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Dopamine promotes NMDA
receptor hypofunction in the
‘retina through D, receptor-
o mediated Csk activation, Src
™ inhibition and decrease of GIuN2B

phosphorylation

. Renato Socodato?, Felipe N. Santiago?, Camila C. Portugal®, lvan Domith?,
. Thaisa G. Encarnagao?, Erick C. Loiola?, Ana L. M. Ventura®?, Marcelo Cossenza®*,
. Jodo B. Relvas?, Newton G. Castro® & Roberto Paes-de-Carvalho*3

Dopamine and glutamate are critical neurotransmitters involved in light-induced synaptic activity in the
retina. In brain neurons, dopamine D, receptors (D;Rs) and the cytosolic protein tyrosine kinase Src can,

. independently, modulate the behavior of NMDA-type glutamate receptors (NMDARs). Here we studied

. theinterplay between D,Rs, Src and NMDARs in retinal neurons. We reveal that dopamine-mediated

. D,R stimulation provoked NMDAR hypofunction in retinal neurons by attenuating NMDA-gated
currents, by preventing NMDA-elicited calcium mobilization and by decreasing the phosphorylation of
NMDAR subunit GIuN2B. This dopamine effect was dependent on upregulation of the canonical D,R/
adenylyl cyclase/cAMP/PKA pathway, of PKA-induced activation of C-terminal Src kinase (Csk) and of
Srcinhibition. Accordingly, knocking down Csk or overexpressing a Csk phosphoresistant Src mutant
abrogated the dopamine-induced NMDAR hypofunction. Overall, the interplay between dopamine and
NMDAR hypofunction, through the D;R/Csk/Src/GluN2B pathway, might impact on light-regulated
synaptic activity in retinal neurons.

Dopamine (DA) primes neural circuits implicated in motor behavior, cognition, neurodegeneration and vision! .
. Two classes of DA receptors mediate its actions: D,-like (D, and D;) and D,-like (D,, D; and D,), which are posi-
. tively and negatively linked to adenylyl cyclase (AC), respectively. DA is present in the retina, where it modulates
: AC activity since early developmental stages?. DA also controls growth cone motility and neurite retraction via
. DjRin the developing retina®, suggesting that DA might be a morphogen for retinal neuronal progenitor cells.
. Moreover, Parkinson-diseased patients develop late visual impairment, possibly by changes in the responsiveness
of retinal ganglion cells to DA’
D,Rs have been shown to physically interact with NMDAR subunits in brain neurons® and DA-triggered D|R
activation is often associated with the potentiation of NMDAR channel activity in those cells’'*. NMDAR activity
. is implicated in the regulation of visual system development!”'8, in retinal cell death!® and in light transduc-
© tion®. On the other hand, NMDAR hypofunction is associated with psychiatric disorders*'-?. Several metabo-
. tropic receptors modulate the activity and membrane trafficking of NMDARs by phosphorylating their large
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intracellular domains in a subunit-specific manner?*. Interestingly, NMDARs may be more susceptible to direct
regulation by non-receptor tyrosine kinases, such as Src and Fyn?>%, than by classical serine-threonine protein
kinases like PKA and PKC?. Indeed, Src is required for NMDAR activity and NMDAR-dependent plasticity in
the brain®-32,

Src belongs to the Src family of protein kinases (SFKs), which are a class of cytoplasmic tyrosine kinases
highly conserved throughout metazoan evolution®. Activation of SFKs, including Src, depends on Tyr*!® phos-
phorylation (in the activation loop) and Tyr**” dephosphorylation (in the C-terminal region)*-%". The ubiqui-
tously expressed C-terminal Src kinase (Csk) is a major kinase regulating the phosphorylation of this C-terminal
tyrosine®”~*. In Csk knockout mice, a severe deficit in neural tube development leads to embryonic lethality,
likely due to widespread overactivation of SFKs*. Likewise, Csk null cells, including retinal neurons*!, display
a dramatic increase in Src activity*>. Furthermore, Csk, likely through the downregulation of SFKs activity, can
inhibit the potentiation of NMDAR channel function in hippocampal synapses**. Therefore, to comprehend the
signaling interplay between DA, Csk/Src and NMDARs might be of paramount importance for understanding
activity-dependent plasticity of retinal circuitry under physiological and pathophysiological conditions.

Since D;Rs and Src can independently regulate NMDAR activity we hypothesized that D,Rs would control
Src activity to regulate the functioning of NMDAR:s in retinal neurons. Here we reveal that exposing retinal neu-
rons to DA triggers the activation of the D,R/cAMP/PKA/Csk pathway leading to Src inhibition. The inhibition
of Src was responsible for decreasing the phosphorylation of NMDAR subunit GluN2B at Tyr'#’2, for reducing
NMDAR-gated currents, and for preventing NMDA-evoked calcium mobilization, leading to NMDAR hypofunc-
tion. Overall, we unveiled a signaling pathway composed of PKA/Csk/Src/GluN2B that associates DA-induced
D,Rs activation with NMDARs hypofunction in retinal neurons.

Results

D,Rs stimulation inhibits Src in neurites of retinal neurons.  Activation of Src is dictated by the bal-
ance between the stimulatory phosphorylation of Tyr*!€ in its activation loop and the inhibitory phosphorylation
of Tyr>?’ at its C-terminal region. We first assessed the phosphorylation of Src at Tyr*!¢ and Tyr®?’ residues by
Western blotting in lysates from cultured retinal neurons (Fig. 1A). Stimulation of cultures with DA for 30 min
induced a significant decrease in active Src (pTyr*!%; Fig. 1A.1) while it robustly increased inactive Src (pTyr®¥;
Fig. 1A.2). To study the DA effect further we used a specific Src biosensor (KRas Src YPet**) and visualized by
FRET-based time-lapse microscopy the subcellular activation of Src in neurites of living retinal neurons. We
observed that DA treatment of retinal neurons expressing the Src FRET biosensor promoted fast and consistent
inhibition of Src in neurites (Fig. 1B), indicating that DA decreases Src activation in retinal neurons.

Since D,Rs are expressed in the retina and DA can signal through these receptors in retinal neurons we
therefore evaluated whether selective D;R modulation would also control the activation of Src. We observed by
Western blotting that SKF-38393 (a selective D|R agonist) decreased active Src (pTyr*!®) and increased inactive
Src (pTyr®”) in retinal neurons (Fig. 1C.1 and 1C.2). In addition, the SKF-38393-induced Src pTyr*? increase
was abolished by pre-treating neurons with the selective DR antagonist SCH-23390 (Fig. 1D). We further con-
firmed the specific effect of DR in inhibiting Src by FRET with the KRas Src biosensor in neurites of living retinal
neurons knocked down for D;R (Fig. 1E light red bars; knockdown validated in Suppl. Fig. 1). To validate our in
vitro findings in a more physiological model, we performed ex vivo experiments with DA and SKF-38393 in intact
retinas acutely-isolated. Corroborating our culture data, DA or SKF-38393 increased Src pTyr®? density in the
intact ex vivo retina (Suppl. Fig. 2).

DA inhibits Src via the D;R canonical pathway in retinal neurons. In most tissues, canonical D,R
signaling occurs through adenylyl cyclase (AC), accumulation of cAMP and PKA activation®”. We then asked
whether this canonical DR pathway would play a role in the DA-mediated Src inhibition. In this particular, for-
skolin (Fsk), which directly stimulates AC, or 8Br-cAMP, a permeable cAMP analog that directly activates PKA,
were used. Both compounds decreased Src pTyr*!® and increased Src pTyr®? in retinal cultures (Fig. 2A and B).
Fsk also induced fast Src inhibition in neurites of living retinal neurons expressing the Src FRET biosensor
(Fig. 2C). Blocking AC with MDL-12330A or PKA with H-89 prevented both the DA and the SKF-38393-induced
Src pTyr*? increase (Fig. 2D). To corroborate the PKA effect on D;R-mediated Src inhibition we used another
PKA inhibitor (KT-5720). Pre-incubation of retinal neurons with KT-5720 completely blocked the increase of
Src pTyr®? elicited by the activation of D;Rs with SKF-38393 or by the activation of AC with Fsk (Fig. 2E). We
further analyzed the modulation of Src function by DA using FAK pTyr®* as a functional index for Src activity*.
As expected, DA as well as Src shRNA (validated in Suppl. Fig. 3A) decreased FAK pTyr®?® levels and DA had
no additional effect in cells treated with Src shRNA (Fig. 2F). Furthermore, Src shRNA-induced FAK pTyr®*
decrease was not related with an increase in neuronal cell death (Suppl. Fig. 3B).

Canonical D,R pathway activates Csk to inhibit Src in retinal neurons. We hypothesized that
D,R-mediated PKA stimulation would regulate Csk activation since Csk is an endogenous Src repressor#?.
Moreover, PKA can stimulate Csk directly by phosphorylating the Ser*** at Csk kinase domain?’. Indeed, DA or
SKF-38393 increased Csk pSer®* in retinal neurons significantly (Fig. 3A and B) while inhibiting AC with MDL-
12330A or blocking PKA with H-89 abrogated the DA effect (Fig. 3C). Confocal microscopy analysis showed that
Src pTyr®?” and Csk pSer®®* were co-localized in puncta in retinal neurons and DA or SKF-38393 increased the
Src pTyr*?’/Csk pSer** co-localization puncta in most neurons (Fig. 3D, left panels), suggesting that Csk might
regulate Src inhibition via D, R activation. DA and SKF-38393, as expected, decreased the Src pTyr*!¢/FAK pTyr®*
co-localization puncta (Fig. 3D, right panels).

To directly associate Csk with D;R-mediated Src inhibition, we knocked down Csk (validated in Suppl. Fig. 4)
and evaluated whether D,Rs could still inhibit Src. Indeed, DA increased Src pTyr>?’ significantly in neurites
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Figure 1. DA inhibits Src via activation of D;Rs. (A) Western blot for Src phosphorylated at Tyr*!° (A.1) or
Tyr>?” (A.2) on lysates from retinal neuronal cultures treated for 30 min with DA (50 pM). Src was used as the
loading control. Data are the mean 4+ SEM. N =6 different and independent cultures, Student t test.

(B) Retinal cultures expressing KRas Src FRET sensor were exposed to DA (10 pM). Time-lapse CFP/FRET
ratios in neurites are coded as the pseudocolor ramp. Data are the mean 4+ SEM. N =3 cells. Scale =5 pum.

(C and D) Western blotting against Src pTyr*'¢ (C.1 and D) or Src pTyr®?” (C.2) on retinal cultures treated for
30 min with SKF-38393 (10 pM). In some cases neurons were pre-treated with SCH 23390 (10 uM). Data are
the mean + SEM. N =6 different and independent cultures, Student t test (C) or One-way ANOVA (D).

(E) Retinal neuronal cultures expressing pLKO (control; empty vector) or DR shRNA were transfected with
KRas Src FRET sensor and exposed to DA (10 uM; time = 0 min). Histograms (mean =+ SEM) for pLKO (black)
and shDR (light red for shRNA clone 1 or light blue for shRNA clone 2) show time-lapse CFP/FRET ratio
changes in the neurites. N = 3-4 neurons in each condition. *p < 0.05, **p < 0.01, Two-way ANOVA (related
to time-point 0 in the pLKO group); ns = non-significant (related to time-point 0 in the shD,R groups).

Scale =5 pm. Uncropped Western blot gels related to this figure are displayed in Suppl. Fig. 7.

of control neurons but not in neurites of neurons knocked down for Csk (Fig. 3E). In addition, when Csk was
knocked down, the activation of D;Rs with SKF-38393 could not decrease FAK pTyr®?® puncta (Fig. 3F), indicat-
ing that D,Rs inhibit Src via Csk activation. Data in acutely isolated retinas further showed that DA or SKF-38393
increased Csk phosphorylation via activation of D,Rs (Suppl. Fig. 5A), confirming that D|R activation of Csk
inhibits Src in the retina.

The D,R/Csk/Src pathway decreases GIuN2B phosphorylation in retinal neurons.  SFKs, includ-
ing Src, are claimed to modulate long-term potentiation and synaptic plasticity by stimulating the activity of
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Figure 2. Canonical DR pathway mediates Src inhibition. (A and B) Src phosphorylation at Tyr*!¢ and

Tyr®” mediated by forskohn (Fsk; 50 uM; (A) or 8Br-cAMP (100 uM; B) in retinal neuronal cultures. Src was

used as the loading control. Data are the mean = SEM. N = 3 different and independent cultures, Student t test.

(C) Retinal neuronal cultures expressing KRas Src FRET sensor were exposed to Fsk (50 uM). Time-lapse CFP/
FRET ratio changes in the neurites were normalized at 0 min and are coded as the pseudocolor ramp. Data are the
mean £ SEM. N = 3 neurons. Scale =5um. (D) Retinal neuronal cultures were pre-treated for 10 min with H-89
(15uM) or MDL-12,330 A (10 uM) and then stimulated for 30 min with DA (50 uM) or SKF-38393 (10 pM). Src
phosphorylation at Tyr®?” was evaluated and Src served as the loading control. Data are the mean 4+ SEM. N=3
different and independent cultures ***p<0.001 vs. CT (One-way ANOVA). (E) Retinal neuronal cultures were pre-
treated for 10 min with KT-5720 (1 pM) and then stimulated for 30 min with SKF-38393 (10 uM) or Fsk (50 uM).
Src phosphorylation at Tyr*”” was evaluated and Src served as the loading control. Data are the mean = SEM. N=3
different and independent cultures, One-way ANOVA. (F) Confocal imaging of retinal neuronal cultures infected
with lentiviruses carrying a control vector (pLKO; CT) or Src shRNAs and immunostained for FAK pTyr®* (red).
DA (50 tM; 30 min). Data are the mean & SEM. N =3 different and independent cultures, One-way ANOVA.
Uncropped Western blot gels related to this figure are displayed in Suppl. Fig. 8.
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Figure 3. D,Rs activate Csk to inhibit Src. (A and B) Csk phosphorylation at Ser*** induced by DA (50 pM;
30min; (A) or SKF-38393 (10 uM; 30 min; (B) in retinal neuronal cultures. Csk was used as the loading control.
Data are the mean &+ SEM. N = 3 different and independent cultures, Student t test. (C) Retinal neuronal
cultures were pre-incubated for 10 min with H-89 (15uM), MDL-12,330 A (10 uM) and then incubated with
DA (50 uM; 30 min). Next, Western blot for Csk pSer®* was carried out. Csk was used as the loading control.
Data are the mean & SEM. N = 3 different and independent cultures. ***p < 0.001 vs. CT, One-way ANOVA.
(D) Retinal neuronal cultures were stimulated with DA or SKF-38393 for 30 min, and then immunolabeled for
Src pTyr*? (purple) and Csk pSer®* (blue) or Src pTyr*'¢ (green) and FAK pTyr®* (red). Co-localization data
are displayed as the mean + SEM. N = 3 different and independent cultures, One-way ANOVA. Calibration
bars =10 um. (E and F) Retinal neuronal cultures were infected with lentiviruses carrying Csk shRNAs and
immunolabeled for Src pTyr*? (purple; E) or FAK pTyr®*® (green; F) and stimulated with DA (50 pM; 30 min)
or SKF-38393 (10 pM; 30 min). Data are the mean + SEM. N = 3 different and independent cultures, One-way
ANOVA. Calibration bars: (E) =5 pm; (F) = 10 pm. Uncropped Western blot gels related to this figure are
displayed in Suppl. Fig. 9.

NMDAR in the brain?. The presence different subunit composition in NMDARs determines the functional
properties of the receptor*®. In addition, phosphorylation of NMDARs subunits by different classes of cytosolic
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Figure 4. DA regulates GluN2B phosphorylation via Csk/Src pathway. (A) Representative Western blot for
GluN2B pTyr!*7? in extracts from retinal neuronal cultures expressing the empty vector pLKO or Csk sShRNA
(clone 1 or clone 2). GluN2B was used as the total. N =3 different and independent cultures, One-way ANOVA.
(B) Retinal neuronal cultures were infected with viruses carrying Csk shRNAs or the empty vector pLKO.

In C3, cultures were treated with SKI-1 (100 nM; 24 h) and then immunostained for GluN2B pTyr'¥’2. Data

are the mean + SEM. N = 3 different and independent cultures, One-way ANOVA. Scale =5um. (C) Retinal
neuronal cultures were infected with viruses carrying a constitutively active Src construct (Src Y527F) or the
empty vector pLKO. Cultures were then immunostained for GluN2B pTyr'¥’2 Data are the mean + SEM. N=3
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different and independent cultures, Student t test. Scale =5 pum. (D) Representative Western blot for GluN2B
pTyr!#72 in extracts from retinal neuronal cultures expressing the empty vector pLKO or Src shRNA (clone 1 or
clone 2). GluN2B was used as the total. N =3 different and independent cultures, One-way ANOVA. (E) Retinal
neuronal cultures were infected with viruses carrying a kinase-dead Src construct (Src K295R), Src shRNA or
the empty vector pLKO. Cultures were then immunostained for GluN2B pTyr!4’2 Data are the mean &= SEM.

N =3 different and independent cultures, One-way ANOVA. Scale =5 um. (F and G) Retinal neuronal cultures
were transduced with the empty vector pLKO (F and G), Csk shRNA (F) or Src Y527F (F and G). Neurons
were left untreated (CT) or treated for 30 min with DA (50 uM; (D) or SKF-38393 (10 uM; (E). Western blot

for GIuN2B pTyr'#’2 was then carried out. GluN2B was the loading control. Data are the mean + SEM. N=3
different and independent cultures, One-way ANOVA (F and G). Uncropped Western blot gels related to this
figure are displayed in Suppl. Fig. 10.

protein kinases further contributes to fine-tuning the channel behavior upon agonist binding?#**?’. For instance,
phosphorylation of GluN2B at Tyr'¥> modulates NMDAR currents and NMDAR-dependent synaptic plasticity’'.
We therefore hypothesized that D,R-induced Src inhibition could affect the functioning of GluN2B-containing
NMDARs in retinal neurons. Western blotting and confocal imaging data showed that Csk knockdown
increased GluN2B pTyr!*’? (Fig. 4A and B) and the Src inhibitor SKI-1 prevented this effect in neurites (Fig. 4A).
Overexpressing a Src mutant carrying a point mutation in the Csk phosphorylation site (Src Y527F), which ren-
ders Src constitutively active®’, also enhanced GluN2B pTyr'#’? in neurites (Fig. 4C). On the contrary, knocking
down Src (Fig. 4D) or overexpressing a kinase-dead Src mutant (Src K295R) was sufficient to decrease GluN2B
pTyr'¥”2 in neurites (Fig. 4E). Here we concluded that Src activation is sufficient for phosphorylating GluN2B
subunits in retinal neurons.

Since D, R activates Csk and inhibits Src in retinal neurons we evaluated whether exposing these cells to DA
would affect GluN2B phosphorylation. DA treatment decreased GluN2B pTyr!'#’2 in control neuronal cultures but
not in cultures knocked down for Csk or in cultures overexpressing Src Y527F (Fig. 4F). Activation of D;Rs with
SKEF-38393 also reduced GluN2B pTyr'*’? in control neuronal cultures, but not in cultures overexpressing the
constitutively active Src mutant (Fig. 4G). In addition, we confirmed that activation of D,Rs by DA also decreased
GluN2B phosphorylation at Tyr'¥7? in ex vivo intact retinas (Suppl. Fig. S5B).

Dopamine triggers NMDAR hypofunction through a D,R/Csk/Src signaling pathway in retinal
neurons. Itis conceivable that the D,R-dependent decrease of GluN2B phosphorylation that we observed in
retinal neurons (Fig. 4F and G) might affect NMDAR channel function. Therefore, to study NMDAR-dependent
responses in retinal neurons, we first examined NMDA-gated currents in these cells. In nearly all neurons tested
brief pulses of NMDA and glycine evoked whole-cell currents in the presence of 300 nM ZnCl,, which selectively
inhibits GluN2A-containing receptors through a high-affinity site®*->2. After achieving stable responses, activation
of D,Rs by perfusing SKF-38393 reduced currents to 76.8 +2.6% of control (Fig. 5A). The SKF-38393-induced
reduction in NMDAR-gated currents was consistent in each of 7 cells tested. Besides, in 2 of 3 cells tested, current
amplitudes returned to control levels after a 5 min washout of SKF-38393 (Fig. 5A, grey circles). Co-application of
NMDA with the selective GluN2B modulator Ro 25-6981 in long pulses (5-10sec) led to partial use-dependent
inhibition of current amplitudes (Fig. 5B), as expected for GluN1/GluN2B receptors>.

We then evaluated NMDAR functioning in large populations of retinal neurons using [*H] MK-801 bind-
ing assay in cultured neurons. Since [*H] MK-801 binding requires opened NMDAR channels at the neuronal
plasma membrane®, cultures were pre-stimulated with glutamate and glycine. Knocking down Csk (Fig. 5C) or
overexpressing the active Src mutant (Fig. 5D) increased glutamate-induced [*H] MK-801 specific binding when
compared with control cultures, suggesting that Src activation increased glutamate-induced NMDAR function-
ing. Corroborating the electrophysiological results, DA decreased [*H] MK-801 specific binding in control cells
whereas this effect was abrogated in cultures knocked down for Csk or in cultures overexpressing the Csk phos-
phoresistant Src mutant (Fig. 5E), indicating that DA-induced decrease of NMDAR functioning is mediated via
Src inhibition.

Finally, we analyzed DA modulation of NMDA-elicited calcium mobilization. Calcium imaging in living reti-
nal neurons revealed that pre-treatment with DA consistently abrogated NMDA-evoked calcium increase in these
cells (Fig. 5F; lilac circles). This DA effect in retinal neurons depended on Src inhibition since the knockdown of
Csk allowed a complete recovery of NMDA-evoked calcium increase in the presence of DA (Fig. 5G; lilac circles).
Taken together, these data suggest that activation of D;Rs promotes NMDAR hypofunction via Csk activation
and Src inhibition in retinal neurons.

Discussion
The interaction between neurotransmitter systems is potentially important for understanding nervous system
functioning and development, as well as neurodegenerative or neurodevelopmental disorders. Here we revealed
a novel mechanism associating DA-dependent activation of DR with NMDA receptor hypofunction in retinal
neurons. We showed that activation of D,Rs, with consequent cAMP accumulation and PKA stimulation, pro-
motes Csk activation, which in turn inhibits Src tyrosine kinase function. A direct consequence of Src inhibition
is the decrease of the phosphorylation of GluN2B subunit at Tyr'¥’, leading to NMDAR hypofunction. Such
signaling mechanism might correlate with the existence of a relay pathway composed of D;R, PKA, Csk, Src and
GluN2B subunit that can efficiently depress NMDAR responses at glutamatergic synapses in retinal neurons.
Activation of GPCRs has been linked to Csk Ser*** phosphorylation®’. In retinal neurons, cGMP-dependent
kinase-mediated Src activation, controlled by calcium-permeable AMPA receptors and nitric oxide, does not
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Figure 5. Activation of D;Rs reduces NMDAR-elicited responses in retinal neurons. (A) Current amplitudes
expressed as % average of the last 4 CT responses before SKF-38393 5M (t=0), N =7 neurons. The gray
dotted line indicates the predicted time course of spontaneous exponential decay of the responses, used as
corrected control. The washout of SKF-38393 was followed in 3 of the 7 neurons. Inset: representative responses
to NMDA (50 uM + glycine 5pM; 1s) in the absence and after 3-5 min in the presence of SKF-38393 (4 traces
averaged; calibration: 2 s and 100 pA). (B) Ro 25-6981 2 pM was co-applied with NMDA + glycine at 1 min
intervals after CT response. Peak and steady-state currents progressively reduced in the first three responses

(N =4 neurons). (C-E) Csk shRNA (C and E) or constitutively active Src (Src Y527F)-infected retinal neuronal
cultures (D and E) were subjected to binding with radiolabeled MK-801. NMDARs activation was elicited by
glutamate + glycine. Neurons were pre-treated with DA (50 uM; 30 min; (E). Data are the mean +SEM. N=3
different and independent cultures, Student t test (C and (D); Two-way ANOVA in (E). (F and G) Control
(pLKO; (F) or Csk knocked down (shCsk; (G) retinal neuronal cultures were incubated with Fluo3 AM

(5uM; 1h) and calcium imaging was performed in living retinal neurons. Cells were incubated with HBSS
(saline; black circles) or with DA (10 uM; lilac circles) and recorded in a confocal microscope for 1.5 min (base
line recording), followed by NMDA application (1 mM; 3.5 min; stimulus). Histograms are Fluo-3 F/F, ratio
changes == SEM. N =12 cells (each group in (F), 13 cells (G) NMDA) and 14 cells (G) DA +NMDA).

involve Csk inhibition*!. However, our data show that activation of D,Rs leads to Src inhibition via Csk activation
in neurites of retinal neurons. In fibroblasts, GPCRs appear to enhance Csk activation through G protein 3~ com-
plexes but not via Go>®. Herein, D;Rs promoted Csk activation in an AC/cAMP/PKA-dependent manner. The
main effect of DA in Csk activation probably requires Go,, mobilization, but G3~ complexes might also partici-
pate in Csk recruitment to the plasma membrane upon DA activation of D;Rs. We did not evaluate the physical
association of Csk and Src in steady state conditions or upon D, R activation in retinal neurons. However, prevent-
ing Csk phosphorylation, by pharmacological blockade of the cAMP/PKA pathway, or by depleting Csk, using
shRNA-mediated Csk knockdown, abrogated the inhibition of Src induced by D|R activation, suggesting that
there is a functional relationship between Csk and Src upon DA-mediated D, R modulation in retinal neurons.
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Csk can decrease basal NMDAR activation by binding to GluN1 and GluN2 subunits and inactivating Src
directly®. In line with this observation, we showed that Csk activation decreased GluN2B phosphorylation at
Tyr'¥”2 and inhibited NMDA-elicited calcium responses in living retinal neurons. In hippocampal neurons, inhi-
bition of cAAMP/PKA pathway by G;/,-coupled metabotropic glutamate 2/3 receptors reduces Csk activity and
enhances the responses of GluN2A-containing NMDARs*®. D, -like receptor activation and downstream regu-
lation of PKA was also required for LTP induction in hippocampal slice preparations®’, and for incrementing
NMDAR functioning in the hippocampus®® or in the ventral tegmental area®®. Our data, however, showed that
DR stimulation in retinal neurons promotes PKA activation leading to Csk-dependent Src inhibition, which
then promotes the decrease of NMDAR responses. Taken together, these data suggest that NMDAR composed
of GluN1/GluN2A or GluN1/GluN2B configurations might be subjected to bidirectional modulation by GPCRs
activation, and downstream cAMP/PKA/Csk, in different neuronal populations. It will be of interest to clarify
the functional consequences of cAMP/PKA/Csk modulation in GluN1/GluN2A/GluN2B heterotrimers, whose
prevalence is high in the hippocampus but so far unknown in retinal neurons.

SFK-dependent phosphorylation of NMDAR subunits (for instance GluN2A or GluN2B) fine-tunes NMDAR
gating®. Association of NADH dehydrogenase subunit 2 with Src unique domain mediates the functional cou-
pling between Src and NMDARs® and our data revealed that Src activation leads to the phosphorylation of
GluN2B subunits and increased NMDAR functioning in retinal neurons. GluN2B subunit is expressed at synaptic
sites in the retina®!, suggesting an obvious role for GluN2B in regulating synaptic NMDAR activity in this tissue.
By forcing Src activation (using shRNA to knockdown Csk expression or overexpressing a constitutively active
Src mutant) we could prevent the D,R-mediated decrease of GluN2B phosphorylation and the DA-mediated
NMDAR hypofunction in retinal neurons.

We ascertained that D|Rs indeed decreased NMDAR functioning in living retinal neurons by measuring
NMDAR membrane currents and NMDA-evoked calcium mobilization. In this particular, the calcium imaging
experiments showed that Csk was instrumental for the D,R-mediated decrease of NMDAR-elicited responses.
The effect of DA in preventing NMDA-elicited cytosolic calcium increase was completely absent in neurons
depleted of Csk, which corroborates that the DA effect on NMDA responses required Csk activation and Src
inhibition, further suggesting that the D,R/Csk/Src pathway was responsible for the attenuation of NMDAR
responses and not a direct channel blockade by DA®2. Therefore, our results are in accordance with the existence
of a signaling relay in retinal neurons, through which D|Rs, Csk, Src and NMDARs can regulate synaptic events
in the retina.

In hippocampal neurons, NMDAR regulation by SFKs seems to be segregated: Fyn induces GluN2B phos-
phorylation while Src phosphorylates GluN2A®. In contrast, our data showed that direct activation of Src, by
depleting Csk with shRNAs or by overexpressing a catalytically active Src mutant, in the absence of any stimu-
lation of the DR pathway was sufficient for promoting GluN2B phosphorylation in retinal neurons. C-terminal
tyrosine phosphorylation of GluN2A or GluN2B by SFKs increases NMDAR channel function in different model
systems®>*4. Likewise, the signaling events leading to SFK-induced phosphorylation of NMDAR subunits, down-
stream of GPCRs activation, might be complex and also context-dependent in different neuronal populations. For
instance, activation of the D,R/AC/PKA pathway in single CA1 neurons shows opposing effects on D, R-regulated
NMDAR functioning, which is claimed to depend on NMDAR receptor localization and subunit composition®.
Our observation that DR activation was associated with a decrease of NMDAR-dependent currents in retinal
neurons is consistent with Csk activation, Src inhibition and reduced GluN2B phosphorylation in neurites.

We revealed that activation of D;Rs by DA promptly upregulates the AC/cAMP/PKA cascade leading to
PKA-dependent Csk Ser*** phosphorylation and activation, and Csk-induced Src Tyr®*’ phosphorylation in neur-
ites. This Csk-induced phosphorylation renders Src inactive. Inactive Src, in turn, may not sustain the basal phos-
phorylation of GluN2B at Tyr!4’?, interfering with normal functioning of GluN2B-containg NMDARs, which
culminates with NMDAR hypofunction in retinal neurons.

From the best of our knowledge, we unveiled a novel pathway linking DA-dependent D,R activation to a
decrease in NMDAR functioning in retinal neurons. Since DA-mediated D;R modulation and glutamate-evoked
NMDAR responses are pivotal for light transduction in the retinal tissue, we suggest that the association
between D Rs activation and NMDAR hypofunction, through the Csk/Src/GluN2B pathway, can fine-tune
light-dependent neuronal activity in the retina.

Experimental procedures. Study design. Our objective was to unveil the relationships between dopa-
mine D, receptor activation, the cytoplasmic protein tyrosine kinase Src and the functioning of the ionotropic
glutamate receptor NMDA in retinal neurons. We used neuronal cultures obtained from developing retinal tissue
from chicken, as well as intact retinas (acutely isolated) from embryonic day 11 chick embryos. We used different
pharmacological compounds to modulate the activation of D|Rs (dopamine, SKF-38393 (selective D, agonist)
and SCH-23390 (selective D, antagonist)), to regulate the canonical DR pathway (cAMP, forskolin (direct acti-
vator of adenylyl cyclases), MDL-12,330 A (adenylyl cyclase blocker)) or to attenuate the activity of NMDARs
(ZnCl, (GluN2A inhibitor) or Ro 25-6981 (GluN2B blocker)). In addition, different expression vectors were
employed to regulate the endogenous activity of Src in retinal neurons (lentiviruses-delivered shRNAs for knock-
downs, overexpression of kinase dead or catalytically active mutants). Western blotting for detecting phospho-Src
(active (Tyr*'¢) or inhibited (Tyr>?’) on extracts from retinal cultures and FRET-based live cell imaging using a
Src ratiometric nanosensor (KRas Src YPet chimera) determined Src activation/inhibition in retinal neurons.
Western blotting and immunocytochemistry coupled to confocal microscopy assessed the phosphorylation of
GluN2B subunit of NMDAR:s. Functional status of NMDAR in retinal neurons was assessed by a complement of 3
different methods: 1) electrophysiology (to study NMDAR gating); 2) radioligand biding in intact retinal neurons
(using radiolabeled MK-801 to evaluate the functioning of fully operational NMDARs in a large population of

SCIENTIFICREPORTS | 7:40912 | DOI: 10.1038/srep40912 9



www.nature.com/scientificreports/

retinal neurons); 3) NMDA-elicited calcium transients in living retinal neurons. Experimental units (cell cul-
tures/intact retinas in Western blotting, immunocytochemistry and binding assays or retinal neurons in FRET
experiments, electrophysiological recordings and calcium imaging) were randomly assigned from the different
experimental groups (control, dopamine, SKF-38393, SCH, etc.) and then grouped accordingly. Investigators
assessing and/or quantifying the results were blinded to the experimental groups and to the related experimental
interventions (exposure to pharmacological agents and/or viral infections).

Reagents and Drugs. Dopamine; SKF-38393 (1-Phenyl -2,3,4,5-tetrahydro-(1 H)-3-benzazepine-7,8 -diol
hydrochloride); SCH-23390 (7-Chloro-8-hydroxyl-3-methy-1-phenyl-2,3,4,5-tetrahydro -1H-3-benzazepine
hydrochloride); MDL-12,330 A (cis-N-(2-Phenylcyclopentyl)- azacyclotridec-1-en-2-amine hydrochloride);
H-89 (N-[2-(p-Bromocinnamylamino) ethyl]-5- isoquinolinesulfonamide dihydrochloride); Forskolin
(7 3 - Acetoxy - 8, 13 - epoxy - 1 o, 6 3,9a~trihydroxylabd-14-en-11-one); 8-Br-cAMP (8-Bromoadenosine
3/, 5’-cyclic monophosphate), BSA (Bovine serum albumin), Ro 25-6981, trypsin, MEM (minimum essential
medium), Neurobasal, glutamate, glutamine, B27, gentamycin and FBS (fetal bovine serum) were from Thermo
Scientific. Acrylamide, APS (ammonium persulphate), N,N’-Methylene-bisacrylamide, SDS (sodium dodecyl
sulfate), TEMED (Tetramethyl-ethylenediamine), ECL kit, PVDF membranes and anti-rabbit HRP-conjugated
secondary antibodies were from GE Healthcare. All other reagents were of analytical grade.

Antibodies. DR antibody (ABN20; 1:100 or 1:50 for immunocytochemistry and 1:500 for Western blotting) was
from Millipore. Monoclonal Src (clone 32G6; 1:2000), phospho-Src (Tyr#!%; 1:1000), phospho-Src (Tyr>?; 1:100
for immunocytochemistry and 1:1000 for Western blotting), phospho FAK (Tyr®?%; 1:350) and monoclonal Csk
(1:2000) antibodies were from Cell Signaling. Phospho-Csk (Ser**; 1:150 for immunocytochemistry and 1:1000
for Western blotting) and GluN2B (1:2500) were from Abcam. Phopho-GluN2B (Tyr!¥% 1:100 for immunocyto-
chemistry and 1:500 for Western blotting), alpha-Tubulin, Alexa Fluor® 488, Alexa Fluor® 568 and Alexa Fluor®
594 were from Thermo Scientific. Primary antibodies were biochemically validated in Suppl. Fig. 6.

Plasmids. pLNCX chick Src Y527F (plasmid 13660), pLNCX chick Src K295R (plasmid 13659), pUMVC
(Plasmid 8449), psPAX2 (plasmid 12260) and pMD2.G (plasmid 12259) were from Addgene. DRD1 Mission®
shRNA clones TRCN0000230251 (clone 1) and TRCN0000011335 (clone 2), Src Mission® shRNA clones
TRCN0000023597 (clone 1) and TRCN000023598 (clone 2), Csk Mission® shRNA clones TRCN0000023735
(clone 1) and TRCN0000023736 (clone 2) were from Thermo Scientific.

Animals.  Fertilized White Leghorn chicken eggs were obtained from a local hatchery and incubated at 38 °C and
of 80-90% humidity. Procedures using chick embryos were all in accordance with the ‘Guide for the Care and Use
of Laboratory Animals’ and were approved by the local commission of animal care CEPA/PROPPi from Federal
Fluminense University, under the protocol 195/12. Efforts were made to minimize animal suffering and to reduce
the number of animals used.

Retinal neuronal cultures.  Retinas from eight-day-old chick embryos were dissected and digested in calcium and
magnesium-free HBSS with 0.1% trypsin (w/v) for 17 min at 37 °C. Cells were suspended in minimum essential
medium (supplemented with 3% FBS (v/v), 100 U/ml penicillin, 100 pg/ml streptomycin and 2 mM glutamine), dis-
sociated using a glass pipette, and seeded onto 24- or 12-well culture plastic dishes in a density of 2 x 10° cells/mm?
or onto live cell imaging plastic-bottom culture dishes (j-Dish 35 mm, iBidi) at 1 x 10° cells/mm?. Cells were
maintained at 37 °C in a humidified incubator with 5% CO,, 95% air. Cellular composition and cell characteriza-
tion in these cultures showed that 80-85% were neurons and 15-20% were glial cells®.

Lentiviruses production. Low passage HEK293T cells were seeded in 90 mm culture dishes. Cells with 80%
confluence were co-transfected overnight with viruses-producing plasmids using Lipofectamine2000 (Thermo
Scientific). Transfection ratios were as follows: 6 jug of ShRNA plasmids to 3 pg of psPAX2 to 3 pg of VSVG (2:1:1).
The next day, normal growth media replaced transfection media and cells were cultivated for an additional 48 h.
Media with viral particles were collected, centrifuged at 1500 RPM for 5min, and the supernatant was collected
into new tubes.

Western blotting.  For detection of the phosphorylation of indicated proteins, retinal cultures were washed in
HanKk’s balanced salt solution (HBSS), scraped off from culture dishes using 50-100 ul of RIPA buffer with pro-
tease inhibitor cocktail and the material was sonicated and protein content was determined by the BCA method.
Samples were submitted to 9% SDS-PAGE, the proteins (45 pg/lane) were transferred to PVDF membranes which
were next incubated overnight with primary antibodies. Subsequently, membranes were washed in TBS buffer
(20 mM Tris; 200 mM NaCl), pH 7.6, incubated with peroxidase-conjugated secondary antibody and developed
using an ECL chemiluminescence kit. Images were acquired in a ChemiDoc™ XRS+ System (BioRad), exported
using Image Lab™ software (BioRad) and quantified by FIJI software.

Immunocytochemistry and confocal microscopy. Coverslips were fixed with 4% PFA, washed three times for
5min in PBS, permeabilized with 0.1% Triton X-100 for 10 min, washed again and incubated for 1h in blocking
solution (5% BSA/3% FBS). Next, first primary antibody was added in blocking solution and coverslips were
maintained in a humidified chamber for 1 h. Coverslips were washed three times for 10 min with PBS and incu-
bated with the first secondary antibody for 1h in blocking solution. Afterwards, blocking of immunoglobulin
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arms from the first secondary antibody was achieved by incubation with rabbit serum for 15 min followed by
incubation with excess Fab anti-rabbit antibody fragment for 1h. Then second primary antibody was incu-
bated for 1h in blocking solution, washed 5 times with PBS and second secondary antibody incubated for 1h.
Coverslips were washed three times for 10 min with PBS and mounted with Glycergel, visualized in a Leica SP5
II confocal microscope. Fluorescence intensity was determined using the LAS AF software (Leica Microsystems).
Briefly, 16-bit images were acquired in sequential acquisition mode at a resolution of 1024 x 1024 pixels using
identical gain and offset parameters. Pinhole was always kept at 1 airy. Values corresponding to pixels intensity in
each group were exported using the LAS AF software and further evaluated in FIJIL.

Quantification of fluorescent signals. Images were exported as raw 16-bit tiff using the LAS AF software with the
original metadata preserved. Tiffs had their background subtracted in FIJI using the roller-ball ramp in between
10-50% pixel radius. Images of retinal neurites were segmented in FIJI using a panel of 12 different automatic
local threshold algorithms for confocal images. Each thresholded neurite was delineated using the particle ana-
lyze tool in calibrated images and exported to FIJI ROI manager. Thresholded images were converted to binary
mask using the dark background function. Binary mask images were multiplied for their respective original
channel images using the image calculator plug-in to generate a masked 32-bit float images relative to each chan-
nel. Original coordinate vectors were retrieved from the ROI manager and FIJI returned the mean fluorescent
intensity (MFI) in gray values contained within any single neurite using the multi-measure function. Individual
MFI for single neurites were exported and statistically evaluated with the GraphPad Prism software.

Co-localization analysis. Images were acquired in Leica SP5 II confocal microscope using a HCX Plan Apo
63x/1.4-0.6 NA oil immersion objective in 16-bit sequential mode using bidirectional TCS mode at 100 Hz and
the pinhole was kept at 1 airy. The LAS AF software processed images using thresholded background (430% oft-
set for both channels) and thresholded foreground (+13-15% offset for Csk pSer®** channel; +10-12% offset for
Src pTyr® channel; (4-18-21% offset for Src pTyr*! channel; +12-18% offset for FAK pTyr®* channel). Values
corresponding to Csk pSer®®*/Src pTyr®?” or Src pTyr*'¢/FAK pTyr®® pixel co-localization puncta in the neurites
were retrieved from the LAS AF co-localization module, exported to Microsoft Excel and statistically evaluated
by the GraphPad Prism software.

Cell death assessment. In the case of ethidium homodimer-1 (EthD1) labeling, cells were washed 2 x with HBSS
and incubated with a solution of EthD1 (1:2000) in HBSS for 30 min. Then cells were fixed with 1% paraformal-
dehyde, coverslips were mounted in DAKO glycergel and visualized in a Leica TCS SP5 II confocal microscope.
Cell viability was evaluated by counting the number of EthD1 positive cells in 6 different microscope fields per
experimental group as previously described®”. Experiments were always run in duplicate.

FRET-based live cell imaging and Src biosensor quantification. The excitation light source was a mercury metal
halide bulb integrated with an EL6000 light attenuator. High-speed low vibration external filter wheels (equipped
with CFP/YFP excitation and emission filters (Fast Filter Wheels, Leica Microsystems)) were mounted on a Leica
DMI6000 B microscope. A 440-520 nm dichroic mirror (CG1, Leica Microsystems) and a PlanApo 63x 1.3NA
glycerol immersion objective were used for CFP and FRET images. Images were acquired with 4 x 4 binning using
a digital CMOS camera (ORCA-Flash4.0 V2, Hamamatsu Photonics). Shading illumination was online-corrected
for CFP and FRET channels using a shading correction routine implemented for the LAS X software. At each
time-point, CFP and FRET images were sequentially acquired using different filter combinations (CFP excitation
plus CFP emission, and CFP excitation plus YFP emission, respectively).

Quantifications were performed as before®®®. In brief, acquired time lapses of living retinal neurons express-
ing the Src biosensor were exported as 16-bit tiff files and processed in FIJI software. Background was dynamically
subtracted from all slices from both channels and images were filtered using a Kalman stack filter. Segmentation
was achieved on a pixel-by-pixel basis using a modification of the Otsu algorithm. After background subtraction
and thresholding, binary masks were generated for the CFP and FRET images. Original CFP and FRET images
were masked, registered and bleach-corrected using a one-phase exponential decay function. Ratiometric images
(CFP/FRET) for the Src biosensor (KRas Src YPet probe) were established as 32-bit float-point tiff images. Values
corresponding to the mean gray values were generated using the multi calculation function in FIJI and exported
as mentioned above.

Electrophysiology. ' Whole-cell patch-clamp recordings of NMDAR-gated currents were obtained and analyzed
as previously described®?, except that the membrane potential was held at —70 mV and fast NMDA pulses were
applied with a U-tube perfusion system. Retinal cultures were continuously perfused with extracellular solution
containing tetrodotoxin 0.15pM and ZnCl, 0.3 uM, which were also present in the solutions applied through the
U-tube. One-second pulses of NMDA 50 uM and glycine 5 M were applied every 30s for 5-8 min, to establish a
stable control response level after an initial spontaneous reduction (of 10-25%). Both the bath and U-tube solu-
tions were then switched to observe the effect of added SKF-38393 5M. In some experiments, Ro 25-6981 2 pM
was co-applied through the U-tube, in longer pulses. In this case, the currents both at the peak and at the steady
state (mean value between 4 and 5 s of the pulse) were measured. Whole-cell capacitance was 5.0-15 pF and access
resistance remained under 15 MQ until the end of recordings.

[PH] MK-801 functional binding in intact retinal cells. In such paradigm, [’H] MK-801 binding only occurs by
use-dependent NMDARSs activation at the neuronal plasma membrane”. Total binding was measured in the
presence of 5nM [*H] MK-801 and non-specific binding was estimated in the presence of 5nM [*H] MK-801

SCIENTIFICREPORTS | 7:40912 | DOI: 10.1038/srep40912 11



www.nature.com/scientificreports/

plus 50 uM of non-radioactive MK-801. Specific binding was defined calculating the difference between total and
non-specific binding. All conditions were carried out in the presence of L-glutamate (50 pM) plus glycine (50 pM).
Cultures were washed twice with HBSS without magnesium ions and then incubated with specified drugs for
different time points in the absence or presence of unlabeled MK-801. At the last 5 minutes of the stimulation
period, cultures were treated with 5nM [*H] MK-801. The concentration used for glutamate and glycine was
effective in saturating binding and 5 min incubation with [*H] MK-801 was sufficient to reach equilibrium. For
the measurement of binding, cultures were homogenized in 0.1 M NaOH for 10 min and the radioactivity was
determined in a Tri-Carb 2810TR Liquid Scintillation Analyzer (PerkinElmer). % Specific binding was plotted
as fmol/mg protein.

Calcium imaging in living retinal neurons. Fluo3 AM indicator was used following the manufacturer protocol
(Molecular Probes). In brief, retinal neuronal cultures were incubated for 1h in complete MEM containing 5 M
Fluo-3 AM, 0.2% (v/v) pluronic F-127, 0.5% (v/v) DMSO and 2.5 mM probenecid. Cells were washed with HBSS
with probenecid and incubated for an additional 15 min to allow complete de-esterification of AM ester. Live
cell imaging was carried out on a Leica TCS SP5 II confocal microscope, using a 488 laser line for excitation.
Emitted fluorescence was recorded between 530-565nm. Ionomycin (2 4M) and a solution of 20 mM EGTA
plus 1% (v/v) Triton-X100 were added sequentially at the end of the experiments to estimate maximal (F,,,,) and
minimal (F;,) fluorescence intensities, respectively. Cells were recorded for 6-7 min in confocal live imaging
mode. Baseline recording was stabilized for 90 s and bath NMDA (1 mM) was applied for 3.5 min followed by
ionomycin and then EGTA/Triton. Free intracellular calcium variation (F/F,) was calculated for at least 12 cells
per experimental group using consecutive responses evoked by NMDA (F) divided by baseline value just prior to
NMDA application (F,). Control experiments were carried out to ensure that NMDA concentration used did not
promote neuronal death and EGTA/Triton solution quenched fluorescence without promoting cell lysis during
data recording. NMDA stimulation was evaluated only in neurons that responded sequentially to all treatments
(NMDA, ionomycin and EGTA) during the recording period.

Acute retina preparations and ex vivo experiments. E11 retinas were dissected free from other ocular tissues,
including the retinal pigmented epithelium, in ice-cold CME, reserved in HBSS at 4 °C and then equilibrated
in HBSS for 15 min at 37 °C. Next, retinas were incubated with designated drugs at 37 °C. After the incubation
period, retinas were washed twice with HBSS at 4 °C, lysed with 5% (w/v) TCA on ice and centrifuged (15,000
RPM for 15 min at 4 °C). The pellet was re-suspended in sample buffer and protein content was determined by
the Bradford method.

Statistical analysis. ~ Significance in samples was evaluated by Student’s t test, One- or Two-way analysis of var-
iance (ANOVA) followed by appropriate post-tests using the GraphPad Prism 6.0 software. In all tests a 95%
confidence interval was used and p < 0.05 was considered as significant difference between sampled groups.
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