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Abstract

Nitric oxide (NO) plays an important role in phase-shifting of circadian neuronal activities in the

suprachiasmatic nucleus and circadian behavior activity rhythms. In the retina, NO production is

increased in a light-dependent manner. While endogenous circadian oscillators in retinal

photoreceptors regulate their physiological states, it is not clear whether NO also participates in

the circadian regulation of photoreceptors. In the present study, we demonstrate that NO is

involved in the circadian phase-dependent regulation of L-type voltage-gated calcium channels (L-

VGCCs). In chick cone photoreceptors, the L-VGCCα1 subunit expression and the maximal L-

VGCC currents are higher at night, and both Ras-MAPK (mitogen-activated protein kinase)-Erk

(extracellular-signal-regulated kinase) and Ras-phosphatidylinositol 3 kinase (PI3K)-protein

kinase B (Akt) are part of the circadian output pathways regulating L-VGCCs. The NO-cGMP-

protein kinase G (PKG) pathway decreases L-VGCCα1 subunit expression and L-VGCC currents

at night, but not during the day, and exogenous NO donor or cGMP decreases the phosphorylation

of Erk and Akt at night. The protein expression of neural NO synthase (nNOS) is also under

circadian control, with both nNOS and NO production being higher during the day. Taken

together, NO/cGMP/PKG signaling is involved as part of the circadian output pathway to regulate

L-VGCCs in cone photoreceptors.
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Introduction

Nitric oxide (NO) produced by NO synthase (NOS) functions as an intra- or intercellular

messenger in numerous tissues (Bredt 2003). There are three major types of NOS, namely

neuronal NOS (nNOS or NOS1), inducible NOS (iNOS or NOS2), and endothelial NOS

(eNOS or NOS3)(Alderton et al. 2001). After activation, NOS catalyzes the transformation
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of arginine to NO that further activates guanylyl cyclase (GC) and leads to cGMP

production and activation of protein kinase G (PKG)(Michel & Vanhoutte 2010). In the

retina, NO release is increased upon light stimulation and decreased in the dark-adapted

state (Sato et al. 2010), and NO is known to affect several types of ion channels, including

L-type voltage-gated calcium channels (L-VGCCs) in retinal neurons (Barnes & Jacklet

1997, Barnes & Kelly 2002, Kourennyi et al. 2004). Calcium (Ca2+) influx through the L-

VGCCs plays an important role in activation and regulation of different physiological

processes, such as secretion, contraction, neurotransmission, and gene expression (Catterall

et al. 2005). In the retina, the L-VGCCs are essential for neurotransmitter release from

photoreceptors and other retinal neurons (Barnes & Kelly 2002). Neuronal NOS (nNOS) is

present in photoreceptors (Cao & Eldred 2001, Crousillac et al. 2003, Neufeld et al. 2000,

Shin et al. 2000), and application of NO donors suppresses the L-VGCC currents in cones

but enhances Ca2+-currents in rods (Kourennyi et al. 2004). Therefore, NO is crucial for

light adaptation of retinal photoreceptors.

Retinal photoreceptors not only respond to acute light or dark signals, they are also capable

of initiating more sustained adaptive changes throughout the day, since the visual system

must anticipate daily changes in ambient illumination over 10-12 orders of magnitude

(Cahill & Besharse 1995, Green & Besharse 2004). The circadian oscillators endogenous to

photoreceptors provide a mechanism for such adaptation across 24 hours (Ko et al. 2009a,

Ko et al. 2010, Liu et al. 2012), and they are known to regulate retinomotor movement

(Burnside 2001, Pierce & Besharse 1985), outer segment disc shedding and membrane

renewal (Besharse & Dunis 1983, LaVail 1980), morphological changes at synaptic ribbons

(Adly et al. 1999), gene expression (Haque et al. 2002, Korenbrot & Fernald 1989, Pierce et

al. 1993), and ion channel activities (Ko et al. 2004a, Ko et al. 2001, Ko et al. 2009b, Ko et

al. 2007) among other photoreceptor physiology. Nitric oxide-dependent signaling also

participates in circadian rhythms (Ding et al. 1994, Ferreyra & Golombek 2001, Golombek

et al. 2004, Melo et al. 1997, Watanabe et al. 1995). In the suprachiasmatic nuclei (SCN),

the central circadian clock in mammals, exogenous NO donors produce light-like phase

shifts of circadian rhythms of neuronal firing rate in vitro (Ding et al. 1994).

Intracerebroventricular injection of a NOS inhibitor blocks the light-induced phase shifts of

the circadian behavior rhythm in hamsters (Weber et al. 1995a), while treatment with a NOS

inhibitor in cultures phase-shift the circadian rhythms of glucose metabolism (Menger et al.

2007).

The L-VGCCs in both retinal photoreceptors and bipolar neurons are under circadian control

(Hull et al. 2006, Ko et al. 2009b, Ko et al. 2007). The mRNA and protein expressions of

the L-VGCC pore-forming α1 subunit are rhythmic, which leads to larger L-VGCC currents

at night (Ko et al. 2009b, Ko et al. 2007). Both MAPK-Erk and PI3K-protein kinase B (Akt)

signaling pathways participate in the circadian rhythms of L-VGCCs mainly through

regulating the trafficking of L-VGCCα1 subunits (Ko et al. 2009b, Ko et al. 2007). The

phosphorylation states of Erk and Akt are also under circadian control. Because inhibition of

Erk activity does not affect the circadian rhythm of phosphorylated Akt (pAkt), and vice

versa, these pathways work in parallel to regulate the circadian rhythm of L-VGCCs (Ko et

al. 2009b, Ko et al. 2007). Since NO modulates L-VGCCs in retinal photoreceptors
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(Kourennyi et al. 2004), and in the mammalian retina, NOS activity oscillates over the

course of a day (Zhang et al. 2005, Llomovatte et al. 1997), we thereby investigated whether

NO elicited a circadian phase-dependent modulation of L-VGCCs in avian cone

photoreceptors. Using voltage-clamp recordings of L-VGCC currents, Western blots, and

pharmacological tools, we further examined how various signaling pathways including NO-

cGMP-PKG, MAPK-Erk, and PI3K-Akt were involved in the circadian phase-dependent

effect of NO on L-VGCCs in the chick retina.

Materials and methods

Cell cultures and circadian entrainment

Fertilized eggs (Gallus gallus) were obtained from the Poultry Science Department, Texas

A&M University (College Station, TX, USA). Chick retinas were dissociated at embryonic

day 12 (E12) and cultured for 6 days for photoreceptor enriched cultures in a medium

containing Eagle's Minimum Essential Medium (EMEM, Biowhittaker/Cambrex, East

Rutherford, NJ, USA), 10% heat-inactivated horse serum (Biowhittaker/Cambrex), 20

ng/mL ciliary neurotrophic factor (CNTF; R&D Systems, Minneapolis, MN, USA), 2 mM

glutamine (Life Technologies, Carlsbad, CA, USA), 10 μM all-trans retinol (Sigma-Aldrich,

St. Louis, MO, USA), 50 U/ml penicillin, and 50 μg/ml streptomycin (Sigma-Aldrich) on

poly-D-lysine (Sigma-Aldrich) coated coverslips or culture dishes as described previously

(Ko et al. 2004b, Ko et al. 2009b, Ko et al. 2007). Сell culture incubators (maintained at

39°C and 5% CO2) were equipped with lights and timers, which allowed for the entrainment

of retinal circadian oscillators to 12 : 12 h light-dark (LD) cycles in vitro. Zeitgeber time

(ZT) 0 was designated as when the lights come on, and ZT 12 was the time when the lights

turn off. Circadian time (CT) refers to when cultures were kept under constant darkness

(DD) after circadian entrainment. Thus, CT 0 - 12 was the “subjective day”, and CT 12 - 24

was the “subjective night”. Electrophysiological experiments were carried out on the sixth

day of LD entrainment without exchange of media. Cells were treated with either

pharmacological chemicals or vehicle for 2 hr in culture prior to electrophysiological

recordings. Some embryos from E10 or E11 were entrained in LD cycles in ovo for 7 days,

kept in DD for 2 days, then retinas were harvested at various circadian time points

throughout the course of a day for biochemical assays. For some experiments, on the last

day of LD entrainment, retinas were dissected, dissociated, cultured on poly-D-lysine coated

cultured dishes, and maintained in DD. On the second day of DD, cultures were treated with

either pharmacological chemicals or vehicle for 2 hr prior to harvest at CT 4 and CT 16 for

biochemical assays. The NO donor S-nitroso-N-acetyl-penicillamine (SNAP; 500 μM) and

NOS inhibitor NG-nitro-L-arginine methyl ester (L-NAME, 100 μM) were obtained from

Enzo Life Sciences (Farmingdale, NY, USA). The NO donor sodium nitroprusside (SNP,

100 μM) was obtained from T. J. Baker (Radnor, PA, USA). 8-Br-cGMP (cGMP; 30 μM),

the guanylyl cyclase inhibitor 1H-[1,2,4]oxadiazole[4,3-a]quinoxalin-1-one (ODQ; 2 μM),

and DMSO (vehicle; 0.1%) were obtained from Sigma. The protein kinase G (PKG)

inhibitor KT5823 (1 μM) was obtained from AG Scientific (San Diego, CA, USA).
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Western Immunoblotting analysis

The procedure has been described in detail previously (Ko et al. 2001, Ko et al. 2009b, Ko

et al. 2007). Intact retinas were used for time point analysis (Figure 6) while dissociated

cone cultures were used for drug treatment experiments (Figures 3-5). Samples were

homogenized in RIPA buffer, denatured at 95°C with 2x Laemmli buffer, separated on 10%

SDS-PAGE gels, and transferred to nitrocellulose membranes. The primary antibodies used

in the studies were a polyclonal antibody insensitive to the phosphorylation state of Erk

(total Erk, served as the loading control, Santa Cruz Biochemicals, Santa Cruz, CA, USA), a

monoclonal antibody sensitive to the phosphorylation state of Erk (Sigma), a monoclonal

antibody sensitive to the phosphorylation state of Akt (Cell Signaling, Danvers, MA, USA),

a monoclonal antibody against nNOS (Sigma-Aldrich), a monoclonal antibody against

eNOS (Cell Signaling, Danvers, MA, USA), and a polyclonal antibody for L VGCCα1D

(Alomone Labs, Jerusalem, Israel). Blots were visualized using appropriate HRP-conjugated

secondary antibodies (Cell Signaling) and an ECL detection system (Pierce, Rockford, IL,

USA). The ratio of target protein to total Erk for each sample was determined by

densitometry using Scion Image (NIH, Bethesda, MD, USA).

Nitrate/nitrite colorimetric assay

Nitric oxide is quickly oxidized to nitrate or nitrite in biological systems making its direct

measurement problematic. However, commercially available kits allow for the

quantification of nitrate / nitrite as an indicator of NO. We chose to use a colorimetric kit

from Cayman Chemical (Ann Arbor, MI, USA). The procedure was provided by the

manufacturer. Whole retinas were collected at six time points (CT 0, 4, 8, 12, 16, and 20)

and homogenized in RIPA buffer. Nitrates were converted to nitrite, and Griess reagents

convert total nitrites into a purple azo compound measured at 540 nm. Results were

analyzed against a nitrate standard curve and normalized to total protein as determined by

the Bradford assay (Bio-Rad, Hercules, CA, USA).

cGMP enzyme immunoassay

A commercially available kit (Arbor Assays, Ann Arbor, MI, USA) was used to detect

cGMP levels in intact and cultured retinas. The procedure was provided by the

manufacturer. Whole retinas were collected at six time points as above and homogenized in

the sample diluent provided by the manufacturer. Cultured cells were collected at CT4 and

CT16. Results were measured at 450 nm, analyzed against a cGMP standard curve, and

normalized to total protein as determined by the Bradford assay.

siRNA transfection

Chick cone photoreceptors were cultured at E12 on coated coverslips and entrained under

LD cycles. On the 5th day, cells were transfected with siRNAs specifically targeting nNOS

and transferred to DD. Electrophysiological recordings were performed at CT 4-7 or 16-19

on the second day of DD. The sequence of the chicken nNOS gene (Nos1) is not known.

However, analysis between mouse Nos1 (Gene ID: 18125) and the predicted chicken Nos1

(gene ID: 427721) shows 79% homology. The siRNA pool (ON-TARGETplus Mouse Nos1

siRNA SMART pool; Thermo Scientific; Lafayette, CO; catalog # L-047847-01-0005)
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contains 4 individual siRNAs targeting 4 different sites within the mouse Nos1 mRNA. Two

of these sites are conserved between the mouse and chicken. Transfections were carried out

by the Helios Gene Gun System (Bio-Rad). The procedure for transfection was described

previously (Shi et al. 2009a, Shi et al. 2009b). Briefly, 0.8~1μg siRNA (60 pmole) and 0.4

μg plasmid encoding enhanced green fluorescent protein (phrGFP II-1 vector; Strategene, La

Jolla, CA) were mixed and co-precipitated onto 1 μm gold microcarriers according to the

manufacturer's protocol. The control cells were transfected with GFP only. The particle

delivery system generated a helium shock wave with a pressure gradient of 200 p.s.i. to

accelerate the coated microcarriers into cultured cells.

Patch-clamp recordings and statistical analysis

Whole-cell patch-clamp recordings of cone photoreceptor L-type Ca2+ channels (L-VGCCs)

were carried out using direct rupture whole-cell configuration on the second day of DD. The

external solution was (in mM): NaCl 110, BaCl2 10, MgCl2 0.4, KCl 5.3, TEACl 20,

HEPES 10, and glucose 5.6, pH 7.4 with NaOH. The pipette solution was (in mM): Cs

acetate 135, CsCl 10, MgCl2 2, CaCl2 0.1, EGTA 1.1, and HEPES 10, pH 7.4 adjusted with

CsOH (Gleason et al. 1992, Ko et al. 2009b, Ko et al. 2007). Recordings were made from

cells with elongated cell bodies with one or more prominent oil droplets. Currents were

recorded at room temperature (24°C) using an Axopatch 200B amplifier (Molecular

Devices, Union City, CA, USA). Signals were low-pass filtered at 2 kHz and digitized at 5

kHz with Digidata 1440A interface and pCLAMP 10.0 software (Molecular Devices). After

the gigaohm (GΩ) seal was formed, the electrode capacitance was compensated. The

membrane capacitance, series resistance, and input resistance of the recorded photoreceptors

were measured by applying a 5 mV (100 ms) depolarizing voltage step from a holding

potential of -65 mV after established electrical contact with the cell. Cells with a series

resistance > 10% of the input resistance (series resistance > 100 MΩ or input resistance < 1

GΩ) were discarded. The membrane capacitance reading was used as the value for whole-

cell capacitance. The current-voltage relationships were elicited from a holding potential of

-65 mV using 200 ms steps (5 s between steps) to test potentials over a range of -80 to +60

mV in 10 mV increments. To calculate current densities, we divided current amplitudes by

membrane capacitances. Each group contained 12–17 cells.

Statistics

All data are presented as mean ± standard error of the mean (s.e.m.). The Student's t-test or

one-way ANOVA followed by Tukey's post hoc test for unbalanced n was used for

statistical analyses. All controls and SNAP-treated cells from various sets of experiments

were pooled for various comparisons. Throughout, p < 0.05 was regarded as significant.

Results

Nitric oxide synthase (NOS) and cGMP levels are under circadian control in avian retinas

We examined whether the expression and activities of NOS were under circadian control.

After circadian entrainment, on the second day of constant darkness (DD), retinas were

taken at 6 time points throughout the course of a day. We found that the protein level of

nNOS peaked during the day (at CT 8), while eNOS did not display circadian rhythmic
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expression (Figure 1A). We further analyzed the retinal content of nitrate as an indicator of

NOS activity and found that the NOS activity was also highest during the day (at CT 8,

Figure 1B), which correlated with the circadian profile of nNOS expression. Since NO can

further activate guanylyl cyclase (GC) and lead to cGMP production and activation of

protein kinase G (PKG)(Michel & Vanhoutte 2010), we investigated whether retinal cGMP

content was under circadian control, which would give an indication of global guanylyl

cyclase activity in the retina. The retinal content of cGMP displayed a circadian rhythm with

a small amplitude (about 2 folds from the peak to trough) and was high during the day

(Figure 1C). The content of cGMP in photoreceptor enriched cultures was also significantly

higher in cells harvested during the day (Figure 1D). Hence, in the chick retina, both NO and

cGMP were under circadian control.

Exogenous NO donor SNAP affects L-VGCCs at night

Since NO regulates L-type voltage-gated calcium channels (L-VGCCs) by increasing the L-

VGCC currents in rods while decreasing them in cones (Kourennyi et al. 2004), we

examined whether NO caused a circadian phase-dependent modulation of cone L-VGCCs.

We previously showed that there is a circadian regulation of L-VGCCs from the mRNA

levels to the protein expression of the channel pore forming α1 subunit (Ko et al. 2009b, Ko

et al. 2007), and the L-VGCC current density is higher when cone photoreceptors are

recorded at night than during the day (Figure 2A, B, C; Ko et al. 2009b, Ko et al. 2007).

Application of NO donor SNAP (500 μM) for 2 hr prior to recordings decreased L-VGCC

currents in cone photoreceptors when cells were recorded at night (Figure 2D, E, F) with no

significant effects on these currents during the day. Treatment with another NO donor SNP

(100 μM) for 2 hr prior to recordings had a similar effect (Figure 2G, H). Hence, exogenous

NO only decreased L-VGCC currents at night without affecting LVGCCs during the day.

Treatment with a NOS inhibitor, L-NAME (100 μM), for 2 hr to inhibit endogenous NOS

had an apparent increase (without statistical significance) in LVGCCs when cells were

recorded during the day, but L-NAME appeared to slightly decrease L-VGCCs when cells

were recorded at night (Figure 3A, B). Since in chick retina, nNOS is under circadian

control (Figure 1A), we further examined whether specific inhibition of nNOS would have

circadian phase-dependent effects on cone LVGCCs. At the moment, only a predicted

sequence is available for the chicken Nos1 gene. However, after sequence alignment

between mouse Nos1 and the predicted chicken Nos1, we found 79% homology

(supplementary information). We cotransfected cultured cone photoreceptors with a plasmid

encoding green fluorescent protein (GFP) and a pool of four siRNAs that specifically

targeted the mouse Nos1 gene at different sites (the controls were transfected with GFP

only). Two of these sites are highly conserved. Thus, the mouse siRNAs should also target

the chicken Nos1.

We found that photoreceptors transfected with Nos1 siRNA had a significant increase in L-

VGCC currents when cells were recorded during the day (CT 4-7) compared to the control

(CT 4-7; Figure 3C, D) but did not affect L-VGCC currents in cones recorded at night (CT

16-19). Hence, NO participated in the circadian phase-dependent regulation of L-VGCCs in

cone photoreceptors.
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The exogenous NO effect on L-VGCCs is in part through cGMP-PKG signaling

Since NO activates guanylyl cyclase (GC) and leads to cGMP production and subsequent

activation of protein kinase G (PKG) (Michel & Vanhoutte 2010), we examined whether the

action of exogenous NO on L-VGCCs was through cGMPPKG signaling. Application of 8-

Br-cGMP (cGMP; 30 μM) for 2 hr mimicked the action of SNAP on cone L-VGCCs (Figure

4A and B), in which the L-VGCC currents decreased when photoreceptors were recorded at

night. 8-Br-cGMP did not have any significant effect on cells recorded during the day.

Treatment with the PKG inhibitor KT5823 (200 nM) slightly increased the L-VGCC

currents during the day and mildly decreased L-VGCCs at night without statistical

significance compared to the controls (cells recorded either during the day or at night;

Figure 4C and D), but KT 5823 did reverse the effect of SNAP when cells were recorded at

night (Figure 4G and H).

In addition to patch recordings, we examined whether the circadian phase-dependent NO-

cGMP-PKG signaling on L-VGCCs was in part through regulating the protein levels of L-

VGCCα1D. Treatment with the NO donor SNAP for 2 hr decreased the protein level of the

L-VGCCα1D subunit when cultures were treated and harvested at night (Figure 5), and 8-

Br-cGMP (cGMP) mimicked the effect of SNAP (Figure 5A). These data echoed the patch-

clamp recordings that treatment with SNAP or 8-Br-cGMP decreased L-VGCC current

densities when photoreceptors were recorded at night (Figures 2E, 2F, 4A and 4B). The

guanylyl cyclase inhibitor ODQ (2 μM) reversed the effect of SNAP on L-VGCCα1D and

L-VGCC current densities when cells were treated or recorded at night (Figure 5B-5E).

Interestingly, treatment with ODQ alone during the day significantly enhanced the protein

level of L-VGCCα1D (Figure 5B), as well as increased the L-VGCC currents in appearance

(Figure 5E; not statistically different from the control) but did not significantly enhance L-

VGCCα1D or L-VGCC currents when cells were treated at night. Treatment with the PKG

inhibitor KT5823 also reversed the effect of SNAP on LVGCCα1D when cells were treated

at night (Figure 5F), which matched the patch-clamp recordings of L-VGCC currents

(Figure 4G and 4H). Therefore, the circadian phase-dependent modulation of L-VGCCs by

NO was in part mediated through cGMP-PKG signaling. It is important to note that

inhibition of guanylyl cyclase might have additional effects on L-VGCCs mediated through

other signaling pathways.

NO-cGMP-PKG signaling is upstream of MAPK and phosphatidylinositol 3 kinase (PI3K)

We previously demonstrated that both MAPK-Erk and PI3K-protein kinase B (Akt)

signaling pathways participate the circadian rhythms of L-VGCCs mainly through

regulating the trafficking of L-VGCCα1D (Ko et al. 2009b, Ko et al. 2007). The

phosphorylation states of both Erk and Akt are under circadian control, which reach the

highest at night (Ko et al. 2009b, Ko et al. 2007). Inhibition of Erk activity does not affect

the circadian rhythm of phosphorylated Akt (pAkt), while inhibition of PI3K or Akt does not

affect the circadian rhythm of phosphorylated Erk (pErk). Hence, Erk and PI3K-Akt work in

parallel to regulate the circadian rhythm of LVGCCs (Ko et al. 2009b, Ko et al. 2007).

We next examined whether the circadian phase-dependent effect of NO-cGMP-PKG

signaling on L-VGCCs was upstream or downstream to Erk and/or PI3KAkt. Treatment
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with SNAP or cGMP dampened the circadian rhythm of pErk (Figure 6A), and both ODQ

and KT5823 reversed the effect of SNAP (Figure 6B, C), while treatment with KT5823

alone did not affect the circadian rhythm of pErk. Interestingly, inhibition of guanylyl

cyclase with ODQ significantly elevated pErk during the day to night time levels (Figure

6B). Similar effects of SNAP, 8-Br-cGMP, ODQ, and KT5823 were found in the circadian

rhythms of pAkt (Figure 7). Hence, NO-cGMP-PKG signaling was upstream of both Erk

(Figure 6) and PI3K-Akt (Figure 7).

Discussion

In this study, we found that NO elicited a circadian phase-dependent modulation of L-

VGCCs in the retina. The protein expression and L-VGCC currents are high at night and

low during the day (Ko et al. 2009b, Ko et al. 2007), while the protein expression of retinal

nNOS and NOS activity were also under circadian control but peaked during the day (Figure

1) in opposite circadian phase from LVGCCs. An exogenous NO donor, SNAP or SNP,

decreased L-VGCC currents in cone photoreceptors at night but not during the day, and 8-

Br-cGMP mimicked the effect of SNAP on cone L-VGCCs (Figures 2, 3, 4). Applications of

the guanylyl cyclase (GC) inhibitor ODQ or PKG inhibitor KT5823, reversed the effect of

SNAP on L-VGCCs (Figures 4, 5). Hence, NO, in part through activation of cGMP-PKG

signaling, modulated the cone L-VGCCs in a circadian phase-dependent manner.

We previously showed that dissociation of retinal photoreceptors in cultures does not disrupt

the circadian rhythm (Ko et al. 2001), so we are able to use both intact retinas and

dissociated cultures to provide different lines of evidence in this study. Cell cultures allow

for pharmacological electrophysiology studies to monitor L-VGCC activities. On the other

hand, since biochemical assays typically require larger quantities of tissues, we chose to use

intact retinas for the necessary analyses. After circadian entrainment, the circadian rhythms

in photoreceptors (from ion channel activities to activities / phosphorylation states of

signaling molecules) remain the same regardless whether the retinas (or whole embryos) are

under light-dark (LD) cycles or in constant darkness (DD) (Huang et al. 2012, Ko et al.

2001, Ko et al. 2009b, Ko et al. 2007). More specifically, we demonstrated that the protein

expression of L-VGCCs is greater at CT16 compared to CT4 in both intact retina and

cultured photoreceptors, and current densities of L-VGCCs from cultured photoreceptors are

larger during the subjective night (CT16-19) than during the subjective day (CT4-7) (Ko et

al. 2007).

Nitric oxide-dependent signaling is known to participate in mammalian circadian rhythms

(Ding et al. 1994, Ferreyra & Golombek 2001, Golombek et al. 2004, Melo et al. 1997,

Watanabe et al. 1995). Intracerebroventricular injection of L-NAME blocks light-induced

phase shifts (Weber et al. 1995a), as well as the light-induced resetting of circadian wheel-

running rhythm (Ding et al. 1994) in hamsters. This NO-dependent circadian phase-shifting

could also be cGMP-PKG signaling dependent (Weber et al. 1995b). In the SCN, exogenous

NO donors produce light-like phase shifts of circadian rhythms of neuronal firing rate in

vitro (Ding et al. 1994), while treatment with L-NAME in cultured SCN 2.2 cells phase-shift

the circadian rhythms of glucose metabolism (Menger et al. 2007). Here, we demonstrated

that NO elicited circadian phase-dependent modulation in the retina. Thus, in the SCN and
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retina, NO-dependent signaling is important in the post-translational regulation of circadian

oscillators at both circadian inputs and outputs. Moreover, administration of NO scavengers

into the SCN blocks the light-induced phase-advance in circadian behavioral rhythms,

indicating that NO also serves as an intercellular messenger to communicate the light signal

and synchronize individual cellular oscillators within the SCN (Plano et al. 2007). Since

there are various cell types in the retina that contain circadian oscillators (Green & Besharse

2004), it is possible that NO could be an intercellular messenger contributing to the overall

circadian functional output in the retina and assisting the visual system to adapt to the daily

changes in ambient illumination.

While the modulatory effect of NO on L-VGCCs could be due direct S-nitrosylation of the

channel pore forming α1 subunit (Almanza et al. 2007), our results showed that the

circadian phase-dependent modulation of L-VGCCs by NO was in part mediated through

cGMP-PKG signaling, since 8-Br-cGMP mimicked the effect of NO on L-VGCCs, and

most S-nitrosylation actions by NO are cGMP-PKG independent (Martinez-Ruiz et al.

2011). In the central nervous system, activation of NOS produces sustained potentiation of

Ras signaling (Yun et al. 1998), which mediates NO-elicited PKG activation (Chen et al.

2008, Yun et al. 1998). Hence, there is cross-talk between NO-elicited PKG activation and

Ras signaling. Both MAPK-Erk and PI3K-Akt are downstream of Ras and serve as part of

the circadian output signaling pathways to regulate the trafficking of L-VGCCs (Ko et al.

2009b, Ko et al. 2007), with the phosphorylation states of Erk and Akt (pErk and pAkt), as

well as Ras activity, all under circadian control with peaks at night (Ko et al. 2001, Ko et al.

2004b, Ko et al. 2009b, Ko et al. 2007). We found that NO was upstream of both Erk and

Akt leading to the circadian regulation of L-VGCCs (Figures 6, 7), which could be due to

the cross-talk between NO signaling and Ras. In neurons and endothelial cells, NO-cGMP

signaling increases the phosphorylation states / activities of Erk and Akt (Culmsee et al.

2005, Endo & Launey 2003, Parenti et al. 1998, Patel et al. 2010). However, to our surprise,

instead of activating Erk and Akt, treatments with SNAP or 8-Br-cGMP decreased pErk and

pAkt at night, and ODQ or KT5823 partially reversed the inhibitory effect of SNAP, which

indicated that exogenous NO/cGMP dampened the activity of Erk and Akt only at night. If

inactivation of Akt is caused by the direct S-nitrosylation from NO (Yasukawa et al. 2005,

Slomiany & Slomiany 2011), 8-Br-cGMP should not be able to mimic the effect of SNAP to

inhibit pAkt (Martinez-Ruiz et al. 2011).

Another possible explanation for the NO dampening effects on pErk and pAkt is the direct

S-nitrosylation of Ras, which can either activate or inactivate (Heo & Campbell 2004,

Batista et al. 2013, Raines et al. 2006) Ras-signaling depending on the particular Ras

subtype (such as p21Ras or H-Ras), as well as the cellular compartmentalization of Ras.

However, most S-nitrosylation-dependent actions on Ras are cGMP/PKG independent,

which is different from our observation that the circadian modulation of NO on Erk, Akt,

and L-VGCCs was through cGMP/PKG signaling. While the molecular mechanism of

regulation of circadian rhythmicity by NO is not clearly understood, presumably through the

downstream signaling of NO, it may lead to the activation of the human fos promoter (Gudi

et al. 1999) or phosphorylation of cAMP response element (CRE)-binding protein (CREB),

which would further result in the upregulation of clock gene expression and induce circadian
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phase-dependent changes or phase-shift (Colbran et al. 1992, Ferreyra & Golombek 2001,

Kunieda et al. 2008, Langmesser et al. 2009). Hence, there will be a need for future

investigation as to how exogenous NO/cGMP decreases pErk, pAkt, and L-VGCC currents

at night.

One unexpected observation is that L-NAME only slightly increased L-VGCC currents

during the day and decreased L-VGCCs at night, but the results were not statistically

significant (Figure 3). There was a significant increase of L-VGCCs in cells transfected with

Nos1 siRNA to specifically inhibit nNOS. L-NAME is a widely used general NOS inhibitor.

One possible explanation is that even though eNOS did not display circadian rhythmicity,

inhibition of eNOS by L-NAME might somehow affect L-VGCCs in a circadian-

independent manner. Another possible explanation is that L-NAME might have other

unknown actions indirectly affecting L-VGCCs (Supplementary Figure 1). In addition, the

chicken Nos1 gene is only a predicted sequence, so there is no specific siRNA targeting

chicken Nos1 available as stated earlier. Since the mouse Nos1 and predicted chicken Nos1

share79% homology, we used a pool of mouse siRNAs for our transfection studies. Indeed,

we observed that transfection with the mouse siRNA pool targeting nNOS increased the L-

VGCC currents during the day (Figure 3). However, with limited genomic information in

chickens, we cannot exclude the possibility that the mouse siRNA pool might target other

chicken proteins and indirectly affect L-VGCCs. Both pharmacological and transfection

studies come with technical limitations, but they should not affect our conclusion that NO

plays a role in the circadian phase-dependent modulation of LVGCCs in cone

photoreceptors.

Another interesting observation is that inhibition of guanylyl cyclase (GC) by ODQ

apparently enhanced pErk, pAkt, as well as L-VGCCs during the day, while inhibition of

NOS did not cause such increase of L-VGCCs. In addition, the cGMP content in both intact

retinas and entrained photoreceptor cultures was high during the day, and the peak of cGMP

content was ~4 hr advanced of NOS activity (Figure 1). We postulate that in the retina,

especially in cone photoreceptors, the activity/expression of GC and the production of

cGMP are under circadian control that is independent of the circadian rhythm of NOS

activities and endogenous NO production. The action of NO was partially through GC-

cGMP-PKG signaling, and both were upstream of MAPK-Erk and PI3K-Akt to modulate

the circadian rhythm of L-VGCCs (Figure 8A). We hypothesize that during the day time

(Figure 8B), NOS and GC activities are higher (up arrows), which lead to elevated NO and

cGMP compared to the night time. Through a complex signaling network with other cellular

components yet to be identified, the higher NO and cGMP lead to the lower activities (down

arrows) of MAPK-Erk and PI3K-Akt signaling, which ultimately causes LVGCCs to be

lower during the day. At night (Figure 8B), when GC and NOS activities are lower, MAPK-

Erk and PI3K-Akt signaling activities are higher, which lead to higher L-VGCCs in cone

photoreceptors. Overall, the circadian regulation of L-VGCCs in photoreceptors involves the

rhythmic expression of mRNA and protein of the pore-forming α1 subunit, as well as the

post-translational regulation by the complex signaling network in channel protein trafficking

and translocation from cytosol to plasma membrane, and insertion / retention in the cell

membrane (Figure 8A)(Ko et al. 2009a, Ko et al. 2009b, Ko et al. 2007, Shi et al. 2009b).
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Furthermore, we cannot rule out that these signaling molecules could also participate in

other post-translational regulation of L-VGCCs, such as recycling or internalization, which

will require future investigation.

Even though NO release in the retina is increased upon light stimulation and decreased in

the dark-adapted state (Sato et al. 2010), we found that the expression of NOS was under

circadian regulation when retinas were maintained in constant darkness in ovo after

circadian entrainment. It was the expression of nNOS, but not eNOS, that peaked during the

day. NO production was synchronized with the circadian rhythm of nNOS, which indicated

that NOS protein level and activity were rhythmic in synchronization. While nNOS is

present in photoreceptors (Cao & Eldred 2001, Crousillac et al. 2003, Neufeld et al. 2000,

Shin et al. 2000), we cannot rule out the possibility that the source of NO influencing

photoreceptor L-VGCCs could be diffusing from amacrine cells, since in mammalian

retinas, amacrine nNOS is also under circadian regulation with a peak during the day (Zhang

et al. 2005).

The GC-cGMP signaling in the nocturnal hamster retina displays a diurnal rhythm with

peaks at night (Weber et al. 1995b). We found that the cGMP content in intact chicken

retinas was under circadian regulation with a peak during the day with a rhythmic amplitude

~2 folds across the course of 24 hours. The diurnal/circadian rhythms of cGMP in nocturnal

rod-dominant retinas and diurnal cone-dominant retinas are in opposite phases. While cone

photoreceptors are predominantly for vision under the daylight, rod photoreceptors are

essential for night vision. The opposite diurnal/circadian phases of cGMP contents in

nocturnal versus diurnal retinas could be adaptive strategies in the visual functions between

nocturnal rod-dominant and diurnal cone-dominant retinas. Further investigation on the role

of GC-cGMP signaling in retinal circadian rhythms will be needed.

Interestingly, under light-adapted conditions, while cytosolic Ca2+ concentration decreases,

GC activity increases (Takemoto et al. 2009, Koch & Stryer 1988, Dizhoor et al. 1994).

Particularly in cone photoreceptors, GC is able to synthesize cGMP at a rate of 250 μM/sec

under light-adapted conditions, compared to dark-adapted cones with a rate of 120 μM/sec,

so cone photoreceptors show a ~2 folds capacity in GC activation (Takemoto et al. 2009).

These results indicate that in cone photoreceptors, GC activity can be regulated on a short-

term (light/dark adaptation), as well as long term (across 24 hours) basis with a two-fold

capacity. In addition, the circadian rhythmic changes of retinal cGMP content echoes a

previous observation, in which the apparent ligand affinity of cGMP-gated cation channels

(CNGCs) is under circadian control, with the affinity of CNGCs at night significantly higher

than during the day at ~2 folds in chick cone photoreceptors (Ko et al. 2001). Since the

overall retinal cGMP content is lower at night, it is reasonable for photoreceptors to develop

a mechanism in which the affinity of CNGCs to cGMP is higher during this time in order to

compensate for the lower levels of cGMP. The circadian rhythm of CNGC affinity is

controlled by its tyrosine phosphorylation on the auxiliary subunit (Chae et al. 2007).

Interestingly, in cone photoreceptors, both CNGCs and L-VGCCs are under circadian

control but in different manners (Ko et al. 2001, Ko et al. 2004b, Ko et al. 2009b, Ko et al.

2007). For cone CNGCs, it is their affinity to cGMP that varies throughout the day, and Ras-
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MAPK-Erk signaling is essential for the circadian regulation of CNGCs. The maximal

currents remain relatively constant, and protein synthesis is not required in the circadian

regulation of CNGCs (Ko et al. 2004a, Ko et al. 2001, Ko et al. 2004b). As for the circadian

profiles of L-VGCCs in cone photoreceptors, both the L-VGCCα1 mRNA and protein

expression are under circadian control, and maximal L-VGCC currents are higher at night

and lower during the day (Ko et al. 2009b, Ko et al. 2007). The activation of Ras-MAPK-

Erk and Ras-PI3K-Akt signaling pathways are also higher at night and promote L-VGCCα1

subunit trafficking from cytoplasm to plasma membrane (Ko et al. 2009b, Ko et al. 2007) .

As shown in the present study, nNOS expression, its activity, and NO production were

higher during the day, which decreased L-VGCCs in part through inhibiting pErk and pAkt.

Since NO was upstream of Ras-MAPK-Erk, it would be of great interest to investigate how

NO might modulate CNGCs at different times of a day. Taken together, NO/cGMP/PKG

signaling was involved as part of the circadian output pathway to regulate L-VGCCs in

photoreceptors.
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Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

L-VGCC L-type voltage-gated calcium channel

Ca2+ calcium

NO nitric oxide

NOS NO synthase

nNOS neural NO synthase

eNOS epithelial NO synthase

iNOS inducible NO synthase

CaM calmodulin

MAPK mitogen-activated protein kinase

Erk extracellular-signal-regulated kinase

PI3K phosphatidylinositol 3 kinase

Akt protein kinase B

PKG protein kinase G

SCN suprachiasmatic nuclei

LD light-dark
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DD constant darkness

ZT Zeitgeber time

CT circadian time

SNAP S-nitroso-N-acetyl-penicillamine

L-NAME NG-nitro-L-arginine methyl ester

ODQ 1H-[1,2,4]oxadiazole[4,3-a]quinoxalin-1-one

RIPA buffer radioimmunoprecipitation assay buffer

SDS-PAGE sodium dodecyl sulfate polyacrylamide gel electrophoresis

HRP horse radish perioxidase

ECL enhanced chemiluminescent
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Figure 1. Neuronal NOS (nNOS) and cGMP content are under circadian regulation in the retina
(A-C) Embryos were entrained in 12 hr LD cycles for several days and kept in DD. On the

second day of DD, retinas were harvested at 6 circadian time points (CT 0, 4, 8, 12, 16, and

20) for Western immunoblotting for protein levels of NOS, assays of nitrate as an indicator

for NOS activity, or assays of cGMP content. (A) The protein expression of nNOS, but not

eNOS, is under circadian control, which peaked at CT 8. * indicates that the protein levels of

nNOS at CT 0, 4, and 8 are significantly higher than CT 16. # indicates that the protein level

of nNOS at CT 8 is significantly higher than CT 12 and CT 20. (B) The levels of nitrate are
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also under circadian control, which peaked at CT 8. * indicates that the nitrate level at CT 8

is significantly higher than CT 16 and CT 20. (C) The cGMP content is rhythmic with a

peak at CT 4. * indicates that the cGMP content at CT4 is significantly higher than CT 16

and CT 20. # indicates that the cGMP content at CT8 is significantly higher than CT 16. *, #

p<0.05. (D) Photoreceptor enriched cultures were entrained in LD for 5 days and kept in

DD. On the second day of DD, cells were harvested at CT 4 and CT 16 for cGMP assays.

The cGMP content was significantly higher in cells harvested at CT 4 compared to cells

harvested at CT 16. *p<0.05

Ko et al. Page 18

J Neurochem. Author manuscript; available in PMC 2014 November 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 2. NO decreases L-VGCC current densities at night in cone photoreceptors
Retinas were dissociated, cultured, and entrained in LD cycles for 6 days. On the last day of

LD, cone photoreceptors were recorded during ZT 4-7 or ZT 16-19. (A) and (B) Two

representative voltage step elicited L-VGCC current traces were recorded during the day

(ZT 4-7) and at night (ZT 16-19). (C) The average current density (pA/pF)-voltage (mV)

relationship of cells recorded during the day (ZT 4-7) and at night (ZT 16-19) are shown.

Leak subtraction with a P/4 protocol was used in these recordings. * indicates that the

current densities elicited at -20, -10, 0, 10, 20, 30, and 40 mV are significantly different
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between cells recorded during the day and at night; *p<0.05. (D-F) Treatment with an NO

donor, SNAP (500 μM), decreased L-VGCC current densities when photoreceptors were

recorded at night (ZT 16-19). (D) Representative traces recorded from three different cells:

1. a control cell recorded at ZT 4-7; 2. a control cell recorded at ZT 16-19; 3. a cell treated

with SNAP recorded at ZT 16-19. The step command was from -65 mV to 0 mV for 200 ms.

(E) The average current density-voltage relationship of the control and SNAP treated

photoreceptors are shown. Cells were treated with SNAP for 2 hr prior to recordings.

Recordings for this set of experiments were not leak-subtracted. * indicates that the current

densities of the control group recorded at ZT 16-19 are significantly different from the other

three groups when L-VGCCs were elicited at -10, 0, 10, and 20 mV. *p<0.05. (F) The

average maximal current density (pA/pF) values elicited at 0 mV from the control and

SNAP treated groups recorded at ZT 4-7 and ZT 16-19 are shown. * indicates that the

maximal current density value of the control group recorded at ZT 16-19 is significantly

different from the other three groups. *p<0.05. (G) and (H) Treatment with another NO

donor, SNP (100 μM), showed a similar result as with SNAP. * indicates that the maximal

current density value of the control group (0.1% DMSO) recorded at ZT 16-19 is

significantly different from the other three groups. *p<0.05.
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Figure 3. Inhibition of endogenous NOS affects L-VGCCs in cone photoreceptors
(A) and (B) Treatment with a NOS inhibitor, L-NAME (100 μM), for 2 hr prior to

recordings only slightly changed L-VGCC current densities at both day (ZT 4-7) and night

(ZT 16-19) times. (A) The average current density-voltage relationship of L-NAME treated

photoreceptors is shown. (B) Both L-NAME treated groups (ZT 4-7 and ZT 16-19) are not

significantly different from respective control groups. * indicates that the current densities of

control cells recorded at ZT 16-19 are significantly different from the control recorded at ZT

4-7 in maximal current density values elicited at 0 mV. *p<0.05. (C) and (D) L-VGCCs

were recorded from photoreceptors transfected with GFP (control) or co-transfected with

GFP and Nos1 siRNA (nNOS siRNA). (C) The average current density-voltage relationships

of the GFP control and the nNOS siRNA are shown. (D) The maximal current density from

the GFP control recorded at ZT 4-7 is significantly lower than the other three groups. There

is no significant difference (n.s.) among the GFP control recorded at ZT 16-19, and the

nNOS siRNA recorded at either ZT 4-7 or ZT 16-19. *p<0.05.
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Figure 4. cGMP mimics the effects of NO on L-VGCC currents
(A) and (B) Treatment with 8-Br-cGMP (cGMP; 30 μM) for 2 hr prior to recordings mimics

the effect of SNAP. * indicates that the maximal current density (pA/pF) value of the control

group recorded at ZT 16-19 is significantly different from the other three groups. *p<0.05.

(C) and (D) Treatment with a PKG inhibitor KT5823 (200 nM) has no statistically

significant effect on L-VGCC currents. * indicates that the maximal current density value of

the control group recorded at ZT 16-19 is significantly different from the control group

recorded at ZT 4-7. *p<0.05. (E) and (F) All photoreceptors were recorded during the day
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(ZT 4-7). There is no statistical difference among cells under different treatments, including

control, SNAP (500 μM), KT 5823, and SNAP with KT 5823 (SNAP+KT5823). (G) and

(H) All photoreceptors were recorded at night (ZT 16-19). KT5823 reverses the inhibitory

effect of SNAP (SNAP+KT5823), while KT5823 has no effect on L-VGCCs. * indicates

that the maximal current density value of the control group recorded at ZT 16-19 is

significantly different from cells treated with SNAP. *p<0.05.
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Figure 5. NO decreases the protein expression of L-VGCCα1D subunits at night
(A), (B), and (F) Cultured retinal cells were treated with various chemicals for 2 hr prior to

being processed for Western blotting at CT4 or CT 16 and analyzed for L-VGCCα1D

subunit. (C), (D), and (E) Cultured photoreceptors were treated under various conditions for

2 hr prior to patch-clamp recordings at ZT 4-7 and ZT 16-19 for L-VGCC currents. (A)

Treatment with 8-Br-cGMP (cGMP) or SNAP at night (CT 16) dampens the protein

expression of L-VGCCα1D compared to the control (treated with 0.1% DMSO), while both

8-Br-cGMP (cGMP) and SNAP have no effect on the L-VGCCα1D expression during the
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day (CT 4). * indicates that the protein level of LVGCCα1D of the control group harvested

at CT 16 is significantly higher than the controls harvested at CT4, as well as cells treated

with SNAP or 8-Br-cGMP (cGMP). (B) Treatment with ODQ (SNAP+ODQ) reverses the

effect of SNAP on the protein levels of L-VGCCα1D. # indicates that the protein levels of

the control harvested at CT4 and both SNAP treated groups (CT4 and CT16) are

significantly lower than the level of the control harvested at CT16. There is no statistical

difference among the control harvested at CT 16, treatments with ODQ alone (both CT 4

and CT 16), and ODQ with SNAP (SNAP+ODQ; both CT 4 and CT 16). (C) and (D) The

average current density (pA/pF)-voltage (mV) relationship of cells recorded during the day

(ZT 4-7) and at night (ZT 16-19) from controls, cells treated with ODQ, or ODQ+SNAP are

shown. (E) Treatment with ODQ reverses the effect of SNAP on LVGCC currents. *

indicates that the L-VGCC maximal current density of control cells recorded at ZT 16-19 is

significantly higher than control cells recorded at ZT 4-7; the maximal L-VGCC current

density of cells treated with SNAP+ODQ and recorded at ZT 16-19 is significantly higher

than the control cells recorded at ZT 4-7. (F) Treatment with KT5823 (KT823+SNAP)

reverses the SNAP effect on L-VGCCα1D protein levels, while treatment with KT5823

alone at CT 4 or CT 16 does not affect the protein levels of L-VGCCα1D compared to the

controls. # indicates that the protein levels of L-VGCCα1D in these groups are significantly

lower than the controls harvested at CT 16. *, # p<0.05.
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Figure 6. NO-cGMP-PKG signaling is upstream of Erk
(A) The level of phosphorylated Erk (pErk) is significantly higher at night (CT 16) than

during the day (CT 4). Treatment with SNAP or 8-Br-cGMP (cGMP) significantly decreases

the level of pErk at night (CT 16). * indicates that the pErk level of controls at night (CT 16)

is significantly higher than all other groups. (B) Treatment with ODQ alone increases pErk

levels at CT 4. Treatment with ODQ reverses the effect of SNAP on pErk. # indicates that

these groups are significantly different from the control at CT 16. There is no difference

among control at CT 16, ODQ treated groups at CT 4 and CT 16, and ODQ+SNAP group at
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CT 16. (C) Treatment with KT5823 shows similar results in pErk as ODQ. # indicates that

these groups are significantly different from the control at CT 16. *, # p<0.05.
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Figure 7. NO-cGMP-PKG signaling is upstream of Akt
(A) The level of phosphorylated Akt (pAkt) is significantly higher at night (CT 16) than

during the day (CT 4). Treatment with SNAP or 8-Br-cGMP (cGMP) significantly decreases

the level of pAkt at night (CT 16). * indicates that the pAkt level of controls at night (CT

16) is significantly higher than all other groups. (B) Treatment with ODQ alone increases

pAkt levels at CT 4. Treatment with ODQ reverses the effect of SNAP on pAkt. # indicates

that these groups are significantly different from the control at CT 16. There is no difference

among control at CT 16, ODQ treated groups at CT 4 and CT 16, and ODQ+SNAP group at
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CT 4 and CT 16. (C) Treatment with KT5823 shows similar results in pAkt as ODQ. #

indicates that these groups are significantly different from the control at CT 16. *, # p<0.05.
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Figure 8. A schematic diagram shows a working model of the circadian regulation of L-VGCCs
(A) An overview shows how NO participates in the circadian regulation of L-VGCCs. Solid

arrows indicate a direct step between two elements, while the dotted arrows indicate an

indirect step with unidentified elements in between. (B) The upper and lower panels display

the roles of NO in the circadian regulation of L-VGCCs during the day and night,

respectively. The upward arrows indicate an increase of quantity or activity of a particular

molecule, and the downward arrows indicate a decrease of quantity or activity of a particular

molecule. ~ indicates the canonical molecular oscillator.
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