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Abstract

Introduction—Aspects of radiopharmaceutical development are illustrated through preclinical 

studies of [125I]-(E)-1-(2-(2,3-dihydrobenzofuran-5-yl)ethyl)-4-(iodoallyl)piperazine ([125I]-E-IA- 

BF-PE-PIPZE), a radioligand for sigma-1 (σ1) receptors, coupled with examples from the recent 

literature. Findings are compared to those previously observed for [125I]-(E)-1-(2-(2,3-

dimethoxy-5-yl)ethyl)-4-(iodoallyl)piperazine ([125I]-E-IA-DM-PE-PIPZE).

Methods—Syntheses of E-IA-BF-PE-PIPZE and [125I]-E-IA-BF-PE-PIPZE were accomplished 

by standard methods. In vitro receptor binding studies and autoradiography were performed, and 

binding potential was predicted. Measurements of lipophilicity and protein binding were obtained. 

In vivo studies were conducted in mice to evaluate radioligand stability, as well as specific binding 

to σ1 sites in brain, brain regions and peripheral organs in the presence and absence of potential 

blockers.

Results—E-IA-BF-PE-PIPZE exhibited high affinity and selectivity for σ1 receptors (Ki = 0.43 

± 0.03 nM, σ2 / σ1 = 173). [125I]-E-IA-BF-PE-PIPZE was prepared in good yield and purity, with 

high specific activity. Radioligand binding provided dissociation (koff) and association (kon) rate 

constants, along with a measured Kd of 0.24 ± 0.01 nM and Bmax of 472 ± 13 fmol / mg protein. 

The radioligand proved suitable for quantitative autoradiography in vitro using brain sections. 

Moderate lipophilicity, Log D7.4 2.69 ± 0.28, was determined, and protein binding was 71 ± 0.3%. 

In vivo, high initial whole brain uptake, > 6% injected dose / g, cleared slowly over 24 h. Specific 

binding represented 75% to 93% of total binding from 15 min to 24 h. Findings were confirmed 

and extended by regional brain biodistribution. Radiometabolites were not observed in brain (1%).

Conclusions—Substitution of dihydrobenzofuranylethyl for dimethoxyphenethyl increased 

radioligand affinity for σ1 receptors by 16-fold. While high specific binding to σ1 receptors was 
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observed for both radioligands in vivo, [125I]-E-IA-BF-PE-PIPZE displayed much slower 

clearance kinetics than [125I]-E-IA-DM-PE-PIPZE. Thus, minor structural modifications of σ1 

receptor radioligands lead to major differences in binding properties in vitro and in vivo.
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1. Introduction

Radiotracers serve as scientific tools for biomedical research in nearly all fields, including 

neuroscience, neurology, psychiatry, oncology and cardiology. The diagnostic 

radiopharmaceutical counterparts are invaluable for answering clinical research questions 

concerning human health and disease by the non-invasive nuclear imaging techniques of 

positron emission tomography (PET) and single photon emission computed tomography 

(SPECT). Radiopharmaceuticals can interrogate enzyme function, neurotransmitter function 

and receptor status, define organ physiology and pathophysiology, and can visualize and 

quantitate the abnormal brain deposits (β–amyloid, τ protein) associated with Alzheimer’s 

disease. Nuclear imaging studies can also reflect the competition between a 

radiopharmaceutical and a non-radioactive ligand at specific biological recognitions sites. 

Such “occupancy” studies inform on mechanisms and dosing protocols, and require the 

radioligand to be sensitive to this molecular interplay. Validated radiotracers are now 

indispensable aids for reducing the time and lowering the cost of developing new drug 

entities within the pharmaceutical industry [1–3].

Nuclear imaging can also elucidate modes of drug action. An enlightening example is 

SPECT studies of D2 / D3 receptors in human beings using [123I]-IBZM, which showed 

occupancy of the striatal sites by EMD 59983, an active metabolite of the “selective” sigma 

(σ) receptor ligand panamesine (EMD 57445). The observation suggests that the atypical 

antipsychotic profile of the drug is due, at least in part, to dopaminergic activity of the 

metabolite [4]. The role of imaging in drug development for neurodegeneration has been 

discussed [5] and a recent review, focused on the role of PET in the development of new 

drugs to treat heart failure [6], exemplifies the power of molecular imaging in this regard. 

The extensive biomedical advances made possible by radiopharmaceuticals and nuclear 

imaging are exemplified by over 150 books and review articles within the last three years. 

These scientific works can be general [7,8], focused on specific radionuclides [9] or on 

particular organ systems [10–12].

Questions to be answered through the use of radiopharmaceuticals change over time. In the 

1970’s, pioneering work on visualization of neuroreceptors by autoradiography [13,14] 

prompted the question of whether or not neuroreceptors might also be imaged in living 

human beings. The question was answered in the early 1980’s by PET and SPECT brain 

imaging of dopamine D2 and muscarinic receptors in human beings using [11C]-N-

methylspiperone ([11C]-NMSP) [15] and [123I]-quinuclidinyl benzilate ([123I]-QNB) [16], 

respectively. In the ensuing years, the questions have become more complex, and dependent 

on clinical disease state [11,17]. When advances in instrumentation, radioligand synthesis 
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and mathematical modeling are combined [18], imaging is likely to provide answers. A 

challenge for the field is the following conundrum: as the specificity of a 

radiopharmaceutical increases, applicability for truly “personalized medicine” increases 

[17]; however, the overall impact on patient care decreases if the indications for use are too 

narrow [19,20].

There is a reticence of governmental organizations such as the United States FDA to approve 

radiopharmaceuticals for broad indications without compelling proof of diagnostic accuracy 

and clinical utility. A recent success is the 2011 approval of [123I]-ioflupane (DaTSCAN) to 

assist physicians in evaluation of patients presenting with neurodegenerative disorders [21]. 

At this time, however, the β–amyloid imaging compounds Amyvid™ and Vizamyl™ have 

limited approvals in the United States for a scan to exclude a diagnosis of Alzheimer’s 

disease (AD) [22]. Additional clinical trials will determine if the indication can be 

broadened to include a diagnosis of AD [23]. On the horizon, PET imaging of human 

histone deacetylase with [11C]-Martinostat [24] should yield valuable information for 

understanding the emerging field of neuroepigenetics [25].

The development of new radiopharmaceuticals is guided by the radiotracer principle, for 

which George de Hevesy won the 1943 Nobel Prize in Chemistry [26]. The validation 

process can be referred to as the radiopharmaceutical paradigm (Chart 1). Proposals to 

devise a new radiopharmaceutical often originate from reviewing the published literature and 

patent applications, from data presented at scientific meetings, or from discussions with 

colleagues. Inherent in these readings and conversations is relevance for the biological 

target, which must exist in sufficient density for imaging. Moreover, the synthesis and 

radiosynthesis of the chemical target must be feasible, with choice of radionuclide and 

physical decay characteristics being key components. Programs seeking new 

radiopharmaceuticals require significant capital investment, so the justification to embark on 

the journey is paramount [27,28]. The unmet need, or questions that could be answered, 

should be vetted prior to project initiation. Plans for synthesis, radiosynthesis and preclinical 

biological evaluation are then established. The “ADME” concept (Absorption, Distribution, 

Metabolism, Excretion) helps guide new drug development, and is also applied to 

radiopharmaceuticals. Although it may be tempting to fast track a new radiotracer into the 

clinic without extensive evaluation, this approach may be a failure from both scientific and 

ethical perspectives. Guidelines for “success” are quite stringent for radiopharmaceuticals. 

An extremely small mass of radioactive compound must survive chemically in vivo, reach 

the intended biological target, yield a target to non-target count rate sufficient for external 

imaging, and also be safely administered to the subject without adverse effects. When the 

physical half-life is short, as for [11C]-labeled ligands (t½ 20.4 min; 511 keV, β+), these 

obstacles are formidable.

Development of a new radiotracer, with a view toward use as a radiopharmaceutical, is an 

iterative process (Chart 2). Synthesis and evaluation of multiple compounds is often 

warranted, since gaining a better understanding of the relationships between structure and 

activity focus the efforts toward an entity that is likely to be successful. The present article 

illustrates general aspects of the early preclinical validation of receptor-binding radiotracers 

through selected literature examples, coupled with a synopsis of our recent studies of [125I]-
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(E)-1-(2-(2,3-dihydrobenzofuran-5-yl)ethyl)-4-(iodoallyl)piperazine ([125I]-E-IA-BF-PE-

PIPZE), a radioligand for σ1 receptors [29]. Our objective is to provide a road map for basic 

tactics that might prove of interest to those beginning studies in the field.

2. Sigma receptors and ligand design

2.1 Sigma receptors

Investigations of the sigma-1 (σ1, S1R) / sigma-2 (σ2, S2R) receptor pair are of current 

interest from a host of perspectives. This system was initially misclassified as a member of 

the opioid family [30], and the existence of two discrete subtypes was not recognized until 

the early 1990’s [31]. These receptors have been implicated in psychostimulant and alcohol 

abuse, depression and anxiety, sequalae of stroke and pain, amyotrophic lateral sclerosis 

(ALS) and multiple sclerosis, as well as cancer. The reader is referred to recent reviews 

describing their known and suspected roles [32–40].

Of the potential radiopharmaceuticals developed for imaging σ1 and σ2 receptors [41–43] 

only a few have progressed to human imaging studies. Two of these are the σ1 selective 

ligands TPCNE [44] and SA4503 [45] (Fig. 1). These compounds represent different 

chemical classes, with TPCNE having higher apparent affinity (0.67 nM) [44] than SA4503 

(4.6 nM) [46] for the sites in vitro. In vivo, the pharmacokinetics of these radiotracers 

proved to be quite different. As a radioligand for SPECT, [123I]-TPCNE exhibited good 

specific binding to cerebral σ1 receptors, with no clearance from human brain over 30 h 

[47]. This SPECT imaging protocol exemplifies the flexibility of using I-123, which has a 

long physical half-life (t½ 13.2 h; 159 keV, γ). A relentless binder such as [123I]-TPCNE 

should give clear images and be useful for certain applications, but may not be sensitive 

enough to competition for use in occupancy studies [47–49]. By contrast, dynamic PET 

imaging of σ1 receptors using [11C]-SA4503 in human brain is usually conducted over a 90 

min period [50], which is in keeping with the 20.4 min half-life of carbon-11. [11C]-SA4503 

is useful for occupancy studies, allowing PET confirmation that the clinically significant 

drugs donepezil (Aricept ®), [51,52], and fluvoxamine [53,54] interact with the σ1 receptor 

in human brain. These findings suggest a σ1 receptor contribution to the primary modes of 

action for these drugs. One drawback to [11C]-SA4503 PET is the requirement for 

production using an on-site cyclotron.

We hypothesized that an iodinated TPCNE / SA4503 structural hybrid might give a ligand 

that retained high affinity and selectivity for σ1 receptors, and also be readily reversible in 

vivo. For radiolabeling, we chose to use I-125, a radioisotope of iodine having a long half-

life (~60 d) and soft (35 keV) γ emission. Thus, laboratory studies would be convenient for 

characterization of receptor binding and physicochemical parameters in vitro, and for 

establishing pharmacokinetics and pharmacology in small animals. Our target ligand, 

[125 / 127I]-E-IA-DM-PE-PIPZE (Fig. 1), did exhibit high affinity and selectivity for σ1 

receptors in vitro, labeled the sites in mouse brain and periphery in vivo, and proved 

sensitive to in vivo competition by strong ligands [55–57] and by weak ligands, such as 

cocaine [58]. Extension to imaging by SPECT using I-123 or by PET using I-124 (t½ 4.2 d; 

511 keV, β+) [59] may be possible.
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For the most part, equivalent preclinical studies can be done using ligands labeled with 

In-111 (t½ 2.8 d; 171, 245 keV, γ), Tc-99m (t½ 6.0 h; 140 keV, γ), F-18 (t½ 110 min; 511 

keV, β+), and even C-11, as long as experimental setups are prepared in advance. In vitro 

binding with C-11, however, is quite difficult. While C-14 certainly has an appropriate half-

life (5730 y), and is often used for distribution, metabolism and excretion studies, the 

specific radioactivity (62 mCi / mmol) is too low to detect specific binding to receptors. So, 

if detailed in vitro binding studies are needed, tritium-labeled ligands (t½ 12.3 y; 6 keV, β−) 

with specific activities of 29 Ci/ mmol or higher, depending on level of tritium 

incorporation, are used. A notable example is [3H]-carfentanil characterization of in vitro 

binding in human brain tissue to aid interpretation of PET studies of μ opioid receptors using 

[11C]-carfentanil [60–62].

With this backdrop, a more detailed description of the radiopharmaceutical paradigm is 

shown in Chart 2, where a variety of experiments are listed that help define receptor-binding 

radiotracers. Some experiments are performed with the non-radioactive ligand, while others 

demand the use of the radiolabeled ligand. As shown in Chart 2 and discussed earlier, 

medicinal radiochemistry is an iterative process, and we wished to build on the knowledge 

gained from studies of [125 / 127I]-E-IA-DM-PE-PIPZE. During a parallel study of 

qualitative structure-activity relationships (SAR) for SA4503 analogs [63] (Fig. 2), 

substitution of a methylenedioxy moiety (1) improved affinity for σ1 receptors. The steric 

bulk of the 6- and 7-membered ring congeners 2 and 3 interfered with binding. These results 

indicate that a more compact substitution pattern improves affinity. YZ-067, a molecule 

structurally related to SA4503 (Fig. 2) but devoid of one of the methoxy groups, also 

displays improved affinity for σ1 receptors [64], and shows that only one oxygen substituent 

is required for binding. We reasoned that incorporation of both design features could be 

achieved with a dihydrobenzofuranyl group (Fig. 2). Accordingly, we selected E-IA-BF-PE-

PIPZE as a new ligand for study. Evaluation in vitro and in vivo would provide insight to the 

receptor binding and pharmacokinetic effects of this structural modification. Rationales, 

procedures and results obtained for [125 / 127I]-E-IA-BF-PE-PIPZE are described herein, 

while the experimental details are available elsewhere [65].

2.2 Organic synthesis

2.2.1 Target ligand—Once a candidate radioligand has been identified, the first 

experimental phase concerns the synthesis and chemical characterization of the non-

radioactive version. E-IA-BF-PE-PIPZE was prepared as shown in Scheme 1, and 

characterized by standard organic chemistry techniques including 1H and 13C nuclear 

magnetic resonance (NMR) spectroscopy, as well as by combustion analysis. This aspect of 

the work should confirm key structural features, such as the trans (E) configuration of the 

iodoallyl moiety in the present case, and the elemental composition. Mass spectroscopy 

(MS), infrared (IR) spectroscopy and ultraviolet (UV) spectroscopy are other valuable tools 

in structure determination. Typically, for amine containing compounds, a hydrochloride or 

oxalate salt is prepared from the free base for long-term stability and ease in weighing. 

Chromatography, including normal- and reversed-phase techniques, is nearly always vital for 

achieving and assessing purity. In particular, high performance liquid chromatography 

(HPLC) is a sensitive and widely used preparative and analytical method.
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While E-IA-BF-PE-PIPZE has no chiral centers, many candidate ligands will [66,67], and 

absolute stereochemistry can have a strong impact on binding affinity, as well as metabolism 

and toxicity. In a pertinent example, the (R)-(+)- and (S)-(−)-enantiomers of the σ1 receptor 

PET radioligand [18F]-fluspidine have been prepared for detailed comparison [68]. These 

non-superimposable “mirror images” are shown in Fig. 3. The non-radioactive (R)-(+)-

isomer showed a 4-fold higher affinity for σ1 receptors in vitro, and the pharmacokinetics of 

the two [18F]-labeled enantiomers were different in vivo in pig brain by PET, with higher 

standardized uptake values (SUVs) for the more potent (R)-(+)-isomer. However, the [18F]-

labeled (S)-(−)isomer proved to have greater metabolic stability than the (R)-(+)-isomer in 

this species, and was considered to have greater sensitivity for occupancy studies, 

presumably due to lower binding affinity. Such preclinical studies illustrate the depth of 

analysis that might be required during radiopharmaceutical development in order to select 

the most appropriate candidate radioligand for clinical translation.

High chemical purity of the non-radioactive target ligand is requisite prior to biological 

evaluations. Minimum purity levels of 95% are often noted in the literature. However, even 

minor contaminants might lead to erroneous conclusions and, perhaps, a false start. Consider 

a hypothetical case where a ligand known to have very high affinity is structurally modified 

for testing during the quest for a new radioligand. If the parent ligand displays a 0.02 nM 

affinity for the receptor, and the novel derivative has no affinity at all, just 2% contamination 

of the derivative with the parent during a binding assay would lead one to believe that the 

new “ligand” has 1.0 nM affinity.

2.2.2 Precursor—A rule in radiochemistry is to incorporate the marker element at, or very 

near, the end of the synthetic sequence. This leads to improved radiochemical yields, and 

minimizes the radiation exposure of the chemist. For short-lived radionuclides such as C-11 

and F-18, specific radioactivities are also much improved, and rapid radiolabeling is central 

to success. Comprehensive reviews are available that detail these challenges and provide 

practical solutions [69–72]. The synthetic methods and special practical issues associated 

with incorporation of radioiodine [73–76] and radiometals [77–80] have also been 

addressed. New synthetic methods are routinely reported, and keeping abreast of the 

literature expands the radiosynthetic options available for complex targets.

Clearly, choice of precursor and radiolabeling method are crucial components of 

radiopharmaceutical development. The precursor used in the microscale radiosynthesis may 

be structurally different from that used in the macroscopic non-radioactive synthesis. A 

major chemical difference for the radiolabeling procedure is the precursor will be present in 

vast excess over the radioactive reagent, leading to pseudo-first order kinetics. The 

concentration of the precursor will be key to a good radiochemical yield. At concentrations 

lower than 10−5 – 10−6 M, a typical bimolecular reaction will be ineffective, leading to a low 

radiochemical yields. During radiosynthesis of [125I]-E-IA-BF-PE-PIPZE (Section 4.1), the 

precursor concentration is 10−3 M, and the molar ratio of precursor to [125I]-NaI is 150 to 1. 

In this case, the identical precursor is used for both the non-radioactive and radiolabeled 

target ligand (Scheme 1). While the vinylstannylated alkylating agent used for precursor 

synthesis was initially developed as a prosthetic group for radioiodination of small 

molecules [81], the presence of the iodine in E-IA-BF-PE-PIPZE and related compounds is 
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an integral requirement for high binding affinity [55]. Aspects of radiosynthesis are 

discussed in more detail in Section 4.1.

3. Competition binding assays

With a target ligand in hand, the natural first question is: What is its affinity? The answer 

may determine the fate of the project. Radioligand binding assays are the main way to 

measure affinity, and detailed guidance on both theory and experimental design is available 

[82–88]. Binding studies entail several levels of analysis, and the first stage is to assess the 

affinity of the non-radioactive target ligand for the primary sites of interest. The next stage is 

to examine affinity for potential secondary binding sites, sometimes referred to as “off-

target” sites. The goal is to obtain a pharmacological profile of the ligand’s innate and 

relative ability to interact with multiple sites, otherwise known as selectivity. The final stage, 

direct receptor binding studies using the radiolabeled ligand, is addressed in Section 6.3.

Briefly, competition for a given receptor occurs between increasing concentrations of the test 

ligand and a fixed concentration of a well-characterized radioligand for that receptor. 

Conditions to consider include tissue type, protein concentration, time, temperature and 

incubation buffer, and should be chosen so radioligand binding to a single receptor is known 

to be reversible, and at equilibrium, under the law of mass-action shown in Equation 1:

(Eq. 1)

As a rule of thumb, the radioligand should be used at a concentration at or below its Kd, the 

equilibrium dissociation constant, where 50% of the receptors are occupied (Bound) by the 

radioactive ligand to form a receptor-radioligand complex. The Kd is the ratio of the 

dissociation (koff) to association (kon) rate constants shown in Equation 2:

(Eq. 2)

Since Kd represents the reciprocal of affinity, lower values indicate higher affinity. The 

objective of competition experiments is to determine the concentration of test ligand that 

inhibits 50% of the radioligand binding. This half-maximal inhibitory concentration is 

termed the IC50, and is dependent upon the experimental conditions.

Another commonly used term is the apparent affinity, Ki, which is mathematically derived 

from the IC50, when receptor levels are lower than the radioligand Kd, by the Cheng-Prusoff 

[89] relationship shown in Equation 3:

(Eq. 3)
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This relationship considers the radioligand Kd known for those experimental conditions and 

the concentration of the radioligand actually used, allowing conversion of IC50 value into an 

apparent dissociation constant for the test ligand as if it were radiolabeled. “Apparent” is 

used because the value is obtained indirectly. If the radioligand concentration used is equal 

to its Kd, then the Ki of the test ligand will be half of its IC50 (Eq. 3). Since Ki values 

incorporate key experimental variables, they are considered useful measures for normalizing 

and comparing IC50 data obtained under differing conditions and between laboratories.

In a typical binding assay, ten to twelve test ligand concentrations are employed that vary 

over four to six orders of magnitude and are centered on the suspected IC50. If the ligand is a 

close analog of known ligands, the range needed to bracket the IC50 could be similar. That 

said, minor structural perturbations could lead to major differences in affinity, so range-

finding experiments might be necessary. Care should be taken that additives in test ligand 

formulations do not adversely affect the determinations. For instance, dimethyl sulfoxide 

(DMSO) might seem reasonable for increasing ligand solubility from a chemical point of 

view, and is often employed during drug screening procedures. However, DMSO, 

dimethylformamide, acetonitrile and alcohols can all be problematic, and even 1% can 

adversely impact some receptor binding assays [90]. In addition, if stock solutions and serial 

dilutions are refrigerated between assays, they should be inspected to confirm that 

precipitation has not occurred, which would change their actual concentration [91]. Both test 

ligand and radioligand solutions should be checked for stability during the course of the 

experiments. HPLC is a helpful tool to analyze their concentration and purity when 

indicated [46,92].

Competition binding data is analyzed using a semi-logarithmic plot, so test concentrations 

are ideally 3.16-fold serial dilutions that provide equal spacing in half-log units on the X-

axis. The radioligand binding on the Y-axis is expressed as CPM, DPM or % Control, the 

latter referring to the proportion of radioactivity bound in the presence of a test ligand 

relative to the maximum amount, defined as 100%, observed in its absence. Radioligands 

usually bind not only to the receptor of interest, the specific binding, but also to other 

receptors, various tissue components and even the test tubes. These interactions are 

collectively deemed non-specific binding. Separation of bound radioligand from the free 

radioligand present in the mixture is generally accomplished by rapid filtration of an assay 

through glass fiber filter paper or by centrifugation. Bound radioactivity detected on the 

papers or in the pellets is termed total binding, and reflects both specific and non-specific 

contributions.

To define specific binding, the metric of interest, additional data is obtained where 

radioligand competes with a well-characterized, non-radioactive ligand used at a high 

enough concentration to fully block binding of the radioligand to the receptor. Bound 

radioactivity detected under these circumstances is termed non-specific, and is subtracted 

from the total binding observed at each concentration of test ligand to provide the specific 

binding data for analysis. Assays are performed in duplicate or triplicate for each condition, 

and are conducted 3 – 6 times to delineate the binding parameters.
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If the simple single-site binding model (Eq. 1) holds true, a smooth sigmoidal curve should 

be observed where the IC50 for the test ligand can be calculated by non-linear regression 

[83] using a specialized computer program designed for radioligand binding analysis, like 

Prism from GraphPad Software, to solve Equation 4:

(Eq. 4)

where Y is the specific radioligand binding observed at a given test ligand inhibitor 

concentration [I], Ymax is the top plateau for specific radioligand binding in the absence of 

inhibitor, Ymin is the bottom plateau when radioligand binding is fully inhibited, and IC50 is 

the [I] that produces half-maximal inhibition. The Hill coefficient, nH, describes the 

steepness of the slope connecting the plateaus, and is a measure of deviation from simple 

model behavior where the slope should be - 1.0. This procedure gives a four-parameter 

logistic curve fit (top, bottom, Hill slope, IC50), and is illustrated in Fig. 4 for E-IA-BF-PE-

PIPZE competition against the σ1 receptor radioligand, tritiated (+)-pentazocine ([3H]-PTZ).

3.1 Primary sites

First considerations in determining the affinity of a novel target ligand for primary binding 

sites are: What receptor preparation and radioligand do I use? The receptor source should be 

readily available, and relevant to the study at hand. Neuroreceptor binding ligands are often 

screened using membranes prepared from whole rodent brains or a particular brain region, 

while ligands meant for oncology studies are often screened using cancer cell lines. 

Radioligands of choice typically display low non-specific binding and high affinity, and 

commercial availability adds convenience. Literature precedents should guide selection of 

the assay conditions. In the case of E-IA-BF-PE-PIPZE, we chose to use membranes 

prepared from normal CD-1® mouse brains for several reasons. The mice are readily 

available, and both primary sites of interest, the σ1 and σ2 receptor subtypes, are known to 

be present. Further, binding parameters for each subtype are defined in these membranes for 

“gold standard,” commercially available tritiated radioligands [58]. Finally, in vivo 

evaluations of [125 I]-E-IA-BF-PE-PIPZE were planned in the CD-1® mouse strain (Section 

7), so the in vitro and in vivo findings would be unified.

A different radioligand was needed to evaluate binding at each subtype. [3H]-PTZ, a high 

affinity and selective radioligand for σ1 receptors was employed, using 1000 nM haloperidol 

to define non-specific binding. Haloperidol is not selective for σ1 receptors, and also 

displays high affinity, for example, to σ2 receptors and dopamine D2 receptors. Nonetheless, 

haloperidol has been routinely used in such assays for over 25 years [93–95]. The 1000 nM 

concentration is much greater than its Ki of 1.3 nM for σ1 sites in mouse brain membranes 

[58], so it fully inhibits [3H]-PTZ binding. Ligands for definition of non-specific binding 

should always be used at > 100 times their Ki to achieve > 99% inhibition of radioligand 

binding according to the law of mass-action. The competitive binding curve obtained is 

shown in Fig. 4. The IC50 was determined to be 0.68 ± 0.04 nM, and the Hill slope was 

−1.23 ± 0.04. The Cheng-Prusoff relationship (Eq. 3) provided a Ki of 0.43 ± 0.03 nM, 
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considering the 3.0 nM concentration of [3H]-PTZ used and its known Kd of 5.5 nM under 

these conditions.

Tritiated ditolylguanidine ([3H]-DTG) was employed for the σ2 assay, and is a rather low-

affinity, non-selective ligand that binds to both σ1 and σ2 receptors [95]. Therefore, non-

radioactive PTZ (500 nM) is included in the assay to “mask” [3H]-DTG binding to σ1 sites, 

allowing a Kd of 28 nM to be determined for σ2 sites in mouse brain membranes [58]. The 

concentration of PTZ used for masking influences the subsequent σ2 receptor Ki values 

determined [46], and should be > 100 times the affinity of PTZ for σ1 sites. Haloperidol (σ2 

Ki = 73 nM), at a higher concentration of 10000 nM, was again used to define the non-

specific component. As shown in Table 1, E-IA-BF-PE-PIPZE displayed high affinity and 

selectivity for binding to σ1 over σ2 receptors: σ1 Ki = 0.43 ± 0.03 nM; σ2 Ki = 74.5 ± 4.44 

nM; selectivity σ2Ki/σ1 Ki = 173. The selectivity of ligand binding for one receptor relative 

to another is conveniently assessed as a simple ratio of their Ki values. Binding methods 

evolve, and tritiated ligands with high affinity and excellent selectivity for σ2 receptors have 

been identified. One of these is the tetrahydroisoquinolinylbenzamide [3H]-RHM-1, which is 

useful for assays in membranes from brain [96] and cancer cells [97], and also for 

quantitative autoradiography (Section 9). If radioligands such as [3H]-RHM-1 become 

commercially available, a new “gold standard” for σ2 receptor binding assays would emerge.

3.2 Secondary sites

To expand the pharmacological profile of a new receptor binding ligand, in vitro affinities 

for additional receptors, transporters and other sites should be assessed. Likely secondary 

binding interactions to “off target” sites can often be identified for a given project from 

previous literature reports. Binding assays are laborious, and preliminary experiments can be 

conducted to screen secondary sites using one high concentration of test ligand against an 

appropriate radioligand. If no, or minimal, inhibition of specific radioligand binding is 

observed in these “spot tests,” a limit on the affinity of the new ligand for that site can be set 

based upon the concentration tested. If significant inhibition is observed, a full 

characterization of binding may be warranted.

For illustration (Table 1), E-IA-BF-PE-PIPZE showed ≤50% inhibition of specific 

radioligand binding to the three classical opioid receptors (μ, κ, δ) when used at a single 

5000 nM concentration, or to the dopamine (DAT), serotonin (SERT) and norepinephrine 

(NET) transporters when used at 10000 nM. The radioligands, brain membrane preparations 

and other assay conditions matched those previously reported [98–101]. Among the eight 

binding sites tested so far, E-IA-BF-PE-PIPZE shows high affinity and selectivity for the σ1 

receptor. That said, various other secondary interactions are possible. For instance, SA4503 

displays an appreciable 50 nM apparent affinity for the vesicular acetylcholine transporter 

(VAChT) in vitro, but does not label the sites in vivo [102]. Accordingly, it would be 

interesting to determine whether or not E-IA-BF-PE-PIPZE also interacts with the VAChT. 

It is not practical for most laboratories to conduct their own high throughput binding 

analyses, and services are commercially available to aid drug discovery by testing lead 

compounds for binding or functional activity at hundreds of biological recognitions sites. 

The US National Institutes of Mental Health (NIMH) supports the Psychoactive Drug 
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Screening Program (PDSP) at the University of North Carolina, Chapel Hill. This resource, 

available to academic investigators at no cost, screens novel ligands against a wide panel of 

receptors, transporters and ion channels.

4. Radiosynthesis, purification and specific activity

The development of a new radiotracer is an iterative process (Chart 2). The in vitro assay 

results for a given candidate can lend support to further evaluation, or suggest that 

refinements of structure and the selection strategy are needed. When a suitable target has 

been identified, radiosynthesis is a next step. Experiments conducted with this candidate 

radioligand will contribute valuable information regarding physicochemical characteristics 

(Section 5), and the parameters for direct interactions with the receptor in vitro (Section 6). 

Moreover, this candidate is intended to advance to in vivo studies in small animals (Section 

7) and to imaging trials (Section 9). Outcomes from all of these studies are critically 

dependent upon the quality of the radioligand.

Isolation of radiochemically pure material, identical in structure to the non-radioactive 

ligand, is one key criterion. Radiochemical impurities must be separated prior to evaluation. 

Perhaps less obvious, but just as important, the radioligand must be chemically pure. If the 

impurities are non-radioactive, how might they affect the results? A precursor or chemical 

byproduct that is similar in structure to the radioligand may also bind the receptor. 

Radioligands having high specific activity are required for in vivo receptor studies, and their 

associated mass is low. Put simply, even minor non-radioactive impurities could effectively 

compete with the radioligand and prevent its binding. Several major factors to consider are 

exemplified below for [125I]-E-IA-BF-PE-PIPZE, including method of radiosynthesis, 

purification and determination of specific radioactivity.

4.1 Radiosynthesis

As described in Section 2.2, choice of precursor and method for radiosynthesis depend upon 

project specifics and the radionuclide. Here we used a convergent approach, where the same 

tri-n-butyltin precursor was used to prepare both E-IA-BF-PE-PIPZE and [125I]-E-IA-BF-

PE-PIPZE by stereospecific electrophilic iododestannylation (Scheme 1). The reaction 

conditions are quite different, however. On macroscale, precursor was treated with excess 

iodine, 1.2 equivalents, at room temperature for ten min in methylene chloride. For 

radiosynthesis on the no-carrier-added scale, a 150 to 1 molar ratio of precursor (84 μg, 150 

nmol) to [125I]-NaI (2 mCi, ca. 1 nmol) was used in methanol containing 3% acetic acid, 

Chloramine-T was employed for in situ oxidation of the radioiodide, and the reaction was 

complete within two min at room temperature. Side reactions during this particular type of 

radioiodination include proto- and chlorodestannylation [81,103]. These chemical by-

products would likely bind, possibly with high affinity, to σ1 receptors. Accordingly, they 

must be separated from the radioligand, along with the removal of remaining precursor and 

radioactive impurities.
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4.2 Purification

While a variety of techniques may be used for the purification and analysis of radiotracers 

depending upon their chemical characteristics, HPLC is particularly powerful [104]. A 

typical HPLC system includes a sample injector, fluid pumps, radioactivity detector, mass 

detector (UV) and digital / analog signal recorders. Columns and mobile phase compositions 

are variable, and have to be tailored exactly to the purification of individual radiotracers. 

Reversed-phase conditions are often used, where a hydrophobic column is eluted with a 

mixture of organic and aqueous solvents. The efficiency and resolution of a separation 

procedure can be evaluated quantitatively [105], but most work is done qualitatively. When 

appropriate conditions are employed, either by referral to the literature or by previous 

experience, the multiple components in a crude reaction mixture can be separated, and will 

elute at different times.

These retention times (tR) vary with chromatographic parameters, and are directly 

comparable only when the same conditions (mobile phase, column, flow rate) are used. 

Capacity factor (k′) can be considered a more robust indicator of a compound’s retention 

profile. In theory, k′ does not change with mobile phase flow rate or column dimensions, as 

it depends only on the relative amount of time a compound is moving forward in the mobile 

phase compared to its time interacting with the column stationary phase [105]. Times, of 

course, are indicative of the mobile phase volumes. As long as conditions are fairly similar, 

k′ serves as a normalizing factor between laboratories and between columns. This is 

particularly informative when transitioning from analytical studies to preparative work on a 

larger column, or when establishing chromatography conditions based on a literature 

method. Volumes or time can be used to calculate k′ in reference to the column void (dead 

space), which is the amount of volume or time it takes to elute a component that does not 

interact with the stationary phase. This is frequently approximated by the first deflection 

observed in the baseline after an injection, as this minor perturbation likely represents a non-

interacting component of the sample solvent. A convenient k′ calculation is dividing the 

difference between tR and the void volume time (t0) by the void volume time, as shown in 

Equation 5:

(Eq. 5)

A preparative HPLC chromatogram for the crude reaction mixture obtained during 

radiosynthesis of [125I]-E-IA-BF-PE-PIPZE is shown in Fig. 5. One major radioactive peak, 

associated with low mass, is observed at the tR of 17.3 min (k′ 28) expected for the 

radioligand from prior HPLC work using E-IA-BF-PE-PIPZE. The two major UV-active 

species at 4.1 min (k′ 5.8) and 8.2 min (k′ 12.7) can be tentatively assigned as the chemical 

by-products of proto- and chlorodestannylation, respectively, based upon the method of 

radiosynthesis and their relative retention profile. Prior work showed that the highly 

lipophilic tri-n-butyltin precursor was retained indefinitely under these conditions. Thus, 

purified radiotracer can be collected in eluent devoid of contaminants. Multiple HPLC 

conditions should be investigated to make sure that an impurity is not hidden. Direct 
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evaporation of eluent can lead to radiolysis, and also leaves behind non-volatile salts that 

may have been used in the mobile phase. Consequently, solid phase extraction (SPE) 

techniques are popular for final isolation [104]. The goal is to retain the product on the 

cartridge while separating residual solvents and salts, followed by elution of the product in a 

small volume of ethanol. Further formulations are then readily accomplished for in vitro or 

in vivo studies.

Analytical HPLC is then used to verify purity, and can also be used to assess stability under 

various conditions. Injection of a mixture prepared from the purified radioligand and the 

chemically characterized non-radioactive ligand should be done to help establish structural 

identity by co-elution. Again, several sets of HPLC conditions should be used for studies of 

this kind. Analytical HPLC chromatograms of purified [125I]-E-IA-BF-PE-PIPZE alone, and 

when mixed with E-IA-BF-PE-PIPZE, are shown in Fig. 6. The column, flow rate and 

mobile phase constituents were the same for the preparative and analytical work shown here. 

However, the analytical runs were done using a greater proportion of the organic solvent, 

which decreased mobile phase polarity. This reduced the hydrophobic interaction between 

the solute, [125I]-E-IA-BF-PE-PIPZE, and the solid support, an octadecyl carbon chain 

(C18) bonded to silica, resulting in faster elution. Under these circumstances, the decrease in 

tR matches the decrease in k′. Since the mass associated with high specific activity 

radiotracers is so small, rigorous analytical HPLC studies are almost the sole means of 

structural characterization. If additional confirmations are needed during development 

efforts, mass can be added intentionally. For example, dual labeling studies using [11C]- and 

[13C]-iodomethane, with 13C NMR performed after HPLC isolation and radioactive decay, 

defined the molecular position of [11C]-incorporation for the opioid receptor PET 

radioligand [11C]-diprenorphine [106].

4.3 Specific Activity

The specific activity of a radionuclide is defined as the amount of radioactivity in the mass 

associated with the element. When the radionuclide is incorporated into a molecule, the 

mass of compound, usually in molar terms, is used as the denominator. A related term of 

importance in radiopharmaceutical chemistry is “effective specific activity,” where the mass 

used for the calculation includes not only the mass of the compound of interest, but also the 

mass of any other chemical species present that could interact with the biological target. For 

high capacity - low affinity biological systems, a low effective specific activity may be 

reasonable [3]. Receptors are low capacity - high affinity systems, and demand radioligands 

of high effective specific activity for detection. Methods chosen for radiosynthesis impact 

the specific activity to be expected (Section 2.2). Isotopic exchange reactions proceed 

smoothly for radioiodination, but give low specific activity products by definition.

Methods are available for exchange of radioiodide for bromide, which yields high specific 

activity [125I]- and [123I]-labeled radioligands for receptor studies [107]. Such procedures 

require rigorous purification to ensure that all brominated precursor has been removed, or 

the radioligand will be unsuitable because of a low effective specific activity. Specific 

activity considerations for radionuclide production and synthesis of radioiodinated ligands, 

as well as [11C]- and [18F]-labeled ligands, are detailed in the reviews listed in Section 2.2.

Lever et al. Page 13

Nucl Med Biol. Author manuscript; available in PMC 2018 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Regardless of production method or the source of radiolabeled reagents, an experimental 

determination of radioligand specific activity is needed from several perspectives. 

Adventitious introduction of carrier might occur, such as carbon dioxide from the air or 

fluoride from the water. In direct radioligand binding studies, specific activity is one of the 

inputs for determination of a receptor density (Bmax) in quantitative terms such as fmol / mg 

protein (Section 6). Of paramount importance, specific activities must be known with 

confidence for radioligands to be administered safely to animals and to human subjects. 

Pharmacologically, ligands for a receptor fall into two broad classifications. Agonists are 

ligands that activate the receptor and produce effects in dose-dependent fashion. For a full 

agonist, a low level of receptor occupancy engenders a maximal effect. For a partial agonist, 

lower effects are observed even at high receptor occupancy. By contrast, an antagonist 

produces no effects, but can block those of agonists. In particular, potent agonists are used 

for opioid receptor PET [60,61,67], including [11C]-carfentanil, which is so active 

pharmacologically that the non-radioactive form is used to immobilize wild animals. The 

main effect is respiratory depression, and the carrier considered to be sub-pharmacological 

for a PET scan is less than 0.03 μg / kg [108]. Fortunately, this represents an extreme. Many 

radioligands for receptor imaging are antagonists, and most agonist radioligands do not 

cause such pronounced effects.

Considering the method of synthesis and the use of no-carrier-added I-125 (2175 mCi / 

μmol), [125I]-E-IA-BF-PE-PIPZE should be obtained with high specific activity. This was 

verified by HPLC. First, a standard curve was generated to relate UV absorbance peak area 

to the injected mass of E-IA-BF-PE-PIPZE over a range that brackets the area of interest 

(Fig. 7). Deviations from Beer’s law were not problematic. Then, a sample of purified 

radioligand having a known amount of radioactivity, obtained using a dose calibrator, was 

injected. The UV peak area was determined, and compared to the standard curve to give the 

mass of carrier associated with the radioactivity. The specific activity was determined to be 

near theoretical, at 2134 mCi / μmol (79 GBq / μmol).

5. Physicochemical Properties

It is well known that molecular properties determine how effectively candidate 

radiopharmaceuticals reach their biological targets in vivo. A variety of analyses have 

categorized overall molecule features favoring oral availability or penetration through the 

blood-brain barrier [109–114]. For readers interested specifically in development of 

radiotracers for diagnostic imaging of the central nervous system (CNS), reviews by Wong 

and Pomper [115] and Van de Bittner et al. [116] highlight specific design features. General 

considerations for CNS imaging radiotracers include a molecular weight less than 500 

Daltons, neutral charge at physiological pH, moderate lipophilicity and modest protein 

binding. Below, the topics of lipophilicity and protein binding are discussed in more detail.

5.1 Lipophilicity

The lipophilicity of a radioligand impacts absorption, distribution, metabolism and excretion 

(ADME), including potential to cross the blood-brain barrier and extent of non-specific 

binding [110,117,118]. A balance must be struck, since increasing lipophilicity improves 

Lever et al. Page 14

Nucl Med Biol. Author manuscript; available in PMC 2018 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



permeability, but concomitantly enhances non-specific binding to plasma proteins and 

hydrophobic tissue constituents. Consequently, drug activity in general, and radioligand 

brain uptake in particular, tend to exhibit inverted parabolic relationships with lipophilicity. 

Pajouhesh and Lenz [110] noted a mean ClogP of 2.5 for marketed CNS drugs. Kessler and 

colleagues [119] showed this experimentally for striatal uptake of five [125I]-labeled 

benzamide ligands for the dopamine D2 receptor, where peak values were noted for log k′w 

between 2.4 – 2.8. The Log D7.4 of [125I]-E-IA-BF-PE-PIPZE (2.69 ± 0.28; n = 5) and 

[125I]-E-IA-DM-PE-PIPZE (2.25 ± 0.01; n = 5 [55]) are also in the optimal range. Terms 

and measurement techniques for this fundamental parameter are discussed below.

Traditional lipophilicity measurements (Log P) call for partitioning between an organic 

phase, such as n-octanol, and an aqueous phase, typically water. To increase in vivo 

relevance, a distribution coefficient (Log D) is more often determined between n-octanol and 

an aqueous phase, such as Dulbecco’s phosphate-buffered saline (DPBS) at physiological 

pH (Log D7.4). As inferred by the term, values of lipophilicity are expressed on the 

logarithmic scale, because most small organic molecules are lipophilic in nature. Thus, a 

Log P of 3 means for every one molecule in the aqueous layer, there are 1000 molecules in 

the organic layer. Measuring lipophilicity with a non-radioactive compound by partitioning 

can be fraught with difficulty. The mass to be partitioned must be small enough that a 

dynamic process is recorded. In doing so, however, the amount of a lipophilic compound 

remaining in the aqueous layer can fall below a reasonable detection limit, even with 

sophisticated instrumentation (e.g., LC-MS/MS). The converse is also true, and 

measurements of the organic concentration of hydrophilic compounds may be problematic. 

Other techniques, such as the HPLC method of Minick [120], determine surrogate values for 

lipophilicity; in this case, log k′w. Computer programs, such as the proprietary ClogP 

software from BioByte Corp. that is included as a subroutine with program ChemBioDraw, 

conveniently provide a calculated value based mostly on addition of the lipophilicity values 

ascribed to structural fragments [121]. Caution should be exercised if relying solely on 

computational methods, since other factors, including electronic effects, are not accounted 

for, and calculated values may or may not correlate well with experimental determinations 

[122].

On the other hand, direct measurement of a compound’s lipophilicity can be accomplished 

utilizing the radiolabeled compound by the “shake-flask” method. Samples of the 

radiolabeled compound are partitioned between equal volumes of n-octanol and aqueous 

buffer (pH 7.4). Each phase should be presaturated with the other. Vortexing followed by 

centrifugation gives two clear layers that are sampled and counted for radioactivity, allowing 

a distribution ratio to be calculated and converted to log scale. In practice, for lipophilic 

radiotracers, there may be traces of hydrophilic impurities (e.g., [125I]-iodide, [18F]-

fluoride). These would partition into the aqueous layer, so sampling after a single 

equilibration might lead to erroneous results [123]. It is advisable to repeat the ‘washing’ 

process several times before sampling the layers. For hydrophilic radiotracers, it is 

preferable to use freshly prepared and rigorously purified samples, as ‘washing’ techniques 

are more difficult. To compensate for fewer counts in the aqueous layer for lipophilic 

radiotracers, a larger volume of aqueous over organic phase may be taken. The reverse 

would apply to hydrophilic radiotracers. Layers should be sampled in duplicate or triplicate, 
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and the counts in each phase should be normalized to a “per g” or “per mL” basis before the 

radioactivity concentration ratio is calculated and converted to the Log D7.4. Multiple 

determinations should be made to ensure the findings are reproducible. Representative 

procedures are given in references [55] and [98,124] for lipophilic and hydrophilic 

radiotracers, respectively.

5.2 Protein binding

The degree to which a radiopharmaceutical associates with blood proteins serves as an 

indicator of the free fraction available for uptake by the brain and other organs [125–128]. 

These interactions are often adventitious and weak, although some are specific and strong. 

The latter are exemplified by the ability of transferrin to strip gallium and indium from some 

radiopharmaceuticals [129]. Radiopharmaceutical lipophilicity is a major contributor to the 

weak interactions [128], and albumin is the chief target since it makes up about half of the 

total protein in human serum. There are two primary, and multiple secondary, binding sites 

for drugs on human serum albumin [130,131]. Species differences are well known for the 

binding of radiopharmaceuticals to human and animal serum albumins, a factor that should 

be kept in mind when attempting to extrapolate results from one species to another [132].

Estimates of protein binding can be obtained directly in vivo by microdialysis using animal 

models, but applicability is limited by the requirement for complex survival surgery 

techniques. A variety of in vitro methods, each with experimental caveats, can be used to 

assess serum or plasma protein binding. These include equilibrium dialysis, ultrafiltration, 

ultracentrifugation and precipitation assays [126,131,133]. The 2,2,2-trichloroacetic acid 

(TCA) protein precipitation assay is a simple way to evaluate plasma protein binding. For 

example, [125I]-E-IA-BF-PE-PIPZE was incubated at 37 °C for 30 min in commercially 

available mouse plasma, followed by addition of cold 10% TCA / 5% HCl. The strong acid 

causes proteins to precipitate, and centrifugation permits separation of the supernatant, 

containing unbound radiotracer, from the pellet containing protein bound radiotracer. A 

radioactivity balance should be measured to verify good recovery. In this instance, a 99% 

radioactivity balance was obtained, and the extent of protein binding was 71 ± 0.25% (n = 

9). The experimental details have been fully described for studies of [125I]-E-IA-DM-PE-

PIPZE [55]. A caveat to the TCA method is the potential for physical trapping of free 

radiopharmaceutical during the process of protein precipitation. In the equilibrium dialysis 

and ultrafiltration techniques, adsorption of the radiotracer to the filtration membranes, as 

well as the precise membrane porosity, can be problematic. Recently, a gel filtration HPLC 

method has been developed to circumvent these issues during PET studies needing fast 

analysis of plasma protein binding [134].

6. Direct receptor binding

Binding assays using the radiolabeled version of a novel ligand give direct, sensitive and 

quantitative measures of specific interactions with the recognition site of interest. They 

complement the indirect measurements described in Section 3 by providing proof that the 

radioligand binds to the biological target, along with key information regarding rates of 

interaction, radioligand affinity and target site density. This information helps identify 
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radioligands suited to in vivo studies and imaging trials. As noted previously, abundant 

resources are available regarding binding theory and practice [82–88]. Variations are 

required for assessing agonist radioligand internalization and efflux or recognition site 

trafficking using living cancer cells or cloned receptors in stably transfected cells [135,136]. 

Here we describe the three major types of direct binding experiments, namely kinetic, 

saturation and competition studies, as applied to [125I]-E-IA-BF-PE-PIPZE and [125I]-E-IA-

DM-PE-PIPZE. For these radioligands, simple single-site binding models proved 

appropriate for analysis.

6.1 Kinetics

One aspect of direct radioligand binding is determining the time it takes to reach a steady 

state, where the binding observed is no longer increasing noticeably. This is sometimes 

referred to as “pseudo-equilibrium,” since it represents the approach to a true equilibrium 

process where association of the radioligand to the receptor has become equal to the 

dissociation of the receptor-radioligand complex (Eq. 1). In practice, kinetic techniques are a 

variation of those described in Section 3.3. Total radioligand binding is measured at various 

times after incubation starts, and parallel experiments are conducted using a known inhibitor 

to define non-specific binding. Some non-specific binding sites may also be saturable, so the 

non-radioactive inhibitor used should ideally be from a different structural class. Specific 

radioligand binding is then plotted against time. Fig. 8A shows data for [125I]-E-IA-BF-PE-

PIPZE (0.16 nM) in mouse brain membranes at 37 °C, where a plateau in binding, the 

steady-state, is achieved near 180 min. Excellent specific binding, 85 – 97 % of the total, 

was observed between 30 and 240 min.

The observed rate of association (kobs) has units of inverse time and depends upon the 

radioligand concentration. Steady-state is reached more quickly for higher concentrations of 

radioligand. Ideally, several concentrations should be tested. The process is usually treated 

as pseudo first-order as shown in Equation 6:

(Eq. 6)

where Yt is radioligand binding at time t, and Ymax is the binding plateau at infinite time. 

For [125I]-E-IA-BF-PE-PIPZE, a kobs of 0.016 ± 0.002 min−1 was determined using program 

Prism. Since kobs reflects rates of association (kon) and dissociation (koff) [83,85], 

determining the bimolecular kon, with units of nM−1 min−1, requires knowledge of the 

dissociation rate constant koff to solve Equation 7:

(Eq. 7)

The koff is unimolecular with units of min−1, and depends only upon the concentration of the 

receptor-radioligand complex. It can be determined by allowing the radioligand and receptor 

to reach equilibrium, followed by addition of a non-radioactive inhibitor to prevent 

Lever et al. Page 17

Nucl Med Biol. Author manuscript; available in PMC 2018 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



radioligand from rebinding to the receptor after dissociation occurs. Loss of binding is then 

determined as a function of time, and koff calculated according to monophasic exponential 

decay Equation 8:

(Eq. 8)

where Yt is the specific binding at a given time t after dissociation has been initiated, and 

Ymax is the specific binding observed at the equilibrium starting point. Fig. 8B shows this 

experiment for [125I]-E-IA-BF-PE-PIPZE (0.16 nM) in mouse brain membranes at 37 °C, 

which gives a koff of 0.0033 ± 0.0003 min−1. With the known koff and radioligand 

concentration of 0.16 nM, Equation 7 yields a kon of 0.078 nM−1 min−1. Further, according 

to Equation 2, the kinetically determined equilibrium dissociation constant Kd = koff / kon = 

0.042 nM. Thus, [125I]-E-IA-BF-PE-PIPZE proved a very high affinity radioligand having a 

slow dissociation rate.

6.2 Saturation (Kd and Bmax)

Saturation studies are conducted, ideally under equilibrium conditions, to measure a 

thermodynamic radioligand affinity (Kd) for a receptor and the density of that receptor 

(Bmax) in a given preparation. In short, the amount of radioligand-receptor complex is driven 

to the point that the maximal level of binding can be estimated as if no more complex could 

be formed. Two procedural variations are used. The first, and arguably most accurate, is 

called “hot” saturation, where increasing concentrations of radioligand alone provide the 

mass needed. The second procedure, designed to reduce the amount of radioactivity 

required, uses both the radioactive and non-radioactive versions of the same ligand, and is 

called “cold” saturation.

6.2.1 “Hot” saturation—In practice, a receptor preparation (membranes, cells, tissue 

sections, etc.) is incubated with increasing concentrations of radioligand until steady-state 

binding is achieved. Incubation time is often based upon observed association kinetics (e.g., 

Fig. 8A). The radioligand-receptor complex (Bound) increases as a function of the 

radioligand added. Under ideal conditions, the concentration of added radioligand is not 

appreciably depleted by binding (< 10%), and can be used to approximate the unbound 

radioligand concentration, termed Free. Non-specific binding for each concentration is 

determined in parallel using a competing non-radioactive ligand. Nonlinear regression 

[83,85] then provides a numerical solution to the one-site mass-action Equation 9:

(Eq. 9)

where Y is specific radioligand binding (Bound) at a given radioligand concentration 

[Radioligand], which approximates the Free. The dissociation constant, Kd is typically given 

in nM, and the maximal receptor density, Bmax, is usually expressed as fmol per mg protein 

or as the number of binding sites per cell, but can also be expressed in nM units.
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The plot takes the form of a hyperbola, with Free on the X-axis, Bound on the Y-axis, and 

Bmax approached asymptotically. In a typical design for a single-site binding model, six to 

eight radioligand concentrations are used that are centered on the suspected Kd, and span 

from one-tenth to ten times that value. Representative data for [125I]-E-IA-BF-PE-PIPZE is 

shown in Fig. 9A using six concentrations, spaced on arithmetic scale, ranging from 0.0032 

nM to 1.6 nM. These were chosen anticipating the Kd to be between the kinetic Kd of 0.042 

nM (Section 6.1) and the apparent affinity, Ki of 0.43 nM (Section 3.1), previously 

determined by competition binding against [3H]-PTZ. Non-linear regression provided a Kd 

of 0.24 ± 0.01 nM and a Bmax of 477 ± 13 fmol / mg protein for four trials. Specific binding 

represented 95% of total binding at the Kd concentration. As expected, non-specific binding 

increased linearly with radioligand concentration. Under these conditions, < 3% of 

radioligand added was involved in total binding, so Free was estimated accurately. If greater 

than 10% total binding is observed, special forms of Equation 9 are available to correct for 

radioligand depletion. The Bmax was consistent with published σ1 receptor densities for this 

receptor preparation [55,58]. Such comparisons offer confidence that future studies, 

especially those using an uncharacterized receptor preparation, would also yield meaningful 

data.

In theory, kinetic and thermodynamic Kd values should match. However, a 5.7-fold higher 

affinity (Kd 0.042 nM) was calculated for [125I]-E-IA-BF-PE-PIPZE using rate constants 

compared to saturation binding (Kd 0.24 nM). Such discrepancies are frequently observed 

[93,137–140]. Agreement can be improved in some cases by correcting for radioligand 

depletion, either mathematically or by using low receptor concentrations [137,138]. In many 

cases, the discrepancy rises from failure to conduct saturation assays at equilibrium. 

According to theory, the incubation time required to reach 97% of equilibrium is 5-fold 

greater than the dissociation half-life [84]. The half-life for [125I]-E-IA-BF-PE-PIPZE 

dissociation can be calculated as 210 min (t½ = 0.693 / koff), indicating that 18 h of 

incubation would be required for true equilibrium. This is not very practical, and also might 

lead to appreciable receptor or radioligand degradation, particularly at 37 °C. Consequently, 

saturation binding is often performed, either knowingly or unknowingly, under pseudo-

equilibrium conditions where Kd values are overestimated and affinity is underestimated.

Fig. 9B linearizes the saturation binding data by a traditional Rosenthal - Scatchard plot of 

Bound / Free on the Y-axis against specific radioligand binding Y (Bound) on the X-axis. 

The slope of the connecting line is proportional to the negative reciprocal of Kd, the X-

intercept represents Bmax, and the Y-intercept defines Bmax / Kd as shown by algebraic 

transformation of Equation 9 to give Equation 10:

(Eq. 10)

This transformation is useful for visualizing changes in Kd and Bmax under differing 

experimental conditions, or for detecting a curvilinear plot that might suggest binding to 

more than one type of site, but is less accurate than non-linear regression for calculating 

numerical values. In Fig. 9B, Bound / Free is plotted as the ratio of the concentration of 
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radioligand specifically bound to that which is free, a unitless measure. This common way to 

display the plot shows fractional radioligand binding at a glance. For the slope of the line to 

actually equal −1 / Kd in units of nM, however, Bound / Free must be expressed as (fmol / 

mg protein) / [Radioligand (nM)]. This also gives a unitless Y-intercept, calculated as 1942 

for this experiment (not shown). Although appropriate for graphical Kd calculation, such 

plots are not particularly useful upon visual inspection. When Bound / Free and Bound are 

represented yet another way, using tissue concentrations in nM rather than fmol / mg protein, 

the maximal value of Bound / Free becomes meaningful again, and is termed Binding 

Potential (BP) as discussed in Section 8. Assuming protein represents 5% of brain tissue, the 

Bound / Free value of 1942 can be converted to a BP of 97 for [125I]-E-IA-BF-PE-PIPZE in 

this single trial.

6.2.2 “Cold” saturation—For radioligands having very high specific activity, addition of 

non-radioactive ligand may be required to achieve the necessary mass for “hot” saturation 

without using an extraordinary amount of radioactivity. For example, [111In]-labeled analogs 

of naltrindole were intentionally brought down to 1500 mCi / μmol prior to saturation 

binding studies of δ opioid receptors in vitro [98]. An alternative approach is “cold” 

saturation [141–143]. In this technique, a single low concentration of radioligand competes 

for the receptor against increasing concentrations of the non-radioactive version. Since the 

hot and cold ligands vying for the receptor are structurally identical, the assay is also known 

as homologous competition binding where the radioligand Kd equals the ligand Ki. As 

previously described [142], substitution into the Cheng-Prusoff relationship (Eq. 3) allows 

expression of Kd as IC50 – [Radioligand]. Substitution of this definition of Kd into the mass-

action Equation 9, followed by rearrangement, provides a convenient way to obtain Bmax 

using non-linear regression to solve Equation 11:

(Eq. 11)

“Cold” saturation studies are employed for practical purposes in order to limit the 

radioactivity required. This applies to direct binding studies of high specific activity 

radioligands, and to work with expensive commercially available radioligands. An example 

of the latter is characterization of binding parameters for [3H]-CP55940, a cannabinoid 

receptor type 2 (CB2) radioligand of high affinity (Kd 1.5 nM). Subsequently, economical 

competition binding studies against the tritiated radioligand were performed to identify 

appropriate target ligands to be labeled with fluorine-18 for CB2 receptor PET [144]. 

Homologous competition is routinely used for characterizing moderate affinity radioligands, 

such as the σ2 selective [3H]-DTG (Kd 28 nM) [46,58], where “hot” saturation binding 

would be prohibitively expensive. We used “cold” saturation to determine Kd and Bmax for 

[125I]-E-IA-DM-PE-PIPZE, a radioligand having a relatively high σ1 receptor affinity (Kd 

3.79 nM) [55]. In this case, “hot” saturation studies would have required the preparation of 

stock solutions having up to a 400 nM concentration of radioligand for dilution into the 

binding assays. For perspective, 800 μCi would be required to prepare 2 mL of stock, 

considering the specific radioactivity of 2000 mCi / μmol. By contrast, the homologous 
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competition studies required only a 0.015 nM fixed concentration. The main issue with 

“cold” saturation studies is ambiguity in the parameter estimates unless conditions are 

carefully controlled [83]. For instance, the concentration of radioligand used should be well 

below its Kd. Thus, “hot” saturation studies are inherently more accurate, and are preferable 

when feasible.

6.3 Competition

In Section 3, competition binding was discussed from the viewpoint of characterizing the 

relative ability of a candidate ligand, in non-radioactive form, to interact with primary sites 

of interest, as well as potential secondary sites, using a panel of well-characterized 

radioligands. Together, those results provide a pharmacological binding profile for the novel 

ligand, and may strongly suggest that the radiolabeled version will bind selectively to the 

chosen receptor. The objective of the competition studies described here is to confirm or 

refute that hypothesis by obtaining a pharmacological profile of the binding sites actually 

labeled by the novel radioligand. Methodologically, the experiments are equivalent, except a 

panel of well-characterized non-radioactive ligands is tested against the novel radioligand.

Inhibitory potencies for a panel of eight σ receptor ligands against [125I]-E-IA-BF-PE-

PIPZE in mouse brain membranes are given in Table 2. The radioligand was used at 0.1 nM, 

< 50% of its thermodynamic Kd of 0.24 nM, and the incubation was 180 min at 37 °C based 

on time to reach steady-state (Fig. 8A). Specific radioligand binding represented 85% – 90% 

of the total. The IC50 values were converted to Ki using the Cheng-Prusoff relationship (Eq. 

3). The ligands fully inhibited radioligand binding in concentration-dependent fashion (not 

shown). Hill slopes were near unity, which is consistent with radioligand binding to a single 

class of sites. Inhibition by non-radioactive E-IA-BF-PE-PIPZE shows the saturability of the 

binding sites, a fundamental concept in receptor theory. The (+)- and (−)-enantiomers of 

SKF10,047 were included as a test for binding site stereoselectivity [145]. Appropriate σ1 

receptor enantioselectivity was observed, with much higher affinity noted for (+)-

SKF10,047. Interestingly, the nomenclature sigma (σ) receptor has its origins from the first 

letter “S” of (+)-SKF10,047, considered the prototypical ligand over 40 years ago when the 

sites were thought to be a novel opioid receptor [30,38].

Qualitatively, ligands known to have high affinity for the σ1 receptor (haloperidol, (+)-

pentazocine, BD1063, (+)-SKF10,047) competed effectively for [125I]-E-IA-BF-PE-PIPZE 

binding, while those known to have poor affinity, such as (−)-SKF10,047 did not. A ligand 

developed by the Mach group, 5-bromo-N-[4-(6,7-dimethoxy-3,4-dihydro-1H-isoquinolin-2-

yl)-butyl)]-2,3-dimethoxybenzamide, that has 1500-fold selectivity for σ2 over σ1 receptors 

[146,147] was also included. For simplicity, we refer to this ligand in-house as “Br-Mach,” 

and found negligible affinity for sites labeled by [125I]-E-IA-BF-PE-PIPZE. Quantitatively, a 

strong Pearson correlation (r = 0.99, p = 0.0001; Fig. 10) of pKi values exists between the 

data of Table 2 and that previously reported for six of the inhibitors against [3H]-PTZ 

binding in mouse brain membranes [58]. Based upon the pharmacology observed, the sites 

labeled by [125I]-E-IA-BF-PE-PIPZE in vitro can be assigned as σ1 receptors.
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7. In vivo evaluation

Good in vitro values for affinity and selectivity, along with suitable physicochemical 

properties are necessary, but not sufficient, criteria for a receptor-binding radiotracer to be 

useful in vivo. Animal studies of several different types are necessary to establish suitability 

for basic science studies, and even more are required for development as a 

radiopharmaceutical. Generally, animal work with a candidate receptor-binding radiotracer 

begins with rodent studies to determine tissue distribution, receptor specificity and 

metabolism. Key goals are to provide an ADME profile, and to confirm a receptor-mediated 

mechanism of localization. The maximum amount of information should be obtained from 

the least number of animals. There is international support for the applying the “three R’s” 

(Replacement, Refinement, Reduction) to animal experimentation [148]. Scientific journals, 

such as the British Journal of Pharmacology, are adapting manuscript guidelines to specify 

inclusion of all aspects of animal work, from protocol design through welfare [149]. 

Protocols for experimentation must conform to relevant national regulations and local 

guidelines. In the United States, animal research must be in compliance with the Guide for 
the Care and Use of Laboratory Animals [150], and be approved prior to conduct by a local 

Institutional Animal Care and Use Committee (IACUC). The animal studies described 

herein were governed by these requirements.

Requirements for animal research protocols to be viewed as acceptable evolve over time. 

Presently, literature searching must be documented to indicate that new knowledge will be 

gained, unnecessary duplication of prior studies will be avoided, and alternatives to animal 

testing have been considered. Types of experiments, statistical rationales (power analysis) 

for animal numbers, methods to relieve pain and distress, definitions of humane endpoints, 

veterinary oversight and methods of euthanasia must be delineated. Refinements in 

techniques, as well as husbandry and environmental enrichment, must be addressed. 

Radioligands and drugs to be administered must be given with their source and purity, as 

well as amounts to be used and routes of administration. Purchase and housing should be 

coordinated with the experimental schedule to maintain a close window for age and weight 

in order to minimize confounders. Modern protocols not only ensure animal welfare, but 

also consider protections for those who perform studies. These occupational health 

considerations include use of personal protective equipment and immunizations as 

appropriate, as well as provisions to reduce exposures that might lead to allergies or to the 

transmission of infectious diseases from laboratory animals to human beings (zoonoses). 

Reference texts are available for mouse [151] and rat [152] handling and techniques, and 

periodicals are devoted to state-of-the-art animal experimentation. In addition to these 

reference compilations, most institutions have, and require, hands-on training so those new 

to the field can gain proficiency.

7.1 Pharmacokinetics

Pharmacokinetic studies are performed to determine the temporal biodistribution of the 

candidate radioligand. The results impact future animal study designs, and perhaps, choice 

of radionuclide and imaging modality. For instance, the pharmacokinetics of a [11C]-labeled 

radioligand might suggest that a longer-lived [18F]-labeled version would be better in PET 
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imaging scenarios. The first step in this endeavor is deciding how to administer the 

radiotracer to the animal. Numerous routes are available, including intravenous (i.v.), 

intraperitoneal (i.p.), intrathecal (IT), intratumoral (i.t.), intramuscular (i.m.) and 

subcutaneous (s.c.) [148]. The choice depends upon study goals and radiotracer 

characteristics. For instance, IT administration delivers proteins to the brain [153], while the 

i.t. approach delivers nanoparticles directly to a solid tumor [154]. Volumes and 

formulations should be compatible with the size and physiology of the animal. For a small 

molecular weight radioligand that targets the CNS, bolus i.v. injection is preferred, since the 

dose is delivered directly to the bloodstream, avoiding first-pass metabolism.

To minimize natural variations among species and genotypes, many laboratories standardize 

radiotracer comparisons to one species. We work primarily with the CD-1® mouse strain. 

For mouse, a lateral tail vein is used, and doses should be formulated so a low volume (ca. 

100 – 200 μL) is injected to avoid perturbation of total blood volume. Vehicles are usually 

sterile 0.9% saline containing a few percent of relatively innocuous additives (e.g., ethanol, 

propylene glycol). Due to exquisite sensitivity of detection, only a few μCi of radioactive 

tracer, a sub μg / kg quantity at a high specific activity, is required for each animal. The 

experiment is designed to measure the biodistribution of the radiotracer as a function of time 

in brain, peripheral organs and bodily fluids. For each time to be investigated, groups of 

animals are dosed and then euthanized. Tissues and fluids are harvested, weighed and 

counted for radioactivity along with standard dilutions of the injected dose (%ID). 

Concentrations of radioactivity are expressed as either %ID / g or as %ID / organ. Further 

normalization to body weight for each animal would provide a standardized uptake value 

(SUV).

“Time-activity” curves that graphically illustrate uptake and clearance of radioactivity for 

[125I]-E-IA-BF-PE-PIPZE are given in Fig. 11. The biodistribution was followed to 24 h 

because SPECT using I-123, with a 13.2 h half-life, could accommodate this time frame. 

Initial brain uptake (Panel A) can be considered high, with 6.14 ± 0.94 %ID / g (mean ± SD) 

at 5 min. Peak uptake of 6.56 ± 1.23 %ID / g was reached at 15 min, with a decline to 4.48 

± 0.22 %ID / g evident at 4 h. By 24 h, brain uptake dropped to 0.76 ± 0.091 %ID / g. 

Statistically speaking, brain uptake did not change significantly (ANOVA) over the first 4 h 

of the study.

Good brain uptake not only confirms passage across the blood-brain barrier, but also 

indicates that [125I]-E-IA-BF-PE-PIPZE is not likely to be a substrate for efflux transporters, 

such as the P-glycoprotein (PGP) pump. Both factors are important considerations. For 

example, [3H]-PTZ, the standard for in vitro binding assays of σ1 receptors, is quickly 

pumped out of brain by PGP [155], which precludes use in vivo. If low uptake of a candidate 

radioligand is observed in whole brain, in vitro methods exist to test for PGP interactions. 

These include the Pgp-Glo™ Assay System, a kit complete with recombinant human PGP 

membranes, and the use of MDR-1 MDCK cells, available from the Laboratory of Cell 

Biology at the United States National Cancer Institute (NCI) [156]. For an in vivo test, 

paired wild type and PGP-deficient CF-1™ mice are available from Charles River 

Laboratories. Considerable substrate dependent differences in PGP activity are well known 

between human beings and various animal species, presenting further complications. Efflux 
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transporters are targets for imaging in their own right [157]. Expert reviews on these topics 

in relation to radiopharmaceutical development are available from Pike [8,158].

The pharmacokinetics of [125I]-E-IA-BF-PE-PIPZE in heart, lung and muscle are shown in 

Fig. 11, Panels B – D. Radioligand uptake was 50% higher in heart than brain, and fully 5-

fold higher in lung compared to brain. Activity cleared slowly from heart (r2 0.90; t½ 119 

min) and lung (r2 0.88; t½ 104 min) according to monexponential decay. Muscle showed 

much lower uptake, with a pharmacokinetic profile similar to brain. Blood levels were low 

throughout the study, and decreased from 0.31 ± 0.03 %ID / g at 5 min to 0.08 ± 0.01 %ID / 

g at 24 h (not shown), indicating good extraction of radiotracer from whole blood into the 

organs. Various other tissues were also examined (Fig. 12). For instance, radioactivity was 

observed in the eye at 5 min (2.01 ± 0.13 %ID / g) that did not clear significantly (ANOVA) 

over the first 120 min. Such data is of most interest when internal radiation absorbed dose 

estimates are required (Section 10). In that regard, the present study was not designed to 

assess dosimetry. Such studies have additional design features [159]. For example, animals 

often void when euthanized, so urine is collected on filter papers that are combined with the 

harvested urinary bladder for absorbed dose calculations.

7.2 Pharmacology

Pharmacokinetic studies describe total radiotracer uptake and clearance, but do not provide 

the fraction of radioactivity associated with specific binding to a receptor. Similar to an in 

vitro binding assay, non-specific binding must be defined by a parallel study, using separate 

groups of animals, where radioligand competes for receptor against an excess of non-

radioactive ligand known to bind that receptor. If timing and dosing are appropriate, specific 

radioligand binding will be blocked, and residual tissue radioactivity will represent the non-

specific component. Subtraction of non-specific for a given tissue from the total determined 

in the first experiment then provides estimates of receptor-specific radioligand binding as 

%ID / g. Appropriate protocols for many receptors are available, but novel systems may 

require timing and dose-ranging studies to make sure the blocker and radioligand are present 

simultaneously to compete for the receptor. Supplemental pharmacology studies, using a 

panel of ligands, may be included to assess potential off-target interactions. Animals 

receiving macroscopic amounts of drugs should be monitored for adverse effects or 

abnormal behaviors.

In the present case, we treated mice with the σ1 receptor antagonist BD1063 (5 μmol / kg, 

i.v.) 5 min before administration of [125I]-E-IA-BF-PE-PIPZE (Fig. 11). This serves to 

define non-specific binding based on prior studies [55–58]. BD1063 greatly reduced uptake 

and enhanced clearance of [125I]-E-IA-BF-PE-PIPZE. As defined by BD1063, specific 

radioligand binding to σ1 receptors at 15 min was 75% in brain, 87% in heart, 87% in lung 

and 61% in muscle (Fig. 11). The proportion of specific binding increased over time, as non-

specific binding washed out more rapidly than the specific binding. For all tissues, clearance 

of non-specific binding as %ID / g was monoexponential (r2 0.90 – 0.95) and rapid (t½ 6.8 

min – 11.4 min), consistent with the absence of a receptor-mediated mechanism of retention.

Additional σ receptor ligands were then tested as potential inhibitors in pretreatment 

experiments analyzed at a single time, 60 min (Fig. 12). These were given at 2.5 μmol / kg 
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(i.v.), and included E-IA-BF-PE-PIPZE to test for saturability, BD1063 (σ1), haloperidol 

(σ1 / σ2) and the σ2 receptor-selective Br-Mach. No adverse effects or abnormal behaviors 

were observed. Significance was tested at the α = 0.05 significance level (ANOVA) against 

the saline-treated control group (post hoc Dunnett’s test). [125I]-E-IA-BF-PE-PIPZE uptake 

was reduced significantly by E-IA-BF-PE-PIPZE (53% – 94%), haloperidol (47% – 90%) 

and BD1063 (53% – 90%) in brain and peripheral organs, with the exception of the liver. 

Expression of σ1 receptors by all of these organs has been confirmed in prior in vitro or in 

vivo studies [42,55,140,145]. The liver showed increased uptake upon inhibition of σ1 

receptor binding in the other organs. This is accompanied by a 2-fold increase of 

radioactivity in the blood at 60 min compared to controls (e.g., for BD1063, 0.76 

± 0.04 %ID / g vs. 0.38 ± 0.09 %ID / g). We hypothesize a portion of the circulating 

radioligand is then metabolically trapped by the liver (Section 7.4).

Qualitatively, BD1063 and haloperidol provided similar levels of inhibition, despite their 

structural differences. Saturation by cold ligand appeared somewhat greater. This may reflect 

identical access of the cold and hot ligands to all tissue compartments; coupled, perhaps, 

with a small component of saturable but non-specific binding to unkown sites or structures. 

Br-Mach did not inhibit radioligand uptake in spleen, kidney, lung or liver, but a low 

decrease was noted for brain (14%), heart (15%) and muscle (24%). Although statistically 

significant, this minimal level of inhibition is not likely to be biologically meaningful when 

taken with the other data [160]. Together, these pharmacology studies show a σ1 receptor-

mediated mechanism of localization for [125I]-E-IA-BF-PE-PIPZE in mouse brain and most 

peripheral organs.

7.3 Regional distribution in brain

A useful neuroreceptor radioligand must show in vivo binding in discrete brain regions that 

mirrors the relative distribution of the sites. Biodistribution studies that include anatomical 

dissection of the brain into regions allow correlation of uptake or specific binding to that 

known from prior in vitro or in vivo studies. For some systems, an appropriate regional 

distribution is readily apparent. For example, striatum and cerebellum are definitive target 

and non-target regions, respectively, for dopamine receptor and dopamine transporter 

studies. By contrast, σ1 receptors are heterogeneously distributed throughout mammalian 

brain, but densities are rather similar between the regions. There is no sizeable internal 

reference region to serve as a “tissue blank” representing non-specific uptake. This presents 

some technical limitations, but there are also advantages, because many questions can be 

addressed simply by examining whole brain.

Fig. 13 displays [125I]-E-IA-BF-PE-PIPZE uptake and pharmacology at 60 min for nine 

regions of mouse brain. As expected from prior studies of σ1 receptors, the highest control 

levels were in pons / medulla and superior / inferior colliculi, while the lowest levels were in 

striatum and hippocampus. These data were collected during the pharmacology studies 

described above in Section 7.2, and the effects of the pretreatments matched those observed 

in whole brain. A saturating dose of E-IA-BF-PE-PIPZE reduced uptake by over 92% across 

all regions, while effective inhibition was noted for haloperidol (68% – 90%) and BD1063 

Lever et al. Page 25

Nucl Med Biol. Author manuscript; available in PMC 2018 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(86% – 90%) (ANOVA, post hoc Dunnett’s test). As in whole brain, minimal but statistically 

significant, inhibition was observed for Br-Mach in most brain regions.

The σ1 receptor-specific binding of [125I]-E-IA-BF-PE-PIPZE in these 9 brain regions gave 

a robust Pearson correlation (Pearson r = 0.86, p = 0.003) with in vivo data previously 

obtained using [125I]-E-IA-DM-PE-PIPZE (Section 8, Fig. 16). In a related experiment, 

specific binding data obtained by in vitro autoradiography using [125I]-E-IA-BF-PE-PIPZE 

in brain sections was correlated well with ex vivo data from (+)-[3H]-SKF10,047 (Section 9, 

Fig. 18). Thus, correlations and cross-correlations confirm selective labeling of the σ1 

receptor in vivo by [125I]-E-IA-BF-PE-PIPZE throughout the mouse brain.

7.4 Metabolism (radiometabolites)

Only radioactivity is measured in the in vitro and in vivo experiments described thus far. An 

initial assumption is the signal represents unchanged radiotracer, but the chemical nature of 

that radioactivity should be assessed experimentally. In vivo, most radioligands are 

transformed by active enzymes that are binding proteins in their own right. Thus, enzymes 

exhibit substrate selectivity, and there are also species differences in metabolism. Two well-

known cases use metabolism of the radiopharmaceutical as a design element: the Tc-99m 

complex derived from N,N′-1,2-ethylenedylbis-L-cysteine diethyl diester (Neurolite®) and 

[18F]-2-fluorodeoxyglucose ([18F]-FDG). In the case of Neurolite®, the neutral lipophilic 

complex for imaging of brain blood perfusion passively crosses the blood-brain-barrier, and 

endogenous esterases convert one of the pendant ester groups to a charged carboxylate 

anion. This metabolism provides a trapping mechanism to permit imaging by SPECT. 

Otherwise, Neurolite® would passively diffuse out of the brain. In the case of [18F]-FDG, 

glucose transport proteins actively carry the radiopharmaceutical into the cell for 

phosphorylation by hexokinase. The second enzymatic step is blocked by the presence of the 

carbon-fluorine bond, allowing accumulation of the charged species. At the opposite end of 

that spectrum, unstable [99mTc]-labeled complexes show high stomach activity from 

pertechnetate anion (99mTcO4
−) and unstable [18F]-labeled compounds show extensive bone 

uptake from [18F]-F−.

Metabolism is an unwanted feature of most receptor-binding ligands, and occurs largely in 

the periphery rather than the brain. For instance, radioligands labeled with C-11 in N- or O-

methyl positions often suffer metabolic loss of the radiolabel during neuroreceptor brain 

imaging by PET. The downside may be limited to loss of the radiolabel, since the 

radiolabeled metabolites are polar and do not cross the blood-brain barrier. If lipophilic 

radiometabolites are produced, and do cross the blood-brain barrier, the specific to non-

specific binding signal would be reduced and confound analysis. Such metabolites might 

also bind to the receptor of interest, but with different kinetics, or even bind to an altogether 

different site. Depending on the situation, the molecular position for radiolabeling might 

need to be altered. Complexity further increases when considering the suitability of a 

radioligand for studies of CNS receptors as well as the peripheral sites located on normal 

organs or, perhaps, tumors.

In the early stages of preclinical validation, analytical methods can be used to examine 

radioligand metabolism in organs and bodily fluids harvested from small animals, such as 
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the mouse. For a radiometabolite protocol to provide meaningful data, a high percentage of 

the radioactivity must be recovered and processed for analysis. While multiple methods can 

be used, HPLC is one of the most powerful techniques. Higher levels of radiotracer are 

administered than for pharmacokinetic studies, but the amount of radioactivity in some of 

the samples may still be lower than the detection limit of an in-line radioactivity detector. 

Thus, fractions of HPLC eluent may need to be collected, counted and then graphed to 

produce a chromatogram.

For illustration, Fig. 14 shows the HPLC radiochromatograms obtained by extracting the 

brain, lung and liver of a CD-1® mouse 60 min after administration of 100 μCi (i.v.) of 

[125I]-E-IA-BF-PE-PIPZE. The peak at 8.8 min corresponds to unmetabolized radioligand 

using conditions similar to those of Fig. 6. Each organ was counted for radioactivity, and 

then homogenized in methanol, acetonitrile and water containing DTG (100 μM). This 

mixture was selected to precipitate proteins, solubilize the radioactivity, and help ensure 

HPLC compatibility. DTG was included to aid displacement of any radioligand that might 

be σ receptor bound. Mixtures were centrifuged, and a radioactivity balance obtained for 

extracts and pellets with respect to the original sample. Organ extracts were diluted with 

water and then filtered (0.45 μm) for HPLC analysis. The urine sample required only 

dilution with HPLC mobile phase and filtration. Details for a similar procedure have been 

reported for [125I]-E-IA-DM-PE-PIPZE.

High percentages of radioactivity were recovered for brain, heart and lung. About 99% of 

the radioactivity detected in brain tissue was from intact radioligand. Thus, biodistribution 

data for brain accurately reflect the radioligand and not radiometabolites. Similar results 

were noted for lung and heart (not shown). For liver, only 80% of the radioactivity was 

extractable. Of that, only 40% was associated with unchanged radioligand. The remainder 

was accounted for by multiple more polar radiometabolites. The liver data contrasts with 

that from [125I]-E-IA-DM-PE-PIPZE, where the extractable activity was 90% unchanged 

radioligand and σ1 receptor-specific binding was readily detected. The large proportion of 

radiometabolites in liver reduces the chances of observing specific binding for [125I]-E-IA-

BF-PE-PIPZE, and prompted our speculation of radiometabolite trapping as a contributor to 

the increased liver uptake upon blockade of σ1 receptors (Fig. 12). Urinary excretion of 

radioactivity from [125I]-E-IA-BF-PE-PIPZE consisted entirely of polar metabolites (99%).

8. Comparisons of [125I]-E-IA-BF-PE-PIPZE to [125I]-E-IA-DM-PE-PIPZE

Our scientific objective (Section 2.1) was to determine how substitution of the 

dimethoxyphenethyl group of E-IA-DM-PE-PIPZE with the dihydrobenzofuranylethyl 

moiety of E-IA-BF-PE-PIPZE would affect in vitro and in vivo binding to σ receptors, with 

a view toward their use in SPECT imaging trials. As we had thought, in vitro σ receptor 

binding proved quite sensitive to this modification, with E-IA-BF-PE-PIPZE displaying 15- 

to 20-fold higher apparent affinities for both σ1 and σ2 receptors than E-IA-DM-PE-PIPZE 

(Table 3). Since binding was enhanced to the same extent at both sites, comparable σ2 / σ1 

selectivity was observed for the two ligands based upon Ki ratios. Neither ligand exhibited 

appreciable affinity for opioid receptors or monamine transporters in vitro, indicating some 

overall selectivity for σ1 receptors. Direct binding also showed a 16-fold higher measured 
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affinity of [125I]-E-IA-BF-PE-PIPZE for sites in mouse brain membranes, with a 

comparable site density for the two radioligands (Table 3). Sites labeled by [125I]-E-IA-BF-

PE-PIPZE (Table 2) and [125I]-E-IA-DM-PE-PIPZE [55] were confirmed as σ1 receptors by 

the pharmacology observed for competitive binding against well-known non-radioactive σ 
receptor ligands.

Both lipophilicity and protein binding increased for [125I]-E-IA-BF-PE-PIPZE with respect 

to [125I]-E-IA-DM-PE-PIPZE (Table 3). Log D7.4 measurements showed a 0.44 log unit 

difference, indicating 2.8-fold higher lipophilicity for [125I]-E-IA-BF-PE-PIPZE. Protein 

binding also increased, by a substantial 50%. We had anticipated the direction of these 

changes in the physicochemical parameters, considering that the replacement of an oxygen 

atom with a methylene group reduces the possibilities for hydrogen bonding and increases 

the strength of hydrophobic interactions.

At this juncture in the development process, the in vitro information has considerable worth 

for predicting in vivo behavior and molecular imaging potential. In 1979, Eckelman and 

colleagues [161] posed the concept of using binding models and in vitro data to better 

understand the target to non-target ratios that might be observed in vivo for reversible 

receptor-binding radiopharmaceuticals. Briefly, imaging radiotracers are used in vivo at high 

specific radioactivity, so concentrations are well below their in vitro Kd. Thus, specific 

radioligand binding approaches zero for the Rosenthal - Scatchard transformation (Equation 

10, Y -> 0; Section 6), which reduces to Equation 12:

(Eq. 12)

Consequently, the maximal Bound / Free ratio is also approached, which is defined in the 

mass-action binding model as Bmax / Kd. This gives an upper limit to the target to non-target 

ratios that might be observed for a given system in vivo based solely upon radioligand 

affinity and target site density [161–163]. The relationship further demonstrates that targets 

with lower density are more difficult to image and require radioligands of higher affinity. G-

protein coupled receptors (GPCR) provide one example. As discussed by Pike [8], most 

successful radioligands for this class are antagonists that can bind to both the coupled and 

non-coupled states. Selective labeling of the coupled state, a small proportion of total sites in 

vivo, is much more difficult, in part because of the lower Bmax.

For translation to the in vivo situation, Bmax should be in nM units, and based on tissue 

rather than protein. Protein represents about 5% of brain tissue, so simple division by a 

factor of 20 converts a Bmax in fmol / mg protein to units of nM in brain tissue. In 1984, 

Mintun and colleagues [164] used compartmental modeling of neuroreceptor PET data to 

arrive at much the same conclusion, and introduced the term Binding Potential (BP) to 

represent the in vivo Bmax / Kd. Imaging determinations of BP are widely used, and are 

actually proportional to Bmax / Kd depending upon how the analyses are conducted. By 

expert consensus [165], “BP without subscript refers to the “true” in vitro measurement of 
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Bmax/Kd,” while BPND refers to the equilibrium ratio of specifically bound to 

nondisplaceable radioligand in tissue by compartmental modeling of in vivo imaging data.

Using BP provides a convenient way to gauge potential in vivo outcomes for candidate 

recognition site ligands, and gives an estimation of the maximal specific to non-specific 

binding that could be observed. For instance, a BP of 7.9 for [125I]-E-IA-DM-PE-PIPZE and 

a BP of 98 for [125I]-E-IA-BF-PE-PIPZE can be calculated from their respective Bmax / Kd 

ratios (Table 3). For these radioligands, the BP differential reflects their affinities, since 

target site densities are the same for both. By definition (vide supra) and in practice, the 

specific to non-specific binding signal observed in vivo is less than the calculated BP value. 

Reviews by Patel and Gibson [163] and Pike [8] show that successful neuroreceptor imaging 

agents have a BP of 5 or greater. The BP method is useful for comparisons and predictions, 

but suffers inherent limitations considering that critical factors, including plasma protein 

binding and metabolism, are not addressed [162].

The in vivo behavior of [125I]-E-IA-BF-PE-PIPZE has been treated in Section 7. Here we 

compare [125I]-E-IA-BF-PE-PIPZE and [125I]-E-IA-DM-PE-PIPZE [55,58], with emphasis 

on aspects relevant to CNS imaging of σ1 receptors. Both radioligands passed the first 

critical requirement by crossing the blood-brain barrier (Fig. 15) in accord with their 

molecular size and Log D7.4 (Table 3). While their uptakes in whole mouse brain were 

comparable at the earliest times, the pharmacokinetics diverged within 30 min. Brain uptake 

for [125I]-E-IA-BF-PE-PIPZE showed a stable plateau, and did not change significantly 

(ANOVA) over the first 120 min. By contrast, [125I]-E-IA-DM-PE-PIPZE cleared by 75% 

from 15 min to the 120 min, with data fit by a monexponential decay (r2 = 0.99; t½=36 min) 

[55].

For both radioligands, the majority of brain uptake represented specific binding to σ1 

receptors. At 30 min and 60 min, specific binding was 80% to 90% of total. Explicit 

comparisons of specific to non-specific binding ratios, along with the %ID /g data used for 

the calculations, are given in Table 3. The ratio was near 5 for [125I]-E-IA-DM-PE-PIPZE at 

both 30 min and 60 min, and the washout of both specific binding and non-specific binding 

proved similar. For [125I]-E-IA-BF-PE-PIPZE, the specific to non-specific binding ratios 

roughly doubled over this time period because the specific binding signal was more strongly 

retained. Levels of non-specific binding for [125I]-E-IA-BF-PE-PIPZE were marginally 

higher than for [125I]-E-IA-DM-PE-PIPZE, in keeping with its higher lipophilicity. 

Consistent with receptor binding as the mechanism of localization, the higher target to non-

target ratio observed for [125I]-E-IA-BF-PE- PIPZE reflects the 16-fold higher σ1 receptor 

affinity compared to [125I]-E-IA-DM-PE-PIPZE.

The pharmacokinetics for these two radioligands proved complementary. Their regional 

cerebral distributions are well correlated (Fig. 16), and consistent with labeling of σ1 

receptors in vivo. Levels of radiometabolites were low in brain tissue, with only 1% noted 

for [125I]-E-IA-BF-PE-PIPZE (Fig. 14) and 8% for [125I]-E-IA-DM-PE-PIPZE (Table 3). 

This is an important consideration during imaging trials, and for selection of an appropriate 

approach to modeling (Section 9). The specific to non-specific ratios of 5 observed in vivo 

for [125I]-E-IA-DM-PE-PIPZE are in good agreement with the maximum value of 7.9 
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predicted from the in vitro BP calculations. For [125I]-E-IA-BF-PE-PIPZE, however, the 

specific to non-specific binding ratios ranging from 5.5 at 30 min to 12 at 240 min were 

much below the in vitro BP of 98. Since levels of non-specific binding in brain tissues were 

fairly similar for these radioligands, a plausible explanation is the higher plasma protein 

binding observed for [125I]-E-IA-BF-PE-PIPZE in vitro (Table 3) indeed occurs in vivo. 

Like non-specific binding, this is partly a function of lipophilicity, and reduces the free 

fraction of radioligand in plasma that is available to cross the blood-brain barrier. Thus, an 

upper limit would be imposed on the [125I]-E-IA-BF-PE-PIPZE specific binding attained.

The dissociation of [125I]-E-IA-BF-PE-PIPZE from σ1 receptors in vitro is quite slow 

(Section 6). In vivo, when no competing ligand prevents rebinding, the effective off-rate may 

be even slower. Generally, low koff influences drug efficacy in vivo because slower 

dissociation implies a longer duration of action at the recognition site [166]. From a 

radiopharmaceutical viewpoint, a low koff helps ensure high enough bound radioligand for 

detection by imaging. If sensitivity to recognition site occupancy is an objective, the koff 

may need to be relatively higher. As discussed by Eckelman [162], a Kd in the pM range 

may indicate an off-rate so slow that imaging outcomes are blood flow dependent, while a 

Kd greater than 10 nM may indicate an off-rate too fast for visualization of specific binding. 

Overall, in vivo binding and recognition site imaging reflects a complex interplay of many 

factors. Characteristics observed in the mouse suggest that [123I]-E-IA-BF-PE-PIPZE would 

provide higher quality SPECT images of σ1 receptors due to temporal signal stability, a 

higher count rate and a greater target to non-target ratio. On the other hand, [123I]-E-IA-DM-

PE-PIPZE would be likely to provide adequate SPECT images, along with greater sensitivity 

for occupancy studies. Thus, the properties of these two radioligands should be 

complementary.

In relation to the field, we imagine that [123I]-E-IA-BF-PE-PIPZE (Kd 0.24 nM) might prove 

similar to [123I]-TPCNE (Ki 0.67 nM), which exhibited irreversible kinetics in rat brain by 

dissection [44] and in human brain by SPECT [47]. An irreversible model best described the 

human brain kinetics, and the authors suggested that outcomes might be blood flow 

dependent. [123I]-E-IA-DM-PE-PIPZE (Kd 3.79 nM) might prove to be a SPECT 

counterpart to [11C]-SA4503 (Kd 4.5nM, [167]). [11C]-SA4503 displays reversible kinetics 

in rat brain by PET [52,168,169], similar to those of [125I]-E-IA-DM-PE-PIPZE in mouse 

brain. [11C]-SA4503 PET is validated for σ1 receptor occupancy measurements in human 

beings, with data analysis by a 2-tissue 3-compartment model yielding BPND [51,53,170]. 

Considering the σ1 receptor Bmax (636 fmol / mg protein, ca. 31.8 nM) for human frontal 

cortex [171], and the Kd or Ki of these 4 ligands, the in vitro BP predictions are 7.1 for 

SA4503, 8.4 for E-IA-DM-PE-PIPZE, 47 for TPCNE and 132 for E-IA-BF-PE-PIPZE. 

Though SA4503 and E-IA-DM-PE-PIPZE have comparable BP, SA4503 is a σ1 receptor 

agonist [45,172] while E-IA-DM-PE-PIPZE shows antagonist character [58]. For σ1 

receptors, structurally distinct from GPCR [38], agonist and antagonist radioligands appear 

to be equally suitable for in vivo studies. Behavioral or biochemical assays, distinct from the 

types of studies described herein, are usually required to make functional differentiations.
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9. Preclinical Imaging

Imaging is the culmination of the considerable efforts devoted to synthesis, radiosynthesis 

and a variety of in vitro and in vivo studies. Preclinical imaging in rodents or non-human 

primates (NHP) provides great insight into the potential of a novel receptor-binding 

radiotracer to translate into a radiopharmaceutical. As mentioned in the Introduction, 

autoradiography provided support and accelerated progress in non-invasive receptor imaging 

by PET and SPECT early on. High-resolution autoradiography continues to be combined 

with PET or SPECT imaging to provide a complete picture. At a higher level, questions 

regarding receptor-related sex differences can be addressed through preclinical imaging, and 

receptor imaging in animal models can help to test hypotheses regarding disease.

9.1 Autoradiography

Autoradiography is widely used in biomedical research and pharmaceutical development. It 

is an efficient, high-resolution technique for quantitative localization of radioactivity in thin 

slices taken from brain, peripheral organs, solid tumors or, in the case of a small rodent, even 

the whole body [173]. The present context will be limited to detection of receptor 

distributions in brain, which was pioneered by Michael Kuhar and colleagues [13,14]. In 

brief, radioligand binding to receptors is visualized in thin (10 – 20 μm) sections prepared 

from frozen brain using a cryostat microtome. These sections are thaw-mounted onto 

microscope slides, and then apposed to X-ray film or a phosphorimaging plate. Qualitative 

images of the radioactivity distribution are obtained by development of the film or inspection 

of the phosphorimage. Quantitative data for brain regions of interest are then obtained by 

comparison to calibrated standards of radioactivity. Multiple brain regions, including those 

of small size, can be examined simultaneously and with confidence because of the high 

sensitivity and high spatial resolution. This is a great advantage for autoradiography studies 

as compared to anatomical dissection methods in vivo, or to homogenate binding assays in 

vitro. The spatial resolution achieved does depend upon the decay characteristics of the 

radionuclide employed. Detailed reviews of theory and practice are available [174–176]. The 

method can be applied in vitro or ex vivo, as follows.

9.1.1 In vitro autoradiography—In the in vitro case, slide-mounted brain tissue sections 

are incubated in a buffered solution of the radioligand in the presence and absence of a 

blocker to define non-specific binding. Kinetic, saturation and competition binding studies 

can be performed [175], using techniques that are essentially the same as described in 

Section 6. After incubation, the slides are washed using ice-cold buffer to remove the non-

specifically bound material. Chilling lowers koff, so repetitive washes can be used to 

maximize the specific binding signal. As with other in vitro binding assays, this method 

obviates the need to consider delivery of the radiotracer or metabolism. Gibson [88] suggests 

that comparison of radioligands using a “nonwash” autoradiographic procedure in vitro can 

be a useful predictor of the receptor-binding signal to noise ratio that might be observed in 

vivo.

In vitro autoradiograms for [125I]-E-IA-BF-PE-PIPZE binding to σ1 receptors in mouse 

brain sections in the presence and absence of BD1063 are shown in Fig. 17. Procedurally, 
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the brain sections were incubated at 37 °C for 180 min with the radioligand (0.1 nM), chilled 

and then washed three times for 15 min in ice-cold buffer. Slides were dried, and then 

apposed to film for 24 h. The relationship between film optical densities and radioactivity 

was calibrated using radioactivity standards and a MCID™ digital image analysis system. 

The total binding image for [125I]-E-IA-BF-PE-PIPZE displays a heterogeneous distribution 

of radioactivity throughout mouse brain, with the lowest levels of radioactivity in white 

matter structures, such as the corpus callosum (Fig. 17). In the presence of BD1063, a low 

and homogeneous level of activity, just above film background, was detected. Thus, the total 

binding image is almost entirely σ1 receptor-specific. A mouse brain atlas [177] was used to 

identify discrete anatomical regions for further analysis. Specific binding of [125I]-E-IA-BF-

PE-PIPZE in vitro, measured in fourteen regions, was then plotted against the specific 

binding data known for those same regions of mouse brain from ex vivo autoradiography 

using the σ1 receptor radioligand (+)-[3H]-SKF10,047 [178]. As shown in Fig. 18, excellent 

correlation (Pearson r = 0.92, p < 0001) was observed, confirming specific labeling of σ1 

receptors by [125I]-E-IA-BF-PE-PIPZE.

9.1.2 Ex vivo autoradiography—For ex vivo autoradiography, the radioligand is 

administered (i.v.) to the animal, usually a rodent. After an appropriate time, based upon 

prior studies, the animal is euthanized, the brain is removed, quick-frozen and sliced into 

thin sections. These sections are dried, transferred to glass slides and data analysis 

performed as described for the in vitro case. An ex vivo autoradiography study of σ1 

receptors in mouse brain using [125I]-E-IA-DM-PE-PIPZE is shown in Fig. 19 [58]. Specific 

binding to σ1 receptors was 80% of the total binding observed for saline-treated controls. 

The similarity between the regional distributions of σ1 receptors obtained ex vivo and in 

vitro is readily apparent.

The in vivo properties of [125I]-E-IA-DM-PE-PIPZE are amenable to occupancy studies, and 

a behaviorally active dose of (−)-cocaine (100 μmol / kg, i.p.) inhibited radioligand uptake 

by 50% (Fig. 19). Thus, (−)-cocaine interacts significantly with σ1 receptors in vivo despite 

weak affinity, Ki ca.1500 nM, for the sites. This finding supports the notion that (−)-

cocaine’s psychostimulant effects are partly due to agonist interactions with σ1 receptors. In 

further support of this mode of action, [125I]-E-IA-DM-PE-PIPZE was used to establish a 

good correlation (r2 = 0.88) between the ability of a potent antagonist, PD144418, to occupy 

cerebral σ1 receptors and to attenuate (−)-cocaine induced locomotor hyperactivity in mice 

[56]. Non-radioactive E-IA-DM-PE-PIPZE also partially attenuates (−)-cocaine induced 

locomotor hyperactivity, suggesting antagonist character [58]. At present, such behavioral 

studies are a principal way to assign the functional properties of σ1 receptor ligands 

[38,64,179,180]. Dopamine transporter (DAT) inhibition is recognized as the main 

contributor to (−)-cocaine’s behavioral effects and abuse liability. In fact, PET studies 

relating DAT occupancy by (−)-cocaine to behavioral effects in human beings, including the 

dose needed for a “high,” are hallmarks for the field [48,181–183].

9.2 PET or SPECT imaging studies in rodents or non-human primates

Preclinical imaging studies in animals provide unique information in their own right, which 

is also relevant to future nuclear imaging studies in human beings [184]. Data regarding 
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pharmacokinetics, drug occupancy and endogenous neurotransmitter release, as well as 

effects of sex, aging or disease can be obtained [185–187]. Having images of the highest 

quality is essential, which takes into account not only the radioligand, but also the 

instrumentation, and the protocols for image reconstruction and registration with anatomical 

features. There has been much progress in PET and SPECT imaging of conscious animals 

that includes the use of behavioral training and special restraints [188–191], software 

development to reduce motion artifacts [191–193], and specialized miniature tomographs, 

such as the RatCAP, that can be mounted on the head of an awake animal [194]. For the near 

future, however, small animals will ordinarily be under general anesthesia during image 

acquisition. Anesthetics necessarily modulate synaptic transmission and exert profound 

effects on systemic physiology [195–197]. As a consequence, significant differences may be 

observed between the results from imaging or biodistribution studies performed under 

various forms of anesthesia, and from the results obtained for awake, freely moving animals.

After high quality images are acquired, uptake has to be quantified accurately and precisely, 

and converted to time-activity curves. Mathematical models are then designed and validated 

that incorporate critical information, some of which must be obtained experimentally during 

a scan. For instance, the amount of radiotracer in plasma that is available for transport into 

the brain, an “input function,” may well need to be determined, so the radioligand 

distribution throughout the various “compartments” (specific binding, non-specific binding, 

etc.) can be modeled over time to provide outcomes such as BP. An excellent recent review 

has summarized three decades of progress in quantitative imaging by PET [18]. Advances in 

taking imaging physics and instrumentation technology from the human scale to the 

microscale needed for small animals have also been reviewed [198,199]. In one account, a 

microPET instrument exhibiting a resolution of approximately 1.5 mm was used to study 

binding of [11C]-SA4503 to the σ1 receptor in young and aged rats. Age-related changes 

were observed in thalamus, midbrain, pons, and medulla, but not cortex by analysis of 

distribution volume and BP [169]. In another recent study, high-quality PET imaging, ex 

vivo autoradiography and a knockout mouse model were employed to show clear differences 

between the high uptake of the σ1 receptor radioligand [18F]-FTC-146 in discrete brain 

regions of wild type vs. σ1 receptor knockout mouse (Fig. 20) [200].

Preclinical brain imaging studies in NHP, such as Rhesus macaques or Papio anubis baboons 

are also of much interest because these animals are closer to the human being than rodents 

[201]. The marmoset, a “New World” monkey, is also being investigated for imaging 

research because it has a more developed brain than a rodent, is small in size (ca. 250 – 400 

g) and is readily accommodated by small animal scanners [202,203]. Marmosets may 

become more prevalent in biomedical research considering ease of handling, lower costs and 

a favorable reproductive cycle. Both normal NHP imaging, as well as imaging using specific 

NHP models of neuropathology [201] and drug abuse [204,205] have been described. Due to 

the limited availability of NHP, a multi-institutional collaboration might be necessary to 

conduct studies.
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9.3 Sex as a biological variable in the validation process

Disease can manifest differently between men and women, and one sex or the other may 

show a different susceptibility or outcome. While the majority of preclinical and clinical 

investigations have used male animals and men exclusively, study designs that investigate 

both sexes are on the rise, and are providing interesting information. The United States 

National Institutes of Health (NIH) has now adopted a policy that requires consideration of 

sex as a biological variable in almost all biomedical research applications [206,207]. Much 

debate has ensued, with strong arguments presented for, and against, this particular approach 

to improving health outcomes [208–212]. Nevertheless, radiotracer techniques have long 

provided unique, quantitative and sensitive ways to identify and address potential sex 

differences. Over twenty-five years ago, differences in the biodistribution of [18F]-labeled 

opioid receptor ligands were observed as a consequence of divergent metabolic pathways 

between male and female rats [213]. In 1999, Zubieta and colleagues [214] observed both 

sex- and age-dependent differences in mu-opioid receptor BP for several brain regions of 

healthy subjects by PET, and discussed the implications. There are many other examples of 

such characterizations in the radiopharmaceutical literature.

A sampling of recent articles shows that clinical radiopharmaceutical imaging continues to 

inform. For instance, a large [18F]-FDG PET study consisting of 493 men and 470 women 

spanning 5 decades (32 – 87 years) showed lower metabolism in parietal cortex for men 

compared to women, while lower metabolism was observed in ventrolateral prefrontal cortex 

for women compared to men [215]. In a multi-institutional study of nonischemic heart 

failure, three radiotracers, [15O]-H2O, [11C]-palmitate and [11C]-glucose, were used to 

evaluate myocardial blood flow and metabolism [216]. Findings indicated that sex, but not 

other variables such as age, was associated with the higher blood flow and fatty acid 

metabolism observed in women, while glucose metabolism did not differ appreciably 

between the sexes. Highlights regarding neurochemical systems include work by London 

and colleagues [217], who used [18F]-fallypride and PET to investigate midbrain dopamine 

D2-type receptor status in male and female cigarette smokers. Significantly higher midbrain 

BP was found for the female smokers, which supports certain clinical observations on sex-

associated aspects of nicotine dependence. PET studies of [11C]-OMAR, a radioligand 

targeting the cannabinoid CB1 receptor [218], showed higher brain uptake across regions in 

men than women [219], augmenting observations of sex-specific differences gained by 

[18F]-MK-9470 and PET [220]. Findings on the endocannabinoid system may have 

important implications, particularly considering the adoption of laws supporting medical and 

casual marijuana use [221].

Radiotracer work in the preclinical arena using mouse models of disease is also yielding 

insight into sex differences. In the inbred SJL mouse model of multiple sclerosis, a [11C]-

labeled sphingosine-1-phosphate receptor 2 ligand showed higher cerebellar uptake in 

female over male animals [222]. Results were consistent across biodistribution, ex vivo 

autoradiography and PET imaging experiments. The findings are in accord with recent 

postmortem observations of a cerebellar increase of this receptor in female compared to 

male patients having multiple sclerosis [223], and may translate to imaging trials to further 

define sex-associated aspects of the disease. A recent study from Mach’s group compared σ2 
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receptor levels in the CNS for male and female mice using the APP/PS1 model of 

Alzheimers Disease as well as wild type C57BL/6J controls [224]. Quantitative in vitro 

autoradiographic imaging using the σ2-selective ligand [3H]-RHM-1 [96] showed that site 

densities were higher in three brain regions (piriform and motor cortices, striatum) of wild 

type females compared to wild type males. Further, σ2 receptor densities in these same brain 

regions of female APP/PS1 mice were significantly lower compared to those of wild type 

females. Differences were not observed between male wild type and APP/PS1 mice. These 

results are provocative, and indicate an avenue for further research is exploration of sex-

associated alterations of CNS σ2 receptors in Alzheimers Disease. Such studies illustrate 

why incorporation of sex as a biological variable at an early stage of preclinical radiotracer 

development may well become the routine.

10. Conclusions

Many criteria must be fulfilled for a new radiotracer to progress from basic science studies 

to adoption as a radiopharmaceutical for clinical use. While poor results from a single 

critical experiment may be sufficient to terminate development efforts, good results from 

many experiments are necessary for success. For any new radioligand, there are regulatory 

hurdles that must be overcome before translation to imaging studies in human beings. 

Radiation absorbed dose estimates and acute toxicology studies are specific prerequisites 

prior to human imaging. A whole body biodistribution study in animals can provide 

important quantitative data for estimating dosimetry in human beings using standard 

calculations [225–227]. Caution should be exercised, however. For instance, for [11C]-

SA4503, critical organs were spleen for human beings but liver for the mouse [159]. 

Moreover, the effective dose in the human was 1.9 times higher than for the mouse. Due to 

such differences, there are calls to calculate dosimetry directly in human beings through 

microdosing, and eliminate the possibility of species differences [1,228,229].

The regulatory requirements to perform a “first in human” study (Phase 0 clinical trial) are 

detailed in multiple resources, including expert reviews [230–232], governmental regulations 

[Europe, FDA] and examples for specific radiopharmaceuticals [233–235]. A robust risk-

benefit ratio is a key component of the approval process, and required for informed consent 

by an individual. A good understanding of ligand pharmacology, especially the implications 

of using antagonist or agonist radioligands [8,239,240], is necessary during development and 

for translation. For neuroreceptor work, antagonist radioligands are advantageous.

In summary, studies similar to those described here are often used for preclinical validation 

of novel receptor-binding radiotracers. Variations in the paradigm presented are, of course, 

dependent upon the specific project, resources available and results obtained. We have 

presented some aspects of the theory, mechanics and rationale behind these interdisciplinary 

studies, drawing mainly upon work with σ1 receptor radioligands that are in various stages 

of development. More generally, the quest for receptor-binding radiopharmaceuticals having 

clinical impact has been a major focus for the field, and undoubtedly will continue to drive 

future research.
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Fig. 1. 
Structures of TPCNE, SA4503 and the molecular hybrid, E-IA-DM-PE-PIPZE.
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Fig. 2. 
Structures and σ1 receptor binding affinities of SA4503 and analogs, that provides a 

rationale for modification of E-IA-DM-PE-PIPZE to E-IA-BF-PE-PIPZE. aData taken from 

[46]; bData taken from [64]; cData taken from [63].
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Fig. 3. 
(R)-(+)- and (S)-(−)-enantiomers of the σ1 receptor PET radioligand [18F]-fluspidine.
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Fig. 4. 
Inhibition of [3H]-PTZ specific binding to σ1 receptors by E-IA-BF-PE-PIPZE. Data shown 

are means ± SEM for 4 assays, each performed in duplicate.
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Fig. 5. 
Preparative reversed-phase HPLC for radiosynthesis of [125I]-E-IA-BF-PE-PIPZE showing 

UV and Radioactivity traces of the crude reaction mixture. Conditions: column, NovaPak® 

C18, 8 × 100 mm; mobile phase, 23% organic (1:1 MeOH:CH3CN), 77% aqueous (Et3N / 

HOAc); flow rate: 3.8 mL / min.
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Fig. 6. 
Top panel: Reversed-phase HPLC chromatogram of purified [125I]-E-IA-BF-PE-PIPZE. 

Bottom panel: HPLC chromatogram of purified [125I]-E-IA-BF-PE-PIPZE with E-IA-BF-

PE-PIPZE added to demonstrate co-elution. Conditions: column, NovaPak® C18, 8 × 100 

mm; mobile phase, 28% organic (1:1 MeOH:CH3CN), 72% aqueous (Et3N / HOAc); flow 

rate: 3.8 mL / min.
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Fig. 7. 
Top panel: Analytical HPLC chromatograms of sequential E-IA-BF-PE-PIPZE injections 

showing lower peak areas associated with decreasing mass. Bottom panel: Standard curve 

relating mass to peak area, constructed so the mass can be determined for a sample of [125I]-
E-IA-BF-PE-PIPZE having known radioactivity, allowing calculation of specific 

radioactivity.
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Fig. 8. 
Association (Panel A) and dissociation (Panel B) kinetics for [125I-E-IA-BF-PE-PIPZE (0.16 

nM) binding in mouse brain membranes, 0.15 mg protein / mL, at 37 °C. Data shown are 

from representative experiments performed in duplicate. Haloperidol (1.0 μM) was used to 

define non-specific binding, and also to initiate radioligand dissociation (Panel B) following 

the initial 180 min incubation to reach steady-state binding.
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Fig. 9. 
Panel A: Saturation binding of [125I]-E-IA-BF-PE-PIPZE (0.016 – 1.6 nM) to mouse brain 

membranes (0.15 mg protein / mL) at 37 °C with a 180 min incubation and haloperidol (1.0 

μM) to define non-specific binding. Panel B: Traditional Rosenthal plot for visualization of 

the relationship between bound radioligand, and the ratio of bound radioligand to free 

radioligand. Data are from a representative experiment performed in duplicate, and 

replicated four times to give Kd 0.24 ± 0.01 nM and Bmax 472 ± 13 fmol / mg protein by 

non-linear regression.
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Fig 10. 
Pearson correlation of ligand inhibitory potencies, as pKi values, determined in CD-1® 

mouse brain membranes for [125I]-E-IA-BF-PIPZE (Table 2) with published data for [3H]-

PTZ [58].
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Fig. 11. 
Temporal biodistribution in brain and selected peripheral organs after administration of 

[125I-E-IA-BF-PE-PIPZE (2.5 μCi, i.v.) to male CD-1® mice. Non-specific binding defined 

by BD1063 (5.0 μmol / kg, i.v.) pretreatment at each time. Values are %ID / g (means ± 

SEM, n = 4). Non-visible error bars are contained within the symbols.
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Fig. 12. 
Effects of pretreatments with various σ receptor ligands (2.5 μmol / kg, i.v.) on the uptake of 

[125I-E-IA-BF-PE-PIPZE at 60 min in brain and selected peripheral organs of male CD-1® 

mice. Values are %ID / g (means ± SD, n = 4).
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Fig. 13. 
Effects of pretreatments with various σ receptor ligands (2.5 μmol / kg, i.v.) on the uptake of 

[125I-E-IA-BF-PE-PIPZE at 60 min in male CD-1® mouse brain regions. Values are %ID / g 

(means ± SD, n = 4).
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Fig. 14. 
Reversed-phase HPLC radiochromatograms of extracts from brain (A), lung (B) and liver 

(C), as well as a urine sample (D) 60 min after administration of [125I]-E-IA-BF-PE-PIPZE 

(100 μCi, i.v.) to a male CD-1® mouse. The peak at 8.8 min corresponds to unmetabolized 

[125I]-E-IA-BF-PE-PIPZE.
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Fig. 15. 
Pharmacokinetic comparison of whole brain uptake of [125I]-E-IA-DM-PE-PIPZE [55] and 

[125I]-E-IA-BF-PE-PIPZE in male CD-1® mice. Values are %ID / g (means ± SEM, n = 4; 

2.5 μCi / mouse, i.v.).
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Fig. 16. 
[125I]-E-IA-BF-PE-PIPZE specific binding in vivo correlates (Pearson r = 0.86, p = 0.003) 

with [125I]-E-IA-DM-PE-PIPZE specific binding [58] in vivo for 9 regions of male CD-1® 

mouse brain. Values are %ID / g (means, n = 4).
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Fig. 17. 
Selective labeling of cerebral σ1 receptors in horizontal sections (20 μm) from CD-1® mouse 

brain using [125I]-E-IA-BF-PE-PIPZE (0.1 nM). Left image: Total binding. Right image: 

Non-specific binding defined by inclusion of BD1063 (1.0 μM). Calibrated pseudo-color 

palette (fmol / mg tissue) is shown on the far right.
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Fig. 18. 
Pearson correlation of quantitative autoradiography data obtained using [125I]-E-IA-BF-PE-

PIPZE in vitro in CD-1® mouse brain sections with autoradiography data reported for [3H]

(+)-SKF10,047 ex vivo in CD-1® mouse brain [178]. PAG = periaqueductal gray; Cb = 

cerebellum; TCtx = temporal cortex; FCtx = frontal cortex; CA1, CA2, CA3 = fields of the 

hippocampus; DG = dentate gyrus; CCtx = cingulate cortex; ECtx = entorhinal cortex; CPu 

= caudate putamen.
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Fig. 19. 
Visualization of σ1 receptors in horizontal sections (20 μm) from CD-1® mouse brain 60 

min after administration of [125I]-E-IA-DM-PE-PIPZE (150 μCi, i.v.). Left image: Total 

binding, saline-treated control. Center image: Reduced binding in the presence of (−)-

cocaine (100 μmol / kg, i.p.). Right image: Non-specific binding defined by BD1063 (2.5 

μmol / kg, i.v.). Calibrated pseudo-color palette (fmol / mg tissue) is shown on the far right. 

Figure and legend adapted, with permission, from [58].
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Fig. 20. 
Panel A: PET / MR coronal images using [18F]-FTC-146 in wild type (WT) and σ1 receptor 

knockout (S1R-KO) mouse brain, with and without blocking by BD1047 (1 mg / kg). Ctx = 

cortex; cp = caudate putamen; hc = hippocampus; cer = cerebellum. Panel B: 

Pharmacokinetics of [18F]-FTC-146 in whole brain (WT and S1R-KO) without and with 

blocking. Figure and legend adapted, with permission, from [200].
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Scheme 1. 
Synthetic route for preparation of E-IA-BF-PE-PIPZE / [125I]-E-IA-BF-PE-PIPZE.
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Chart 1. 
Radiopharmaceutical Paradigm
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Chart 2. 
Synthesis and Early Preclinical Validation Experiments
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Table 1

Competition receptor binding of E-IA-BF-PIPZE to primary and secondary sitesa

Primary Site (radioligand for assay) Ki (nM)

 Sigma-1 ([3H]-PTZ)b 0.43 ± 0.03

 Sigma-2 ([3H]-DTG / PTZ)c 74.5 ± 4.44

 Selectivity: σ2/σ1 173

Secondary “off-target” sites IC50 (nM)

Opioid

Mu ([3H]-DAMGO)d > 5000

Kappa ([3H]-U69593)e > 5000

Delta ([3H]-Naltrindole)f > 5000

Monoamine Transporters

SERT ([3H]-Paroxetine)g > 10000

NET ([3H]-Nisoxetine)h > 10000

DAT ([125I]-RTI-121)i > 10000

a
(mean ± SEM, n = 4);

b
1.0 nM [3H]-PTZ in mouse brain membranes;

c
3.0 nM [3H]-ditolylguanidine ([3H]-DTG) / 500 nM (+)-PTZ in mouse brain membranes;

d
[3H]-DAMGO (μ, 0.6 nM) and

e
[3H]-U69,593 (κ, 0.6 nM) in guinea pig membranes;

f
[3H]-naltrindole (δ, 0.15 nM) in mouse brain membranes;

g
0.3 nM [3H]-paroxetine, mouse brain membranes.

h
0.4 nM [3H]-nisoxetine, mouse brain cortical membranes;

i
15 pM [125I]-RTI-121, mouse brain striatal membranes.
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Table 2

Pharmacological profile of sites labeled by [125I]-E-IA-BF-PIPZE is consistent with selective radioligand 

binding to σ1 receptors in membranes from whole mouse braina,b

Compound IC50 (nM) Ki (nM) Hill (nH)

Haloperidol 1.2 ± 0.2 0.9 ± 0.2 0.9 ± 0.1

E-IA-BF-PIPZE 1.7 ± 0.2 1.1 ± 0.1 1.0 ± 0.1

(+)-Pentazocine 13.7 ± 1.4 8.1 ± 0.8 0.9 ± 0.1

BD1063 13.6 ± 0.7 9.6 ± 0.5 1.3 ± 0.1

(+)-SKF10,047 43.2 ± 3.5 28.8 ± 2.4 1.1 ± 0.1

DTG 209 ± 14 114 ± 7 1.0 ± 0.1

(−)-SKF10,047 7091 ± 519 5005 ± 366 1.3 ± 0.3

Br-Mach 9851 ± 807 6390 ± 524 1.1 ± 0.2

a
Values are means ± SEM (n = 3 – 6).

b
0.1 nM [125I]-E-IA-BF-PIPZE; 37 °C, 180 min; 50 mM TRIS, pH 8, 0.01% bovine serum albumin; 1.0 μM haloperidol defined non-specific 

binding.
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Table 3

In vitro and in vivo comparisons of E-IA-DM-PIPZE and E-IA-BF-PIPZE

In Vitro Metric E-IA-DM-PIPZE* E-IA-BF-PIPZE

Sigma-1, Ki (nM) 6.7 ± 0.9 0.43 ± 0.03

Sigma-2, Ki (nM) 1447 ± 220 74.5 ± 4.44

Selectivity: σ2/σ1 216 173

In Vitro Metric [125I]-E-IA-DM-PIPZE* [125I]-E-IA-BF-PIPZE

Kd (nM) 3.79 ± 0.21 0.24 ± 0.01

Bmax (fmol/mg protein) 599 ± 28 472 ± 13

Log D7.4 2.25 ± 0.01 2.69 ± 0.28

Protein Binding 48.2 ± 1.0% 71.2 ± 0.3%

In Vivo Metric [125I]-E-IA-DM-PIPZE [125I]-E-IA-BF-PIPZE

Calculated Binding Potential (Bmax / Kd) 7.9 98

Specific / Non-Specific Whole Brain, 30 min 5.0 ** (3.95 / 0.79) 5.5 ** (4.90 / 0.89)

Specific / Non-Specific Whole Brain, 60 min 4.8 ** (2.18 / 0.45) 9.0 ** (5.38 / 0.60)

Specific / Non-Specific Whole Brain, 240 min Not Determined 12.2 ** (4.14 / 0.34)

Radiometabolites Whole Brain, 60 min 8% 1%

*
Data from Refs. [55,58].

**
Values for %ID /g used to calculate Specific / Non-Specific binding ratios.
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