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Abstract 

In wild-type (WT) mice, the antibiotic minocycline inhibits development of cocaine-

induced locomotor sensitization. Some of the actions of minocycline may involve the 5-

lipoxygenase (5-LOX) pathway. We used the model of 5-LOX-deficient mice to 

investigate whether 5-LOX participates in minocycline’s influence on the effects of 

cocaine. Locomotor sensitization was induced by 4 daily cocaine injections and the 

phosphorylation status of GluR1 glutamate receptors was assayed in brain samples. 

Minocycline failed to affect cocaine sensitization in 5-LOX-deficient mice. In these mice, 

neither cocaine nor minocycline 4-day treatment altered GluR1 phosphorylation. In WT 

mice in which minocycline inhibited development of cocaine sensitization, a 4-day 

cocaine treatment increased GluR1 phosphorylation at both Ser831 and Ser845 sites in 

the frontal cortex but not the striatum; further, this effect was prevented by minocycline.  

Under basal conditions and in response to a single cocaine injection the levels of GluR1, 

GluR2, and GluR3 AMPA receptor subunits did not differ between WT and 5-LOX-

deficient mice, but the response of GluR1 phosphorylation to a single cocaine injection 

was greater under the 5-LOX deficiency. Hence, in WT mice GluR1 phosphorylation 

increased only in the frontal cortex and only at the Ser831 site. In 5-LOX-deficient mice, 

acute cocaine injection increased both Ser831 and Ser845 phosphorylation both in the 

frontal cortex and in the striatum. We suggest that in studying minocycline’s action on 

cocaine’s effects and/or addiction in humans, it would be important to consider the 

characterization of the subjects’ 5-LOX system. 
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1. Introduction 

Recent research has pointed to the role of the 5-lipoxygenase (5-LOX) pathway in brain 

pathologies (Chu and Praticò, 2009) and in modifying behavioral and cellular effects of 

cocaine. Briefly, behavioral sensitization to repeated administration of cocaine to rodents 

and the phosphorylation status of the GluR1 subunit of the glutamate/AMPA (α-amino-3-

hydroxy-5-methylisoxazole-4-propionate) receptors (which are involved in cocaine 

sensitization) are influenced by 5-LOX gene status (Kurtuncu et al., 2008) and by drugs 

acting on the 5-LOX system (Imbesi et al., 2007; Ménard et al., 2005). 

Minocycline, a brain-penetrable antibiotic (Fagan et al., 2004) is capable of 

modifying brain functioning in conditions ranging from neurodegeneration (Chu et al., 

2010; Elewa et al., 2006; Li et al., 2009) to psychiatric disorders (Miyaoka et al., 2008; 

Neigh et al., 2009; Pae et al., 2008) and addiction (Chen et al., 2009; Habibi-Asl et al., 

2009; Kofman et al., 1990; Sofuoglu et al., 2009). Some of these minocycline actions 

have been attributed to its ability to inhibit the 5-LOX pathway (Chu et al., 2007, 2010; 

Song et al., 2004, 2006). 

Similar to 5-LOX inhibitors, minocycline increases GluR1 phoshorylation in 

neuronal cultures in-vitro and administered intraperitoneally (i.p.) to mice it increases 

GluR1 phosphorylation in the brain (Imbesi et al., 2008). It is believed that both Ser831 

and Ser845 phosphorylation of GluR1 receptors determine the AMPA channel activity 

and membrane insertion of this receptor and thereby modify the behavioral actions of 

cocaine (Boudreau and Wolf, 2005; Chen et al., 2010). It has been shown that in addition 

to its ability to alter GluR1 phosphorylation minocycline affects cocaine-triggered 

locomotor sensitization (Chen et al., 2009). 
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5-LOX-deficient mice (Chen et al., 1994) have been used as an experimental 

model to investigate physiological and pathological implications of 5-LOX metabolites 

such as the pro-inflammatory leukotrienes and the anti-inflammatory lipoxins. This 

mouse model was recently applied to research relevant for understanding of brain 

physiology and pathology including Alzheimer’s disease (Firuzi et al., 2008), depression 

(Dzitoyeva et al., 2008), and addiction (Kurtuncu et al., 2008). In this work, we used the 

model of 5-LOX-deficient mice to investigate whether 5-LOX participates in 

minocycline’s influence on the effects of cocaine. 

 

2. Material and methods 

 

2.1. Animals and drug treatment 

Breeding pairs of wild type C57BL/6J mice (WT; 5-LOX +/+) and mice with a 5-LOX-

targeted gene disruption [5-LOX (-/-)] (B6.129S2-Alox5tm1Fun/J; Stock #004155; Bar 

Harbor, ME) were purchased from Jackson Laboratories. Heterozygous 5-LOX +/- 

colonies were used to obtain WT and 5-LOX (-/-) male mice for experiments. They were 

genotyped prior to use. Two-month-old mice weighing 25-30 g were housed in groups of 

five in a temperature controlled room on a 12-h light/dark cycle (lights on at 7AM). Mice 

had a free access to laboratory chow and water except during behavioral experiments. 

The experimental protocol was approved by the Institutional Animal Care Committee. 

Cocaine hydrochloride (Sigma, St. Louis, MO) was dissolved in sterile saline and 

administered intraperitoneally (i.p.) in an injection volume of 0.05 ml/25 g body weight 

(10 mg/kg for repeated injections and 20 mg/kg for acute experiments). Minocycline 
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hydrochloride (Sigma) was dissolved in sterile saline with a pH adjustment and injected 

in the same volume as cocaine (Chen et al., 2009). Controls received the same volume of 

the vehicle. 

 

2.2. Behavioral assay 

Behavioral, i.e., locomotor sensitization was assayed as previously described (Chen et al., 

2009). Briefly, mice were accustomed to experimental conditions by three daily i.p. 

saline injections. Starting from the first day of experiment, mice were placed individually 

in activity cages (Cage Rack Photobeam Activity Measurement System, San Diego 

Instruments, San Diego, CA) equipped with computer-monitored photobeam frames for a 

25-min adaptation period. Immediately after this 25-min adaptation period, animals 

received the i.p. injections and were returned to the activity cages for another 30-min 

measurement period. The movement of each animal in this 30-min period was 

individually recorded as the number of beam interruptions and is reported as locomotor 

activity.  

 

2.3. Western blot assay 

Mice were killed 30 min after the last i.p. injection and their brains were dissected into 

frontal cortex and striatum samples that were immediately stored at -80°C. Also included 

in analysis were brain samples collected from mice whose behavioral response to 

treatment was previously reported (Chen et al., 2009: Fig. 2). Brain samples were 

homogenized in ice-cold 10 mM Tris-HCl (pH 7.4), 1 mM EDTA, 1 mM EGTA, 320 

mM sucrose, 1 mM dithiothreitol with protease inhibitors (5 μg/ml aprotinin, 5 μg/ml 
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leupeptin, 5 μg/ml pepstatin, 1 mM phenylmethanesulfonylfluoride) and a phosphatase 

inhibitor cocktail (Sigma, St. Louis, MO). Samples were centrifuged at 1000 g for 10 

min. The supernatant was centrifuged again at 17000 g for 30 min and the pellet was 

resuspended in 10 mM Tris-HCl (pH 7.4), 1 mM EDTA in the presence of the indicated 

inhibitors. After measuring protein concentration by BCA protein assay kit (Pierce, 

Rockford, IL), samples were boiled in loading buffer and run on 7.5% gels. Proteins were 

then transferred to nitrocellulose membranes. The non-specific binding was blocked by 

incubating the blots with 5% non-fat dry milk for 1 h. The membranes were then 

incubated overnight at 4°C with rabbit-anti-phospho-GluR1 Ser831 (1:1000; Millipore, 

Billerica, MA), rabbit-anti-phospho-GluR1 Ser845 (1:1000; Affinity Bioreagents, 

Golden, CO), rabbit-anti-GluR1 (1:1000, Anaspec, San Jose, CA), rabbit-anti-GluR2 

(1:1000, Novus Biologicals, Littleton, CO), rabbit-anti-GluR3 (1:1000, Cell Signaling, 

Danvers, MA), and mouse-anti-β-actin (1:5000, Sigma, St. Louis, MO). Thereafter, blots 

were incubated for 2 h with horseradish-peroxidase-linked secondary antibody (anti-

rabbit IgG or anti-mouse IgG, 1:2000, Amersham, Piscataway, NJ). Subsequent to 

treatment with an ECL Kit (Amersham), the membranes were exposed to the Hyperfilm 

ECL (Amersham). Band densities were quantified using the NIH ImageJ software. The 

optical density of phospho-GluR1 bands was corrected by the optical density of the 

corresponding total GluR1 bands; the optical density of GluR bands was corrected by the 

densities of corresponding β-actin bands. 

 

2.4. Statistics 
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Statistical analyses were performed using SPSS software (SPSS Inc., Chicago, IL). Data 

(shown as mean ± S.E.M.) were analyzed by one-way analysis of variance (ANOVA) 

followed by Tukey's multiple comparison test, or repeated measures ANOVA followed 

by t-test for two-group comparisons. Significance was accepted at p<0.05. 

 

3. Results 

To investigate whether 5-LOX deficiency affects the ability of minocycline to attenuate 

the development of cocaine-induced locomotor sensitization, we replicated in 5-LOX (-/-

) mice our experimental protocol used earlier in WT mice (Chen et al., 2009). Similar to 

WT mice, 5-LOX deficient mice also respond to daily administration of cocaine with 

increased locomotor activity (sensitization) but this action of cocaine was not affected by 

minocycline co-treatment in 5-LOX (-/-) mice (Fig. 1). 

 The phosphorylation status of brain (frontal cortex and striatum) GluR1 receptors 

at both Ser831 and Ser845 sites was not affected by the above-described 4-day drug 

treatment of 5-LOX (-/-) mice (Fig. 2). On the other hand, the same drug treatment 

schedule applied to WT mice (brain samples collected from mice whose behavioral 

response to treatment was previously reported; Chen et al., 2009) resulted in significant 

alterations of GluR1 phosphorylation in the frontal cortex but not in the striatum (Fig. 3). 

However, none of the treatments altered the amount of proteins of GluR1, GluR2, and 

GluR3 AMPA receptor subunits (Fig. 4). Hence, in the absence of minocycline GluR1 

phosphorylation at both Ser831 and Ser845 sites was increased by cocaine treatment. 

Whereas minocycline alone did not alter GluR1 phosphorylation, in combination with 
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cocaine it prevented cocaine-enhanced Glu1 phosphorylation in the frontal cortex (Fig. 

3). 

 Since the above results point to a significant contribution of 5-LOX deficiency to 

the response of GluR1 receptor phosphorylation to repeated cocaine treatment, we 

investigated whether WT and 5-LOX (-/-) mice differ at the level of glutamate receptors 

in the absence of cocaine treatment and in their response to a single cocaine 

administration. The amount of proteins of GluR1, GluR2, and GluR3 AMPA receptor 

subunits did not differ between WT and 5-LOX (-/-) mice either in the absence of cocaine 

or 30 min after a single cocaine injection (Fig. 5). On the other hand, the status of GluR1 

phosphorylation in response to a single cocaine injection differed between WT and 5-

LOX (-/-) mice; i.e., the 5-LOX (-/-) mice responded to cocaine more readily; with an 

increase in GluR1 phosphorylation; than the WT mice did (Fig. 6). Hence, in WT mice 

acute cocaine administration increased GluR1 phosphorylation only in the frontal cortex 

and only at the Ser831 site. In contrast, in 5-LOX (-/-) mice, acute cocaine injection 

increased both Ser831 and Ser845 phosphorylation both in the frontal cortex and in the 

striatum (Fig. 6). 

 

4. Discussion 

The main finding in this study is that behavioral and cellular/biochemical effects of 

cocaine and minocycline differ significantly in 5-LOX-deficient mice compared to WT 

mice. The same experimental protocol of repeated cocaine and minocycline 

administration developed and used previously in our work with WT mice in which 

minocycline inhibited the development of locomotor cocaine sensitization (Chen et al., 
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2009) repeated in 5-LOX (-/-) mice revealed the failure of minocycline to interfere with 

behavioral effects of cocaine. This finding suggests that 5-LOX and possibly its 

metabolites may participate in minocyline-triggered attenuation of the development of 

cocaine sensitization. However, it remains to be elucidated whether this interaction of 

minocycline with the 5-LOX system involves an inhibitory action of minocycline on 5-

LOX enzymatic activity or some alternative mechanism. To this end, a systemic 

administration to mice of a 5-LOX inhibitor MK-886 along with cocaine produced only a 

transient potentiation of locomotor activity (Kurtuncu et al., 2008), i.e., an effect different 

from the action of minocycline. 

Analysis of brain samples collected at the end of the 4-day drug treatment showed 

that 5-LOX deficiency prevented both cocaine and minocycline from altering GluR1 

phosphorylation. Hence, it appears that a normally functioning 5-LOX system is needed 

to enable repeated cocaine injections to increase the phosphorylation status of cortical 

GluR1 receptors we observed in the cortical samples of WT mice. Furthermore, a WT 

status of the 5-LOX system was required for minocycline to inhibit the stimulatory 

effects of repeated cocaine injections on GluR1 phosphorylation in the frontal cortex. 

 Although the basal levels of the three AMPA receptor subunits, GluR1, GluR2, 

and GluR3 (measured in the frontal cortex and striatum) did not differ among WT and 5-

LOX (-/-) mice and were unaffected by a single or repeated cocaine injections into WT 

mice, 5-LOX-deficiency facilitated the susceptibility of the GluR1 subunit to become 

increasingly phosphorylated in response to a single acute cocaine injection. Hence, 

whereas a single cocaine administration to WT mice increased only Ser831 

phosphorylation and only in the frontal cortex, in 5-LOX (-/-) mice this treatment 
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increased phosphorylation of both Ser831 and Ser845 and both in the frontal cortex and 

in the striatum. These results suggest that the 5-LOX system and possibly the biologically 

active molecules it generates restrict the activity of biochemical pathways that cocaine 

mobilizes when it increases GluR1 phosphorylation. By the same token, these 5-LOX-

dependent restrictive mechanisms appear to participate in increased GluR1 

phosphorylation caused by repeated cocaine injections because in their absence [i.e., 5-

LOX (-/-) mice] repeated cocaine injections do not alter GluR phosphorylation.  

It is believed that Ser831 phosphorylation (by calcium/calmodulin-dependent 

protein kinase II) and Ser845 phosphorylation (by cAMP-dependent protein kinase) of 

GluR1 receptors increase AMPA channel activity and that Ser845 phosphorylation 

increases GluR1 surface insertion (Oh et al., 2006). It has been proposed that the status of 

GluR1 phosphorylation can be related to cocaine locomotor sensitization (Boudreau and 

Wolf, 2005; Chen et al., 2010). However, to establish such a correlation between 

behavioral and biochemical changes GluR1 phosphorylation must be studied at the 

cellular and subcellular level (Ghasemzadeh et al., 2009a; Lane et al., 2010) including its 

detailed regional distribution (Ghasemzadeh et al., 2009b). In interpreting our results, it 

has to be stressed that in our experimental conditions GluR1 phosphorylation was 

evaluated as a relatively crude biochemical marker of cocaine’s actions; i.e., it was 

assayed in the homogenates obtained from relatively large brain areas (i.e., frontal cortex 

and striatum) as opposed to smaller subregions (e.g., nucleus accumbens). It is possible 

that the absence of phosphorylation changes we observed in the striatum samples is due 

to this technical limitation. Nevertheless, our approach was capable of detecting the 

stimulatory effects of four daily cocaine injections in the frontal cortex of WT mice and 
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revealing the inhibitory effect of minocycline on this action of cocaine. With respect to 

the correlation between behavioral and biochemical effects of four daily cocaine 

injections, it appears that the observed increased GluR1 phosphorylation in the frontal 

cortex (observed after the fourth cocaine injection) is unrelated to the establishment of 

locomotor sensitization (i.e., greater locomotor activity after the fourth cocaine injection 

compared to the activity after the first cocaine injection) since sensitization occurred both 

in WT and 5-LOX (-/-) mice and no changes in GluR1 phosphorylation were observed in 

5-LOX (-/-) mice. 

In the central nervous system, the 5-LOX pathway generates 5-LOX metabolites 

(Chinnici et al., 2007; Hynes et al., 1991), possibly via a transcellular synthesis of 

cysteinyl leukotrienes in neurons and glia (Farias et al., 2007). In addition, transcellular 

synthesis of 5-LOX metabolites could take place in the periphery (Sala et al., 2010) and 

could determine the type of metabolite (e.g., leukotrienes or lipoxins) that are produced 

and are ultimately involved in biological effects including in the central nervous system. 

These metabolites affect cell functioning via corresponding G-protein-coupled receptors 

(Wada et al., 2006) and play a critical role in neuroplasticity such as the hedgehog-

dependent neurite projection (Bijlsma et al., 2008). Hence, it is possible that interplay 

between leukotriene and AMPA receptors also plays a role in the observed involvement 

of the 5-LOX system in cocaine actions and that leukotriene receptor-mediated events are 

involved in modifications of the GluR1 AMPA receptors observed in our studies. 

Interestingly, when the receptor activity and affinity of a natural product, Chlorella, were 

tested in 129 in vitro binding assay systems, it was observed that this compound acts on 

both leukotriene CysLT receptors and glutamate AMPA receptors (Cheng et al., 2010). 
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In conclusion, our results along with the previously published data show that 

behavioral effects of minocycline, i.e., its inhibitory action on development of cocaine-

induced locomotor sensitization may involve the 5-LOX system and that minocycline is 

ineffective when the 5-LOX gene is disrupted. There is a significant polymorphism in the 

human 5-LOX gene with presumable implications for the activity of the 5-LOX system 

(Listì et al., 2010; Tantisira and Drazen, 2009; Vikman et al., 2009). Hence, if 

minocycline’s action on cocaine’s effects and/or addiction is to be investigated in human 

subjects, it would be important to include the characterization of the subjects’ 5-LOX 

system in these studies. In this study, we did not find a direct correlation between 

behavioral cocaine sensitization and the status of GluR1 phosphorylation but this could 

be due to technical limitations of our biochemical assay (large brain regions as opposed 

to specific neuronal pathways). Nevertheless, we found that 5-LOX gene disruption 

enhances the sensitivity of GluR1 receptors to be phosphorylated in response to an acute 

cocaine administration. Considering the significant polymorphism in the genes of the 

human 5-LOX system (Tantisira and Drazen, 2009) it is possible that such a 5-LOX-

dependent variable GluR1 sensitivity to cocaine exists in the human central nervous 

system. The functional relevance of the observed 5-LOX-dependent changes in GluR1 

phosphorylation needs further elucidation.
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Figure legends 

 

Figure 1. Effect of a 4-day treatment with cocaine and minocycline on the locomotor 

activity of 5-LOX (-/-) mice. Minocycline (M; 40 mg/kg) or vehicle (Veh) were 

administrated daily 3 h before i.p. injection of cocaine (C; 10 mg/kg) or its vehicle (n = 

6). Locomotor activity was measured for 30 min starting immediately after the last daily 

i.p. injection. Repeated ANOVA revealed that significant difference occurred among Veh 

and C or M+C groups [day, F (1, 15) = 4.61, p<0.05; group, F (3, 15) = 14.57, p<0.05; 

day × group, F (3, 15) = 3.68, p<0.05], but not between C and M+C groups (* p<0.05 vs 

the corresponding control groups, i.e., Veh and M, respectively; t-test).  

 

Figure 2. Effect of a 4-day treatment with cocaine and minocycline on GluR1 

phosphorylation in 5-LOX (-/-) mice. The 4-day treatment was conducted as described in 

Fig. 1 (Veh = vehicle, C = cocaine, M = minocycline). Samples were collected 30 min 

after the last injection. The phosphorylation status of GluR1 at Ser831 and Ser845 sites 

was assayed by quantitative Western blot in the frontal cortex (A, C) and the striatum (B, 

D). The optical density of the phospho Ser831 and phospho Ser845 bands was corrected 

by the density of the corresponding total GluR1 bands (examples shown in C and D). The 

results are expressed as a percentage of the corresponding vehicle-treated controls (mean 

± S.E.M.; n = 6). There were no significant differences between groups (one-way 

ANOVA).  
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Figure 3. Effect of a 4-day treatment with cocaine and minocycline on GluR1 

phosphorylation in wild-type (WT) mice. The 4-day treatment was conducted as 

described in Fig. 1 (Veh = vehicle, C = cocaine, M = minocycline). Samples were 

collected 30 min after the last injection. The phosphorylation status of GluR1 at Ser831 

and Ser845 sites was assayed by quantitative Western blot in the frontal cortex (A, C) and 

the striatum (B, D). The optical density of the phospho Ser831 and phospho Ser845 bands 

was corrected by the density of the corresponding total GluR1 bands (examples shown in 

C and D). The results are expressed as a percentage of the corresponding vehicle-treated 

control (mean ± S.E.M.; n = 6; *p<0.05 compared to Veh; **p<0.05 compared to C).  

 

Figure 4. Effect of a 4-day treatment with cocaine and minocycline on the content of 

GluR1-3 AMPA subunits in the frontal cortex and striatum of WT mice. The 4-day 

treatment was conducted as described in Fig. 3 (Veh = vehicle, C = cocaine, M = 

minocycline). Total GluR1, GluR2, and GluR3 levels were assayed by quantitative 

Western blot in the frontal cortex (A, C) and the striatum (B, D). The optical density of 

the GluR bands was corrected by the density of the corresponding β-actin bands 

(examples shown in C and D). The results are expressed as a percentage of the 

corresponding vehicle-treated WT (mean ± S.E.M.; n = 6). There were no significant 

differences between groups (one-way ANOVA). 

 

Figure 5. Content of GluR1-3 AMPA subunits in the frontal cortex and striatum of WT 

and 5-LOX (-/-) mice under control conditions and after a single cocaine injection. 

Samples were collected 30 min after i.p. injection (Veh = vehicle; C = cocaine, 20 
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mg/kg). Total GluR1, GluR2, and GluR3 levels were assayed by quantitative Western 

blot in the frontal cortex (A, C) and the striatum (B, D). The optical density of the GluR 

bands was corrected by the density of the corresponding β-actin bands (examples shown 

in C and D). The results are expressed as a percentage of the corresponding vehicle-

treated WT (mean ± S.E.M.; n = 6). There were no significant differences between 

groups (one-way ANOVA).  

 

Figure 6.    GluR1 phosphorylation in the frontal cortex and striatum of WT and 5-LOX 

(-/-) mice under control conditions and after a single cocaine injection. Samples were 

collected 30 min after i.p. injection (Veh = vehicle; C = cocaine, 20 mg/kg). The 

phosphorylation status of GluR1 at Ser831 and Ser845 sites was assayed by quantitative 

Western blot in the frontal cortex (A, C) and the striatum (B, D). The optical density of 

the phospho Ser831 and phospho Ser845 bands was corrected by the density of the 

corresponding total GluR1 bands (examples shown in C and D). The results are expressed 

as a percentage of the corresponding vehicle-treated WT (mean ± S.E.M.; n = 6). *p<0.05 

compared to corresponding vehicle-treated controls. 

 


