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Abstract
Mutations in the β-subunit of cGMP-phosphodiesterase (PDE6β) can lead to either progressive retinal
disease, such as human retinitis pigmentosa (RP), or stationary disease, such as congenital stationary
night blindness (CSNB). Individuals with CSNB in the Rambusch pedigree were found to carry the
H258N allele of PDE6B (MIM# 180072); a similar mutation was not found in RP patients. This
report describes an individual carrying the H258N allele, who presented with generalized retinal
dysfunction affecting the rod system and a locus of dysfunction at the rod-bipolar interface. Also
described are preclinical studies in which transgenic mice with the H258N allele were generated to
study the pathophysiological mechanisms of CSNB. While Pde6brd1/Pde6brd1 mice have severe
photoreceptor degeneration, as in human RP, the H258N transgene rescued these cells. The cGMP-
PDE6 activity of dark-adapted H258N mice showed an approximate three-fold increase in the rate
of retinal cGMP hydrolysis: from 130.1 nmol × min−1 × nmol−1 rhodopsin in wild-type controls to
319.2 nmol × min−1 × nmol−1 rhodopsin in mutants, consistent with the hypothesis that inhibition
of the PDE6β activity by the regulatory PDE6γ subunit is blocked by this mutation. In the albino
(B6CBA × FVB) F2 hybrid background, electroretinograms (ERG) from H258N mice were similar
to those obtained from affected Rambusch family members, as well as humans with the most common
form of CSNB (X-linked), demonstrating a selective loss of the b-wave with relatively normal a-
waves. When the H258N allele was introduced into the DBA background, there was no evidence of
selective reduction in b-wave amplitudes; rather a- and b-wave amplitudes were both reduced. Thus,
factors other than the PDE6B mutation itself could contribute to the variance of an
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electrophysiological response. Therefore, caution is advisable when interpreting physiological
phenotypes associated with the same allele on different genetic backgrounds. Nevertheless, such
animals should be of considerable value in further studies of the molecular pathology of CSNB.
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INTRODUCTION
Many neurotransmitters and hormones signal target cells through G-protein-coupled receptors.
Light acts similarly in the retinal photoreceptor cells, thereby initiating a signal transduction
cascade that results in hyperpolarization of the photoreceptor plasma membrane. In rods,
rhodopsin, a G-protein-coupled receptor, transduces the light signal. Upon absorption of a
photon, rhodopsin becomes photoexcited and activates the α-subunit of G-protein transducin
(GNAT1), which in turn binds its effector, the phosphodiesterase-6 γ (PDE6γ) subunit
[Arshavsky et al., 2002; Baehr et al., 1979; Burns and Arshavsky, 2005; Burns and Baylor,
2001; Fain et al., 2001; Fung et al., 1981, 1990; Stryer, 1991; Tsang and Gouras, 1999; Tsang
et al., 1996; Yarfitz and Hurley, 1994; Zhang and Cote, 2005; Guo et al., 2005], and relieves
PDE6γ’s inhibition of the PDE6αβ catalytic subunits [Guo et al., 2006]. Activated PDE6αβ
then lowers cytoplasmic cyclic guanosine 3′, 5′-monophosphate (cGMP) concentrations,
thereby closing cGMP-gated cationic channels in the rod plasma membrane and generating a
change in membrane current that can be recorded in real time [Baylor et al., 1979]. During
recovery from the photoresponse, GNAT1 is deactivated by hydrolysis of bound GTP [Slep et
al., 2001], permitting PDE6γ to rapidly reinhibit PDE6αβ.

Photoreceptors generally have two ways of reacting to genetic insults: “self-destruction” or
“dysfunction,” manifested as retinitis pigmentosa (RP) or congenital stationary night blindness
(CSNB), respectively [Lem and Fain, 2004]. Night blindness, resulting from progressive
degeneration of rod photoreceptors, is an early symptom of RP. Later, tunnel vision and loss
of central vision develop as cones degenerate. Individuals with CSNB, on the other hand, do
not exhibit photoreceptor cell death, but show signs of rod dysfunction. CSNB is a
nonprogressive retinal disorder characterized by impaired night vision, decreased visual acuity,
myopia, nystagmus, and strabismus. The largest known pedigree in human genetics is one
affected by CSNB, who were all descendants of Jean Nougaret [Dryja et al., 1996; Sandberg
et al., 1998]. The G38D allele in the rod-specific GNAT1 gene (MIM# 139330) is responsible
for the autosomal dominant form of night blindness [Dryja et al., 1996; Sandberg et al.,
1998]. Although every affected Nougaret family member was heterozygous at the GNAT1
locus [Dryja et al., 1996; Sandberg et al., 1998], in mice, reduced rod photoreceptor responses
were found only in homozygous Tg(Gnat1G38D); Gnat1tm1ClmaGnat1tm1Clma, but not
heterozygous Tg(Gnat1G38D); Gnat1tm1ClmaGnat1tm1Clma/+ mice [Moussaif et al., 2006].

Why abnormalities in a rod-specific protein, PDE6β (MIM# 180072) cause nonprogressive
CSNB [Gal et al., 1994] in some cases and progressive rod-cone degeneration in others
[Danciger et al., 1995; McLaughlin et al., 1993, 1995] is not known. PDE6B gene defects were
ultimately demonstrated to be the most commonly identified cause of autosomal recessive RP,
accounting for 4 to 5% of cases [McLaughlin et al., 1995; Danciger et al., 1995].

A base change in exon 4 that causes a neutral, hydrophilic asparagine (N) to be encoded in
place of a basic, hydrophilic histidine (H) in PDE6B was found to be associated with CSNB
in the Sorensen family, first described by Rambusch in 1909 [Gal et al., 1994; Rosenberg et
al., 1991]. The Rambusch pedigree consisted of 200 affected individuals over 11 generations.
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Affected individuals achieved 20/20 vision, but had dark adaptation thresholds elevated by 2.5
to 3.0 logarithmic units [Rosenberg et al., 1991], Under dark-adapted conditions, some affected
individuals in the Rambusch family demonstrated reduced b-wave amplitudes but relatively
normal a-waves [Rosenberg et al., 1991]; this study concluded that “the b-wave exhibited
pronounced reduction in amplitude” [Rosenberg et al., 1991], The light-adapted cone 32-Hz
white flickering responses obtained from these individuals were described as having “normal
or slightly reduced amplitudes and normal implicit times”; the maximal dark-adapted
electroretinogram (ERG) responses were mildly electronegative (i.e., a reduced b- to a-wave
amplitude ratio) with a normal a-wave confirming normal photoreceptor function, but a
reduced b-wave in the maximal response.

The H258N missense mutation associated with CSNB has not been found in RP patients [Gal
et al., 1994]; this mutation, in PDE6β, is located in the conserved noncatalytic cGMP-binding
regulatory module found in cGMP-regulated PDE, adenyl cyclases, and the E. coli protein
FhlA (GAP). Each PDE6β subunit contains an N-terminal domain of unknown function,
tandem GAP domains (GAFa and GAFb) and a C-terminal catalytic domain. The GAP domain
is where PDE6γ exerts its control [Guo et al., 2005], The noncatalytic GAFa domain is distinct
from the cGMP hydrolytic site, but also binds cGMP with high affinity. In the dark-adapted
rod, intracellular cGMP (60 μM total) is present in two pools: free [2 μM] and is mostly bound
to GAF domains on PDE6 [Mou et al., 1999; Muradov et al., 2003; Zhang and Cote, 2005].
The cGMP content of photoreceptor rod outer segments (ROS) only drops to 50% during
prolonged light exposure [Woodruff and Bownds, 1979]. The physiological role of PDE6-
bound cGMP remains uncertain [Zhang and Cote, 2005].

While the function of the GAFb domain is not known, GAFa controls the specificity [Zoraghi
et al., 2004] of PDE dimerization. In contrast to GAF domains in PDE2 or PDE5, the GAF
domains in PDE6 are uncoupled from the catalytic sites [Zoraghi et al., 2004]. Binding of
cGMP to the GAFa domain increases the affinity between PDE6γ and the catalytic domain,
leading to a decrease in cGMP hydrolysis [Mou and Cote, 2001]. PDE6γ dissociates from the
PDE6β catalytic core only when cGMP dissociates from the GAF domains of PDE6β
[D’Amours and cote, 1999; Norton et al., 2000]. The central region (amino acid residues 20–
40) of PDE6γ stimulates cGMP binding to the GAFa domain of PDE6αβ in a reciprocal manner
[Arshavsky et al., 1992; Cote, 2000; Yamazaki et al., 2002]. Thus, there is positive
cooperativity between PDE6γ and cGMP binding to GAFa.

To study the effects of H258N in cultured Sf9 insect cells [Muradov et al., 2003], the authors
used a PDE6α′/PDE5 chimera carrying H257N as a model system. Although this H257N
mutant can bind cGMP directly, there is a 20-fold decrease in binding of PDE6γ. Impaired
PDE6γ inactivation of H258N should constitutively stimulate PDE6β and desensitize the rods
as seen in the Rambusch family. To test this hypothesis in vivo, we generated transgenic mice
carrying the H258N allele.

Initially, the H258N allele was analyzed in the (B6CBA × FVB) F2 mixed background.
Subsequently, studies were conducted in the DBA inbred background. The DBA inbred strain,
developed by C.C. Little, is the oldest of all inbred strains of mice [Bailey, 1978], and is
commonly used with the B6 strain to generate oocytes (B6D2) for transgenic experiments
[Chen et al., 1996; Wakayama et al., 2005]. Although aged DBA mice develop pigmentary
glaucoma, retinal function is normal for at least the first 6 months of their life [Bayer et al.,
2001; Piccolino et al., 1989; Schuettauf et al., 2004].
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MATERIALS AND METHODS
Human Electrophysiological Testing

Full-field ERGs to test retinal function were performed using extended testing protocols
incorporating the International Society for Clinical Electrophysiology of Vision (ISCEV)
standard [Marmor et al., 2003], The minimum protocol incorporates the rod-specific and
standard bright flash ERGs, both recorded after a minimum of 20 minutes dark adaptation.
Following 10 minutes of light adaptation, the photopic 30-Hz flicker cone and transient
photopic cone ERGs were recorded. A stimulus 0.6 log units greater than the ISCEV standard
flash was also used to better demonstrate the a-wave, as suggested in the recent revision of the
ISCEV standard for ERG [Marmor et al., 2003]. Pupils were dilated before full-field ERG
testing using tropicamide (1%) and phenylephrine hydrochloride (2.5%).

Human Genetic Analyses
DNA was extracted from the blood of an individual with CSNB. Extracted genomic DNA was
amplified for sequencing in 30-μl PCR reactions using standard methodology.

Generation of Mutant Mouse Lines
Mice were used in these experiments in accordance with the Association for Research and
Vision in Ophthalmology statement for the Use of Animals in Ophthalmic and Vision Research.
DNA constructs for the expression of PDE6β contained 4.4 kilobase (kb) of the mouse opsin
promoter, the complete open reading frame of the Pde6b cDNA, and the polyadenylation signal
of the mouse protamine gene [Lem et al., 1991]. The H258N point mutation was introduced
by a standard PCR-based site-specific mutagenesis strategy [Tsang et al., 1998]. The entire
Pde6b cDNA coding region in the latter construct was sequenced to confirm introduction of
the point mutation and no other inadvertent changes. Vector sequences were excised using
Kpnl and Xbal.

Oocytes were obtained from superovulated B6CBAF1 females mated with B6CBAF1 males.
Control and H258N constructs were injected into the male pronuclei of oocytes under a
depression slide chamber. These microinjected oocytes were cultured overnight in M16
(Specialty Media, Phillipsburg, NJ) and transferred into the oviducts of 0.5-day postcoitum
pseudopregnant B6CBAF1 females. The resulting transgenic mice were then backcrossed,
initially into the FVB background, and subsequently with DBA mice to place the transgene
into the Pde6brd1/Pde6brd1 background.

The first examinations were conducted in the albino (B6CBA × FVB) F2 mixed genetic
background. However, subsequent studies were conducted in the inbred DBA strain. N10 from
such crosses were used for the subsequent physiological assays. The pigmented N10 mice were
also tested for the presence of the Pde6brd1 allele [Pittler and Baehr, 1991].

Identification of Transgenic Mice
DNA was isolated from tail tips or liver samples by homogenizing the tissue, digesting
extensively with proteinase K, and extracting with phenol. DNA was analyzed by PCR and by
Southern blot hybridization with a Pde6b probe. Additional restriction digests were performed
to determine the structure of the integrated sequences and to insure that the DNA flanking the
transgene was intact.

Extracted genomic DNA was amplified for sequencing in 30-μl PCR reactions using standard
methodology. Nested PCR and primer-specified restriction map modification [Sorscher and
Huang, 1991] were used for subsequent genotyping of the H258N allele in transgenic mouse
tail DNA. PCR amplification of exon 4 resulted in a 620-bp fragment using the forward primer

Tsang et al. Page 4

Hum Mutat. Author manuscript; available in PMC 2009 September 28.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



< 5′ gaagatgataaacgtgcaggatg > and the reverse primer < 5′ taaagccactttctgctacgtagg>. The C
to A transversion in the H258N allele could be detected specifically in a subsequent round of
reamplification of the 620-bp product using a mutant primer <5′
aggtgtttgaagagctgacagacatcgaaagacagGtc > to introduce a T to G mismatch in codon 257; this,
in conjunction with the H258N allele, yielded a new HincII restriction site. This mutant forward
primer was used with another reverse primer < 5′ ggaggatataatcgatgactttgtagaag> to generate
260-bp and 80-bp fragments after HincII digestion of the reamplified PCR product. The
Pde6brd1 allele, which did not contain any HincII restriction site, yielded a 340-bp product in
this nested amplification.

Isolation of ROSs
Under dim red light conditions, ROSs from dark-adapted mice were isolated in HEPES/
phosphate balanced salt solution (4.09 mM sodium phosphate monobasic, 14.7mM HEPES-
pH 7.2, 148.4mM NaCl, 4.91 mM KCl, 2.45mM CaCl2, and 1.23mM MgSO4). Rhodopsin
content was determined by the difference in absorbance at 500 nm before and after bleaching
under a nonsaturating halogen light source [Zimmerman and Godchaux, 1982].

Immunoblot Analyses
Proteins from murine ROSs (185 pmol rhodopsin/lane) were separated by electrophoresis on
either a 6.5% to 9.5% acrylamide/1.5% crosslinker (for PDE6α and β subunits) or a 12%
acrylamide/1.5% crosslinker (for the PDE6γ subunit) inverted gradient polyacrylamide gel,
previously described by Tsang et al. [1996]. Proteins were then transferred to 0.2 μm PVDF
membranes (BioRad Laboratories, Hercules, CA) overnight at 4 V/cm [Towbin et al., 1979].
Membranes were blocked in 3% bovine serum albumin (BSA) in 500mM NaCl, 20mM Tris,
pH 7.6, and 0.1% Tween 20. PDE6α and β subunits were detected with a polyclonal antiserum
raised against a 17-mer peptide [Piriev et al., 1993; Tsang et al., 2006] that is 100% homologous
between the rod PDE6α and β subunits as well as the cone PDEα′ subunit. Western blots were
visualized with the DuoLux Chemiluminescence substrate kit (Vector Laboratories, Inc.,
Burlingame, CA) utilizing a goat anti-rabbit IgG-alkaline phosphatase conjugate. Blots were
exposed to Hyperfilm-MP (Amersham Pharmacia Biotech, Piscataway, NJ) and preflashed to
increase sensitivity and linearity according to the Sensitize™ protocol (Amersham Pharmacia
Biotech). Signals were quantified by densitometric scanning.

PDE Activity Assay
To measure both dark- (basal) and light-stimulated PDE6 activities, animals were dark-adapted
overnight and then retinas were dissected under far red light (Kodak Type 11 filter). Retinas
were incubated for 10 minutes in hypotonic buffer supplemented with 1 mM ATP [Bitensky
et al., 1975; Kamps and Hofmann, 1986] and 5μM GTPγS [Wensel and Stryer, 1986]; then,
for 2 extra minutes, they were either maintained in the dark or exposed to room light. Retinas
were then homogenized, centrifuged for 10 minutes at 8,000 g and supernatants collected.
Aliquots were removed for protein determination by the method of Peterson [1977], using BSA
as standard. The method of Farber and Lolley [1976] was used to measure cGMP-PDE activity,
using 250 μM cGMP as substrate 3 to 10 μg of retinal protein (depending on the sample) were
incubated for 15 minutes at 37 °C with the substrate in 40 mM Tris buffer, neutral pH,
containing 200,000 cpm 3H-cGMP, 5 mM MgCl2, and 1 mM dithiothreitol (DTT). The reaction
was terminated by heating to 80 °C for 3 minutes. Calf intestinal alkaline phosphatase (0.4 U)
was then added and incubation continued for 10 minutes at 37°C. The resulting 3H-guanosine
was separated from other nucleotides by a resin slurry (AG1-X2, 50–100 mesh; BioRad
Laboratories) and radioactivity quantified in a scintillation counter. Results were expressed as
nmol of hydrolyzed cGMP × min−1 × nmol−1 of rhodopsin. To minimize differences between
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mice, ROSs of two or more mice were pooled for each time point assayed, and each reaction
was carried out in triplicate.

Histology
Mice were euthanized with an intraperitoneal injection of nembutal Each eye was rapidly
removed, punctured at the 12 o’clock position along the limbus, and placed in a separate
solution of 3% glutaraldehyde in phosphate buffered saline. After fixation for 1–2 days, the
eyes were washed with saline and the 12 o’clock limbal puncture was used to orient the right
and left eyes, which were kept in separate buffer, so that the posterior segment containing the
retina could be sectioned along the vertical meridian. A rectangular piece containing the entire
retina from superior to inferior ora serrata, including the optic nerve, was prepared for
postfixing in osmic acid, dehydration, and epon embedding. A corner was cut out at the superior
ora to identify the upper retinal half of the segment. Sectioning proceeded along the long axis
of the segment so that each section contained upper and lower retina as well as posterior pole.
Semiserial sections were stained with either hemotoxylin-eosin or toluidine blue, mounted,
and examined by light microscopy. Selected areas were trimmed for ultrathin sectioning,
stained with uranyl acetate, and examined by electron microscopy.

Mouse ERG
Following overnight dark adaptation, mice were anesthetized by intraperitoneal injection of
15 μg/g ketamine and 7 μg/g xylazine. ERGs were recorded from the corneal surface of the
right eye after pupil dilation (1% atropine sulfate) using a gold loop corneal electrode together
with a mouth reference and tail ground electrode. Stimuli were produced with a Grass Photic
Stimulator (PS33 Plus; Grass Instruments, Quincy, MA) affixed to the outside of a highly
reflective Ganzfeld dome. Dark-adapted ERGs were recorded to short-wavelength (Kodak
Wratten 47A; Imax = 470 nm) flashes of light over a range of intensities up to the maximum
allowable by the Grass Photic Stimulator. These responses were fitted with a Naka-Rushton
function to estimate Vmax, the maximum saturated b-wave amplitude, and k, the semisaturation
intensity. The range of stimulus intensities was extended by replacing the Grass flash head
with a xenon gas flash tube (Novatron, Inc., Dallas, TX) driven by a 1,600-W power supply.
With the Novatron flash head, dark-adapted ERGs were recorded to short-wavelength (Kodak
Wratten 47B, Eastman Kodak, Hamden, CT; Imax = 450 nm) light flashes up to the maximum
intensity of 3.32 log scotopic trolands/s. At the highest stimulus intensities, the leading edge
of the a-wave of the ERG was fitted with a computational model to provide estimates of
photoreceptor activity, generating two parameters, S, a sensitivity (or gain) parameter that
scales flash energy, and RmP3, the maximum saturated photovoltage. ERGs under rod-
saturating conditions (background of 43.3 cd/m2) were recorded to white flashes of light up to
4.35 cd/m2. Response signals were amplified (CP511 AC amplifier; Grass Instruments),
digitized (PCI-1200; National Instruments, Austin, TX) and computer-analyzed. Up to 100
recordings were averaged for the weakest signals.

Suction Electrode Measurements
Standard procedures [Woodruff et al., 2003] were used for recording photocurrents from mouse
rods using polished, silanized suction pipettes of 0.2–0.3 Mω. Freshly dissected retinas from
dark-adapted transgenic and control mice were taped down onto sylgard-coated dishes and
chopped with a fine razor. Retinal pieces were transferred with a pipette to an inverted
microscope stage, and used to produce isolated rods, rods in small clusters of cells and rods in
intact pieces of retina—all of which were then available for suction recording analysis. The
samples were superfused with physiological solution containing amino acids and nutrients at
37°C. Stimuli were from halogen lamps (500 nm), with attenuation provided by calibrated
absorptive neutral density filters. Current responses were amplified by a Warner Patch Clamp
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(Warner Instruments, Rochester, NY) (PC-501A) amplifier and recorded directly into a
microcomputer using Pclamp hardware and software (Axon Instruments, Foster City, CA).

Light sensitivity for a given rod was determined using 20 msec stimuli with six (bright flashes)
to 20 (dim flashes) responses, averaged to obtain a mean response for that intensity. Intensities
from threshold to saturation were presented in 0.5 log unit steps. Dark-adapted flash sensitivity
was defined as the intensity at which a just-detectable response is obtained. Incremental flash
sensitivities were obtained by making the same determination in the presence of steady
background illuminations of various intensities. Single-photon analysis used Poisson statistics
as described [Baylor et al., 1979]. Briefly, 20 to 100 dim flash responses were averaged, and
the mean squared response was scaled so that its rising phase corresponds to the rising phase
of the time-dependent response variance. The scaling factor, the reciprocal of the average
number of photoisomerizations generating the mean response, was used to adjust the mean
response to the single-photon level.

RESULTS
Genetic Studies

To address how the H258N mutation in the PDE6B gene affected visual function, we
phenotyped one human patient and transgenic mice carrying this allele. The patient was a 36-
year-old man with a long history of night blindness. His father, paternal grandfather, paternal
great-grandmother, as well as 8 out of 11 children from his grandfather have similar complaints.
By history, a paternal uncle was diagnosed with “typical RP.” His diseased father had “tunnel
vision.”

On examination, our patient was myopic with manifest refraction: −4.00+3.00 × 005 (right
eye) and −4.25+3.00 × 175 (left eye). His visual acuity was 20/20 in the right eye and 20/15
in the left eye (normal = 20/20). His axial length was 22.49 mm and 22.80 mm in the right and
left eyes, respectively. No gross abnormality was noted in his fundus examination (reviewed
but not shown) Humphrey 10–2 visual fields were full. His past medical history was significant
only for a 9-year history of type-1 diabetes.

In 1995, full-field ERGs were performed with Ganzfeld stimulation on this patient. There was
generalized retinal dysfunction, with sparing of the cone system (photopic single-flash and 30-
Hz flicker ERGs were relatively normal) (Fig. 1). The maximal ERG mixed rod-cone responses
induced with maximal stimulus had normal a-waves but were electronegative with selective
reduction in b-wave amplitude (Fig. 1). There have been no significant deviations from the
amplitudes and implicit times obtained from this patient’s full-field ERG recordings performed
in 1995 when he was tested in October 2005.

Optical coherence tomography of the retina showed that the patient had well-preserved outer
segments (OS) and photoreceptor layer, suggesting that there was little or no cell death (data
reviewed but not shown).

Genotyping
A missense C to A mutation in the first nucleotide of codon 258 was found in the proband (data
reviewed but not shown).

Generation of H258N Mice
The H258N mutant allele of Pde6b was hypothesized to act by blocking inhibition of the
catalytic core PDE6αβ mediated by the wild-type PDE6γ. To test the effects of H258N on
PDE6 function in vivo, transgenic lines expressing the H258N mutant allele were generated

Tsang et al. Page 7

Hum Mutat. Author manuscript; available in PMC 2009 September 28.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



and backcrossed with FVB (Pde6brd1/Pde6brd1) to obtain mice [Tg(Pde6bH258N);
Pde6brd1/Pde6brd1] that only express the mutant PDE6β. These FVB animals do not have any
PDE6β in their rods [Bowes et al., 1990; Pittler and Baehr, 1991]. The standard nomenclature
of the H258N transgenic mouse should be Tg(Pde6bH258N); Pde6brd1/Pde6brd1, hereafter
referred to as H258N. Two independent H258N lines were used for this study.

As a control, a line of transgenic mice expressing the wild-type Pde6b in the FVB (Pde6brd1/
Pde6brd1) genetic background was also examined. This control line manifested similar
biochemical and physiological phenotypes as mice carrying Tg(Pde6bH258N); Pde6brd1/+.
Initial examinations of H258N were conducted in the (B6CBA × FVB) F2 mixed genetic
background. Later, to limit any potential variation caused by differences in genetic background,
mutant alleles were backcrossed into the DBA strain. N10 from such crosses were used for
subsequent physiological assays.

The H258N allele generated 260- and 80-bp fragments following restriction HincII digestion
of the nested PCR product, while the Pde6brd1 allele produced a 340-bp product in this reaction.
H258N mice demonstrate a heterozygous pattern after digestion with HincII.

Biochemical Analyses of Mutant Mice
Immunoblots of rod outer segments (ROS) of each transgenic line, normalized by the amount
of rhodopsin present, revealed that levels of H258N mutant PDE6β were similar in both lines
to PDE6β levels of control C57BL/6 (+/+) mice (Fig. 2). In addition, levels of PDE6αβ were
similar to those in C57BL/6 control (+/+) ROS (Fig. 2). Therefore, both of the H258N founder
lines were used in subsequent experiments.

H258N mice showed an increased rate of retinal cGMP hydrolysis in the dark (basal activity).
The activity of cGMP-PDE6 was 319.2 nmol × min−1 × nmol−1 rhodopsin in mutant animals
compared to 130.1 nmol × min−1 × nmol−1 rhodopsin in wild-type controls. This result
demonstrates that the H258N mutation alters the ability of PDE6γ to bind and inhibit the
PDE6αβ catalytic core, consistent with previously published data [Muradov et al., 2003].

Phenotypic Analyses of H258N Mice
Slit lamp examinations of anterior and posterior segments of H258N mice were clinically
indistinguishable from wild type. An abnormal eye axial length is one of the earliest clinical
manifestations of human CSNB; it is detected as a myopic refractive error in neonates, in
contrast with a typical infant’s hyperopic refractive error. While emmetropization occurs in
most normal individuals by early childhood, a myopic refractive error persists in CSNB
patients. To determine whether H258N mice displayed similar features, streak retinoscopy was
performed as previously described (Tejedor and de la Villa, 2003]. The spherical equivalent
retinoscopic refraction in control mice was 13.89 ± 0.85 diopters (mean ± standard deviation);
in H258N mice, it was 17.71±0.86 diopters. The hyperopic difference corresponded
appropriately to a decreased eye axial length (data not shown) [Tejedor and de la Villa,
2003]. Thus, the mouse model exhibits a refractive error distinct from that seen in human
CSNB.

Degeneration Pde6brd1/Pde6brd1 Mice
Histological sections prepared from 6-month-old mouse retina showed from 10 to 12 rows of
photoreceptor nuclei in both Tg(Pde6bH258N); Pde6brd1/+ and H258N in either (B6CBA ×
FVB) F2 or DBA backgrounds. On the other hand, parental homozygous Pde6brd1/Pde6brd1

mice without the H258N transgene showed complete photoreceptor degeneration at 3 months
of age (Fig. 3). Thus, degeneration of Pde6brd1/Pde6brd1 photoreceptors was rescued by the
mutant H258N transgene as determined by light (Fig. 3) and electron microscopy (Fig. 4). As
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expected, the wild-type Pde6b control transgene also rescued Pde6brd1/Pde6brd1

photoreceptors (data not shown).

Panretinal Physiological Features of H258N Mice on (B6CBA × FVB) F2 Hybrid Background
To assess retinal function in H258N mice on the (B6CBA × FVB) F2 hybrid background, ERGs
were recorded from H258N and heterozygous Pde6brd1/+ control mice (rd1/+). ERGs obtained
from Tg(Pde6bH258N); Pde6brd1/+ mice are within normal limits (data not shown). A fit of a
rod model to the a-wave of the ERG did not reveal a significant difference between the mutants
and controls in Rmp3, the saturated a-wave amplitude, and log S, the sensitivity of the rod-
mediated photoresponse; there was, however, a trend in the direction of reduced amplitudes
and sensitivity for the H258N mice (Table 1, Fig. 5). In contrast, H258N mice demonstrated
more severe losses at the level of the b-wave of the ERG. Vmax, the saturated b-wave amplitude
obtained from a Naka-Rushton fit, is in H258N mutant mice approximately half that of
Pde6rd1/+ heterozygous controls (Table 1, kFig. 5C), and retinal sensitivity, , is shifted by 0.23
log units. As an index of the selective loss of the b-wave on the ERG, we calculated the ratio
RmP3/Vmax. For wild-type and Pde6rd1/+ heterozygous controls this ratio was 1.15 and 1.13,
respectively; for mutant mice, the ratio was 0.73. Finally, serial ERG testing shows a slight
progression over time in all parameters; however, these changes parallel those observed in
wild-type and heterozygous controls—consistent with stationary disease and normal aging of
the retina (Fig. 5B).

Panretinal Physiological Features of H258N Mice on DBA Background
To assess physiological responses of H258N mice on a DBA background (Fig. 6), ERGs were
recorded from H258N and normal DBA control mice (+/+) (Fig. 6). ERGs recorded from
H258N mutants were abnormal for all mice tested. On average, Vmax was 82.2 and 285 mV
for H258N and control mice, respectively. Despite the overall abnormal ERG responses, there
was no evidence in any mice of selective loss at the level of the b-wave of the ERG. On average,
the b- to a-wave amplitude ratio for the most intense stimulus was 2.4 ± 0.7.

Single-Cell Recording of H258N Mice on (B6CBA × FVB) F2 Hybrid Background
The responses of single rods from mice carrying the H258N mutation were also normal,
exhibiting similar amplitudes and waveforms (Fig. 7, Tables 2 and 3). There were no significant
differences in latency, time-to-peak, or saturating current amplitude (Student’s t-test; P = 0.05).
When peak amplitudes to a number of light intensities were normalized to the maximum
(saturating) current amplitude, averaged, and plotted together (Fig. 7B), there was a small
difference in the position of the curve for control and mutant rods along the axis for light
intensity, indicating that H258N rods were slightly less sensitive. This difference is unlikely
to be significant; however, since when we calculated the single-photon response from a
different sample of control and H258N rods, the mutant response was somewhat larger (Fig.
7C, Table 2). The normalised single-photon responses of control and mutant rods were identical
in waveform (Fig. 7C). Thus, H258N rods have normal function in the (B6CBA × FVB) F2
hybrid background.

DISCUSSION
In 1994, members of a large Danish kindred with CSNB were reported to have a C-to-A
transversion in exon 4 of the PDE6B gene (Gal et al., 1994]. This nucleotide substitution in
codon 258 is located in a conserved region between two GAP domains adjacent to the reported
PDE6γ-interacting domain. In frogs, interaction between the GAF domains on PDE6αβ and
PDE6γ regulates the duration of PDE6 activity [Arshavsky et al., 1992]. PDE6γ-dependent
inhibition of PDE6 is compromised in H258N rods and should result in a higher basal level of
PDE activity [Muradov et al., 2003], thereby accounting for the CSNB phenotype found in the
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Danish kindred. Another allele within the GAP domain, L228H, results in a change from a
neutral hydrophobic leucine to a basic hydrophilic residue [Danciger et al., 1995; Gao et al.,
1996], and is associated with RP.

Pde6brd1/Pde6brd1 mice carry a homozygous nonsense mutation in codon 347 [Pittler and
Baehr, 1991], in addition to a transcriptionally active murine leukemia virus (MuLV)-Xmv28
[Bowes et al., 1990] in intron 1 of Pde6b. While Pde6brd1/Pde6brd1 mice have severe
photoreceptor degeneration resembling RP, transgenic H258N mice display normal
photoreceptor morphology (Fig. 4). Although the H258N mutant transgene rescued cell death
caused by Pde6brd1, the cGMP-PDE6 of dark-adapted H258N OSs showed an abnormal three-
fold increase in the rate of retinal cGMP hydrolysis compared to controls. The elevated PDE6
activity in H258N could increase photoreceptor noise in darkness. Rieke and Baylor [2000]
have estimated that half of the dark noise in rods derives from spontaneously activated
rhodopsin, and that most of the remaining noise results from activated PDE6. Thermal
activation of rhodopsin contributes to the discrete noise, while spontaneous PDE6 activation
accounts for the continuous noise [Lamb, 1987]. A single PDE6 molecule becomes
spontaneously activated about once every hour; the rate constant for spontaneous PDE6
activation is k1 = 4 × 10−4 s−1. The frequency of PDE6 activation is critical for reproducible
single photon detection. Increased spontaneous dark PDE6 activity accounts for the increased
dark noise and lack of saturation under steady illumination [Barlow, 1972] in cones as opposed
to rods [Holcman and Korenbrot, 2005]. Similarly, increased spontaneous dark PDE6 activity
in H258N could light-adapt photoreceptors in a CSNB patient.

Our CSNB patient’s ERG examination was consistent with generalized retinal dysfunction
affecting the rod system and the rod-bipolar interphase—possibly due to increased dark PDE6
noise. Increasing stimulus intensity leads to partial restoration of the maximal b-wave,
suggesting that not all photoreceptor-bipolar cell connections are disrupted in our H258N
proband. Optical coherence tomography imaging of the retina showed no cell loss in this 36-
year-old patient. In the albino (B6CBA × FVB) F2 hybrid background, ERGs from the
H258N mice were similar to those obtained from our CSNB patient. They were also similar to
humans with the most common form of CSNB (X-linked), that usually demonstrate a marked
selective loss of the b-wave with relatively normal a-waves (i.e., an electronegative type of
ERG); the defect in X-linked CSNB has been suggested to lie downstream to the photoreceptor
neurons, possibly in the ON-bipolar cells or their interconnections [Hood and Birch, 1996].
The sensitivity of ON-bipolar cells may be limited by their increased PDE6 dark activity and
the consequent photoreceptor noise, thereby diminishing the optimal interpretation of signal-
to-noise and, ultimately, visual sensitivity—as seen in some Rambusch family members
[Rosenberg et al., 1991].

Unexpectedly, DBA inbred mice carrying the H258N mutant allele did not demonstrate a
selective loss of b-wave from ON-bipolar cells. Instead, uniform amplitude reductions in both
a- and b-wave components resulted from increased dark cGMP PDE6 activity due to impaired
inactivation of H258N by PDE6γ. Therefore, the H258N allele can have markedly different
phenotypes when placed on different backgrounds.

Olfaction, for example, utilizes a similar G protein-coupled receptor signaling system and also
displayed variation on different genetic backgrounds [Lee et al., 2003]. Likewise, different
genetic backgrounds modulate the function of keratin 8 (K8). In the C57Bl/6x129Sv mixed
background, the null K8 mutation causes midgestational lethality [Baribault et al., 1994]. In
the FVB/N strain background, however, K8 null mice develop to adulthood [Baribault et al.,
1994]. Genetic background also varies the incidence of thymoma associated with the p53 null
allele [van Meyel et al., 1998], and the number of polyps caused by the multiple intestinal
neoplasia allele of the murine adenomatous polyposis coli gene. One modifier locus. Mom1,
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confers tumor resistance by encoding a locally active secretory phospholipase [Haines et al.,
2005; Halberg et al., 2000; MacPhee et al., 1995; Shoemaker et al., 1998]. A second modifier
locus, Dnmt, seems to control, by DNA methylation, the activity of a negative regulator of
tumor growth [Eads et al., 2002]. Allelic variants in the FVB, CBA, C57BL6, or DBA genomes
have significant impact on ERG and physiological manifestations of H258N. These variants,
encoded by modifier genes in various genetic backgrounds, are the basis of genetic diversity
[Banbury Conference, 1997; Bothe et al., 2004; Clapcote and Roder, 2004; Erickson, 1996;
Le Roy et al., 2000; Linder, 2001; Rodgers et al., 2002; Schauwecker, 2002; Sigmund,
2000]. To avoid the confounding issue of variation resulting from differences in genetic
background, there is a movement to create all transgenic mice in the same inbred background
[Austin et al., 2004].

The considerable phenotypic variability in residual rod activity in the dark in affected members
of the Rambusch family may also be attributable to differences in genetic background. The
deviation of bright flash ERGs in the six index CSNB patients in the Rambusch family reflected
different degrees of disease expression, and varying degrees of electronegativity [Rosenberg
et al., 1991]. Thus, the fact that expression of CSNB is heterogeneous in Rambusch family
members [Rosenberg et al., 1991] with the same H258N mutation, indicates that factors other
than the PDE6B gene itself contribute to the pathophysiology of this retinal dystrophy.
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FIGURE 1.
Representative ERG recordings from a patient (top row) and a normal control (bottom row).
Shown from left to right are a rod-isolated response (A), the dark-adapted maximal response
(B), the light-adapted responses to a single flash (1 Hz) (C) and flickering (30 Hz) stimuli
(D). a- and b-waves are identified using conventional techniques. Note the barely detectable
rod-isolated response (A) and the selective loss of the b-wave for the dark-adapted maximal
response in the patient’s data (B) compared to the normal control.

Tsang et al. Page 16

Hum Mutat. Author manuscript; available in PMC 2009 September 28.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



FIGURE 2.
Immunoblot analysis of PDE6 subunit expression in control and H258N ROSs. Left panel
shows an immunoblot incubated with a polyclonal antibody recognizing both rod PDE6α,
PDE6β and cone PDE6α′. Right panel is an immunoblot incubated with a polyclonal antibody
specific for rod PDE6β. Protein in all lanes was normalized to 150 pmol rhodopsin. Lane 1,
H258N; Lane 2, Pde6brd1/+; Lane 3, +/+ control.
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FIGURE 3.
The H258N transgene completely rescues photoreceptors in Pde6brd1/Pde6brd1 mice. Light
micrographs of retina from a 6-month-old H258N mouse (A) and a 3-month-old homozygote
Pde6brd1/Pde6brd1 (B) in DBA background. OS, outer segments; ONL, outer nuclear layer;
INL, inner nuclear layer; GC, ganglion cell layer. OS and ONL comprise the photoreceptor
layer. [Color figure can be viewed in the online issue, which is available at
www.interscience.wiley.com.)
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FIGURE 4.
Electron micrograph of retinal section from a 3-month-old H258N mouse. The photoreceptor
OSs are normal. Pde6brd1/Pde6brd1 mice do not have photoreceptors at this age.
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FIGURE 5.
A: Representative panretinal ERG photoresponses from H258N, (upper traces) and
Pde6brd1/+ control mice (lower traces) on the (B6CBA × FVB) F2 albino background. The
dashed lines through each dataset represent the fit of a rod model used to derive Rmp3, the
saturated photoreceptor response, and S, photoreceptor sensitivity. B: Saturated b-wave
amplitudes (Vmax) across age for H258N (open circles) and wildtype (+/+) control mice (filled
circles). C: Rmp3 vs. Vmax amplitudes for H258N (open circles), Pde6brd1/+ (filled squares)
and +/+ control mice (filled circles). The vertical dashed lines are the standard error bars
forVmax for the +/+ control mice. Note the shift in Vmax amplitudes to the left, indicating
reduced amplitudes for the H258N mice. D–F: Representative ERGs from Pde6brd1/+ control
mice (D), and two H258N mutant mice from independent founders in (B6CBA × FVB) F2
albino background(E,F).
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FIGURE 6.
Representative panretinal ERGs from DBA +/+ control mice (left traces) and H258N mice
(right traces) in the DBA background at 6 months of age.
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FIGURE 7.
Responses of H258N and control rods to light. A: C57BL/6J control rod, 20msec flashes of
500-nm light at flash intensities of 17, 43, 160, 450, 1,120, and 4,230 photons μm −2. The traces
are averages of two to four flashes at each intensity. B: Typical responses from a H258N rod
to the same flash intensities. Each trace was averaged from three to eight flashes. C: Response
amplitude vs. flash intensity averaged from 34 wild-type (WT; ○) and H258N rods (H258N;
X). (The lowest intensity response [smallest response] was obtained by averaging 60 flashes,
the others were averaged using five flashes.) D: Averaged single-photon responses from
H258N (thin line; n = 18) rods superimposed on averaged single-photon response from control
rods (thick line; n = 48). Single-photon responses were calculated for each rod individually
from 15 to 60 dim flashes with the squared mean-variance method.
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