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Abstract

Dopamine and acetylcholine are two principal transmitters in the striatum and are usually balanced 

to modulate local neural activity and maintain striatal homeostasis. In this study, we investigated 

the role of dopamine and muscarinic acetylcholine receptors in the regulation of a central signaling 

protein, i.e., the mitogen-activated protein kinase (MAPK). We focused on the synaptic pool of 

MAPKs based on the fact that these kinases reside in peripheral synaptic structures in addition to 

their somatic locations. We found that a systemic injection of a dopamine D1 receptor (D1R) 

agonist SKF81297 enhanced phosphorylation of extracellular signal-regulated kinases (ERKs), a 

prototypic subclass of MAPKs, in the adult rat striatum. Similar results were observed in another 

dopamine responsive region, the medial prefrontal cortex (mPFC). The dopamine D2 receptor 

agonist quinpirole had no such effects. Pretreatment with a positive allosteric modulator (PAM) of 

muscarinic acetylcholine M4 receptors (M4Rs), VU0152100, attenuated the D1R agonist-

stimulated ERK phosphorylation in the two regions, while the PAM itself did not alter basal ERK 

phosphorylation. All drug treatments had no effect on phosphorylation of c-Jun N-terminal kinases 

(JNKs), another MAPK subclass, in the striatum and mPFC. These results demonstrate that 

dopamine and acetylcholine are integrated to control synaptic ERK, although not JNK, activation 

in striatal and mPFC neurons in vivo. Activation of M4Rs exerts an inhibitory effect on the D1R-

mediated upregulation of synaptic ERK phosphorylation.
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The mitogen-activated protein kinase (MAPK) is expressed in postmitotic neurons of adult 

mammalian brains (Nozaki et al., 2001). As key serine/threonine protein kinases, MAPKs 

play a central role in cell signaling and synaptic plasticity and are linked to various 

neurological and psychiatric disorders (Sweatt, 2004; Thomas and Huganir, 2004; Wang et 

al., 2007). At least three subfamilies of MAPKs have been identified, which are extracellular 

signal-regulated kinases (ERKs), c-Jun N-terminal kinases (JNKs) also known as stress-

activated protein kinases, and p38 MAPKs (Pearson et al., 2001; Volmat and Pouyssegur, 

2001). All of these MAPKs are activated through a module cascade involving initial 

activation of small GTPases (Ras or Rac) and subsequent three-tiered protein kinase 

systems.

ERKs represent prototypic MAPKs and have been most extensively investigated in neural 

activity. Traditionally, ERKs translocate into the nucleus following activation and there they 

activate transcription factors to regulate gene expression (Treisman, 1996). Additionally, 

ERKs reside in neuronal peripheries, such as postsynaptic dendritic spines (Ortiz et al., 

1995; Boggio et al., 2007; Casar et al., 2009), as an important sub-pool of the kinases at 

synaptic sites sensitive to changing synaptic input and implicated in the regulation of 

synaptic transmission and plasticity. Clearly, the ERK's territory covers both nuclear and 

synaptic locations.

ERKs are sensitive substrates of psychostimulants and are important for drug action (Wang 

et al., 2007). The two common stimulants (cocaine and amphetamine) consistently increased 

ERK phosphorylation in the striatum in a number of early studies (Choe et al., 2002; Choe 

and Wang, 2002; Zhang et al., 2004; Jenab et al., 2005; Valjent et al., 2000; 2004; 2005; 

2006). Selective activation of dopamine D1 receptors (D1Rs) with the D1R agonist also 

elevated ERK phosphorylation in the striatum and dentate gyrus (Gangarossa and Valjent, 

2012; Gangarossa et al., 2011; 2013). Recently, amphetamine was demonstrated to activate a 

specific pool of ERKs, i.e., the synaptic ERKs, in the striatum (Mao et al., 2013). Thus, 

ERKs are readily activated by dopamine stimulants, although exact roles of D1Rs and 

dopamine D2 receptors (D2Rs), two subtypes enriched in the striatum, in linking dopamine 

to synaptic ERKs are less clear.

Acetylcholine is a principal transmitter in the striatum in addition to dopamine (Bolam et al., 

1984). This transmitter provides the region with a strategic drive to balance dopamine and 

maintain local homeostasis. As such, activation of muscarinic cholinergic receptors, a 

predominant subfamily of cholinergic receptors in the striatum, suppressed motor responses 

to dopamine stimulation, while blockade of muscarinic receptors augmented them (Chou et 

al., 1992; Morelli et al., 1993; Wang and McGinty, 1997). Non-selective muscarinic receptor 

antagonists (atropine or scopolamine) also enhanced the efficiency of dopamine in 

stimulating gene expression in the striatum (Chou et al., 1992; Bernard et al., 1993; Morelli 
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et al., 1993; Wang and McGinty, 1996; 1997). However, at present, whether acetylcholine 

interacts with dopamine to regulate ERKs in the synaptic location remains elusive. 

Moreover, the muscarinic receptor subtype responsible for these events needs further 

investigation. In this regard, the muscarinic M4 receptor (M4R) subtype is particularly 

intriguing. These Gi-coupled receptors are co-expressed with Gs-coupled D1Rs in 

striatonigral neurons (Ince et al., 1997; Santiago and Potter, 2001) and are thought to 

antagonize D1R activity, although whether M4Rs interact with D1Rs to regulate synaptic 

ERK phosphorylation is unclear.

Here we conducted a series of experiments to clarify the role of dopamine-muscarinic 

interplay in regulating ERKs at defined synaptic sites in two primary dopamine responsive 

regions, the striatum and medial prefrontal cortex (mPFC). We first assessed effects of D1R 

and D2R agonists on ERK phosphorylation. We then examined effects of a recently 

available positive allosteric modulator (PAM) for M4Rs on constitutive ERK 

phosphorylation. Finally, the effect of the M4R PAM on the D1R agonist-stimulated ERK 

phosphorylation was investigated. In parallel, synaptic JNK phosphorylation was tested in 

all experiments as comparisons.

MATERIALS AND METHODS

Animals

We used adult male Wistar rats weighing 275-335 g (Charles River, New York, NY). 

Animals were housed in a controlled environment at a constant temperature of 23°C and 

humidity of 50 ± 10% on a 12-h/12-h light/dark cycle with food and water available ad 
libitum. Rats were allowed 6-7 days of habituation to the animal colony before 

pharmacological experiments. All animal use and procedures were in strict accordance with 

the US National Institutes of Health Guide for the Care and Use of Laboratory Animals and 

were approved by the Institutional Animal Care and Use Committee.

Drug administration and experimental arrangement

All pharmacological agents used in this study were administered via an intraperitoneal (i.p.) 

injection. A set of three pharmacological studies were carried out. In the first study, we 

investigated effects of D1R and D2R stimulation on synaptic ERK1/2 and JNK 

phosphorylation in three groups of rats. These rats received a single dose of saline, the D1R 

agonist SKF81297 (3 mg/kg), or the D2R agonist quinpirole (3 mg/kg). They were then 

sacrificed 20 min after drug injection for immunoblot analysis of changes in ERK1/2 and 

JNK phosphorylation in the striatum and mPFC. In the second study, we examined effects of 

M4R stimulation on ERK1/2 and JNK phosphorylation. Three groups of rats were treated 

with vehicle or VU0152100, a systemically active PAM of M4Rs (Brady et al., 2008), at 6 or 

60 mg/kg (20 min prior to brain tissue collection). Finally, we tested effects of VU0152100 

on the D1R agonist-induced ERK1/2 phosphorylation. Three groups of rats were treated 

with vehicle + saline, vehicle + SKF81297 (3 mg/kg), and VU0152100 (60 mg/kg) + 

SKF81297 (3 mg/kg). The first injection was made 20 min prior to the second injection and 

rats were sacrificed 20 min after the second drug injection. Doses of drugs were calculated 

as the salt. The effectiveness of chosen doses following a systemic injection has been well 
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demonstrated in previous behavioral and neurochemical studies conducted in this and other 

laboratories (Wang and McGinty, 1996; Zhang et al., 2007; Brady et al., 2008).

Synaptosomal protein preparation

Rats were anesthetized with sodium pentobarbital (65 mg/kg, i.p.) and decapitated. After rat 

brains were removed, coronal slices were cut. From slices, the entire striatum containing the 

caudate putamen and nucleus accumbens and the mPFC which included the anterior 

cingulate, prelimbic cortex and infralimbic cortex were dissected for following 

synaptosomal membrane preparations at 4°C. Striatal and mPFC tissues were homogenized 

in isotonic sucrose homogenization buffer (SHB) containing 0.32 M sucrose, 10 mM 

HEPES, pH 7.4, 2 mM EDTA, and a protease/phosphatase inhibitor cocktail (Thermo 

Scientific, Rochester, NY). These homogenates were centrifuged at 800 g (10 min). We 

collected the supernatant and had it centrifuged at 10,000 g (30 min) to obtain crude 

synaptosomal plasma membranes in the pellet. The pellet was washed once with 1 volume 

of SHB and centrifuged at 10,000 g (15 min). We then resuspended and solubilized the final 

synaptosomal pellet which contained both presynaptic and postsynaptic membranes in SHB 

containing 0.5% Triton X-100, 1% sodium dodecyl sulfate (SDS), 1% deoxycholic acid, 1 

mM dithiothreitol and the protease/phosphatase inhibitor cocktail with gentle rotation (1 h, 

4°C). Protein concentrations were determined. Samples were stored at −80°C until use.

Western blot analysis

Immunoblots were performed as described previously (Yang et al., 2006; Zhang et al., 

2007). Briefly, the equal amount of protein was loaded and separated on SDS NuPAGE 

Novex 4-12% gels (Invitrogen, Carlsbad, CA). Proteins were transferred to the 

polyvinylidene fluoride membrane (Millipore, Bedford, MA). The membrane was blocked 

in a blocking buffer (3% nonfat dry milk in phosphate-buffered saline (PBS) and 0.1% 

Tween-20) for 1 h, followed by incubation in the blocking buffer containing a primary 

antibody overnight at 4°C. The membrane was then incubated in a horseradish peroxidase-

linked secondary antibody (Jackson Immunoresearch Laboratory, West Grove, PA) for 1 h at 

1:5,000. Immunoblots were developed with the enhanced chemiluminescence reagents (GE 

Healthcare Life Sciences, Piscataway, NJ). MagicMark XP Western protein standards 

(Invitrogen) were used for protein size determination. X-ray film images of all immunoblots 

were measured using NIH ImageJ analysis software (RRID: nif-0000-30467). β-Actin was 

used as a loading control in Western blot analysis.

Antibody characterization

Table I listed all primary antibodies used in the present study. These antibodies include 

rabbit polyclonal antibodies against phosphorylated ERK1/2 (pERK1/2), ERK1/2, 

phosphorylated JNK (pJNK), JNK, or β-actin. The antibody against β-actin was purchased 

from Sigma-Aldrich (St. Louis, MO) and other antibodies were purchased from Cell 

Signaling Technology (Beverly, MA). The antibody against pERK1/2 recognizes ERK1/2 

proteins phosphorylated at Thr202 and Tyr204 and therefore show two corresponding bands 

in Western blot from rat striatal and mPFC samples: 42 (pERK2) and 44 (pERK1) kDa 

bands. The anti-ERK1/2 antibody recognizes ERK1 (44 kDa) and ERK2 (42 kDa) in striatal 

and mPFC extracts. The antibody against pJNK recognizes JNK proteins phosphorylated at 
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Thr183 and Tyr185. In immunoblots using striatal and mPFC samples, this antibody 

detected two bands at 46 (pJNK1) and 54 (pJNK2/3) kDa. The anti-JNK antibody 

recognizes JNK1 at 46 kDa and JNK2/3 at 54 kDa. The β-actin antibody detects a 42 kDa 

band in our samples as well as in a widely variety of tissues and species in immunoblot 

analysis. All antibodies have been widely used in research with Western blots. In the 

absence of primary antibody, incubation of secondary antibody alone at the dilutions 

employed in the procedure produced no detectable immunoreactivity.

Pharmacological agents

Pharmacological agents, including (±)-6-chloro-PB hydrobromide (SKF81297) and (-)-

quinpirole hydrochloride, were purchased from Sigma-Aldrich. VU0152100 [3-amino-N-(4-

methoxybenzyl)-4,6-dimethylthieno[2,3-b]pyridine carboxamide] was purchased from Axon 

Medchem (Reston, VA). All agents were freshly prepared at the day of experiments. 

VU0152100 was dissolved in 10% Tween 80 and dH2O with the pH adjusted to 

approximately 7.0 using 1 N NaOH. Other agents were dissolved in physiological saline.

Statistics

The results are presented as means ± SEM. The data were evaluated using a one-way 

analysis of variance followed by a Bonferroni (Dunn) comparison of groups using least 

squares-adjusted means. Probability levels of < 0.05 were considered statistically significant.

RESULTS

D1R activation enhanced synaptic ERK phosphorylation

We first investigated the role of two dopamine receptors in regulating ERK phosphorylation 

in the striatum. We focused on the distinct pool of ERK in the synaptic fraction, i.e., the 

synaptosomal fraction containing synaptic and immediate extrasynaptic contents. Rats were 

treated with a single dose of the D1R agonist SKF81297 (3 mg/kg, i.p.) or the D2R agonist 

quinpirole (3 mg/kg, i.p.). We then sacrificed rats 20 min after drug injection to collect brain 

tissue for immunoblot analysis. SKF81297 induced a moderate increase in ERK1/2 

phosphorylation. In quantification analysis, pERK2 protein levels were significantly higher 

in SKF81297-treated rats compared to saline-treated rats (Fig. 1A). In contrast, quinpirole 

did not alter ERK1/2 phosphorylation. The two agonists had no effect on a total amount of 

ERK1/2 proteins. These data demonstrate that selective D1R activation upregulates ERK1/2 

phosphorylation in the synaptic fraction of striatal neurons.

The mPFC is another dopamine responsive region in the forebrain and is actively involved in 

stimulant action (Steketee, 2003; Van den Oever et al., 2010). We thus monitored changes in 

ERK1/2 phosphorylation in this region. Similar to the striatum, SKF81297 induced a 

significant increase in pERK1/2 levels, while the agonist did not affect cellular levels of 

ERK1/2 (Fig. 1B). Quinpirole was still ineffective. Thus, like the striatum, the mPFC is 

another area where ERK1/2 phosphorylation is sensitive to D1R but not D2R signals.

We next analyzed JNK phosphorylation in the same synaptosomal samples. As shown in 

Fig. 2A, SKF81297 did not alter JNK phosphorylation in the striatum. Neither did 
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quinpirole. In the mPFC, pJNK levels showed a minimal change in response to all drug 

treatments (Fig. 2B). The total amount of JNK proteins remained stable in the two regions 

following administration of SKF81297 or quinpirole. Thus, unlike ERK, JNK in the 

synaptosomal fraction of striatal and mPFC neurons is less sensitive to dopamine 

stimulation.

M4R activation unaffected ERK and JNK phosphorylation

Acetylcholine is a primary transmitter in the striatum in addition to dopamine. Through 

activating the M4R, a major muscarinic cholinergic receptor subtype in the striatum that is 

predominantly co-expressed with D1Rs in striatonigral neurons (Ince et al., 1997; Santiago 

and Potter, 2001), acetylcholine balances dopamine input and contributes to maintaining the 

homeostasis of striatal neurons. To determine the participation of M4Rs in synaptic ERK 

activity, we examined effects of VU0152100, a centrally active PAM of M4Rs (Brady et al., 

2008), on ERK1/2 phosphorylation in synaptic samples. A VU0152100 injection at 6 mg/kg 

(i.p.) did not alter basal levels of pERK1/2 in the striatum (Fig. 3A). VU0152100 at a higher 

dose (60 mg/kg) still showed no significant effect. Similar responses of ERK 

phosphorylation were observed in the mPFC (Fig. 3B). Total ERK1/2 abundance in the two 

areas was not altered by VU0152100. These findings indicate that pharmacological 

activation of M4Rs by an exogenous PAM has a limited influence over ERK1/2 

phosphorylation in both striatal and mPFC neurons under normal conditions. The high 

subtype selectivity of VU0152100 was demonstrated in early studies in which VU0152100 

(56.6 mg/kg, i.p.) markedly blocked motor responses to dopamine stimulation in wild type 

rats and mice but not in M4R knockout mice (Brady et al., 2008; Byun et al., 2014).

We next examined the effect of M4R activation on synaptic JNK phosphorylation. 

VU0152100 at the two doses did not affect pJNK levels in the striatum (Fig. 4A). Similarly, 

the PAM at either dose had little effects on JNK phosphorylation in the mPFC (Fig. 4B). 

Cellular levels of JNK remained unchanged in response to VU0152100. Thus, activation of 

M4Rs by VU0152100 is unable to alter the synaptic pool of JNK in its constitutive 

phosphorylation.

M4R activation suppressed SKF81297-stimulated ERK phosphorylation

To determine the effect of VU0152100 on the D1R-stimulated ERK phosphorylation, we 

subjected rats to an injection of VU0152100 (60 mg/kg, i.p.) 20 min prior to SKF81297 (3 

mg/kg, i.p.) and sacrificed rats 20 min after SKF81297 administration. Interestingly, 

VU0152100 showed a significant impact on the SKF81297 action in stimulating ERK 

phosphorylation. A prior injection of VU0152100 blocked the increase in ERK1/2 

phosphorylation induced by SKF81297 in the synaptosomal fraction of striatal neurons (Fig. 
5A). Similarly in the mPFC, SKF81297 no longer elevated ERK1/2 phosphorylation in rats 

pretreated with VU0152100 relative to rats pretreated with vehicle (Fig. 5B). Clearly, 

activation of VU0152100-sensitive M4Rs counteracts D1Rs in stimulating ERK1/2 

phosphorylation in the synaptic location in both brain regions.
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DISCUSSION

We investigated the role of dopamine and muscarinic acetylcholine receptors in the 

modulation of MAPK phosphorylation in the dopamine responsive regions of adult rat 

brains in vivo. The synaptic fraction of MAPKs was the focus of entire study. We found that 

activation of D1Rs by a systemic injection of a D1R agonist SKF81297 increased synaptic 

ERK1/2 phosphorylation in the striatum and mPFC, while the D2R agonist quinpirole did 

not. Activation of M4Rs by an M4R activator VU0152100 attenuated the ERK1/2 

phosphorylation induced by SKF81297. Both dopamine and muscarinic receptor agents had 

no effect on JNK phosphorylation in the two regions. These data indicate that the synaptic 

pool of ERK1/2 but not JNK is regulated by dopamine and acetylcholine. The two 

transmitters seem to oppositely control ERK1/2 via a mechanism involving the D1R-M4R 

interplay.

A large number of early studies have documented the stimulating effect of dopamine indirect 

agonists such as cocaine and amphetamine on ERK1/2 phosphorylation in the striatum 

(Choe et al., 2002; Choe and Wang, 2002; Zhang et al., 2004; Jenab et al., 2005; Valjent et 

al., 2000; 2004; 2005; 2006; Sun et al., 2007). Most of these studies have targeted nuclear 

ERK1/2 with immunohistochemistry or have used whole cell homogenates in immunoblots. 

Recently, ERK1/2 phosphorylation in crude synaptosomal membranes of the rat prefrontal 

cortex or synaptic membranes of the rat striatum and mPFC was observed in response to 

cocaine (Fumagalli et al., 2009) or amphetamine (Mao et al., 2013). These findings identify 

the synaptic structure as a sensitive site where ERK positively responds to dopamine signals. 

Since the D1R agonist like stimulants readily activated synaptic ERK (this study), the 

stimulant-induced ERK1/2 phosphorylation is believed to be mediated through a signaling 

pathway initiated by D1Rs (Valjent et al., 2000; Bertran-Gonzalez et al., 2008; Shi and 

McGinty, 2011).

An important finding in this study is that the M4R acts as an essential regulator of ERK1/2 

phosphorylation at synaptic sites. In the striatum, the M4R is a principal muscarinic receptor 

subtype and is known to co-express with D1Rs in striatonigral projection neurons (Ince et 

al., 1997; Santiago and Potter, 2001). Given that D1Rs upregulate ERK1/2 phosphorylation, 

M4Rs are likely to downregulate it based on numerous neurochemical and behavioral 

studies which show a delicate balance between dopamine and acetylcholine, i.e., usually the 

antagonistic relationship, in controlling striatal neuronal activity and behavior (Di Chiara et 

al., 1994). Indeed, our data support this likelihood. Activation of M4Rs with a subtype-

selective M4R PAM suppressed ERK1/2 responses to the D1R agonist. Thus, the dopamine-

acetylcholine balance works well in our model in which local M4Rs inhibit D1Rs in 

activation of ERK1/2. Of note, the dopamine-acetylcholine balance in the regulation of 

ERK1/2 was largely activity-dependent since the M4R PAM had no significant effect on 

constitutive ERK1/2 phosphorylation under normal conditions. In addition to M4Rs, 

muscarinic M1 receptors are expressed in striatal neurons (Di Chiara et al., 1994). Their 

roles in regulating synaptic ERK activity can be investigated in future studies.

The mPFC is another dopamine responsive area where acetylcholine regulates ERK1/2 

phosphorylation. This six-layered structure (I-VI) is innervated by dopaminergic fibers 
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primarily from the ventral tegmental area and by diffuse cholinergic afferents primarily from 

basal forebrain cholinergic neurons, whereas massive mPFC glutamatergic efferents project 

to the striatum in a topographical manner (Heidbreder and Groenewegen, 2003; de Almeida 

et al., 2008; Henny and Jones, 2008; Bloem et al., 2014). D1Rs were present in pyramidal 

neurons in all layers (Bergson et al., 1995; de Almeida et al., 2008), while M4Rs also 

localize to mPFC neurons (Levey et al., 1991; Volpicelli and Levey, 2004). Thus, 

acetylcholine through activating M4Rs is believed to affect dopamine input to control mPFC 

neurons. In fact, we found that activation of M4Rs inhibited the efficacy of D1Rs in 

activating ERK1/2. This was seen at synaptic sites. Thus, D1R and M4R signals converge 

onto synaptic ERK1/2 and antagonistically control ERK1/2 activity in the synaptic 

microdomain.

Most of known ERK1/2 substrates exist in the nucleus (Treisman, 1996; Kosako et al., 

2009). Through regulating nuclear gene expression, ERK1/2 transcriptionally modulate 

synaptic transmission and plasticity (Treisman, 1996; Sweatt, 2004; Thomas and Huganir, 

2004). Regarding the synaptic sub-pool of ERK1/2, a number of local substrates have also 

been identified, which include protein kinase C alpha (Debata et al., 2010), Kv4.2 potassium 

channels (Adams et al., 2000; Schrader et al., 2006), presynaptic synapsin I (Jovanovic et al., 

1996), postsynaptic density-93 (Guo et al., 2012), and postsynaptic density-95 (Sabio et al., 

2004). Recent work indicates that a synaptic glutamate receptor, i.e., metabotropic glutamate 

receptor 5, is a biochemical substrate of MAPKs (Park et al., 2013). However, at present, 

whether and how ERK1/2 regulate function of these synaptic substrates have been 

incompletely investigated. Future studies will focus on the functional aspect of the ERK1/2 

linkage to these synaptic substrates.
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SIGNIFICANCE

In this study, we found that stimulation of a dopamine receptor (D1 subtype) can activate 

a specific synaptic pool of the extracellular signal-regulated kinase (ERK), an enzyme 

critical for intracellular signaling process, in two rat brain regions called the striatum and 

medial prefrontal cortex. An agent that enhances activity of a muscarinic cholinergic 

receptor (M4 subtype) was able to suppress the response of ERK to dopamine 

stimulation. These results support a D1-M4 interaction model that regulates ERK 

particularly at synaptic sites. Malfunction of the D1-M4 interaction may be linked to 

various psychiatric disorders such as drug addiction and depression.
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Figure 1. Effects of dopamine receptor agonists on synaptic ERK1/2 phosphorylation in the rat 
forebrain
(A) Effects of SKF81297 and quinpirole on ERK1/2 phosphorylation in the striatum. (B) 
Effects of SKF81297 and quinpirole on ERK1/2 phosphorylation in the mPFC. Two bands 

were typically observed for pERK1/2 and ERK1/2 signals (upper bands = pERK1 and ERK1 

with 44 kDa; lower bands = pERK2 and ERK2 with 42 kDa). Note a significant increase in 

pERK2 levels in both forebrain regions in SKF81297- but not quinpirole-treated rats. 

Representative immunoblots are shown left of the quantified data. Rats received a single 

dose of SKF81297 (3 mg/kg, i.p.) or quinpirole (3 mg/kg, i.p.) and were sacrificed 20 min 

after drug injection for immunoblot analysis with synaptosomal proteins. The pERK2 data 

were analyzed with one-way analysis of variance: F(2,15) = 8.3, n = 18, P < 0.05 and 

F(2,12) = 7.7, n = 15, P < 0.05, respectively in the striatum and mPFC. The ERK2 data were 

also analyzed with one-way analysis of variance: F(2,15) = 0.92, n = 18, P > 0.05 and 

F(2,12) = 0.76, n = 15, P > 0.05, respectively in the striatum and mPFC. Data are presented 

as means ± SEM (n = 5-6 per group). *P < 0.05 versus saline.
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Figure 2. Effects of dopamine receptor agonists on synaptic JNK phosphorylation in the rat 
forebrain
(A) Effects of SKF81297 and quinpirole on JNK phosphorylation in the striatum. (B) Effects 

of SKF81297 and quinpirole on JNK phosphorylation in the mPFC. Two bands were usually 

seen for pJNK and JNK signals (upper bands = pJNK2/3 and JNK2/3 with 54 kDa; lower 

bands = pJNK1 and JNK1 with 46 kDa). Representative immunoblots are shown left of the 

quantified data. Rats received a single dose of SKF81297 (3 mg/kg, i.p.) or quinpirole (3 

mg/kg, i.p.) and were sacrificed 20 min after drug injection for immunoblot analysis with 

synaptosomal proteins. The pJNK1 data were analyzed with one-way analysis of variance: 

F(2,15) = 0.27, n = 18, P > 0.05 and F(2,12) = 0.67, n = 15, P > 0.05, respectively in the 

striatum and mPFC. The JNK1 data were also analyzed with one-way analysis of variance: 

F(2,15) = 0.91, n = 18, P > 0.05 and F(2,12) = 0.90, n = 15, P > 0.05, respectively in the 

striatum and mPFC. Data are presented as means ± SEM (n = 5-6 per group).
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Figure 3. Effects of the M4R PAM on synaptic ERK1/2 phosphorylation in the rat forebrain
(A) Effects of VU0152100 (VU) on ERK1/2 phosphorylation in the striatum. (B) Effects of 

VU0152100 on ERK1/2 phosphorylation in the mPFC. Representative immunoblots are 

shown left of the quantified data. Rats received a single dose of VU0152100 (6 or 60 mg/kg, 

i.p.) and were sacrificed 20 min after drug injection for immunoblot analysis with 

synaptosomal proteins. The pERK2 data were analyzed with one-way analysis of variance: 

F(2,9) = 0.56, n = 12, P > 0.05 and F(2,9) = 0.41, n = 12, P > 0.05, respectively in the 

striatum and mPFC. The ERK2 data were also analyzed with one-way analysis of variance: 

F(2,9) = 0.93, n = 12, P > 0.05 and F(2,9) = 0.48, n = 12, P > 0.05, respectively in the 

striatum and mPFC. Data are presented as means ± SEM (n = 4 per group).
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Figure 4. Effects of the M4R PAM on synaptic JNK phosphorylation in the rat forebrain
(A) Effects of VU0152100 (VU) on JNK phosphorylation in the striatum. (B) Effects of 

VU0152100 on JNK phosphorylation in the mPFC. Representative immunoblots are shown 

left of the quantified data. Rats received a single dose of VU0152100 (6 or 60 mg/kg, i.p.) 

and were sacrificed 20 min after drug injection for immunoblot analysis with synaptosomal 

proteins. The pJNK1 data were analyzed with one-way analysis of variance: F(2,9) = 0.81, n 

= 12, P > 0.05 and F(2,9) = 0.62, n = 12, P > 0.05, respectively in the striatum and mPFC. 

The JNK1 data were also analyzed with one-way analysis of variance: F(2,9) = 0.89, n = 12, 

P > 0.05 and F(2,9) = 0.99, n = 12, P > 0.05, respectively in the striatum and mPFC. Data 

are presented as means ± SEM (n = 4 per group).

Xue et al. Page 16

J Neurosci Res. Author manuscript; available in PMC 2016 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. Effects of VU0152100 on D1R agonist-stimulated ERK1/2 phosphorylation in the rat 
forebrain
(A) Effects of VU0152100 (VU) on SKF81297 (SKF)-stimulated ERK1/2 phosphorylation 

in the striatum. (B) Effects of VU0152100 on SKF81297-stimulated ERK1/2 

phosphorylation in the mPFC. Note that VU0152100 reduced the SKF81297-stimulated 

ERK1/2 phosphorylation in both regions. Representative immunoblots are shown left to the 

quantified data. Rats were given a single injection of vehicle (Veh) or VU0152100 (60 

mg/kg, i.p.) 20 min prior to saline (sal) or SKF81297 (3 mg/kg, i.p.) and sacrificed 20 min 

after drug injection for immunoblot analysis with synaptosomal proteins. The pERK2 data 

were analyzed with one-way analysis of variance: F(2,9) = 8.3, n = 12, P < 0.05 and F(2,9) = 

10.1, n = 12, P < 0.05, respectively in the striatum and mPFC. The ERK2 data were also 

analyzed with one-way analysis of variance: F(2,9) = 0.74, n = 12, P > 0.05 and F(2,9) = 

0.95, n = 12, P > 0.05, respectively in the striatum and mPFC. Data are presented as means ± 

SEM (n = 4 per group). *P < 0.05 versus vehicle + saline. +P < 0.05 versus vehicle + 

SKF81297.
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Table I

Primary Antibodies Used

Antigen Description of Immunogen Source, host species, 
catalog No., clone or lot 
No., RRID

Concentration used (μg/ml) Primary 
antibody 
blocking 
solution

β-Actin C-terminal actin fragment: Ser-Gly-Pro-
Ser-Ile-Val-His-Arg-Lys-Cys-Phe

Sigma-Aldrich (St. Louis, 
MO), rabbit polyclonal, 
A2066, AB_476693

0.2 3% Nonfat rrilk-
PBS
0.1% Tween-20

pERK1/2 A synthetic phosphopeptide corresponding 
to residues surrounding Thr202/Tyr204 of 
human p44 MAP kinase

Cell Signaling Technology 
(Beverly, MA), rabbit 
polyclonal, 9101S, lot No. 
28, AB_331646

1 3% Nonfat milk-
PBS
0.1% Tween-20

ERK1/2 A synthetic peptide corresponding to a 
sequence in the C-terminus of rat p44 MAP 
Kinase

Cell Signaling Technology, 
rabbit polyclonal, 9102S, lot 
No. 23, AB_10695746

0.5 3% Nonfat milk-
PBS
0.1% Tween-20

pJNK A synthetic phosphopeptide corresponding 
to residues surrounding Thr183/Tyr185 of 
human SAPK/JNK.

Cell Signaling Technology, 
rabbit polyclonal, 9251L, lot 
No. 21, AB_2140557

1 3% Nonfat milk-
PBS
0.1% Tween-20

JNK A recombinant human JNK2 protein Cell Signaling Technology, 
rabbit polyclonal, 9252S, lot 
No. 12, AB_10693936

0.5 3% Nonfat milk-
PBS
0.1% Tween-20
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