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We introduced a targeted single base deletion at codon 307 of the rds–peripherin gene in mice, similar
mutations being known to cause autosomal dominant retinitis pigmentosa (RP) in man. Histopathological
and electroretinographic analysis indicate that the retinopathy in mice homozygous for the codon 307
mutation appears more rapid than that in the naturally occurring null mutant, the rds2/2 mouse, suggesting
that the rds-307 mutation displays a dominant negative phenotype in combination with that due to
haplosufficiency. RP is the most prevalent cause of registered visual handicap in those of working age in
developed countries, the 50 or so mutations so far identified within the RDS–peripherin gene accounting for
up to 10% of dominant cases of the disease. Given the sequence homologies that exist between the murine
rds–peripherin and the human RDS–peripherin gene, this disease model, the first to be generated for
peripherin-based RP using gene targeting techniques, should in principle be of value in the work-up in mice
of therapeutics capable of targeting transcripts derived from the human gene.

INTRODUCTION

Retinitis pigmentosa (RP), an hereditary degenerative disease of
the retina involving progressive death of rod and subsequently
cone photoreceptor neurons, is a prevalent cause of registered
visual handicap among working populations globally (1,2). An
impediment to the development of genetically based therapeu-
tics for this condition is the genetic heterogeneity associated
with it. The disease segregates in families according to
mendelian dominant, recessive, X-linked recessive, mitochon-
drial or digenic modes, up to 30 genes having so far been
implicated in the etiology of the condition (http://www.sph.
uth.tmc.edu/retnet/). Among autosomal dominant forms of RP,
mutations within the rhodopsin and RDS–peripherin genes,
encoding respectively the primary photoreactive pigment of rod
photoreceptors and a structural component necessary for
integrity of photoreceptor outer segment disc membranes, are
the most frequent, accounting for up to 30% of dominant RP
cases (3–5). A combined total of approximately 200 mutations
have so far been characterized in autosomal dominant RP within

the rhodopsin and RDS–peripherin genes (http://www.
sph.uth.tmc.edu/retnet/, http://www.retina-international.com).
The heterogeneity inherent in RP presents a significant barrier
to the design and development of therapeutics. This is
particularly apparent in dominant forms of RP, where it will
not be economically viable to develop therapeutics targeting
individual dominant-negative mutations. In this regard, it is
notable that mutation-independent techniques that target the
primary genetic defect but overcome such heterogeneity have
been developed (6–9).

Peripherin is a transmembrane protein of outer segment disc
membranes of photoreceptor cells, and is located towards the
periphery of the discs – hence its name. In rod photoreceptors,
peripherin can interact with Rom1 (rod outer segment protein 1)
to form heterodimers providing disc stability (10–13). A
naturally occurring rds–peripherin null mutation in the mouse
causes a retinal degeneration termed ‘retinal degeneration slow’,
or rds (14–16). In the current study, a single base pair deletion at
codon 307 of the rds–peripherin gene was introduced into mice
by homologous recombination in ES cells. In humans, the
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RDS-307 mutation results in a slowly progressive form of
autosomal dominant RP (17). The human mutation causes a
frameshift and as a result creates a stop codon after a further 16
triplets. The expected protein is therefore 26 amino acids shorter
than human wild-type RDS–peripherin. The clinical profile of
the human disease involves a decline in visual acuity, loss of
peripheral vision in the fifth decade of life and onset of night
blindness in the sixth decade (17). Thus, the disease caused by
the 307 mutation is relatively mild. The frameshift brought about
in the mouse genome by the 1 bp deletion at codon 307 is
predicted to result in alteration of the last 40 amino acids of the C
terminus of the protein and the addition of an extra 11 amino
acids. The current study details observations on the disease
phenotype produced as a result of introduction of the 307
modification. In heterozygous and homozygous rds-307 mice,
the induced retinopathy appears to be more rapid when
compared with rds þ /7 or rds7 /7 mice, the majority of the
outer nuclear layer (ONL) of the retina being lost in rds-307
heterozygotes at 10 months, while in rds-307 homozygotes
almost complete loss of ONL and rod and cone photoreceptor
function occurs by about 4 months of age. These observations
suggest that the targeted modification introduced into the rds–
peripherin gene results in a dominant-negative effect. In this
context, it is of interest to note that in previous studies, a
combination of effects of dominant-negative mutations (P216L)
and haplosufficiency have been documented (18). rds-307
mice, however, represent the first targeted modification of the
rds-peripherin gene that contains a dominant mutation akin
to that observed in the human disease. This animal model will
be of value in deciphering disease mechanisms involved in
peripherin-linked retinal degenerations, and, in view of the
close sequence homologies between the mouse and human
genes, will be of value in the assessment of therapeutics
targeting human RDS–peripherin transcripts.

RESULTS

Histopathology of retinas of rds-307 mice

Retinas from rds-307 heterozygous mice were studied by light
microscopy at 2, 6, 10 and 12 months of age (Fig. 1). Nine or

ten rows of photoreceptor nuclei were present in the central
retina at 2 months, four or five rows at 6 months, three or four
rows at 10 months and two or three rows at 12 months. The
degeneration in rds-307 heterozygotes therefore appears to be
more rapid than that observed in rds þ /7 null heterozygotes,
which retained six or seven rows of nuclei at 9 months (19) and
maintained approximately half the normal photoreceptor cell
population at 9–10 months (20). Photoreceptor degeneration at
1, 2, 3 and 4 months among wild-type control mice,
homozygous rds-307 mice and rds7 /7 mice was also
compared by counting rows of photoreceptor nuclei in the
outer nuclear layer. Homozygous rds-307 mice show a
relatively rapid photoreceptor degeneration, with only four or
five rows of nuclei remaining at 1 month and essentially a
single row at 4 months (Fig. 2). The rds7 /7 mouse retinas
analyzed retained eight or nine rows of photoreceptor nuclei at
1 month and three or four rows at 4 months (Fig. 2). The
findings in rds7 /7 homozygotes in the current study are
consistent with previously published observations (14).

Transmission electron microscopy (EM) was undertaken on
heterozygous rds-307 mice at 6 and 10 months of age and on
homozygous rds-307 mice at 5 weeks of age (Fig. 3). Mice
heterozygous for the codon 307 mutation showed a marked
reduction in rod photoreceptor cell numbers in comparison
with that observed in retinas from wild-type mice. The ONL
was four or five nuclei in thickness at 6 months (consistent
with data obtained from light microscopy) and there was
evidence of ongoing depletion of these cells over time
(Fig. 3B,E). Remaining cells still retained inner segments,
although the membranous discs of the outer segments were
severely disrupted in number and configuration (compare
Fig. 3C with 3A). Outer segments were short and somewhat
segmented into whorl-like structures (see Fig. 3D). The
pigment epithelium (RPE) appeared to be still phagocytosing
these membranes, although there were fewer phagosomes
observed than in wild-type retinas. This observation is
different to that found in rds7 /7 mice, where typically
many phagosomes are visible (21). The inner retina of
heterozygote rds-307 mice was ultrastructurally normal in
appearance. Overall, there was little obvious difference
between 6- and 10-month heterozygous rds-307 mice in

Figure 1. Light micrographs of retinal sections of 1-year-old wild-type mouse (A) and 2-, 6-, 10- and 12-month-old heterozygotes for the rds-307 mutation (B–E),
respectively. Magnification 400� .
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terms of outer retinal abnormalities, although, clearly, retinas
from 10 month rds-307 heterozygotes demonstrated a further
reduced ONL (three or four nuclei thick).

Mice homozygous for the codon 307 mutation exhibited
severe loss of rod photoreceptors with the ONL being reduced
to three or four nuclei in thickness at 5 weeks (Fig. 4A). The
inner segments (IS) of the remaining cells were present,
although the outer segments were universally absent (Fig. 4B)
from both rods and cones. The external limiting membrane and
Müller cell processes remained intact (Fig. 4C). The RPE was
largely normal, although there was little evidence that these
cells had recently engulfed rod outer segments (ROS), since
few phagosomes were observed throughout this layer
(Fig. 4A,B). Apoptotic cell death was apparent in the ONL at
5 weeks, as evidenced by numerous apoptotic bodies present in
this region of the retina (Fig. 4D). The outer plexiform layer
(OPL) was disrupted, but beyond this layer the inner retina was
largely normal in appearance.

Analysis of rds-307 transcripts in mouse retinas

Confirmation of the presence of the codon-307 mutation in
targeted rds-307 mice was also obtained by analyzing
transcripts from retinas of rds-307 mice and wild-type mice.
RNA was extracted from retinas of heterozygous and homo-
zygous rds-307 mice and from wild-type control mice, and
used to generated cDNA via RT–PCR. The resulting PCR
products were analyzed in an ABI 310 genetic analyzer.
Figure 5 demonstrates that two populations of peripherin
transcript were present in heterozygous rds-307 mouse retinas.
The analysis provides evidence that one of the peripherin
transcripts is a single base smaller in size than the other
transcript, indicating the presence of both wild-type and
rds-307 transcripts in retinas from rds-307 heterozygotes.
Similarly, homozygous rds-307 mouse retinas were found to
contain only rds-307 transcripts, while control mice had only
wild-type peripherin transcripts in their retinas. It should also

Figure 2. Comparison of light micrographs of retinal sections from rds-307 homozygotes and rds� /� homozygotes at 1, 2, 3 and 4 months of age, respectively.
Magnification 400� .
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be noted that transcripts from the mutant allele are present at
60–65% of levels derived from the wild-type allele. These
observations are in agreement with data in recent reports by
Nagy and colleagues (22), in which levels of transcript derived

from genes containing neomycin resistance cassettes inserted
into introns are generally downregulated by up to 40%.

Electroretinographic analysis

The electroretinogram (ERG) is a mass potential recorded from
the corneal surface of the eye. The ERG generated by a brief
flash consists of an initial cornea-negative a-wave, the early
portion of which reflects phototransduction activity of rod and
cone photoreceptors and the later portion of which reflects
inner retinal negative components. The a-wave is followed by
components that arise from second-order neuronal activity.
Most prominent of these is the b-wave, a cornea-positive
waveform.

Figure 3. Electron micrographic analysis of wild-type mouse retinas showing
normal morphology of photoreceptor outer segments (A) and full-thickness
ONL (B). (C) rds-307 heterozygotes at 10 months of age, with arrow and (*)
showing disruption of outer segments and electron-lucent membranous material
at the level of the subretinal space between outer segments of the apical plasma
membrane of the RPE, respectively. (D) Higher magnification shows the whorl-
like configuration of the outer segments in a 6-month-old rds-307 heterozygote.
(E) The ONL for a 10-month-old rds-307 heterozygote; the arrow indicates
further depletion through apoptotic death. Magnification: (A)� 500; (B)
� 1500; (C)� 2500; (D)� 8250; (E) � 2500.

Figure 4. Ultrastructural assessment of the retina in mice homozygous for the
rds-307 mutation at 5 weeks. (A) Comprehensive and widespread loss of
photoreceptors, with ONL three or four nuclei in thickness. Photoreceptors
have no outer segments, and the photoreceptor inner segments (IS) are adjacent
to apical plasma membrane of the RPE. (B) A mixture of rods (R) and cones
(C) remain, although it would appear that the cones have survived preferentially
in these retinas. The RPE appears normal, although there is little evidence of
recent phagosomes in their cytoplasm. (C) The cell shows typical cone photo-
receptor morphology, with slightly larger, more electron-lucent nuclei in com-
parison with rod cells. The cone IS appear normal, although no outer segments
are visible. Desmosomes forming the external limiting membrane are also ob-
vious (arrow). (D) Apoptotic cell death is an ongoing process in these eyes, as
indicated by numerous apoptotic bodies in the region of the ONL. This dying
cell shows marked condensation of nuclear chromatin a hallmark of pro-
grammed cell death. Magnification: (A)� 2500; (B)� 2500; (C)� 4000;
(D)� 8000.
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No convincing rod-isolated responses could be elicited from
homozygous rds-307 mice even at 1 month of age. Homo-
zygous rds-307 mice showed very significant attenuation of
maximal-intensity b-wave amplitudes from an early age. The
responses recorded from 2-, 3- and 4-month old mice are
shown in Figure 6. The corresponding amplitudes from age-
matched rds7 /7 mice are shown in the same figure,
demonstrating that the phenotype in rds-307 mice is noticeably
more severe. Whilst a small-amplitude b-wave could still be
recorded from a 4-month-old rds7 /7 animal, no such peak
could be recorded from a 4-month-old rds-307 homozygote.

Figure 7 illustrates the ERG responses recorded from 6- and
10-month-old rds-307 heterozygotes. The rod-isolated
responses generated by a 6-month-old rds-307 heterozygote
compare well with those of a wild-type mouse. The mixed rod/
cone response of the dark-adapted eye of this animal to a
maximal-intensity flash presented in the dark-adapted state
showed significant reduction in both a-wave and b-wave
amplitudes, as did the cone-isolated responses to single flash.
By 10 months of age, there had been a significant deterioration
in rod-isolated b-wave amplitudes, as well as in maximal dark-
adapted responses and cone-isolated responses. The time
course of the ERG amplitude deterioration mirrored that seen
in histology.

DISCUSSION

In designing a therapeutic strategy for a disease such as
autosomal dominant RP, it is important to establish whether the
disease pathology is caused by haploinsufficiency of the wild-
type gene product or a dominant-negative effect(s) of mutant
protein or alternatively a combination of both mechanisms. To
simulate the human condition in an animal model, a targeting
approach in mouse ES cells has been adopted, enabling
introduction of a subtle mutation (a 1 bp deletion at codon 307)
into the endogenous mouse rds–peripherin gene. The pathology

Figure 5. Analysis of rds-307 transcripts in mouse retinas. * 120 bp size mar-
ker; ** 150 bp size marker (A) Animal 1, homozygous wild-type. (B) Animal 2,
homozygous D307 deletion. (C) Animal 3, heterozygous. (D) Animal 4, hetero-
zygous. (E) Animal 3, heterozygous, control (Omniscript reverse transcriptase
omitted). (F) Animal 4, heterozygous, control (Omniscript reverse transcriptase
omitted). Note that the expected sizes are 131 and 130 bp, for wild-type and the
D307 deletion, respectively. However size-calling is not absolute; the corre-
sponding sizes are approximately 128.6 and 127.7 bp for wild-type and the
D307 deletion, respectively.

Figure 6. Mixed rod/cone electroretinographic responses of 2-, 3- and 4-month-old dark-adapted mice to a maximal-intensity flash. Note the gross attenuation of the
b-wave in both D307 homozygotes and rds7 /7 mice, the attenuation being greater in D307 animals.
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observed in the resulting rds-307 mice suggests that disease
pathology is due to the presence of mutant peripherin protein
and not simply an absence of wild-type protein, since the
disease appears to be more severe in homozygous rds-307 mice
than in homozygous rds7 /7 null mice (see Figs 1 and 2).

It is also of interest to speculate on possible mechanisms by
which the codon 307 mutation in the rds–peripherin gene may
exert a dominant-negative effect. It has been previously well
established that peripherin protein is involved in maintaining
the integrity of the structure of photoreceptor disc membranes
(10,23,24). In this regard, it is worth noting that evidence has
been obtained to suggest that the C terminus of the peripherin
protein may be involved in ROS membrane fusion. Studies
in vitro have suggested that a 15-amino-acid sequence within
the C terminus of the protein (at positions 313–327) is involved
in aiding ROS membrane fusion (26). Notably, this amino acid
sequence is predicted to be altered in the mutant rds-307
protein, and hence it is possible that the ability of the mutant
protein to promote membrane fusion may be compromised. In
addition, preliminary studies carried out by D. Papermaster and
colleagues in Xenopus laevis suggest that the C-terminus of
peripherin protein promotes outer segment localization (25),
and therefore a similar situation might pertain in the case of
mouse peripherin. A role for peripherin in maintaining the
flattened vesicle morphology characteristic of photoreceptor
outer segments has been suggested, and two rds–peripherin
mutants (P216L and C156Y) have been shown to be unable to
flatten membrane vesicles in vitro (27). Future studies could be
carried out on the rds-307 protein to see if this is the cause of
the dominant-negative effect observed in this newly generated
animal model.

It is notable that the predicted C-terminus of the mutant
mouse rds-307 protein possesses a significantly higher ratio of
basic amino acids and a lower number of acidic amino acids
than the wild-type protein, which has a direct effect on pI (8.32
versus 9.34) and hence protein folding in vivo (Fig. 8). Other
factors that may be of significance are the presence of and the
relative positions of proline residues in the mutant protein: in
general, such residues introduce a 45� kink in the amino acid
backbone. In addition, the increased number of non-polar
amino acids would induce a larger bulk volume. The
introduction of an additional cysteine residue in the mutant
may possibly facilitate aberrant bond formation with cysteine
residues present in the large intradiscal domain of the protein.
To investigate possible divergence in the secondary structure of
the mutant protein from the wild-type, both wild-type and
mutant sequences were submitted to the Jpred secondary
structure prediction utility at EBI (28). Notably, differences in
the predicted helical structures for the C terminus of the mutant
and wild-type proteins were obtained (Figs 9 and 10). It is of
interest to note that predicted changes in mutant as opposed to
normal proteins in the mouse are also likely to be present in
mutant human peripherin, specifically, a higher ratio of basic
amino acids, pI (8.4 versus 9.16) the presence of proline
residues and an additional cysteine residue. Therefore,
pathological disease mechanisms, at the molecular level, may
be similar in both murine and human retinas.

The development of therapeutics for autosomal dominant RP
caused by mutations within the RDS–peripherin gene is
severely complicated by the extensive genetic heterogeneity
inherent in this group of conditions. The complexity and
fragility of photoreceptor neurons is further highlighted by the

Figure 7. Rod-isolated, mixed rod/cone and pure cone responses from 6- and 10-month-old rds-307 heterozygotes. Relatively normal rod responses persist up to
6 months in heterozygotes, but diminish significantly by 10 months. Mixed rod/cone responses are attenuated at 6 months, as are the pure cone amplitudes,
with further deterioration noted by 10 months.

1010 Human Molecular Genetics, 2002, Vol. 11, No. 9



Figure 8. Topological model of normal rds–peripherin and mutated D307 rds–peripherin proteins based on findings published by Connell et al. (16), Bascom et al.
(11) and Molday (24). The predicted amino acid sequence of the mutated protein is highlighted in red.

Figure 9. Jpred output for C-terminal divergent sequences. This figure focuses on the key region of divergence in amino acid sequences at the C termini from
residue 301 in both proteins, and illustrates the Jpred output of predicted secondary structure for both proteins (H, helix; E, extended; � , loop). It can be clearly
seen that for the mutant protein, 4 of the 10 prediction engines queried report a higher helical (or more highly structured) content for the mutant over the wild-type
in the C-terminal region. To verify this trend, the C-terminal sequences for the divergent regions (301� ) were submitted to the agadir helical content prediction
engine at EMBL (2–6). The percentage prediction of helical content for the mutant terminal fragment is 8.07%, compared with a 1.31% helical content predicted
for the wild-type protein with this method. Following this prediction, the same sequence fragments were submitted to the ProtScale conformational analysis engine
for comparison (37–42).
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observation that some RDS–peripherin mutants cause rod
photoreceptors to degenerate while other mutations bring about
the degeneration of cone photoreceptor cells (29). The presence
of approximately 50 different mutations within the RDS–
peripherin gene alone has stimulated the exploration of
methods of generating therapeutic solutions that are independent
of specific mutations. Such solutions can be targeted to the
primary genetic defect, in this case the RDS–peripherin gene,
or alternatively to a secondary effect associated with the

pathology, such as apoptosis (programmed cell death). In this
regard, it is of note that the rds-307 animal model generated in
the current study will be useful for both purposes. Preliminary
histological analyses of rds-307 mouse retinas suggests that
while the primary stimulus for the disease is mutant peripherin,
photoreceptors in rds-307 mice die by a process of apoptosis
(Fig. 4D). Therefore this new animal model should be of value
in the evaluation of various anti-apoptotic or neuroprotective
approaches for therapy for inherited retinopathies (30–33).
However, an alternative approach (or one that may be used in
conjunction with the former) is to target the primary genetic
defect, that is, the RDS–peripherin mutant in a mutation-
independent manner. Technologies exploiting inherent features
of the genome such as the degeneracy of the genetic code
enable the development of such mutation-independent ther-
apeutics (6–9) while still targeting the primary genetic defect.
These approaches involve suppression of the mutant and wild-
type alleles of the RDS–peripherin gene and in parallel the
supply of a replacement RDS–peripherin gene that is protected
from suppression but encodes wild-type protein (9). The novel
mouse model (rds-307) described here, given the dominant-
negative effect of the mutant, should be valuable in the
exploration of such mutation-independent strategies (Table 1).
A comparison between human RDS–peripherin and mouse rds–
peripherin nucleotide sequences reveals that there are regions
of mouse rds–peripherin sequences for which suppression
agents such as hammerhead ribozymes could be designed and
that would in principle be of relevance to the human disease,
since the sequences at the ribozyme target site are almost
identical between mouse and humans. Notably, five areas of
such sequence homology exist in predicted open-loop struc-
tures of human RDS–peripherin and mouse rds–peripherin
transcripts that could serve as targets for ribozymes that could
be tested in rds-307 mice but in principle would also be
applicable to suppression of the human gene (Table 1). Hence,
in summary, the newly generated rds-307 mouse model
described here will be of value in the evaluation of a variety

Figure 10. ProtScale conformational analysis for C-terminal divergent regions.
This figure illustrates the ProtScale output for the wild-type (right) and mutant
(left) terminal sequences. It can be seen from these graphs that the murine
mutant terminus again has a higher predicted helical content (more structured)
over the predicted helical content for the murine wild-type protein in this C-
terminal region (8.07% versus 1.31%) (37–42). Taken together, these predictive
techniques indicate that the mutant protein produced with its amino acid
variation from the RDS wild-type, has a more highly structured C-terminal do-
main than the wild-type. Attempts to generate homology structures using
both the SwissProt homology engine and Imperial Cancer Pssm threading
engines were unsuccessful because of the absence of available structural
homologues for the RDS protein.

Table 1. Comparative analyses of human RDS–periperin and mouse rds–
peripherin sequence illustrating co-targetable ribozyme cleavage sites

Position of cleavage site Nucleotide sequence around ribozyme cleavage site

Human 306–308 50-CCCAAGGGCTCTGGCTCATG-30

Mouse 270–272 50-CCCAGGGGCTCTGGCTTATG-30

Human 582–584 50-AACATCATCCTCTTCCTTGTG-30

Mouse 546–548 50-AACGTCATCCTCTTCCTGGTG-30

Human 975–977 50-ACGGAGGAGCTCAACCTGTGG-30

Mouse 939–941 50-ACTGAGGAGCTCAACCTCTGG-30

Human 1050–1052 50-ATGGGTGTCGTCACGCTCCTC-30

Mouse 1014–1016 50-ATGGGCGTCGTCACACTTCTC-30

Human 1047–1049 50-TCCATGGGTGTCGTCACGCTC-30

Mouse 1011–1013 50-TCCATGGGCGTCGTCACACTT-30

Ribozymes have been designed so that they can simultaneously be used to
cleave either human or mouse peripherin transcripts. Furthermore, each
ribozyme cleavage site occurs at a degenerate position in human and mouse
peripherin sequences so that mutation-independent suppression and replace-
ment may be achieved. In addition, ribozyme cleavage sites are located in open-
loop structures in both transcripts (as predicted from RNA secondary structures
generated by RNA PlotFold). NUX ribozyme cleavage sites are highlighted in
bold; mismatches between human and mouse peripherin sequences are
underlined.
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of therapeutic strategies of the sort described above, irrespec-
tive of whether the therapy targets the primary genetic defect or
secondary effects associated with the disease pathology. In
conclusion, in the current study, the first targeted mouse model
of a peripherin-linked retinal degeneration has been generated.
It has been clearly demonstrated that the resulting mouse has a
significant photoreceptor degeneration. Notably, this new
mouse model will be of value both in deciphering mechanisms
of disease pathology and in exploring novel therapies for this
group of retinal conditions.

MATERIALS AND METHODS

A 17 kb clone was isolated from a lambda dash phage library
containing 129Sv-derived mouse genomic DNA (kindly
donated by Dr Mario Capecchi) using PCR primers designed
in the 50 region of the mouse rds–peripherin gene. The insert
was removed from lambda dash and cleaved into two fragments
of 5 and 12 kb by digestion with SalI and SpeI restriction
enzymes. These fragments were subcloned into pBluescript II
KS þ /7 . The 5 kb rds clone included exon III of the rds–
peripherin gene. A 1 bp deletion at codon 307 known to occur
in an autosomal dominant RP patient (34) was introduced into
exon III of the gene by PCR mutagenesis. The construct was
cloned into pPNT (kindly donated by Dr Andras Nagy), a
vector that contains a HSV thymidine kinase (tk) gene suitable
for negative selection. The pPNT vector was digested with the
restriction enzymes XbaI and XhoI and ligated with the
mutagenized 5 kb rds–peripherin fragment that had been
removed from pBluescript II KS þ /7 by double digestion
with SpeI and SalI. The neomycin resistance gene ( plox neo)
required for positive selection was cloned into an HpaI site
(approximately 500 bp away from the 307 mutation) in the 30

untranslated region of the rds–peripherin gene. The neomycin
gene flanked by plox sites was removed from the ploxPneo-1
plasmid by digestion with XhoI and SmaI. Vector DNA was
linearized with the NotI restriction enzyme. Linearized DNA
was electroporated into R1 embryonic stem (ES) cells and
positive/negative selection was used to enrich for targeted ES
cell clones (G418 positive selection, gancyclovir negative
selection). DNA from 32 selected ES cell clones was digested
with XbaI and subjected to Southern analysis (Fig. 11). A
500 bp 30 flanking PCR fragment was used as a probe to detect
a 5.01 kb endogenous fragment that downshifted by approxi-
mately 1.17 kb to 4.18 kb in the targeted allele (Fig. 11C). Of
the 32 selected clones, 8 were shown to possess the expected
targeted allele.

Generation of chimeric mice

Selected ES colonies were injected into blastocysts of C57
Bl/6J mice to produce germline chimeras, which transmitted
the RDS-307 mutation. Targeted RDS-307 mice were identified
by PCR, sequencing and Southern blot analysis (Fig. 11). Mice
that were heterozygous and homozygous for the RDS-307 gene
mutation, were generated through inbreeding of germline-
transmitting mutants, wild type litter mates were used as
controls. The rds mice used throughout this study were Balb/c
–rds/rds mice kindly supplied by Dr Richard L. Sidman.

Genotype assignments

PCR and sequencing techniques were used to identify
mouse genotypes resulting from this breeding protocol. Oligo
a (50-GCA GAG AGT ATC AGA TGT TG-30) is a forward
primer for the rds–peripherin gene. Oligo b (50-CAC ATA
CAC TTC ATT CTC AG-30) is a reverse primer for plox neo.
A 25 ml PCR reaction mix contained 100 ng DNA, 50 pmol
forward and reverse primers, 200 mM each of dGTP, dATP,
dTTP and dCTP, 1.5 mM MgCl2, 100 mM Tris, pH 9, 50 mM

KCl, 1� Triton X-100 and 0.75 U Taq polymerase. PCR
conditions were 94�C, 1 min; 55�C, 1 min; 72�C, 1.2 min; 35
cycles. PCR products were resolved on a 2% agarose gel, a
fragment of 1 kb being diagnostic of an allele containing the
neomycin insert. To verify the presence of the 1 bp deletion,
the above PCR product was sequenced across exon 3 using
the primer oligo c (50-GCC TCA TGT CTG CTC TAA GT-30).
An Applied Biosystems DNA sequencing kit and a 373 A
DNA sequencer (Applied Biosystems) were used for this
purpose.

Detection of the 1 bp 307 peripherin deletion in mRNA
purified from retinas of rds-307 mice

Primer sequences to PCR-amplify exon 3 of the mouse
peripherin cDNA (NM 008938) are (forward) GCTGGA-
GAGTGTGTCTAACC and (reverse) TCCACCTGATT-
GCTCTTGCC. The amplified sequence is 131 bp long in
wild-type mice and 130 bp long in RDS-307 homozygous mice,
and corresponds to the 1079–1210 bp sequence of NM 008938.
The reverse primer was 50 end-labeled with 6-FAM in order to
enable detection in the ABI 310. DNA amplifications were
undertaken using 100 ng genomic DNA (tail), 200 mM dNTPs,
1.5 mM MgCl2, 5 pmol of each primer and standard PCR
conditions for 32 cycles. RNAs were purified from retinas of 7-
day-old animals using standard protocols (35). Approximately
2 mg RNA samples were DNase-treated (2 ml of RQ1 DNase,
Promega) for 30 min at 37�C. RNA was subsequently phenol/
chloroform-extracted and precipitated. One-third of the purified
RNA samples (approximately 0.5 mg RNA) were used in
subsequent RT reactions using a Qiagen RT kit (Omniscript
reverse transcriptase) with either random hexamer or specific
priming (2.5 pmol primer) in 20 ml reactions at 37�C for 1 hour.
Control reactions were prepared by omitting Omniscript. From
1 to 3 ml of the RT reactions and controls (DNA controls) were
used as template DNAs for subsequent PCR amplifications.
PCR conditions used were the same as those described above
for DNA amplifications. PCR products were diluted 1/50–150;
1 ml of the diluted sample was added to 12 ml of template
suppression reagent (ABI) and denatured at 95�C for 5 min. An
internal size standard 0.3 ml of GeneScan 400 HD (ABI) was
also used. Samples were subsequently separated and sized on
the ABI 310 genetic analyzer.

Histology

Eyes were perfused overnight with a mixture of 2.5%
glutaraldehyde and 2% paraformaldehyde in 0.1 M phosphate
buffer, pH 7.4, and processed in Epon (36). Sections 1 mm
thick were cut through the optic nerve head, along the vertical
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meridian of the eye, and were stained with toludine blue for
light microscopy. The block was further trimmed and thin
sections were cut. These sections were stained with uranyl
acetate and lead citrate for electron microscopy.

Electroretinography

Animals were dark-adapted overnight and prepared for ERG
under dim red light. Animals were anesthesized by means of
ketamine and xylazine. Pupillary dilatation was achieved by
instillation of atropine 0.1% and phenylephrine HCl 2.5%.
Standardized flashes of light were presented to the mouse in a
Ganzfeld bowl to ensure uniform retinal illumination. The ERG
responses were recorded simultaneously from both eyes by
means of gold wire loops on the corneas, using amethocaine
1% as topical anaesthesia and methylcellulose to maintain
corneal hydration. A gold reference electrode was positioned
subcutaneously approximately 1 mm from the temporal canthus
and the ground electrode was placed subcutaneously anterior to
the tail. The responses were analyzed using RetiScan RetiPort

electrophysiology equipment (Roland Consulting Gmbh). The
protocol used was based on that approved by the International
Clinical Standards Committee for human electroretinography.
Rod-isolated responses were recorded using a dim white flash
(25 dB maximal intensity) presented in the dark-adapted state.
The maximal combined rod/cone response to the maximal-
intensity flash (3 cd m7 2 s7 1) was then recorded. Following
light adaptation for 10 min to a background illumination of
30 cd m7 2 presented in the Ganzfeld bowl, the cone-isolated
responses were recorded to both single-flash and 10 Hz
maximal-intensity flashes. a-waves were measured from the
baseline to the trough and b-waves from the baseline (in the
case of rod-isolated responses) or from the a-wave trough.
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