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Leber congenital amaurosis (LCA) caused by mutations in Aryl hydrocarbon receptor interacting protein like-
1 (Aipl1) is a severe form of childhood blindness. At 4 weeks of age, a mouse model of LCA lacking AIPL1
exhibits complete degeneration of both rod and cone photoreceptors. Rod cell death occurs due to rapid
destabilization of rod phosphodiesterase, an enzyme essential for rod survival and function. However,
little is understood regarding the role of AIPL1 in cone photoreceptors. Cone degeneration observed in
the absence of AIPL1 could be due to an indirect ‘bystander effect’ caused by rod photoreceptor death or
a direct role for AIPL1 in cones. To understand the importance of AIPL1 in cone photoreceptor cells, we trans-
genically expressed hAIPL1 exclusively in the rod photoreceptors of the Aipl12/2 mouse. Transgenic
expression of hAIPL1 restored rod morphology and the rod-derived electroretinogram response, but cone
photoreceptors were non-functional in the absence of AIPL1. In addition, the cone photoreceptors degener-
ate, but at a slower rate compared with Aipl12/2 mice. This degeneration is linked to the highly reduced levels
of cone PDE6 observed in the hAIPL1 transgenic mice. Our studies demonstrate that AIPL1 is needed for the
proper functioning and survival of cone photoreceptors. However, rod photoreceptors also provide support
that partially preserves cone photoreceptors from rapid death in the absence of AIPL1.

INTRODUCTION

Leber congenital amaurosis (LCA) is an autosomal recessive
disease that causes visual impairment in children. Fifteen
different genes have been identified in which mutations
result in LCA (1,2). Among these genes, mutations in Aipl1
have been associated with the most severe form of LCA
leading to the degeneration of photoreceptor cells (3,4). A
mouse model of LCA lacking Aipl1 (Aipl12/2) exhibited
rapid degeneration of both rods and cones and did not
produce any light-dependent electrical response, recapitulating
the disease phenotype seen in humans (5,6). The lack of rod

photoreceptor function in this model has been linked to the
destabilization of rod phosphodiesterase (rod PDE6), an essen-
tial photoreceptor enzyme (6).

Unlike rod photoreceptors, the role of AIPL1 in cone photo-
receptors is unknown. In human retina, AIPL1 is expressed as
early as fetal week 11 in cone progenitors, but is undetectable
in adult cone photoreceptor cells (7–9). The absence of AIPL1
in adult human cones suggests that AIPL1 may be essential
for development, but is not essential for cone cell survival.
A hypomorphic mouse model with reduced AIPL1 expression
showed rapid rod photoreceptor cell death, but cones seem to
be normal up to 11 months (10). This study suggests that
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AIPL1 is critical for rod photoreceptors, but is dispensable in
cone photoreceptors. Further evidence that AIPL1 functions
primarily in the rod photoreceptors comes from clinical find-
ings that a heterozygous parent of an LCA patient exhibited
a reduction in rod photoreceptor function (3). In addition, an
adult LCA patient with a mutation in AIPL1 exhibited predo-
minant rod photoreceptor degeneration with surviving cone
cells (11).

Cone cell death observed in AIPL1 deficient mice could be
due to the indirect effect of rapid rod photoreceptor cell
degeneration. Secondary cone photoreceptor cell death is
well characterized in a mouse model of retinitis pigmentosa,
rd1/rd1, where cone degeneration is slow and preceded by
rapid rod photoreceptor loss that is linked to a defect in the
rod phototransduction pathway (12). This model of cone
degeneration is recognized as a ‘bystander’ effect, secondary
to rod photoreceptor degeneration. The bystander effect is a
phenomenon acknowledged across disciplines and can be
initiated in varying ways, but in retinal diseases like retinitis
pigmentosa, it is typically thought of as the induction of rod
or cone photoreceptor cell death by loss of the other photo-
receptor cell type. Bystander photoreceptor cell death is
believed to result from altered cone metabolism or due to
the lack of rod-derived trophic factors (13–15). The obser-
vations that AIPL1 may not be important for cone photo-
receptors imply that the cone degeneration observed as a
result of AIPL1-deficiency is due to the death of the rod photo-
receptor cells in this disease.

However, a lack of measurable cone photoreceptor function
in patients carrying homozygous mutations in Aipl1 indicates
that AIPL1 is necessary for human cones (3). Consistent with
this finding, the Aipl12/2 mouse is deficient in photopic elec-
troretinograms (ERGs) at any age tested and undergoes rapid
cone photoreceptor degeneration (6). This is in contrast to
the results from rd1/rd1 mice where cone photoreceptors are
functional during the initial phase of rod photoreceptor
degeneration (16). Altogether, these observations argue for a
direct and an essential role for AIPL1 in cones.

To test our hypothesis that AIPL1 has a specific role in
cones, we developed transgenic mice that express human
AIPL1 (hAIPL1) solely in rod photoreceptor cells. The loss
of AIPL1 from cone photoreceptors in the presence of viable
rods results in the complete loss of the cone electrical response
and a reduced rate of cone degeneration. Our results indicate
that not only is AIPL1 necessary for the function and survival
of cones, but also that rods provide some form of protection to
cone photoreceptors that prolongs their survival when AIPL1
is absent.

RESULTS

AIPL1 is expressed in adult cone photoreceptors

AIPL1 is expressed very early in both rod and cone photo-
receptors (7–9). In humans at fetal week 11, AIPL1 can be
detected in the pure cone area along with cone transducin (7).
Along the edges of the pure cone area, AIPL1 is co-localized in
early rods with the transcription factor, NRL (neural retina
leucine zipper) (7). While the expression of AIPL1 is maintained
in adult rod photoreceptor cells, one study illustrated that AIPL1

was undetectable in adult cone photoreceptor cells (8). The
inability to detect AIPL1 in adult cones could be due to epitope
masking or to lower sensitivity of the peptide antibody used.
To circumvent these issues and to test whether AIPL1 is
expressed in adult cone photoreceptors, we used a highly sensi-
tive antibody generated against full-length human AIPL1
protein (4365L) (17). In normal adult human retinal tissue,
AIPL1 expression was robust in both rod inner segments and
nuclei (green; Fig. 1A). In comparison, AIPL1 immunostaining
was weak in the inner segments of cones. This staining
co-localized with a known cone marker, cone arrestin (red;
Fig. 1A). Staining for both AIPL1 and cone arrestin was lost
when the primary antibodies were omitted, confirming the speci-
ficity of the antibodies used in this study (control; Fig. 1A). To
extend these findings, we verified the presence of AIPL1 in
adult (P135) murine cones, using an AIPL1 antibody generated
against mAIPL1 protein (10). In the mouse, AIPL1 (green) loca-
lizes to the inner segments of cone photoreceptors that are also
positive for peanut agglutinin (PNA; red), a known cone
marker (Fig. 1B). These results indicate that AIPL1 is present
endogenously in adult mouse and human cones, albeit at lower
levels in human retina in comparison to rod cells.

Transgenic mice express hAIPL1 exclusively in rod
photoreceptors

A mouse model of LCA that is deficient in AIPL1 exhibits
rapid photoreceptor degeneration and lacks functional photo-
receptor cells (5,6). Rod photoreceptor loss of function and
degeneration are associated with defects in rod PDE6 stability
(18). From our localization studies, it is evident that AIPL1 is
expressed in mouse cone photoreceptors (Fig. 1A). However,
the importance of AIPL1 in the function and maintenance of
cones is not known. To decipher the need for AIPL1 in cone
photoreceptor cells, our experimental design was to eliminate
AIPL1 from cones in the presence of viable rod photo-
receptors. This experimental approach will avoid any ‘bystan-
der’ cone death as rod photoreceptor loss is prevented.

We created a transgenic mouse model that expresses AIPL1
exclusively in rods. The transgene, full-length human Aipl1,
was placed under the control of a 2.5 kb Nrl promoter (19).
This Nrl promoter has been shown to drive the expression of
genes exclusively in rod photoreceptors (19). We used
hAipl1 cDNA for transgenic expression because hAIPL1
protein has a unique C-terminal extension resulting in a
larger protein (50 versus 37 kDa) allowing for unambiguous
distinction of transgenically expressed human protein from
native murine AIPL1 (20). The founders derived from injec-
tions of the Nrlp-hAipl1 construct were subsequently crossed
into Aipl12/2 mice, so that AIPL1 expression in the retina
would be controlled solely by the transgene and thus secluded
to the rod photoreceptors.

Immunoblotting using a polyclonal antibody (4365L) that
recognizes both human and mouse AIPL1 reveals a robust
expression of hAIPL1 at post-natal day 8 (Fig. 2A) (17).
Immunolocalization of hAIPL1 in adult (P100) retinal tissue
from transgenic mice (tg hAipl1; Aipl1þ/2 or Tþ/2) shows
that hAIPL1 expression continues to adulthood and is highly
compartmentalized (Fig. 2B). Similar to native murine
AIPL1, expression of the transgene is localized mainly to
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the inner segment of the photoreceptors and in some photo-
receptor nuclei (Fig. 2B) (17). To ensure that AIPL1 was
being expressed only in rod photoreceptors, we verified the
location of hAIPL1 relative to the a-subunit of cone transdu-
cin (Gta) in adult transgenic mice expressing hAIPL1 (tg
hAipl1; Aipl1þ/2) (Fig. 2B). It is evident that AIPL1 is loca-
lized to the inner segments of cells that are not positive for
cone transducin, thus illustrating the exclusion of hAIPL1
from cone photoreceptors (Fig. 2B, inset). Altogether, these
results demonstrate the early expression of hAIPL1 exclu-
sively in inner segments and nuclei of rod photoreceptor
cells. Our results also prove that the Nrl promoter driven trans-
gene expression is indeed rod-specific.

Transgenic expression of hAIPL1 rescues rod morphology,
restores rod function and stabilizes the rod PDE6
heteromer

To test whether transgenic expression of hAIPL1 can prevent
the rapid retinal degeneration associated with AIPL1
deficiency, we examined the morphology of retina from trans-
genic mice expressing hAIPL1 in an AIPL1 knockout back-
ground (tg hAipl1; Aipl12/2 or T2/2). In retina from adult
mice expressing transgenic hAIPL1, we observe 8–10 layers
of photoreceptor nuclei (Fig. 3A, left panel, blue). In compari-
son, no photoreceptor nuclei are observed in retina from adult
mice lacking AIPL1 (Fig. 3A, right panel, blue). Immunoloca-
lization of rod opsin, a marker for rod photoreceptors, demon-
strates a robust rescue of rod photoreceptor cells and proper
formation of photoreceptor outer segments (Fig. 3A, left
panel, green).

To investigate whether rod photoreceptors expressing
hAIPL1 are functional, we performed dark-adapted ERGs on
tg hAipl1; Aipl12/2 mice. As a control, we compared the
ERG response of tg hAipl1; Aipl12/2 mice to Aipl1þ/2 mice
expressing hAIPL1 in rods (tg hAipl1; Aiplþ/2 or Tþ/2),
with normal ERG response (Fig. 3B). These mice express both
murine and human forms of Aipl1 in rods and control for the
presence of the transgene. We also used Aipl12/2 as a control
for the absence of an ERG response. As expected, due to exten-
sive photoreceptor degeneration, there is no recordable
dark-adapted ERG response in mice lacking AIPL1 (Fig. 3B).
However, in tg hAipl1; Aipl12/2 mice, dark-adapted ERGs
resemble the normal responses (Fig. 3B). These recordings
unequivocally demonstrate that transgenic expression of
hAIPL1 rescues the rod ERG response (Fig. 3B).

Rod PDE6 instability is the main cause of defective phototrans-
duction and consequent photoreceptor cell death in mice lacking
AIPL1 (6,18). Therefore, we examined whether rod PDE6
expression is recovered in Aipl12/2 mice by expression of the
Nrlp-hAipl1 transgene in rods. Immunoblots of retinal extracts
probed with rod PDE6 antibody (MOE) show restoration of rod
PDE6 levels in tg hAipl1; Aipl12/2 retina (Fig. 3C). Consistent
with previous studies, PDE6 is absent in Aipl12/2 mice (P8)
before the onset of retinal degeneration (Fig. 3C) (6).

Cone photoreceptors depend on AIPL1 for their proper
function

To determine whether cone photoreceptors are functional in
the absence of AIPL1, we recorded photoreceptor electrical
responses in the presence of a low (30 cd/m2) background

Figure 1. AIPL1 is expressed in adult cone photoreceptors. (A) Immunolocalization of human-specific AIPL1 antibody (green) to the outer nuclear layer (ONL)
of human retina. Anti-AIPL1 labeled rods intensely from the synaptic terminals to the proximal outer segment, extending along the axoneme. Cones, identified
by mAb 7G6 labeling (red), appeared weakly labeled in the myoid and ellipsoid. Sections with omission of both primary antibodies served as negative controls.
OS, outer segment; IS, inner segment. Scale bars, 10 mm. (B) AIPL1 (green) is expressed in both rod and cone photoreceptors of C57/BL6 mouse retina (post-
natal day 135). Colocalization (yellow) of mAIPL1 immunoreactivity and peanut agglutinin (red), a cone marker, suggests that AIPL1 is expressed in mouse
cones. ONL nuclei are visualized by DAPI staining (blue). OPL, outer plexiform layer. Scale bars, 10 mm.
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light that saturates rods and isolates cone cell ERGs (21,22).
Control (tg hAipl1; Aipl1þ/2) mice showed a robust cone
response from the earliest age (P15) at which we recorded
ERGs (Fig. 4A) to adulthood (P30; Fig. 4B). However, mice
lacking AIPL1 in cones (tg hAipl1; Aipl12/2) do not
respond to bright light at any age tested (Fig. 4A and B).
This lack of cone ERG resembles the responses in Aipl12/2

mice (Fig. 4). In summary, our ERG recordings demonstrate
that AIPL1 plays a direct role in cones and is needed for a
proper light response from cone photoreceptor cells.

Functional and viable rod photoreceptors slow cone cell
death in the absence of AIPL1

In the Aipl12/2 model, both rods and cones degenerate simul-
taneously (6). Though it is clear that AIPL1 is essential to the
proper functioning of cone photoreceptors, it is not known

whether degeneration of rod photoreceptor cells in the
absence of AIPL1 contributes to the rapid death of cone
cells. To answer this question, we investigated whether
AIPL1-deficient cones degenerate in a rapid fashion when
rod photoreceptors are protected from cell death in our trans-
genic mouse model. Whole mount staining of retina with anti-
bodies against S- and M-opsin demonstrates a complete loss of
cones in the ventral region of Aipl12/2 retina at P18 (Fig. 5B3
and B4). However, some cones containing M-opsin remain in
the dorsal region, suggesting an uneven and more severe
degeneration of cones in the ventral region of the retina in
the absence of AIPL1. The persistence of M-opsin in the
dorsal region of the retina has been observed in several
models of retinitis pigmentosa, which exhibit bystander cone
photoreceptor cell death (14). In contrast, S- and M-opsin con-
taining cones in both the ventral and dorsal regions of tg
hAipl1;Aipl12/2 retina are present at similar numbers as
observed in wild-type (Fig. 5C1–C4 and A1–A4). However,
these cones degenerate slowly and by P40 the cone photo-
receptors are highly reduced in both the dorsal and ventral
regions of the retina (Fig. 5D1–D4). Due to the uneven distri-
bution of S-opsin, we do not observe any cones containing
S-opsin in the dorsal region of the retina regardless of the
mouse genotype (Fig. 5A–D1).

Ultrastructural analysis of photoreceptor cells by electron
microscopy in retina lacking AIPL1 showed disheveled,
shorter and highly irregular rod and cone outer segments (6).
This dramatic disorganization of cone outer segments is
likely due to rapidly degenerating rod and cone cells. Our
transgenic animal model is an ideal system to examine the
morphology of cone outer segments lacking AIPL1, indepen-
dent of the influence from degenerating rod cells. High-
resolution transmission electron microscopy of P18 Aipl1þ/2

mice demonstrates normal rod and cone outer segment ultra-
structure with well-organized outer segment disk membranes
present in each cell type (Fig. 6, upper panel). In mice
lacking endogenous AIPL1, rod-specific expression of
hAIPL1 protein completely rescues rod outer segment ultra-
structure (R, Fig. 6, bottom panel). In contrast, the cone
outer segments of P18 tg hAipl1; Aipl12/2 mice are short
and thin, in comparison to the control, with disorganized
disk membranes (Fig. 6, bottom panel). Altogether, these
results demonstrate that in the presence of viable rod cells,
surviving cone cells that lack AIPL1 possess disorganized
outer segments, which may compromise their viability and
contribute to their eventual degeneration.

Cone PDE6 is destabilized in the absence of AIPL1

The cones of tg hAipl1; Aipl12/2 mice survive past the age at
which Aipl12/2 mice exhibit photoreceptor degeneration, but
are functionally quiescent (Figs 4 and 5). The loss of cone
photoreceptor electrical responses suggests that there is a dis-
ruption of the phototransduction cascade in these cells. Con-
sidering the compelling involvement of AIPL1 in rod PDE6
complex formation, it was important to investigate the status
of cone PDE6 in our transgenic model (6,18). Immunoblots
of retinal extracts probed with cone PDE6 polyclonal antibody
illustrate that cone PDE6 is highly (80%, n ¼ 3) reduced in
transgenic mice as early as P8 (Fig. 7A). The Cpfl1 mouse,

Figure 2. The hAipl1 transgene is expressed exclusively in rod photoreceptor
cells. (A) Western blot analysis with anti-hAIPL1 antibody indicates that
hAIPL1 is expressed early at post-natal day 8 (P8). Tþ/2, transgenic
hAipl1 in Aipl1þ/2 background; T2/2, transgenic hAipl1 in Aipl12/2 back-
ground; þ/2, Aipl1þ/2; 2/2, Aipl12/2. (B) Immunohistochemistry showing
AIPL1 localization with an affinity-purified AIPL1 antibody conjugated with
alexa 488 (green). Cone outer segments (OS) were identified using a cone
marker, cone transducin a (Gta, red). The segregation of AIPL1 from Gta-
positive cones indicates that hAIPL1 is expressed exclusively in rod photo-
receptors. Section was taken from P100 tg hAipl1; Aipl1þ/2 mouse. OS,
outer segment; IS, inner segment; ONL, outer nuclear layer; OPL, outer plexi-
form layer; INL, inner nuclear layer; IPL, inner plexiform layer; GCL,
ganglion cell layer.
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with a mutation in the cone PDE6 gene, serves as a control,
and exhibits a complete loss of cone PDE6 (Fig. 7A) (23,24).

Since defective post-translational processing affects the
stability of rod PDE6 in the absence of AIPL1, we investigated
whether cone PDE6 levels were affected similarly (18). RT–
PCR analysis of retinal homogenates with cone PDE6-specific
primers shows that cone PDE6 message levels are not altered
due to the lack of AIPL1 (Fig. 7B). This result indicates that
the reduction of cone PDE6 protein is due to a post-
translational processing defect. This is further supported by
the presence of a small amount of cone PDE6 protein in
Aipl12/2 cones at P8, while there is no detectable cone
PDE6 in Cpfl1 mice (Fig. 7A).

In agreement with our western blot results showing a drastic
reduction in cone PDE6 levels, we were unable to detect cone
PDE6 in our transgenic mouse model by immunolocalization
(Fig. 8). In contrast, we were able to detect cone transducin
a (Fig. 8), cone transducin g (data not shown) and cone
arrestin (Fig. 8) at seemingly normal levels in the absence of
AIPL1. Our immunohistochemical studies show that the local-
ization of these proteins was not altered due to the lack of
AIPL1 in cones (Fig. 8). This result further supports our
observations that cones are present at wild-type levels in tg
hAipl1; Aipl12/2 mice (Fig. 5). In conclusion, both our

western blot and immunohistochemistry results point to a
crucial role for AIPL1 in the stability and function of cone
PDE6 subunits.

DISCUSSION

In this study, using a novel transgenic mouse model that exclu-
sively rescues rod function in a complete knockout of AIPL1,
we demonstrate the need for AIPL1 in cone function beyond
reasonable doubt. The lack of cone function in the absence
of AIPL1 is due to a drastic destabilization of the cone
PDE6 subunits. Interestingly, AIPL1-deficient cone photo-
receptor cells degenerate at a slower rate when rod photo-
receptors are rescued by the transgenic expression of
hAIPL1 in comparison to a complete AIPL1 knockout
model. Surviving cones in younger animals show structural
defects, including outer segments that are thinner and shorter
with disorganized disk membranes.

LCA is an inherited autosomal recessive retinal disease linked
to mutations in several different genes that are involved in
photoreceptor cell development, structure, protein transport
and phototransduction (1,2). Despite the different roles these
genes play in the photoreceptor cells, LCA ultimately results
in dysfunction of both rods and cones. Interestingly, a carrier

Figure 3. Transgene expression of human AIPL1 restores rod morphology and function. (A) Expression of hAIPL1 in rod photoreceptors abrogates the rod cell
death observed in Aipl12/2 mice. Rod outer segments (OS) were labeled with anti-rod opsin antibody (4D2, green) and the outer nuclear layer (ONL) was
visualized with DAPI (blue). In tg hAipl1; Aipl12/2, the ONL was recovered to near normal thickness (8–10 nuclear layers) and rod opsin is clearly visible
in the ROS (left panel). However, at the same age, degeneration of the ONL is complete and no rod opsin can be detected in the retina of Aipl12/2 mice
(right panel). Sections are taken from P100 mice. RPE, retinal pigment epithelium; OS, outer segments; ONL, outer nuclear layer; INL, inner nuclear layer;
GCL, ganglion cell layer. Scale bars, 20 mm. (B) Full-field dark-adapted ERG recording from P15 mice show complete recovery of rod light response. Tg
hAipl1; Aipl1þ/2 mice exhibit robust rod-derived electrical responses that are reciprocated in tg hAipl1; Aipl12/2 mice. This is in contrast to Aipl12/2

mice which exhibit no light-driven rod photoreceptor response. Black lines represent a light intensity of 2.5 cd s m22 and gray lines represent a lower light inten-
sity of 0.16 cd s m22. These recordings are an average of at least three different mice. Littermates were used to compare responses. (C) Recovery of rod PDE6
expression. Using MOE antibody (1:2000), rod PDE6 can be detected in Aipl1þ/2 (þ/2), tg hAipl1; Aipl1þ/2 (T þ/2) and tg hAipl1; Aipl12/2 (T 2/2) mice
as early as P8. However, rod PDE6 levels are reduced in Aipl12/2 (2/2) mice at P8 and undetectable at P30.
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of a mutation in Aipl1 exhibited defects in the rod-dependent
visual response, likely due to haploinsufficiency, but had a
normal cone response (3). In agreement with this finding,
some children with a mutant Aipl1 allele have been diagnosed
with juvenile retinitis pigmentosa, a rod-specific disease (25).
These observations that changes in Aipl1 preferentially result
in rod dystrophies suggest that the crucial role for AIPL1 is in
rod photoreceptor cells. This hypothesis is further supported
by our immunolocalization studies showing that in comparison
to rod photoreceptors, AIPL1 is present at reduced levels in adult
human cone photoreceptors (Fig. 1A). In contrast to the reduced
levels of AIPL1 in adult cone cells, robust expression of AIPL1
was observed in early cone photoreceptors at fetal week 11,
before differentiation of rod photoreceptor cells (7,9). The
reason behind the down-regulation of AIPL1 in adult human
cone cells is not clear. Although these observations suggest a
role for AIPL1 in early development of cone photoreceptor
cells, our study does not support this hypothesis. In our trans-
genic mouse model, cones lacking AIPL1 develop normally
(Fig. 5C1–C4) and late markers of cone photoreceptor develop-
ment such as cone opsins (Fig. 5C1–C4) and arrestin (Fig. 8) are
expressed normally. Furthermore, we observe no reduction in
the number of cones at post-natal day 18 demonstrating that
AIPL1 is not important for early cone photoreceptor develop-
ment (Fig. 5C1–C4).

Despite normal development, cone photoreceptor cells
degenerate in the absence of AIPL1 (Fig. 5). Surprisingly,

the degeneration of cone cells is slower in the presence of
functional rods in comparison to a complete knockout of
AIPL1 where rods also degenerate (Supplementary Material,
Fig. S1). By post-natal day 18 in Aipl12/2 mice that exhibit
rod cell death, degeneration of cones was complete in the
ventral retina (Fig. 5B3 and B4). However, in our transgenic
mouse model with rescued rod cells, cone photoreceptors do
not exhibit severe degeneration prior to post-natal day 40,
but do show signs of outer segment shortening and disorgan-
ization (Figs 5C, D and 6). The reduced rate of cone photo-
receptor degeneration suggests that the rescue of rod
photoreceptors by transgenic expression of hAIPL1 supports
cone viability by one of several possible mechanisms.

It has been demonstrated that rod cells produce a protein,
rod-derived cone viability factor (RdCVF), which is essential
for the survival of cone photoreceptors (13). It is possible that
the presence of a trophic factor such as RdCVF may slow cone
photoreceptor death. This is supported by a recent study
showing that RdCVF can reduce the cone cell death observed
in retinitis pigmentosa (26). By preserving the rod photo-
receptors of AIPL1-deficient mice, cone cell survival may be
enhanced by the expression of RdCVF or another unknown
trophic factor.

It is also possible that the preservation of the majority of the
photoreceptor cells in the retina helps stabilize the cones for a
period of time. A recent study in zebrafish demonstrated that
as cones die due to PDE6 deficiency, rod cells surrounding
the cones are also lost (27). This suggests that cell density in
the photoreceptor layer may aid in photoreceptor survival. In
the case of our model, the preservation of the rod density,
which comprises 97% of the photoreceptor cells, may protect
the cones from degeneration through an unknown,
density-related mechanism. One possible explanation of
density-dependent degeneration is illustrated by a recent
study in rd1/rd1 mice which proposes that the loss of rod photo-
receptors in retinitis pigmentosa disrupts the passage of nutri-
ents between the retinal pigment epithelium and cone
photoreceptors resulting in cone malnutrition and the initiation
of degeneration (14). Though this hypothesis does not explain
the rapid and simultaneous death of rod and cone photo-
receptors in the complete knockout of AIPL1, the preservation
of rod photoreceptors in our transgenic mouse model should
prevent the disruption in the connection between cone photo-
receptor outer segments and the retinal pigment epithelium.
Interestingly, we do not observe any evidence of rod cell
death in the tissue surrounding cone photoreceptors in our trans-
genic model. This suggests that there is no ‘bystander’ rod cell
degeneration influenced by cone photoreceptor cell death.

Even though cone cell survival is enhanced by the presence of
functional rod photoreceptor cells, our analysis of tg hAipl1;
Aipl12/2 mice shows that the cone photoreceptors are function-
ally quiescent at all ages tested (Fig. 4). The lack of electrical
responses observed in ERG could be due to problems in cone
photoreceptor cell development or due to functional deficits
in phototransduction. Since AIPL1-deficiency does not cause
a developmental defect in cones, the lack of functional cones
in our transgenic model likely is the product of disrupted photo-
transduction. It is clear from our results that in the absence of
AIPL1, cone PDE6, a protein essential for phototransduction,
is severely reduced (Figs 7A and 8). This lack of PDE6 corre-

Figure 4. AIPL1 is needed for the cone photoreceptor light response. Full-field
light-adapted ERG recordings in P15 (A) and P30 (B) show a typical cone
electrical response in tg hAipl1; Aipl1þ/2 mice. Tg hAipl1; Aipl12/2 mice
have no light-derived cone electrical response, similar to Aipl12/2. ERGs
were recorded at 2.5 cd s m22 in the presence of a 30 cd m22 background
light. These recordings are an average of at least three different mice. Litter-
mates were used to compare responses.
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lates with the functional deficits we observe in our transgenic
mouse model and is similar to another mouse model with
defects in cone PDE6, Cpfl1 (Fig. 3) (23,24). Based on a
recent study that showed interaction of AIPL1 with the a-
subunit of rod PDE6, we predict that AIPL1 interacts with the
catalytic subunit of cone PDE6 (a0) and assists its folding
and/or assembly (18). The presence of AIPL1 in the soma of
adult human and mouse cone cells supports its role as a chaper-
one protein and strengthens our hypothesis regarding AIPL1’s
interaction with cone PDE6 (Fig. 1). However, further detailed
studies are needed to decipher the need for AIPL1 to promote
the stability of cone PDE6.

The loss of cone PDE6 most likely results in the perturbation
of cGMP levels in the cone photoreceptors. In the well-

characterized rod PDE6 b mutant rd1/rd1 mouse model, rod
PDE6 g knockout and in the complete knockout of AIPL1,
the loss of rod PDE6 results in increased cGMP, which then
is thought to alter the calcium levels and ultimately leads to
rod photoreceptor cell death (6,28,29). Since the endogenous
levels of cGMP and resulting calcium levels are higher in
cones compared with rods photoreceptors, it is possible that
cones are able to tolerate higher calcium levels better than
rods, which is reflected in increased survival of cone photo-
receptor cells (30–32). Nevertheless, the results from our tg
hAipl1; Aipl12/2 mice suggest that rapid cone cell death is
caused by the disruption of intrinsic and extrinsic factors essen-
tial to cone photoreceptor cells. Our model illustrates that cone
cell death due to the absence of AIPL1 is inherently slow, but in

Figure 5. Cone degeneration is slow in the presence of rescued rod photoreceptors. Whole-mounted retinas from P18 Aipl1þ/þ (A), Aipl12/2 (B), tg hAipl1;
Aipl12/2 (T2/2) (C) and adult (P40) tg hAipl1; Aipl12/2 (D) were labeled with anti-S- and M-opsin antibodies. Images were taken from the dorsal (D) and
ventral (V) regions of the retina. Aipl1þ/þ retina (A) shows typical distribution of S-opsin containing cones in the ventral retina (A3) and M-opsin containing
cones throughout the dorsal and ventral retina (A2 and A4). The majority of cone photoreceptors degenerate by P18 in Aipl12/2 mice (B) except for a few
remaining M-cones in the dorsal retina (B2). However, in tg hAipl1; Aipl12/2 retina, there was no obvious reduction in the number of cones and the cone dis-
tribution was similar to that of wild-type at P18 (C). These cones degenerate slowly and at P40 a drastic reduction in cone photoreceptor number was observed in
tg hAipl1; Aipl12/2 retina (D). Images were taken at �40 magnification.

1082 Human Molecular Genetics, 2010, Vol. 19, No. 6



Aipl12/2 mice cone photoreceptor death is accelerated by the
death of rods. In humans, the cone-rich fovea should be
immune to the influence of rod cell death on cone survival in
the absence of AIPL1. Therefore, the quiescent and slow-
degenerating cones observed in our transgenic model are
likely analogous to the fovea of patients with changes in
Aipl1. This idea is supported by results from an adult LCA
patient with a mutation in AIPL1 who exhibited severe degener-
ation of the retina and all surviving cells were more cone-like
photoreceptors (11). If the cone cells in the central retina of
LCA patients can survive for a longer period of time, then the
window in which gene therapy may be successful would be
extended, allowing for the preservation of cone vision (33,34).

MATERIALS AND METHODS

Generation of transgenic mice

Full-length hAipl1 (1.2 kb) was amplified from a human retinal
cDNA library (Dr Jeremy Nathans, Johns Hopkins University)

Figure 6. Cone outer segment morphology is partially disrupted in the absence of AIPL1. The ultrastructure of cone outer segments (COS) was evaluated by
transmission electron microscopy of Aipl1þ/2 (control) and tg hAipl1; Aipl12/2 mouse retina thin sections. Outer segments of both rods (R) and cones (C) in
Aipl1þ/2 control mice showed normal dimensions and organization. Although transgenic expression of hAIPL1 in rods lacking the endogenous protein (tg
hAipl1; Aipl12/2) effectively rescued rod outer segment ultrastructure, intact rods only partially rescued cone outer segment ultrastructure. The cone outer seg-
ments observed in tg hAipl1; Aipl12/2 retinas were generally shorter, thinner and less organized than those in Aipl1þ/2 controls. Right panels show higher
magnification views.

Figure 7. Cone PDE6 is destabilized in the absence of AIPL1. (A) Western blots
probed with anti-cone PDE6 a0 indicate that protein levels are highly reduced at
all ages, similar to Aipl12/2. Tþ/2, transgenic hAipl1 in Aipl1þ/2 back-
ground; þ/2, Aipl1þ/2; 2/2, Aipl12/2. Cpfl1, a mouse with a mutation in
cone PDE6 a0 subunit, serves as a negative control and exhibits no cone
PDE6 immunoreactivity (Lane 5). (B) RT–PCR for Pdec6c illustrates that
the message levels of Pde6c is not altered in the absence of AIPL1. Hprt
(Hypoxanthine-guanine phosphoribosyltransferase), a housekeeping gene,
functions as a control for reverse transcription efficiency.
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and cloned under a 2.5 kb Nrl promoter (Dr Anand Swaroop,
NEI). After linearizing the plasmid construct with restriction
enzymes (Age I and Not I), the 3.6 kb insert containing
Nrlp-hAipl1 was injected into fertilized C57BL/6 x SJL oocytes
and implanted into pseudopregnant mice (University of Washing-
ton transgenic core facility). Founders were genotyped by PCR
using primers against hAipl1 (50-CGAGTGCCCTGGGGAC
GGGGG-30) and Nrl promoter (50-TGCCCGTCCTCCAC
GGAGAGGGA-30). Four founders were bred into mice lacking

Aipl1 (Aipl12/2) to produce F1 progeny. These mice were then
bred into Aipl12/2 mice to produce mice with the transgene in
an Aipl12/2 background. Founders were also tested for the
absence of the rd allele as described (35).

Immunoblotting

Retinas were homogenized in phosphate buffered saline (PBS)
containing 1 mini protease inhibitor tablet (per 6 ml of PBS;

Figure 8. AIPL1 is necessary for the expression of cone PDE6. In tg hAipl1; Aipl1þ/2 mice, cone PDE6 a0 is properly localized to the cone outer segments.
However, no detectable immunoreactivity for cone PDE6 was observed in the retinas of P18 tg hAipl1; Aipl12/2 mice. The expression pattern of cone Gta and
cone arrestin immunolabelling is similar between tg hAipl1; Aipl1þ/2 and tg hAipl1; Aipl12/2 mice at P18, further indicating that there is no appreciable
reduction in cone number in tg hAipl1; Aipl12/2 mice at this age. Cone PDE6 and cone Gta antibodies were used at 1:1000 dilution and cone arrestin antibody
was used at 1:500 dilution. Scale bar, 20 mm.
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Roche Biochemicals) and 10 mM dithiothreitol (DTT) using a
pellet pestle (VWR) in a 1.5 ml microcentrifuge tube on ice.
Homogenization was repeated for three pulses (15 s each).
Samples were solubilized in 2X SDS-loading buffer
(62.5 mM Tris–HCl, pH 6.8/2% SDS/10% glycerol/0.005%
bromophenol blue/5% 2-mercaptoethanol) and boiled for
5 min, followed by the addition of 25 U benzonase (Pierce).
Equal volumes (20 ml) of sample were separated by SDS–
PAGE gel electrophoresis, transferred to an Immobilon-FL
membrane (Millipore) and probed with antibodies. The
primary antibodies for this analysis were used at 1:2000
dilution and include: AIPL1 polyclonal antibody (4365L),
rod PDE6 antibody (MOE, Cytosignal) and cone PDE6 anti-
body (3184P, against amino acids 1–115 of mouse PDE6
a0). The secondary antibodies used in this study were:
Odyssey goat anti-rabbit Alexa 680 and Odyssey goat anti-
mouse Alexa 680 (LI-COR Biosciences) at 1:50 000. All anti-
bodies were diluted in 1X PBST (1X PBS/0.1% Tween-20).
Membranes were scanned using an Odyssey Infrared
Imaging System (LI-COR Biosciences). All experiments
described in this study were repeated at least three times
with identical results.

Electroretinography

ERGs were performed as described (6). Dark-adapted mice
were anesthetized with isoflurane (5% in 2.5% oxygen) and
placed on a heating block at 378C with a nose cone supplying
isoflurane (1.5% in 2.5% oxygen) during recording. Eyes were
dilated (1:1 Phenylephrine:Tropicamide) for 10 min prior to
recording and lubricated with methylcellulose. A silver wire
electrode rested on the methylcellulose above the cornea
with a needle reference electrode inserted under the scalp,
between the ears. Mice were placed into a Ganzfeld
chamber and light flashes were delivered at varying intensities.
Dark-adapted ERGs were performed after mice were kept in
the dark for 24 h. Light-adapted ERGs were performed after
mice were exposed to constant low level light (30 cd m22)
for 10 min and flashes were administered in the presence of
this constant background lighting. ERGs were performed
with a UTAS-E4000 Visual Electrodiagnostic Test System
using EMWIN 8.1.1 software (LKC Technologies). Analysis
was completed using the Grabdata program (Dr Machelle
Pardue, Emory University) and Microsoft Excel.

Eyecup preparation and immunohistochemistry

Mouse eyes were enucleated, punctured with a fine needle and
incubated for 10 min in 4% paraformaldehyde (Electron
Microscopy Sciences) in 1X PBS at room temperature. Eyes
were removed from the fixative and the cornea and lens
were dissected away. Eyecups were replaced in the fixative
for 4–6 h at room temperature, then cryoprotected in 1X
PBS containing 20% sucrose overnight at 48C. The eyecups
were embedded in OCT (Tissue-Tek, Sakura) and stored at
2808C. Retinal sections were cut (20 mm thick) using a
Leica CM1850 cryostat and were mounted on Superfrost
Plus slides (Fisher Scientific).

For immunohistochemistry, slides were washed (three times
for 10 min) in 1X PBST (1X PBS with 0.1% Triton X-100)

and incubated for 1 h in blocking buffer (2% goat serum (Invi-
trogen), 0.1% Triton X-100 and 0.05% sodium azide in 1X
PBS). Primary antibody was applied to sections and incubated
overnight at 48C. Slides were washed (three times for 10 min)
in 1X PBST and incubated with secondary antibody (Odyssey
Alexa Fluor-488, or Alexa Fluor-568, LI-COR Biosciences)
diluted 1:2,000 for 1 h at room temperature. 4,6-Diamidino-
2-phenylindole (DAPI, Invitrogen, 1:5,000 dilution) or propi-
dium iodide (Invitrogen, 2 mg/ml working concentration) were
used as a nuclear stain. Slides were mounted with
Fluoromount-G (Southern Biotech) and coverslipped. Confocal
imaging was performed at the WVU Microscope Imaging Facil-
ity with a Zeiss LSM 510 laser scanning confocal on a LSM
AxioImager upright microscope using excitation wavelengths
of 405, 488 and 543 nm. Primary antibodies were: AIPL1 poly-
clonal antibody (4365L), Ga transducin (GaT1) polyclonal
antibody (Santa Cruz), rhodopsin monoclonal antibody (4D2,
Dr Robert Molday, University of British Columbia), S-, and
M-cone opsin polyclonal antibodies (Millipore), cone PDE6
polyclonal antibody (3184P), mouse cone arrestin polyclonal
antibody (1:500, Dr Cheryl Craft, University of Southern
California), cone transducin monoclonal antibody (GaT2,
Santa Cruz). All primary antibodies were used at 1:1,000
dilution, unless noted otherwise. Rhodamine-conjugated PNA
(Vector Laboratories) was used at 1:250 dilution for 1 h
during secondary antibody incubation. All antibodies were
diluted in antibody dilution buffer (0.05% goat serum, 0.1%
Triton X-100 and 0.05% sodium azide in 1X PBS).

For localization of mAIPL1 in mouse photoreceptors, cryo-
sections were heated to 958C in 0.1 M Tris–HCl, pH 9.5 for
15 min for antigen retrieval. Sections were processed (as
above) using anti-mAIPL1 antibody (1:1,000, Dr Tiansen Li,
Harvard Medical School). For localization of AIPL1 in
human photoreceptors, cryosections were ‘antigen-retrieved’
by heating (958C) in 10 mM sodium citrate solution, pH 6,
for 5 min. After blocking 1 h in 10% normal donkey serum,
the sections were incubated overnight in primary antibodies
[hs-AIPL1 diluted 1:10,000 and anti-human cone arrestin
monoclonal antibody (7G6, Dr Peter R. MacLeish, Morehouse
School of Medicine) diluted 1:1000 in PBST] at 48C as
described (36).

For localization of hAIPL1 in mouse photoreceptors, sec-
tions were labeled with AIPL1 polyclonal antibody conjugated
to Dylight 488. The conjugated antibody was created using the
Dylight 488 antibody labeling kit (Pierce) per manufacturer’s
instructions. Sections were incubated overnight at 48C with
AIPL1-488 (1:500 dilution) and washed (three times for
10 min) with 1X PBST. The other primary antibodies were
applied following these washes utilizing the above-mentioned
protocol.

Preparation and immunohistochemistry of whole mount
retina

Whole mount tissue was processed as previously described
(37). Briefly, whole eyes were enucleated and the dorsal side
was marked by puncturing the cornea with a 25G 5/8 precision
glide needle for orientation purposes. The whole eye was fixed
in 4% paraformaldehyde in 1X PBS for 30 min. The eye was
then removed from fixative and the cornea and lens were dis-
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sected away, being very careful to preserve the known orien-
tation. Free-floating retinas were returned to 4% paraformalde-
hyde for 6 h.

For immunohistochemistry of the tissue, the retina was
washed with 1X PBS (three times for 30 min each) and then
incubated with blocking buffer [2% goat serum (Invitrogen),
0.1% Triton X-100 and 0.05% sodium azide in 1X PBS] for
4 h. After blocking, retinas were incubated for 12 h with
primary antibodies (S- and M- opsin polyclonal antibodies,
Millipore, diluted 1:500 in antibody dilution buffer). Whole
retinal tissues were washed in 1X PBST (two times for
30 min each) and 1X PBS (one time for 30 min) before being
incubated overnight in Odyssey goat anti-rabbit Alexa 488
(diluted 1:1000, LI-COR Biosciences). After secondary anti-
body incubation, retinas were further washed in 1X PBST
(two times 30 min each) and 1X PBS (one time for 30 min).
Before imaging, the retina was placed on a Superfrost Plus
slide (Fisher Scientific) with the outer segments of the photo-
receptors facing down. Radial cuts 2–3 mm in length were
made to flatten the otherwise concave tissue. Finally, the
whole retinal tissue was flat mounted, vitreal side up, on to
the slide (lines of nail polish served as spacers to preserve the
vertical structure of the outer retina) and were cover slipped
for imaging. Images were acquired using a Leica DMIRB
inverted fluorescence microscope at �40 magnification.

Analysis of photoreceptor ultrastructure

Samples were prepared for evaluation by transmission electron
microscopy (TEM) essentially as described (38). In brief, enu-
cleated eyes were placed into freshly made fixative (2% paraf-
ormaldehyde, 2.5% glutaraldehyde, 100 mM cacodylate, pH
7.4) for 30 min. The cornea and lens were subsequently
removed, and the eyecups were sectioned into six to eight
pieces, which were fixed for at least 1 week. Fixed tissue
was dehydrated in a graded ethanol series and then embedded
into Polybed 812 (PolySciences, Inc.). Thin sections were col-
lected onto nickel grids and stained with 2% uranyl acetate
and lead citrate, and imaged in an FEI Morgagni transmission
electron microscope at 80 kV. Cone outer segment ultrastruc-
ture was evaluated by inspection of at least six cones, in each
of two animals, for each genotype. Criteria for positive identi-
fication of cones included clear continuity between nucleus,
inner segment and outer segment.

RT–PCR

Mouse eyes were enucleated, frozen on dry ice in TRIzol
reagent (Invitrogen) and total RNA was isolated as per manu-
facturer’s instructions. Oligo(dT)-primed reverse transcription
reactions were performed with 1 mg of total RNA by using
SuperScript III (Invitrogen) to obtain cDNA, which was
used as a template in PCR. Quick-Load PCR master mix
(New England Biolabs) was used in all PCR reactions. Con-
ditions for all of the reactions were 958C for 1 min followed
by 958C for 45 s, 558C for 45 s and 728C for 45 s, for
30 cycles. Hprt, which was used as a control, was amplified
by using primers 50-CAAACTTTGCTTTCCCTGGT-30

and 50-CAAGGGCATATCCAACAACA-30, and yielded a
250 bp product. Pde6c was amplified using primers

50-GCAACTGACCTGGCACTCTATTTCA-30 and 50-GGCG
CTGCCTCCTAAATCTGTGG-30, and produced a 540 bp
product. All experiments used tissues from littermates.

SUPPLEMENTARY MATERIAL

Supplementary Material is available at HMG online.
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