
techniques. Recently, many transgenic models have been
developed in mice or rats as animal models for various
human diseases. Imaging of these rodents can provide a
method for testing changes of specific receptors or binding
sites in the animals after genetic manipulations without
autopsy. Theoretically, by repeated imaging studies in
the same animal we can reduce the total number of animals
for a study [3,13]. To fully explore the feasibility of small
animal imaging studies of limited binding sites, careful
consideration of the effect of total chemical quantity (mass)
in the injected dose is very important for the success of
imaging outcome.

2. Three types of uptake and retention mechanisms

Generally, there are three types of mechanisms of uptake
and retention of radiopharmaceuticals [13]: (1) nonsaturable
binding (examples: ['®F]fluoride for active bone surface
uptake [14] ['"O]water, ['**I]IMP, [**™Tc]ECD and
[*™Tc]HMPAO for regional cerebral perfusion study
[15]), (2) intermediate saturable binding sites (examples:
["®F]6-fluoro-metatyrosine [16] or ['*F]6-fluoro-DOPA [17]
measuring aromatic amino acid decarboxylase and
['®F]JFDG measuring glucose transporter and hexokinase
[18,19]), (3) saturable binding sites (examples: [''C]raclo-
pride [20,21] and ['**I]IBZM [22,23] for dopamine D,/D;
receptors; [''C]DASB [24,25] and ['**T]JADAM [26,27] for
serotonin transporters; ['*IJIMPY for imaging p-amyloid
plaques [28,29] and ['"'In]Octreotide for imaging somato-
statin receptors [30]). This paper will focus on the
mass effect on imaging of saturable binding sites. Spe-
cial emphasis will be on the mass effect of imaging
dopamine D,/Ds receptors and serotonin transporters in
the rat brain.

For imaging saturable binding sites, an extra amount of
“carrier” is often added in vivo to study the “saturability” of
binding sites by the extra mass. Presumably, the presence
of the extra chemical mass will compete and eventually
overwhelm, or saturate, the binding sites. By using
escalating “carrier-added” doses, the effective dose (EDs),
which blocks 50% of specific binding, can be estimated
(Fig. 1). The results demonstrate that the number of binding
sites is limited. The competition between the “hot” and the
“cold” compounds provides further evidence that the
binding to the target sites is saturable and highly specific.
As such, the EDs value is related to the binding potential
(Bmax/Kq) of target sites. However, in vivo experiments
appear not to reflect a direct relationship; the binding
potential is not a good predictor of EDs, value. The K4 and
B ax values measured by in vitro equilibrium binding assays
are not useful to predict dynamic in vivo saturation
experiments (EDso value) in living animals, because of
other physiological factors, such as in vivo metabolism
(which is mass dependent), in vivo nonspecific binding and
excretion in the blood, lungs, kidneys and other tissues or
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Fig. 1. Saturation of specific binding sites by carrier-added ligand [L] can
be defined by the ligand concentration, which reduces the specific binding
signal by 50% (EDs). The specific binding can be determined by escalating
carrier doses and using either ex vivo dissection techniques, or in vivo small
animal imaging with PET or SPECT.

organs. The Ky and B, values measured by in vivo
imaging in rodents are often expressed as “apparent” Ky and
Bhax values; this is a reflection of differences between in
vitro and in vivo measurements [31].

3. Small animal vs. human — differences in size and dose

It has been reported previously [13,32] that the average
weight of humans vs. rats is 70 kg vs. 250 g (a ratio of 280).
Due to the different sizes of human head and rat head, 18
vs. 3 cm, there is a difference in attenuation by a factor of
0.3. The net difference in obtaining the same PET signal is
about 280x0.3=84 [13]. This factor may be slightly
different for SPECT, because the gamma ray energies for
single photon radionuclides are usually lower. It is
important to note that this factor based on body weight
and physical decay is often not linearly related to imaging
outcome (the actual count rate in the brain). Frequently, in
order to obtain sufficient count rates in the target areas, such
as in the brain, doses close to those in human imaging
studies are injected, and the effect of mass (a higher dose
based on mCi/kg body weight) on rodent imaging study has
been evaluated and discussed [13,20,32-34]. Previously,
[”C]raclopride was evaluated in rat brain using micro-
PET imaging [20,31]. The relative size and doses for
["'Clraclopride imaging studies in humans, rats and mice
are summarized in Table 1.

In Table 1B, it was demonstrated that if a normal
human receives a 10-mCi dose of [''CJraclopride (at the
time of injection), if the specific activity of the preparation
is 1000 Ci/mmol, then the receptor occupancy will be
below 1%, a very low occupancy [20,32]. However, if the
same study is performed in rats and only 1 mCi is injected
(same specific activity), the amount of dose will be
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Table 1
Examples on the estimation of size and dose of ['!C]raclopride (at the time
of injection) used in PET imaging

A. Estimated size of brain, striatum, midbrain and cerebellum in different
species

Body Brain Striatum Dopamine

weight weight weight D,/Dj5 receptor®
Human 70 kg 1.5 kg 40 g 13.6 nmol/kg
Rats 250 g 15¢g 0.05¢g 19.8 nmol/kg
Mice 25¢g 04¢g 0.03 g 20 nmol/kg

B. Injected doses for [''Clraclopride (the occupancy of a binding can be
estimated by Activity/(SpecificActivity*Wt)=EDs,*Occ/(1—Occ); for
raclopride EDso=17.1 nmol/kg; modified from Hume et al [32])

Dose Specific activity % Occupancy
Human 10 mCi 1000 Ci/mmol <1
1 pCi=1 pmol
Rats 1 mCi 1000 Ci/mmol 19
Mice 1 mCi 1000 Ci/mmol 70

? Receptor density in striatum.

sufficient to occupy 19% of the receptor. Apparently, the
occupancy of the receptor site is significant under this
condition; a slight increase in the dose or a decrease in the
specific activity will dramatically induce changes in
physiology, such as dyskinesia (usually observed when
more than 50% of the dopamine D,/D; receptors are
saturated). The mass effect of injected dose of [''CJraclo-
pride in rats was obtained by microPET imaging studies.
It is estimated that a 50% occupancy was observed at a
dose of 17.1 nmol/kg body weight [31]. At a tracer level
(<1.5 nmol/kg), the distribution volume ratio (DVR) of
striatum dopamine D,/D; receptors measured by microPET
imaging was 2.43. When the chemical dose was increased
to 1.6—3.7 nmol/kg (the injected dose was 0.16—0.5 mCi
with a range of specific activity of 70—770 Ci/mmol), the
DVR was 2.08, suggesting a 9-18% occupancy [20].
Using a similar calculation for [''CJraclopride imaging
study in mice, it is estimated that the same 1 mCi of
[''Clraclopride will lead to a 70% dopamine D,/Ds

Table 2

receptor occupancy in the brain. At this level of occupancy
of dopamine receptors dyskinesia will occur. Significantly,
microPET imaging study of the dopamine receptor in the
striatum of a mouse may only be suitable when there is a
10-fold increase in the specific activity or a 10-fold
reduction of the injected dose.

Using the values listed in Table 2, there is a 0.12% uptake
in the striatum at 30 min post-intravenous injection, then one
can estimate the concentration of raclopride in the striatum of
a 250-g rat: 17.1 nmol/kgx0.25 kg/gx0.0012=5.1 pmol/kg
(Table 2) [35]. It was reported that using in vitro binding
assay and [*H]raclopride, the B,y for the striatum of rat
and human brain was 19.8 and 13.6 fmol/mg protein [35]. If
we assume that wet striatum tissue contains 10% protein,
then the total number of dopamine D,/D; binding sites
(Bmax) 1n the rat striatum is (19.8x0.1)=1.98 fmol/mg wet
tissue=1.98 nmol/kg. This concentration of raclopride in
the rat striatum is not the same as the concentration
estimated by using the EDsy value estimated in vivo
(5.1 pmol/kg; Table 2), because factors such as nonspecific
binding, in vivo metabolism and excretion from other
organs or tissues will affect the availability of the tracer
binding to the target sites.

It was reported previously (Tables 2 and 3) that the
occupancy of binding sites can be estimated by Activity/
SpecificActivity*Wt=EDsy*Occ/(1—Occ) [32]. If the satu-
rating dose (EDsp) of a binding site is known and the
specific activity is also measured, it will be feasible to use
this simple equation to estimate the potential of saturation of
binding sites. This pharmacological constraint reported
previously is the result of association between binding
affinity EDsy, and total number of binding sites. It is
important to estimate the potential of pitfalls in receptor or
binding site occupancy prior to microPET or microSPECT
imaging study in rodents [32].

In addition, injecting a human dose to small rodents will
lead to a high-radiation dose to the animal. The high-
radiation dose to the small animals may be a confounding
factor, which could change physiology and lead to invalid

Comparison of K4 vs. EDsq for dopamine D,/D5 receptors and serotonin transporters (SERT) in the rat brain

Ligand Binding site  In vitro binding In vivo

Kq (M)  Bpaox M) Bna/Kqa  EDsg (iv) (nmol/kg)  Estimated concentration (pmol/kg)®  Ref.
['B12511BZM® D,/D; 0.4 48 120 37 23° [36,37]
[ T)ADAM® SERT 0.15 19.4 129 60 66° [26]
["'CI[*H] raclopride®  Dy/Ds 1.0 19.8 19.8 17.1 5.1¢ [20,32,38]
["'CIDASB® SERT 0.1 19.4¢ 194 56 61.6 [39]

? Estimated concentration values are calculated based on EDs (iv)x0.25 kg (body wt)x% dose/g.
® IBZM: at 30 min, 0.25 % dose/g in striatum (0.05 g); for IBZM the estimated concentration is equal to 37 nmol/kg (EDsq)*0.25 kg (body wt)x0.25%/g

(uptake in striatum at 30 min)=23 pmol/kg.
¢ ADAM: at 120 min, 0.44%/g in midbrain.
4 Raclopride: 60 min, 0.12%/g in striatum.
¢ DASB: 60 min, 0.62%/g in midbrain (0.03 g).
T K, values reported by Wilson et al. [25,39].
¢ Estimated by using ['>’IJADAM.
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Table 3

Pharmacological constraints (1% occupancy) of various C-11 tracers from human to mice (modified from Hume et al. [32])

Compounds (target sites) K4 (nM) EDs( (nmol/kg) Man (70 kg) (mCi) Rat (0.3 kg) (mCi) Mouse (0.02 kg) (mCi)
["'CICFT (DAT) 10 242 2 0.13

["'Clraclopride (D,/D5) 1.0 17.1 0.14 0.04

["'CIWAY 100635 (5-HT1A) 0.1 4.8 0.04 0.003

Specific activity of C-11 tracers: 100 MBg/nmol (3000 Ci/mmol); Activity/SpecificActivity*Wt=EDs,*Occ/(1—Occ) (see Ref. [32]).

results of imaging study. The high-radiation dose may also
prevent multiple studies in the same animal [40].

4. Carrier-added biodistribution studies

Titration of a limited number of binding sites by a
massive amount of “carrier” is based on in vivo competition
of “cold” ligand against the “hot” ligand for the same
binding sites. In theory, the “hot” and “cold” ligand should
have the same biodistribution in vivo; therefore, it is
possible to use the tracer kinetic model as measured by in
vivo imaging or ex vivo dissection techniques to measure
the in vivo competition. Compared to the binding capacity
(Bmax value obtained by in vitro binding assay), the amount
of chemical mass required to saturate the in vivo binding is
not as expected (the dose in the target areas of the brain is
estimated based on the tracer biodistribution data). The
discrepancy may be caused by many physical or biological
factors. The quantitation of images based on positron decays
(511 keV) or single photons is not absolute. Physical
properties of scattering and attenuation of gamma emission
will lead to errors in estimating the counts in target and
nontarget areas [11,20]. The anesthesia commonly used for
immobilizing the rodents will also have significant physi-
ological effects [41-47]. When “cold” carrier is added in the
injected dose, it is possible that the kinetics of in vivo
biodistribution may change. There are many factors that
may affect the biodistribution. There are nonspecific binding
sites in plasma, which may have significant effect on the
availability of the tracer in the blood circulation. Initial lung
uptake and washout may be affected by nonspecific binding,
and when the nonspecific binding sites are “saturated,” the
additional dose will pass through the lungs with higher
efficiency. The metabolism in peripheral tissues, mainly in
the liver or other tissues or organs, could be different;
especially, the amount of carrier may affect the enzyme
kinetics and thus the rate of degradation, which leads to
differences in bioavailability. The kidneys normally will

Table 4
Effects of varying mass of pentetreotide on the uptake of [''In]pentetreotide
in the octreotide receptor positive organs of rats (modified from Ref. [30])

filter out “foreign” material from the blood circulation; the
filtering process in the kidneys, either by specific or
nonspecific transporters, is likely to be dependent on the
carrier dose in the blood circulation. Therefore, changing
the carrier amount in the injected dose will likely change
the kidney excretion and the results of imaging study. It is
likely that the dose response due to factors listed above is
not linear. The mass effects of injected dose on imaging
studies will not be entirely correlated with the binding
constant obtained by in vitro equilibrium binding assay.

5. Drug occupancy studies

There are different approaches in studying the effect
of mass, by using ‘“cold” carrier or competing drugs
(sometimes referred as pseudo-carriers) [21,32,34,48,49]:
(1) pretreatment study — usually a larger chemical dose is
injected prior to the injection of a radioactive tracer dose.
Presumably, pretreatment of the injected “cold” carrier or
another drug competing for the same binding site can
reach the target sites prior to the arrival of the labeled
tracer. In this type of study, the tracer will likely compete
less with the nonspecific binding sites in the peripheral
tissues. (2) Coinjection study—the radioactive tracer dose
is premixed with “carrier,” i.e., nonradioactive larger
chemical amount. (3) Chasing study—nonradioactive
chemical dose is injected after the tracer dose has been
injected. Usually, the tracer dose is injected first allowing
time for the tracer distribution to reach an equilibrium or
semi-equilibrium state, after which the chemical “chasing
dose” is injected to compete with the specific binding at
the equilibrium state. Adding the carrier (or pseudo-carrier)
for the competition studies will likely be strongly influ-
enced by the mass effect.

The effect of mass of injected dose on the specific uptake
in rats or mice for ['!''In]pentetreotide/pentetreotide is
shown in Table 4. Endocrine tumors that overexpress
somatostatin receptors can be imaged by ['''In]pentetreotide

Table 5
Effect of “carrier” IMPY on organ uptakes of ['**IJIMPY in TT mice
(modified from Ref. [29])

Mass (ug)  Specific activity ~ Pancreas Pituitary Adrenals Mass IMPY Specific activity Blood (% dose/organ) Brain (% dose/organ)
(mCi/pg) (% dose/g) (% dose/g) (% dose/g) (mg/kg) (Ci/mmol) 2 min/30 min 2 min/30 min

0.02 4.05 1.0 0.5 1.5 0 2200 6.46/5.89 1.94/0.52

0.1 0.81 1.4 0.6 3.5 2 0.44 7.20/3.93 2.72/0.44

0.5 0.16 2.0 1.0 5.5 10 0.088 8.48/4.92 3.86/0.56

3.0 0.016 3.0 08 5.0 Values are presented as the average of three double transgenic (TT) mice in

50 0.0016 1.0 0.3 4.0

each point.
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(OctreoScan). When ['!''In]pentetreotide was injected into
rats with varying amounts of “cold” pentetreotide at 24 h
after the intravenous injection, the expected uptake in the
endocrine organs, such as pancreas, pituitary and adrenals
containing somatostatin receptors, displayed dramatic
changes (Table 4). In the targeted organs, there is a bell-
shape relationship between the uptake and the carrier dose,
suggesting that there may be low-affinity and high-capacity
nonspecific binding sites, and the mass effect of injected
dose is not linear.

Another interesting example is the mass effect on the
biodistribution of ['**IJIMPY, a potential tracer for detecting
p-amyloid plaques, AP protein aggregates appear to be
associated with Alzheimer’s disease [29,50]. A suitable
method for testing the localization of the B-amyloid plaques
(abnormal protein aggregates) in the brain is by performing
biodistribution study in transgenic animals specially engi-
neered to produce excessive amounts of AP plaques in the
brain. One such genetically modified mouse is PS1/APP
mice, which produce an excess amount of AP protein
aggregates in the brain within 12 months. When ['*’I]IMPY
was injected into these transgenic mice at escalating doses,
the biodistribution showed a dramatic change (Table 5).
There was a significant increase in the brain uptake with
increasing amount of coinjected IMPY [29]. Taken together,
these findings suggest that IMPY is metabolized in the
peripheral tissues, and adding the carrier appears to slow
down the degradation, thus allowing more ['>’IJIMPY to be
delivered into the brain of transgenic mice (Table 5).
Consistently, carrier IMPY significantly (P <.05) increased
the amount of [125I]IMPY in the plasma at the early time
point (at 2 min).

6. Summary

Specific target-binding sites are important for human
physiology as well as molecular targets for drug develop-
ment. It is likely that small animal imaging for these targets
will play an important role in the future for developing new
imaging agents and new drugs for therapeutic applications.
Molecular imaging of changes at the gene level in rodents
may be assessed to improve our understanding of human
diseases. Many potential physical and biological pitfalls
related to the effects of mass (carrier dose) need to be
considered and addressed carefully before the small animal
imaging techniques can be effectively applied in molecular
imaging and in assisting future drug development.
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