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Abstract

Several Src family kinase (SFK) members are expressed in the mammalian brain and serve as key
kinases in the regulation of a variety of cellular and synaptic events. These SFKs may be subject to
the modulation by dopamine, although this topic has been investigated incompletely. In this study,
we explored whether dopamine D2 receptors (D2R) regulate SFKs in adult rat brains /n vivo. We
investigated the role of D2Rs in two forebrain areas, the medial prefrontal cortex (mPFC) and
hippocampus, since dopamine plays a pivotal role in regulating activity of mPFC and hippocampal
neurons and D2Rs are expressed in these regions. We found that a systemic injection of a D2R
selective antagonist eticlopride elevated phosphorylation of SFKs at a conserved
autophosphorylation site, an event correlated with activation of SFKs, in the mPFC. Similarly,
antagonism of D2Rs by haloperidol increased SFK phosphorylation. In contrast, eticlopride and
haloperidol did not alter SFK phosphorylation in the hippocampus. The effect of eticlopride was
time-dependent and relatively delayed. Among two common SFK members enriched at synaptic
sites, eticlopride selectively altered phosphorylation of Fyn but not Src. Our data suggest that
D2Rs exert an inhibitory effect on the activity-related phosphorylation of Fyn in the mPFC under
normal conditions.
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Introduction

Non-receptor tyrosine kinases are an important subgroup of protein kinases involved in the
regulation of synaptic transmission and plasticity in mammalian brains (Neet and Hunter,
1996) and are linked to the pathogenesis of a verity of brain diseases (Schenone et al., 2011).
Fyn, i.e., FynB isoform, and Src are two typical members of the Src family kinase (SFK), a
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subfamily of non-receptor tyrosine kinases (Neet and Hunter, 1996), and are particularly
enriched at synaptic sites. Both Fyn and Src are able to phosphorylate a discrete set of
substrates within the synaptic structure and thereby phosphorylation-dependently modulate
the efficacy and strength of synaptic signaling (Kalia et al., 2004; Ohnishi et al., 2011;
Schenone et al., 2011). SFKs are also regulated by a phosphorylation-mediated mechanism
as their activity is enhanced by autophosphorylation at a conserved residue, tyrosine 416
(Y416) (Roskoski, 2005; Okada, 2012). Noticeably, Y416 phosphorylation is a sensitive step
subjected to the vigorous regulation by changing cellular and synaptic input.

The medial prefrontal cortex (mPFC) is a forebrain structure implicated in motor and
cognitive functions and in the pathogenesis and symptomatology of various neuropsychiatric
and neurological disorders (Giustino and Maren, 2015; Morici et al., 2015). This region, as a
mesocortical dopamine responsive site, is notable with a high level of expression of
dopamine receptors. In addition to dopamine D1 receptors, dopamine D2 receptors (D2R)
are abundant and reside on pyramidal neurons, local interneurons, and presynaptic terminals
(Vincent et al., 1993; Gaspar et al., 1995; Sesack et al., 1995). As G jjo-coupled receptors,
D2Rs inhibit adenylyl cyclase and thus reduce cAMP formation and protein kinase A (PKA)
activation (Neve et al., 2004). Similarly, D2Rs inhibited the excitability of prefrontal cortical
projection neurons (Trantham-Davidson et al., 2004; Tseng and O’Donnell, 2004). However,
to date, whether D2Rs are linked to SFKs in mPFC neurons is unclear. Given that Fyn and
Src are enriched in the mPFC (Sorge et al., 1985; Ohnuma et al., 2003; Hu et al., 2010) and
that the cCAMP-PKA pathway is positively linked to SFKs (Schmitt and Stork, 2002; Yang et
al., 2011; Yeo et al., 2011), it is intriguing to investigate whether D2Rs are involved in the
modulation of SFK activity in the mPFC.

In this study, we carried out experiments to define the role of D2Rs in the regulation of
phosphorylation of SFKs in the mPFC. We first tested the effect of the D2R selective
antagonist eticlopride on SFK phosphorylation at Y416 in the mPFC. Since SFKs are
actively involved in the regulation of synaptic plasticity related to learning and memory in
hippocampal neurons (MacDonald et al., 2006), we tested the effect of eticlopride on SFK
phosphorylation in the hippocampus. We then examined the effect of another D2R
antagonist haloperidol on SFK phosphorylation in both the mPFC and hippocampus. Finally,
we investigated effects of eticlopride on Y416 phosphorylation of immunopurified Fyn and
Src from the mPFC.

Materials and Methods

Animals and drug treatment

In this study, we used adult male Wistar rats weighing 250-340 g (Charles River, New York,
NY). Animals were housed in pairs and the animal room was on a 12-h/12-h light/dark cycle
and was controlled at a constant temperature of 23°C and humidity of 50 + 10% with food
and water available ad /ibitum. 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.
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Rats were treated with a single intraperitoneal (i.p.) injection of a drug in a volume of 1
ml/kg. Age-matched rats were injected with saline (1 ml/kg) and served as a control. The
D2R antagonist eticlopride was injected at a dose of 0.5 mg/kg which was calculated as the
salt. The dose of 0.5 mg/kg was chosen because a systemic injection of eticlopride at this
dose produced behavioral changes as a result of blockade of D2Rs (LaHoste and Marshall,
1990; Wang and McGinty, 1995). Another D2R antagonist haloperidol was injected at a
dose of 1 mg/kg calculated as the salt. This dose was chosen because haloperidol at this dose
(1 h prior to brain tissue collection) increased tyrosine phosphorylation of several proteins in
the mouse striatum (Hattori et al., 2006).

Rats were sacrificed by decapitation after anesthetized with sodium pentobarbital (65 mg/kg,
i.p.). Removed brains were cut into coronal slices. The mPFC and hippocampus were
dissected and were homogenized in a radioimmunoprecipitation assay (RIPA) buffer
containing 20 mM Tris-HCI, pH 7.5, 150 mM NaCl, 1 mM Nay,EDTA, 1 mM EGTA, 1%
NP-40, 1% sodium deoxycholate, 2.5 mM sodium pyrophosphate, 1 mM -
glycerophosphate, 1 mM NagVOy,, and 1ug/ml leupeptin (Cell Signaling Technology,
Danvers, MA). The sample was centrifuged at 800 g (10 min, 4°C). The supernatant was
collected for immunoblot analysis. Protein concentrations were determined. Samples were
stored at —80°C until use.

Western blots were performed as described previously (Jin et al., 2013). Briefly, proteins
were separated on SDS NUPAGE Novex 4-12% gels (Invitrogen, Carlsbad, CA) and were
transferred to polyvinylidene fluoride membranes. After blocked, washed, and incubated in a
primary antibody overnight at 4°C, membranes were incubated in a secondary antibody.
Proteins were visualized by an enhanced chemiluminescence reagent (GE Healthcare Life
Sciences, Piscataway, NJ) and were measured using ImageJ analysis software. Values of
optical density were normalized to a loading control (actin).

Immunoprecipitation

This was carried out as described previously (Mao and Wang, 2016b). The mPFC was
homogenized in a RIPA lysis buffer. After centrifuged at 800 g (10 min, 4°C), the
supernatant was used for immunoprecipitation. Proteins were incubated in a buffer
containing a mouse antibody against Src (2 pg) or Fyn (3 pg). The protein complex was
precipitated with 50% protein A & G agarose/sepharose bead slurry (GE Healthcare).
Precipitated proteins were resolved on SDS-PAGE with a rabbit antibody against Src, Fyn,
or phospho-Src family at Y416 (pan pY416).

Antibodies and pharmacological agents

Primary antibodies used in this study include rabbit polyclonal antibodies against Src (Cell
Signaling), Fyn (Santa Cruz Biotechnology, Santa Cruz, CA), or B-actin (Sigma-Aldrich, St.
Louis, MO), or mouse antibodies against Src (Cell Signaling) or Fyn (Santa Cruz). The
rabbit antibody against pan pY416 (Cell Signaling) was used which reacts with the Src
family members when phosphorylated at the conserved activation residue: Y416 (chicken
Src), Y419 (rat Src), and Y420 (rat Fyn). Pharmacological agents include s-(-)-eticlopride
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hydrochloride (Sigma) and haloperidol (Sigma). All agents were freshly prepared at the day
of experiments. Eticlopride was dissolved in physiological saline. Haloperidol was dissolved
as described previously (Usiello et al., 2000).

Statistics
Data were statistically analyzed and are presented as means £ SEM. We used a one-way
analysis of variance followed by a Bonferroni (Dunn) comparison of groups using least
squares- adjusted means or a two-tailed unpaired Student's #test to analyze data. Probability
levels of < 0.05 were considered statistically significant.

Results

Eticlopride increases SFK Y416 phosphorylation in the mPFC

We first investigated whether pharmacological blockade of D2Rs has any impact on SFK
activation, i.e., SFK phosphorylation at a conserved activation site (Y416). To this end, we
administered the D2R blocker eticlopride to rats at a single effective dose (0.5 mg/kg, i.p.).
We then sacrificed rats at different time points (20 min, 1 h, and 3 h after eticlopride
injection) to detect changes in Y416 phosphorylation in the mPFC using immunoblots. At an
early time point (20 min), eticlopride did not alter Y416 phosphorylation in the mPFC. As
shown in Fig. 1A, pY416 levels remained stable in eticlopride-treated rats compared to
saline-treated control rats. However, at 1 h, eticlopride induced a significant increase in
pY416 signals. At a later time point (3 h), the eticlopride-induced increase in pY416 levels
was still seen. At all time points surveyed, a total amount of Fyn proteins in eticlopride-
treated rats was not different from that in saline rats (Fig. 1B). Similarly, total Src protein
levels were not changed following eticlopride administration at three time points (Fig. 1C).
These data indicate that eticlopride increases SFK phosphorylation in the mPFC at a defined
time window after administration of a D2R blocker.

Eticlopride has no effect on SFK Y416 phosphorylation in the hippocampus

Like the mPFC, the hippocampus is an important brain region implicated in normal learning
and memory and is linked to the pathogenesis of various cognitive and neuropsychiatric
disorders (Koob and Volkow, 2010). Given that D2Rs are expressed in the hippocampus
(Gangarossa et al., 2012), we investigated the effect of eticlopride on SFK phosphorylation
in this region. An i.p. injection of eticlopride at 0.5 mg/kg (1 h prior to tissue collection)
showed a minimal influence over Y416 phosphorylation in the hippocampus (Fig. 2A).
Similarly, eticlopride did not alter total Fyn and Src protein levels (Fig. 2B and 2C). Thus,
eticlopride, while it increased Y416 phosphorylation in the mPFC, is ineffective in inducing
changes in Y416 phosphorylation in the hippocampus.

Haloperidol increases SFK Y416 phosphorylation in the mPFC

We next investigated the effect of a typical antipsychotic agent haloperidol that exhibits high
affinity antagonism of D2Rs. Rats were treated with a single dose of haloperidol (1 mg/kg,
i.p.) and were sacrificed 1 h after drug injection. The mPFC was dissected to analyze
changes in SFK Y416 phosphorylation. It was found that haloperidol markedly altered SFK
phosphorylation. As shown in Fig. 3A, a significant increase in pY416 protein levels was
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seen in haloperidol-treated rats relative to saline-treated rats. Total Fyn and Src protein levels
remained unchanged in response to haloperidol (Fig. 3B and 3C). These data demonstrate
that haloperidol, like eticlopride, upregulates SFK Y416 phosphorylation in mPFC neurons.

The effect of haloperidol was also tested in the hippocampus of the same animals. No
significant change in Y416 phosphorylation was seen following haloperidol administration
(Fig. 4A). Fyn and Src protein levels remained stable in response to haloperidol (Fig. 4B and
4C). Thus, haloperidol has no significant impact on hippocampal SFK Y416
phosphorylation.

Eticlopride selectively phosphorylates Fyn

We next compared Fyn and Src for their phosphorylation responses to eticlopride. To
achieve this, Fyn and Src proteins were separated from mPFC lysates by
immunoprecipitation. Immunoprecipitated Fyn and Src proteins were then assayed for
changes in Y416 phosphorylation using immunoblots. A single dose of eticlopride (0.5
mg/kg, 1 h) was effective in enhancing Fyn phosphorylation. As shown in Fig. 5A, pY416
signals in immunoprecipitated Fyn were increased in eticlopride-treated rats relative to
saline-treated rats. In contrast, pY416 signals in immunoprecipitated Src were not altered
following eticlopride administration (Fig. 5B). Thus, D2Rs seem to target Fyn rather than
Src.

Discussion

We conducted a series of pharmacological studies to define the role of D2Rs in the
regulation of SFKs in the mPFC and hippocampus /n vivo. We found that blockade of D2Rs
with a selective antagonist eticlopride elevated SFK phosphorylation at a conserved
activation site. Another D2R antagonist haloperidol also produced the same effect. In
contrast, the two antagonists did not alter SFK phosphorylation in the hippocampus. All
drug treatments did not alter levels of total Fyn and Src proteins in the two brain regions.
The eticlopride-induced elevation of SFK phosphorylation primarily occurred in Fyn rather
than Src. These data reveal an inhibitory connection of D2Rs with Fyn in mPFC neurons.

Early studies have demonstrated that SFKs are regulated in tyrosine phosphorylation by
dopamine signaling. For instance, dopamine D1 receptor agonists stimulated SFK Y416
phosphorylation in the striatum (Pascoli et al., 2011; Mao and Wang, 2015), establishing a
role of D1 receptors in upregulating phosphorylation of SFKs. In addition to D1 receptors,
D2Rs are engaged in the regulation of SFK phosphorylation. However, as opposed to D1
receptors, D2Rs inhibit SFK phosphorylation. As can be seen from this study, blockade of
D2Rs by eticlopride or haloperidol elevated SFK phosphorylation in the mPFC, which is
consistent with findings in the striatum (Hattori et al., 2006; Mao and Wang, 2016b). Of
note, the regulatory role of D2Rs seems to specifically target Fyn since the receptors
regulate Fyn but not Src phosphorylation in the mPFC. Unlike the mPFC and striatum, the
hippocampal region seems to be an insensitive central site where neither eticlopride nor
haloperidol produced a significant change in SFK phosphorylation. The reason for this
insensitivity is unclear. It underscores the complex of mechanisms controlling SFY
phosphorylation in this region.
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Regarding the post-receptor signaling pathway linking D2Rs to Fyn, D2Rs as G j/o- coupled
receptors are known to inhibit the cAMP production and subsequent activation of PKA
(Neve et al., 2004). It has been found that PKA can phosphorylate a serine residue on Fyn
(S21) and Src (S17) to allow Y416 autophosphorylation (Schmitt and Stork, 2002; Yeo et
al., 2011). Similarly, a PKA activator forskolin activated Fyn in mouse spinal dorsal horn
neurons (Yang et al., 2011). Thus, cAMP and PKA could form a signaling pathway
positively linked to the phosphorylation of Fyn. However, it should be pointed out whether
this CAMP-PKA pathway links D2Rs to Fyn is unclear. Future studies will have to elucidate
the role of the cAMP-PKA pathway in mediating the D2R inhibition of Fyn
phosphorylation.

Fyn and Src are synapse-enriched kinases and are believed to be vigorously involved in the
regulation of local substrates to control synaptic transmission and plasticity (Kalia et al.,
2004; Ohnishi et al., 2011; Schenone et al., 2011). In fact, it has been well established that
Fyn or Src regulates ionotropic glutamate receptors to modulate the strength and efficacy of
synaptic transmission (Kalia et al., 2004; Ohnishi et al., 2011; Groveman et al., 2012;
Trepanier et al., 2012). In addition to ionotropic glutamate receptors, metabotropic
glutamate receptors (mGIuR) are also subject to tyrosine phosphorylation (Mao and Wang,
2016a; Mao et al., 2011). For instance, mGIuR5 is among tyrosine-phosphorylated proteins
in the rat cortex, striatum and hippocampus (Orlando et al., 2002; Mao and Wang, 2016b)
and the mouse forebrain (Giuffrida et al., 2005). Given the fact that the prefrontal cortex is
enriched with SFKs (Sorge et al., 1985; Ohnuma et al., 2003; Hu et al., 2010) and glutamate
receptors including mGIuR5 (Muly et al., 2003) in addition to D2Rs (Vincent et al., 1993;
Gaspar et al., 1995; Sesack et al., 1995), it will be intriguing to investigate whether D2Rs
regulate tyrosine phosphorylation of mGIuR5 or other glutamate receptors in mPFC neurons
in the future.

Among nine SFK members so far identified, five are expressed in the mammalian brain,
including Src, Fyn, Yes, Lyn, and Lck (Omri et al., 1996; Kalia et al., 2004; Bongiorno-
Borbone et al., 2005). We have studied the two SFK members (Fyn and Src) in this study.
While we have found that Fyn rather than Src is responsive to D2R signals, other neuron-
enriched SFK members (Yes, Lyn and Lck) which are all present in the synaptic location
(Kalia and Salter, 2003) are unclear for their connections to D2Rs. Future studies will
elucidate the participation of these members in the D2R-associated signaling transduction.
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Figure 1. Eticlopride-induced elevation of Y416 phosphorylation in therat mPFC
(A) Effects of eticlopride on Y416 phosphorylation in the mPFC. (B and C) Effects of

eticlopride on Fyn (B) and Src (C) expression in the mPFC. Representative immunoblots are
shown above the quantified data. Note that eticlopride induced a time-dependent increase in
Y416- phosphorylated protein levels. Rats were given a single i.p. dose of saline or
eticlopride at 0.5 mg/kg and were sacrificed at different time points (20 min, 1 h, and 3 h)
after drug injection for immunoblot analysis. Data are presented as means + SEM (n = 3-8

per group). *P < 0.05 versus saline at the same time point.
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Figure 2. Effects of eticlopride on Y416 phosphorylation in therat hippocampus
(A) Effects of eticlopride on Y416 phosphorylation in the hippocampus. (B and C) Effects

of eticlopride on Fyn (B) and Src (C) expression in the hippocampus. Representative
immunoblots are shown above the quantified data. Rats were given a single i.p. dose of
saline or eticlopride (Eti) at 0.5 mg/kg and were sacrificed 1 h after drug injection for
immunoblot analysis. Data are presented as means + SEM (n = 4 per group).
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Figure 3. Haloperidol-induced elevation of Y416 phosphorylation in therat mPFC
(A) Effects of haloperidol on Y416 phosphorylation in the mPFC. (B and C) Effects of

haloperidol on Fyn (B) and Src (C) expression in the mPFC. Representative immunoblots
are shown above the quantified data. Note that haloperidol induced a significant increase in
Y416-phosphorylated protein levels. Rats were given a single i.p. dose of saline or
haloperidol (Hal) at 1 mg/kg and were sacrificed 1 h after drug injection for immunoblot
analysis. Data are presented as means + SEM (n = 4 per group). *£ < 0.05 versus saline.
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Figure 4. Effects of haloperidol on Y416 phosphorylation in therat hippocampus
(A) Effects of haloperidol on Y416 phosphorylation in the hippocampus. (B and C) Effects

of haloperidol on Fyn (B) and Src (C) expression in the hippocampus. Representative
immunoblots are shown above the quantified data. Rats were given a single i.p. dose of
saline or haloperidol (Hal) at 1 mg/kg and were sacrificed 1 h after drug injection for
immunoblot analysis. Data are presented as means + SEM (n = 4 per group).
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Figure5. Eticlopride-induced elevation of Y416 phosphorylation in immunoprecipitated Fyn

proteinsfrom therat mPFC

(A) Effects of eticlopride on phosphorylation of immunopurified Fyn. (B) Effects of

eticlopride on phosphorylation of immunopurified Src. Note that eticlopride selectively
increased Fyn phosphorylation. Representative immunoblots are shown left to the quantified
data. Rats were given a single dose of eticlopride (Eti) at 0.5 mg/kg (i.p.) and were sacrificed

1 h after drug injection for immunoprecipitation (IP) of Fyn and Src, followed by
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immunoblot (I1B) analysis of Fyn and Src phosphorylation. Data are presented as means +
SEM (n =5 per group). *P< 0.05 versus saline.
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