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Abstract  

 Psychostimulant effects of cocaine are mediated partly by agonist actions at sigma-1 

(σ1) receptors.  Selective σ1 receptor antagonists attenuate these effects and provide a potential 

avenue for pharmacotherapy.  However, the selective and high affinity σ1 antagonist PD144418 

(1,2,3,6-tetrahydro-5-[3-(4-methylphenyl)-5-isoxazolyl]-1-propylpyridine) has been reported not 

to inhibit cocaine-induced hyperactivity.  To address this apparent paradox, we evaluated 

aspects of PD144418 binding in vitro, investigated σ1 receptor and dopamine transporter (DAT) 

occupancy in vivo, and reexamined effects on locomotor activity.  PD144418 displayed high 

affinity for σ1 sites (Ki 0.46 nM) and 3,596-fold selectivity over σ2 sites (Ki 1,654 nM) in guinea 

pig brain membranes. No appreciable affinity was noted for serotonin and norepinephrine 

transporters (Ki > 100 μM), and the DAT interaction was weak (Ki 9.0 μM).  In vivo, PD144418 

bound to central and peripheral σ1 sites in mouse, with an ED50 of 0.22 μmol / kg in whole brain.  

No DAT occupancy by PD144418 (10.0 μmol / kg) or possible metabolites was observed.  At 

doses that did not affect basal locomotor activity, PD144418 (1, 3.16 and 10 μmol / kg) 

attenuated cocaine-induced hyperactivity in a dose-dependent manner in mice.  There was 

good correlation (r2 = 0.88) of hyperactivity reduction with increasing cerebral σ1 receptor 

occupancy.  The behavioral ED50 of 0.79 μmol / kg corresponded to 80% occupancy.  Significant 

σ1 receptor occupancy and the ability to mitigate cocaine’s motor stimulatory effects were 

observed for 16 h after a single 10.0 μmol / kg dose of PD144418. 
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Introduction 

 Selective sigma-1 (σ1) receptor antagonists typically attenuate cocaine’s locomotor 

stimulatory effects through mechanisms that include direct blockade of cocaine’s agonist actions 

at the site, modulation of σ1 receptor interactions with dopaminergic and glutamatergic signal 

transduction pathways that are activated by cocaine, and inhibition of the neuronal adaptations 

and changes in gene expression that occur as a consequence of cocaine administration 

(Matusumoto et al., 2003; 2014).  Thus, small molecule σ1 receptor antagonists are under study 

for pharmacotherapy of psychostimulant abuse (Robson et al., 2012). Cocaine is also a sigma-2 

(σ2) receptor agonist (Garcés-Ramírez et al., 2011), and selective σ2 receptor antagonists can 

also inhibit cocaine-induced hyperactivity (Lever et al., 2014).  Roles played by σ2 receptors in 

cocaine’s behavioral effects, however, are less well defined than those for σ1 receptors. 

 Akunne and colleagues (1997) characterized PD144418 (Fig.1) as a remarkably potent 

and selective σ1 receptor ligand having potential antipsychotic properties.  PD144418 displayed 

an apparent affinity (Ki) of 0.08 nM for σ1 sites in guinea pig brain membranes, and a Ki of 1377 

nM for σ2 sites in rodent neuronal NG108-15 cell membranes.  The Ki ratio indicates 17,000-fold 

selectivity for the σ1 receptor subtype.  Moreover, PD144418 showed weak affinities, Ki values > 

10 μM, for binding to, or inhibition of, more than 45 other receptors, ion channels and enzymes.  

PD144418 was classified as a σ1 receptor antagonist based upon several assays, including the 

ability to attenuate mescaline-induced scratching in mice.  Surprisingly, Akunne et al. (1997) 

reported that PD144418 did not block cocaine’s motor stimulatory effects in mice.  Parallel 

studies they conducted using BMY14802, one of the first σ receptor antagonists shown to 

attenuate cocaine’s motor stimulatory effects (Menkel et al., 1991), also showed no effect.  

Akunne et al. (1997) noted that there was no clear rationale for the discrepancy. 

 A number of recognition sites affect cocaine stimulation of motor function (Sora et al., 

2010).  Therefore, the σ receptor antagonist actions of a given ligand might be masked by the 

involvement of other pathways.  For instance, haloperidol exhibits strong dopaminergic actions 
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in addition to antagonism of σ receptors, and does not attenuate cocaine-induced locomotor 

hyperactivity (Witkin et al., 1993; Xu et al., 2010).  PD144418, however, shows no significant in 

vitro affinity for dopamine, serotonin or opioid receptors, as well as many other recognition sites.  

On the other hand, binding interactions of PD144418 with monoamine transporters, sites known 

to influence cocaine’s behavioral actions (Hall et al., 2009; Sora et al., 2010), were not 

investigated in the initial screening assays.  

 There have been few subsequent studies of PD144418 despite its exceptionally high 

affinity and selectivity for σ1 receptors.  Gund et al. (2004) employed the PD144418 structure in 

molecular modeling work to help establish a σ1 receptor pharmacophore.  Navarro and co-

workers (2010) used the ligand in vitro during their characterization of functional heteromers of 

σ1 and dopamine D1 receptors.  They observed PD144418 blockade of cocaine-induced 

phosphorylation of extracellular-signal-regulated kinases, a property consistent with 

classification of the ligand as a σ1 receptor antagonist. No further in vivo studies of PD144418 

appear to have been reported since the original work of Akunne and colleagues (1997). 

 In the present study, we confirmed the high σ1 receptor subtype affinity and selectivity 

previously reported for PD144418, and added to the in vitro binding profile by assessing 

interactions of PD144418 with the DAT, as well as with serotonin (SERT) and norepinephrine 

(NET) transporters.  Further, we investigated the occupancy of central and peripheral σ1 

receptors by PD144418 as a function of dose and time in normal mice using in vivo radioligand 

binding techniques.  We then evaluated the effects of PD144418 on basal locomotor activity and 

cocaine-induced locomotor hyperactivity in mice.  Antagonism of cocaine’s stimulatory effects 

was indeed observed.  Having both behavioral and cerebral occupancy measures provided an 

opportunity to examine correlation of antagonist occupancy of σ1 receptors with attenuation of 

cocaine-induced locomotor hyperactivity, a relationship not previously addressed. 
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Materials and Methods 

 Drugs and chemicals.  PD144418 oxalate, BD1063 dihydrochloride, GBR12909 

dihydrochloride, desipramine hydrochloride and fluoxetine hydrochloride were obtained from 

Tocris Bioscience (Minneapolis, MN). (-)-Cocaine hydrochloride, haloperidol, DTG and (+)-

pentazocine were purchased from Sigma-Aldrich Corp. (St. Louis, MO).  [125I]E-IA-DM-PE-

PIPZE (E-N-1-(3´-iodoallyl)-N´-4-(3´´,4´´-dimethoxyphenethyl)-piperazine; Lever et al., 2012) 

and [125I]RTI-121 (3β-(4-iodophenyl)tropan-2β-carboxylic acid isopropyl ester; Lever et al., 1996) 

were prepared as previously described.  Tritiated radioligands were obtained from PerkinElmer 

Life Sciences, Inc. (Boston, MA).  Other chemicals and solvents were the best grades 

commercially available, and were used as received. Drug concentrations are given in molar 

units. Mass amounts designated refer to the salt or free base forms listed above. 

 Animals.  Male CD-1® mice, typically 23 - 28 g (Charles River Laboratories 

International, Inc.; Wilmington, MA), were group housed in temperature- and humidity-controlled 

quarters under a 12-h / 12-h, light / dark cycle with free access to standard rodent chow and 

water.  Experiments were conducted during the light phase of the cycle after animals had 

acclimated for at least one week.  Studies were performed in compliance with the Guide for the 

Care and Use of Laboratory Animals as adopted and promulgated by the U.S. National 

Institutes of Health, and with prior approvals from the Institutional Animal Care and Use 

Committees of the University of Missouri and the Harry S. Truman Memorial Veterans’ Hospital. 

 In vitro binding studies.  Stock solutions of PD144418 oxalate were prepared in DMSO 

at ambient temperature, with serial dilutions made using pH 7.4 Tris-HCl buffer (50 mM) 

containing 0.01% bovine serum albumin (BSA).  Final assay concentrations of DMSO were kept 

at or below 1%.  Stock and serial dilutions of haloperidol were prepared in distilled water 

containing 1% ethanol and 0.1% acetic acid.  PD144418 stocks and serial dilutions were also 

prepared in this aqueous vehicle, but vigorous heating was required, suggesting potential issues 

with precipitation or adsorption to glass surfaces.  Radioligands, as well as brain membranes, 
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were formulated in the Tris-HCl buffers (50 mM) appropriate for each experiment.  Assays were 

terminated by addition of ice-cold buffer followed by manifold filtration through glass fiber filters 

(GF/B) that had been pretreated with polyethyleneimine (0.5%).  Tubes and filter paper discs 

were washed (3 x 5 ml) with cold buffer, and the discs were dried under vacuum. [125I]-

radioactivity was measured with 78% efficiency using an automated gamma counter (Wallac 

Wizard, Model 1480; Turku, Finland).  Tritium was extracted from filter discs by standing for ≥ 

24 h in cocktail (OptiPhase® HiSafe 2; Perkin-Elmer Life Sciences, Inc.; Boston, MA), and then 

measured at 44% efficiency by liquid scintillation counting (Wallac Model 1409; Turku, Finland). 

 Binding assays for σ receptors were performed using 1.0 nM [3H](+)-pentazocine (σ1), 

3.0 nM [3H]DTG / 500 nM (+)-pentazocine (σ2), and membranes from fresh-frozen, male Hartley 

guinea pig brains (Rockland Immunochemicals, Gilbertsville, PA) as previously described (Lever 

et al., 2006). Non-specific binding was defined by haloperidol (1.0 μM; σ1) or by DTG (100 μM; 

σ2).  Additional σ1 receptor assays used [125I]E-IA-DM-PE-PIPZE at 1.0 nM, with haloperidol (1.0 

μM) to define non-specific binding, in membranes prepared from whole CD-1® mouse brains, 

harvested after euthanasia by cervical dislocation, as previously described (Lever et al., 2012).  

Binding assays for monoamine transporters were performed, using established procedures, in 

membranes prepared from fresh CD-1® mouse brains.  In brief, DAT assays used [125I]RTI (15 

pM) in striatal membranes with GBR12909 (0.5 μM) to define non-specific binding (Boja et al., 

1995). NET assays used [3H]nisoxetine (0.4 nM) in cortical membranes with desipramine (1.0 

μM) to define non-specific binding (Tejani-Butt et al., 1990). SERT assays used [3H]paroxetine 

(0.3 nM) in whole brain membranes with fluoxetine (10 μM) to define non-specific binding 

(Hirano et al., 2005). 

 For the six types of binding assays performed, specific radioligand binding was 77% - 

92% of the total binding. Experiments were conducted in duplicate or in triplicate, and replicated 

three to six times.  Data were analyzed by non-linear regresssion using a sigmoidal four-

parameter logistic fit (Prism 6.0c; GraphPad Software, Inc.; La Jolla, CA).  Ki values were 
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calculated from IC50 data by the Cheng-Prusoff (1973) relationship.  Input Kd values used were 

2.3 nM for [3H](+)-pentazocine and 23.9 nM for [3H]DTG (Lever et al., 2006), 3.79 nM for [125I]E-

IA-DM-PE-PIPZE (Lever et al., 2012), and 0.12 nM for [125I]RTI (Boja et al., 1995). 

 In vivo binding studies.  Dose-response data for inhibition of [125I]E-IA-DM-PE-PIPZE 

binding to σ1 receptors by PD144418 was determined in non-fasted mice. Stock solutions of 

PD144418 oxalate in sterile bacteriostatic saline (0.9% NaCl, 0.9% benzyl alcohol; w/v) were 

prepared with gentle heat and vortex mixing.  Groups of animals (n = 4) received six doses of 

PD144418 oxalate (0.01 - 10.0 µmol / kg), equally spaced on log scale, in sterile 0.9% saline 

(0.1 ml) by intraperitoneal (i.p.) injection 1 min prior to intravenous (i.v.) administration of [125I]E-

IA-DM-PE-PIPZE (2.5 µCi) in sterile saline (0.1 ml) containing 2% ethanol through a lateral tail 

vein.  To assess the duration of occupancy, additional groups of mice (n = 3 - 4) received 

PD144418 (10.0 µmol / kg; i.p., saline) 4, 16 and 24 h before i.v. administration of radioligand.  

A PD144418 dosage of 10 μmol / kg was selected for the duration studies based upon the high 

occupancy of σ1 receptors observed at this level in the dose-response experiments. Control 

animals (n = 8) received saline vehicle (0.1 ml) by i.p. injection 1 min prior to i.v. administration 

of radioligand.  An additional treatment group (n = 8) was treated with BD1063 (5.0 µmol / kg) in 

saline (0.1 ml) by i.v. injection 5 min prior to the radioligand to define non-specific binding as 

previously established (Lever et al., 2012).  All groups of animals were euthanized by cervical 

dislocation 30 min after radioligand administration.  Whole brain, heart, lung and spleen were 

harvested and weighed. Tissue samples, along with standard dilutions of the injected dose (ID), 

were counted for [125I]-radioactivity at 78% efficiency, and the %ID / g wet weight of tissue was 

calculated. 

 Studies of the effects of PD144418 on the regional cerebral distribution of [125I]E-IA-DM-

PE-PIPZE binding to σ1 receptors were conducted similarly.  Groups of mice (n = 4) received 

either saline vehicle (0.1 ml, i.p.) or PD144418 (1.0 µmol / kg; i.p., saline) 1 min prior to i.v. 

administration of [125I]E-IA-DM-PE-PIPZE (2.5 µCi).  Non-specific binding was defined by a 
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group (n = 4) that received BD1063 (5.0 µmol / kg) in saline (0.1 ml) by i.v. injection 5 min prior 

to the radioligand. Animals were euthanized by cervical dislocation 30 min after radioligand 

administration.  Whole brain was removed, and samples of prefrontal cortex, other cortex 

(temporal / parietal), olfactory tubercles, striatum, hypothalamus, thalamus, inferior / superior 

colliculi, pons / medulla and cerebellum were dissected on an ice-cold glass plate.  These 

tissues, along with the remainder of the brain, were lightly blotted, weighed and counted for 

radioactivity along with standard dilutions of the injected dose as described above. 

 Ligand effects on DAT specific binding were assessed by i.p. treatment of groups of mice 

(n = 4) with either PD144418 (10.0 µmol / kg) in saline (0.1 ml) or saline vehicle (0.1 ml) 1 min 

prior to i.v. administration of [125I]RTI-121 (2.5 µCi) in saline (0.1 ml) containing 2% ethanol.  

Animals were euthanized by cervical dislocation 30 min after radioligand administration, whole 

brain removed, and samples of cerebellum, striatum and olfactory tubercles were dissected, 

weighed and counted along with standards of the injected dose as described above.  

Radioactivity levels in cerebellum served to define non-specific binding (Lever et al., 1996; 

Desai et al., 2005).   

 Two-tailed, unpaired t-tests at the 95% confidence level, or ANOVA (α = 0.05) with post 

hoc Dunnett’s or Tukey’s tests (Prism 6.0c), were employed to analyze potential differences 

between groups.  Dose-response data were fit using an unconstrained sigmoidal regression 

algorithm, changes in occupancy as a function of time were fit using a one-phase exponential 

decay curve, and the regional brain uptake of [125I]E-IA-DM-PE-PIPZE was investigated using 

Pearson’s product-moment correlation (Prism 6.0c). 

 Locomotor activity studies.  Effects of PD144418 on basal locomotor activity and 

cocaine-induced locomotor stimulation in mice were evaluated by procedures similar to those 

used previously for evaluations of other σ receptor ligands (Rodvelt et al. 2011; Sage et al., 

2013).  Experiments were performed in activity monitors (Model ENV-515, Med Associates Inc.; 

Georgia, VT) consisting of a transparent box surrounded by banks of infrared sensors that were 
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connected to a computer.  Behavior was measured automatically by Med Associates’ Activity 

Monitor (v. 4.31) software.  Groups of mice (n = 7 - 12) were acclimated to the monitors for 30 - 

60 min on two consecutive days.  On the third consecutive day, mice were placed into monitors 

for 45 min, injected i.p. (5 ml solution / kg body weight) with 0.1, 1.0, 3.16, 10.0 or 31.6 µmol / kg 

PD144418 or sterile 0.9% saline vehicle, returned to the monitor for 15 min, injected i.p. with 

either cocaine (66 µmol / kg; 20 mg / kg) or saline vehicle, and returned to the monitor for 60 

min.  Additional groups of mice (n = 10) received i.p. PD144418 (10.0 µmol / kg) 4, 16 and 24 h 

before the administration of cocaine as described above.  In a follow-up experiment, groups of 

mice (n = 9 - 11) also were administered i.p. PD144418 (3.16 µmol / kg) or saline followed 15 

min later by a larger dose of i.p. cocaine (99 µmol / kg, 30 mg / kg) as described above. 

 Distance traveled (cm) during the 60-min period after cocaine or saline injections was 

analyzed by 3-way repeated measures analysis of variance (RM-ANOVA) performed with 

PD144418 Dose (0, 0.1, 1, 3.16, 10.0 and 31.6 µmol/kg) and Cocaine Dose (0 and 66 µmol/kg) 

as between-group factors, and Time (twelve 5-min intervals) as a within-subjects factor.  Where 

appropriate, (p < 0.05), simple main effect and Tukey’s post-hoc analyses were performed.  To 

evaluate the dose-response relationship, total distance traveled during the 60-min period after 

cocaine injection was summed for each group of mice, and data were analyzed by non-linear 

regression using an unconstrained sigmoidal fit (Prism 6.0c).  For the follow-up experiment, a 3-

way RM-ANOVA was performed with PD144418 Dose (0 and 3.16 µmol/kg), Cocaine Dose (0 

and 99 µmol/kg) as between-group factors, and Time as a within-subject factor.
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Results 

 In vitro binding studies.  Binding affinities of PD144418 for the σ receptor subtypes 

determined in the present study, along with those of Akunne et al. (1997), are given in Table 1. 

Data from side-by-side determinations for haloperidol in the two studies are included for 

comparison. We observed a σ1 receptor Ki of 0.46 ± 0.04 nM for PD144418 against 

[3H](+)pentazocine in guinea pig brain membranes. PD144418 displayed a higher apparent 

affinity, Ki = 0.19 ± 0.05 nM, for σ1 receptors when tested against the selective σ1 radioligand 

[125I]E-IA-DM-PE-PIPZE in membranes from whole CD-1® mouse brain.  These values were 

somewhat higher than the σ1 receptor Ki of 0.08 nM previously reported for PD144418. The Ki 

determinations for haloperidol were uniformly 1.2 nM between the studies, and across tissue 

type and radioligand.  The σ2 receptor Ki of 1,654 ± 86 nM found for PD144418 in guinea pig 

brain membranes using [3H]DTG in the presence of 500 nM (+)pentazocine to mask σ1 sites, 

was a close match to the Ki of 1,377 nM found by Akunne et al. (1997) using [3H]DTG / 

(+)pentazocine in NG108-15 cell membranes. 

 The affinity of PD144418 for monoamine transporters was tested using established 

binding assays in membranes prepared from mouse brain (Table 1). A weak interaction, Ki = 

9,038 nM, was determined for PD144418 binding to striatal DAT that was accompanied by a 

steep Hill slope (nH 1.60 ± 0.06). No appreciable affinity was observed for NET and SERT, with 

Ki values > 100,000 nM using cortical and whole brain membranes, respectively. 

 In vivo binding studies.  To define the interactions of PD144418 with σ1 receptors in 

vivo, a series of binding studies were performed in male CD-1® mice using the selective σ1 

receptor radioligand [125I]E-IA-DM-PE-PIPZE (Lever et al., 2012; 2014). The effects of 

pretreatments with PD144418 and the σ1 receptor antagonist BD1063 on radioligand uptake in 

mouse whole brain and peripheral organs are shown in Fig. 2A.  Animals were euthanized and 

tissue radioactivity determined 30 min after i.v. administration of [125I]E-IA-DM-PE-PIPZE. As 

expected from previous work (Lever et al., 2012; 2014), significant blockade of uptake by 
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BD1063 (5.0 μmol / kg; i.v.) in brain (84%), heart (58%), spleen (70%) and lung (68%) was 

observed. PD144418 administered i.p. at 1.0 μmol / kg proved nearly as effective at blocking 

radioligand binding to σ1 receptors as BD1063 administered i.v at 5.0 μmol / kg.  In the presence 

of PD144418, levels of tissue radioactivity were significantly reduced by 69% in brain, 63% in 

heart, 48% in spleen and 63% in lung (ANOVA, Dunnett’s). 

 The regional distribution of [125I]E-IA-DM-PE-PIPZE in mouse brain, which has not been 

previously reported, is shown in Fig. 2B.  The highest levels of radioligand uptake were in 

cerebellum, hypothalamus, and the brainstem (pons / medulla, superior / inferior colliculi).  

Intermediate levels were observed for the cortical regions, while the lowest levels were noted for 

striatum, olfactory tubercles and hippocampus.  Both PD144418 (1.0 μmol / kg, i.p.) and 

BD1063 (5.0 μmol / kg, i.v.) significantly inhibited radioligand uptake in all regions with respect 

to saline controls (ANOVA, Dunnett’s).  The BD1063 dosage blocked uptake by 82 - 89% 

across the regions, and can be used to define non-specific radioligand binding throughout the 

brain.  The PD144418 dosage blocked uptake by 52 - 67% across all regions.  There were no 

significant differences between radioactivity levels in the various regions in the presence of 

BD1063, except for a small differential between the olfactory tubercles as compared to the pons 

/ medulla (ANOVA, Tukey’s).   

 The pattern of distribution shown in Fig. 2B indicates that [125I]E-IA-DM-PE-PIPZE 

uptake reflects the regional densities of σ1 receptors in the brain that are known from previous 

studies.  As shown in Fig. 2C, good Pearson correlation (r2 = 0.78, P = 0.01) was observed 

between specific radioligand binding, as %ID / g, in seven brain regions that could be 

reasonably matched to specific binding data, as fmol / mg tissue, from an ex vivo 

autoradiography study of [3H]SKF10,047 binding to σ1 receptors at 60 min in CD-1® mouse 

brain (Bouchard et al.,1996).  Specific [125I]E-IA-DM-PE-PIPZE binding was obtained by 

subtracting the corresponding regional values for non-specific binding as defined by BD1063. 

The correlation also held when total binding uptake values were used, since the levels of non-
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specific binding are low in all regions. Furthermore, the residual specific binding of [125I]E-IA-

DM-PE-PIPZE after administration of PD144418 (1.0 μmol / kg, i.p.; Fig. 2B) also correlated with 

the ex vivo autoradiographic data (r2 = 0.78, P = 0.01; data not shown). This indicates that 

PD144418 inhibits radioligand binding to cerebral σ1 receptors in proportion to the relative site 

densities of the brain regions. 

 Dose-response studies were then performed using i.p. PD144418 pretreatments at six 

dosage levels, equally spaced on log scale, that ranged from 0.01 to 10.0 μmol / kg (Fig. 3).  

Specific binding of [125I]E-IA-DM-PE-PIPZE to σ1 receptors in each tissue sample was 

determined by subtracting the non-specific binding for that tissue as defined by values from 

mice pretreated with BD1063 at 5 μmol / kg (i.v.).  PD144418 inhibition of σ1 receptor binding 

proved dose-dependent in all tissues examined.  Data were fit (r2 = 0.99) to sigmoidal curves to 

calculate the effective dose for 50% occupancy (ED50).  PD144418 exhibited an ED50 of 0.22 

μmol / kg in whole brain, and also was potent inhibitor of σ1 receptor binding in the heart (ED50 

0.08 μmol / kg) and the lung (ED50 0.11 μmol / kg).  The ligand proved somewhat less effective 

in spleen, with an ED50 of 0.39 μmol / kg. 

 Although PD144418 showed only weak affinity for the DAT in vitro (Table 1), the 

possible in vivo occupancy of this site by unknown metabolites was tested using the radioligand 

[125I]RTI-121. The specific binding of [125I]RTI-121 to DAT in striatum and olfactory tubercles was 

assessed as the difference in %ID / g between these regions, that are rich in the DAT, and that 

in cerebellum, a brain region with a low density of the sites that can be used as an internal 

reference for non-specific binding (Lever et al., 1996; Desai et al., 2005).  Mice pretreated with 

PD144418 at 10.0 μmol / kg (i.p.) showed no difference (t-test, P > 0.05; data not shown) from 

saline controls in the levels of specific [125I]RTI-121 binding observed for the striatum (3.66 ± 

0.37 vs. 3.96 ± 0.17 %ID / g) or for the olfactory tubercles (1.95 ± 0.25 vs. 1.96 ± 0.23 %ID / g). 

 Locomotor activity studies.  The effects of PD144418 on basal locomotor activity and 

cocaine-induced locomotor stimulation in male CD-1® mice are shown in Fig. 4.  After 
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habituation, groups of animals were treated with PD144418 (0.10 - 31.6 μmol / kg; i.p.) or saline 

followed 15 min later by either cocaine (20 mg / kg; 66 µmol / kg; i.p.) or saline.  Panel A 

presents total distance traveled for the 60 min period after the cocaine or saline injections, while 

Panel B depicts the full time course of each dose.  A significant main effect of Cocaine Dose 

was found (F(1,91) = 46.858, P < 0.001) as expected, and mice administered 66 µmol / kg 

cocaine displayed nearly six-fold higher locomotor activity than mice administered only saline.  

Significant interactions of PD144418 Dose x Cocaine Dose (F(5,91) = 5.235, P < 0.001) and 

PD144418 Dose x Cocaine Dose x Time (F(55,1001) = 1.631, P = 0.026) also were observed.  Post 

hoc Tukey’s analyses revealed that mice administered 31.6 µmol/kg (11.8 mg / kg) PD-144418 

followed by saline were 70% less active than animals that received only saline.  There were no 

significant differences in locomotor activity among the groups of mice that received 0.10, 1.0 

3.16 or 10.0 µmol / kg PD144418 followed by saline, and the control group that received only 

saline injections. 

 PD144418 treatments produced a dose-dependent attenuation of the locomotor 

stimulation induced by 66 µmol / kg cocaine (Fig. 4).  Analysis of total distance traveled 

revealed that mice administered 1.0, 3.16, 10.0 or 31.6 µmol / kg PD144418 followed by 

cocaine were 40 - 85% less active than mice administered saline followed by 66 µmol / kg 

cocaine (Fig 4A).  Furthermore, mice administered 31.6 µmol / kg PD144418 and cocaine were 

less active than mice administered 1.0 µmol/kg PD144418 and cocaine.  There was not a 

significant difference in locomotor activity between the group of mice that received 0.10 µmol / 

kg PD144418 followed by cocaine, and those that received saline followed by cocaine. 

 Regarding the time course (Fig. 4B), there was less activity for mice administered 31.6 

µmol / kg PD144418 followed by 66 µmol / kg cocaine than for mice administered saline 

followed by cocaine at the 20 - 75 min time points.  Mice administered 10 µmol / kg PD144418 

and cocaine were less active than mice administered saline and cocaine at the 20 - 45 min time 

points. Mice administered 3.16 µmol / kg PD144418 and cocaine were less active than mice 
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administered saline and cocaine at the 20 - 45 min time points.  There was less activity for mice 

administered 1.0 µmol / kg PD144418 followed by cocaine compared to mice administered 

saline followed by cocaine at the 20 - 35 min time points.  However, there were no significant 

differences in locomotor activity at any time point between the groups of mice that received 0.10 

µmol / kg PD144418 followed by cocaine, and those that received saline followed by cocaine. 

 In a follow-up study, the effect of PD144418 (3.16 µmol / kg) on locomotor stimulation 

induced by 99 µmol / kg cocaine was assessed.  Total distance traveled for the 60 min period 

after cocaine injection is presented in Fig. 4A.  A significant main effect of Cocaine Dose (F (1,45) 

= 48.720, P < 0.001) was found, as mice administered cocaine displayed greater activity than 

mice administered saline.  A significant PD144418 Dose x Cocaine Dose also was observed (F 

(1,35) = 4.549, P = 0.004), although the PD144418 Dose x Cocaine Dose x Time interaction was 

not significant (F(11,385) = 0.821, P = 0.621). Mice administered 3.16 µmol / kg PD144418 

followed by cocaine were less active than mice administered saline followed by cocaine. Thus, 

PD144418 decreased the locomotor stimulation induced by the lower (66 µmol / kg) and the 

higher (99 µmol / kg) cocaine doses by 57% and 31%, respectively. 

 Correlation of σ1 receptor occupancy with attenuation of cocaine’s motor 

stimulatory effects.  An inverse relationship between PD144418 binding to cerebral σ1 

receptors in vivo and levels of cocaine-induced locomotor stimulation can be seen by inspection 

of Fig. 3A and Fig. 4A.   Explicit comparison of those data, as percentage of control values, is 

presented in Fig. 5A.  Reductions in radioligand specific binding by PD144418 have been 

transformed to σ1 receptor occupancies, and total distance traveled after 66 µmol / kg cocaine 

administration has been transformed, by subtraction of average basal activity, to represent 

hyperactivity. A behavioral ED50 of 0.79 μmol / kg for PD144418 attenuation of cocaine-induced 

locomotor stimulation was obtained from the sigmoidal curve of Fig. 5A, although the fit was not 

robust (r2 = 0.47).  As noted earlier, PD144418 exhibited an ED50 of 0.22 μmol / kg for 

occupancy of σ1 sites in whole brain (Fig. 3A).  A significant, one-tailed Pearson correlation (r2 = 
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0.88, P = 0.01; Fig. 5B) of σ1 receptor occupancy with attenuation of cocaine-induced locomotor 

hyperactivity was observed for the five (X,Y) data pairs from these experiments. Two data 

clusters that represent extremes in occupancy and observed effects define this linear 

relationship. One corresponds to sets of animals showing a 50% to 70% reduction in 

hyperactivity that is associated with 80% to 95% σ1 receptor occupancy by PD144418 (1 - 10 

µmol / kg).  The other corresponds to the saline treated controls, and a set of animals receiving 

the lowest dose of PD144418 (0.1 µmol / kg) where no effect on hyperactivity was observed at 

20% σ1 receptor occupancy.  Thus, approximately 80% σ1 receptor occupancy by PD144418 

leads to a 50% reduction in the motor stimulatory effects of cocaine.  

 To investigate relationships between the duration of PD144418 occupancy of σ1 

receptors and the attenuation of cocaine-induced locomotor hyperactivity, we performed 

supplemental 4, 16 and 24 h studies using a 10.0 μmol / kg dosage.  Fig. 6 shows the effects of 

PD144418 pretreatments on the binding of [125I]E-IA-DM-PE-PIPZE to σ1 receptors in mouse 

whole brain and peripheral organs as a function of time.  Significant inhibition of specific 

radioligand binding was observed through the 16 h pretreatment period for all tissues examined, 

while data from the 24 h pretreatment did not differ from that of the saline treated controls 

(ANOVA, Dunnett’s). In general, the washout of specific binding was a monotonically 

decreasing function with a long plateau between 4 - 16 h.  This is readily seen in the brain and 

lung data (Figs. 6A and 6D).  No significant differences in specific binding over the 4 - 16 h 

plateau period were noted for any tissue (ANOVA, Tukey’s).  For brain, 10.0 μmol / kg 

PD144418 occupied 60% of σ1 receptors between 4 and 16 h.  Over this same period, lung 

occupancy was approximately 70%, and heart occupancy was 68 - 88%. Occupancy in the 

spleen was lower, ranging from 40 - 60%.       

 Fig. 7 shows the corresponding temporal effects, from 15 min - 24 h, of 10.0 μmol / kg 

PD144418 pretreatments on locomotor hyperactivity for the 60 min period following 

administration of 66 μmol / kg cocaine.  Significant attenuation was observed at 15 min, as well 
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as 4 and 16 h, with respect to the control group of animals that received only saline (ANOVA, 

Dunnett’s).  There were no significant differences in locomotor hyperactivity between the 

PD144418 treatment groups from 15 min - 24 h (ANOVA, Tukey’s).  However, a strong one-

tailed Pearson correlation (r2 = 0.94, P = 0.01) was observed for the increase in locomotor 

hyperactivity with respect to the time after PD144418 administration (data not shown).  Fig. 8 

depicts the time-response relationships for PD144418 occupancy of cerebral σ1 receptors 

overlaid with those for attenuation of cocaine-induced locomotor hyperactivity as percentage of 

control values. 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on August 6, 2014 as DOI: 10.1124/jpet.114.216671

 at A
SPE

T
 Journals on M

ay 23, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #216671 

 18

Discussion 

 The present work addresses the apparent paradox of PD144418 being reported by 

Akunne et al. (1997) as a potent and selective σ1 receptor antagonist with no ability to 

counteract cocaine-induced locomotor hyperactivity.  In vitro binding studies, in vivo receptor 

occupancy studies, and behavioral studies were employed.  As discussed below, the binding 

data confirmed that PD144418 should be considered a selective, high-affinity σ1 receptor ligand 

as reported by Akunne and colleagues (1997), the in vivo studies provided σ1 receptor 

occupancy measures for PD144418 as a function of dose and time, and the behavioral studies 

showed that PD144418 indeed attenuates cocaine-induced motor stimulation.  Notably, cerebral 

σ1 receptor occupancy by PD144418 correlated with the ligand’s ability to block cocaine’s 

behavioral effects.  

 The in vitro σ1 receptor assays were performed at pH 7.4 and 37 °C in guinea pig brain 

membranes, where the Kd of [3H](+)pentazocine is 2.3 - 2.9 nM (DeHaven-Hudkins et al., 1992; 

Cobos et al., 2005; Lever et al., 2006). Assays of Akunne et al. (1997) were performed at pH 8.0 

and 25 °C, where the Kd of [3H](+)pentazocine was reported as 4.7 nM.  Under the latter 

conditions, steady state was likely not attained (DeHaven-Hudkins et al., 1992).  As reviewed by 

Hulme and Trevethick (2010), use of the Cheng-Prusoff (1973) relationship for normalization of 

Ki values cannot fully account for subtle variations in receptor binding assays, particularly under 

non-equilibrium conditions.  So, it is not surprising that the present σ1 receptor Ki of 0.46 nM 

differs to a degree from the Ki of 0.08 nM previously reported. Interestingly, values for 

haloperidol were consistent between studies. PD144418 displayed a more potent Ki of 0.19 nM 

against the σ1 receptor ligand [125I]E-IA-DM-PE-PIPZE, which has a Kd of 3.79 nM in mouse 

brain membranes (Lever et al., 2012).  The σ2 receptor Ki of 1,654 nM for PD144418 determined 

in guinea pig brain membranes proved close to the Ki of 1,377 nM reported by Akunne et al. 

(1997) using NG108-15 cell membranes.  Based upon Ki ratios, PD144418 shows at least 3500-
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fold selectivity for binding to σ1 over σ2 receptors.  Interactions with monoamine transporters 

were weak, with Ki values ranging from 9 µM for DAT to > 100 µM for SERT and NET.  

  The regional distribution of radioactivity in mouse brain after administration of [125I]E-IA-

DM-PE-PIPZE was consistent with selective labeling of σ1 receptors, and showed rank order 

similarity to prior studies performed using the well-characterized σ1 ligand [3H]SKF10,047. The 

in vivo data also compares well to that from an in vitro study by Kovács and Larson (1995), who 

determined the maximal binding densities (Bmax), as fmol / mg protein, of σ1 sites labeled by 

[3H](+)-pentazocine in Swiss Webster mouse cerebellum and cortex.  Their cerebellum to cortex 

Bmax ratio was 1.3, and the average cerebellum to cortex uptake ratio for [125I]E-IA-DM-PE-

PIPZE in the present study is 1.4.  The dosage of radioligand (2.5 μCi / mouse; 40 pmol / kg) 

was at least three orders of magnitude below the level identified for saturation of the sites in vivo 

(Lever et al., 2012).  PD144418 effectively penetrated the central nervous system when 

administered i.p., and significantly blocked the uptake of [125I]E-IA-DM-PE-PIPZE in all brain 

regions examined. In fact, PD144418 administered at 1.0 μmol / kg i.p. was nearly as effective 

as a five-fold higher dosage of BD1063 administered i.v.  This is in spite of the enhanced first 

pass metabolism that might occur with the i.p. route, and is in accord with the 20-fold higher 

affinity of PD144418 for σ1 receptors as compared to BD1063 (Ki = 9.1 nM; Matsumoto et al., 

1995).  PD144418 displayed an ED50 of 0.22 μmol / kg in whole mouse brain, and ED50’s 

ranging from 0.08 μmol / kg to 0.39 μmol / kg in heart, lung and spleen. In a directly comparable 

study (Lever et al., 2014), BD1063 administered i.p. gave an ED50 of 0.62 μmol / kg in mouse 

brain, with ED50 values between 0.14 μmol / kg and 1.47 μmol / kg for the heart, lung and 

spleen.     

 A key finding of the present study is that PD144418 profiles as a behavioral antagonist 

that attenuates cocaine’s locomotor stimulatory effects in dose-dependent fashion. Thus, there 

is no contradiction of the established paradigm of selective σ1 receptor antagonists blocking 

cocaine-induced behaviors (Menkel et al., 1991; Matusumoto et al., 2003; 2014).  Considering 
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the high σ1 receptor affinity and selectivity of PD144418, our findings provide additional support 

for the role played by σ1 receptors in psychostimulant actions.  We surmise that unidentifiable 

methodological issues prevented Akunne and colleagues (1997) from observing attenuation of 

cocaine’s motor stimulatory effects by either PD144418 or BMY14802.  Some differences in the 

locomotor-activating effects of cocaine have been reported as a function of mouse age, sex and 

strain (McCarthy et al., 2004).  However, the present studies and those of Akunne et al. (1997) 

both used adult, male Swiss-type mice (CD-1® vs. Swiss Webster), with similar timing for i.p. 

cocaine and test ligand administrations followed by the activity measurements.  We determined 

a behavioral ED50 of 0.79 μmol / kg (0.3 mg / kg) for PD144418 attenuation of cocaine-induced 

locomotor stimulation, while Akunne et al. (1997) did not observe effects at doses up to 30-fold 

higher (10 mg / kg).  One difference between studies is the cocaine dose employed, which was 

10 mg / kg (33 μmol / kg) in the Akunne study and 20 mg / kg (66 μmol / kg ) in the present 

study.  Previous dose - response profiles show a relatively small difference, on the order of 

20%, in the levels of locomotor hyperactivity induced by these doses of cocaine in either Swiss 

Webster (Menkel et al., 1991) or CD-1® mice (Rodvelt et al., 2011).  Consequently, cocaine 

dosage is not likely to have had a major impact. 

 At a practical level, the preparation of stock solutions of PD144418 oxalate in aqueous 

vehicles requires heat and thorough mixing. This engenders some concern regarding solubility 

and the potential for drug precipitation. The chemical form of PD144418, salt or free base, was 

not specified by Akunne et al. (1997).  These investigators reported the same depression of 

basal locomotor activity by PD144418 that we observed, a finding that requires higher levels of 

PD144418 (10 - 30 mg / kg), and also showed antagonism of mescaline-induced scratching 

behaviors by PD144418 (3 - 30 mg / kg). Thus, Akunne and colleagues (1997) successfully 

prepared formulations of PD144418 for in vivo use. Nonetheless, one possible explanation for 

the different findings between studies is that an unnoticed solubility or precipitation issue may 
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have compromised the data obtained by Akunne et al. (1997) from the subset of experiments on 

cocaine-induced hyperactivity. 

 With σ1 receptor occupancy and behavioral measures in hand, we investigated 

relationships between fractional occupancy and PD144418 actions. Pharmacokinetic aspects of 

in vivo radioligand binding and locomotor activity studies were constructed so receptor 

occupancy was assessed 30 min after administration of PD144418, which also corresponds to 

the time of cocaine’s maximal effects on locomotor activity. As occupancy increased, cocaine’s 

ability to stimulate locomotor activity decreased.  PD144418 displayed an ED50 of 0.22 μmol / kg 

for σ1 receptor occupancy in whole mouse brain and a behavioral ED50 of 0.79 μmol / kg.  About 

80% σ1 receptor occupancy was associated with the 50% reduction in cocaine’s ability to 

stimulate motor activity.  At 95% occupancy (10 μmol / kg), about 70% reduction in locomotor 

stimulation was observed.  These data indicate that limited σ1 receptor reserve exists for 

modulation of this cocaine-induced behavior.  Further depression of cocaine-induced motor 

activity, to 85% of saline control levels, when PD144418 was used at 31.6 μmol / kg cannot be 

easily attributed to increased σ1 receptor occupancy.  The phenomenon likely reflects an 

additional contribution from a general impairment of motor activity, by an unknown mechanism, 

when the ligand is used at this dosage (Fig. 4A and Fig. 5A).  Suppression of basal locomotor 

activity in mice by PD144418 at doses ≥ 10 mg / kg is a consistent finding between the present 

study and the original work of Akunne et al. (1997).  Attenuation of basal activity is not a 

characteristic feature of σ1 receptor antagonism, but sedative effects have been observed for 

certain selective σ1 receptor ligands (Kaushal et al., 2011).   

 From the viewpoint of medications development, an open question is the level and 

duration of σ1 receptor occupancy needed to foster anti-cocaine effects. To address this topic, 

PD144418 was administered from 15 min to 24 h prior to cocaine, and receptor occupancy and 

effects on cocaine-induced locomotor hyperactivity were both determined. Similar approaches 

have been used to investigate relationships between behavioral effects and the in vivo 
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occupancy of a variety of recognition sites, including cannabinoid receptors (Gifford et al., 

1999), dopamine D2 receptors (Wadenberg et al., 2000), the DAT (Desai et al., 2005), histamine 

H3 receptors (Le et al., 2008) and corticotropin releasing factor type-1 receptors (Ramsey et al., 

2011), but have not been previously applied to the study of behavioral effects thought to be 

mediated by σ1 receptors. 

 The 15 min pretreatment studies indicate that 80% occupancy of σ1 receptors by a 

potent antagonist ligand such as PD144418 is needed to attenuate cocaine-induced locomotor 

hyperactivity by 50%.  PD144418 effects were not measured at occupancy levels between 20% 

and 80%, so a gradual induction would not be readily apparent from the present work. However, 

the overall findings suggest that 80% σ1 receptor occupancy may well be a critical threshold.  

For duration studies, a PD144418 dosage of 10 μmol / kg was selected since σ1 receptor 

occupancy would start at 95%, maximal hyperactivity reduction would be about 70%, there 

would be no confounding effects on basal activity, and the DAT would not be occupied by 

PD144418 or possible metabolites.  With a 4 h pretreatment, receptor occupancy decreased to 

62% while attenuation of hyperactivity remained near the maximal 70%.  With 16 h 

pretreatment, receptor occupancy was steady at 60% while hyperactivity was reduced by 45%. 

Since σ1 receptor occupancy is the same at 4 h and 16 h, while attenuation of hyperactivity is 

trending lower, one might speculate that downstream effects diminish with time.  After the 24 h 

pretreatment, low receptor occupancy was observed and effects on hyperactivity were 

negligible.  We conclude that σ1 receptor occupancy by antagonists correlates directly with their 

ability to attenuate cocaine’s behavioral effects. Furthermore, sustained occupancy of σ1 

receptors by potent and selective antagonists can mitigate cocaine’s stimulatory effects well in 

advance of exposure to the drug. 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on August 6, 2014 as DOI: 10.1124/jpet.114.216671

 at A
SPE

T
 Journals on M

ay 23, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #216671 

 23

Acknowledgements 

The authors thank Dr. F. Ivy Carroll of RTI International for a gift of the precursor to [125I]RTI-

121. 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on August 6, 2014 as DOI: 10.1124/jpet.114.216671

 at A
SPE

T
 Journals on M

ay 23, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #216671 

 24

 

Authorship Contributions 

Participated in research design: J.R. Lever, Miller, S.Z. Lever. 

Conducted experiments: J.R. Lever, Miller, Fergason-Cantrell, Green, Watkinson, Carmack. 

Performed data analysis: J.R. Lever, Miller, Fergason-Cantrell, Green, Watkinson, Carmack, 

S.Z. Lever. 

Wrote or contributed to the writing of the manuscript: J.R. Lever, Miller, S.Z. Lever. 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on August 6, 2014 as DOI: 10.1124/jpet.114.216671

 at A
SPE

T
 Journals on M

ay 23, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #216671 

 25

References 

Akunne HC, Whetzel SZ, Wiley JN, Corbin AE, Ninteman FW, Tecle H, Pei Y, Pugsley TA, and 

 Heffner TG. (1997) The pharmacology of the novel and selective sigma ligand, PD 

 144418. Neuropharmacology 36: 51 - 62. 

Boja JW, Cadet JL, Kopajtic TA, Lever J, Seltzman HH, Wyrick CD, Lewin AH, Abraham P, and 

 Carroll FI. (1995) Selective labeling of the dopamine transporter by the high affinity 

 ligand 3β-(4-[125I]Iodophenyl)tropane-2 β -carboxylic acid isopropyl ester. Mol Pharmacol 

 47: 779 - 786. 

Bouchard P, Roman F, Junien J-L, and Quirion R. (1996) Autoradiographic evidence for the 

 modulation of in vivo sigma receptor labeling by neuropeptide Y and calcitonin gene-

 related peptide in the mouse brain. J Pharmacol Exp Ther 276: 223 - 230. 

Cheng Y and Prusoff WH. (1973) Relationship between the inhibition constant (Ki) and the 

 concentration of inhibitor which causes 50 per cent inhibition (IC50) of an enzymatic 

 reaction. Biochem Pharmacol 22: 3099 - 3108. 

Cobos EJ, Baeyens JM, and Del Pozo E. (2005) Phenytoin differentially modulates the affinity of 

 agonist and antagonist ligands for σ1 receptors of guinea pig brain. Synapse 55: 192 -

 195. 

DeHaven-Hudkins DL, Fleissner LC, and Ford-Rice FY. (1992) Characterization of the binding 

 of [3H](+)-pentazocine to sigma recognition sites in guinea pig brain. Eur J Pharmacol 

 227: 371 - 378. 

Desai RI, Kopajtic TA, French D, Newman AH, and Katz JL. (2005) Relationship between in 

 vivo occupancy at the dopamine transporter and behavioral effects of cocaine, GBR 

 12909 [1-{2-[bis-(4-fluorophenyl)methoxy]ethyl}-4-(3-phenylpropyl)piperazine], and 

 benztropine analogs. J Pharmacol Exp Ther 315: 397 - 404. 

Garcés-Ramírez L, Green JL, Hiranita T, Kopajtic TA, Mereu M, Thomas AM, Mesangeau C, 

 Narayanan S, McCurdy CR, Katz JL, and Tanda G. (2011) Sigma receptor agonists: 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on August 6, 2014 as DOI: 10.1124/jpet.114.216671

 at A
SPE

T
 Journals on M

ay 23, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #216671 

 26

 receptor binding and effects on mesolimbic dopamine neurotransmission assessed by 

 microdialysis. Biol Psychiatry 69: 208 - 217. 

Gifford AN, Bruneus M, Gatley SJ, Lan R, Makriyannis A, and Volkow ND. (1999) Large 

 receptor reserve for cannabinoid actions in the central nervous system. J Pharmacol Exp 

 Ther 288: 478 - 483. 

Gund TM, Floyd J, and Jung D. (2004) Molecular modeling of σ1 receptor ligands: a model of 

 binding conformational and electrostatic considerations. J Mol Graph Model  22: 221 -

 230. 

Hall FS, Li XF, Randall-Thompson J, Sora I, Murphy DL, Lesch KP, Caron M, and Uhl GR. 

 (2009) Cocaine-conditioned locomotion in dopamine transporter, norepinephrine 

 transporter and 5-HT transporter knockout mice. Neuroscience 162: 870 - 880. 

Hirano K, Kimura R, Sugimoto Y, Yamada J, Uchida S, Kato Y, Hashimoto H, and Yamada S. 

 (2005) Relationship between brain serotonin transporter binding, plasma concentration 

 and behavioural effect of selective serotonin reuptake inhibitors. Br J Pharmacol 144: 

 695 - 702. 

Hulme EC and Trevethick MA. (2010) Ligand binding assays at equilibrium: validation and 

 interpretation. Br J Pharmacol  161: 1219 - 1237.  

Kaushal N, Robson MJ, Vinnakota H, Narayanan S, Avery BA, McCurdy CR, and Matsumoto 

 RR. (2011) Synthesis and pharmacological evaluation of 6-acetyl-3-(4-(4-(4 

 fluorophenyl)piperazin-1-yl)butyl)benzo[d]oxazol-2(3H)-one (SN79), a cocaine 

 antagonist, in rodents. AAPS J 13: 336 - 346.  

Kovács KJ and Larson AA. (1995) Discrepancies in characterization of σ sites in the mouse 

 central nervous system. Eur J Pharmacol 285: 127 - 134. 

Le S, Gruner JA, Mathiasen JR, Marino MJ, and Schaffhauser H. (2008) Correlation between ex 

 vivo receptor occupancy and wake-promoting activity of selective H3 receptor 

 antagonists. J Pharmacol Exp Ther 325: 902 - 909. 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on August 6, 2014 as DOI: 10.1124/jpet.114.216671

 at A
SPE

T
 Journals on M

ay 23, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #216671 

 27

Lever JR, Scheffel U, Stathis M, Seltzman HH, Wyrick CD, Abraham P, Parham K, Thomas BF, 

 Boja JW, Kuhar MJ, and Carroll FI. (1996) Synthesis and in vivo studies of a selective 

 ligand for the dopamine transporter: 3β-(4-[125I]iodophenyl) tropan-2β-carboxylic acid 

 isopropyl ester ([125I]RTI-121). Nucl Med Biol 23: 277 - 284. 

Lever JR, Gustafson JL, Xu R, Allmon RL, and Lever SZ. (2006) σ1 and σ2 receptor binding 

 affinity and selectivity of SA4503 and fluoroethyl SA4503. Synapse 59: 350 - 358. 

Lever SZ, Xu R, Fan K-H, Fergason-Cantrell EA, Carmack TL, Watkinson LD, and Lever JR. 

 (2012) Synthesis, radioiododination and in vitro and in vivo sigma receptor studies of N-

 1-allyl-N´-4-phenethylpiperazine analogs. Nucl Med Biol 39: 401 - 414. 

Lever JR, Miller DK, Green CL, Fergason-Cantrell EA, Watkinson LD, Carmack TL, Fan K-H, 

 and Lever SZ. (2014) A selective sigma-2 receptor ligand antagonizes cocaine-induced 

 hyperlocomotion in mice. Synapse 68: 73 - 84. 

Matsumoto RR, Bowen WD, Tom MA, Vo VN, Truong DD, and De Costa BR. (1995) 

 Characterization of two novel sigma receptor ligands: antidystonic effects in rats suggest 

 sigma receptor antagonism. Eur J Pharmacol 280: 301 - 310. 

Matsumoto RR, Liu Y, Lerner M, Howard EW, and Brackett DJ. (2003) Sigma receptors: 

 potential medications development target for anti-cocaine agents. Eur J Pharmacol 469: 

 1 - 12. 

Matsumoto RR, Nguyen L, Kaushal N, and Robson MJ. (2014) Sigma (σ) receptors as potential 

 therapeutic targets to mitigate psychostimulant effects. Adv Pharmacol 69: 323 - 386. 

McCarthy LE, Mannelli P, Niculescu M, Gingrich K, Unterwald EM, and Ehrlich ME. (2004) The 

 distribution of cocaine in mice differs by age and strain. Neurotoxicol Teratol  26: 839 -

 848. 

Menkel M, Terry P, Pontecorvo M, Katz JL, and Witkin JM. (1991) Selective sigma ligands block 

 stimulant effects of cocaine. Eur J Pharmacol 201: 251 - 252. 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on August 6, 2014 as DOI: 10.1124/jpet.114.216671

 at A
SPE

T
 Journals on M

ay 23, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #216671 

 28

Navarro G, Moreno E, Aymerich M, Marcellino D, McCormick PJ, Mallol J, Cortés A, Casadó V, 

 Canela EI, Ortiz J, Fuxe K, Lluís C, Ferré S, and Franco R. (2010) Direct involvement of 

 σ-1 receptors in the dopamine D1 receptor-mediated effects of cocaine. Proc Natl Acad 

 Sci U S A 107: 18676 - 18681. 

Ramsey SJ, Attkins NJ, Fish R, and van der Graaf PH. (2011) Quantitative pharmacological 

 analysis of antagonist binding kinetics at CRF1 receptors in vitro and in vivo. Br J 

 Pharmacol 164: 992 - 1007. 

Robson MJ, Noorbakhsh B, Seminerio MJ, and Matsumoto RR. (2012) Sigma-1 receptors: 

 potential targets for the treatment of substance abuse. Curr Pharm Des 18: 902 - 919. 

Rodvelt KR, Lever SZ, Lever JR, Blount LR, Fan K-H, and Miller DK. (2011) SA 4503 attenuates 

 cocaine-induced hyperactivity and enhances methamphetamine substitution for a 

 cocaine discriminative stimulus. Pharmacol Biochem Behav 97: 676 - 682. 

Sage AS, Oelrichs CE, Davis DC, Fan K-H, Nahas RI, Lever SZ, Lever JR, and Miller DK. 

 (2013) Effects of N-phenylpropyl-N´-substituted piperazine sigma receptor ligands on 

 cocaine-induced hyperactivity in mice. Pharmacol Biochem Behav 110: 201 - 207. 

Sora I, Li B, Igari M, Hall FS, and Ikeda K. (2010) Transgenic mice in the study of drug addiction 

 and the effects of psychostimulant drugs. Ann N Y Acad Sci 1187: 218 - 246.  

Tejani-Butt SM, Brunswick DJ, and Frazer A. (1990) [3H]nisoxetine: a new radioligand for 

 norepinephrine uptake sites in brain. Eur J Pharmacol 191: 239 - 243. 

Wadenberg ML, Kapur S, Soliman A, Jones C, and Vaccarino F. (2000) Dopamine D2 receptor 

 occupancy predicts catalepsy and the suppression of conditioned avoidance response 

 behavior in rats. Psychopharmacology (Berl) 150: 422 - 429. 

Witkin JM, Terry P, Menkel M, Hickey P, Pontecorvo M, Ferkany J, and Katz JL. (1993) Effects 

 of the selective sigma receptor ligand, 6-[6-(4-hydroxypiperidinyl)hexyloxy]-3-

 methylflavone (NPC 16377), on behavioral and toxic effects of cocaine. J Pharmacol 

 Exp Ther 266: 473 - 482. 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on August 6, 2014 as DOI: 10.1124/jpet.114.216671

 at A
SPE

T
 Journals on M

ay 23, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #216671 

 29

Xu YT, Kaushal N, Shaikh J, Wilson LL, Mésangeau C, McCurdy CR, and Matsumoto RR. 

 (2010) A novel substituted piperazine, CM156, attenuates the stimulant and toxic effects 

 of cocaine in mice. J Pharmacol Exp Ther 333: 491 - 500. 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on August 6, 2014 as DOI: 10.1124/jpet.114.216671

 at A
SPE

T
 Journals on M

ay 23, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #216671 

 30

Footnotes 
 
This work was supported by a grant from the National Institutes of Health, National Institute on 

Drug Abuse [1RC1 DA028477, J.R.L.], by facilities and resources provided by the Harry S. 

Truman Memorial Veterans’ Hospital, and by the University of Missouri Life Sciences Mission 

Enhancement Program.  J.R.L. is the guarantor of the work, had access to all data, and takes 

responsibility for data integrity and analysis. 

 

 

Reprint requests should be sent to: 

 

John R. Lever 

Department of Radiology 

University of Missouri 

One Hospital Drive 

Columbia, Missouri 65212 

E-mail: leverj@health.missouri.edu 

 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on August 6, 2014 as DOI: 10.1124/jpet.114.216671

 at A
SPE

T
 Journals on M

ay 23, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #216671 

 31

Figure Legends 

 

Fig. 1.  Chemical structure of PD144418 (1,2,3,6-tetrahydro-5-[3-(4-methylphenyl)-5-isoxazolyl]-

1-propylpyridine). 

 

Fig. 2.  Biodistribution of σ1 receptor radioligand [125I]E-IA-DM-PE-PIPZE in mouse brain and 

peripheral organs at 30 min, and effects of PD144418 and BD1063 pretreatments. (A) 

Radioligand uptake is significantly inhibited (ANOVA, Dunnett’s) in whole brain and peripheral 

organs by both PD144418 (1.0 μmol / kg; i.p.) and BD1063 (5.0 μmol / kg; i.v.).  Data represent 

mean ± S.E.M., n = 4 – 8 per group.  (B)  Radioligand uptake in mouse brain regions is fully 

blocked by BD1063 (5.0 μmol / kg; i.v.),  and partially inhibited by PD144418 (1.0 μmol / kg; i.p.) 

in all regions examined (ANOVA, Dunnett’s). Data represent mean ± S.E.M., n = 4 per group. 

(C) Specific [125I]E-IA-DM-PE-PIPZE binding in mouse brain regions correlates (Pearson r2 = 

0.78, P = 0.01) with relative σ1 receptor densities known from prior autoradiographic studies 

(Bouchard et al., 1996).  Biodistribution data are mean values, n = 4 per group (see panel B). 

 

Fig. 3.  PD144418 (0.01 - 10.0 μmol / kg; i.p.) dose dependently inhibits specific [125I]E-IA-DM-

PE-PIPZE binding to σ1 receptors at 30 min in whole mouse brain (A), heart (B), spleen (C) and 

lung (D).  Data represent mean ± S.E.M., n = 4 - 8 per group.  Non-specific radioligand binding 

was defined by a separate group of animals (n = 8) that received BD1063 (5.0 μmol / kg; i.v.).  

Curves represent the sigmoidal logistic fits (r2 = 0.99, Panels A - D) used to obtain ED50 values. 

 

Fig. 4.  PD144418 attenuates cocaine-induced hyperactivity in mice.  Animals were placed in an 

activity monitor for 45 min, injected (i.p.) with PD144418 (0.10 - 31.6 μmol / kg) or saline, 

returned to the monitor for 15 min, injected (i.p.) with cocaine (66 or 99 μmol / kg) or saline, and 

then monitored for 60 min. (A) Distance traveled (cm) after the second saline or cocaine 
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injection, summed across the 60 min post-injection period.  Significant differences (ANOVA, 

Tukey’s) are designated by a plus sign for groups given PD144418 and saline that differ from 

the group given only saline injections; by asterisks for groups administered PD144418 and 

cocaine (66 μmol / kg) that differ from the group given saline followed by 66 μmol / kg cocaine; 

by a double asterisk for the group administered PD144418 (31.6 μmol / kg) and cocaine (66 

μmol / kg) that differs from the group given PD144418 (1.0 μmol / kg) and cocaine (66 μmol / 

kg); and by the hash symbol for the group given PD144418 and cocaine (99 μmol / kg) that 

differs from the group given saline followed by 99 μmol / kg cocaine.  Data represent mean ± 

S.E.M., n = 7 - 13 per group. (B)  Distance traveled (cm) in 5-min intervals.  Arrows designate 

PD144418 or saline injections (time = 0), and 66 μmol / kg cocaine or saline injections (time = 

15).  Closed symbols represent mice administered cocaine, and open symbols represent mice 

administered saline. Significant differences at various times between the PD144418 treatment 

groups, with respect to the group given saline followed by cocaine, are provided in the text. 

 

Fig. 5. (A) Dose-response relationship between PD144418 occupancy of σ1 receptors at 30 min, 

determined from inhibition of [125I]E-IA-DM-PE-PIPZE specific binding in mouse whole brain, 

and the attenuation of cocaine-induced locomotor hyperactivity over a 60 min period, 

determined as total distance traveled for each treatment condition minus the basal activity. Data 

represent percentage of control values ± S.E.M., transformed from the groups described in Figs. 

3A and 4A. (B) Linear regression of percentage receptor occupancy and reductions in cocaine-

induced locomotor hyperactivity represented by the solid line, with the 95% confidence limits 

represented by the dashed lines. 

 

Fig. 6. Inhibition of specific binding to σ1 receptors in whole mouse brain (A), heart (B), spleen 

(C) and lung (D), 30 min after administration of [125I]E-IA-DM-PE-PIPZE, by pretreatments with 

PD144418 (10.0 μmol / kg; i.p.) at 1 min, as well as 4, 16 and 24 h. Data represent mean ± 
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S.E.M., n = 3 - 7.  Non-specific binding was defined by a separate group of animals (n = 8) that 

received BD1063 (5.0 μmol / kg; i.v.) 5 min prior to radioligand.  Significant differences from 

control (ANOVA, Dunnett’s) are indicated by * (P < 0.05). 

 

Fig. 7.  Attenuation of locomotor hyperactivity induced by cocaine (66 μmol / kg; i.p.) over the 60 

min period following drug administration, by pretreatments with PD144418 (10.0 μmol / kg; i.p.) 

at 15 min, as well as 4, 16 and 24 h.  Significant differences from the saline - cocaine treated 

control group (ANOVA, Dunnett’s) are indicated by * (P < 0.05). Data represent mean ± S.E.M., 

n = 9 - 11. 

 

Fig. 8. Time-response relationships for PD144418 (10.0 μmol / kg; i.p.) pretreatments on 

occupancy of σ1 receptors, determined from inhibition of [125I]E-IA-DM-PE-PIPZE specific 

binding in mouse whole brain, and attenuation of cocaine-induced locomotor hyperactivity over 

a 60 min period, determined as total distance traveled for each treatment condition minus basal 

activity.  Values are percentage of control ± S.E.M., transformed from the data sets described in 

Fig. 6A and Fig. 7. 
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Table 1 

Apparent affinities, Ki values (nM), from in vitro binding studies of PD144418 and haloperidol.a 

Sigma receptors 

PD144418 

   σ1             0.46 ± 0.04; nH 0.83 ± 0.07 σ2     1,654 ± 86; nH 1.12 ± 0.23 σ1 / σ2      3,596 b 

   σ1             0.19 ± 0.05; nH 0.81 ± 0.05 c   

   σ1             0.08 ± 0.01 σ2     1,377 ± 179 σ1 / σ2    17,212 d 

Haloperidol 

   σ1             1.21 ± 0.10; nH 1.08 ± 0.03 σ2     18.1 ± 1.4; nH 0.92 ± 0.06 σ1 / σ2      15 b 

   σ1             1.24 ± 0.04; nH 0.74 ± 0.05 c   

   σ1             1.2 ± 0.20 σ2     26.0 ± 5.4 σ1 / σ2       22 d 

 
Monoamine transporters 

PD144418 

DAT e         9,038 ± 1,345; nH 1.60 ± 0.06   

NET f      > 100,000   

SERT g   > 100,000   

 

a Means ± S.E.M., n = 3 - 6. b σ1 [3H](+)-pentazocine, guinea pig brain membranes; σ2 

[3H]DTG / 500 nM (+)-pentazocine, guinea pig brain membranes. c [125I]E-IA-DM-PE-PIPZE, 

mouse brain membranes. d Akunne et al., 1997: σ1 [3H](+)-pentazocine, guinea pig brain 

membranes; σ2 [
3H]DTG / 200 nM (+)-pentazocine, NG108-15 cell membranes. e [125I]RTI-

121, mouse brain striatal membranes.  f [3H]nisoxetine, mouse brain cortical membranes; ≤ 

15% inhibition at 100,000 nM.   g [3H]paroxetine, whole mouse brain membranes; ≤ 5% 

inhibition at 100,000 nM. 

 

 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on August 6, 2014 as DOI: 10.1124/jpet.114.216671

 at A
SPE

T
 Journals on M

ay 23, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


N
O N

PD144418

Figure 1

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on August 6, 2014 as DOI: 10.1124/jpet.114.216671

 at A
SPE

T
 Journals on M

ay 23, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0

Lung

Spleen

Heart

Brain

Tissue Radioactivity (30 min, % ID / g)

* ANOVA, Dunnett's

Saline Control

PD144418, 1.0 µmol / kg,  i.p.
BD1063, 5.0 µmol / kg, i.v.

*

A

*

*
*

*
*

*
*

0.0 1.0 2.0 3.0 4.0 5.0

Remainder

Hippocampus

Olfactory Tubercles

Striatum

Other Cortex

Frontal Cortex

Hypothalamus

Inf. / Sup. Colliculi

Cerebellum

Pons / Medulla

Tissue Radioactivity (30 min, % ID / g)

* ANOVA, Dunnett's

*
*

Saline Control

PD 144418, 1.0 µmol / kg,  i.p.
BD1063, 5.0 µmol / kg, i.v.

B

1.0 2.0 3.0 4.0
4.0

6.0

8.0

10.0

12.0

σ1 Specific Binding (30 min, % ID / g)
[125I]E-IA-DM-PE-PIPZE

σ 1
 S

pe
ci

fic
 B

in
di

ng
 (6

0 
m

in
, f

m
ol

 / 
m

g)
[3 H

](+
)S

K
F1

0,
04

7

C

Hypothalamus

Cerebellum

Colliculi

Frontal Cortex

Other Cortex

StriatumHippo-
campus

Figure 2

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on August 6, 2014 as DOI: 10.1124/jpet.114.216671

 at A
SPE

T
 Journals on M

ay 23, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


Saline 0.01 0.10 1 10
0.0

1.0

2.0

3.0

4.0

5.0

   PD144418 (µmol/kg, i.p.)

σ 1
 S

pe
ci

fic
 B

in
di

ng
(3

0 
m

in
, %

 ID
 / 

g)

A

ED50 0.22 µmol / kg
Brain

Saline 0.01 0.10 1 10
0.0

1.0

2.0

3.0

4.0

5.0

   PD144418 (µmol/kg, i.p.)

σ 1
 S

pe
ci

fic
 B

in
di

ng
(3

0 
m

in
, %

 ID
 / 

g)

C

ED50 0.39 µmol / kg
Spleen

Saline 0.01 0.10 1 10
0.0

1.0

2.0

3.0

4.0

5.0

   PD144418 (µmol/kg, i.p.)

σ 1
 S

pe
ci

fic
 B

in
di

ng
(3

0 
m

in
, %

 ID
 / 

g)

B

ED50 0.08 µmol / kg

Heart

Saline 0.01 0.10 1 10
0.0

1.0

2.0

3.0

4.0

5.0

   PD144418 (µmol/kg, i.p.)

σ 1
 S

pe
ci

fic
 B

in
di

ng
(3

0 
m

in
, %

 ID
 / 

g)
ED50 0.11 µmol / kg

Lung

D

Figure 3

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on August 6, 2014 as DOI: 10.1124/jpet.114.216671

 at A
SPE

T
 Journals on M

ay 23, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


0 0.1 1 3.16 10 31.6 0 0.1 1 3.16 10 31.6 0 3.16
0

5000

10000

15000

20000

25000

30000

35000

40000

PD-144418 Dose (µmol/kg)

To
ta

l D
is

ta
nc

e 
Tr

av
el

ed
 (c

m
 / 

60
 m

in
)

*

**

66 µmol/kg

+

*

A

#

99 µmol/kg Cocaine:

**

-10 0 10 20 30 40 50 60 70
0

500

1000

1500

2000

2500

3000

3500

4000

4500

Time (min)

D
is

ta
nc

e 
Tr

av
el

ed
 (c

m
 / 

5 
m

in
)

  0 µmol/kg PD144418 (Saline)

31.6 µmol/kg PD144418

  3.16 µmol/kg PD144418
  1.0 µmol/kg PD144418
  0.1 µmol/kg PD144418

PD144418
or Saline

Cocaine
or

Saline

10.0 µmol/kg PD144418

B

Figure 4

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on August 6, 2014 as DOI: 10.1124/jpet.114.216671

 at A
SPE

T
 Journals on M

ay 23, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


Saline 10-2 10-1 100 101 102

0

25

50

75

100

125

PD144418 Dose (µmol / kg)

σ 1
 R

ec
ep

to
r B

ra
in

 O
cc

up
an

cy
 a

nd
Lo

co
m

ot
or

 H
yp

er
ac

tiv
ity

 (%
 C

on
tro

l)

Occupancy
Activity

A

0 25 50 75 100 125

0

25

50

75

100

125

Locomotor Hyperactivity
(Total Distance Traveled, % Control)

σ 1
 R

ec
ep

to
r B

ra
in

 O
cc

up
an

cy
(%

 C
on

tro
l)

Pearson r2 = 0.88
 P = 0.01

B

Figure 5

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on August 6, 2014 as DOI: 10.1124/jpet.114.216671

 at A
SPE

T
 Journals on M

ay 23, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


1 min 4 h 16 h 24 h
0.0

1.0

2.0

3.0

4.0

5.0

PD144418 (10 µmol / kg) Pretreatment

B
ra

in
 σ

1 S
pe

ci
fic

 B
in

di
ng

 (%
 ID

 / 
g)

Control

*

*

A

*

1 min 4 h 16 h 24 h
0.0

1.0

2.0

3.0

4.0

5.0

PD144418 (10 µmol / kg) Pretreatment

Sp
le

en
 σ

1 S
pe

ci
fic

 B
in

di
ng

 (%
 ID

 / 
g)

Control

*

*

C

*

1 min 4 h 16 h 24 h
0.0

1.0

2.0

3.0

4.0

5.0

PD144418 (10 µmol / kg) Pretreatment

H
ea

rt 
σ 1

 S
pe

ci
fic

 B
in

di
ng

 (%
 ID

 / 
g)

Control

*
*

B

*

1 min 4 h 16 h 24 h
0.0

1.0

2.0

3.0

4.0

5.0

PD144418 (10 µmol / kg) Pretreatment

Lu
ng

 σ
1 S

pe
ci

fic
 B

in
di

ng
 (%

 ID
 / 

g)

Control

*

*

D

*

Figure 6

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on August 6, 2014 as DOI: 10.1124/jpet.114.216671

 at A
SPE

T
 Journals on M

ay 23, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


15 min 4 h 16 h 24 h
0

5000

10000

15000

20000

25000

PD144418 (10 µmol / kg) Pretreatment

To
ta

l D
is

ta
nc

e 
Tr

av
el

ed
 (c

m
)

Control

**
*

Figure 7

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on August 6, 2014 as DOI: 10.1124/jpet.114.216671

 at A
SPE

T
 Journals on M

ay 23, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


0 4 8 12 16 20 24
0

25

50

75

100

Time (h)

σ 1
 R

ec
ep

to
r B

ra
in

 O
cc

up
an

cy
 a

nd
Lo

co
m

ot
or

 H
yp

er
ac

tiv
ity

 (%
 C

on
tro

l)

Activity
Occupancy

Figure 8

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on August 6, 2014 as DOI: 10.1124/jpet.114.216671

 at A
SPE

T
 Journals on M

ay 23, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/

