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Abstract

Many antidepressant drugs interact with σ receptors and accumulating evidence suggests that these

proteins mediate antidepressant-like effects in animals and humans. σ Receptors are localized in

brain regions affected in depression, further strengthening the hypothesis that they represent

logical drug development targets. In this study, two novel σ receptor agonists (UMB23, UMB82)

were evaluated for antidepressant-like activity in mice. First, radioligand binding studies

confirmed that the novel compounds had preferential affinity for σ receptors. Second, the forced

swim test, a well established animal model for screening potential antidepressant drugs, showed

that both compounds dose-dependently reduced immobility time. The σ receptor antagonist

BD1047 attenuated the antidepressant-like effects of UMB23 and UMB82. Third, locomotor

activity suggested that the effects of UMB23 and UMB82 in the forced swim test were not due to

non-specific motor activating effects. Together, the data provide further evidence that σ receptor

agonists represent a possible new class of antidepressant medication.
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1. Introduction

Depression affects about 20% of Americans and it is the leading cause of disability in the

United States (Kessler et al., 1994; Costello et al., 2002; Nestler et al., 2002). Despite recent

advances in antidepressant therapy, it still takes several weeks before existing medications
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are effective and about 30% of individuals do not respond (Stahl, 2000; Nestler et al., 2002).

Given that depression is one of the most common and costly brain diseases, there is a need

to develop more effective medications to treat this devastating disorder. Among the novel

medication development options being pursued, σ receptor agonists are a rational and viable

avenue for further investigation.

In 1976, the existence of σ receptors was postulated by the group of Martin, and these

receptors were recognized as the site through which the psychotomimetic effects of

SKF-10,047 (N-allylnormetazocine) were mediated (Martin et al., 1976). σ Receptors were

originally thought to be a type of opiate receptor. However, this was soon refuted because

many effects of the prototypical σ ligand SKF-10,047 could not be reversed by opiate

antagonists (Iwamoto, 1981; Vaupel, 1983; Young and Khazan, 1984). In the1980s, binding

studies by Tsung-Ping Su indicated that σ receptors were new and previously

uncharacterized receptors (Su, 1981; Su, 1982). When the receptor was cloned in the 1990s,

the results confirmed that its sequence differed from all other known proteins (Hanner et al.,

1996). The endogenous ligand for σ receptors has yet to be conclusively determined,

although the identity of the receptor protein is now well established.

Biochemical and pharmacological studies indicate the existence of multiple σ receptor

subtypes, and the best characterized are the σ-1 and σ-2 sites. The σ-1 subtype has been

cloned from various species, such as rat, mouse, and human (Hanner et al., 1996; Seth et al.,

1997; Pan et al., 1998; Seth et al., 1998; Mei and Pasternak, 2001). It is a 233 amino acid

protein with two putative transmembrane spanning regions (Jbilo et al., 1997; Aydar et al.,

2002). In contrast to σ-1 receptors, the σ-2 receptor has not yet been cloned. It is thought to

be a 25-29 kDa protein that is enriched in lipid rafts, whereby it affects calcium signaling via

sphingolipid products (Crawford et al., 2002; Gebreselassie and Bowen, 2004).

σ Receptors distribute extensively in the nervous system. Within the brain, σ receptors

concentrate in the hippocampus, frontal cortex, and olfactory bulb (Gundlach et al., 1986;

Mclean and Weber, 1988; Bouchard and Quirion, 1997; Alonso et al., 2000), which is

consistent with a role for these receptors in depression.

In 1996, Narita and co-workers demonstrated that many antidepressant drugs have

significant affinity for σ receptors, particularly the σ-1 subtype (Narita et al., 1996). Prior to

then, many investigators confirmed the ability of select antidepressant drugs, including

selective serotonin reuptake inhibitors (SSRIs), monoamine oxidase inhibitors, and tricyclic

antidepressants (TCAs), to interact with σ receptors (Schmidt et al., 1989; Itzhak and

Kassim, 1990; Weber et al., 1986).

The ability of antidepressant drugs to interact with σ receptors appears functionally relevant

because several studies have shown that activation of σ receptors can produce

antidepressant-like effects in animals and humans. Using the forced swim and tail

suspension tests, earlier investigators have demonstrated that σ receptors agonists such as

igmesine, SA4503 (1-(3,4-dimethoxyphenethyl)-4-(3-phenylpropyl)piperazine), (+)-

SKF-10,047, di-otolylguanidine (DTG) and (+)-pentazocine produce antidepressant-like

actions in rodents (Matsuno et al., 1996; Skuza and Rogoz, 1997, 2002; Ukai et la., 1998;
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Urani et al., 2001). A role for σ receptors in these effects was further confirmed by the

ability of σ receptor antagonists such as BD1047 (N-[2-(3,4-dichlorophenyl)ethyl]-N-

methyl-2-(dimethylamino)ethylamine) and NE-100 (N,N-dipropyl-2-[4-methoxy-3-(2-

phenylethoxy)phenyl]ethylamine) to attenuate the antidepressant-like actions of the agonists

(Okuyama et al., 1993; Matsumoto et al., 1995; Kobayashi et al., 1996; Urani et al., 2001).

In humans, the high affinity σ receptor agonist igmesine hydrochloride yielded promising

results in Phase II clinical trials. In a six week, multi-center, double-blind, placebo-

controlled study in 348 patients with major depression (DSM-IV), igmesine was as effective

as the SSRI fluoxetine (Pharmaprojects, 2004). The available clinical and preclinical data

therefore indicate that σ receptor agonists possess antidepressant potential.

In the present study, we examined the antidepressant-like effects of two novel σ receptor

agonists (UMB23 and UMB82) in the forced swim test, the most widely used animal model

for screening potential antidepressant drugs (Cryan et al., 2002; Nestler et al., 2002; Cryan

and Mombereau, 2004). The novel compounds represent analogs of BD1008 (N-[2-(3,4-

dichlorophenyl)ethyl]-N-methyl-2-(1-pyrrolidinyl)ethylamine) and AC927 (N-

phenethylpiperidine oxalate), highly selective σ receptor ligands (de Costa et al., 1992;

Maeda et al., 2002). From these two lead compounds, a number of selective σ receptor

antagonists were developed (Maeda et al., 2002; Matsumoto et al., 2003, 2004). However,

initial functional characterizations suggested that the compounds, UMB23 (1-(3-

phenylpropyl)piperidine oxalate) and UMB82 (2-(3,4-dichlorophenyl)-N-ethyl-N-(2-

piperidin-1-ylethyl)ethanamine oxalate) acted as agonists, instead of antagonists, at σ

receptors. To further characterize these putative agonists, the binding affinities of the

compounds for σ receptors and monoamine transporters were measured to determine

whether their antidepressant-like actions were likely mediated through σ receptors. In

addition, the effects of these compounds on locomotor activity were measured to determine

whether stimulant effects could account for their apparent antidepressant-like actions. The

antidepressant drugs desipramine (TCA) and fluvoxamine (SSRI) were used as positive

controls for antidepressant-like actions. The selective, well established σ receptor agonist

DTG was also used as a positive control.

2. Experimental procedures

2.1. Animals

Male, Swiss Webster mice (24-28 g; Harlan, Dublin, VA; Indianapolis, IN) and Sprague

Dawley rats (200-250g; Harlan, Indianapolis, IN) were group housed with food and water

available ad libitum. All procedures involving animals were performed as approved by the

Institutional Animal Care and Use Committee at the university where the studies were

conducted.

2.2. Drugs and chemicals

UMB23 and UMB82 (Fig. 1) were synthesized by Dr. Andrew Coop (University of

Maryland, Baltimore, MD). UMB23 was prepared as previously described (Maeda et al.,

2002). UMB82 was synthesized following similar procedures to BD1008 and its analogs (de

Costa et al., 1992; Matsumoto et al., 2004, 2006). The compounds were converted to oxalate
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salts, and spectral analysis was consistent with their assigned structures. CHN analysis was

also satisfactory (±0.4%).

DTG acetate was crystallized from the free base (Aldrich, Milwaukee, WI) by Dr.

Christopher McCurdy (University of Mississippi, University, MS). Fluvoxamine and

BD1047 were purchased from Tocris (Ballwin, MO). Desipramine was obtained from Sigma

(St. Louis, MO). Radioligands were purchased from Perkin Elmer (Boston, MA). All other

chemicals and reagents were procured from standard commercial suppliers (Sigma, St.

Louis, MO).

2.3. Radioligand binding assays

The affinities of the compounds for σ receptors and monoamine transporters were measured

in rat brain homogenates using procedures previously described (Matsumoto et al., 2004).

Competition binding assays were run for the two established σ receptor subtypes, σ-1 and

σ-2. Briefly, whole brain homogenates (400-500 μg protein) were incubated with 5 nM [3H]

(+)-pentazocine to label σ-1 receptors, or 3 nM [3H]DTG in the presence of 300 nM (+)-

pentazocine to label σ-2 receptors. Non-specific binding was determined in the presence of

10 μM haloperidol. Twelve concentrations of test compound (0.05-10,000 nM) were

incubated for 120 min at 25° C to evaluate their ability to displace the binding of each

radioligand.

Since antidepressant drugs interact with monoamine transporters, the affinities of the novel

compounds for serotonin, norepinephrine, and dopamine transporters were also measured

(Matsumoto et al., 2004). Briefly, serotonin transporters were assayed in 1.5 mg wet weight

brainstem homogenates using 0.2 nM [3H]paroxetine; non-specific binding was determined

in the presence of 1.5 μM imipramine. Norepinephrine transporters were assayed in 8 mg

wet weight cerebral cortical homogenates using 0.5 nM [3H]nisoxetine; non-specific binding

was determined with 4 μM desipramine. Dopamine transporters were assayed in 2 mg wet

weight striatal homogenates using 0.5 nM [3H]WIN35,428 [(-)-3β-(4-

fluorophenyl)tropane-2β-carboxylic acid methyl ester]; non-specific binding was determined

in the presence of 50 μM cocaine. Twelve concentrations of test compound were incubated

for 90 min at 25° C for the serotonin transporter assays, 60 min at 4° C for the

norepinephrine transporter assays, or 120 min at 4° C for the dopamine transporter assays to

evaluate their ability to displace the binding of each radioligand.

In addition, the affinities of the compounds for a select group of neurotransmitter receptors

were examined (Matsumoto et al., 2004). These receptors were chosen for testing because

historic σ receptor compounds, which were non-selective, tended to have affinities for these

sites. Briefly, dopamine (D2) receptors were labeled with 5 nM [3H](-)-sulpiride; non-

specific binding was determined with 1 μM haloperidol. Opioid receptors were labeled with

2 nM [3H]bremazocine; non-specific binding was determined with 10 μM levollorphan. N-

methyl-D-aspartate (NMDA) receptors were labeled with 5 nM [3H]TCP (1-[1-(2-

thienyl)cyclohexyl]piperidine); non-specific binding was determined with 10 μM

cyclazocine. Serotonin (5-HT2) receptors were labeled with 2 nM [3H]ketanserin; non-

specific binding was determined with 1 μM mianserin. The incubations were performed for
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60 min at 25° C for the dopamine and opioid receptor assays, 30 min at 37° C for the

serotonin receptor assays, and for 60 min at 4° C for the NMDA receptor assays.

The assays were terminated by adding ice-cold buffer and vacuum filtration through glass

fiber filters. Counts were extracted from the filters using Ecoscint (National Diagnostics,

Manville, NJ) for at least 8 h prior to counting.

2.4. Forced swim test

Mice were acclimated to the testing room for at least 30 min. To evaluate whether the

compounds produced antidepressant-like actions, the mice were injected (i.p.) with one of

the following treatments: desipramine (10-20 mg/kg, N=30), fluvoxamine (0.1-10 mg/kg,

N=30), DTG (5-10 mg/kg, N=26), UMB23 (2.5-20 mg/kg, N=45), UMB82 (10-40 mg/kg,

N=40), or saline (N=10). Thirty min after receiving their treatments, the mice were placed in

individual cylinders of water (10 cm deep) for 6 min and videotaped. Swimming, climbing,

and immobility time during minutes 2-6 were quantified as dependent measures. Swimming

was operationally defined as horizontal movements, with paw treading, across the swim

chamber that included crossing into another quadrant. Climbing was characterized by

upward directed movements of the forepaws along the sides of the swim chamber.

Immobility was defined as no activity other than what was required to keep the animal's

head above the water.

To confirm that the antidepressant-like effects of the novel compounds were mediated

through σ receptors, another two groups of animals were pretreated (i.p.) with the well

established σ receptor antagonist BD1047 (5 mg/kg, N=30). After 15 min, the mice were

treated with saline (N=10), UMB23 (20 mg/kg, N=10) or UMB82 (40 mg/kg, N=10).

Following the treatments, the animals were evaluated in the forced swim test as described

above.

2.5. Locomotor activity

Mice were acclimated to the chambers of an automated activity monitoring system (San

Diego Instruments, San Diego, CA) for 30 min. The animals were injected (i.p.) with saline

(N=8) or a compound shown to be effective in the forced swim test: despiramine (10, 20

mg/kg, N=16), fluvoxamine (1, 10 mg/kg, N=16), DTG (5, 10 mg/kg, N=16), UMB23 (5,

10, 20 mg/kg, N=24), UMB82 (20, 40 mg/kg, N=15). Locomotor activity was quantified for

the next 40 min as the number of disruptions made by the animals in the 16 × 16 photobeam

grid surrounding each testing enclosure. The 40 min testing period takes into account the 30

min pretreatment and subsequent 6 min testing time during which the forced swim test was

conducted, relative to the time of the injection. Data were evaluated during the 4 min

corresponding to the data collection period of the forced swim tests.

2.6. Data analysis

Data from the receptor binding studies were evaluated using GraphPad Prism (San Diego,

CA) to calculate IC50 values. Apparent Ki values were then calculated using the Cheng-

Prusoff equation and Kd values that were determined in earlier saturation assays. Data from

the behavioral studies were evaluated using one-way analysis of variance (ANOVA),
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followed when applicable by Dunnett's tests for post-hoc assessments (GraphPad Prism, San

Diego, CA). P<0.05 was considered statistically significant.

3. Results

3.1. Binding assays

The novel compounds tested herein had nanomolar affinities for σ receptors (Table 1). In

contrast, they had micromolar to negligible affinities for monoamine transporters and a

select group of neurotransmitter receptors (Table 1).

3.2. Forced swim test

Desipramine and fluvoxamine, clinically used antidepressants, served as positive controls

and were shown to dose-dependently reduce immobility time in the forced swim test (Fig.

2). Analysis of variance confirmed that there was a significant difference between the

animals treated with various doses of desipramine (F(2,27)=7.06, P<0.005). Post-hoc testing

using Dunnett's tests revealed that the 20 mg/kg dose of desipramine differed significantly

from the saline control (q=3.72, P<0.01). Similarly, fluvoxamine produced a dose-dependent

change in immobility time (F(3,26)=10.57, P<0.001). Subsequent analysis using post-hoc

Dunnett's tests indicated that the following doses of fluvoxamine significantly reduced

immobility time relative to the saline control: 1 mg/kg (q=3.49, P<0.01) and 10 mg/kg

(q=5.33, P<0.01).

The well studied σ receptor agonist DTG also significantly reduced immobility time in the

forced swim test (Fig. 3; F(2,23)=4.25, P<0.05). Post-hoc Dunnett's tests confirmed that the

10 mg/kg dose of DTG produced effects that differed significantly from the controls

(q=2.91, P<0.05).

Similar to DTG, the novel σ receptor agonists UMB23 and UMB82 produced

antidepressant-like actions by reducing immobility time in the forced swim test (Fig. 4).

Analysis of variance demonstrated that the dose-dependent changes produced by UMB23

were statistically significant (F(4,40)=14.22, P<0.0001). Post-hoc analysis using Dunnett's

tests revealed that the following doses of UMB23 differed significantly from the saline

control group: 5 mg/kg (q=3.64, P<0.01), 10 mg/kg (q=5.59, P<0.01), and 20 mg/kg

(q=6.26, P<0.01). Analysis of variance also showed that the changes in immobility time

produced by UMB82 were statistically significant (F(3,36)=10.28, P<0.0001). Post-hoc

Dunnett’s tests confirmed that the reductions produced by the 40 mg/kg dose of UMB82

were significantly different from controls (q=4.85, P<0.01).

Pretreatment with the σ receptor antagonist BD1047 attenuated the antidepressant-like

effects of UMB23 and UMB82 (Fig. 5). Alone, BD1047 had no significant effects on

immobility time (n.s.). Analysis of variance confirmed a significant difference between the

various treatment groups in the antagonism study for UMB23 (F(3,36)=14.11, P<0.0001).

Post- hoc tests confirmed that only the UMB23 treatment group differed significantly from

saline (q=6.29, P<0.01). Similarly, there was a significant difference between the treatment

groups in the antagonism study for UMB82 (F(3,36)=9.70, P<0.0001). Post-hoc tests

indicated that both the UMB82 treatment group (q=5.22, P<0.01) and the BD1047+UMB82
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group (q=3.20, P<0.01) differed significantly from saline, with the reduction in immobility

time induced by UMB82 noticeably attenuated by pretreatment with BD1047 (Fig. 5).

3.3. Locomotor activity

Fig. 6 and 7 summarize the effects of the antidepressant drugs and σ receptor agonists on

locomotor activity. There was a significant increase in locomotor activity produced by

fluvoxamine (Fig. 6; F(2,21)=7.43, P<0.005). Post-hoc Dunnett's tests confirmed that the 10

mg/kg dose of fluvoxamine produced effects that differed significantly from the saline

controls (q=3.85, P<0.01). However, the lower dose (1 mg/kg) of fluvoxamine which

produced antidepressant-like effects in the forced swim test did not significantly alter

locomotor activity (q=2.13, n.s.).

None of the other tested compounds had significant effects on locomotor activity at the

doses and time points studied (Fig. 7). Analysis of variance confirmed no significant effects

for desipramine (F(2,21)=1.58, n.s.), DTG (F(2,21)=1.90, n.s.), UMB23 (F(3,28)=2.85, n.s.),

and UMB82 (F(2,20)=2.44, n.s.).

4. Discussion

In the present study, we introduced two new putative σ receptor agonists, UMB23 and

UMB82. Both novel compounds had preferential affinity for σ receptors compared to

monoamine transporters and a select group of neurotransmitter receptors. UMB23 in

particular displayed a high degree of selectivity, exhibiting nanomolar affinities for each of

the σ receptor subtypes, and no measurable affinity for all of the other radioligand binding

sites tested in this study. The poor affinities of the compounds for serotonin, norepinephrine,

and dopamine transporters, relative to σ receptors, thus increased the likelihood that the

observed antidepressant-like effects were mediated through σ receptors. Among the other

binding sites that were studied (opioid, NMDA, 5-HT2, D2 receptors), all were potential

targets or modulators of antidepressant drugs (Jutkiewicz, 2006; Nestler and Carlezon, 2005;

Schechter et al., 2005). Thus, it was significant that the two novel compounds (UMB23,

UMB82) displayed little to no binding to these sites. The radioligand binding profiles of

UMB23 and UMB82 are thus highly favorable for selectively probing actions that are

mediated through σ receptors.

In the forced swim test, the novel σ receptor agonists significantly attenuated immobility

time, thus exhibiting a pattern similar to well established σ receptor agonists and known

antidepressant medications. The well established σ receptor antagonist BD1047 attenuated

the actions of the novel compounds, strengthening the likelihood that the antidepressant-like

actions of UMB23 and UMB82 were mediated through σ receptors. The ability of BD1047

to attenuate the antidepressant-like actions of UMB23 in the forced swim test was

statistically significant, while its effects against UMB82 were noticeable, but not quite

significant. One possible explanation for this subtle difference is that UMB23 is a highly

selective compound for σ receptors, and all of its observed antidepressant-like actions were

most likely mediated through these proteins. By contrast, UMB82 had weak affinity for a

number of non-σ binding sites which could have contributed a little to its antidepressant-like

actions. Therefore, BD1047 was able to attenuate most, but not all, of the antidepressant-like

Wang et al. Page 7

Eur Neuropsychopharmacol. Author manuscript; available in PMC 2014 June 02.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



effects of UMB82 in the forced swim test. This probably contributed to the increased

variability in the response of UMB82, as compared to UMB23, in the antagonism portions

of the study.

Since reductions in immobility time were accompanied by increases in swimming or

climbing behaviors, it was important to confirm that the effects of UMB23 and UMB82 in

the forced swim test could not be explained by non-specific stimulant effects of the test

compounds; such an adverse interpretation would be reflected in the locomotor studies by a

concomitant increase in locomotor activity at doses that produced antidepressant-like

responses. Similar to the well established TCA despiramine and the σ receptor agonist DTG,

the novel compound UMB82 had no significant effects on locomotor activity at doses that

produced antidepressant-like actions, thus confirming that its effects in the forced swim test

could not be explained by non-specific stimulant effects. UMB23, the other novel

compound, produced an increase in locomotor activity at some doses, but there was no

consistent relationship between the doses that produced antidepressant-like effects and

locomotor stimulant effects, indicating that changes in locomotor behavior were not

responsible for apparent antidepressant-like actions. For the clinically used SSRI

fluvoxamine, there was a trend for locomotor stimulatory effects to accompany

antidepressant-like actions, although a mismatch between the two effects could be detected

at lower doses. Therefore, for all of the tested compounds, including UMB23 and UMB82,

reductions in immobility time in the forced swim test were not accompanied by parallel

increases in locomotor activity, providing further evidence of antidepressant-like actions of

the compounds.

Although accumulated preclinical and clinical data suggest that targeting σ receptors alone is

sufficient for producing antidepressant-like actions (Matsuno et al., 1996; Pharmaprojects,

2004; Urani et al., 2001), it should be noted that activation of σ receptors is not required for

producing antidepressant-like actions. Desipramine and paroxetine are two antidepressant

drugs that have weak affinity for σ receptors (Narita et al., 1996) and still produce

therapeutic effects in humans. Therefore, σ receptors most likely represent an initial target,

similarly to monoamine transporters, in a cascade of events that ultimately convey

antidepressant actions.

Although the downstream mechanisms underlying the ability of σ receptor agonists to

produce antidepressant-like actions have yet to be fully elucidated, evidence has

accumulated to show that σ receptor agonists stimulate a variety of neural adaptations in the

central nervous system that are relevant to antidepressant actions. For example,

antidepressant medications produce an enhancement of serotonin neurotransmission

following chronic administration (Blier et al., 1994; Owens, 1996). Antidepressant drugs,

such as SSRIs and monoamine oxidase inhibitors, cause initial reductions in the firing of

serotonergic neurons with acute administration, which recover with long term administration

of these drugs (Aghajanian, 1978; Nicholson et al., 1982; Chaput et al., 1986; Beique et al.,

2000). The recovery in firing of serotonergic neurons is thought to develop after

desensitization of autoreceptors, and has been proposed as a mechanism that explains the

three to four week delay in clinical efficacy of antidepressant medications (Blier et al.,

1994). Following three weeks of treatment, the σ–1 receptor agonist (+)-pentazocine
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actually increased the firing of serotonergic neurons, leading to an enhancement of

serotonergic neurotransmission (Bermack and Debonnel, 2001). This enhancement was

observed as early as after two days of treatment (Bermack and Debonnel, 2001), as

compared to SSRI- and monoamine oxidase inhibitor-induced changes that took several

weeks to emerge. The (+)-pentazocine-induced effects appeared to be mediated through σ

receptors because they could be prevented by co-administration of the σ receptor antagonist,

NE-100 (Bermack and Debonnel, 2001). This σ receptor-induced enhancement in serotonin

neuronal function has been proposed to predict a more rapid onset of antidepressant efficacy

as compared to existing medications, and may also contribute to added efficacy (Bermack

and Debonnel, 2001).

In recent years, the importance of antidepressant-induced structural changes in the central

nervous system, such as neuronal sprouting, has also gained increasing attention (Manji et

al., 2003) and recent evidence confirms that σ receptor agonists possess this property. Su

and coworkers reported that the σ-active antidepressant drugs, fluvoxamine and imipramine,

enhance nerve growth factor (NGF)-induced neurite sprouting in PC12 cells (Takebayashi et

al., 2002). This effect was reproduced by the selective σ-1 receptor agonist (+)-pentazocine

(Takebayashi et al., 2002), suggesting that activation of σ receptors, particularly the σ-1

subtype, can produce critical structural modifications that are thought to impart

antidepressant efficacy. The role of σ receptors, particularly the σ-1 subtype in these effects

was validated by the ability of the selective antagonist NE-100 to attenuate the actions of

(+)-pentazocine, imipramine and fluvoxamine (Takebayashi et al., 2002). Moreover,

overexpression of σ-1 receptors in PC12 cells enhanced NGF-induced neurite sprouting

similar to treatments with σ-active agonists and antidepressant drugs, while treatment with

an antisense oligonucleotide against σ-1 receptors reduced the NGF-induced effects

(Takebayashi et al., 2002).

There is also abundant evidence that brain-derived neurotrophic factor (BDNF) contributes

to the actions of antidepressant drugs (Malberg and Blendy, 2005; Tardito et al., 2006). The

significance of σ receptors in these effects was recently demonstrated, particularly with

regard to the role of BDNF signaling in glutamate release (Yagasaki et al., 2006). In these

studies, chronic treatment with the σ-active antidepressant drugs, imipramine and

fluvoxamine, potentiated BDNF signaling and BDNF-induced glutamate release (Yagasaki

et al., 2006). The effects of BDNF on signaling and the subsequent release of glutamate

were both significantly attenuated by the σ receptor antagonist BD1047 (Yagasaki et al.,

2006). Overexpression of σ-1 receptors also enhanced the BDNF-induced effects (Yagasaki

et al., 2006), providing further evidence for the involvement of σ receptors in these effects.

Together, the body of literature demonstrates that σ receptor agonists produce

antidepressant-like effects under a variety of preclinical and clinical conditions. Future

studies to identify σ receptor agonist-induced downstream events, particularly those that

converge with classical antidepressant drugs, will be important for fully understanding the

mechanisms through which σ receptor agonists impart their antidepressant-like actions.
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Figure 1.
Structures of the novel σ receptor ligands: UMB23 (1-(3-phenylpropyl)piperidine oxalate)

and UMB82 (2-(3,4-dichlorophenyl)-N-ethyl-N-(2-piperidin-1-ylethyl)ethanamine oxalate).
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Figure 2.
Antidepressant-like effects of desipramine (10-20 mg/kg, i.p.) and fluvoxamine (0.1-10

mg/kg, i.p.) in the mouse forced swim test. The tests started 30 min after the injection of

saline or drugs. Data are expressed as mean ± S.E.M. (N=5-10/group). *P<0.05, **P<0.01.
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Figure 3.
Antidepressant-like effects of DTG (5-10 mg/kg, i.p) in the mouse forced swim test. The

tests started 30 min after the injection of saline or drug. Data are expressed as mean ±

S.E.M. (N=7-10/group). *P<0.05.
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Figure 4.
Antidepressant-like effects of UMB23 (2.5-20 mg/kg, i.p.) and UMB82 (10-40 mg/kg, i.p.)

in the mouse forced swim test. The tests started 30 min after the injection of saline or drugs.

Data are expressed as mean ± S.E.M. (N=5-10/group). **P<0.01.
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Figure 5.
Antidepressant-like effects of BD1047 (5 mg/kg, i.p.) + UMB23 (20 mg/kg, i.p.) and

BD1047 (5 mg/kg, i.p.) + UMB82 (40 mg/kg, i.p.) in the mouse forced swim test. The mice

were injected with saline or drugs 15 min after the BD1047 pretreatment. The tests started

15 min after the injection of saline or drugs. Data are expressed as mean ± S.E.M. (N=10/

group). *P<0.05, **P<0.01.
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Figure 6.
Locomotor activity of desipramine (10-20 mg/kg, i.p.), fluvoxamine (1-10 mg/kg, i.p.) and

DTG (5-10 mg/kg, i.p.). Data was evaluated during the 4 min corresponding to the data

collection period of the forced swim tests. Data are expressed as mean ± S.E.M. (N=8/

group). **P<0.01.
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Figure 7.
Locomotor activity of UMB23 (5-20 mg/kg, i.p.) and UMB82 (20-40 mg/kg, i.p.). Data was

evaluated during the 4 min corresponding to the data collection period of the forced swim

tests. Data are expressed as mean ± S.E.M. (N=7-8/group). *P<0.05, **P<0.01.
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Table 1

Binding affinities (in nM) for novel σ receptor compounds.

UMB23 UMB82

Sigma receptors

    Sigma-1 41 ± 4 3 ± 0.2

    Sigma-2 32 ± 1 29 ± 4

Monoamine transporters

    Serotonin transporter >10,000 965 ±53

    Norepinephrine transporter >10,000 1147± 87

    Dopamine transporter >10,000 844 ± 57

Other receptors

    Opiate >10,000 >10,000

    NMDA >10,000 >10,000

    Serotonin >10,000 7132 ± 717

    Dopamine >10,000 924 ±110

The numbers in the table represent Ki values in nM.
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