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ABSTRACT OF THE THESIS 

 

The Effect of Noncatalytic Cyclic-Guanosine-Monophosphate Binding Sites on Photoreceptor 

Phosphodiesterase 6 in the Mammalian Rod Photoresponse 

 

by 

 

Gabriela Sendek 

Master of Science in Physiological Science  

University of California, Los Angeles, 2018  

Professor Gordon L Fain, Chair 

 

Structural studies on the cGMP-specific phosphodiesterase (PDE6) found in vertebrate rod 

photoreceptors (PDE6) reveal that in addition to its two catalytic binding sites, PDE6 possesses 

two noncatalytic sites that also bind cGMP.  These sites are thought potentially to influence the 

mechanism through which vertebrate photoreceptors adapt to light. By assessing the 

electrophysiological response via suction-electrode recordings of transgenic mice (NCBS-1) 

which have a knockout of one of the two noncatalytic sites, we determined whether there were 

changes in the physiological amplitude and time course of the photoresponse. We are able to 



	  

	   iii	  

characterize the presence of an altered phenotype in the NCBS-1 rod light response, wherein the 

waveform is lengthened and responses for similar intensities of light are larger than those in the 

wild-type mouse. These results confirm a modest alteration of the adaptation mechanism but 

show that the non-catalytic sites in some way control expression or trafficking of the PDE6.   
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INTRODUCTION 

 

In many ways, the human eye is similar to a camera; it possesses components such as a lens, a 

diaphragm, and a means of capturing an image. However, the human eye is substantially more 

complex than a camera and is capable of an incredible feat. It can adapt to immense quantities of 

light, allowing it to operate under a wide variety of light regimes. How does the retina do this? 

How does it capture light in the first place? Finally, what affects its ability to respond over these 

wide variations in light quantity? 

 

The vertebrate rod is capable of responding to the physical limit of its stimulus: a single photon 

of light. Rhodopsin absorbs a photon and becomes activated. This activated rhodopsin in turn 

activates an associated G-protein called transducin, whose alpha subunit exchanges GDP for 

GTP and activates a cGMP-specific phosphodiesterase enzyme (PDE6). This allows PDE6 to 

hydrolyze cGMP to 5’-GMP. The decrease in cytosolic cGMP diminishes activation of cyclic-

nucleotide gated channels (CNG channels) that normally allow for the inward dark current that 

keeps the cell depolarized, causing a hyperpolarization of the photoreceptor upon light exposure 

(Koch et al., 2015).  

 

To shut off the photoresponse, rhodopsin and G-protein-activated PDE6 must be deactivated, and 

cGMP must be replenished. These changes will allow the closed CNG channels to reopen and 

restore the dark current.  In rods, the time course of this shutoff is dictated by PDE6 inactivation. 

This is because the activity of guanylyl cyclase, the enzyme responsible for replenishing the 
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cGMP concentration, is working at a rapid enough rate such that the shutoff isn’t limited by lack 

of cGMP (Burns, 2010). Thus, we will focus our attention on rhodopsin inactivation and PDE6 

inactivation. A protein called arrestin mediates rhodopsin inactivation.  Activated rhodopsin is 

phosphorylated by rhodopsin kinase (GRK1), which allows for arrestin to bind and prevent 

further G-proteint activation.  Activated PDE6 is extinguished when GTP bound to the transducin 

alpha-subunit is hydrolyzed to GDP. This reaction is greatly facilitated by RGS9–1 (regulator of 

G protein signaling, ninth family member, first splice variant), which works in concert with two 

other GAP proteins and the inhibitory γ subunit of PDE6 to mediate the GTPase activity of 

transducin to hydrolyze the transducin GTPt (Cote et al. 1994).   

 

The levels of cGMP present in the cell dictate the opening and closure of the CNG channels that 

control the level of the dark current, and thus, the membrane potential of the cell. PDE6’s role as 

the main effector of cGMP concentration allows it to be one of the main regulators of activation 

and deactivation of the photoreceptor in response to light. It is crucial that this protein shut off 

within a very precise time course.  Without this shutoff, the cell would be incapable of encoding 

further increases of light and responding to change or motion.  We will now examine PDE6 

properties to see what is responsible for its role as the rate-limiting step in the shutoff phase of 

phototransduction.  

 

Rod photoreceptor PDE6 is composed of four subunits: one α subunit, one β subunit, and two 

inhibitory γ subunits.  The α and β subunits possess both catalytic and noncatalytic sites that 

bind cGMP (Gillespie et al., 1989), and the noncatalytic sites are thought potentially to play a 

role in the adaptation mechanism (Huang et al., 2004).  The occupancy of these noncatalytic 
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binding sites has been postulated to be one of the regulators of PDE6 inactivation. Binding of 

these sites slows transducin GTPase activity, which is accelerated when these sites become 

unoccupied (Arshavsky et al., 1992, Cote et al., 1994).  This dissociation of cGMP from the 

noncatalytic binding sites is believed to play a role in the adaptation mechanism in one of two 

ways: by acting as a cGMP reservoir and releasing its bound cGMP when cytosolic cGMP levels 

drop, such as during light activation; or by modulating the activity of transducin GTPase, which 

causes deactivation of PDE6 via hydrolysis of the GTP bound to activated transducin (Yamazaki 

et al., 1996, Cote et al., 1994).  Through these mechanisms, the noncatalytic cGMP binding sites 

of PDE6 could potentially have a role in light adaptation of the rod. 

 

Though the noncatalytic cGMP binding sites may have some role in the vertebrate rod 

photoresponse, the exact nature of this role is unclear.  To explore this question, we have 

characterized the physiological effect in a transgenic mouse model of the NCBS-1 mutation, 

which removes one of the noncatalytic cGMP binding sites of PDE6. 
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MATERIALS AND METHODS 

 

Animals and tissue extraction 

 

Experiments were performed in accordance with rules and regulations of the NIH guidelines for 

research animals, as approved by the institutional animal care and use committee of the 

University of California, Los Angeles, USA. Mice were aged 3-6 months and were either wild-

type (WT) C57BL/6 from the Jackson laboratory (Bar Harbor, ME, USA) or NCBS-1 animals 

courtesy of the Jason Chen laboratory (Baylor University, TX, USA). The NCBS-1 mice were 

generated by CRISPR/Cas9. They have a single site D167A mutation, which should remove one 

of the noncatalytic cGMP binding sites (Huang et al., 2004; Martinez et al., 2008). 

Determination of the amount of PDE6 in NCBS-1 animals was made with western blotting done 

by Honghui Han, Mingyao Liu and Yu-Jin Chen from the laboratory of Dr. Jason Ching-Kang 

Chen (Baylor University, TX, USA). Mice were kept under a 12:12 h light/dark cycle in 

approved cages and supplied with ample food and water.  Mice were dark-adapted for a 

minimum of 3 hours but usually more than 5 hours prior to experimentation.  The mice were 

sacrificed by cervical dislocation and both eyes were removed in dim red light and cut coronally 

to obtain the posterior half of the eye containing the retina.  The retina was then detached from 

the retinal pigment epithelium with tweezers and sliced into small chunks on a Sylgaard plate 

filled with Locke’s solution.   
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Solutions 

During dissection, the Sylgaard plate was filled with Locke’s solution, which contained 93 mM 

NaCl, 2.1 mM KCl, 2.6 mM CaCl2,1.8 mM MgCl2, 2.0 mM NaHCO3, and 10.8 mM HEPES at 

pH 7.4, along with 10 mM glucose, 5 mM sodium ascorbate and 10 mg 10 mL−1 (0.1%) BSA 

(added the day of the experiment).  During recording, the photoreceptors were continuously 

perfused with Dulbecco’s modified Eagle’s medium (D-2902; Sigma Chemical, St Louis, MO, 

USA) supplemented with 15 mM NaHCO3, 2 mM Na succinate, 0.5 mM Na glutamate, 2 mM 

Na gluconate and 5 mM NaCl. The solution was bubbled with 5% CO2/95% O2 at pH 7.4.  The 

recording electrodes were filled with Locke’s solution, which contained 93 mM NaCl, 2.1 mM 

KCl, 2.6 mM CaCl2 ,1.8 mM MgCl2, 2.0 mM NaHCO3, and 10.8 mM HEPES at pH 7.4.  

 

Pipette electrodes 

 

The recording electrodes were made from fire-polished borosilicate glass pulled with a 

micropipette puller (P-97; Sutter Instruments, Novato, CA, USA). The produced pipettes were 

then heated next to a platinum wire until the inner diameter was of good size to fit the 

photoreceptor outer segment and form a tight seal. Pipettes that were too large would result in 

noisy recordings, and pipettes that were too small would shear the outer segment, resulting in 

cellular damage and unstable recordings.  
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Suction-electrode recording 

 

Photocurrents from single rod photoreceptors were recorded with the suction-electrode recording 

technique (Baylor et al., 1979a). Preparations were maintained in darkness in a glass ‘sandwich’ 

recording chamber, which was affixed to the stage of an inverted microscope placed on an air 

table. This procedure maintained the physical stability of the chamber to allow for better 

recordings. The entire apparatus was enclosed in a light-tight Faraday cage to isolate both light 

and sources of electrical noise.  

 

Suitable cells were located under infrared illumination and gently drawn into the microelectrode 

tip by application of suction. Suitable cells were selected for their general appearance and 

adequate response to a test flash of light.  

 

Cells were then stimulated with a dual-beam optical bench with 12V 100W halogen-lamp bulbs 

(Ushio), whose outputs were passed through an interference filter with peak transmittance at a 

wavelength of 505 nm. The resultant light was then passed through neutral density filters to 

attenuate the intensity of the light.  The light was calibrated by means of a 3 mm pinhole, placed 

in the position of the photoreceptor, and a digital silicon photodiode (UDT Instruments, San 

Diego, CA, USA, formerly Graseby Optronics). An electronic shutter (UniBlitz Model D122) 

under the command of a pulse generator was used to control light duration. Light protocols for 

given experiments are as described in the Results section and in legends to the figures. 
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Changes in membrane current were recorded with a current-to-voltage converter (Axopatch 

200A; Axon Instruments, Inc.). Recordings were low-pass filtered at 30 Hz with an 8-pole 

Bessel filter (Kemo Limited Electronic Filters) and sampled at 100 Hz. Digitized data were 

recorded via Clampex 8.0 and were analyzed with Origin Pro 9.1 (OriginLab Inc, Northhampton, 

MA, USA). Curve fitting and plotting of data were also done with Origin.  

 

Measurements of rod sensitivity in darkness 

 

When stimulated with increasing amounts of light, outer-segment channels begin to close until 

the rod reaches a state where all of the channels are shut. At this point, stimulation with light 

results in the channels being shut for a longer duration rather than an increase in the number of 

channels shut. Here, the rod is said to be in saturation, and the measured current is indicative of 

the circulating or ‘dark’ current of the cell. We can therefore determine the rod’s total circulating 

current from the peak amplitude of the response of the dark-adapted cell to saturating light. We 

deem a healthy cell to be any cell with a total circulating current greater than 12 pA.  

 

Light sensitivity is a measure of the response of the rod to a given quantity of light.  To obtain 

measurements of rod sensitivity in darkness, we recorded ‘flash families,’ or a series of 

photoresponses to increasing intensities of light.  During the recording, the rod was exposed to 

brief 20 ms flashes at given intensities of light. We gave multiple flashes at each intensity to 

obtain an average of the response.  We then moved to the next highest intensity of light and 

repeated the process until we reached a light intensity that elicited a photoresponse at saturation.   
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From these data, we plotted the peak amplitude of the photoresponse against the logarithm of the 

light intensity used to stimulate the response.  These curves were fitted with the equation (Lamb 

et al., 1981)  

 𝑟 𝜙 = 𝑟!"#[1− exp −𝑎𝜙 ] (1)  

where r is the peak response amplitude, rmax is the maximum value of r either in darkness or in 

the presence of a background illumination, ϕ is the product of the intensity of the flash (in 

photons μm-2 s-1) and the flash duration (20 ms), and a is a constant with units of photons μm-2, 

whose value depends upon the intensity of the background light. We will let 𝑟!"#!  and aD denote 

the values of rmax and a for the rods in darkness (that is, without a background light). From these 

fits, we can calculate sensitivity values for the cell in the following way (Morshedian et al 2018). 

We define the flash sensitivity (SF) as the peak response amplitude r(ϕ) of a small-amplitude 

response, divided by ϕ, the number of photons per μm2 delivered by the flash. Thus SF = r(ϕ)/ϕ 

for small r(ϕ).  Because we define sensitivity for small r(ϕ), we can expand the exponential in 

Eqn. (1) to its first two terms to give 

 	  
𝑟 𝜙 = 𝑟!"# 1− exp −𝑎𝜙

≅ 𝑟!"# 1− 1− 𝑎𝜙
=   𝑟!"#𝑎𝜙  for  𝜙 ≪ 1/𝑎 

 

(2)  

	  

The sensitivity is therefore equal to rmax a, where both rmax and a are functions of the intensity of 

the background light. 
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We also assess the amplification constant of the rod photoresponse in WT and NCBS-1 animals.  

The amplification constant is an estimate of the gain of transduction in photoreceptors, or 

transducin activation efficiency, and it is derived from the following equation (Pugh & Lamb, 

1993): 

 

!
!!"#

= 1− exp  [− !
!
  𝐼  𝐴   𝑡 − 𝑡!""

!]  (3) 

  

In this equation, r is the photocurrent, rmax is the maximum photocurrent, I is the flash intensity 

in rhodopsins bleached per flash from an assumed value of collecting area of 0.5 μm2, A is the 

amplification constant in s-2 per Rh* t is time, and teff is the effective delay time of transduction 

(Chen et al., 2010).  To obtain the value for the amplification constant, A, we fitted to this 

equation the first half of the rising phase of the dark-adapted photoresponse below the half-

maximal dark current. The amplification constant value is higher in cells with a higher gain of 

transduction and lower in cells with a lower gain of transduction. 

 

Measurements of rod response kinetics 

 

Using the data collected as described above, we conducted statistical analyses to compare the 

response kinetics of WT and NCBS-1 rods. The response kinetics of the photoresponse provided 

an indication of the time course of the change in cGMP concentration, and thus the decay of 
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PDE6 activity. This is because the photocurrent itself is a reflection of the opening and closure of 

the cyclic-nucleotide-gated channels.  

One of these measures of PDE6 decay is te τREC, which refers to the time constant of recovery.  

The declining phase of the photoresponse, or the ‘shutoff’ phase, can be fitted with an 

exponential curve with the general formula: 

 

𝑟 = 𝑟!"#exp  (
!!
!!"#

)   (4)  

 

The value of the fitting constant 𝜏!"#   gives an indicator of the amount of time it takes for the 

photoreceptor to recover from a light stimulus, which in turn provides the rate of PDE6 shutoff. 

Increased 𝜏!"#   values indicate a slower shutoff, and decreased values indicate a faster shutoff.  

 

Another measure of the kinetics of the photoresponse is the limiting time constant of decay, or 

τD. This value measures the ‘dominant recovery time constant,’ or the slowest kinetic step in 

photoresponse recovery (Burns & Pugh, 2011).  Values of τD were measured by giving a series 

of five flashes of 4 to 5 intensities that fall above the flash intensity that just produced saturation 

of that rod. The time in saturation (Tsat) was measured as the time from the beginning of the 

flash to the time when the rod had regained 25% of its dark-adapted current (Pepperberg et al, 

1992).  

 

Measurements of rod sensitivity in background light 
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To measure changes in rod sensitivity as a function of background light, we recorded a flash 

family on top of background light.  We first recorded a flash family in darkness, and then turned 

on the dimmest background light for 1-2 minutes to allow the cell to come to steady-state. When 

rods were first exposed to prolonged light, their light response reached a peak; then, as 

adaptation mechanisms set in, the response converges to a constant steady-state current.  Thus, 

we did not begin stimulating with incremental flashes until the cell came to steady-state.  We 

then repeated the flash family with the same intensities of light used in the original, dark-adapted 

flash family. After collecting the flash family, we shut the background light off and allowed the 

cell to come back to rest for about 1-2 minutes. We then administered a test flash to ensure that 

the cell was still healthy and continued to the next background.  This process was repeated for a 

total of 6 backgrounds.  We constructed intensity-response curves as described above for the 

dark-adapted state and for each of the 6 backgrounds to see how background light affected the 

sensitivity of the cell.  

 

We also construct a Weber-Fechner curve as described by Morshedian et al. (2018) to assess the 

change in sensitivity as a function of background light. To plot the change in sensitivity as a 

function of background light, we plotted the sensitivity values for each background (𝑆!) divided 

by the sensitivity value in darkness (𝑆!!), which was determined from 

 

 𝑆!
𝑆!!

=
𝑟!"#𝑎
𝑟!"#! 𝑎! 

 

(5)  
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at each of the background intensities. The values of !!
!!
! were then plotted against the background 

intensity and were fitted with the Weber-Fechner equation, given by 

 

 𝑆!
𝑆!!

=   
𝐼!

𝐼! + 𝐼!
 

 

(6)  

 

where 𝐼! is the background intensity and 𝐼! is a constant called the ‘dark light’, equal to the 

background intensity required to reduce sensitivity by one-half. 

 

 

 

Statistical analysis 

 

The results are expressed as means ± standard error of the mean (SEM). Continuous variables 

were compared by means of a two-tailed Student’s t-test for unpaired variables. Asterisks and 

crosses in the figure panels refer to statistical probabilities, measured in the various experimental 

conditions as detailed in the figure legends. Statistical probability values of less than 0.05 were 

considered significant.  
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RESULTS 

 

Determination of amount of PDE6 in NCBS-1 rods 

To measure the amount of PDE6 in NCBS-1 rods in comparison to WT mice, the retinas were 

isolated and protein level determined from western blots. These experiments were done for us in 

the laboratory of Jason Chen of Baylor University and are given in Figure 1. The amount of 

PDE6 was considerably less in NCBS-1 rods than in WT rods, with total levels of PDE6 at no 

more than 10% of WT levels. The reason for this difference is presently unclear but is under 

further investigation in the Chen and Fain laboratories. 

 

NCBS-1 rod responses exhibited higher peak amplitudes and more slowly decaying time 

courses compared to WT rods 

 

Preliminary recordings done by Norianne T. Ingram indicated the possibility of an observable 

difference in the photoresponse of NCBS-1 mice, prompting us to characterize the photoresponse 

further and determine if there was a discernable and measurable difference between NCBS-1 and 

WT mice.  Using the suction-electrode recording technique, I collected flash families for both 

NCBS-1 (n=17) and WT (n=16) rods. These families were averaged and are shown in Figure 2. 

NCBS-1 rods have a higher peak amplitude of response: 16.9 ± 1.1 pA for NCBS-1 and 14.2 ± 

0.7 pA for WT. This indicates a larger circulating current in the NCBS-1 rod.  
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Figure 2 also shows that NCBS-1 rods decay more slowly than WT rods. To further quantify the 

difference in kinetics, we measured the time constants of decay.  The time constant for decay is 

reflective of the rate of decay of the photoresponse (Krispel et al, 2006; Chen et al, 2010).  The 

decay phase of the light response was fitted with a single-exponential decay function for 

responses which were near half-maximal (Equation 4). An example of such a fit is given in 

Figure 3. The mean value of τREC for NCBS-1 mice was 707 ± 123 ms, while that  for WT rods 

was 140 ±18 ms. This difference was highly significant. We also evaluated the limiting time 

constant of rod decay (see Figure 4). The value of τD for NCBS-1 rods was 280 ± 14 ms, and it 

was 197 ± 16 ms for WT rods.  The value of τD was also significantly larger in NCBS-1 rods 

than in WT rods, indicating that the rate of PDE6 shutoff was slower in NCBS-1.  

 

Single-photon responses 

 

Rod photoreceptors’ ability to respond to single photons of light is well documented and 

demonstrates the remarkable sensitivity of these cells to dim light (Rieke et al., 2000).  The 

duration and amplitude of the single photon response are indicative of the lifetime of a single 

rhodopsin molecule, from activation to effective shutoff.  In order to measure the single-photon 

responses of the rods, we compared the squared-mean and the time-dependent variance of a 

series of responses to dim flashes of a fixed amplitude. The mean linear response to 50 dim 

flashes was squared and scaled so that its rising phase coincided with that of the time-dependent 

variance. The scaling factor for the squared mean response is 1/n, where n is the mean number of 
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photoisomerizations per trial. The mean response divided by n gave the estimated form and 

amplitude of the single-photon response (Baylor et al., 1979; Chen et al., 2000). 

 

NCBS-1 rods exhibited slower and higher-amplitude responses to single photons of light when 

compared to WT mice, as shown in Figure 5.  This result implies that the overall ‘lifespan’ of 

activated rhodopsin is longer in NCBS-1 rods than in WT.   

 

Intensity-response curves of WT and NCBS-1 rods  

  

NCBS-1 animals have overall higher amplitude responses (shown in Figure 2), which suggests 

that they may be more sensitive.  To further investigate this question, we constructed intensity-

response curves, where we plotted the response of the rod divided by its maximum amplitude as 

a function of the light intensity used to elicit the response.  These data are shown in Figure 6, 

both normalized to the maximum amplitude of the response (6a) and not normalized (6b). The 

normalized data give the percentage of channels closed as a function of light intensity and 

indicate that the curves are more or less similar, which suggests a minimal change in sensitivity.  

The data that were not normalized reflect the disparity in peak amplitudes between the two 

populations as in Figure 2. 

 

We also calculated values for sensitivity from the fits to these curves. As described in the 

Methods, multiplying rmax  and a gives a value for sensitivity.  For both NCBS-1 and WT rods, 

we obtained a similar mean sensitivity value of 0.97 pA photons-1 μm2 or about 0.5 pA per 

rhodopsin molecule bleached.   
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Using the same data, we constructed fits of the amplification constant as described in the 

Methods.  In WT mice, we recorded a value of 2.91 ± 0.39 s-2 per Rh*, and in NCBS-1, we 

record a value of 0.93 ± 0.17 s-2 per Rh*. The higher amplification constant in WT indicates a 

higher gain of transduction, or transducin efficiency.  

 

NCBS-1 rods in background light 

 

To further investigate sensitivity, we determined the change in sensitivity as a function of 

background light.  We first recorded flash families in darkness and then in the presence of a 

series of six progressively brighter background lights.  These data are shown in Figure 8. In the 

presence of background light, NCBS-1 animals are far noisier than WT.  Even in background 

light we continued to observe a higher peak-amplitude response and more slowly decaying time 

course in NCBS-1 rods as compared to those of WT.   

 

To quantify sensitivity, we construct intensity-response curves for each of the light conditions. 

Figures 9 and 10 depict mean intensity-response curves for both WT and NCBS-1 mice in 

darkness and in each of the six backgrounds. NCBS-1 intensity-response curves in background 

light appeared right-shifted compared to those of WT mice, indicating that somewhat brighter 

light intensities were required in NCBS-1 rods to change the sensitivity.  This suggests that 

NCBS-1 rods could be less sensitive in the presence of background light and able to respond to 

somewhat greater intensities of light than WT. 
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We next numerically calculated the values of sensitivity from the values of rmax  and a for each 

of the background intensities cell by cell. The mean and SEM of these measurements have been 

plotted against light intensity in Figure 11 and were fitted with the Weber-Fechner equation 

(Equation 6). From these fits, we estimate the value of the dark light I0 to be about 81 photons 

μm-2 s-1 for WT (black) and 137 photons μm-2 s-1 for NCBS-1 (red). These fits confirm the 

impression from Figures 9 and 10 that somewhat brighter light is required to adapt NCBS-1 rods 

than WT rods. 
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DISCUSSION 

 

Our recordings and flash families indicate a remarkably different phenotype in NCBS-1 rods 

than in WT rods.  NCBS-1 rods exhibited higher peak amplitudes and more slowly decaying 

time courses when compared to WT rods. Based on our findings and estimates of τREC, the 

NCBS-1 rods seem to be one of the slowest-responding mouse models.   

 

We think that a major explanation for this difference in rod physiology is the finding of the Chen 

laboratory that NCBS-1 rods have about 10% or less of the WT PDE6 expression level (Figure 

1).  The reason for this effect is unclear and will be the subject of further experimentation by the 

Fain and Chen laboratories. We think however that this difference most likely reflects a decrease 

in the stability or transport of the NCBS-1 PDE6 into the rod outer segments, resulting from the 

lack of binding of cGMP to one of the noncatalytic binding sites or a change in the conformation 

of the protein produced by the NCBS-1 D167A mutation.  

 

The decrease in the rod PDE6 concentration may be in large part responsible for the changes in 

physiology of the NCBS-1 rods. A lower concentration of PDE6 would produce a higher steady-

state concentration of cGMP, increasing the probability of channel opening in darkness and 

augmenting the value of the rod circulating current, as we have observed. The decrease in PDE6 

expression would also decrease the rate of activation of the photoresponse, at least in part 

explaining the lower amplification constant and slower rate of activation of the NCBS-1 rods. 

The lower PDE6 concentration would further decrease the dark rate of turnover of cGMP in the 



	  

	  19	  

rod, which would slow the rate of response recovery. Such an effect could be largely responsible 

for the much larger values of τREC of NCBS-1 rods. We also observed however that the limiting 

time constant was somewhat greater in NCBS-1 rods than in WT rods, which would not be 

expected from a change in the amount of PDE6 in the outer segments. Moreover we were 

surprised to see that NCBS-1 rods required more light to adapt than WT rods (Figure 11). 

Because NCBS-1 rods have a slower time course of decay and consequent longer integration 

time, we would have expected them to be more sensitive to background light, not less. Our 

experiments seem therefore to indicate that there is some subtle change in the biochemical 

properties of the NCBS-1 PDE6 in addition to a difference in expression level. 

 

In the future, we hope to look at the histology of NCBS-1 tissue.  From our own observations 

and recordings in animals that are older than 1 year, we did not see retinal degeneration despite 

the slowed kinetics and PDE6 under-expression of the NCBS-1 animal.  Most mouse models 

such as rd1 or rd10 mice with less PDE6 expression exhibit extensitve retinal tissue degeneration 

even in the first few weeks of age. This is because the decrease in PDE6 expression is thought to 

increase the outer-segment cGMP concentration, which would increase the influx into the outer 

segment of ions including Ca2+.  The increase in Ca2+
 is then thought to lead to apoptosis and 

degeneration of the photoreceptors (see for example Wang et al., 2017; Davis et al., 2008). The 

rods of NCBS-1 mice seem on the other hand to remain viable long past what other models 

would suggest. We hope to assess the degeneration of NCBS-1 retina quantitatively by analyzing 

their retinas at different time points, including times up to and exceeding 1 year of age. 
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Because NCBS-1 rods have a lower level of PDE6, model calculations predict that the rods 

should be noisier (Reingruber et al, 2013). Suction-electrode recordings done by Drs. Ala 

Morshedian and Rikard Frederiksen to assess the dark noise of the animals suggest that they 

might be more intrinsically noisy than WT animals.  To obtain these data, they first recorded 

from the outer segment in the absence of light, and they then exposed the tissue to a bright light 

to saturate the photoresponse.  This trace in bright light was subtracted from the first trace to 

obtain the ‘dark noise’ of the rod without instrument noise.  Based on the analysis of these 

recordings (done by Jürgen Reingruber, Paris, France), there is enough evidence to suggest that 

NCBS-1 rods might be noisier than WT rods. The difference was however not large enough to 

provide statistical significance. The Fain and Sampath laboratories plan to continue these 

experiments with patch clamp in retinal slices,  where the recordings have a much higher signal-

to-noise ratio.  

 

Additionally, we hope to look at a second model, NCBS-2, which has a mutation of the other 

noncatalytic cGMP binding site on PDE6.  There may be a difference in binding affinity or 

physiological effect between the two binding sites, and this possibility merits experimentation to 

confirm.  Clearly the true effects of the noncatalytic cGMP binding site in photoreceptor PDE6 

remain to be seen.  However, the NCBS model has raised as many questions as it was able to 

answer.  
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A  

B C  

 

Figure 1. PDE6 Underexpression in NCBS-1 Mice. Western Blots courtesy of the Chen 

laboratory at Baylor University. A: A serially diluted control to be used as an estimate of protein 

concentration, from 100% (20) to roughly 6% (24).  The undiluted NCBS-1 (n=4) on the right 

depict stains for PDE6β, an unspecific control, and the protein α-transducin. These indicate that 

PDE6β concentrations are roughly 10% of those in WT. B: A control of PDE6β, unspecific, 
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GAPDH, and PDE6γ on the right, with stains from NCBS-1 (n=2) and a rhodopsin +/- mouse 

(n=1) showing underexpression of PDE6β and PDE6γ. C: Similar to B, with stains for PDE6α, 

α-transducin, and PDE6γ, again showing the underexpression of PDE6.  
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Figure 2. NCBS-1 rods have higher peak amplitudes and more slowly decaying time 

courses. Flash families measured as described in the methods section, for light intensities given 

in the insert on the upper right of each graph.  Left, responses of NCBS-1 (n=17) to flashes of 

increasing light intensities. Right, responses of WT (n=16) rods to same intensities. 
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Figure 3. Fit of exponential decay to calculate τrec.  Typical response of a WT rod (black) to 

half-saturating light intensity, with the fit of the exponential decay equation (Equation 4) used to 

calculate τREC (red).   
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Time (s) 

 

Figure 4. Time to criterion for τD calculations.  A flash family including light intensities that 

elicit responses past saturation. The horizontal line indicates 25% recovery of the normalized 

photocurrent, where we establish our criterion for a determination of Tsat and calculations of τ

D. 
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Figure 5. NCBS-1 rods have single-photon responses with higher peak amplitude and 

slower activation and decay. Traces depicting the response of WT (black, n=47) and NCBS-1 

(red, n=15) rods to single photons of light. 
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Figure 6. Intensity-Response Curves of WT and NCBS-1 Rods. Intensity-response curves of 

WT (red) and NCBS-1 (black) rods. The top figure is normalized to each respective cell’s peak 

amplitude, and the bottom figure retains the original values of photocurrents. Curves have been 

fitted with exponential saturation functions (Eqn. 1) with the following values for rmax (not 
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normalized), a (not normalized), and a (normalized): WT (red), 13.23, 12.96, 0.97; NCBS-1 

(black), 16.07, 15.72, 0.97.  
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Figure 7. Fitting of the amplification constant. Traces of the photoresponse of a WT rod to 

dim light intensities (black), overlaid with the fit of the equation for the amplification constant 

from Equation 3 (red). Results for NCBS-1 rods were similar.  
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Figure 8. Responses of WT and NCBS-1 rods to flashes of light in the presence of 

background light. Flash families taken in the presence of increasing background light in both 

WT (left, n=5) and NCBS-1 (right, n=5) rods. The background intensities from top to bottom are 

as follows: 0, 7, 21, 61, 271, 665, and 2470 photons/μm2-s-1.  Flash intensities are the same as in 

Figure 2.  
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Figure 9. Intensity-response curve for WT rods in the presence of increasing background 

light.  Flash families were taken in darkness and in the presence of 6 increasingly bright 

background lights in WT rods (n=5), and intensity-response curves are constructed as described 

in the methods.  Curves have been fitted with exponential saturation functions (Eqn. 1) at the 

following background intensities (in photons/μm2-s-1) with the following values for rmax  and a:  

dark-adapted (black squares), 1.0,  0.96; 7 (red circles), 0.97, 0.95; 21 (blue triangles), 0.93, 

0.89; 61 (pink triangles), 0.79, 0.76; 271 (green diamonds), 0.57, 0.56; 665 (dark blue triangles), 

0.35, 0.35; 2471 (purple triangles), 0.18, 0.18.  
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Figure 10. Intensity-Response Curves of NCBS-1 Rods in the Presence of Background 

Light. Flash families were taken in darkness and in the presence of 6 increasingly bright 

background lights in NCBS-1 rods (n=5), and intensity-response curves are constructed as 

described in the methods.  Curves have been fitted with exponential saturation functions (Eqn. 1) 

at the following background intensities (in photons/μm2-s-1) with the following values for rmax  

and a:  dark-adapted (black squares), 1.0,  0.96; 7 (red circles), 0.91, 0.88; 21 (blue triangles), 

0.84, 0.83; 61 (pink triangles), 0.76, 0.74; 271 (green diamonds), 0.54, 0.52; 665 (dark blue 

triangles), 0.41, 0.35; 2471 (purple triangles), 0.19, 0.18.  
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Fig. 11. Effect of background light on NCBS-1 and WT rods. Weber-Fechner curve depicting 

sensitivity relative to its value in darkness as a function of background light intensity (IB) for the 

same cells as in Figures 8-10, with values of I0 of 80.5 photons μm-2 s-1 for WT (black) and 

136.6 photons μm-2 s-1 for NCBS-1 (red).  
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