
with the use of 10 1 ~ 1  of Lipofectamine reagent 
(BRL, Gbco) In Dubecco's modfied Eagle's medi- 
um (DMEM). The next day the medlum was 
changed to DMEM w~t l i  serum, and the cells were 
cultured for 1 day before selecton in G418 (400 
kg/ml) for 3 to 4 weeks Purifled GSK3p and 
APC25 were produced as in (79). The affnity pre- 
cpltation of p-catenin from SW 480 cell iysates by 
purlfied GSK3p was performed by addtion of 2 k g  
of GSK3p proten to 150 k1 of ysate. After a2-hour 
ncubaton at 40% the GSK3p was recovered on 
Gu-Glu antibody coupled to protein G-Sepharose 
and then analyzed by immunoblotting (20). 

25. For GSK assays we followed the procedure in (23) 
lmmunoprec~p~tates were prepared for GSK assay 
by a final wash n klnase assay buffer [25 mM tris 

(pH 7 51, 5 mM MgCl,, 1 mM dlthothreitol, and 440 
glycerol] and then resuspended in 20 k1 of buffer 
containng 50 p,M peptde substrate and 50 ILM 
y-["Pladenosne triphosphate (ATP) (1 0,000 cpm/ 
pmol). Assays were performed for 20 m n  at 30°C, 
and 10 k l  was analyzed for incorporaton of 32P. 
For the phosphorylation of APC in vltro, Glu-Glu- 
tagged APC25 was produced w t l i  the baculovirus- 
Sf9 cell system (13) and then collected from cell 
ysates on Glu-Glu antlbody coupled to proteln 
G-Sepiiarose. The mmobilized APC25 was then 
dephosphorylated with 4000 unlts of Lambda 
phosphatase (New England Bolabs) at 30°C for 2 
hours. The dephosphorylated APC25 was eluted 
from the washed beads with Gu-Gu peptlde and 
then phosphorylated at 30°C in 50 k1 of kinase 

Retinal Degeneration in Mice Lacking the y 
Subunit of the Rod cGMP Phosphodiesterase 
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The retinal cyclic guanosine 3',5'-monophosphate (cGMP) phosphodiesterase (PDE) is 
a key regulator of phototransduction in the vertebrate visual system. PDE consists of 
a catalytic core of a and p subunits associated with two inhibitory y subunits. A 
gene-targeting approach was used to disrupt the mouse PDEy gene. This mutation 
resulted in a rapid retinal degeneration resembling human retinitis pigmentosa. In 
homozygous mutant mice, reduced rather than increased PDE activity was apparent; 
the PDEap dimer was formed but lacked hydrolytic activity. Thus, the inhibitory y 
subunit appears to be necessary for integrity of the photoreceptors and expression of 
PDE activity in vivo. 

Hereditary photoreceptor cell degenera- 
tions called retinitis pigmentosa (RP) de- 
fine a group of genetic diseases causing 
blindness that affect 1 in 3000 individuals 
world\vide (1).  Autosoma1 dominant, auto- 
soma1 recessive, sex-linked, and mitochon- 
drial inheritance patterns liave been de- 
scribed for RP. A number of mutations af- 
fecting the visual pigment rhodopsin (2)  as 
\veil as peripherin/RDS ( 3 ) ,  a protein of 
unknown function and localized in the rims 
of the outer segment discs, result in differ- 
ent forms of dominantly inherited RP ( 1 ) .  
;\/lost autosonla1 recessive forms of the dis- 
ease result from mutations in genes encod- 
ing phototransduction proteins (4) ,  but the 
mechanism whereby these mutated genes 
produce destruction of photoreceptors is 
not well understood. 

Pliototransduction begins witli the ab- 

S. H. Tsanq, J. Flsher, S. P. Gof;, Howard Huqhes Med- 

sorption of liglit by rhodopsin (5-6). Pho- 
toactivated rhodopsin stimulates the a 
subunit of a heterotrimeric guanine nucle- 
otide binding protein termed transducin 
( T a p y )  to exchange its bound guanosine 
diphosphate for guanosine triphospliate 
(GTP)  (7) .  The  tra~lsducin (To()-GTP 
complex dissociates from T P y  and binds 
to tlie inhibitory y subunits of cyclic 
guanosine 3 ' ,5'-monophosphate (cGMP) 
phosphodiesterase (PDEaPy2) (8).  Tliis 
step removes tlie constraint that tlie PDEy 
(1  1 kD) subunit imposes on  tlie catalytic a 
(88 kD) and P (84 kD) subunits of the 
heterotetrameric PDE (7-9) and increases 
its liydrolytic activity almost 300-fold 
(10). T h e  activated PDE lowers the intra- 
cellular concentration of cGMP (1 1) ,  
thereby closing cGMP-gated cation chan- 
nels on  tlie rod plasma membrane and 
initiating a neural response to light (1 2).  
Termination of excitation reauires 
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assay buffer containing APC25 (2 to 5 kg) and PKA 
(2 1pgJml) (Sgma), GSK3p (0.25 kg/ml), or the two 
kinases added sequentially. For quantitaton (Fig. 
4A), 50 ILM y-["PIATP (10,000 cpm/pmol) was 
Included in the reactions, and radoactve protein 
was collected by vacuum fltraton over nitrocellu- 
lose fters. Phosphorylations n Fg.  48 were per- 
formed w~th unlabeled ATP and the pliosphopro- 
teins were repurfied before being used for affnty 
precipitaton of n vtro-translated p-catenin (wheat 
germ TNT system, Promega) (73). 
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mice (13) and Irish Setter dogs (14) and are 
one of the causes of autosoma1 recessive RP 
(15). Mutations in the PDEa gene can also 
produce RP (1 6) ,  but no defects have yet 
been found in the PDEy gene (17). The 
absence of PDEy miglit be expected at least 
initially to reduce rod cGMP levels by allow- 
ing the constitutively uninhibited PDEaP to 
hydrolyze cGMP. Consequently, the cGMP- 
gated cation channels would be permanently 
closed, eliminating the rod's response to 
light. T o  test these notions, we used a gene- 
targeting approacli to generate mice lacking 
tlie PDEy subunit. 

Genomic sequences encoding mouse 
PDEy u7ere used to construct a targeting 
DNA (1 8) in wliich the tliird exon of tlie 
PDEy gene (Pdeg) \vas replaced with the 
bacterial neornycin resistance (Neo) gene 
(Fig. 1A) .  Tlie mutant allele could not 
express sequences encoded by tlie third 
and fourth exons, including regions re- 
quired for PDE inhibition (19). CCE and 
R1 embryonic stem (ES) cells (18)  were 
transformed witli this vector, and G418- 
gancyclovir-resistant clones were recov- 
ered and screened by Southern ( D N A )  
blot analysis. Six independently targeted 
CCE ES clones were obtained out of 2500 
colonies screened, xvhereas eight mutated 
clones were recovered from R1 ES cells 
out of 400 colonies screened. Targeted ES 
cells were injected into C57BL/6 or blF1 
blastocysts that were reimplanted into the 
uteri of pseudopregnant foster mothers (20). 
Tlie resulting chimeras were bred to generate 
offspring carrying the mutant allele in the 
heterozygous form (Pdeg""'l+) in tlie germ 
line; intercrosses generated mutant liomozy- 
gous animals (Pdeg""'/Pdegh"') (Fig. 1, B and 
C ) .  Pdeg""'/Pdegt'"' liomozygous mice were 
healtliy and fertile; tlius, PDEy is not essen- 
tial for normal prenatal development. Pro- 
tein immunoblot analysis of a Pdeg""'1 
Pdeg""' retinal homogellate with antisera to 
either NH,- or COOH-terminal portions of 
PDEy confirmed that tlie mutant allele did 
not encode detectable proteins (Fig. ID). 
Cliinleras were bred with 129/Sv//Ev animals 
for generation of an inbred line. The Pdegtm'l 
Pdeg'"' mice were crossed with MF1, S\viss 
Webster, and C57BL/6 mice to investigate 
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whether background caused any phenotypic 
variation; no differences were observed 
among these backgrounds. Pdeg homozygous 
mutants were also crossed with rdl mice to 
obtain double homozygous mutant mice 
(Pdegml/Pdegm' rdl lrdl ) lacking both PDEy 
and PDEP subunits. 

Heterozygous animals were histologically 
and physiologically normal, demonstrating 
that the Pdegml allele is genetically reces- 
sive. Examination of the retinal physiology 
(21) of the homozygous mutants, however, 
revealed a profound photoreceptor abnor- 
mality. Compared to wild-type (+I+) or 
heterozygous (Pdegml/+) controls, the elec- 
troretinogram (ERG) of PdegmllPdegml 
mice showed a severely diminished response 
in both a- and b-wave components, with a 
delay in b-wave implicit time. Both of these 
changes are characteristic of human RP (Fig. 
2A). The loss in response was much greater 
in 8-week-old than in 2-week-old animals 
(Fig. 2A). The ERG became almost unde- 
tectable after 3 months. Thus, the targeted 
mutation resulted in a progressive loss of 
photoreceptor function (Fig. 2B). Indistin- 
guishable ERG measurements were also 
found in the PDEP-deficient (rdllrdl) and 
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the PDEP-PDEy - deficient (Pdegm'/Pdegm' 
rdllrdl ) mice (22). 

Retinas of Pdeg'"'lPdegm' mice of dif- 
ferent ages were examined histologically 
(23). Transmission electron microsco~v . , . , 
revealed that the photoreceptor outer seg- 
ments had failed to develop normally and 
were disorganized at postnatal day 10 
(PlO), and that most of the outer segments 
were lost by P13, although the photore- 
ceptor nuclear layer remained intact (Fig. 
2, C and D). Subsequently, from P14 to 
P21, a progressive loss of photoreceptor 
nuclei was observed that was more severe 
in the central relative to the peripheral 
portion of the retina. Only a single row of 
photoreceptor nuclei remained by 3 weeks 
of age, and the retina was completely de- 
void of a photoreceptor layer by 8 weeks 
(Fig. 2, E and F). Similar progression of 
retinal degeneration was seen in rdllrdl 
and Pdegml/Pdeg'"' rdl lrdl mice. 

The levels of cGMP present in homo- 
genates of the posterior pole were assayed 
at various times during development (24). 
Surprisingly, levels of cGMP were in- 
creased in the Pdegm'/Pdegm' retinas. 
These levels peaked at P16 (67.7 pmol 
mg-' protein) and were fivefold greater 
than those in wild-type (+I+)  mice of 
comparable age (13.3 pmol mg-' protein). 
Moreover, the increase in cGMP levels 

Postnatal age (day) 

Postnatal age (days) 

Fig. 3. Developmental cGMP content and PDE 
activity in the retinas of control and mutant mice. 
(A) cGMP content in the freshly dissected poste- 
rior poles of Pdegtml/Pdegtml and wild-type ani- 
mals during postnatal development (22). The re- 
sults indicated are means + SEM of three to nine 
samples. (B) PDE activity in freshly dissected ret- 
inas of Pdegtml/Pdegtml mutant and wild-type 
mice (23). The results indicated are means + SEM 
of three to nine samples. Light- (0) or dark-adapt- 
ed (0) Pdegtml/Pdegtml mutant retinas and light- 
adapted control retinas (0) are indicated. 

preceded photoreceptor degeneration (Fig. 
3A). In contrast to wild-type mice, light 
did not reduce retinal cGMP levels in the 
Pdeg'"'/Pdeg'"' mice. By 3 months of age, 
the retinal cGMP content of Pdegm'l 
Pdegm' mice decreased below that of the 
wild-type controls, indicating that cGMP 
levels were primarily due to photoreceptor 
cells of the retina. The developmental 
pattern of retinal cGMP levels for Pdeg'"'1 
Pdeg'"' mice was not substantially differ- 
ent from that of rdllrdl or the Pdeg'"'1 
Pdeg'"' rdllrdl mice (22). 

These results suggest that the loss of 
the PDEy subunit caused a defect in the 
enzymes involved in retinal cGMP metab- 
olism. Increased cGMP levels in Pdegml/ 
Pdeg'"' retinas could be the result of either 
an increased guanylate cyclase activity or 
a defective PDE activity. Measurement of 
retinal guanylate cyclase activity showed 
virtually no difference between control 
(12.2 2 0.6 nmol min-' mg-' protein) 
and Pdeg'"'/Pdeg'"' (12.4 + 0.8 nmol 
min-' mg-' protein) mice at P12, indi- 
cating normal cyclase function. Retinal 
PDE activity in Pdeg'"'/Pdegm' mice (25), 
however, was well below the levels detect- 
ed in wild-type mice during the course of 
photoreceptor development (Fig. 3B). A 
similar trend of PDE activity was apparent 
in retinal extracts of rdllrdl (25) and the 
Pdegml/Pdegml rdl lrdl mice. The bipolar 
and other cells of the inner retina may 
have contributed to the low residual PDE 
activity seen in the mutants, and the de- 
crease in the retina may be even greater 
than is apparent from the total homoge- 
nate. Furthermore, light failed to activate 
PDE in these retinas (Fig. 3B); basal levels 
in the 12-day-old mutant were low in the 
dark (10.9 + 1.41 nmol min-' mg-' pro- 

tein) and remained low after exposure to 
light (10.0 2 3.6 nmol min-' mg-' pro- 
tein), similar to findings in rdllrdl mice 
(25). 

The light-activated state of PDE can be 
mimicked by treating the preformed 
PDEaPy, with trypsin, histone, or poly- 
cations such as protamine, which selec- 
tively digest or remove the PDEy subunit 
(I I). The kinetics of PDE activation in 
vitro correspond to the degradation of 
PDEy by trypsin (26). Homogenates were 
prepared from P12 retinas of mutant and 
control animals and assayed for PDE after 
various treatments. Trypsinization mark- 
edly increased PDE activity in wild-type 
mice (from a basal level of 27.7 2 2.5 to 
2059 + 225 nmol min-' mg-' protein). 
No significant activation by trypsin was 
observed in comparable Pdeg'"'lPdeg'"' 
mice (increase from 10.9 + 1.4 to only 
15.7 + 2.2 nmol min-' mg-' protein). 

The low PDE activity measured in the 
mutant mice retinas suggested that the 
loss of the inhibitory y subunit might have 
caused either a quantitative change in the 
level of PDEa and PDEP or an alteration 
in the hydrolytic activity of the PDEa/P 
complex. To determine whether there was 
a decrease in the amount of PDE a and P 
subunits, we performed protein immuno- 
blot analysis on homogenates of retinas 
from 12- and 13-day-old mice (27). When 
samples were normalized for protein (Fig. 
4A), the amounts of both a and P sub- 
units in the Pdegm'lPdegm' mutant were 
one-fourth those in the wild-type retinas. 
This decrease in PDE content may result 
from the arrest in development of Pdegmll 
Pdegm' photoreceptors and does not ac- 
count for the loss of PDE catalytic activity 
in the mutant. The a and P subunits of 

Fig. 4. Analysis of PDEa and PDEP subunits in A +/+ I -  rdlrd Dbl --- 
mutant retinal homogenates. (A) Protein immuno- PIO ~ 1 2  Pi4 p9 P I ~  PIO P I ~  PIO ~ 1 2  

PC" 
blot of PDEn and PDEP subunits. Proteins from 
retinal homogenate (80 pg) were separated by 
SDS-PAGE, transferred to nitrocellulose, and im- # 

munoblotted with MOE polyclonal antibody to 
PDE (1 :2000 d~lution). (+/+) Wild type; (-I-) B 
Pdegtm1/Pdegfm1 mice; rd/rd rdl/rd7 mutants: I 
Dbl, double homozygous Pdegtm7/Pdegfm' rd7/ 2 
rd7 mice. The upper band of the doublet is PDEa 
and the lower band is PDEP. (B) Elution profile of 
PDE activity from an extract of 20 retinas of 10.0 
Pdegtm7/Pdegm7 mutants at postnatal day 12. 
The sample was loaded on Sephacryl S-200 HR g 5.0 
column (1.5 by 100 cm) and eluted at 6 ml/hour 
with 1 .O-ml fractions collected. Fractions were as- 9 0.0 
sayed for PDE activity (23) in the presence of 50 45 50 55 60 65 70 75 80 
WM cGMP, and total cpm minus background was Fraction number 
plotted versus fraction number. The column was C +I+ A B C 
calibrated w~th dextran blue 2000 (V,), sweet potato P-amylase (200 kD), and 
yeast alcohol dehydrogenase (150 kD). (C) Protein immunoblot of PDEa and PDEP me - . - .  - 
subunits in fractions pooled from the indicated regions of the column profile shown 
in (B) and concentrated on a Centricon-1 00 microconcentrator (Amicon). (+/+) Wild-type retnal homog- 
enate (30 kg). 
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PDE were not detected in adult Pdegr""/ 
Pdeg""' mutant mice because of the loss of 
the photoreceptor cell layer. Furthermore, 
the PDEP subunit was always absent in 
rdllrdl or Pdegrm'/Pdeg""' rdl lrdl double 
hornozygous animals (Fig. 4A).  

T o  determine whether the two PDE cat- 
alytic subunits from the Pdeg""'/Pdegcm' mu- 
tant mice were present in a native confor- 
mation, we subjected hornogenates to size 
exclusion chromatography on a Sepharose 
S200 column, and kactions were collected 
and analyzed for PDE activity and for the 
presence of a and (3 subunits by SDS- 
polyacrylamide gel electrophoresis (PAGE) 
and protein irnmunoblotting (Figs. 4, B and 
C). The main peak of activity, eluting at an 
apparent molecular size of -220 to 230 kD, 
contained cornnarable arnounts of a and B 
subunits. This peak may also have con- 
tained the 6 subunits of PDE (28). A small- 
er peak, eluting at about 180 to 190 kD, 
contained both a and B subunits and rnav 
represent just the cataiytic core (Fig. 4 ~ ) :  
Similar profiles were obtained with wild- 
type retinal homogenates. Examination of 
fractions eluted at the position expected for 
rnonorneric a or subunits by protein im- 
munoblotting did not reveal detectable 
amounts of these proteins (27). Thus, loss 
of PDEy did not affect the apparent size of 
the enzyme, nor did it seem to alter the 
assembly of the PDE catalytic core into a 
duner. The presence of the two PDE sub- 
units in Pdeg""'/Pdeg""' mice distinguishes 
this mutant phenotype horn that of the 
rdllrdl mice. 

Our results indicate that an interaction 
between the y subunit and PDEap is essen- 
tial for the proper activation of PDE and 
that all three subunits may be essential for 
assembly of a stable, active holoenzy~ne. It 
is also possible that other proteins norrnally 
involved in light adaptation, including 
transducin a 129). rnav inhibit PDE in the ~ , ,  , 
absence of the y subunit. In either case, the 
genetic loss of PDEY is manifested as an 
'&ease in cCMP content in the develop- 
ing mutant retinas. Thus, the Pdegn"'/ 
Pdeg""' mice effectively recapitulate the de- 
fect seen in the rdllrdl mouse and mav 
suffer retinal degeneration through a similar 
mechanism. The high cCMP concentra- 
tions may keep cGMP-gated cationic chan- 
nels open continuously and lead to an ex- 
cessive energy load on the rod photorecep- 
tors, resulting in degeneration. 
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