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Abstract

Activation of sigma; (o1) receptors contributes to the behavioral and toxic effects of (—)-cocaine.
We studied a key step, the ability of (=)-cocaine to occupy o4 receptors in vivo, using CD-1® mice
and the novel radioligand [12°1]E-N-1-(3’-iodoallyl)-N’-4-(3”,4”-dimethoxyphenethyl)-piperazine
([*251]E-1A-DM-PE-PIPZE). (-)-Cocaine displayed an EDsq of 68 pmol/kg for inhibition of
specific radioligand binding in whole brain, with values between 73 — 80 pmol/kg for heart, lung
and spleen. For comparison, an ED5g of 26 umol/kg for (-)-cocaine occupancy of striatal
dopamine transporters (DAT) was determined by inhibition of [12°1]38-(4-iodophenyl)tropan-2p-
carboxylic acid isopropyl ester ([12°1]RTI-121) binding. A chief finding is the relatively small
potency difference between (-)-cocaine occupancy of a1 receptors and the DAT, although the
DAT occupancy is likely underestimated. Interactions of (-)-cocaine with o4 receptors were
assessed further using [*251]E-1A-DM-PE-PIPZE for regional cerebral biodistribution studies and
quantitative ex vivo autoradiography of brain sections. (—=)-Cocaine binding to cerebral o1
receptors proved directly proportional to the relative site densities known for the brain regions.
Non-radioactive E-1A-DM-PE-PIPZE gave an EDsgq of 0.23 pmol/kg for occupancy of cerebral o1
receptors, and a 3.16 pmol/kg (i.p.) dose attenuated (—)-cocaine induced locomotor hyperactivity
by 30%. This effect did not reach statistical significance, but suggests that E-IA-DM-PE-PIPZE is
a probable o4 receptor antagonist. As groundwork for the in vivo studies, we used standard
techniques in vitro to determine ligand affinities, site densities and pharmacological profiles for
the o1 and o5, receptors expressed in CD-1® mouse brain.
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Hospital Drive, Columbia, Missouri 65212, USA. leverj@health.missouri.edu Tel.: +1-573-814-6000 ext. 53686; fax:
+1-573-814-6551.
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INTRODUCTION

Dopamine transporter (DAT) inhibition is a major, but not the sole, contributor to the
behavioral effects and abuse liability of (—)-cocaine and other psychostimulants (Nutt et al.,
2015; Sora et al., 2010). For over two decades, it has been known that (-)-cocaine binds to
sigma (o) receptors in vitro (Sharkey et al., 1988), and that (—)-cocaine’s behavioral effects
are tempered by selective o receptor antagonists (Menkel et al., 1991). Agonist actions of
(-)-cocaine at the o7 receptor subtype are partly responsible for locomotor hyperactivity,
convulsions and lethality, as confirmed by studies using selective antagonist ligands as well
as o1 receptor knock down methods (Lever et al., 2014a; Matsumoto et al., 2002, 2003,
2014; Ritz and George, 1993). Further, o1 receptors are required for acquisition and
reinstatement of (—)cocaine-induced conditioned place preference (Maurice and Romieu,
2004; Romieu et al., 2002), and o, receptor agonists potentiate (-)-cocaine’s reinforcing
effects (Hiranita et al., 2010; 2013; Katz et al., 2011). (-)-Cocaine binds with higher affinity
to the o1 than o, receptor subtype in vitro (Garcés-Ramirez et al., 2011; Lever et al., 2015;
Matsumoto et al., 2002). Nonetheless, (—)-cocaine functions as a o, receptor agonist
(Nuwayhid and Werling, 2006), and certain selective o, receptor ligands profile as
antagonists of (-)-cocaine-induced behaviors (Lever et al., 2014b; Matsumoto et al., 2007a).

As a chaperone protein, the o1 receptor complexes with ion channels and receptors, and
modulates their diverse activities (Kourrich et al., 2012). (-)-Cocaine activation of o1
receptors mobilizes Ca2* through protein-protein interactions with ankyrin and inositol
1,4,5-trisphosphate receptors (Hayashi and Su, 2001). Transient receptor potential canonical
channels play a role in this process as well (Barr et al., 2015). (-)-Cocaine interacts with
functional o4 - dopamine receptor heteromers to alter the balance of dopamine D1/D,
receptor signaling, which is thought to influence the rewarding properties of the drug
(Navarro et al., 2010; 2013). Moreover, (—)-cocaine enhances dopamine D4 receptor
signaling via a trimeric complex of a1, dopamine D; and histamine H3 receptors (Moreno et
al., 2014). Association of o4 sites with voltage-gated potassium channel Kv1.2 is
upregulated by (-)-cocaine, which attenuates neuronal excitability in the nucleus
accumbens, amplifies behavioral responses to (-)-cocaine activation of o1 receptors, and
may provide a basis for persistent behavioral sensitivity to the drug (Kourrich et al., 2013).

Mechanistic understanding of how o4 receptors mediate the behavioral effects of (—=)cocaine
has advanced, but measurements of the critical first step, o; receptor occupancy by
(-)cocaine, remain lacking. The primary objective of the present studies was to assess the
occupancy of central and peripheral o4 receptors in male CD-1® mice by (-)-cocaine.
Occupancy was examined by in vivo radioligand binding techniques, including dose-
response studies and ex vivo autoradiography using a novel radioiodinated ligand, [12°I]E-
IA-DM-PE-PIPZE. For comparison, striatal DAT occupancy by (—)-cocaine was evaluated
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under a similar paradigm using the well-known ligand [12°I]RT1-121. In addition, we
examined the o1 receptor occupancies of pertinent ligands in relation to their effects on
locomotor activity in mice in the presence and absence of (-)-cocaine. As a foundation for
the in vivo work, we also conducted in vitro studies of the cerebral o1 and o, receptors
expressed by the CD-1® strain.

MATERIALS AND METHODS

Drugs and chemicals

Animals

(-)-Cocaine hydrochloride, haloperidol, (+)-pentazocine, 1,3-di(2-tolyl)guanidine (DTG),
dextromethorphan hydrobromide, (+)- and (-)-N-allylnormetazocine (NANM, SKF10047),
ifenprodil (+)-tartrate, BD1063 (1-[2-(3,4-dichlorophenyl)ethyl]-4-methylpiperazine)
dihydrochloride, and GBR12909 dihydrochloride were obtained from Sigma-Aldrich, Inc.
(St. Louis, MO) or Tocris Bioscience (Minneapolis, MN). [BH]DTG (48 — 53 Ci/mmol) and
[3H](+)-pentazocine (35 — 37 Ci/mmol) were obtained from PerkinElmer, Inc. (Waltham,
MA). E-N-1-(3’-iodoallyl)-N"-4-(3”,4”-dimethoxyphenethyl)-piperazine (E-IA-DM-PE-
PIPZE) and [12°1]E-IA-DM-PE-PIPZE (ca. 2000 Ci/mmol) were prepared as previously
described (Lever et al., 2012). [1251]RTI-121 (3p-(4-iodophenyl)tropan-2p-carboxylic acid
isopropy| ester) was prepared (ca. 2000 Ci/mmol) as previously described (Lever et al.,
1996). Sterile bacteriostatic saline (0.9% NaCl, 0.9% benzyl alcohol; w/v) was used in
formulations for animal studies. Other chemicals and solvents were the best available
commercial grade, and were used as received.

Adult male mice of the CD-1® strain were purchased from Charles River Laboratories
International, Inc. (Wilmington, MA), and group-housed on a 12 h light-dark cycle in
temperature and humidity controlled quarters with unrestricted access to standard chow and
water. Animals were acclimated for at least a week prior to study. Experiments were
performed with prior approvals from the Animal Care and Use Committees of the University
of Missouri and the Harry S. Truman Memorial Veterans’ Hospital, and in compliance with
the Guide for the Care and Use of Laboratory Animals (National Research Council, 2011).

In vivo binding

Biodistribution studies of [12°I]E-IA-DM-PE-PIPZE binding to o1 receptors (Lever et al.,
2012, 2014a,b, 2015) and [1251]RTI-121 binding to the DAT (Desai et al., 2005; Lever et al.,
1996) were conducted as previously reported. In general, awake animals received tail vein
injections of radioligands (2.5 pCi) formulated in saline (0.1 mL) containing 2% ethanol.
Groups of 3 — 5 mice were used for each condition, test drugs were formulated in saline
vehicles, control groups received saline vehicle, and animals were euthanized by cervical
dislocation either 30 min or 60 min after radioligand administration. For o1 receptor studies,
additional groups were treated with BD1063 to define non-specific binding in brain and
peripheral organs. For DAT studies, samples of striatum and cerebellum were analyzed, and
cerebellar radioactivity defined non-specific radioligand binding (Desai et al., 2005; Lever et
al., 1996). Wet weights of tissue samples were obtained, and radioactivity measured at 78%
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efficiency using an automated gamma counter (Wallac 1480; Turku, Finland). Percent
injected dose (%ID)/g tissue was calculated by relation to standard dilutions of the ID.

Several variations in the timing of the radioactive and non-radioactive drug administrations
were employed. For (-)-cocaine occupancy, groups of animals were treated with saline (0.2
mL, i.p.) or drug (10 to 100 umol/kg; 0.2 mL, i.p.) 15 min prior to [1251]E-1A-DM-PE-
PIPZE. An additional group received BD1063 (5.0 pmol/kg, i.v.) in saline (0.1 mL) 15 min
prior to radioligand. Animals were euthanized 60 min after radioligand administration. For
E-1A-DM-PE-PIPZE occupancy, saline (0.1 mL, i.p.) or test ligand (0.1 to 10 umol/kg; 0.1
mL, i.p.) were administered 1 min prior to radioligand. An additional group was pretreated
(5 min) with BD1063 (5.0 umol/kg, i.v.) in saline (0.1 mL). Animals were euthanized 30
min later. For regional cerebral biodistribution, animals were pretreated (1 min) with saline
(0.1 mL, i.p.) or (-)cocaine (100 umol/kg; 0.1 mL, i.p.), and an additional group was
pretreated (5 min) with BD1063 (5.0 umol/kg, i.v.). Animals were euthanized 30 min after
radioligand administration.

To assess (—)-cocaine occupancy of the DAT, groups of mice were treated with saline (0.1
mL, i.p.) or drug (10 to 100 umol/kg; 0.1 mL, i.p.) 1 min prior to [12°1]RTI-121
administration. Additional groups received GBR12909 (10 pmol/kg, i.v.), E-IA-DM-PE-
PIPZE (10 pmol/kg, i.p.) or BD1063 (10 pmol/kg, i.p.) in saline (0.1 mL) 1 min prior to
radioligand. Animals were euthanized 30 min after radioligand administration.

Ex vivo autoradiography

Three mice received [12°1]E-IA-DM-PE-PIPZE (150 uCi) in saline (0.1 mL) containing 2%
ethanol by tail vein injection. Fifteen min prior to radioligand administration, one animal
was treated with saline (0.2 mL, i.p.), one with (-)-cocaine in saline (100 pmol/kg; 0.2 mL,
i.p.) and one with BD1063 in saline (2.5 umol/kg; 0.1 mL, i.v.). Animals were euthanized by
cervical dislocation 60 min after radioligand administration. Whole brains were removed,
and then frozen by immersion in an isopentane bath cooled with liquid nitrogen. Horizontal
sections (20 um) were cut at =16 °C using a microtome cryostat (Hacker Bright Model OTF,
Winnsboro, SC). Sections were thaw-mounted on SuperFrost™ Plus electrostatically
charged slides (Fisher Scientific, Inc., Pittsburgh, PA), desiccated in vacuo overnight, and
then apposed, along with polymer-based [12%1]-standards, to Kodak Biomax MR film for 92
h before development. Autoradiograms were sampled using a MCID™ digital image
analysis system (InterFocus Imaging, Ltd., Cambridge, UK). Optical densities were
bracketed by values from the polymer standards, and did not exceed film response.
Quantitative data were obtained by subtracting film background, followed by densitometric
analysis of 20 regions of interest (ROI) that were identified by comparison to a mouse brain
atlas (Franklin and Paxinos, 1997). Each region was sampled from 4 — 6 similar brain
sections for each animal. Non-specific binding was defined as the average value obtained
from a given region in the presence of BD1063.

Locomotor activity

Assessment of locomotor activity was performed using methods described previously (Lever
etal., 2014a,b; Rodvelt et al. 2011; Sage et al., 2013). Mice were habituated for 30 — 60 min
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a day for two consecutive days to open-field activity monitors (Med Associates Inc.;
Georgia, VT) configured to detect locomotor activity as disruptions in the photobeam arrays
surrounding the transparent enclosures. The next day, groups of animals (n =7 — 12) were
placed in the monitors for 45 min, and then given E-IA-DM-PE-PIPZE (0, 0.316 or 3.16
pumol/kg), BD1063 (0, 3.16 or 31.6 pmol/kg) or saline vehicle. Individual animals were
returned to a monitor for 15 min, and then received either (=)-cocaine (20 mg/kg; 59
umol/kg) or saline vehicle. Subsequent locomotor activity was monitored for 60 min as
distance traveled (cm) in 5 min intervals. Test drugs and (-)-cocaine were administered
(i.p.) as saline solutions (5 mL/Kkg).

In vitro binding

Whole mouse brains were harvested after euthanasia by cervical dislocation, and membranes
prepared for o receptor binding as previously described (Lever et al., 2012). Assays were
conducted using minor modifications of established methods (Bowen et al., 1993; Kovécs
and Larson, 1995; Lever et al., 2006; Mach et al., 1995). Association kinetics for o1 receptor
binding were determined at 37 °C in glass tubes containing 0.25 mg protein and 3.0 nM [3H]
(+)-pentazocine, with a final volume of 1.0 mL of Tris-HCI buffer (50 mM; pH 8.0, 25 °C).
Haloperidol (1.0 uM) defined non-specific binding. Saturation binding isotherms were
generated in like fashion, using a 180 min incubation period for six concentrations of [H]
(+)-pentazocine (0.3 — 30 nM). Competition assays were performed at 37 °C for 180 min,
using 3.0 nM [3H](+)-pentazocine and ten concentrations of competing ligands.

For o5 receptors, association kinetics were determined at 25 °C in glass tubes containing
0.25 mg protein and 3.0 nM [3H]DTG in the presence of non-radioactive (+)-pentazocine
(500 nM). Tris-HCI (50 mM; pH 8.0, 25 °C) was used as the assay buffer, final volumes
were 0.5 mL, and haloperidol (10.0 uM) defined non-specific binding. Homologous
saturation binding, using DTG from 0.1 — 3160 nM, was performed in like fashion using a
60 min incubation period, except DTG (100 uM) was used to define non-specific binding.
Heterologous competition assays were performed at 25 °C using a 60 min incubation, 3.0
nM [3H]DTG/500 nM (+)-pentazocine, pH 8 Tris-HCI buffer, haloperidol (10.0 uM) to
define non-specific binding, and ten concentrations of competing ligands.

Assays were terminated by addition of ice-cold buffer (5 mL), filtration (Brandel, Inc.,
Gaithersburg, MD) through glass fiber filters (GF/B) pretreated with polyethyleneimine
(0.5%), and cold buffer washes (3 x 5 mL). Filter papers were dried under vacuum, extracted
for > 24 h with cocktail (OptiPhase® HiSafe 2; Perkin-Elmer Life Sciences, Inc.; Boston,
MA), and radioactivity was measured with 44% efficiency by liquid scintillation counting
(Wallac 1409; Turku, Finland). Experiments were performed in duplicate, and replicated at
least three times.

Data analysis and statistics

In vivo binding data were investigated using ANOVA (a = 0.05) with a post hoc Dunnett’s
test to assess differences between treatment and control groups. Non-linear curve fitting of
dose-response specific binding data was performed using sigmoidal, logistic regression
algorithms, with bottom plateaus constrained to zero as required. Locomotor activity data
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for distance traveled over 5 min intervals were analyzed by three-way repeated measures
analysis of variance (RM-ANOVA) using SPSS® Statistics 20 software (IBM Corp.,
Armonk, NY). Test drug dose and (—)-cocaine dose were between-group factors, and time
was the within-subjects factor. Two-way ANOVA (a = 0.05) with Tukey’s post-hoc
analyses was used to examine interactions of test drug dose and (=)-cocaine dose (Prism
6.0).

In vitro binding data were analyzed using programs Prism 6.0 (GraphPad Software, Inc.; La
Jolla, CA) and Radlig 6.0 (KELL Suite, Biosoft, Inc., Ferguson, MO). Saturation binding
data were corrected for free radioligand depletion. Sigmoidal regression algorithms were
used to fit competition binding data. 1Cgq values were converted to K; values using the
Cheng and Prusoff (1973) relationship. F-ratio tests were used to compare one- and two-site
models, and to compare four-parameter, variable-slope fits against three-parameter fits
having a fixed Hill slope (ny) of 1.0. Correlations were investigated by Pearson analysis,
and potential differences between two measurements were analyzed by two-tailed, unpaired
t-test at 95% confidence.

(-)-Cocaine occupancy of a4 receptors

(-)-Cocaine occupancy of o1 receptors was measured by inhibition of [12°1]E-IA-DM-PE-
PIPZE specific binding in vivo in CD-1® mice (Fig. 1). Treatment groups received up to 100
pumol/kg of (—=)-cocaine (i.p.) 15 min prior to radioligand administration (2.5 pCi, i.v.), and
were euthanized after an additional 60 min. Total o4 receptor binding was defined by vehicle
treated controls, while non-specific binding was defined by animals pretreated with BD1063
(5.0 pmol/kg, i.v.). Specific oy receptor binding for control and treatment group samples was
calculated by subtracting the average non-specific radioligand uptake for that tissue. The
timing was constructed so the radioligand would be competing for o4 receptors when (-)-
cocaine brain levels are high (Benuck et al., 1987), and peak effects of (—)-cocaine on
behaviors, such as locomotor activity, are observed in CD-1® mice (Rodvelt et al., 2011).

In agreement with earlier results (Lever et al. 2012, 2014a,b, 2015), [12°I]E-IA-DM-PE-
PIPZE displayed good levels of control specific binding (Fig. 1) to o1 receptors in brain
(83%), heart (53%), lung (66%) and spleen (71%). (-)-Cocaine inhibition of specific
binding was dose-dependent, and significantly different (ANOVA, Dunnett’s; P < 0.05)
from control values for brain, heart and spleen at the 31.6 and 100 umol/kg doses (Fig. 1).
Inhibition in lung reached significance at only the 100 pmol/kg dose. Maximal levels of
inhibition were 52 — 57% across tissues. Accordingly, doses required for 50% occupancy
(EDsg) of o7 receptors were calculated by fitting the data to sigmoidal curves where the
bottom plateaus were constrained to be zero. (-)-Cocaine displayed an EDsg of 68 umol/kg
in whole brain (r2 = 0.90), which corresponds to a dose of 22 mg/kg for the hydrochloride
salt. Comparable EDs values, 73 — 80 pmol/kg, were derived for heart (r2 = 0.70), lung (r2
=0.58) and spleen (r2 = 0.79). The overall findings were replicated in a second experiment
(not shown). (-)-Cocaine was less effective as a displacer of bound [12°1]E-IA-DM-PE-
PIPZE. In one study, the drug was given i.p. 30 min after i.v. administration of radiotracer,
and animals were euthanized after an additional 30 min. (-=)Cocaine at the 100 pmol/kg dose
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gave a lower, but still significant (ANOVA, Dunnett’s; P < 0.05), 37% inhibition of specific
radioligand binding in whole brain (not shown).

Quantitative ex vivo autoradiography showed appropriate topography for selective labeling
of cerebral o receptors by [1251]E-IA-DM-PE-PIPZE (150 uCi; 3 nmol/kg) 60 min after tail
vein administration to male CD-1® mice (Fig. 2). The o1 receptor-mediated distribution was
blocked by approximately 80% upon pretreatment with BD1063 (2.5 umol/kg, i.v.),
providing a low and homogeneous level of radioactivity that was used to define the non-
specific binding for a given region. The highest levels of specific binding were in the
mesencephalon, while the lowest were in white matter and the nonpyramidal layers of the
hippocampus (Table I). Appropriate inhomogeneities were observed for the cortical (frontal
> entorhinal) and hippocampal (DG ~ CA3 > CA2 > CA1) formations. For 15 matching
regions, the specific binding of [1251]E-IA-DM-PE-PIPZE (Table 11) showed robust Pearson
rank order correlation (r = 0.90, P < 0.0001; not shown) with data obtained using [3H](+)-
NANM (Table 1) in a similar ex vivo autoradiographic study in CD-1® mouse brain by
Bouchard et al. (1996). Pretreatment with (—)-cocaine (100 pmol/kg, i.p.) reduced specific
radioligand binding across the 20 brain regions examined by an average of 53.8 + 3.2% (Fig.
2, Table 1), which matches the 57% reduction noted for whole brain by anatomical
dissection (Fig. 1A). Residual o4 receptor specific binding for these 20 brain regions after
(-)-cocaine pretreatment correlated significantly with the control data (Table I; Pearson r =
0.87, P < 0.0001; not shown), indicating that (—)-cocaine binding to o receptors is
proportional to the relative site densities of the brain regions.

The effects of (-)-cocaine and BD1063 on the regional distribution of [12°I]E-IA-DM-PE-
PIPZE binding to o4 receptors in mouse brain was also studied using anatomical dissection
under a protocol with different timing for drug administrations (Fig. 3). In this case, BD1063
(5.0 umol/kg, i.v.) was given 5 min prior to the radioligand, while (=)-cocaine (100 umol/kg,
i.p.) and saline vehicle (i.p.) were given 1 min prior to the radioligand to model a more
direct competition. Groups of animals were euthanized after 30 min. As expected (Lever et
al., 2014a), the highest control levels of radioligand uptake were in the cerebellum,
hypothalamus, pons/medulla and superior/inferior colliculi, while the lowest levels were in
the striatum, olfactory tubercles and hippocampus. (-)-Cocaine (100 pmol/kg, i.p.) and
BD1063 significantly inhibited uptake in all regions (ANOVA, Dunnett’s; P < 0.05).
BD1063 blocked uptake by 79 — 89% across the 10 brain regions, and was used to define the
non-specific binding. (-)-Cocaine inhibition of radioligand uptake averaged 37%, and
ranged between 27% for hippocampus and 45% for the olfactory tubercles. The residual
uptake of [1251]E-1A-DM-PE-PIPZE after administration of (-)cocaine correlated with the
control uptake (Fig. 3; Pearson r = 0.96, P < 0.0001; not shown), consistent with (-)-cocaine
binding to cerebral o4 receptors being directly proportional to the relative site densities of
the brain regions.

(-)-Cocaine occupancy of dopamine transporters

As shown in Figure 4, (-)-cocaine inhibition of specific [12°1]RTI-121 binding to the striatal
DAT was dose-dependent, and differed significantly (ANOVA, Dunnett’s; P < 0.05) from
control values for the 10 through 100 umol/kg doses tested. Considering low expression of
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the DAT in cerebellum, levels of radioactivity in this region were used to define non-
specific binding as previously described (Desai et al., 2005; Lever et al., 1996). The
maximal level of inhibition by (-)-cocaine was 67%, and an EDsgq of 26 pmol/kg was
calculated by fitting the data to a sigmoidal curve having the bottom plateau constrained to
be zero. The potent DAT inhibitor GBR12909 (10.0 umol/Kkg; i.v.) served as a positive
control, and inhibited specific radioligand binding by 75% in keeping with prior findings
(Lever et al., 1996).

E-1A-DM-PE-PIPZE displays no appreciable affinity for the DAT in vitro, with a K; value >
10 UM (Lever et al., 2012). Nevertheless, possible occupancy of the DAT by unknown
ligand metabolites was tested using a 10.0 umol/kg (i.p.) dose. No inhibition of
[1251]RTI-121 specific binding was observed (Fig. 4). Likewise, BD1063 displays a weak
apparent affinity for the DAT (K; = 8 uM; Garcés-Ramirez et al., 2011). At 10.0 umol/kg
(i.p.) dose, BD1063 or its possible metabolites also did not inhibit the striatal binding of
[1251]RTI-121 (not shown).

Ligand occupancy of a1 receptors in relation to locomotor activity

We tested non-radioactive E-IA-DM-PE-PIPZE and the known antagonist BD1063 in o1
receptor occupancy and locomotor activity studies (Fig. 5, Fig. 6; Lever et al., 2014b). For
occupancy, cold ligands were given (i.p.) one min prior to [12°I]E-IA-DM-PE-PIPZE (i.v.),
and measurements made after 30 min. In the locomotor activity experiments, this
corresponds to occupancy 30 min after test ligand administration and 15 min after (-)-
cocaine or vehicle administration. Thus, both receptor occupancy and behavioral effects
would be determined at a time near (—)-cocaine’s peak activity. Figure 5 shows a complete,
dose-dependent inhibition of specific o1 receptor binding by E-IA-DM-PE-PIPZE. Data
were fit (r2 = 0.98) to unconstrained sigmoidal curves to calculate EDs values of 0.23
umol/kg for brain, 0.03 umol/kg for heart, 0.08 pumol/kg for lung and 0.35 umol/kg for
spleen. We previously used this protocol for BD1063, and reported EDsg values of 0.62
pumol/kg for brain, 0.14 pmol/kg for heart, 0.20 pmol/kg for lung and 1.47 pmol/kg for
spleen (Lever et al., 2014b).

Figure 6A shows that doses of E-1A-DM-PE-PIPZE up to 3.16 pmol/kg (i.p.) do not
significantly (ANOVA, P > 0.05) affect basal locomotor activity or attenuate total distance
traveled over 60 min in the presence of 59 pmol/kg (=)-cocaine hydrochloride (20 mg/kg).
(-)-Cocaine-induced hyperactivity, calculated by subtraction of average basal activity, was
reduced 19% by the 0.316 pmol/kg dose and 30% by the 3.16 pumol/kg dose (not shown), but
did not reach statistical significance. In the absence of competition with (-)-cocaine, these
doses represent 58% and 86% occupancy of o; receptors, respectively (Fig. 5). BD1063 at
3.16 and 31.6 pmol/kg (i.p.) did not significantly (ANOVA, P > 0.05) affect the basal
locomotor activity of CD-1® mice or attenuate the locomotor stimulatory effects of a 20
mg/kg (i.p.) dose of (-)cocaine (Fig. 6B). (-)-Cocaine-induced hyperactivity was increased
17% by the 3.16 umol/kg dose and decreased 19% by the 31.6 pmol/kg dose (not shown),
findings that did not reach statistical significance. These BD1063 doses yield = 89%
occupancy of o1 receptors in the absence of (=)cocaine (Lever et al., 2014b).
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In vitro a receptor binding

[3H](+)-Pentazocine, a selective o4 receptor agonist (Bowen et al., 1993), showed saturable
binding to a single class of sites in CD-1® mouse brain membranes at 37 °C (Fig. 7A). The
equilibrium dissociation constant (K4) was 5.51 £+ 0.31 nM, and the maximal site density
(Bmayx) Was 538 + 30 fmol/mg protein (n = 4, means = SEM). The incubation period of 180
min was chosen based upon prior association assays to verify time to steady state (not
shown). The o5, receptor assays used [H]DTG in the presence of (+)-pentazocine (500 nM)
to mask the binding of this non-selective radioligand to o4 receptors (Kovacs and Larson,
1995; Lever et al., 2006; Mach et al., 1995). Homologous saturation binding assays were
conducted at 25 °C over 60 min (Fig. 7B), considering that steady state was reached within
15 min and stayed stable through at least 90 min (not shown). These data were best fit (F-
ratio test, P < 0.05) to a two-site model having a high affinity, low capacity site consistent
with labeling of the o5 receptor (Kgq = 28.0 £ 4.2 nM; Bynax = 711 £ 81 fmol/mg protein; n =
6, means + SEM). A low affinity, high capacity site (Kq = 3286 £ 696 nM; Byax = 21307
7059 fmol/mg protein) also was observed.

Potencies for a panel of ligands at o1 and o sites in CD-1® mouse brain membranes are
given in Table Il. Specific radioligand binding for these assays was 80% — 90% of the total.
Measured K4 values for o1 (5.51 nM) and o, (28.0 nM) receptors were used in the Cheng
and Prusoff (1973) relationship to derive the K;. Competitive inhibition proved monophasic,
concentration-dependent and complete, with pseudo-Hill slopes not different from unity (F-
ratio test, P > 0.05), except in the case of ifenprodil binding to o, receptors. The K; values
for ligand binding to o1 and o5 receptors exhibited robust rank order correlations (Fig. 8)
with the K; values reported by Kovéacs and Larson (1995) using comparable radioligand
binding protocols in Swiss Webster mouse brain membranes. The (-)-cocaine K; of 1075 +
42 nM against [12°1]E-1A-DM-PE-PIPZE, K4 = 3.79 nM in CD-1® mouse brain membranes
(Lever et al., 2012), was not different (t-test, P > 0.05) from the K; of 1347 £ 221 nM
obtained using [3H](+)-pentazocine (Table I1).

DISCUSSION

Our primary goal was to directly measure (=)-cocaine occupancy of o1 receptors, and to
compare findings with those from studies of (=)-cocaine occupancy of the DAT. We
employed the in vivo radioligand binding approach, where reductions in specific binding
represent increases in recognition site occupancy. Choice of radioligand is critical in such
studies (Gatley et al., 2003). For instance, [3H](+)-pentazocine is often used for in vitro
studies of o4 receptors, but is a substrate for P-glycoprotein and clears rapidly from brain in
vivo (Kawamura et al., 2003) Radioiodinated 1-(E-iodopropen-2-yl)-4-[(4’-
cyanophenoxy)methyl] piperidine ([123I]TPCNE) labels o4 receptors with a high degree of
specific binding in vivo in rat and human brain (Stone et al., 2006; Waterhouse et al., 1997);
however, binding is irreversible over a 24 h period, suggesting limited sensitivity to
occupancy by weak ligands. On the other hand, [11C]SA4503 is well suited for o4 receptor
occupancy measurements by positron emission tomography (PET), as exemplified by
studies of donepezil in rat and human brain (Ishikawa et al., 2009; Ramakrishnan et al.,
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2014). The specialized resources required for production and the short radionuclide half-life
(20.4 min) are drawbacks to routine laboratory use of [11C]SA4503.

For investigations of o, receptor occupancy, we have developed [1251]E-1A-DM-PE-PIPZE,
a radioligand that exhibits moderately high affinity, K4 = 3.79 nM, for the sites in vitro in
mouse brain membranes, accompanied by negligible affinities, K; > 10,000 nM, for opioid
receptors and monoamine transporters (Lever et al., 2012). As shown in Table Il, the ligand
has 200-fold selectivity for binding to o1 over o, receptors. [12°1]E-IA-DM-PE-PIPZE has a
Log D7 4 of 2.25, shows excellent metabolic stability, and labels o1 receptors in vivo
throughout the brain and the peripheral organs of CD-1® mice with a high level of specific
binding (Lever et al., 2012; Lever et al., 2014a; Lever et al., 2015). This radioligand reaches
an apparent equilibrium quickly in vivo that is maintained from 5 to 30 min (Lever et al.,
2012), and has been used for o4 receptor occupancy studies of ligands having high affinity
(PD144418, 01 Kj = 0.19 nM; Lever et al., 2014a) and moderate affinity (dextromethorphan,
o1 Kj =63 nM; Lever et al., 2015). As noted previously (Lever et al., 2012), the affinity of
E-1A-DM-PE-PIPZE for o4 receptors shifts to a slightly lower value when the allosteric
modulator phenytoin is included in the binding assay, suggesting antagonist character
(Cobos et al., 2005).

In the present work, [1251]E-1A-DM-PE-PIPZE binding proved sensitive to inhibition by the
low affinity ligand (-)-cocaine (Kj = 1075 nM), with an EDsgq of 68 pmol/kg calculated for
whole brain. Regional cerebral biodistribution studies and quantitative ex vivo
autoradiography confirmed and extended this finding by demonstrating that (-)-cocaine
binding to o4 receptors is directly proportional to the relative site densities of the brain
regions. This observation is not unexpected, but does contrast with some downstream effects
known to result from (=)-cocaine binding to o1 receptors. For example, (=)-cocaine
upregulates fos-related antigen 2, as well as o1 receptors themselves, in mouse cortex,
striatum and hippocampus but not in cerebellum (Liu et al., 2005; Liu and Matsumoto,
2008). (-)-Cocaine also bound to o4 receptors of heart, lung and spleen, with EDsgq values
between 73 — 80 umol/kg. Such interactions of (-)-cocaine with peripheral o1 receptors are
thought to contribute to the acute systemic toxicity of the drug (Heard et al., 2008;
Matsumoto et al., 2014).

We assessed (-)-cocaine occupancy of the DAT using [12°1]RTI-121, a radioligand that
labels the high affinity DAT binding site in CD-1® mouse striatal membranes with a K4 of
0.12 nM (Boja et al., 1995). [12°1]RTI-121 has been employed for previous in vivo
occupancy studies of mouse striatal DAT by d-amphetamine (Lever et al., 1996), (-)-
cocaine (Desai et al., 2005) and novel DAT ligands (Desai et al., 2014). Autoradiographic
studies using [12°1]RTI-121 in brain sections from rat (Boja et al., 1995), mouse (Strazielle
et al., 1998) and human beings (Staley et al., 1995) reflect dopaminergic innervation. This
radioligand shows high levels of specific binding, primarily to the striatal DAT, with near
background levels observed for cerebral cortex, thalamus and most other brain regions.
[1251]RTI-121 binding can be inhibited by cocaine and cocaine analogs in vitro, with an ICsg
of 83 nM for inhibition by (-)-cocaine in rat striatal tissue (Boja et al., 1995).
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In the present work, (—)-cocaine inhibition of striatal binding provided an EDsgq of 26
pmol/kg in the CD-1® strain. Desai and colleagues (2005) reported a less potent EDs of 38
pumol/kg for (-)-cocaine displacement of striatal binding in the Swiss Webster strain. These
two results are in good agreement, particularly considering the differences in mouse strain
and experimental protocol. The EDsgq for (=)-cocaine occupancy of o1 receptors, 68
pumol/kg, is only 2.6-fold lower than for the DAT. Our findings show that (-)-cocaine
hydrochloride at 20 mg/kg (59 pmol/kg), a dose frequently employed in behavioral studies,
substantially occupies both o4 receptors (46%) and the DAT (62%). McCarthy et al. (2004)
determined a 3.45 ng/mg brain level of (=)-cocaine 15 min after acute administration (i.p.)
of 20 mg/kg of the hydrochloride salt to adult male CD-1® mice. Their protocol matches
well with our present studies, and indicates a 10 pM (-)-cocaine concentration in whole
mouse brain. Considering the 1075 nM apparent affinity of the drug (Table I1), a mass-
action calculation suggests that the fractional occupancy of cerebral o1 receptors by (-)-
cocaine would be near 90%. The lower 46% occupancy observed may reflect, in part, more
restricted access of the less lipophilic (-)-cocaine (Log D74 = 1.31; Fowler et al., 2007) than
[1251]E-IA-DM-PE-PIPZE (Log D7 4 = 2.25; Lever et al., 2012) to the substantial
intracellular population of o1 receptors located in the endoplasmic reticulum membrane.
Hayashi and Su (2005) have previously questioned whether or not (-)-cocaine can penetrate
the plasma membrane in sufficient concentration to act on the intracellular o4 receptors.
Alternatively, the o1 receptor occupancy might simply be underestimated by the
experimental protocol. We did not conduct subcellular fractionation studies in an attempt to
distinguish between these possibilities.

Since the dissociation of [122[]RTI-121 from the striatal DAT is slow, with a half-life of
about 3 h (Lever et al., 1996), and the brain pharmacokinetics of (-)-cocaine are fast, studies
using [12°1]RTI-121 underestimate the true occupancy of the DAT by (-)-cocaine. In fact,
Fowler et al. (1998) have shown 10-fold variations in EDsq values for (—)-cocaine
occupancy of the DAT depending upon radioligand kinetics. So, the EDsg we calculate for
DAT occupancy by (=)cocaine is artificially high, perhaps by as much as an order of
magnitude. Even so, the findings indicate that the relative occupancy of o1 compared to
DAT sites by (-)-cocaine in vivo is meaningful, and higher than comparison of in vitro
affinities might suggest. By some estimates, the affinity of (-)-cocaine for the DAT is 70-
fold higher than for o4 receptors (Garcés-Ramirez et al., 2011). In our hands, (-)-cocaine
exhibits roughly 15-fold selectivity for binding to the DAT over o1 receptors, based upon a
Kj of 1075 nM for o sites in mouse brain and a K; of 77 nM for (=)-cocaine inhibition of
[3H]JWIN35,428 binding to rat striatal DAT (Garcés-Ramirez et al., 2011).

Thus, while interactions with the DAT may be mainly responsible for (=)-cocaine’s actions,
the o1 receptors can also play a role. In fact, prior work with the potent antagonist
PD144418 showed good correlation of cerebral o1 receptor occupancy with reductions in
(-)cocaine’s motor stimulatory effects (Lever et al., 2014a). The threshold for significant
behavioral effects was 80% occupancy, which corresponded to a 50% reduction in
hyperactivity. Here we tested non-radioactive E-IA-DM-PE-PIPZE and the prototypical o1
receptor antagonist, BD1063, in a similar occupancy/locomotor activity paradigm. For E-1A-
DM-PE-PIPZE, 0.316 and 3.16 umol/kg doses were used in the locomotor activity studies.
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In the absence of competition by (=)-cocaine, these doses occupied 58% and 86% of
cerebral o1 receptors, respectively. Basal locomotor activity was not affected, but (-)-
cocaine-induced hyperactivity was reduced by 19% and 30%. Findings did not reach
significance, but are consistent with antagonist activity for E-IA-DM-PE-PIPZE, where
increasing occupancy leads to greater attenuation of (—=)-cocaine’s behavioral effects. Higher
doses were not investigated due to limited quantities of the ligand, but may well be required
to maintain o4 receptor occupancy levels > 80% in the presence of (-)cocaine as a
competitor.

Interestingly, the prototypical o1 receptor antagonist BD1063, given at 3.16 and 31.6
pumol/kg (1.1 and 11 mg/kg), did not attenuate the locomotor stimulatory effects of a 20
mg/kg dose of (-)-cocaine hydrochloride in CD-1® mice. BD1063 did not significantly
affect basal activity either, but a reduction was obvious at the higher dose, as noted by Liu
and Matsumoto (2008). BD1063 gives = 89% occupancy of cerebral o4 receptors in CD-1®
mouse brain when administered alone at doses = 3.16 umol/kg (Lever et al., 2014b). Bearing
in mind the almost 200-fold higher affinity of BD1063 than (-)-cocaine for o4 receptors,
occupancy of the sites should also be high during locomotor activity studies conducted in
the presence of (-)-cocaine. At a higher dose of 30 mg/kg (87 umol/kg), BD1063 does
attenuate (—)-cocaine-induced locomotor hyperactivity in Swiss Webster mice (McCracken
etal., 1999; Matsumoto et al., 2001a). This treatment significantly reduces the locomotor
stimulatory effects of 10 mg/kg (-)- cocaine, and the o1 receptors of Swiss Webster mouse
brain are likely to be fully occupied by BD1063. However, the behavioral antagonism
appeared surmountable by a 20 mg/kg dose of (-)-cocaine hydrochloride (McCracken et al.,
1999), which is in keeping with our present findings.

Hence, for BD1063, the studies in CD-1® mice indicate that high o, receptor occupancy is
likely, but is not sufficient for antagonism of (=)-cocaine-induced locomotor hyperactivity.
BD1063 has roughly the same affinity for cerebral o1 receptors as E-IA-DM-PE-PIPZE
(Table I1), and a 30-fold lower affinity than PD144418, a ligand that requires 80% o,
receptor occupancy to significantly mitigate (-)-cocaine-induced locomotor hyperactivity in
mice (Lever et al., 2014a). At certain doses, BD1063 might not compete with (=)-cocaine
strongly enough to block hyperactivity. On the other hand, unknown actions of BD1063
might mask this aspect in vivo, although BD1063 is quite selective for o4 receptors in vitro
(Matsumoto et al., 1995, 2001a). As precedent for the latter, dopaminergic activity is
thought to prevent occupancy of o1 receptors by the antagonist haloperidol from attenuating
(-)-cocaine-induced locomotor hyperactivity (Witkin et al., 1993). Consequently,
relationships between o1 receptor occupancy and effects on behavioral actions are complex,
and depend not only upon the ligand but also the test protocol. In this regard, doses of
BD1063 as low as 0.1 mg/kg (0.29 umol/kg) protect Swiss Webster mice from (=)-cocaine-
induced convulsions (Matsumoto et al., 2001a), findings that match well with the potent
0.14 to 0.62 pmol/kg EDsq values for BD1063 occupancy of o1 receptors in the brain, heart
and lung of CD-1® mice (Lever et al., 2014b).

Furthermore, Thomsen and Caine (2011) determined a 2-fold higher ED5g value for
(-)cocaine’s maximum stimulatory effects on locomotor activity over a 3 h period in CD-1%®
(18.2 mg/kg) compared to Swiss Webster (9.7 mg/kg) mice. Thus, strain differences
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between outbred mice might also impact ligand effects. This is not surprising, since
differences in susceptibility to (—)-cocaine-induced seizures, lethality and hyperactivity have
long been known among inbred strains (George, 1991; Golden et al., 2001; Ruth et al.,
1988). Carroll et al. (2004) determined a 10 mg/kg EDsgq for (—)-cocaine’s maximum
stimulatory effects on locomotor activity in CD-1® mice over the first hour. Therefore,
differences between the outbred strains may be less prominent during the time period of (-)-
cocaine’s peak effects.

In vitro binding profiles for o receptors and their ligands are remarkably consistent between
tissue types and across species (Lever et al., 2015; Matsumoto et al., 2007b; Rousseaux and
Greene, 2015; Walker et al., 1990). Binding parameters have been established in Swiss
Webster mouse brain, but relatively little work has been done on other strains. Accordingly,
we characterized o receptor binding to CD-1® mouse brain membranes to provide a firmer
footing for interpretation of in vivo findings. [3H](+)-Pentazocine bound to o, receptors with
a Ky of 5.5 nM and a By 0f 538 fmol/mg protein, values comparable to those reported for
this radioligand in Swiss Wehster mouse brain (Kovacs and Larson, 1995; Matsumoto et al.,
2001b). We observed a Ky of 28 nM and Byax 0f 711 fmol/mg protein for o, receptors in
CD-1® brain membranes. Again, the findings are near to those determined in Swiss Webster
brain membranes (Kovécs and Larson, 1995; Matsumoto et al., 2001b). We also detected the
low affinity, high capacity binding site for [BH]DTG that is largely uncharacterized despite
its presence in Swiss Webster mouse brain (Kovécs and Larson, 1995), guinea pig brain
(Basile et al., 1994; Lever et al., 2006) and CD-1® mouse lung (Lever et al., 2015).

Inhibitory potencies determined for a panel of ligands showed the expected o receptor
pharmacology, and strong positive correlations were noted between the o1 and o, receptor
K; values in the CD-1® strain with those reported by Kovécs and Larson (1995) for the
Swiss Webster strain. One divergence is the K; of 26810 nM for dextromethorphan binding
to o, receptors compared to the Kj of 1740 nM provided by Kovacs and Larson (1995). A
rationale for this 15-fold lower affinity is not apparent, but K; values of 15800 — 19976 nM
have been established for dextromethorphan binding to o, receptors in rat brain membranes
(McCann et al., 1994; Nam et al., 2012). Apparent affinities of (-)-cocaine for the o1 and o2
receptors of CD-1® mouse brain were similar to those of Matsumoto and colleagues (2001b,
2002) for Swiss Webster brain, although we observed a more decided 35-fold preference for
01 Over oy binding.

In summary, this work demonstrates substantial occupancy of both central and peripheral o1
receptors by behaviorally active doses of (=)-cocaine. The interaction of (-)-cocaine with
central o1 receptors occurs throughout the brain in direct proportion to the relative regional
site densities. The level of central o4 receptor occupancy in relation to DAT occupancy by
(-)cocaine seems higher than might be thought based upon in vitro binding affinities.
Finally, comparisons of central o4 receptor occupancy with the effects of selected ligands on
(-)cocaine-induced locomotor hyperactivity indicate that some putative antagonists have
difficulty reaching the high levels of occupancy required to attenuate (—)-cocaine’s motor
stimulatory activity, or may have that potential antagonism masked by other effects. As
reviewed by Grimwood and Hartig (2009), high levels of occupancy, 60 — 90%, are required
for antagonist actions at most receptors, transporters and ion channels, while agonist actions
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may be manifest at much lower occupancy, depending upon intrinsic efficacy. The 62%
DAT occupancy we observed in mouse brain for (=)-cocaine hydrochloride at 20 mg/kg (59
pumol/kg) corresponds to the level of occupancy needed for a cocaine “high” in human
beings as defined by Volkow et al. (1997) using positron emission tomography. While our
present mouse study may underestimate DAT occupancy by (=)-cocaine, the observation of
a concomitant 46% o4 receptor occupancy by (—)-cocaine adds to the body of evidence that
agonist actions at a1 receptors contribute to some of the drug’s effects.
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Quantitative autoradiographic visualization of o1 receptors ex vivo in horizontal sections
from CD-1® mouse brain 60 min after administration of [12°[]E-IA-DM-PE-PIPZE (150
UCi, i.v.). Left image: Total binding, saline-treated control. Middle image: Reduced binding

in the presence of (=)-cocaine (100 umol/kg, i.p.). Right image: Non-specific binding

defined by BD1063 (2.5 umol/kg, i.v.). Calibrated pseudo-color palette (fmol/mg tissue) is

shown on the far right.
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Fig. 3.

Regional cerebral distribution of o, receptor radioligand [*2°1]E-1A-DM-PE-PIPZE (2.5
HCi, i.v.) in CD-1® mouse brain at 30 min, and inhibitory effects of pretreatments with (-)-
cocaine (100 umol/kg, i.p.) and BD1063 (5.0 umol/kg, i.v.). *Significantly different from
controls (ANOVA, Dunnett’s; P < 0.05). Means = SEM, n=3 - 4.
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Fig. 4.

(—?-Cocaine (i.p.), given one min prior to [12°1]RTI-121 (2.5 uCi, i.v.), dose-dependently
inhibits specific radioligand binding to the DAT at 30 min in CD-1® mouse striatum. EDs
value calculated from a sigmoidal logistic fit with the bottom plateau constrained to zero.
GBR12909 (10.0 umol/kg; i.v.) included as a positive control. Non-radioactive E-1A-DM-
PE-PIPZE (10.0 pmol/Kkg; i.p.) did not affect radioligand binding. *Significantly different
from controls (ANOVA, Dunnett’s; P < 0.05). Means + SEM, n=5-8.
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E-1A-DM-PE-PIPZE (i.p.) inhibits, in dose-dependent fashion, specific in vivo binding of
[1251]E-IA-DM-PE-PIPZE (2.5 uCi, i.v.) to o receptors at 30 min in CD-1® mouse brain,
heart, 1 spleen and lung (Panels A — D). EDsgq values calculated from sigmoidal,
unconstrained four-parameter logistic fits. Means £ SEM, n = 5.
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Fig. 6.

Effects of E-IA-DM-PE-PIPZE (Panel A) and BD1063 (Panel B) on basal locomotor

Page 24

activity and (-)-cocaine-induced hyperactivity in CD-1® mice. Groups of animals received
the test drugs (i.p.) followed 15 min later by either saline or (-)- cocaine (20 mg/kg, 59
umol/kg; i.p.). Data represent total distance traveled over the 60 min period following the
administration of (—)cocaine or saline vehicle. The dashed line delineates basal activity

relative to other conditions. Means + SEM, n=7 — 12.
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Panel A: Saturation binding of [3H](+)-pentazocine to CD-1® mouse brain membranes at 37
°C with a 180 min incubation and haloperidol (1.0 uM) to define non-specific binding. Panel
B: Saturation isotherm for [3H]DTG binding to CD-1® mouse brain membranes at 25 °C
with a 60 min incubation, 500 nM (+)-pentazocine to mask o7 binding, and haloperidol (10.0
uM) to define non-specific binding. Open diamonds show specific binding, while open
circles depict the inset Rosenthal plots. Data are representative experiments performed in

duplicate, and replicated 4 — 6 times.
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Pearson correlations of ligand inhibitory potencies, as pK; values, determined in CD-1®
mouse brain membranes (Table 1) with data for inhibition of [3H](+)-pentazocine binding to
o1 sites (Panel A) and [3H]DTG/(+)-pentazocine binding to o5 sites (Panel B) in Swiss
Webster mouse brain membranes as reported by Kovécs and Larson (1995).
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TABLE |

Specific binding of [1251]E-IA-DM-PE-PIPZE, in the presence and absence of (-)-cocaine (100 pmol/kg, i.p.),
compared to [3H](+)NANM specific binding to o7 sites in CD-1® mouse brain by ex vivo autoradiography at
60 min

Brain Region & gpecific Binding [12°11E-1A-DM-PE-PIPZE (fmol/mg tissue) P Specific Binding t[:sl-sil]J(e;)—NANM (fmol/img
Control (-)-Cocaine
Cortex
Cingulate 2.69+0.20 1.36 +0.14 73%0.9
Frontal 2.99+0.19 158 +0.14 73+0.9
Parietal 3.12+0.14 1.41+0.13 86+0.7
Temporal 2.93+0.16 1.43+0.14 7517
Entorhinal 2.52 £0.09 1.10+0.11 53%1.0
Caudate-putamen 1.96 £ 0.07 0.87 £ 0.09 5.0%£05
Hippocampus
CA1 pyramidal 2.25+0.12 1.04 +0.09 38x11
CA2 pyramidal 2.87 £0.13 1.41+0.11 51+14
CA3 pyramidal 3.34+0.10 1.50+0.12 9.3+15
Dentate Gyrus 3.27 £0.08 1.39 +0.09 82+20
Nonpyramidal 1.84 +£0.08 0.63+£0.09 22+0.8
Diencephalon
Thalamus 2.57+0.13 152+0.18 8.0+0.6
Thalamic nuclei 2.94+0.10 1.60 £ 0.25
Mesencephalon
Periaqueductal Gray 4.07+0.13 1.78+0.16 11.4+0.8
Superior Colliculi 3.50+0.14 159+0.11
Inferior Colliculi 3.50+0.20 1.69+0.16
Metencephalon
Cerebellum (whole) 3.18 £ 0.08 1.32+0.14 10.7 £ 0.7
Molecular layer 2.38+0.08 1.08 +0.08
Granular layer 4.13+£0.20 1.90+£0.15
White Matter
Corpus callosum 1.99 +£0.06 1.29+0.17 22+05

aValues are means + SEM, n =4 — 6 from horizontal sections.

b[3H](+)-NANM data from Bouchard et al., 1996.
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