
Neuroprotective effects of high affinity sigma 1 receptor
selective compounds

Robert R. Luedtkea,*, Evelyn Pereza,1, Shao-Hua Yanga, Ran Liua, Suwanna
Vangveravongb, Zhude Tub, Robert H. Machb, and James W. Simpkinsa

aDepartment of Pharmacology and Neuroscience, Institute for Aging and Alzheimer’s Disease
Research, University of North Texas Health Science Center at Fort Worth, Fort Worth, TX, USA

bDivision of Radiological Sciences, Washington University School of Medicine, Mallinckrodt
Institute of Radiology, 510 S. Kingshighway, St. Louis, MO 63110, USA

Abstract

We previously reported that the antipsychotic drug haloperidol, a multifunctional D2-like

dopamine and sigma receptor subtype antagonist, has neuroprotective properties. In this study we

further examined the association between neuroprotection and receptor antagonism by evaluating

a panel of novel compounds with varying affinity at sigma and D2-like dopamine receptors. These

compounds were evaluated using an in vitro cytotoxicity assay that utilizes a hippocampal-derived

cell line, HT-22, in the presence or absence of varying concentrations (5 to 20 mM) of glutamate.

While haloperidol was found to be a potent neuroprotective agent in this in vitro cell assay, the

prototypic sigma 1 receptor agonist (+)-pentazocine was found not to be neuroprotective.

Subsequently, the potency for the neuroprotection of HT-22 cells was evaluated for a) three SV

series indoles which have nMolar affinity at D2-like receptors but varying affinity at sigma 1

receptor and b) two benzyl phenylacetamides sigma 1 receptor selective compounds which bind

with low affinity at D2-like receptors but have nMolar affinity for the sigma 1 receptor. We

observed that cytoprotection correlated with the affinity of the compounds for sigma 1 receptors.

Based upon results from the HT-22 cell-based in vitro assay, two phenylacetamides, LS-127 and

LS-137, were further evaluated in vivo using a transient middle cerebral artery occlusion (t-

MCAO) model of stroke. At a dose of 100 µg/kg, both LS-127 and LS-137 attenuated infarct

volume by approximately 50%. These studies provide further evidence that sigma 1 receptor

selective compounds can provide neuroprotection in cytotoxic situations. These results also

demonstrate that sigma 1 receptor selective benzyl phenylacetamides are candidate

pharmacotherapeutic agents that could be used to minimize neuronal death after a stroke or head

trauma.
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1. Introduction

Sigma receptors are comprised of two pharmacologically distinct subtypes, sigma 1 and

sigma 2 (also called σ-1 and σ-2). The sigma 1 receptor is an integral membrane protein

which does not share amino acid homology with other known mammalian receptor proteins.

However, it has homology with fungal sterol isomerase, although it lacks sterol isomerase

enzymatic activity (Su and Hayashi, 2003). Hydropathy analysis of the sigma 1 receptor

indicates that it is a transmembrane spanning receptor. Recently the sigma 2 receptor has

been identified as being progesterone receptor membrane component 1 (PGRMC1) (Xu et

al., 2011).

Both sigma receptor subtypes are expressed in the periphery and in the central nervous

system (CNS). It has been suggested that sigma 1 receptors may act as intracellular

modulators of signal transduction systems (Su and Hayashi, 2003). For example, stimulation

of sigma receptors amplify glutamatergic, dopaminergic, IP3-related metabotropic and nerve

growth-factor related signal transductions systems in vivo. Sigma receptors have also been

reported to modulate calcium signaling at the endoplasmic reticulum, regulate IP3 receptors,

modulate neurotransmitter release, alter psychostimulant-induced gene expression and

modulate cocaine-dependent locomotor activity (Cobos et al., 2008; Guitart et al., 2004;

Matsumoto et al., 2003; Monassier and Bousquet, 2002).

The sigma 1 receptor has recently been postulated to be a ligand-regulated molecular

chaperone in the endoplasmic reticulum (Hayashi and Su, 2007; Maurice and Su, 2009) that

regulates signal transduction, ER stress, cellular redox, cellular survival and synaptogenesis.

Sigma 1 receptor selective ligands have been reported to exert antidepressant-like,

anxiolytic, analgesic and robust neuroprotective actions in preclinical studies (Hayashi et al.,

2011).

The endogenous ligands for sigma receptors are thought to include the neurosteroids

progesterone, pregnonolone sulfate or possibly dehydroepiandrosterone (Su et al., 1988,

1990). Neurosteroids, including progesterone, testosterone and pregnenolone sulfate, have

moderate affinity at sigma receptors. In addition to neurosteroids, diverse classes of

pharmacologic agents, including, haloperidol, imipramine, pimozide, chlorpromazine,

dextromethorphan, propranolol and phencyclidine have also been found to bind to the sigma

receptor subtypes (Su, 1982).

Although haloperidol binds sigma 1 and 2 receptors with nMolar affinity, it has not been a

useful ligand to study sigma receptor pharmacology and function in vivo because it also

binds with high affinity to D2-like dopamine receptor subtypes. Therefore, sigma receptor

selective ligands that bind with high affinity (dissociation constants in the nMolar range) and

selectively (>100-fold) to the sigma 1 and sigma 2 receptor subtypes, while exhibiting low

affinity at D2-like dopamine receptor subtypes, will be required to more precisely define the

physiological function of sigma receptor subtypes.

There has been considerable interest in the development of novel effective and safe

neuroprotective agents that might be used for the treatment of a variety of neurodegenerative

disorders, including glaucoma, Alzheimer’sDisease, Parkinson’s Disease, multiple sclerosis
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and/or stroke (Kirk et al., 1994; Maurice and Su, 2009; Simpkins and Jankovic, 2003;

Tarawneh and Galvin, 2010; Yang et al., 2005). Previous studies had shown that the putative

sigma 1 agonist 4-phenyl-1-(4-phenylbutyl) piperidine can be cytoprotective for a) glucose-

deprived primary mixed cortical and hippocampal neuronal cultures (Tan et al., 2010) and b)

the rat caudate/putamen following transient focal ischemia (Goyagi et al., 2003). In addition,

studies by Tuerxun et al. (2010) indicated that the sigma 1 receptor selective agonist

SA4503 suppressed oxidative stress induced cytotoxicity of rat neurons by suppressing the

mitogen-activated protein kinase/extracellular signal-regulated kinase and down regulated

ionotropic glutamate receptors.

We previously reported that haloperidol potently protects against oxidative stress-related

cell death in a murine hippocampal-derived cell line, HT-22, using a glutamate-based

cytotoxicity assay. The protective potency of haloperidol and a number of other

butyrophenones correlated with their affinity for the sigma 1 receptor. In addition, in vivo

administration of haloperidol was also found to reduce lesion volume size in rats induced by

a transient occlusion of the middle cerebral artery (Schetz et al., 2007).

In this communication, we further examine the role of sigma 1 selective antagonists as

potential neuroprotective agents using a HT-22 cell line that is sensitive to glutamate

neurotoxicity (Perez et al., 2005; Sagara and Schubert, 1998; Tan et al., 1998) to screen a

panel of compounds which exhibit varying affinities at sigma 1 and D2-like dopamine

receptors for cytoprotective properties (Huang et al., 1998, 2001). Based upon those results,

we then investigated the ability of the most potent sigma 1 receptor selective neuroprotective

compounds to prevent neurotoxicity in a transient middle cerebral artery occlusion (t-

MCAO) model of stroke.

2. Results

In a previous study, we reported that the antipsychotic haloperidol has cytoprotective

properties when examined using oxidative stress-induced neuronal death model using HT-22

cells. After screening a panel of clinically used antipsychotics, it appeared that the

cytoprotective properties of the antipsychotics correlated with affinity at sigma 1 receptors

(Schetz et al., 2007).

In this communication, we extend those findings by comparing the effect of the sigma 1

antagonist haloperidol with the sigma 1 selective prototypic agonist, (+)-pentazocine, using

an oxidative stress-induced neuronal death model with HT-22 cells (Fig. 1). Although the

affinity of haloperidol and (+)-pentazocine at sigma 1 receptors is similar (6.5 nM and 1.7

nM, respectively) (Maurice and Lockhart, 1997; Monassier and Bousquet, 2002; Vilner and

Bowen, 2000), a >800-fold difference in the mean cytoprotective EC50 values (±S.E.M.) of

these two compounds was observed (using 20 mM glutamate: haloperidol, EC50 = 5.9 ± 2.1

nM (n = 6); (+)-pentazocine, EC50 > 4000 nM (n = 3)) (Fig. 1). This result provides further

evidence that sigma 1 receptor antagonists, but not agonists, exhibit cytoprotective

properties in this assay.
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We then examined a panel of novel indoles, structurally related to haloperidol, shown to

have varying affinity and selectivity for D2-like dopamine, sigma 1 and sigma 2 receptors

(Vangveravong et al., 2006a). The structures and pharmacological properties of haloperidol

and the three indoles examined in this study, SV-89, SV-155 and SV-156, are shown in Fig.

2. The SV series compounds had been synthesized as part of a research effort to identify D2-

like dopamine receptor subtype selective compounds for the development of selective

radiotracers and imaging agents for D2-like dopamine receptors. In the course of those

studies the SV compounds were evaluated for binding activity at both sigma 1 and sigma 2

receptors. We identified several compounds with varying affinity and selectivity for sigma 1

receptors. All of those compounds were found to be low affinity at sigma 2 receptors (Ki

values essentially ≥1000 nM). It was observed that the affinity at the D2 dopamine receptor

was essentially invariant for haloperidol and the SV series compounds (1–5 nM), while the

affinity of these three compounds at D3 dopamine receptors ranged from approximately 13

to 190 nM. However, the affinity at sigma 1 receptors for haloperidol and the three SV

series compounds varies from approximately 2 nM to >2000 nM.

Fig. 3 shows a comparison of the cytoprotective properties of haloperidol, SV-89, SV-155

and SV-156. This analysis was performed using three different concentrations of glutamate

as the insult, 5 mM, 10 mM and 20 mM. The EC50 values for in vitro cytoprotection under

these three conditions indicated that the potency for HT-22 cytoprotection decreased as a

function of decreasing affinity at sigma 1 receptors (Fig. 3), thus implicating the blockade of

sigma 1 receptors, rather than D2-like dopamine receptors, as the primary mechanism of

action.

We then investigated additional compounds with selectivity at either sigma 1 or sigma 2

receptors for cytoprotective properties. During the course of our studies on the development

of D2-dopamine receptor selective compounds we observed that the length of the carbon

chain adjacent to the phenyl-substituted amide was an important structural component in

determining D2-like and sigma receptor subtype selectivity (Mach et al., 2004). Compound

RHM-1–86 is a sigma 2 selective compound (Ki value 8.2 nM), which binds with low

affinity to sigma 1 receptors. It also binds to D2 and D3 receptors with low affinity (Fig. 4).

Of the novel test compounds evaluated in this study, RHM-1–86 exhibited the least

cytoprotective properties (mean EC50 = 999 nM for n = 2) (Fig. 5), thus further ruling out

the involvement of sigma 2 receptor in HT-22 cell cytoprotection.

We then evaluated two of our sigma 1 selective benzyl phenylacetamide compounds,

LS-127 and LS-137, for cytoprotection (Fig. 6). These two compounds bind to the sigma 1

receptor with an affinity approximately equal to the affinity of haloperidol (2–4 nM) but

bind with low affinity (Ki value >500 nM) at the D2 and D3 dopamine receptor subtypes

(Fig. 4). The potency of these two compounds in the HT-22 cell cytoprotective assay was

found to be similar to or exceed that observed for haloperidol (Fig. 4) (using 20 mM

glutamate: haloperidol, EC50 = 5.9 ± 2.1 nM (n = 6); LS-127, EC50 = 4.50 nM (n = 2);

LS-137, EC50 = 0.90 nM (n = 2)), thus further ruling out D2-like dopamine receptor and

sigma 2 receptor involvement in HT-22 cell cytoprotection.
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Based upon the findings from the HT-22 cell-based cytoprotection assay, LS-127 and

LS-137 were selected to be evaluated for the ability to attenuate infarct volume in the t-

MCAO model of stroke. At a dose of 100 µg/kg, a 50% reduction in volume of the stroke

induced neuronal death was observed (Fig. 7). Based upon our previous experience with this

model for stroke, the maximum achievable protection in this animal model is generally 50%,

probably because of the severity of the neuronal damage that occurs in the core of the lesion

during arterial occlusion (Perez et al., 2006; Yang et al., 2005). Therefore, maximal neuronal

protection was achieved at the dose of LS series compounds that was used.

3. Discussion

Since the pharmacological identification (Su, 1982) and determination of primary structure

(Hanner et al., 1996) of the sigma 1 receptor subtype, it has been implicated in a variety of

pathological disorders including psychostimulant (cocaine and methamphetamine)

addiction, alcohol abuse, opioid-dependent analgesia, unipolar affective disorders, memory

deficits, amnesia, neuropsychiatric disorders, neuronal destruction following stroke, retinal

neuronal degradation and cancer cell proliferation (Maurice and Su, 2009). Despite the fact

that the sigma 1 receptor is highly conserved and ubiquitously expressed, sigma 1 receptor

gene knockout mice are viable and fertile (Langa et al., 2003), and the sigma 1 receptor

knockout mice appear to exhibit normal anxiety-related behaviors (using elevated plus-maze

and light/dark box tests) and normal spontaneous locomotor activity (Sabino et al., 2009)

compared to wild-type mice. However, these receptor knockout mice exhibit a) reduced

(formalin-induced) tonic pain (Cendán et al., 2005), b) decreased mobility in the forced

swimming test (a depression-like phenotype) and c) reduced motor performance and

coordination (a shorter latency to fall on the rotarod) (Mavlyutov et al., 2010).

It has been proposed that sigma 1 receptors may act as a regulator or modulator of cellular

signaling rather than acting as a classical receptor which is coupled directly to a signaling

pathway(s). Sigma 1 receptors have been implicated in the modulation of calcium,

potassium, sodium, and N-methyl-D-aspartate channels (Maurice and Su, 2009). Sigma 1

receptors have also been implicated in regulating signaling pathways involved in cell

survival and apoptosis. Ruscher and colleagues (2011) recently reported that the gene for the

sigma 1 receptor was one of a panel of genes overexpressed in brain tissue from rats

subjected to MCAO, that were housed in an enriched environment. Animals housed in the

enriched environment appeared to have improved neurological function compared to rats

housed in standard conditions. They also found that agonist activation of sigma 1 receptors

in primary neuron cultures promoted neurite outgrowth and spine remodeling. Sigma

receptor 1 stimulation also enhanced intracellular trafficking of components in both neurons

and astrocytes involved in synaptogenesis. Studies by Antonini and coworkers (2009, 2011)

indicated that agonist stimulation of sigma 1 receptors can reverse impairments in both

reference and working memory caused by the administration of immunotoxin 192 IgG-

saporin, which leads to the loss of cholinergic neurons in the basal forebrain. These authors

suggest that agonist activation of sigma 1 receptors stabilizes inositol 1,4,5-triphosphate

(IP3) receptor conformation, leading to stabilization of Ca2+ signaling from the endoplasmic

reticulum into the mitochondria (Antonini et al., 2011). Allahtavkoli and Jarrott (2011)

proposed that a part of the neuroprotective effects of sigma 1 receptor agonists may result
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because of a reduction in the levels of pro-inflammatory cytokines (including IL-1α, IL-1β,

IL-2, IL-6 and TNF-α) with a concurrent enhancement of anti-inflammatory cytokine

(including IL-4, IL-10 and GM-CSF) release.

Previous reports have suggested that following insult, sigma 1 receptor agonists promote cell

survival, while sigma 1 receptor antagonism tends to promote cell death (Achison et al.,

2007; Antonini et al., 2009; Maurice and Su, 2009; Ruscher et al., 2011; Spruce et al., 2004;

Tchedre and Yorio 2008; Yang et al., 2007). The present study, which uses a novel set of

D2-like dopamine and sigma receptor selective compounds, suggests that under certain

conditions sigma 1 antagonists may also act as potent neuroprotectants. In this, and in our

previous, study we found that sigma selective agonists (+)-pentazocine and PRE-084 were

not cytoprotective in the HT-22 cell-based assay, while the prototypic sigma receptor

antagonist, haloperidol, was protective. That neuroprotection obtained using HT-22 was

predictive of neuroprotection using the rodent t-MCAO stroke model. These conflicting

results further demonstrate the complexity of pharmacologically dissecting the functional

properties of the sigma 1 receptor.

It is thought that in the HT-22 cell model (Murphy et al., 1989) extracellular glutamate leads

to an inhibition of cystine uptake via its interaction with the glutamate/cystine-antiporter.

Decreased intracellular cystine results in a decrease in internal glutathione, leading to the

accumulation of reactive oxygen species (ROS) and activation of 12-lipoxygenase.

Consequently, metabolites of arachidonic acid activate soluble guanylatecyclase, converting

GTP into cyclic GMP (cGMP), which opens cGMP-dependent Ca2+-channels and leads to

cell death (Breyer et al., 2007).

We previously reported the synthesis and characterization of a series of indole compounds

that bound with varying selectivity to the D2 dopamine receptor compared to the D3

receptor (Vangveravong et al., 2006a). These compounds share structural elements with the

classical D2-like dopamine receptor antagonist, haloperidol. Several of these were examined

for affinity at sigma receptor subtypes. Both the presence and absence, as well as, the

position of the methoxy group on the indole ring were pivotal for both a) D2 versus D3

receptor selectivity and b) sigma 1 receptor affinity.

We used the SV series of compounds to attempt to pharmacologically dissect the

cytoprotective properties of these compounds. For haloperidol and the SV series

compounds, although their affinity at D2-like receptors was similar, a decrease in affinity at

sigma 1 receptors was accompanied by a decrease in the EC50 values for neuroprotection.

Furthermore, all of the SV compounds and both LS compounds bind with low affinity at

sigma 2 receptors, which have recently been reported to be the progesterone receptor

membrane component 1 (Xu et al., 2011). In addition, our sigma 2 receptor selective

compound RHM-1–86 was not neuroprotective. These studies suggested that while sigma 1

blockade might be required for glutamate-dependent neuroprotection of HT-22 cells, sigma

2 receptor binding was not required. Furthermore, LS-127 and LS-137 both bind with low

affinity at D2-like dopamine receptors, which excludes the dopaminergic activity found in

SV series compounds from being responsible for the observed neuroprotection. These
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findings are consistent with our previous report on a series of commercially available

compounds in which it was found that the cytoprotective properties of a panel of

antipyschotics also correlated with affinity at sigma 1 receptors (Schetz et al., 2007).

In previous studies we found that neuroprotection in the glutamate-dependent HT-22 cell

cytotoxic assay was predictive of the ability of a compound to also be neuroprotective in a

rodent transient middle cerebral artery occlusion (t-MCAO) model of stroke (Perez et al.,

2006; Yang et al., 2005). The latter effect is seen with a comparatively low dose (100 µg/kg)

of LS-127 and LS-137. Based upon our previous studies, the level of neuroprotection

observed (about 50% protection) is near the maximal achievable protection, given that the

core of the infarct is not protectable (Yang et al., 2005). Although we have not performed

rigorous in vivo dose response curves for our test compounds, we can say that a similar level

of neuroprotection was obtained using haloperidol at a dose of 50 ug/kg (Schetz et al.,

2007).

In conclusion, these results demonstrate that sigma 1 receptor selective benzyl-

phenylacetamides are novel candidate pharmacotherapeutic agents that might be used to

minimize neuronal death immediately after a stroke or head injury. Further studies will be

required to determine if that neuroprotection can lead to protection from the cognitive

deficits associated with stroke.

4. Experimental procedures

4.1. Synthesis of compounds

The methods for the synthesis for the LS series compounds have been previously described

(Huang et al., 1998, 2001). The synthesis of the SV series compounds has also been

previously reported (Vangveravong et al., 2006a).

4.2. Binding assays

4.2.1. Sigma receptor binding assays—LS and SV series compounds were dissolved

in DMF, DMSO or ethanol, and then diluted in 50 mM Tris–HCl buffer containing 150 mM

NaCl and 100 mM EDTA at pH = 7.4. The σ1 receptor binding assays were conducted in 96-

well plates using guinea pig brain membrane homogenates and [3H](+)-pentazocine (Perkin

Elmer, Boston, MA). The incubation time was 90 min at room temperature. Nonspecific

binding was determined from samples that contained 10 µM of cold haloperidol. The

reaction was terminated by the addition of ice-cold wash buffer (10 mM Tris–HCl, 150 mM

NaCl, pH 7.4). The samples were harvested and filtered rapidly through a 96-well fiber glass

filter plate (Millipore, Billerica, MA) that had been presoaked with 100 µL of 50 mM Tris–

HCl buffer at pH 8.0 for 1 h. Each filter was washed 3 times with ice-cold wash buffer, and

the filter counted in a Wallac 1450 MicroBeta liquid scintillation counter (Perkin Elmer,

Boston, MA) (Tu et al., 2005, 2007, Xu et al., 2005).

The σ2 receptor binding assays were conducted using rat liver membrane homogenates and

~5 nM [3H] DTG (Perkin Elmer, Boston, MA) in the presence of 1 µM (+)-pentazocine to

block σ1 sites. The incubation time was 2 h at room temperature. Nonspecific binding was
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defined using 10 µM of cold haloperidol. All other procedures were identical to those

described for the σ1 receptor binding assay earlier (Vangveravong et al., 2006b).

Data from the competitive inhibition experiments were modeled using nonlinear regression

analysis to determine IC50 values (Tu et al., 2005; Tu et al., 2007, Xu et al., 2005).

Competitive curves were best fit to a one-site fit. Ki values were calculated using the

method of Cheng and Prusoff (1973). Mean Ki values ± S.E.M. are reported for at least

three independent experiments (Xu et al., 2005).

4.2.2. D2-like dopamine receptor binding assays—The binding properties of

membrane-associated receptors were characterized by a filtration binding assay. For human

D2long, D3, and D4.4 dopamine receptors expressed in HEK 293 cells, 50 µL of membrane

homogenates was suspended in 50 mM Tris–HCl/150 mM NaCl/10 mM EDTA buffer, pH =

7.5 and incubated with 50 µL of 125I-IABN (Luedtke et al., 2000) at 37 °C for 60 min, using

20 uM (+)-butaclamol to define the non-specific binding. The radioligand concentration was

equal to approximately 0.5 times the Kd value and the concentration of the competitive

inhibitor (50 µL) ranged over 5 orders of magnitude for competition experiments. For each

competition curve, two concentrations of inhibitor per decade were used and triplicates were

performed. Binding was terminated by the addition of the cold wash buffer (10 mM Tris–

HCl/150 mM NaCl, pH = 7.5) and filtration over a glass-fiber filter (Schleicher and Schuell

No. 32). A Packard Cobra gamma counter was used to measure the radioactivity. The

concentration of inhibitor that inhibits 50% of the specific binding of the radioligand (IC50

value) was determined by using nonlinear regression analysis to analyze the data of

competitive inhibition experiments. Competition curves were modeled for a single site and

the IC50 values were converted to equilibrium dissociation constants (Ki values) using the

Cheng and Prusoff (1973) correction. Mean Ki values ± S.E.M. are reported for at least three

independent experiments.

4.3. HT-22 cell-based cytoprotection assay

4.3.1. Cell culture—HT-22 is a murine hippocampal cell line that is maintained in

Dulbecco’s modified Eagle’s (DMEM) media (GIBCO, Gaithersburg, PA) supplemented

with 10% charcoal-stripped fetal bovine serum (HyClone, Logan, UT) and 20 µg/mL

gentamycin (Sigma, St. Louis, MO) (5% CO2, 95% air, 37° C) (Perez et al., 2006). HT-22

cells (passages 18–25) were seeded into Costar 96-well plates (Corning, NY) at a density of

5000 cells per well. Compounds were administered simultaneously with glutamate insult.

HT-22 cells were incubated with glutamate for 16 h then assessed for viability. Glutamate

cell death in HT-22 cells is through an inhibition of the glutamate/cystine antiporter, leading

to the depletion of glutathione and oxidative stress (Perez et al., 2006).

4.3.2. Cell viability—Cell viability was determined by calcein acetoxymethyl (calcein

AM) assay (Molecular Probes, Eugene, OR). The calcein AM assay measures cellular

esterase activity and plasma membrane integrity. To determine complete (100%) cell death,

several wells received either 1% sodium dodecyl sulfate or methanol for 15 min before the

calcein AM assay. Media was removed and replaced with a 1 µM solution of calcein AM in

PBS. After incubation at room temperature for 15 min, fluorescence was determined
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(excitation 485 nm, emission 530 nm) using a fluorescence FL600 microplate reader

(Biotek, Winooski, VT). Sigmoidal standard curves were created using a 4-parameter log

curve with constant top and used to determine EC50 values (GraphPad Prism, version 3.02

for Windows, GraphPad Software, San Diego, CA).

4.4. Rodent middle cerebral artery occlusion model of stroke

4.4.1. Animals—Female Charles River Sprague–Dawley rats (250 g, Wilmington, MA)

were acclimatized to animal facilities three days prior to surgery. Bilateral ovariectomy was

performed 2 weeks prior to our studies with test drug to avoid any possible confound of the

neuroprotective properties of endogenous estrogen. Drug administration and t-MCAO were

performed under anesthesia with intraperitoneal (i.p.) injection of ketamine (60 mg/kg) and

xylazine (10 mg/kg). All animal procedures were approved by the University of North Texas

Health Science Center Animal Care and Use Committee.

4.4.2. Preparation of drug—To achieve a formulation that is aqueous soluble and

therefore suitable for intravenous administration, LS-127 and LS-137 were dissolved in

aqueous 30% 2-hydroxypropyl-β-cyclodextrin (HPβCD) solution at a concentration of 100

µg/mL to yield the 1 mL/kg injection volume. Compounds (100 µg/kg) in HPβCD were

administered through the jugular vein immediately after the onset of the MCAO. For

control, ovariectomized females (OVX) were treated with equivalent volumes of 30%

HPβCD. The number of animals per group was as follows: a) vehicle, n = 9, b) LS-127, n =

10 and c) LS-137, n = 9.

4.4.3. Cerebral ischemia reperfusion injury and lesion volume determination—
Two weeks after ovariectomy, animals were anesthetized by intraperitoneal (i.p.) injection

of ketamine (60 mg/kg) and xylazine (10 mg/kg). During the procedures, rectal temperature

was monitored and maintained between 36.5 °C and 37 °C with heating lamps and pads. The

left middle cerebral artery was transiently occluded using previously described methods

(Perez et al., 2006). Briefly, with the aid of an operating microscope (Zeiss, Jena, Germany),

the left common carotid artery and internal carotid artery were exposed through a midline

cervical skin incision. A 3.0-cm length of 3–0 monofilament suture with a rounded-tip was

introduced into the internal carotid artery via the external carotid artery lumen and advanced

until resistance was encountered. The distance between the common carotid artery

bifurcation and the resistant point was 2.0 cm. The MCA was occluded for 1 h and then the

suture was withdrawn for reperfusion. Animals were decapitated 24 h after reperfusion.

Brains were harvested and placed in a brain matrix for slicing (Harvard Apparatus,

Holliston, MA). Seven slices were made at 3, 5, 7, 9, 11, 13 and 15 mm posterior to the

olfactory bulb. Slices were incubated for 30 min in 2% solution of 2,3,5-

triphenyltetrazolium chloride at 37 °C, and then fixed in 10% formalin. The stained slices

were photographed and subsequently measured for the ischemic lesion volume (Image-Pro

Plus 4.1, Media Cybernetics, Silver Spring, MD).

4.5. Data analysis and statistics

Statistical analysis was performed using Graphpad Prism software (GraphPad Software, Inc,

San Diego, CA, U.S.A.). All data are presented as means ± S.E.M. Ischemic lesion volumes
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were compared by one-way ANOVA followed by Tukey tests. A probability of <0.05 was

considered significant.
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Fig. 1.
Comparison of the effect of the sigma 1 antagonist haloperidol and the full agonist (+)-

pentazocine in a cytotoxic assay. Dose–response curves for the effect of haloperidol (●) and

(+)-pentazocine (□) on HT-22 cell viability are shown. For these studies the final

concentration of glutamate used to induce oxidative stress cell death was 20 mM. Data (n =

4–8) is shown as mean values ± S.E.M. The S.E.M. is depicted in the graph but may not be

visible if it is smaller than the symbol used to designate the mean value.
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Fig. 2.
Structure and pharmacological profile of haloperidol and the SV series substituted indole

compounds. The structures of haloperidol and the SV series compounds that were evaluated

are shown. The affinity of these compounds at a) D2 and D3 dopamine receptors and b)

sigma 1 and sigma 2 receptors is also shown. The affinity of the SV compounds was

determined from competitive radioligand binding studies and the Ki values (nMolar) are

presented as the mean ± S.E.M. for n > 3. Binding data is taken from Vangveravong et al.,

2006a and the data for haloperidol is taken from Vangveravong et al., 2006b.
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Fig. 3.
Comparison of the effect of haloperidol and the SV series compounds in an in vitro HT-22

cytotoxicity assay. The cytoprotective properties of haloperidol and the SV series

compounds (HP, haloperidol (○); SV 89 (▲); SV 155 (●); SV-156 (*)) are compared using

a glutamate-dependent cytotoxic assay using HT-22 cells. Concentration-dependent analysis

was performed using 5 mM (A), 10 mM (B) and 20 mM (C) glutamate. For these

experiments n = 8–9. The S.E.M. is depicted in the graph but may not be visible if it is

smaller than the symbol used to designate the mean value.
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Fig. 4.
Structures and pharmacological profiles of the sigma 1 and sigma 2 receptor selective

compounds. The structures and affinity for the benzyl-phenylacetamides LS-127, LS-137

and RHM-1–86 at D2-like (D2, D3 and D4) dopamine, sigma 1 and sigma 2 receptors are

shown. The Ki values (nMolar) are presented as the mean ± S.E.M. for n ≥ 3.
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Fig. 5.
Comparison of the effects of haloperidol and the sigma 2 receptor selective compound in an

in vitro HT-22 glutamate cytotoxicity assay. A comparison of the cytoprotective potency of

haloperidol (HP) (▲) and RHM-1–86 (▽) using an in vitro HT-22 cell-based assay is shown.

The concentration of glutamate used for this experiment was 20 mM. Each point on the

curve represents the mean ± S.E.M. for n = 12.
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Fig. 6.
Comparison of the effect of haloperidol, LS-127 and LS-137 in an in vitro cytotoxicity

assay. The cytoprotective potency of haloperidol (▲), LS-127 (●) and LS-137 (□) are

shown using an in vitro HT-22 cell-based assay using a concentration of glutamate at either

(A) 10 mM or (B) 20mµ. Each point on the curve represents the mean ± S.E.M. The S.E.M.

is depicted in the graph but may not be visible if it is smaller than the symbol used to

designate the mean value.
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Fig. 7.
Sigma 1 selective compounds LS-127 and LS-137 protect against t-MCAO brain injury.

(Top panel) Ischemic lesion depicted by triphenyltetrazolium chloride staining (white area)

in the representative brain sections from control, LS-127, and LS-137 treated rats at 24 h

after ischemic stroke. Images are representative of the widest extent of the infarct. (Bottom

panel) The bar graph depicts the mean neuroprotection determined as the ischemic lesion

volume ± S.E.M. The graph compares the effect on infarct volume of vehicle treated rats

(solid gray bar) versus animals treated with either LS-127 (solid black bar) or LS-137

(striped bar) at a dose of 100 µg/kg. Data is presented as the mean ± S.E.M (n = 9 for
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vehicle treated animals and n = 9 to 10 for the animals treated with test compound). The

double asterisk indicates significance compared to the vehicle control (p < 0.05).
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