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Abstract 

The balance between GABA-mediated inhibitory and glutamate-mediated excitatory 

synaptic transmission represents a fundamental mechanism for controlling nervous 

system function, and modulators that can alter this balance may participate in the 

pathophysiology of neuropsychiatric disorders. Pregnenolone sulfate (PS) is a 

neuroactive steroid that can modulate the activity of ionotropic glutamate and GABAA 

receptors either positively or negatively, depending upon the particular receptor subtype, 

and modulates synaptic transmission in a variety of experimental systems. To evaluate 

the modulatory effect of PS in vivo, we infused PS into rat striatum for 20 min via a 

microdialysis probe while monitoring local extracellular dopamine (DA) levels. The 

results demonstrate that PS at low nanomolar concentrations significantly increases 

extracellular DA levels. The PS -induced increase in extracellular DA is antagonized by 

the NMDA receptor antagonist, D-AP5, but not by the σ receptor antagonist, BD 1063. 

The results demonstrate that exogenous PS, at nanomolar concentrations, is able to 

increase DA overflow in the striatum through an NMDA receptor mediated pathway. 
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Introduction 

Neuroactive steroids exhibit rapid non-genomic modulatory actions on receptors and 

ion channels located in the neuronal membrane, altering excitatory and inhibitory 

synaptic transmission. PS, a negatively charged sulfated steroid, has been detected in 

both human and rat brain, and enzymes for conversion of cholesterol to pregnenolone 

(P450scc) and sulfation of pregnenolone to PS (pregnenolone sulfotransferase) are 

present in neural tissue (Tsutsui, 2006). The activity of pregnenolone sulfotransferase in 

rat C6 glioma cells has been shown to be regulated by AMPA receptors (Kohjitani et al., 

2008).  

PS exhibits direct modulatory activity at NMDA receptors (NMDARs) (Wu et al., 

1991; Malayev et al., 2002). It potentiates spontaneously occurring EPSCs in 

hippocampal cell cultures (Park-Chung et al., 1997) and exacerbates NMDAR-mediated 

increases in intracellular Ca2+ and excitotoxicity (Weaver et al., 2000). PS also modulates 

activity of other neurotransmitter receptors and ion channels, including AMPA, kainate, 

(Wu et al., 1991; Yaghoubi et al., 1998) and GABAA receptors (Majewska et al., 1988), 

as well as certain voltage-gated calcium channels (Spence et al., 1991; Bukusoglu and 

Sarlak, 1996; Hige et al., 2006).  

PS modulates neurotransmitter release in multiple systems (Maurice, 2004; Gibbs et 

al., 2006) and enhances long term potentiation in hippocampal slices (Chen et al., 2007; 

Sabeti et al., 2007). A PS-like retrograde modulatory factor released by depolarization of 

CA1 neurons has been reported to play a role in plasticity of immature hippocampal 

synapses (Mameli et al., 2005). The ability of PS to modulate neurotransmission in 

multiple receptor systems and by multiple mechanisms suggests that PS may play a role 

as an endogenous modulator of neurotransmission. 
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We chose to investigate the effect of PS on striatal dopamine (DA) release using in 

vivo using microdialysis to determine whether PS might act as a modulator of nigro-

striatal DA release. The striatum is the major target of DA neurons in the brain and its 

activity is critical for the regulation of voluntary movement. Parkinson’s disease results 

from the specific, progressive degeneration of striatal DA neurons. The striatum is also 

involved in procedural learning, and changes in striatal activity are implicated in 

neuropsychiatric disorders including depression and drug addiction. Elucidation of the 

mechanisms of action of endogenous neurosteroids in this nucleus could lead to 

approaches for therapeutic intervention in pathologies related to both mood and 

movement. 
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Methods 

Subjects. Male Sprague-Dawley rats (225-300 g) from Charles River Laboratories 

(Wilmington, MA) were initially housed in shoe-box cages (2 rats/cage) and were 

provided with food and water ad libitum. The cages were kept in a temperature-controlled 

room with a 12-hour light/dark cycle. All experiments were performed during the light 

cycle. All procedures were carried out under a protocol approved by the Boston 

University School of Medicine Institutional Animal Care and Use Committee. 

Materials. Steroids were purchased from Steraloids (Newport, RI) and prepared as 

500× stock solutions in DMSO. All other chemicals were purchased from Sigma-Aldrich 

Co. (St. Louis, MO). 

Stereotaxic surgery. Prior to surgery, animals were anesthetized with 80 mg/kg 

ketamine and 12 mg/kg xylazine and placed in a stereotaxic apparatus (David Kopf 

Instruments; Tujunga, CA). A rostro-caudal incision was made to expose the dorsal 

surface of the skull, and a hole was drilled in the skull above the striatum with a 

stereotaxic drill [+ 0.5 mm A/P and + 2.9 mm M/L relative to bregma, (Paxinos and 

Watson, 1997)]. Two other holes were drilled in the skull and screws were secured. A 

dialysis-guide cannula (CMA Microdialysis; Acton, MA) was lowered 3 mm ventrally 

into the striatum and then was secured to the skull with dental cement. All rats were 

housed in individual cages following surgery. 

In vivo microdialysis. No less than two days after surgery, rats were anesthetized 

briefly with isoflurane to facilitate removal of the dummy probe from the guide cannula 

and insertion of a microdialysis probe (CMA 12, dialysis membrane length of 2 mm of 

polycarbonate, with a molecular weight cut-off of 20 kD) that extended 2 mm below the 

end of the guide cannula into the striatum. Animals were placed in the experimental cage 
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for at least 12 hours prior to the start of the experiment, while artificial cerebrospinal 

fluid (aCSF: 145 mM NaCl, 2.7 mM KCl, 1.2 mM CaCl2, 1.0 mM MgCl2, 0.2 mM 

ascorbate, 5.0 mM glucose, pH 7.4) was pumped through the dialysis probe at a rate of 

0.2 μl/minute. Forty-five minutes before collection of the first sample, the flow rate was 

increased to 2 μl/minute. Samples were collected at 20 min intervals. Perfusion tubing 

had a volume of approximately 2 µl from syringe to probe, and 2 µl from probe to 

collector, resulting in a perfusion delay of approximately 1 min from syringe to probe and 

1 min from probe to collector. As these times are short relative to the 20 min collection 

interval, no correction was made for the perfusion delay. aCSF was perfused through the 

microdialysis probe during the collection of all other samples. Samples were stored at –

80o C until analysis. After a minimum of 6 baseline samples had been collected, the 

perfusate was switched via a three-way valve (Rheodyne LLC) from aCSF alone to aCSF 

plus one of the following: PS (1, 5, 10, 25, 50 nM, or 100 μM), D-(-)-2-amino-5-

phosphonopentanoic acid (D-AP5; 100 μM), PS + D-AP5, progesterone (10 nM or 100 

μM), pregnenolone (10 nM, 50 nM, or 100 μM), pregnanolone (10 nM, 50 nM, or 100 

μM), pregnenolone hemisuccinate (PHS; 5, 50, 300 nM), (+)-N-allylnormetazocine (SKF 

10,047; 100 μM), PS (50 nM) + D-AP5 (100 μM), 1(-)[2-(3,4-dichlorophenyl)ethyl]-4-

methylpiperazine (BD 1063; 30 µM), PS (50 nM) + BD1063. After collection of one 

sample (20 min), the perfusate was switched back to aCSF.  For inhibition studies, a two-

treatment protocol was employed in which a second drug solution was perfused through 

the probe for 20 min during collection of sample 13. For these studies a balanced 

crossover experimental design was used in which the order of treatment with drug and 

drug + inhibitor was reversed from subject to subject to eliminate potential treatment 
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order bias. DMSO was added to solutions where necessary, such that all perfusing 

solutions contained the same final concentration of DMSO (0.2%).  

Samples were analyzed using high-pressure liquid chromatography with 

electrochemical detection (HPLC-EC) (ESA; Chelmsford, MA). The mobile phase 

consisted of 50 mM Na2HPO4, 20 mM citric acid, 1.5 mM heptanesulfonic acid, 0.1 mM 

EDTA, and 10% methanol at pH 4.5. DA was separated on a 15-cm reverse phase C-18 

column (Alltech; Deerfield, IL) and oxidized at a potential of 150 mV. DA 

concentrations per sample were normalized to an external standard curve and plotted as 

percentage change from baseline. Using this system, the detection limit for DA is 

approximately100 pM. 

Histology. Upon completion of the microdialysis experiments, animals were given an 

overdose of sodium pentobarbital (100 mg/kg, i.p.) and were perfused intracardially with 

0.9% saline followed by 10% formalin. The brains were removed and coronal sections 

(75 μm) were taken at the level of the striatum using a Vibratome (Technical Products 

International; St. Louis, MO). The sections were stained with Cresyl violet. Cannulae 

placement was determined by an individual who was unaware of prior treatments. 

Examination of Cresyl violet-stained brain sections revealed some gliosis immediately 

surrounding the probe secondary to probe placement, but without indication of toxicity, 

as the amount of gliosis and the number of healthy cells did not differ among treatment 

groups. 

Statistical analysis. DA content of samples was normalized to percent of baseline and 

analyzed with a one-way analysis of variance (ANOVA) followed by Bonferroni post hoc test. 

Results are presented as the percentage change in extracellular DA levels. 
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Results  

To evaluate whether PS is able to modulate release of DA from synaptic terminals 

derived from neurons in the substantia nigra, we measured levels of extracellular DA in 

the striatum using in vivo microdialysis. Microdialysis probes were placed within the 

dorsal striatum (subsequently verified by histologic examination; Fig. 1) as described 

previously (Sadri-Vakili et al., 2003).  

After collection of baseline samples, the perfusate was switched to an aCSF solution 

containing PS (1, 5, 10, 25, 50, 300 nM, or 100 μM) for 20 minutes. DA content is 

reported as percent of baseline, with baseline defined as the average of all aCSF samples 

collected prior to treatments. The average level of DA in baseline samples was 2.0 ± 0.9 

nM (n = 8). As shown in Fig. 2A, perfusion of 10 nM PS through the microdialysis probe 

for 20 min increased the level of extracellular DA in striatum. We observed a significant 

rise in extracellular DA during perfusion with 10, 25, or 50 nM PS, but DA levels were 

unaffected by higher concentrations of 300 nM or 10 µM PS (Fig. 2B).  

To examine the role of NMDARs in the PS-induced increase in DA overflow, we 

perfused the specific NMDAR antagonist D-AP5 (100 μM) through the dialysis probe for 

20 minutes either alone or together with 50 nM PS. As shown in Fig. 3, D-AP5 blocked 

the PS-induced increase in extracellular DA, indicating that NMDARs play a role in this 

action of PS. 

To evaluate the specificity of PS action, we examined the effects of three 

metabolically related steroids, pregnenolone, pregnanolone, and progesterone. None of 

these steroids had any significant effect on DA overflow when perfused through the 

microdialysis probe (Fig. 4).  
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We also assessed the effect of a synthetic steroid mimic of PS bearing a negative 

charge at C-3: pregnenolone hemisuccinate (PHS), an analog of PS that similarly 

enhances NMDAR activity (Weaver et al., 2000). Like PS, PHS (50 nM or 300 nM) 

significantly increased striatal DA levels when perfused through the microdialysis probe 

(Fig. 5). 

To test for involvement of σ receptors in PS-induced DA release, we investigated the 

effects of BD 1063, a specific σ−receptor antagonist (Matsumoto et al., 1995). BD 1063 

(30 µM) neither reproduced nor blocked PS-induced DA release (Fig. 6), arguing that PS 

is not acting as a σ agonist or antagonist to increase extracellular DA. Similarly, the σ 

agonist SKF 10,047 failed to alter extracellular DA levels. 
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Discussion 

PS modulates NMDAR function in neuronal cultures (Wu et al., 1991; Weaver et al., 

2000) and in heterologous expression systems (Malayev et al., 2002; Horak et al., 2006), 

and NMDAR activation increases extracellular DA in striatum in vivo (David et al., 

2005). PS has been reported to increase DA levels in nucleus accumbens in vivo (Barrot 

et al., 1999), although in that study PS was injected intracerebroventricularly, so the 

effective concentration and site of action of PS was uncertain. Here, we examine the 

effect of introducing low nanomolar concentrations of PS into striatum by reverse in vivo 

microdialysis.  

The tissue content of PS in the rat striatum has been reported to be 17 ng/g (Wang et 

al., 1997), which if evenly distributed would amount to a concentration of 43 nM, but 

recent studies have called the methodology of this determination into question (Gibbs et 

al., 2006), with revised estimates of tissue content corresponding to 2.7 nM in frontal 

cortex and 4.4 nM in cerebellum of postmortem human brain, and less than 1 nM in 

rodent brain (Liere et al., 2004). The concentration of free PS in the extracellular space is 

unknown, but our observation that as little as 10 nM PS administered by reverse 

microdialysis increases DA overflow in the striatum sets an upper limit to the 

extracellular concentration of PS. That is, endogenous free PS in the vicinity of the probe 

must be less than 10 nM, or else there could not be net efflux of PS out of the probe. 10 

nM is likely an upper limit for the minimally effective concentration of PS, because with 

reverse microdialysis the concentration of drug reaching the surrounding tissue is 

typically 10-50% of that in the probe (Morrison et al., 1991).  
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PS can be converted by brain sulfatases to pregnenolone, which is inactive at GABAA 

(Majewska et al., 1988) and NMDA (Weaver et al., 2000) receptors, but can be 

metabolized to progesterone, which is moderately effective as a positive modulator of the 

GABAA receptor (Wu et al., 1990). Progesterone can be reduced to yield pregnanolone 

isomers. In the human, both the 3α,5β (pregnanolone) and 3α,5α (allopregnanolone) 

isomers are formed, whereas in the rat the 3α,5α isomer is favored. These two 

pregnanolone isomers are similarly potent and efficacious GABAA receptor positive 

modulators (Berezhnoy et al., 2007). Perfusion of pregnenolone or progesterone failed to 

increase DA overflow, arguing against the hypothesis is DA release is induced by 

pregnenolone metabolites. As a more stringent test of whether GABA receptor 

modulation could be responsible for DA release, we infused pregnanolone, a potent, 

high-efficacy GABAA receptor positive modulator. No significant increase in DA 

overflow was detected. 

The PS-induced increase in DA overflow is smaller than that elicited by perfusion of 

1 mM NMDA (Sadri-Vakili et al., 2003), but is blocked by D-AP5, indicating an 

involvement of NMDARs. PS allosterically enhances activation of NMDARs containing 

NR2A or NR2B subunits (Malayev et al., 2002), suggesting that PS could increase DA 

overflow by enhancing endogenous glutamate-induced activation of striatal NMDARs. 

Supporting this hypothesis is the observation that striatal DA overflow is also increased 

by PHS, a synthetic analog of PS that also enhances NMDAR activation. In contrast, the 

uncharged steroids pregnenolone, pregnanolone, and progesterone, which are inactive at 

NMDARs, failed to increase striatal DA levels. Notably, the increase in extracellular DA 

is lost at PS concentrations of 300 nM or more, which could reflect a lower potency 

inhibitory effect of PS on DA release. At micromolar concentrations, PS produces net 
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inhibition of NMDARs containing NR2C or NR2D subunits (Malayev et al., 2002), and 

rapid application studies indicate that an inhibitory action of PS is also present with 

NMDARs containing the NR2A and NR2B subunits, but is mostly masked by the 

potentiating action of PS (Horak et al., 2006), arguing that multiple PS modulatory sites 

with opposing actions are associated with NMDARs. The decline in DA release at higher 

concentrations could be due to an action of PS at inhibitory sites associated with 

NMDARs, or it could reflect an indirect inhibitory effect mediated by another receptor 

type (e.g. kainate, GABAA, or σ receptors). 

A difficulty with this hypothesis is that PS stimulates striatal DA release at much 

lower concentrations than expected from studies of PS modulation of NMDA-induced 

currents in neuronal cultures or heterologous expression systems, which typically 

requires PS concentrations ≥1 µM (Wu et al., 1991; Park-Chung et al., 1997; Weaver et 

al., 2000; Malayev et al., 2002). In contrast, studies of PS modulation of 3H-ifenprodil 

binding to neuronal membranes (Johansson et al., 2005) or NR1/NR2B receptors 

expressed in CHO cells (Johansson et al., 2008) reveal that PS at nM concentrations 

enhances ifenprodil binding, suggesting that there is a higher-affinity mode of interaction 

between PS and NMDARs. Like PS enhancement of DA overflow, PS enhancement of 

3H-ifenprodil binding exhibits a bell-shaped dose-response curve, with loss of modulation 

at higher concentrations (Johansson et al., 2005; Johansson et al., 2008). It is unclear 

whether this high potency modulatory effect of PS is mediated through the same binding 

site(s) that are responsible for modulation of NMDA-induced currents or via an 

additional site of interaction. The details of the mechanism whereby high-affinity 

interactions of PS with NMDARs couple to enhancement of DA release remain to be 

elucidated. 
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The question of whether presynaptic NMDARs play a role in regulating release of 

DA from nigrostriatal dopaminergic terminals is controversial. Local application of 

NMDA increases extracellular DA levels in the striatum, and lesioning of DA neurons in 

the substantia nigra depletes NMDARs in striatum (David et al., 2005). In contrast, 

immunolabeling studies have detected only postsynaptic NMDARs in rat striatum, 

indicating that presynaptic NMDARs, if present, must be at much lower density than on 

the postsynaptic membrane (Bernard and Bolam, 1998; Gracy et al., 1999). Nevertheless, 

a role for presynaptic NMDARs in regulating DA release is supported by the observation 

that NMDA stimulates release of 3H-DA from striatal synaptosomes (Krebs et al., 1991; 

Pittaluga et al., 2001). We have found, using a mixed population of synaptosomes and 

synaptoneurosomes, that glutamate or NMDA stimulates the release of newly-

accumulated 3H-DA via an NMDAR-dependent mechanism. Moreover, 25 nM PS 

stimulates the release of 3H-DA by striatal synaptosomes/synaptoneurosomes, but does 

not affect 3H-DA uptake. Our finding that D-AP5 blocks the PS-induced increase in 

striatal DA overflow is in agreement with the observation that D-AP5 blocks the PS-

induced stimulation of  3H-DA release by striatal synaptosomes/synaptoneurosomes. 

(Whittaker et al., 2008). It therefore seems likely that the PS-induced increase in striatal 

DA overflow reflects an action of PS on presynaptic NMDARs located on nigrostriatal 

dopaminergic terminals.  

Another possibility is that PS could act through σ receptors (Gibbs and Farb, 2000; 

Maurice, 2004), perhaps in concert with NMDARs, to release DA. σ receptors regulate 

neurotransmitter release in several experimental systems, including NMDA-stimulated 

release of preloaded 3H-DA from striatal slices (Gonzalez-Alvear and Werling, 1995). PS 

at nM concentrations inhibits NMDA-induced 3H-norepinephrine release from rat 
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hippocampal slices (Monnet et al., 1995) and reduces IPSC frequency in hippocampal 

cultures (Mtchedlishvili and Kapur, 2003). These effects are blocked by the σ receptor 

antagonist BD-1063, as is PS enhancement of paired-pulse facilitation in hippocampal 

slices (Schiess et al., 2006). Similarly, the σ receptor antagonist NE-100 blocks the 

ability of PS to attenuate the amnestic effects of MK-801 in vivo (Zou et al., 2000).  

PS-induced stimulation of striatal DA release was not affected by co-microdialysis of 

the σ-antagonist BD 1063, while the σ-agonist SKF 10,047 did not increase extracellular 

DA levels. Similarly, progesterone, which is also a ligand for σ receptors (Maurice, 

2004), failed to alter DA overflow. Given the lack of activity of σ receptor agonists and 

antagonists, a role for σ receptors in PS regulation of striatal DA release seems unlikely.  

The results described in this report demonstrate that nM concentrations of PS 

influence striatal extracellular DA levels in vivo, supporting the hypothesis that PS could 

function as an endogenous modulator of neurotransmission. The data show that this 

action of PS involves NMDARs and is independent of σ receptor activity. The 

physiological consequences of PS modulation of striatal DA release would depend on 

which synapses are affected. If PS acts generally to enhance DA release, then it would be 

expected to enhance the action of DA in regulating the balance between the direct and 

indirect pathways, which tends to suppress the indirect pathway and favor the direct 

pathway, thereby enhancing motor activity. Changes in DA levels may also alter mood, 

motivation, and reward pathways, raising the possibility that changes in modulation of 

excitatory transmission by endogenous PS could play a role in the etiology of movement 

and psychiatric disorders. Conversely, compounds that affect PS levels or that mimic or 
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inhibit PS modulation may offer a novel therapeutic approach for diseases involving 

underactivation or overactivation of DA receptors. 
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Legends for Figures 

 

Figure 1. Histological verification of microdialysis probe placement in the striatum. 

 Lines indicate the placement of the microdialysis probes in the striatum, and  numbers 

indicate distance from bregma (mm) according to the atlas of Paxinos and Watson  

(Paxinos and Watson, 1997). 

 

Figure 2. PS induces an increase in extracellular DA in the rat striatum. A, time course 

showing DA levels with or without infusion of PS (10 nM) through the dialysis probe 

(horizontal bar indicates period of PS infusion). Analysis by mixed factors ANOVA with 

repeated measures over time revealed a significant effect of time [F(8,88) = 4.593; p < 

0.0001] and a significant time × treatment interaction [F(8,88) = 4.074; p < 0.0004]. 

Number of animals is 8 for aCSF group, 6 for PS group. B, concentration dependence of 

PS-induced increase in striatal extracellular DA. Bars indicate mean ± SEM DA content 

of the sample collected during 20-min perfusion with the indicated concentration of PS, 

expressed as percentage of DA content of baseline samples. Statistical analysis revealed a 

significant main effect of treatment [F(7,69) = 6.789; p < 0.0001]. * Denotes significant 

differences from baseline values (Bonferroni, p < 0.003). Number of animals is given in 

parentheses.  

 

Figure 3. The PS-induced DA increase is inhibited by D-AP5. Bars indicate mean DA 

content of dialysate collected while perfusing PS and/or D-AP5 through the dialysis 

probe for 20 min, expressed as percentage of baseline. There was a significant main 

effect on extracellular DA levels [F(3,25) = 9.948; p < 0.0002]. * Denotes significant 
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differences from baseline values (Bonferroni, p < 0.05). # Denotes significant difference 

from 50 nM PS (Bonferroni, p < 0.002). Number of animals per group is given in 

parentheses.  

 

Figure 4. PS metabolites do not increase extracellular DA. Statistical analysis revealed no 

significant differences in DA recovery compared with control (F(8,33) = 1.075; p < 

0.404). Data are mean ± SEM DA content of dialysate collected during 20 min perfusion 

with the indicated compound, expressed as percentage of baseline. Number of animals 

per group is given in parentheses. 

 

Figure 5. PHS increases extracellular DA. A, time course showing effect of PHS (50 nM) 

on DA levels. Number of animals is 6 per group. Horizontal bar indicates period of PHS 

infusion. B, concentration dependence of PHS induced increase in extracellular DA. PHS 

perfusion resulted in a significant increase in dopamine recovery [F(4, 25) = 3.369; p < 

0.025]. * Denotes significant differences from baseline values (Bonferroni, p < 0.05). 

Data are mean ± SEM DA content of dialysate collected during infusion of PHS (20 

min), presented as percentages of baseline values.  

 

Figure 6. DA overflow is unaffected by σ receptor ligands. PS and/or BD 1063 or SKF 

10,047 was perfused through the dialysis probe. Bars indicate mean ± SEM DA content 

of the sample collected while perfusing 50 nM PS and/or 30 µM BD 1063 or 100 µM 

SKF 10,047 through the dialysis probe for 20 min, expressed as percentage of baseline. 

Statistical analysis revealed a significant main effect of drug treatment [F(4,28) = 3.934, 

p < 0.011]. Post-hoc analyses revealed a significant increase in DA levels following PS 
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and PS + BD 1063, indicating that BD 1063 does not block the PS-induced increase in 

DA overflow. SKF 10,047 administration into the striatum through the dialysis probe did 

not significantly affect extracellular DA levels compared with control. * Denotes 

significant differences from baseline values (Bonferroni, p < 0.03). Number of animals is 

6-8 per group. 

 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on September 4, 2008 as DOI: 10.1124/jpet.108.143958

 at A
SPE

T
 Journals on M

ay 23, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on September 4, 2008 as DOI: 10.1124/jpet.108.143958

 at A
SPE

T
 Journals on M

ay 23, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on September 4, 2008 as DOI: 10.1124/jpet.108.143958

 at A
SPE

T
 Journals on M

ay 23, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on September 4, 2008 as DOI: 10.1124/jpet.108.143958

 at A
SPE

T
 Journals on M

ay 23, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on September 4, 2008 as DOI: 10.1124/jpet.108.143958

 at A
SPE

T
 Journals on M

ay 23, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on September 4, 2008 as DOI: 10.1124/jpet.108.143958

 at A
SPE

T
 Journals on M

ay 23, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on September 4, 2008 as DOI: 10.1124/jpet.108.143958

 at A
SPE

T
 Journals on M

ay 23, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/

