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    Abstract

Mapping inducible transcription factors has shown that the Edinger-Westphal nucleus is preferentially sensitive to alcohol intoxication. Herein, we characterize the pharmacological and signal transduction mechanisms related to alcohol-induced c-Fos expression in Edinger-Westphal neurons. Using immunohistochemistry, we show that pretreatment with γ-aminobutyric acid (GABA)-ergic antagonists (4 mg/kg bicuculline and 45 mg/kg pentylenetetrazole) attenuates induction of c-Fos expression by alcohol (2.4 g/kg, intraperitoneal). In addition, 10 mg/kg 2-(2,3-dihydro-2-methoxy-1,4-benzodioxin-2-yl)4,5-dihydro-1H-imidazole (RX 821002), an α2A/D-adrenoceptor antagonist, and 20 mg/kg haloperidol, a dopamine antagonist, also block alcohol-induced c-Fos expression in Edinger-Westphal neurons. No effects were seen in alcohol-induced c-Fos after the pretreatment of 20 mg/kg propranolol (β-adrenoceptor antagonist), 10 mg/kg 2-(2-(4-(2-methoxyphenyl)piperazin-1-yl) ethy)-4,4-dimethyl-1,3-(2H,4H)-isoquinolindione dihydrochloride (ARC 239) (α2B/C-adrenoceptor antagonist), or 30 mg/kg naltrexone (opioid antagonist). Although positive modulators for the GABAA receptor (20 mg/kg 3α-hydroxy-5α-pregnan-20-one and 10–30 mg/kg chlordiazepoxide) and opioid receptor (10 mg/kg morphine) produced significant elevations, agonists for α2-adrenoceptors (clonidine) and dopamine receptors (apomorphine) had no effect on Edinger-Westphal c-Fos expression. These findings suggest that alcohol-induced c-Fos expression in Edinger-Westphal results from direct interactions with GABAA receptors, which are modified by α2A/D-adrenoceptors and dopamine receptors. Also using immunohistochemistry to identify potential intracellular mechanisms associated with alcohol-induced c-Fos expression in Edinger-Westphal, we show time-dependent increases in serine 727 phospho-signal transducer and activator of transcription 3 (Stat3) but no changes in phospho-cAMP response element-binding protein and phospho-Elk1. Time-dependent increases in phospho-extracellular signal-regulated kinase (ERK) 1/2 were found to occur simultaneously with increases in serine 727 phospho-Stat3. Finally, blockade of ERK 1/2 phosphorylation with the mitogen-activated protein kinase (MEK) 1/2 inhibitor SL327 blocked alcohol-induced c-Fos expression, suggesting that alcohol induces c-Fos in Edinger-Westphal neurons through activation of the MEK1/2-ERK1/2-Stat3 pathway.


Alcoholism is characterized by pathological patterns of alcohol use, which are thought to involve unique subsets of neural systems. The identification and characterization of neural targets is important to the understanding and the development of treatments. Mapping of inducible transcription factors (ITFs) encoded by immediate early genes in animals provides a valuable tool for identifying targets during alcohol intoxication (Herdegen and Leah, 1998). ITFs from the Fos family are commonly used in mapping studies due to their low basal expression and increases after drug treatment, which are thought to result from increased neuronal activity (Morgan et al., 1987).
ITF brain mapping after involuntary alcohol administration has identified several brain regions showing c-Fos elevations (Chang et al., 1995; Thiele et al., 1996). Interestingly, we have shown a much different pattern of expression after voluntary alcohol drinking in mice (Bachtell et al., 1999). Specifically, c-Fos induction was not observed in brain regions showing strong reactivity to alcohol injections, including the lateral portion of the central nucleus of amygdala, bed nucleus of the stria terminalis, paraventricular nucleus of the thalamus, and paraventricular nucleus of the hypothalamus. Importantly, the Edinger-Westphal nucleus (EW) showed comparable levels after both voluntary and involuntary administrations. These results agree with other reports demonstrating EW's involvement in alcohol self-administration (Topple et al., 1998; Weitemier et al., 2001).
The EW has received limited attention in alcohol research because of its association with oculomotor functions. However, mounting evidence suggests that the EW is involved in other functions, including temperature regulation, nociception, and anxiety (Loewy et al., 1978;Innis and Aghajanian, 1986; Smith et al., 1998; Weninger et al., 1999). Moreover, the EW is the main brain source of the neuropeptide urocortin, the alternative and strongest ligand of corticotropin-releasing factor receptors (Vaughan et al., 1995). Our recent studies using inbred strains suggest that urocortin-containing neurons of EW are involved in regulation of alcohol-induced hypothermia and alcohol consumption in mice (Bachtell et al., 2002). Therefore, it is essential to characterize the mechanisms of alcohol-induced c-Fos expression in EW neurons. To this aim, we sought to characterize the pharmacological and signal transduction nature of alcohol-induced c-Fos expression in the EW.
The presence of postsynaptic α2-adrenoceptors in EW seems to play a large role in the pupillary dilation response (i.e., mydriasis) (Heal et al., 1995). In addition, pharmacological studies using benzodiazepines suggest the involvement of GABAA receptors in activating EW neurons (Cutrera et al., 1993; Skelton et al., 2000). Other evidence shows that microinjections of opioid agonists (e.g., morphine and fentanyl) into the EW produce behavioral effects without significantly modulating mydriasis (Kamenetsky et al., 1997). Thus, the opioid system may play a role in nonmydriatic behaviors stemming from EW neurons. In addition to these receptor systems, tyrosine hydroxylase-containing projections stemming from the highly dopaminergic ventral tegmental area suggest that the dopaminergic system may also play a role. Therefore, these four transmitter systems were tested for their involvement in alcohol-induced c-Fos expression in EW neurons.
The second part of this study analyzing the signal transduction mechanisms in the EW was based on previous reports showing that alcohol administration elevates expression of c-Fos, but does not elevate expression of ITF Egr1 (also known as NGFI-A, Zif268, and Krox-24) in EW (Bachtell et al., 1999; Bachtell and Ryabinin, 2001). The promoter regions of c-fos and egr1 genes contain several common regulatory elements, including the serum response element (SRE) and the calcium/cAMP response element (Ca/CRE). On the other hand, the c-fos promoter contains the c-Sis inducible element (SIE), whereas the egr1 promoter does not (Herdegen and Leah, 1998). We hypothesized, therefore, that alcohol induces c-Fos mainly via an element that is unique to the c-Fos promoter. To address this hypothesis we used immunohistochemistry to analyze the signal transduction machinery not only acting through the SRE and Ca/CRE pathway (the CREB and Elk1 transcription factors), but also acting through the SIE mechanism (the STAT proteins).

Materials and Methods




Animals.

Male C57BL/6J mice purchased from Jackson Laboratories (Bar Harbor, ME) were placed four per cage for a minimum of 1 week. All animals were 7 to 9 weeks of age at the beginning of the experimental procedure. Although other strains were considered, C57BL/6J mice were selected for this analysis because of the well characterized ITF expression in our previous experiments in the EW nucleus (Bachtell et al., 2002). Animals were maintained on a 12-h light/dark cycle with lights on beginning at 6:00 AM. Water and food were available ad libitum throughout the experiment in the home cage. All animal procedures were in accordance with National Institutes of Health guidelines.



General Procedures.

All animals were habituated to handling and injections on the 4 days before the drug treatment day. Our preliminary experiments have shown this procedure to be satisfactory in reducing basal c-Fos expression to minimal levels. During the habituation procedures, animals were exposed to two injections. All injections in all experiments were intraperitoneal. The second injection was made contralateral to the first injection. On the test day, animals were injected with the pretreatment drug and placed back into the home cage. Animals were injected again at precise intervals (depending on the drug properties), on the contralateral side, with the second injection (see specific experiments). Animals were then placed back into the home cage. Animals were sacrificed 100 min after the second injection by CO2 inhalation. Animals were not perfused, however, brains were postfixed in 2% paraformaldehyde in phosphate-buffered saline (PBS) after removal. Brains were then immersed in 20% sucrose in PBS containing 0.1% NaN3 for 24 h followed by two 24-h incubations in 30% sucrose in PBS containing 0.1% NaN3.



Immunohistochemistry.

Immunohistochemistry was used because of the small size of EW and the difficulty in isolating it for Western blot analyses. All immunohistochemistry was performed according to previously published protocols (Bachtell et al., 1999), unless otherwise noted. Briefly, frozen brains were sectioned into 40-μm slices on a CM1850 cryostat (Leica Microsystems, Inc., Deerfield, IL). Blocking was performed with 4% goat serum. All primary antibodies were raised in rabbit, whereas the secondary antibodies were raised in goat (see specific experiments for antibody details). The immunoreaction was detected with Vectastain ABC kit (Vector Laboratories, Burlingame, CA), and enzymatic development was performed with the Metal Enhanced DAB kit (Pierce Chemical, Rockford, IL).



Data Analysis.

Cell counting was performed using a quantitative image analysis system as reported previously (Bachtell et al., 1999). Two slices containing EW were selected from each animal at approximately −3.00 to −3.40 from bregma as described by Franklin and Paxinos (1997). Our preliminary experiments have determined that sections between −3.00 and −3.40 from bregma produce the most consistent results with c-Fos immunohistochemistry. To control for variability in 3,3-diaminobenzidine tetrachloride intensity, all statistical analyses were performed on sections processed simultaneously. Data from the two sections were averaged and used as a single data point for statistical analysis using an analysis of variance. Significant main and interactive effects were further analyzed with appropriate post hoc tests.



Experiment 1: Tests of GABA-ergic Involvement.

The involvement of the GABA-ergic system in alcohol-induced c-Fos expression was first tested by pretreating animals (n = 4–6/group) with saline, the GABAA antagonist (−)-bicuculline (Sigma-Aldrich, St. Louis, MO), or the negative modulator of GABAA pentylenetetrazole (PTZ; Sigma-Aldrich) dissolved in saline. Ten minutes after the pretreatment, animals were injected with either saline or 2.4 g/kg alcohol (20% v/v in 0.9% saline). This dose of alcohol was previously shown to produce maximal c-Fos expression in EW neurons (Bachtell et al., 2002). Two positive modulators at the GABAA site, 3α-hydroxy-5α-pregnan-20-one (3α5α-P, gift from Dr. Deborah Finn, Oregon Health and Science University, Portland, OR) and chlordiazepoxide (CDP, gift from Dr. Robert Hitzemann, Oregon Health and Science University) were dissolved in 2-hydroxypropyl-β-cyclodextrin and saline, respectively, and were tested for their ability to induce c-Fos expression in the EW. A pretreatment of saline was administered 10 min before a vehicle, 3α5α-P, or CDP injection (n = 4–6/group). A group of animals (n = 4) injected with 2.4 g/kg alcohol was also treated simultaneously to allow comparison of the GABAA effects with those produced by alcohol. In all cases, animals were sacrificed 100 min after the second injection and were analyzed for c-Fos (1:10,000 dilution; Santa Cruz Biotechnology, Santa Cruz, CA) using the protocol described above.

Experiment 2: Tests of Opioid Involvement. The involvement of the opioid system was first tested with the pretreatment of saline or the opioid antagonist naltrexone (Sigma-Aldrich). Naltrexone was dissolved in saline and was administered 10 min before 2.4 g/kg alcohol (n = 4–8/group). The effects of morphine on c-Fos expression in EW were also tested. Morphine sulfate (Sigma-Aldrich) was dissolved in saline and was administered 10 min after a saline or naltrexone injection (n = 4–6/group). A group of animals (n = 4) given a saline pretreatment and 2.4 g/kg alcohol was also included to allow comparison of the morphine's effects with those produced by alcohol. Animals were sacrificed 100 min after the second injection and analyzed for c-Fos immunohistochemistry as described above.

Experiment 3: Tests of Noradrenergic Involvement. The involvement of the noradrenergic system in alcohol-induced c-Fos expression in the EW was first tested with the pretreatment of either saline or nonselective antagonists for either the α- or the β-adrenoceptor. These included yohimbine (Tocris Cookson) and propranolol (Tocris Cookson), respectively, which were dissolved in saline. Ten minutes after the pretreatment of these compounds, animals (n = 4–8/group) were injected with either saline or 2.4 g/kg alcohol (20% v/v in 0.9% saline). These experiments were followed up by tests of selective α-adrenoceptor antagonists on alcohol-induced c-Fos expression. Thereby, 10 min before a 2.4-g/kg alcohol injection, pretreatments of saline vehicle, ARC 239 (α2B/C-selective; Tocris Cookson), or RX 821002 (α2A/D-selective; Tocris Cookson) were administered (Trendelenburg et al., 1996; Callado and Stamford, 1999). To identify the involvement of the noradrenergic system in CDP-induced and morphine-induced EW c-Fos expression, these compounds were administered after yohimbine and RX 821002 (n = 4/group), respectively. In addition to antagonists of the noradrenergic system, two α-adrenoceptor agonists were administered. The α2-adrenoceptor agonist clonidine (Tocris Cookson) and the α1-adrenoceptor agonist cirazoline (Tocris Cookson) were administered to separate groups of animals (n = 4/group) after a saline pretreatment. Both compounds were dissolved in saline. In all cases, animals were sacrificed 100 min after the second injection and analyzed for c-Fos immunohistochemistry as described above.

Experiment 4: Morphological Characterization of Tyrosine Hydroxylase-Containing Neurons in the Edinger-Westphal Nucleus.Tyrosine hydroxylase (TH) is a biosynthetic precursor of both dopamine and noradrenaline. Its use herein was to morphologically characterize the noradrenaline-containing projections to EW neurons that contribute to the adrenergic effects on alcohol-induced c-Fos. A separate group of animals (n = 4) was sacrificed and tyrosine-hydroxylase (1:1000; Chemicon International, Temecula, CA) was identified using immunohistochemistry protocols as described above.

Experiment 5: Tests of Dopaminergic Involvement. The involvement of the dopaminergic system in alcohol-induced c-Fos expression in the EW was tested first with the pretreatment of the dopamine antagonist haloperidol (Sigma-Aldrich), or DMSO vehicle. Twenty minutes after the pretreatment with haloperidol or DMSO, 2.4 g/kg alcohol was administered (n = 5/group). In addition to the antagonist, the agonist apomorphine (gift from Dr. Charles Meshul, Oregon Health and Science University), was administered after a pretreatment of saline (n = 5/group).

Experiment 6: Identification of the Signal Transduction Cascades. The following sequence of experiments was performed in animals that were habituated to saline injections (n = 4–8/group). On the final day, animals were injected with either saline or 2.4 g/kg alcohol. Unlike the previous experiments, animals were sacrificed by cervical dislocation at the following time points after the injection: 5, 15, or 30 min. Due to the use of antibodies detecting phosphorylated proteins, 1 mM NaF was added to all buffers and 0.1 mM NaF was added to all incubation solutions. With this exception, all immunohistochemical steps were identical to that presented above. Final dilutions of the primary antibodies were determined through preliminary experiments. We first tested antibodies detecting the primary substrate of SRE phospho-(Ser 383)-Elk1 (1:100; Cell Signaling Technology, Beverly, MA). We next targeted substrates of Ca/CRE, including CREB (1:500) and phospho-CREB (1:500; Cell Signaling Technology). Finally, we tested substrates acting on SIE. These included phospho-(Tyr701)-Stat1 (1:250), Stat3 (1:500), phospho-(Tyr705)-Stat3 (1:250), and phospho-(Ser727)-Stat3 (1:300). All were purchased from Cell Signaling Technology. Targeted upstream regulators of many of these substrates were also detected including phospho-p90 RSK (1:500) and phospho-ERK 1/2 (1:500), which were also purchased from Cell Signaling Technology. A number of other antibodies were tested but were excluded from this report due to lack of antibody detection specificity.



Experiment 7: Tests of MEK 1/2 Inhibition.

Inhibition of MEK 1/2 activity was accomplished with the MEK 1/2 inhibitor SL327 (gift from Dr. James Trzaskos; DuPont Pharmaceuticals, Wilmington, DE), which has the primary advantage of being active via systemic injections (Selcher et al., 1999). SL327 was dissolved in DMSO and pretreated to animals 40 min before a saline or 2.4 g/kg alcohol injection (n = 5/group). Animals were sacrificed 100 min after the second injection, and immunohistochemistry was performed for c-Fos as described above.





Results




Experiment 1: GABA-ergic Involvement in Alcohol-Induced c-Fos Expression in EW Neurons.

Administration of GABA-ergic antagonists produced significant changes in alcohol-induced c-Fos expression in the EW (Fig. 1, C and D). Specifically, pretreatment with 4 mg/kg bicuculline significantly attenuated alcohol-induced c-Fos expression [F(1,19) = 100.31,p < 0.001]. Like bicuculline, pretreatment with 45 mg/kg PTZ significantly attenuated alcohol-induced c-Fos expression [F(1,20) = 28.76, p < 0.001]. These doses of bicuculline and PTZ approach doses known to produce seizures (Johansson et al., 1996); however, we observed no convulsive effects in our study. Administration of the positive modulator of the GABAA receptor also produced significant effects. The neurosteroid 3α5α-P produced a dose-dependent increase in EW c-Fos expression (Fig. 2A). In particular, 10 mg/kg 3α5α-P produced a modest, statistically insignificant increase in c-Fos expression, whereas the 20 mg/kg 3α5α-P showed a significant increase in EW c-Fos expression. This dose of 3α5α-P in mice is expected to produce a similar locomotor response to 2.4 g/kg ethanol (Palmer et al., 2002). Therefore, higher doses of 3α5α-P were not included. The benzodiazepine CDP showed a uniform, but significant, increase in c-Fos expression across all administered doses (Fig. 2B). These elevations in c-Fos expression after both GABA-ergic agonists are significantly below that shown after alcohol administration (Fig. 2).
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Figure 1 
Expression of c-Fos after saline/saline (A), saline/2.4 g/kg alcohol (B), 4 mg/kg bicuculline/2.4 g/kg alcohol (C), 45 mg/kg pentylenetetrazole/2.4 g/kg alcohol (D), 10 mg/kg ARC239/2.4 g/kg alcohol (E), 10 mg/kg RX 821002/2.4 g/kg alcohol (F), and c-Fos expression data from GABAA antagonist pretreatment of bicuculline and PTZ (G). Quantification of E and F are shown in Fig. 4. Note the robust elevation in c-Fos expression after alcohol administration alone (B) and significant alterations produced by pretreatment of 4 mg/kg bicuculline (C), 45 mg/kg pentylenetetrazole (D), and 10 mg/kg RX 821002 (F). No changes were seen in animals pretreated with 10 mg/kg ARC 239 (E). ★, significant post hoc difference from saline (p < 0.05); ★★, significant post hoc difference from saline (p < 0.01); ★★★, significant post hoc difference from all groups (p < 0.001).
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Figure 2 
Expression of c-Fos after the administration of positive modulators of the GABAA receptor. A, 3α5α-P produced significant increases in c-Fos expression after the 20-mg/kg dose but not the 10-mg/kg dose [F(3,16) = 12.764,p < 0.001]. This increase, however, was significantly below elevations produced by 2.4 g/kg alcohol. B, similarly, chlordiazepoxide produced significant increases in EW c-Fos expression [F(4,20) = 32.66, p< 0.001] that were significantly less than that produced by 2.4 g/kg alcohol. ★★, significant post hoc difference from saline (p < 0.01); ★★★, significant post hoc difference from all groups (p < 0.001).







Experiment 2: Opioid Involvement in Alcohol-Induced c-Fos Expression in EW Neurons.

Pretreatment with 30 mg/kg naltrexone before 2.4 g/kg alcohol had no effect on alcohol-induced c-Fos expression (Fig. 3). When morphine was administered at 10 and 100 mg/kg, however, a significant increase in EW c-Fos was detected (Fig. 3). As was evident with the positive modulators of the GABAA complex, morphine-induced c-Fos expression was significantly below c-Fos levels observed after 2.4 g/kg alcohol. Although 30 mg/kg naltrexone did not affect alcohol-induced c-Fos expression in the EW, 30 mg/kg naltrexone significantly blocked both the 10- and 100-mg/kg doses of morphine (Fig. 3).
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Figure 3 
Expression of c-Fos after administration of morphine and alcohol after the pretreatment of saline or 30 mg/kg naltrexone. Morphine administered alone produced significant elevations of EW c-Fos, whereas this was effectively blocked with the pretreatment of naltrexone [F(2,18) = 3.84, p< 0.05]. Morphine-induced c-Fos expression in EW was significantly below c-Fos expression levels after 2.4 g/kg alcohol and was not affected by pretreatment of naltrexone. ★★, significant post hoc difference from saline and naltrexone pretreated (p< 0.01); ★★★, significant post hoc difference from all morphine and saline groups (p < 0.001).







Experiment 3: Noradrenergic Involvement in Alcohol-Induced c-Fos Expression in EW Neurons.

The nonselective α2-adrenergic antagonist yohimbine produced a dose-dependent blockade of alcohol-induced c-Fos expression (Fig.4). Alcohol-induced c-Fos remained elevated when 20 mg/kg propranolol, a nonselective β-adrenergic antagonist, was administered before alcohol (Fig. 4). Although only one dose of propranolol was administered, sedative effects were observed, indicating behavioral activity of the drug. To further characterize the α2-adrenergic antagonist effects, two compounds were used to elucidate α2-adrenoceptor subtype-specific mechanisms of alcohol-induced c-Fos expression in EW (Fig. 1, E and F). First, 10 mg/kg ARC 239, a α2B/C-selective antagonist, showed no statistically significant changes in alcohol-induced c-Fos expression (Fig. 4). Behaviorally, this dose of ARC 239 was extremely sedative. Second, we used 5 and 10 mg/kg RX 821002, which has been shown to be a α2A/D-selective antagonist (Trendelenburg et al., 1996). When administered before alcohol, RX 821002 dose dependently diminished alcohol-induced c-Fos expression in EW neurons (Fig. 4).

[image: Figure 4]
[image: Figure 4]


	Download figure
	Open in new tab
	Download powerpoint


Figure 4 
Alcohol-induced expression of c-Fos in EW after the pretreatment of adrenoceptors antagonists. A, yohimbine significantly blocked alcohol-induced c-Fos expression in EW neurons [F(2,26) = 11.6, p < 0.001]. B, propranolol had no significant effect on alcohol-induced c-Fos expression (F < 1.0). C, ARC 239 had no significant effect on alcohol-induced c-Fos expression (F < 1.0). D, RX 821002 significantly blocked alcohol-induced c-Fos expression in EW neurons [F(2,24) = 20.99, p < 0.001]. ★★★, significant post hoc difference from all groups (p < 0.001).





To further characterize the pharmacological mechanisms associated with c-Fos expression in EW neurons, we evaluated the effects of the noradrenergic system on CDP-induced and morphine-induced c-Fos expression in the EW (Fig. 5). This was tested by pretreating a group of animals with 5 mg/kg yohimbine and subsequently injecting them with 20 mg/kg CDP. This resulted in a significant decrease in CDP-induced c-Fos in EW neurons, suggesting an adrenergic mechanism in GABA-induced c-Fos expression. We also tested the ability of 10 mg/kg RX 821002 to disrupt EW c-Fos expression, resulting from administration of 10 mg/kg morphine. Indeed, the α2-adrenoceptor antagonist RX 821002 significantly blocked morphine-induced c-Fos expression, also suggesting a noradrenergic mechanism with morphine-induced c-Fos expression in EW neurons (Fig. 5).
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Figure 5 
Expression of c-Fos in EW after administration with chlordiazepoxide and morphine is modulated by α2-adrenoceptors. A, chlordiazepoxide-induced c-Fos expression is significantly blocked by pretreatment with 5 mg/kg yohimbine [F(1,12) = 7.11, p< 0.05]. B, morphine-induced c-Fos expression is significantly blocked by pretreatment with 10 mg/kg RX 821002 [F(1,12) = 96.542, p < 0.001]. ★★, significant post hoc difference from all groups (p < 0.01).





Administration of adrenergic agonists produced no effects on c-Fos expression in EW neurons (data not shown). Specifically, 0.1 and 0.5 mg/kg of the nonselective α2-adrenergic agonist clonidine produced no changes in c-Fos expression. Interestingly, these same doses are capable of producing mydriatic changes in mice, which is thought to involve EW activity (Heal et al., 1989). Furthermore, the nonselective α1-adrenergic agonist cirazoline also showed no alterations in c-Fos expression at 0.5 and 1.0 mg/kg.



Experiment 4: Morphological Characterization of Tyrosine Hydroxylase-Containing Neurons in the Edinger-Westphal Nucleus.

Using tyrosine hydroxylase, the biosynthetic precursor of both dopamine and noradrenaline, it was found that TH-containing neurons project to EW (Fig. 6). Although these projections most likely represent the ventral noradrenergic bundle, which sends ascending noradrenergic fibers from the A7 brainstem nuclei to midbrain and forebrain structures, it is also possible for antibodies to TH to detect dopaminergic fibers. Moreover, the observed projections were seemingly stemming from the highly dopaminergic region of the ventral tegmental area (VTA). Therefore, we sought to investigate the influence of dopaminergic compounds on c-Fos expression in EW.
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Figure 6 
Immunohistochemical staining for tyrosine hydroxylase in the Edinger-Westphal nucleus. Lower magnification (left) shows TH-positive fibers extending to EW from the ventral tegmental area. Higher magnification (right) shows presence of few TH-positive cells within EW.







Experiment 5: Dopaminergic Involvement in Alcohol-Induced c-Fos Expression in EW Neurons.

Pretreatment with 0.5 mg/kg of the dopamine antagonist haloperidol before alcohol administration resulted in a complete blockade of alcohol-induced c-Fos expression (Fig.7). Administration of both 1 and 10 mg/kg apomorphine resulted in no significant elevation in c-Fos expression (data not shown).
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Figure 7 
Haloperidol significantly blocks alcohol-induced c-Fos expression in the Edinger-Westphal nucleus [F(1,16) = 64.4, p < 0.001]. ★★★, significant post hoc difference from all groups (p < 0.001).







Experiment 6: Signal Transduction Cascades after Acute Alcohol Administration.

Overall, relatively few changes were observed in the targeted upstream modulators of the c-Fos promotor at 5, 15, or 30 min after alcohol injection (Fig. 8). In particular, no changes were observed in phospho-CREB in EW neurons, suggesting that the pathway targeting the Ca/CREB element is not involved in alcohol-induced c-Fos expression in the EW. Changes in phospho-CREB were observed in the paraventricular nucleus of hypothalamus. EW neurons were also absent of changes in phospho-Elk1 levels, which is one of the primary regulators of the SRE site, thus lending support to the hypothesis that the SRE is not involved in alcohol-induced c-Fos expression. Interestingly, however, alcohol produced significant elevations in serine 727-phosphorylated Stat3 in the nuclei of EW neurons at the 15-min time point (Fig.9). Tyrosine 705-phosphorylated Stat3, however, was not elevated at any time points after alcohol or saline treatment. EW neurons did not show any changes in other tested members of the Stat family, suggesting specificity for Stat3, with preferential phosphorylation activity at the serine 727. In addition to the changes in serine 727-phosphorylated Stat3, we observed changes in the upstream regulator of many substrates, phospho-ERK1/2. Specifically, significantly higher levels of phospho-ERK 1/2 were observed in EW neurons in animals receiving alcohol (Fig. 9). As with the elevations noted with phospho-Stat3, these changes were apparent at 15-min postinjection. No changes in other upstream regulators, including p90RSK, phospho-Stat1, and phospho-MAPK 38 were observed (data not shown).
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Figure 8 
Administration of 2.4 g/kg alcohol produced robust expression of phosphorylated Elk1 in the cingulate cortex (A) at 15 min postinjection. Relatively low levels of expression, however, were observed in Edinger-Westphal neurons at this same time point after 2.4 g/kg alcohol (B). Likewise, robust levels of phosphorylated CREB were detected in the paraventricular nucleus of the hypothalamus (C) 15 min after 2.4 g/kg alcohol, whereas no changes were detected in Edinger-Westphal neurons (D).
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Figure 9 
Significant changes were observed in the expression of serine 727-phosphorylated Stat3 at 15 min postinjection [F(1,27) = 4.6, p < 0.05, A] in Edinger-Westphal neurons. Expression changes between saline (C) and 2.4 g/kg alcohol (D) are shown to the right for the 15-min time point. Importantly, no changes were observed in the tyrosine 705 phosphorylated form of Stat3. Small punctate staining (arrows) was observed in the medial amygdaloid nucleus (E) and other regions; however, the Edinger-Westphal nucleus was absent of staining (F). Significant changes were also observed in the expression of phosphorylated ERK 1/2 15 min postinjection [F(1,20) = 4.6, p < 0.05, B]. These expression changes between saline (G) and 2.4 g/kg alcohol (H) are shown to the right for the 15-min time point. ★★, significant post hoc difference from all groups (p< 0.01); ★★★, significant post hoc difference from all groups (p < 0.001).







Experiment 7: Expression of c-Fos in EW after Pretreatment of the MEK 1/2 Inhibitor SL327.

In an attempt to evaluate the role of the MEK/ERK pathway in alcohol-induced c-Fos in EW neurons, we blocked MEK 1/2 activity pharmacologically with SL327. Administration of SL327 40 min before alcohol or saline treatment showed a dose-dependent blockade of c-Fos expression in EW neurons (Fig.10). Specifically, 50 mg/kg SL327 produced relatively no effect on alcohol-induced c-Fos expression. Pretreatment with 100 mg/kg SL327, however, completely blocked alcohol-induced c-Fos expression in EW neurons, suggesting an MEK/ERK-dependent pathway.
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Figure 10 
Pretreatment with the MEK 1/2 inhibitor SL327 significantly blocked alcohol-induced c-Fos expression [F(2,18) = 19.21, p < 0.001]. ★★★, significant post hoc difference from all groups (p < 0.001).









Discussion

Alcohol-induced elevations in c-Fos in EW neurons result from both voluntary and involuntary alcohol administration. Recent data indicate that both routes of alcohol administration lead to c-Fos expression in cells containing the neuropeptide urocortin, which may function to regulate alcohol-induced hypothermia and alcohol consumption (Bachtell et al., 2002). The findings presented herein suggest that, upon involuntary alcohol exposure, EW neurons are influenced by several neurotransmitter receptors. Specifically, it seems that GABAA receptor activation is necessary and sufficient for increased expression of c-Fos in EW neurons. This suggests that alcohol is acting directly upon GABAA receptors. This is supported by data showing that positive modulators of the GABAAreceptor (e.g., CDP and 3α 5α-P) lead to elevated c-Fos in EW neurons as well as data showing attenuation of alcohol-induced c-Fos upon GABAA antagonist pretreatment. In agreement with our findings are reports showing elevated c-Fos expression and increased urocortin mRNA in EW neurons upon treatment with benzodiazepines (Cutrera et al., 1993; Skelton et al., 2000).

Alcohol actions at GABAA receptors do not, however, seem to be the only transmitter system involved. This is evidenced by the inability of either CDP or 3α5α-P to induce c-Fos expression in EW to levels comparable with that of alcohol alone. Furthermore, complete blockade of alcohol-induced c-Fos expression was observed by pretreatment of α2A/D-adrenoceptor and dopaminergic receptor antagonists. These receptors are therefore necessary for alcohol-induced c-Fos expression. Administration of direct agonists at these sites, however, suggests that these receptors are not sufficient for increased c-Fos expression in EW neurons. Thereby, neither the α2-adrenoceptor agonist clonidine nor the dopaminergic agonist apomorphine produced significant elevations of EW c-Fos. The latter supports our previous data showing no increased EW c-Fos expression after cocaine administration, which is a potent activator of extracellular dopamine (Ryabinin et al., 2000). The dopaminergic effects demonstrated in this report may represent nonspecific effects in that we only note dopaminergic modification with haloperidol, which is thought to have actions at serotonin receptors in addition to dopaminergic D2 receptors (for review, see Millan, 2000). Regardless, it is believed that alcohol is acting directly at GABAA receptors, and this activity is modified by actions at α2A/D and dopaminergic receptors. Support for this claim stems from data in which CDP-induced c-Fos expression in EW is blocked by the nonselective α2-adrenoceptor antagonist yohimbine.

The opioid system is not necessary for alcohol-induced c-Fos as was evidenced by the inability of naltrexone to modulate alcohol-induced c-Fos in the EW. Interestingly, the opioid system does seem sufficient for c-Fos expression in EW neurons in that morphine significantly elevates c-Fos levels. As was shown with CDP- and 3α5α-P-induced c-Fos expression, morphine-induced c-Fos was significantly below that produced by alcohol alone. Furthermore, morphine-induced c-Fos expression may be influenced by α2A/D-receptors in a similar manner to that of alcohol and CDP. This notion is supported by the data presented herein that shows that the α2A/D-antagonist RX 821002 blocks morphine-induced c-Fos expression in EW neurons. This finding is intriguing given data suggesting that morphine and fentanyl are acting directly on EW neurons to produce nociception and catalepsy, but not mydriasis, which is thought to be primarily mediated by postsynaptic α2A/D-receptors in EW (Kamenetsky et al., 1997).

Taken together, it seems that there are several neurotransmitter systems operating to influence the EW upon alcohol intoxication. Furthermore, these data implicate the involvement of other nuclei upstream from the EW nucleus. Although thorough tracing experiments have not been performed to map the upstream targets of the EW upon alcohol exposure, our data suggest that dopaminergic/noradrenergic neurons expressing tyrosine hydroxylase may play an important role in EW neuronal activity. These neurons likely represent noradrenergic projection neurons of the ventral noradrenergic bundle that perhaps stem from the locus coeruleus (Breen et al., 1983).

Support for this notion comes from a report that emphasizes that EW neurons are under the influence of two primary sources of input (Szabadi and Bradshaw, 1996). The first source is a tonic inhibitory input likely stemming from the locus coeruleus (LC). Physiological and pharmacological evidence supports this idea, showing that this pathway releases noradrenaline onto inhibitory postsynaptic α2-adrenoceptors to influence autonomic functions (Koss, 1986). Supporting the notion that the LC is an upstream target of EW is evidence that alcohol decreases noradrenergic activity in the LC (Pohorecky and Brick, 1977). This decrease is reversed by antagonists acting at α2-adrenoceptors (Verbanck et al., 1991). Interestingly, morphine also acts on LC neurons to decrease the activity of noradrenergic neurons (Aghajanian, 1978). In any case, the influence of LC input onto EW neurons demands further study given the pharmacological evidence presented herein.

The second source of input to the EW involves an indirect pathway that is mediated through a non-noradrenergic mechanism. Given the evidence presented herein, it is tempting to assign this non-noradrenergic input to dopamine, perhaps originating in the VTA as the TH-positive projections and pharmacological data purport. This may occur via alcohol's actions in the VTA to increase dopaminergic activity (Bunney et al., 2000). Contradictory to this hypothesis is data showing that agonists for dopamine do not produce c-Fos induction in EW. This is supported by our data showing that cocaine does not induce-c-Fos expression in EW neurons. Therefore, it is extremely likely that another source of input is modulating EW activity.

Physiological as well as morphological data suggest that EW neurons are influenced by an inhibitory input from the hypothalamus (Saper et al., 1976; Koss, 1986; Zheng et al., 1995). Although the transmitter systems targeted herein do not address this notion, the existence of Neuropeptide Y Y5 receptors in the EW gives credence to this hypothesis (Grove et al., 2000). Other evidence suggests that substance P projections from the olivary pretectal nucleus mediate EW activity through NK1 (Klooster et al., 1995, 2000). Therefore, it seems apparent that the receptor systems impacting EW neurons are quite complex and most likely involve a number of interactions occurring through both pre- and postsynaptic actions. Additionally, it is apparent from the results presented herein and previous work that input to the EW is primarily inhibitory, and it is proposed herein that alcohol acts to disinhibit the tonic inhibitory influence through one or more of these upstream targets of the EW.

Aside from the transmitters systems, it is important to consider the downstream actions of the receptors in EW neurons and the type of intracellular events that are initiated through their activation. Interestingly, all of the receptors suspected to modulate alcohol-induced c-Fos expression in EW neurons (including Y5 and NK1 receptors) act to down-regulate adenylate cyclase activity. This alone is suggestive of a unique signal transduction cascade culminating in alcohol-induced c-Fos expression. Further suggesting that a unique cascade may be involved is the observation that c-Fos, but not Egr1 is induced after alcohol administration (Bachtell et al., 1999; Bachtell and Ryabinin, 2001). Indeed, a unique sequence of events was observed in our experiments. Thus, we did not find phospho-CREB to be increased at any of the time points analyzed. This indicates that adenylate cyclase activation of protein kinase A, and subsequent phosphorylation of CREB are not involved with alcohol-induced c-Fos expression in EW neurons. Thereby, we do not believe that the Ca/CRE site is responsible for alcohol-induced c-Fos expression in EW neurons. We also detected that the Elk1 phosphorylation was not up-regulated at any of the time points, suggesting that SRE actions are not responsible for alcohol-induced c-Fos expression.

Rather, we observed that serine 727-phosphorylated, but not tyrosine 705-phosphorylated Stat3 was enhanced after alcohol administration. This enhancement occurred at a similar time point to the alcohol-induced elevations in phosphorylation of ERK 1/2. The similar time course in elevations suggests that these are not causally related; however, more precise time intervals need to be analyzed to make definite conclusions on the relationship of these two proteins. It does seem, however, that ERK 1/2 phosphorylation is necessary for alcohol-induced c-Fos induction in the EW. This is evidenced by significant blockade of alcohol-induced c-Fos expression when the MEK 1/2 inhibitor SL327 was administered before alcohol. Taken together, the data implicate the activation of an MEK 1/2-ERK 1/2 pathway that may phosphorylate Stat3 upon alcohol exposure, which culminates in c-Fos expression. Interestingly, a similar pathway has been observed in tissue culture experiments where it was shown that MEK 1/2 phosphorylation of ERK 1/2 occurs simultaneously with serine 727 phosphorylation, but not tyrosine 705 phosphorylation, of Stat3 (Ceresa et al., 1997).

Taken together, these findings provide important information for the development of research tools enabling the functional significance of alcohol-induced c-Fos expression in EW neurons to be revealed. Specifically, the data gathered in this report provide a first glance at the neurochemical mechanisms affected by alcohol in EW neurons and lend suggestions on how to directly manipulate it. Direct manipulation combined with behavioral analyses of alcohol sensitivity measures (e.g., alcohol-induced hypothermia and loss of righting reflex) and addiction models (e.g., alcohol drinking and conditioned place preference) will allow the determination of the role of EW during alcohol intoxication.


Footnotes
	
This work was supported by National Institute on Alcohol Abuse and Alcoholism Grants AA-13223 and AA-10760 and an N. L. Tartar Trust Fellowship.


	
DOI: 10.1124/jpet.102.036046


	Abbreviations:	ITF
	inducible transcription factor
	EW
	Edinger-Westphal nucleus
	GABA
	γ-aminobutyric acid
	SRE
	serum response element
	Ca/CRE
	calcium/cAMP response element
	SIE
	c-Sis inducible element
	Stat
	signal transducer and activator of transcription
	PBS
	phosphate-buffered saline
	PTZ
	pentylenetetrazole
	3α5α-P
	3α-hydroxy-5α-pregnan-20-one
	CDP
	chlordiazepoxide
	TH
	tyrosine hydroxylase
	DMSO
	dimethyl sulfoxide
	ERK
	extracellular signal-regulated kinase
	MEK
	mitogen-activated protein kinase
	VTA
	ventral tegmental area
	CREB
	cAMP response element-binding protein
	LC
	locus coeruleus
	RX 821002
	2-(2,3-dihydro-2-methoxy-1,4-benzodioxin-2-yl)-4,5-dihydro-1H-imidazole
	ARC 239
	2-(2-(4-(2-methoxyphenyl)piperazin-1-yl)ethyl)-4,4-dimethyl-1,3-(2H,4H)-isoquinolindione dihydrochloride


		Received March         8, 2002.
	Accepted April         16, 2002.




	The American Society for Pharmacology and Experimental Therapeutics

References
	↵
	Aghajanian  GK

 (1978) Tolerance of locus coeruleus neurones to morphine and suppression of withdrawal response by clonidine. Nature (Lond) 276:186–188.
OpenUrlCrossRefPubMed



	↵
	Bachtell  RK, 
	Ryabinin  AE

 (2001) Interactive effects of nicotine and alcohol co-administration on expression of inducible transcription factors in mouse brain. Neuroscience 103:941–954.
OpenUrlCrossRefPubMed



	↵




	↵	Bachtell  RK, 
	Wang  YM, 
	Freeman  P, 
	Risinger  FO, 
	Ryabinin  AE

 (1999) Alcohol drinking produces brain region-selective changes in expression of inducible transcription factors. Brain Res 847:157–165.
OpenUrlCrossRefPubMed



	↵
	Breen  LA, 
	Burde  RM, 
	Loewy  AD

 (1983) Brainstem connections to the Edinger-Westphal nucleus of the cat: a retrograde tracer study. Brain Res 261:303–306.
OpenUrlCrossRefPubMed



	↵
	Bunney  EB, 
	Appel  SB, 
	Brodie  MS

 (2000) Cocaine potentiates ethanol-induced excitation of dopaminergic reward neurons in the ventral tegmental area. J Pharmacol Exp Ther 293:383–389.
OpenUrlAbstract/FREE Full Text



	↵
	Callado  LF, 
	Stamford  JA

 (1999) α2A- but not α2B/C-adrenoceptors modulate noradrenaline release in rat locus coeruleus: voltametric data. Eur J Pharmacol 366:35–39.
OpenUrlCrossRefPubMed



	↵
	Ceresa  BP, 
	Horvath  CM, 
	Pessin  JE

 (1997) Signal transducer and activator of transcription-3 serine phosphorylation by insulin is mediated by a Ras/Raf/MEK-dependent pathway. Endocrinology 138:4131–4137.
OpenUrlCrossRefPubMed



	↵
	Chang  SL, 
	Patel  NA, 
	Romero  AA

 (1995) Activation and desensitization of Fos immunoreactivity in the rat brain following ethanol administration. Brain Res 679:89–98.
OpenUrlCrossRefPubMed



	↵
	Cutrera  RA, 
	Kalsbeek  A, 
	Pevet  P

 (1993) No triazolam-induced expression of Fos protein in raphe nuclei of the male Syrian hamster. Brain Res 602:14–20.
OpenUrlCrossRefPubMed



	↵
	Franklin  KBJ, 
	Paxinos  G

 (1997) The Mouse Brain in Stereotaxic Coordinates (Academic Press, San Diego).




	↵
	Grove  KL, 
	Campbell  RE, 
	Ffrench-Mullen  JM, 
	Cowley  MA, 
	Smith  MS

 (2000) Neuropeptide Y Y5 receptor protein in the cortical/limbic system and brainstem of the rat: expression on γ-aminobutyric acid and corticotropin-releasing hormone neurons. Neuroscience 100:731–740.
OpenUrlCrossRefPubMed



	↵
	Heal  DJ, 
	Prow  MR, 
	Buckett  WR

 (1989) Clonidine-induced hypoactivity and mydriasis in mice are respectively mediated via pre- and postsynaptic α2-adrenoceptors in the brain. Eur J Pharmacol 170:19–28.
OpenUrlCrossRefPubMed



	↵
	Heal  DJ, 
	Prow  MR, 
	Butler  SA, 
	Buckett  WR

 (1995) Mediation of mydriasis in conscious rats by central postsynaptic α2-adrenoceptors. Pharmacol Biochem Behav 50:219–224.
OpenUrlCrossRefPubMed



	↵
	Herdegen  T, 
	Leah  JD

 (1998) Inducible and constitutive transcription factors in the mammalian nervous system: control of gene expression by Jun, Fos and Krox and CREB/ATF proteins. Brain Res Rev 28:370–490.
OpenUrlCrossRefPubMed



	↵
	Innis  RB, 
	Aghajanian  GK

 (1986) Cholecystokinin-containing and nociceptive neurons in rat Edinger-Westphal nucleus. Brain Res 363:230–238.
OpenUrlCrossRefPubMed



	↵
	Johansson  B, 
	Georgiev  V, 
	Kuosmanen  T, 
	Fredholm  BB

 (1996) Long-term treatment with some methylxanthines decreases the susceptibility to bicuculline- and pentylenetetrazol-induced seizures in mice. Relationship to c-fos expression and receptor binding. Eur J Neurosci 8:2447–2458.
OpenUrlCrossRefPubMed



	↵
	Kamenetsky  S, 
	Rabinowitz  R, 
	Urca  G, 
	Korczyn  AD

 (1997) Neuroanatomical aspects of mydriatic action of morphine in rats. J Ocul Pharmacol Ther 13:405–413.
OpenUrlPubMed



	↵
	Klooster  J, 
	Kamphuis  W, 
	Vrensen  GF

 (2000) Immunohistochemical localization of substance P and substance P receptor (NK1) in the olivary pretectal nucleus of the rat. Exp Brain Res 131:57–63.
OpenUrlCrossRefPubMed



	↵
	Klooster  J, 
	Vrensen  GF, 
	Muller  LJ, 
	van der Want  JJ

 (1995) Efferent projections of the olivary pretectal nucleus in the albino rat subserving the pupillary light reflex and related reflexes. A light microscopic tracing study. Brain Res 688:34–46.
OpenUrlCrossRefPubMed



	↵
	Koss  MC

 (1986) Pupillary dilation as an index of central nervous system α2-adrenoceptor activation. J Pharmacol Methods 15:1–19.
OpenUrlCrossRefPubMed



	↵
	Loewy  AD, 
	Saper  CB, 
	Yamodis  ND

 (1978) Re-evaluation of the efferent projections of the Edinger-Westphal nucleus in the cat. Brain Res 141:153–159.
OpenUrlCrossRefPubMed



	↵
	Millan  MJ

 (2000) Improving the treatment of schizophrenia: focus on serotonin (5-HT1A receptors. J Pharmacol Exp Ther 295:853–861.
OpenUrlAbstract/FREE Full Text



	↵
	Morgan  JI, 
	Cohen  DR, 
	Hempstead  JL, 
	Curran  T

 (1987) Mapping patterns of c-fos expression in the central nervous system after seizure. Science (Wash DC) 236:192–197.




	↵
	Palmer  AA, 
	Miller  MN, 
	McKinnon  CS, 
	Phillips  TJ

 (2002) Sensitivity to the locomotor stimulant effects of ethanol and allopregnanolone is influenced by common genes. Behav Neurosci 116:126–137.
OpenUrlCrossRefPubMed



	↵
	Pohorecky  LA, 
	Brick  J

 (1977) Activity of neurons in the locus coeruleus of the rat: inhibition by ethanol. Brain Res 131:174–179.
OpenUrlCrossRefPubMed



	↵
	Ryabinin  AE, 
	Wang  Y, 
	Bachtell  RK, 
	Kinney  AE, 
	Grubb  MC, 
	Mark  GP

 (2000) Cocaine- and alcohol-mediated expression of inducible transcription factors is blocked by pentobarbital anesthesia. Brain Res 877:251–261.
OpenUrlCrossRefPubMed



	↵
	Saper  CB, 
	Loewy  AD, 
	Swanson  LW, 
	Cowan  WM

 (1976) Direct hypothalamo-autonomic connections. Brain Res 117:305–312.
OpenUrlCrossRefPubMed



	↵
	Selcher  JC, 
	Atkins  CM, 
	Trzaskos  JM, 
	Paylor  R, 
	Sweatt  JD

 (1999) A necessity for MAP kinase activation in mammalian spatial learning. Learn Mem 6:478–490.
OpenUrlAbstract/FREE Full Text



	↵
	Skelton  KH, 
	Nemeroff  CB, 
	Knight  DL, 
	Owens  MJ

 (2000) Chronic administration of the triazolobenzodiazepine alprazolam produces opposite effects on corticotropin-releasing factor and urocortin neuronal systems. J Neurosci 20:1240–1248.
OpenUrlAbstract/FREE Full Text



	↵
	Smith  JE, 
	Jansen  AS, 
	Gilbey  MP, 
	Loewy  AD

 (1998) CNS cell groups projecting to sympathetic outflow of tail artery: neural circuits involved in heat loss in the rat. Brain Res 786:153–164.
OpenUrlCrossRefPubMed



	↵
	Szabadi  E, 
	Bradshaw  CM

 (1996) Autonomic pharmacology of α2-adrenoceptors. J Psychopharm 10:6–18.




	↵
	Thiele  TE, 
	Roitman  MF, 
	Bernstein  IL

 (1996) c-Fos induction in rat brainstem in response to ethanol- and lithium chloride-induced conditioned taste aversions. Alcohol Clin Exp Res 20:1023–1028.
OpenUrlCrossRefPubMed



	↵
	Topple  AN, 
	Hunt  GE, 
	McGregor  IS

 (1998) Possible neural substrates of beer-craving in rats. Neurosci Lett 252:99–102.
OpenUrlCrossRefPubMed



	↵
	Trendelenburg  AU, 
	Wahl  CA, 
	Starke  K

 (1996) Antagonists that differentiate between α2A-and α2D-adrenoceptors. Naunyn-Schmiedeberg's Arch Pharmacol 353:245–249.
OpenUrlCrossRefPubMed



	↵
	Vaughan  J, 
	Donaldson  C, 
	Bittencourt  J, 
	Perrin  MH, 
	Lewis  K, 
	Sutton  S, 
	Chan  R, 
	Turnbull  AV, 
	Lovejoy  D, 
	Rivier  C, 
	et al.

 (1995) Urocortin, a mammalian neuropeptide related to fish urotensin I and to corticotropin-releasing factor. Nature (Lond) 378:287–292.
OpenUrlCrossRefPubMed



	↵
	Verbanck  P, 
	Seutin  V, 
	Massotte  L, 
	Dresse  A

 (1991) Yohimbine can induce ethanol tolerance in an in vitro preparation of rat locus coeruleus. Alcohol Clin Exp Res 15:1036–1039.
OpenUrlPubMed



	↵
	Weitemier  AZ, 
	Woerner  A, 
	Backstrom  P, 
	Hyytia, 
	Ryabinin  AE

 (2001) Expression of c-Fos in alko alcohol rats responding for ethanol in an operant paradigm. Alcohol Clin Exp Res 25:704–710.
OpenUrlCrossRefPubMed



	↵
	Weninger  SC, 
	Dunn  AJ, 
	Muglia  LJ, 
	Dikkes  P, 
	Miszek  KA, 
	Swiergiel  AH, 
	Berridge  CW, 
	Majzoub  JA

 (1999) Stress-induced behaviors require the corticotropin-releasing hormone (CRH) receptor, but not CRH. Proc Natl Acad Sci USA 96:8283–8288.
OpenUrlAbstract/FREE Full Text



	↵
	Zheng  JQ, 
	Seki  M, 
	Hayakawa  T, 
	Ito  H, 
	Zyo  K

 (1995) Descending projections from the paraventricular hypothalamic nucleus to the spinal cord: anterograde tracing study in the rat. Okajimas Folia Anat Jpn 72:119–135.
OpenUrlPubMed








  


  
  



  
      
  
  
    
	  
		
		
			
			  
  
      
  
  
    
  
      
  
    	
			JPET articles become freely available 12 months after publication, and remain freely available for 5 years. 


			Non-open access articles that fall outside this five year window are available only to institutional subscribers and current ASPET members, or through the article purchase feature at the bottom of the page. 


			 


				Click here for information on institutional subscriptions.
	Click here for information on individual ASPET membership.


			



 

  




  


  
  



			

		

	
	
 	
	  
  
		
		
			
			  
  
      
  
  
    Log in using your username and password

  Username *
 



  Password *
 





Forgot your user name or password?




Purchase access
You may purchase access to this article. This will require you to create an account if you don't already have one.

  


  
  



			

		

	
	
 	
	
	


  


  
  



  





  


  
  



  
      
  
  
     PreviousNext 
  


  
  



  
      
  
  
     Back to top  


  
  



			

		

		
		
			
			  
  
        In this issue

    
  
  
    
  
    
  
      
  
  
    
    
      [image: Journal of Pharmacology and Experimental Therapeutics: 302 (2)]

  
  
      
      
          Journal of Pharmacology and Experimental Therapeutics      
      
        	Vol. 302, Issue 2 1 Aug 2002 


      
      
        		Table of Contents
	Index by author




      




  


  
  



  



  


  
  



  
      
  
  
    
	  
  
		
          
            
  
      
  
  
     Download PDF  


  
  


  
      
  
  
     Article Alerts

  
    
  
      
  
  
    
  User Name *
 



  Password *
 


Sign In to Email Alerts with your Email Address

  Email *
 








  


  
  



  





  


  
  


  
      
  
  
     Email Article

  
    
  
      
  
  
    
 Thank you for sharing this Journal of Pharmacology and Experimental Therapeutics article.
NOTE: We request your email address only to inform the recipient that it was you who recommended this article, and that it is not junk mail. We do not retain these email addresses.




  Your Email *
 



  Your Name *
 



  Send To *
 

Enter multiple addresses on separate lines or separate them with commas.




  You are going to email the following 
 Alcohol-Induced c-Fos Expression in the Edinger-Westphal Nucleus: Pharmacological and Signal Transduction Mechanisms



  Message Subject 
 (Your Name) has forwarded a page to you from Journal of Pharmacology and Experimental Therapeutics



  Message Body 
 (Your Name) thought you would be interested in this article in Journal of Pharmacology and Experimental Therapeutics.



  Your Personal Message 
 








CAPTCHAThis question is for testing whether or not you are a human visitor and to prevent automated spam submissions.










  


  
  



  





  


  
  


  
      
  
  
     Citation Tools

  
    
  
      
  
  
      
  
      
  
  
      Research ArticleNEUROPHARMACOLOGY

  
  
      Alcohol-Induced c-Fos Expression in the Edinger-Westphal Nucleus: Pharmacological and Signal Transduction Mechanisms
  
    	 Ryan K. Bachtell, Natalia O. Tsivkovskaia and Andrey E. Ryabinin


  
    	Journal of Pharmacology and Experimental Therapeutics August 1, 2002,  302 (2) 516-524; DOI: https://doi.org/10.1124/jpet.102.036046 

  
  
  



  

  
  	      Citation Manager Formats

        
      	BibTeX
	Bookends
	EasyBib
	EndNote (tagged)
	EndNote 8 (xml)
	Medlars
	Mendeley
	Papers
	RefWorks Tagged
	Ref Manager
	RIS
	Zotero

    

  



  


  
  



  





  


  
  


  
        

    
  
  
    
  


  
  



          

        

        
        
          
            
  
      
  
  
     Share  


  
  


  
      
  
  
    
  
    
  
      
  
  
    
  
  
      Research ArticleNEUROPHARMACOLOGY

  
  
      Alcohol-Induced c-Fos Expression in the Edinger-Westphal Nucleus: Pharmacological and Signal Transduction Mechanisms
  
    	 Ryan K. Bachtell, Natalia O. Tsivkovskaia and Andrey E. Ryabinin


  
    	Journal of Pharmacology and Experimental Therapeutics August 1, 2002,  302 (2) 516-524; DOI: https://doi.org/10.1124/jpet.102.036046 

  
  
  



  


  
  



  
      
  
  
    
  
    Share This Article:
  
  
    
  
  
    Copy
  


  


  
  



  
      
  
  
    [image: Reddit logo] [image: Twitter logo] [image: Facebook logo] [image: Mendeley logo]
  


  
  



  



  


  
  


  
      
  
  
    	Tweet Widget
	Facebook Like
	Google Plus One



  


  
  



          

        

	
 	
	
	


  


  
  



  
        Jump to section

    
  
  
    	Article	Abstract
	Materials and Methods
	Results
	Discussion
	Footnotes
	References



	Figures & Data
	Info & Metrics
	eLetters
	 PDF



  


  
  



  
      
  
  
    
  
     Related Articles


 Cited By...


 More in this TOC Section
	
  
  
  
  
      ICA-069673 Effects on IM and Excitability in Nodose Neuron  
  
  
  
  




	
  
  
  
  
      A Nonaddictive Analgesic with KOR/MOR Agonist Activities  
  
  
  
  




	
  
  
  
  
      Substituted nitazenes at MOR, KOR, and DOR  
  
  
  
  






Show more Neuropharmacology

 Similar Articles






  



  


  
  



  
      
  
  
    
  


  
  



  
      
  
  
    
  
    
  
      
  
  
    Advertisement



  



  


  
  



  



  


  
  



			

		

	
	
 	
	
	


    

  


      


  

    
  
      
    
  
    
  
    
  
                
    
      
  
    
  
      
  
  
    
  
      
  
    

	Home
	Alerts




Facebook   Twitter   LinkedIn   RSS
  




  


  
  



  

  
    
  
        Navigate

    
  
  
    	Current Issue
	Fast Forward by date
	Fast Forward by section
	Latest Articles
	Archive
	Search for Articles
	Feedback
	ASPET

  


  
  



  

  
    
  
        More Information

    
  
  
    	About JPET
	Editorial Board
	Instructions to Authors
	Submit a Manuscript
	Customized Alerts
	RSS Feeds
	Subscriptions
	Permissions
	Terms & Conditions of Use

  


  
  



  

  
    
  
        ASPET's Other Journals

    
  
  
    	Drug Metabolism and Disposition
	Molecular Pharmacology
	Pharmacological Reviews
	Pharmacology Research & Perspectives

  


  
  



  


    

  


  


  

  
  
    
  
    
  
                
    
      
  
    
  
      
  
  
    
  
      
  
    ISSN 1521-0103 (Online)


Copyright © 2024 by the American Society for Pharmacology and Experimental Therapeutics

  




  


  
  



  



    

  


  


  

  
    
  
      









  