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The ubiquitin-proteasome system (UPS) functions as a major degradation pathway for
misfolded and damaged proteins with an important neuroprotective role in the CNS against a
variety of cellular stresses. Parkin and ubiquitin C-terminal hydrolase L1 (UCH-L1) are two
relevant components of theUPS associatedwith a number of neurodegenerative disorders.We
here address the expression profile of parkin and UCH-L1 in the mammalian retina, with
special emphasisonprimates.Wedescribe for the first timethepresenceofparkin in the retina
of mammals, including humans. Parkin and UCH-L1 genes were expressed at the mRNA and
protein levels in the retina of all species examined. The immunolocalization pattern of parkin
was quite widespread, being expressed by most retinal neuronal types, including
photoreceptors. UCH-L1 was localized to horizontal cells and specific subtypes of bipolar and
amacrine cells, as well as to ganglion cells and their axons forming the nerve fiber layer. In
rodents no UCH-L1 immunoreactivity was found in cone or rod photoreceptors, whereas this
protein was present along the whole length of cones in all othermammals. Remarkably, UCH-
L1wasexpressedbydopaminergic amacrinecells ofprimates.Theampledistributionofparkin
and UCH-L1 in the mammalian retina, together with the crucial role played by the UPS in
normal neuronal physiology in the brain, points to a participation of these two proteins in the
ubiquitin-proteasomal pathway of protein degradation in most retinal cell types, where they
could exert a protective function against neuronal stress.

© 2010 Elsevier B.V. All rights reserved.
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1. Introduction

Ubiquitin (Ub) is a small protein modifier with a critical role in
cell protection under health and disease. Ub is attached
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covalently as oligo-Ub chains to protein substrates, acting as a
tag for protein targeting to the 26S proteasome, amulti-subunit
degradation complex (Glickman and Raveh, 2005). The Ub-
proteasomesystem(UPS) thereby functionsasa cellular garbage
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removal service which clears damaged and misfolded proteins
that form within the cell under normal and stress conditions
(Hershko et al., 2000; Tan et al., 2009). Protein ubiquitination not
only regulates protein degradation, but also cell cycle progres-
sion, developmental processes, metabolism, signal transduc-
tion, transcriptional activity and synaptic plasticity (DiAntonio
and Hicke, 2004; Shang and Taylor, 2004). Ubiquitinating
enzymes are of three types: Ub-activating (E1), Ub-conjugating
(E2) andUb-ligating (E3) proteins (Hershko et al., 2000; Dev et al.,
2003; Tan et al., 2009). The substrate specificity of this process is
controled by E3 Ub-protein ligases, which react with Ub-bound
E2 enzymes and carry out ubiquitination of the substrate.
Conversely, Ub-protein conjugates are disassembled by deubi-
quitinating proteases, among which Ub C-terminal hydrolases
constitute amajor class (Fischer, 2003). The released substrate is
then transferred to the proteasome for degradation in the
cytoplasm, and free Ub regenerated for reutilization (Fischer,
2003; Gongand Leznik, 2007). The balance between the activities
of ubiquitinating and deubiquitinating enzymes thus deter-
mines the rate of substrate degradation, as well as the levels of
free Ub and Ub conjugates. The UPS is highly active in neurons
(DiAntonio andHicke, 2004), and its dysfunction is involved in a
number of neurodegenerative disorders, such as Parkinson,
AlzheimerandHuntingtondiseases (GongandLeznik, 2007; Tan
et al., 2009), and including retinitis pigmentosa and diabetic
retinopathy in the visual system (Mendes et al., 2005; Adachi-
Uehara et al., 2006).

Parkin, encoded by the PARK2 gene, is a 465-amino acid
enzyme responsible for the ubiquitination of misfolded and
damaged proteins by acting as an E3-type Ub-protein ligase
(Dev et al., 2003; Tan et al., 2009). Parkin interacts with E2
enzymes by virtue of its RING finger domains and is also able
to ubiquitinate itself and promote its own degradation. This
protein is especially abundant in the mammalian brain,
including the substantia nigra (Horowitz et al., 1999; Shimura
et al., 1999; Stichel et al., 2000; Zarate-Lagunes et al., 2001),
where it locates in the cytoplasm of neurons, at synaptic
terminals and associated with membranes (Biskup et al.,
2008). Mutations in the PARK2 gene have been found in ca. 50%
of patients with autosomal recessive Parkinson and in 10–15%
of sporadic cases of this disease with early onset. A great
variety of point mutations, deletions spanning several exons,
insertions, duplications and splice-site mutations have been
identified (OMIM 602544), most of which result in loss of
parkin Ub ligase activity. Also, decreased parkin levels have
been reported in the substantia nigra of Parkinson patients
and animal models of parkinsonism (Shimura et al., 1999;
Zarate-Lagunes et al., 2001). In addition to its role in the UPS,
parkin has been proposed to have an involvement in synaptic
function, mitochondrial homeostasis and nervous system
development, and is in general considered to exert a
protective role in neurons of the CNS against a wide spectrum
of cellular stresses (Dev et al., 2003; Biskup et al., 2008;
Henchcliffe and Beal 2008; Tan et al., 2009). These include
oxidative stress derived from mitochondrial dysfunction
(Palacino et al., 2004; Periquet et al., 2005).

Ubiquitin C-terminal hydrolase L1 (UCH-L1, formerly
PGP9.5), encoded by the UCHL1 gene (locus PARK5, OMIM
191342), is a 223-amino acid neuron-specific Ub thiolesterase
that catalyzes the hydrolysis of C-terminal poly-Ub chains to
produce Ub monomers. As a component of the UPS, it has a
relevant involvement in Ub turnover and protein degradation,
and hence in overall neuronal health in the CNS (Fischer, 2003;
Gong and Leznik, 2007). This enzyme, however, exhibits a dual
activity, being able to function also as an Ub ligase upon its
dimerization (Liu et al., 2002). UCH-L1 is highly expressed in
neuronal cell bodies and processes in various regions of the
brain, among them the substantia nigra (Doran et al., 1983;
Saigoh et al., 1999; Choi et al., 2004; Barrachina et al., 2006).
Although highly infrequent, heterozygous mutations in the
UCHL1 gene leading to loss of hydrolase activity have been
related to parkinsonism with Lewy body formation in men
(Leroy et al., 1998), and in homozygosity to the gracile axonal
dystrophy (gad) phenotype inmice (Saigoh et al., 1999), whereas
loss of its ligase activity appears to confer a lower susceptibility
to Parkinson development (Liu et al., 2002). Besides, UCH-L1
protein levels are down-regulated in the brain of patients with
idiopathic Parkinson, Alzheimer and related diseases (Choi et
al., 2004; Barrachina et al., 2006). Other than in Ub homeostasis,
roles for UCH-L1 have been suggested in the modulation of
neurogenesis and apoptosis, oxidative stress protection, and
synaptic plasticity and function (Harada et al., 2004; Lansbury,
2006; Gong and Leznik, 2007; Biskup et al., 2008).

In themammalian retina, which is an extension of the CNS,
knowledge on the UPS is scarce, and the role of Ub and related
enzymes in retinal aging and disease essentially unknown.
Apart from studies in the brain, the expression and distribu-
tion of parkin in the normal retina of mammals has not been
addressed so far, and that of UCH-L1 has not been character-
ized in depth. A growing body of experimental evidence has
accumulated concerning visual dysfunction and morpholog-
ical impairments in the retina of parkinsonian patients and
experimental animals (Witkovsky, 2004; Cuenca et al., 2005a;
Archibald et al., 2009; Bodis-Wollner, 2009). We thus set to
analyze the expression of parkin and UCH-L1 genes at the
mRNA and protein levels and to characterize their localization
pattern in the distinct retinal layers and cell types. This study
involved a spectrum of mammalian species ranging from
rodents to humans.
2. Results

By means of RT-PCR, we detected expression of the PARK2
gene at the mRNA level in the retina of all mammals studied,
including the rodent (mouse and rat), bovine and primate
(monkey and human) retinas, as shown in Fig. 1A. Immuno-
blotting analysis revealed the presence in the retina of the
52 kDa parkin polypeptide encoded by the canonical PARK2
transcript (Fig. 1B). In addition, two smaller parkin isoforms, of
ca. 48 and 37 kDa, were detected in the retina of most species.
These molecular sizes were in keeping with several previous
reports in the mammalian brain (Horowitz et al., 1999; Stichel
et al., 2000; Pawlyk et al., 2003).

Immunohistochemical analysis using polyclonal antibo-
dies to parkin from Chemicon revealed that this protein
distributed throughout the cell bodies and dendrites of retinal
neurons, as shown for the mouse (Fig. 2A), rat (Fig. 2C), bovine
(Fig. 2E) and human (Fig. 2G) retinas. A fairly consistent parkin
expression pattern was found among these mammals. It was



Fig. 1 – Expression of the parkin gene in the retina of
mammals. A: RT-PCR analysis of PARK2 mRNA in the retina
from the indicated species (Rat, Sprague–Dawley). The
amplified bands were verified by DNA sequencing and their
molecular sizes are given to the right. B: Immunoblotting
analysis of parkin protein. Molecular masses of bands
obtained are given to the right, where the closed arrowhead
indicates the main parkin isoform and open arrowheads
other detected parkin variants.
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observed that photoreceptors were immunolabeled along
their entire length in all species. Parkin immunoreactivity
was also found in the outermost inner nuclear layer (INL),
where horizontal cells are located, in bipolar cells and in the
layer of amacrine cells (Fig. 2A, C, E and G; arrows). As well,
parkin was present in most neurons in the ganglion cell layer
(GCL) of the mouse (Fig. 2A) and rat (Fig. 2C) retinas, where its
levels were especially prominent. In contrast, in the bovine
(Fig. 2E) and human (Fig. 2G) retinas parkin was expressed by
certain ganglion cell subtypes. Finally, weakly-immunoreac-
tive processes were also observed in the inner plexiform layer
(IPL) of all mammals analyzed. Similar results were obtained
when using polyclonal antibodies to parkin from Santa Cruz
Biotechnology. Negative control stainings in which parkin
antibodies were omitted failed to show any immunoreactivity
in the retina of mammals above (Fig. 2B, D, F and H).

The UCHL1 mRNA was also expressed in the retina of all
species studied, as revealed by RT-PCR (Fig. 3A). Immunoblot-
ting analysis revealed that this transcript was effectively
translated into protein to yield the expected UCH-L1 26 kDa
polypeptide (Fig. 3B).

We also used confocal microscopy to analyze the UCH-L1
expression profile in the retina of different mammals. In the
mouse (Fig. 4A) and rat (Fig. 4B) retinas this protein was found
in the cell bodies of horizontal cells as well as in their
processes and terminal tips in the outer plexiform layer (OPL;
arrowheads). UCH-L1 immunoreactivity was also observed in
specific subtypes of bipolar and amacrine cells located in the
INL, as well as in ganglion cell bodies and axons (Fig. 4A and B).
In the squirrel retina, UCH-L1 was also present in horizontal
cell bodies and processes located in the OPL (Fig. 4C), while a
weaker immunostaining was found in some amacrine and
bipolar cells in the INL. Ganglion cells of the squirrel also
displayed UCH-L1 expression, although a particularly promi-
nent labeling was found in the nerve fiber layer (NFL) (Fig. 4C).
Certain subtypes of horizontal, bipolar and amacrine cells
were found to contain UCH-L1 as well in the rabbit, bovine,
human and monkey retinas (Figs. 4D–F and 6A, respectively),
together with the somata and axons of ganglion cells. In
contrast to rodents, expression of UCH-L1 was detected in
cone photoreceptors of those species, including their outer
and inner segments. UCH-L1 was also present in the IPL,
although without a clear stratification pattern in the mouse
(Fig. 4A) and rat (Fig. 4B) retinas. However, in the IPL of the
squirrel two strata were observed to exhibit a higher number
of immunopositive processes, namely S1 and S5, togetherwith
aweaker staining in stratumS2/S3 (Fig. 4C, arrowheads). In the
rabbit (Fig. 4D), bovine (Fig. 4E), human (Figs. 4F and 5E) and
monkey (Fig. 6A) retinas the IPL strata S1, S3 and S5 were
found to be UCH-L1-immunoreactive, as illustrated
(arrowheads).

We have further characterized the UCH-L1 distribution
pattern in the retina of primates. Fig. 5A shows in higher detail
expression of UCH-L1 by human cones, extending from their
outer segments to pedicles. Also, we illustrate the presence of
UCH-L1 in horizontal cells of the human (Fig. 5B, arrow) and
macaque (Fig. 6B, arrows) retinas, as well as by bipolar (Figs. 5C
and 6B, arrowheads) and amacrine cells (Figs. 5B and 6B) of
these primates. Prominent expression of UCH-L1 by neurons
in the GCL is also shown for the human (Fig. 5D) and monkey
(Fig. 6B). In order to gain insight into the particular neuronal
subtypes containing UCH-L1 in the primate retina, we carried
out double immunostaining experiments with antibodies to
UCH-L1 and to several molecular markers of subsets of retinal
neurons, namely calbindin (CB), parvalbumin (PV), tyrosine
hydroxylase (TH) and calretinin (CR). A double labeling for CB
revealed expression of UCH-L1 by H2 horizontal cells and by
DB3 and DB5 diffuse cone bipolar cells (Fig. 6F, arrowheads),
which are the specific neuronal subtypes known to be positive
for CB in the monkey retina INL (Hopkins and Boycott 1995;
Wässle et al., 2000). All CB-positive horizontal cells (i.e. of the
H2 subtype) contained UCH-L1 (Fig. 6F, arrows), although not
all UCH-L1-expressing horizontal neuronswere stained for CB.
Thus, we next carried out double labelings for UCH-L1 and PV,
a marker for both H1 and H2 horizontal cell subtypes in the
primate retina (Röhrenbeck et al., 1989). As shown, all
horizontal cells in the human (Fig. 5C) and monkey (Fig. 6G)
retinas expressed UCH-L1. Regarding cone bipolar cells,
Fig. 6C–E shows in detail a UCH-L1-immunoreactive cone
bipolar of the DB3 subtype, whose axon terminal lies in the IPL
stratum S3 in the monkey retina (Grünert et al., 1994; Hopkins
and Boycott, 1995). Among amacrine cells immunopositive for
UCH-L1 some of them displayed an intense labeling, while
others showed a weak expression (Fig. 6A and B). Given that
the monkey IPL S1 exhibited a high immunoreactivity (Fig. 6A
and B), we next addressed the possibility that dopaminergic
cells were among the amacrine subtypes expressing UCH-L1.
This followed the observation that some of the amacrine cells



Fig. 2 – Parkin immunolocalization pattern in the mammalian retina. Retinal sections from (A) mouse, (C) rat, (E) bovine, and
(G) human retinas immunolabeled for parkin are shown. The corresponding immunostaining controls lacking primary
antibody are presented in panels B, D, F and H. Arrows point to amacrine cells. OS, outer segments; IS, inner segments; ONL,
outer nuclear layer; OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner plexiform layer; GCL, ganglion cell layer.
Scale bars = 20 μm.
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intensely labeled resembled morphologically dopaminergic
neurons, together with the fact that the dendritic plexus
formed by this cell subtype is well known to extend along the
stratum S1 (Nguyen-Legros et al, 1984; Cuenca et al., 2005a).
Therefore, we carried out double immunostaining experi-
ments using antibodies to UCH-L1 and to TH, the prototypical
dopaminergic-cell marker. As clearly seen in Fig. 7A, these
cells were found to exhibit UCH-L1 in their cytoplasm, as well
as in their dendritic plexus stratifying in the IPL S1 (Fig. 7C–E,
arrowheads). In addition to the dopaminergic plexus, other
UCH-L1-positive dendritic processes were present in this
stratum (Fig. 7B–E, arrows). It was also noticed that some
dendrites immunoreactive for both TH and UCH-L1 were
located in the S1 plexus at the base of other amacrine cell
bodies either displaying low UCH-L1 levels (Fig. 7B, arrow-
heads) or that did not show any expression of this protein
(Fig. 7B, double arrowheads). In order to investigate these
particular amacrine subtypes, double immunolabeling was
carried out with antibodies to UCH-L1 and CR, a specific
marker for AII amacrine cells in the monkey (Kolb et al., 2002).
From Fig. 7F–H it was concluded that AII cells were UCH-L1-
negative. Similarly, a double labeling for PV, which has been
recently reported to be a marker for the knotty type 2 of
glycinergic amacrines in the monkey (Klump et al., 2009),
revealed that these cells lacked as well UCH-L1 expression
(Fig. 7I–K). Finally, most of monkey retinal cells in the GCL,
bearing somata of very different sizes, were found to contain
UCH-L1 in both their cell bodies and dendrites, these
ramifying in all strata of the IPL (Fig. 7A and B). Furthermore,
and consistently to other species studied in this work, human
and monkey ganglion-cell axons constituting the NFL also
exhibited high levels of UCH-L1, as clearly observed in sections
obtained both longitudinally (Figs. 5E and 6H) and transver-
sally (Fig. 6I) with respect to axons in this layer.
3. Discussion

The UPS is crucial for both normal CNS function and neuronal
protection under stress conditions. Its impairment thus leads
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Fig. 3 – Expression of the UCH-L1 gene in the retina of
mammals. A: RT-PCR analysis of UCHL1 mRNA in the retina
from the indicated species (Rat, Sprague–Dawley). The
amplified bands were verified by DNA sequencing and their
molecular sizes are given to the right. B: Immunoblotting
analysis of UCH-L1 protein. The arrowhead points to the 26
kDa UCH-L1 band.

74 B R A I N R E S E A R C H 1 3 5 2 ( 2 0 1 0 ) 7 0 – 8 2
to neurodegeneration associated with a number of hereditary
and idiopathic diseases, mainly attributable to the toxic build-
up of aggregates of proteins that are not effectively cleared by
the UPS, and derived mitochondrial dysfunction (Henchcliffe
and Beal 2008; Neutzner et al., 2008; Tan et al., 2009). Parkin
and UCH-L1 are two relevant components of the Ub-protea-
somal pathway that have been related not only to Parkinson,
but also to Alzheimer, Huntington and Lewy body diseases
(Barrachina et al., 2006; Gong and Leznik, 2007; Humbert et al.,
2007; Biskup et al., 2008). In this work we have undertaken the
analysis of parkin and UCH-L1 expression in the retina of
different mammals.

Parkin has been reported to be present throughout the
brain, including the midbrain, basal ganglia, cerebral cortex
and cerebellum (Horowitz et al., 1999; Shimura et al., 1999;
Stichel et al., 2000; Zarate-Lagunes et al., 2001). Our results
demonstrate that parkin exists as well in the retina, where we
have found the PARK2 gene and its encoded protein to be
Fig. 4 – UCH-L1 immunolocalization pattern in the retina of mam
(D) rabbit, (E) bovine, and (F) human retinas immunolabeled for U
horizontal cell processes in the OPL, and in panels C-F to IPL stra
nuclear layer; OPL, outer plexiform layer; INL, inner nuclear layer;
fiber layer. Scale bars=20 μm.
expressed in all of mammalian species studied. The 52 kDa
isoform we have detected on retinal immunoblots is consis-
tent with the molecular mass of native parkin encoded by the
PARK2 canonical transcript, predicted to be 51.6 kDa, and with
previous reports in the mammalian brain (Horowitz et al.,
1999; Stichel et al., 2000; Pawlyk et al., 2003). However, we have
also found two smaller isoforms, of 48 and 37 kDa, which have
been previously reported in the brain (Horowitz et al., 1999;
Stichel et al., 2000; Pawlyk et al., 2003) and are either products
of post-translational proteolytic cleavage or, more likely,
encoded by PARK2 transcripts lacking specific exon(s). Exten-
sive alternative splicing of the PARK2 gene has been reported
in the human and rodent brains (Stichel et al., 2000; D'Agata
and Cavallaro 2004; Humbert et al., 2007), and we have
obtained evidence that this is also the case for themammalian
retina (Campello, Esteve-Rudd, Cuenca and Martín-Nieto,
unpublished). By immunohistochemical methods we have
found parkin to localize in all main retinal neuronal types,
including photoreceptors. Hence the distribution of this
protein in the retina is quite widespread, as it occurs in the
brain.

UCH-L1 is a protein especially abundant in neurons and
neuroendocrine cells (Doran et al., 1983; Trowern et al., 1996;
Saigoh et al., 1999). In this work we have found expression of
the UCH-L1 gene at bothmRNA and protein levels in the retina
of all mammals studied. This protein migrated with an
apparent molecular mass of 26 kDa, consistent with that
reported in the mammalian brain (Doran et al., 1983; Trowern
et al., 1996; Saigoh et al., 1999; Barrachina et al., 2006). Our
analysis of its immunolocalization pattern in the retina
revealed that UCH-L1 distributed through horizontal, bipolar
and amacrine cells in the INL, as well as ganglion cells. This
protein was also present through the entire length of cone
photoreceptors in all mammals analyzed with the exception
of rodents, these including both nocturnal (mouse and rat) and
diurnal (squirrel) vision animals, whose cones were found to
lack UCH-L1. In contrast, this protein was absent from rods in
all mammalian species. Using the same polyclonal antibodies
to UCH-L1, Bonfanti et al. (1992) had reported this protein to be
restricted to horizontal and ganglion cells in a number of
mammals by means of avidin–biotin–peroxidase (ABC) immu-
nostaining, whereas we have identified additional UCH-L1-
positive neuronal types in the retina, i.e. cones, bipolar and
amacrine cells. It seems likely that the observed differences in
staining patterns result from variations in the labelingmethod
and/or fixation and processing of the retinas, i.e. paraffin-
embedded tissue in their study vs. cryosections in the present
work. Further analysis led us to conclude that all horizontal
cells contained UCH-L1 in the human and monkey retinas, in
keeping with previous results in the rabbit (Reichenbach et al.,
1994), and hence this might be a feature of all mammals. Also,
among bipolar cells two CB-positive subtypes, namely DB3
and DB5, were identified to express UCH-L1 in the monkey
mals. Retinal sections from (A) mouse, (B) rat, (C) squirrel,
CH-L1 are shown. Arrowheads in panels A and B point to
ta S1, S3 (S2/S3 in C) and S5. OS, outer segments; ONL, outer
IPL, inner plexiform layer; GCL, ganglion cell layer; NFL, nerve
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Fig. 5 – UCH-L1 immunolocalization pattern in the human retina. A: Detail of human cones immunolabeled for UCH-L1. B: A
horizontal cell (arrow) and an amacrine cell in the INL immunopositive for UCH-L1 are shown at highmagnification. C: A double
immunostaining for UCH-L1 and parvalbumin (PV) colabels all horizontal cell subtypes (arrows) in the human retina. A bipolar
cell is indicated by an arrowhead. D, E: Detail of the innermost retina sectioned longitudinally to optic nerve fibers (E, arrow) to
highlight UCH-L1-positive ganglion cell bodies and their axons. Arrowheads point to IPL strata S1, S3 and S5 in E. Retinal layer
abbreviations are as in the legend of Fig. 4. Scale bars=10 μm.
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together with some subtypes of amacrines, these including
dopaminergic cells. The latter finding is interesting, as
dopaminergic neurons modulate the balance of center-
surround organization of foveal ganglion cells and thereby
spatial frequency tuning, which is greatly impaired in
parkinsonian subjects (Bodis-Wollner and Tzelepi 1998;
Bodis-Wollner, 2009). Also, dopaminergic amacrines are
crucial in the modulation of the scotopic visual pathway,
which is severely affected together with foveal vision in
Parkinson disease patients and animal models (Wink and
Harris, 2000; Witkovsky, 2004; Archibald et al., 2009; Bodis-
Wollner, 2009), and have been described by us to undergo
degeneration in the peripheral retina of parkinsonian
monkeys (Cuenca et al., 2005a). It is also important to note
that a significant thinning of the INL has been recently
reported in the fovea of parkinsonian humans (Hajee et al.,
2009). Finally, our staining found in the IPL of all species
studied is consistent with the previous localization of UCH-L1
in axon terminals in the brain (Saigoh et al., 1999; Choi et al.,
2004) and its proposed roles in synaptic function and plasticity
(Gong and Leznik, 2007; Biskup et al., 2008). In this context, we
had as well observed a derangement of synaptic connectivity
in this layer mediated by AII amacrines and rod bipolar cells
(Cuenca et al., 2005a). However, it must be emphasized that
UCH-L1 deficiency cannot be regarded as the sole or main
mechanism accounting for neuronal degeneration in the
parkinsonian retina, since for instance AII cells have been
found in this work to lack UCH-L1.
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Fig. 6 – UCH-L1 immunolocalization pattern in the monkey retina. A: Retinal section from the macaque retina immunolabeled
for UCH-L1. Arrowheads point to the IPL strata S1, S3 and S5. B: Higher magnification of the UCH-L1-immunostained monkey
retina, showing layers from the OPL to GCL. Arrows point to horizontal cells and arrowheads to bipolar cells. C-E: A detail of a
DB3 cone bipolar cell doubly immunolabeled for UCH-L1 and calbindin (CB) is shown in C and D, respectively, and the merged
image in E. F: A double immunolabeling for UCH-L1 and CB reveals H2 horizontal cells (arrows) and certain subtypes of cone
bipolars (arrowheads) colocalizing both proteins whose cell bodies reside in the outermost INL sublayer. G: Double
immunostaining for UCH-L1 and parvalbumin (PV) colabels all horizontal cell subtypes in the monkey retina. H, I: Detail of the
innermost retina sectioned longitudinally (H) or transversally (I) to optic nerve fibers to highlight UCH-L1-positive ganglion cell
bodies and their axons. Retinal layer abbreviations are as in the legend of Fig. 4. Scale bars, A, B, F–I=20 μm; C–E=5 μm.
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Fig. 7 – UCH-L1 immunolocalization in amacrine cells of themonkey retina. A, B: A double immunolabeling for UCH-L1 (green) and
tyrosine hydroxylase (TH; red) reveals dopaminergic cells in the IPL stratum S1 (labeled in yellow), as well as TH-negative,
non-dopaminergic amacrines (in green). Nuclei were stained with TO-PRO-3 (blue). In panel B synaptic contacts made by
TH-positive dendrites with a weakly UCH-L1-immunoreactive cell body are pointed by arrowheads, and with a UCH-L1-negative
cell body bydouble arrowheads. Arrows point to non-dopaminergic dendrites. C–E: Double immunolabeling for UCH-L1 (C) and TH
(D) reveals theUCH-L1-positive dopaminergic plexus (arrowheads) in themonkey retina (yellow in themerged image in E). Arrows
point to non-dopaminergic dendrites. F–H: Double immunolabeling for UCH-L1 and calretinin (CR) in panels F and G, respectively
(merged image in H), reveals the lack of UCH-L1 expression by AII amacrines. I-K: Double immunolabeling for UCH-L1 (I) and
parvalbumin (PV) (J) reveals no colocalization inmonkey amacrine cells, although a clear coexpression is detected in ganglion cells
(K). Retinal layer abbreviations are as in the legend of Fig. 4. Scale bars, A, B=20 μm; C–K=10 μm.
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The retina in general, and photoreceptors in particular,
appear to have very active ubiquitination systems, including
E1, E2 and E3 ubiquitinating enzymes and Ub C-terminal
hydrolases (Shang and Taylor, 2004). Thus, the majority of Ub
in the retina is covalently bound to proteins, and retinal
extracts are capable of Ub addition to substrate proteins and of

image of Fig.�7
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disassembly and degradation of Ub-protein conjugates in vitro
(Naash et al., 1991). In bovine rod outer segments both free Ub
and Ub conjugated to proteins, including rhodopsin and
transducin, have been identified which are thereafter degrad-
ed (Obin et al., 1996, 2002). Interestingly, human cone inner
segments are rich in Ub, a subcellular location where we have
presently found parkin to be coexpressed with UCH-L1. These
results are in keeping with the proposed role of the UPS in
modulating the levels of proteins responsible for phototrans-
duction (Obin et al., 1996), a process in which parkin and UCH-
L1 could participate. Our data are in line aswellwith thenotion
that these two enzymes could be important not only in
photoreceptors, but also in ganglion cells and other neuronal
types in the INL where they localize, including horizontal,
bipolar and amacrine cells. Precisely, upon light-induced
(Naash et al., 1997) or ischemic (Harada et al., 2004) retinal
injury a strong increase of Ub and Ub-protein conjugates
occurs in the INL and GCL of rodents. The neuroprotective role
of the UPS against retinal disease is supported by the up-
regulation of Ub expression found in the rat retina upon
elevated intraocular pressure (Dibas et al., 2008) and in a
diabetic retinopathymousemodel (Adachi-Uehara et al., 2006).

The ample distribution of parkin and UCH-L1 we have
qualitatively found in the mammalian retina is in line with
their extensive expression and high levels in CNS neurons,
and supportive of a relevant role of these proteins within the
Ub-proteasomal pathway in many cell types of the mamma-
lian retina, including cones. A role for parkin is recognized in
the regulation of normal mitochondrial respiratory function
(Palacino et al., 2004; Periquet et al., 2005) and prevention of
oxidative and a variety of other stresses in neurons (Hench-
chcliffe and Beal 2008; Neutzner et al., 2008; Tan et al., 2009),
while UCH-L1 appears involved in a general neuroprotective
response to protein aggregation occurring in neurodegenera-
tive diseases (Lansbury, 2006; Gong and Leznik, 2007). There-
fore, their potential neuroprotection functions in the retina
constitute an issue deserving further investigation. Neverthe-
less, not all retinal neurons were found to contain parkin and/
or UCH-L1, and thus differences in the UPS components and
protein degradation mechanisms must exist among retinal
cell types (e.g. cones versus rods) and subtypes. In this context,
parkin constitutes the third E3 Ub ligase identified in the
retina up to date, following Ubr1, recently involved in UPS-
dependent rhodopsin degradation in a retinal inflammation
mouse model (Ozawa et al., 2008), and TRIM2, whose
deficiency triggers neurodegeneration in mice (Balastik et al.,
2008). A UCH-L1 homolog, the ubiquitous Ub C-terminal
hydrolase UCH-L3, is present aswell in the retina and enriched
in the inner segments of mouse photoreceptors (Sano et al.,
2006). Finally, the widespread localization of parkin and UCH-
L1 in the retina, together with the importance of the UPS in
this tissue (Shang and Taylor, 2004), makes envisionable that
their altered expression or dysfunction is associated with
retinal impairments. Consequently, it should be of interest to
screen their encoding genes for mutations or alterations in
their expression levels in patients with hereditary or sporadic
retinal neurodegenerations. In addition, therapies based on
the use of neuroprotective agents currently tested in the brain
could be taken into consideration for the treatment of these
retinal diseases.
4. Experimental procedures

4.1. Biological material

Mammalian species studied in this work were: mouse (Mus
musculus, C57BL/6J), rat (Rattus norvegicus, Long Evans unless
otherwise stated), California ground squirrel (Spermophilus
beecheyi), European wild rabbit (Oryctolagus cuniculus), cow (Bos
taurus), cynomolgus monkey (Macaca fascicularis) and human
(Homo sapiens). Mice and rats were held at the Universidad de
Alicante animal-care facility. Monkeys were kept as described
(Martínez-Navarrete et al., 2007) at the Universidad de Murcia,
Spain, in accordance with guidelines given by the International
Primate Society. All animal handling was carried out in
compliance with rules set by the National Institutes of Health
and the European Directive 86/609/EEC. Animals were anesthe-
sized and euthanized according to well-standardized, interna-
tionally-approved protocols, and eyeballs were immediately
enucleated followingsacrifice. Squirrel fixedeyeswereprovided
by Dr. Kenneth A. Linberg. Rabbit and bovine eyes were freshly
obtained from local farms and slaughterhouses, respectively.
Post-mortemeyes fromover 45-year old humanswere provided
by the Utah Lions Eye Bank. For RNA and protein extraction,
mouse (4–6months old) and rat (3–4 monthsold) eyeswerekept
in RNAlater solution from Ambion (Austin, TX, USA) at −20 °C
before processing. Bovine (8–9 months old) and monkey (5–6
years old) eyes were snap-frozen in liquid N2 and immediately
stored at −80 °C without fixation. For immunohistochemistry,
eyes were fixed in 4% paraformaldehyde and then subjected to
sucrose cryoprotection (Cuenca et al., 2005b) before storage at
−80 °C.

4.2. RT-PCR

Eyes were thawed and the neural retina was dissected free from
retinal pigment epithelium and other ocular tissues. RNA was
extracted using the RNAqueous-4PCR kit (Ambion) and further
treated with DNase I following the manufacturers’ instructions.
RNA from human retina was purchased from Clontech (Moun-
tain View, CA, USA). Reverse transcription to cDNA was carried
out using the RETROscript kit (Ambion), and thereafter PCR
amplification was performed essentially as described (Martínez-
Navarrete et al., 2007) using the PARK2 or UCHL1 primers
summarized in Table 1. PCR reactions (50 μl) contained 10 ng of
cDNA, forward and reverse primers (0.4 μMeach), the four dNTPs
(0.2 mM each) and 1 U of GoTaq DNA polymerase (Promega,
Madison, WI, USA). After an initial denaturation step at 95 °C for
3 min, amplificationwasperformed for 35 cycles eachof 95 °C for
10 s, 60 °C for 20 s and 72 °C for 30 s, and concluded with a final
elongation at 72 °C for 2 min. PCR products were run on 2%
agarose gels stained with SYBR Green I (Sigma, St. Louis, MO,
USA), and were verified by automated DNA sequencing in all
cases. A Macaca fascicularis PARK2 cDNA covering the whole
parkin coding sequence was amplified and cloned from neural
retina mRNA using the oligonucleotides 5'-CCACCTACCCAGT-
GACCATG-3' and 5'-GGGTATGCTCCCCCAGGATG-3' as forward
and reverse primers (aligning with exons 1 and 12, respectively),
and its sequence was submitted to GenBank under accession
number FJ531869.



Table 1 – Primers used for RT-PCR in this work.

Gene Species Accession number Primer sequences Exon

PARK2 Mouse NM_016694 Fw: 5’-AACTGTGACCTGGAACAACA-3' 3
Rat NM_020093 Rv: 5'-CTGGGYCAAGGTGAGCGTTG-3' 4

Bovine XM_609337 Fw: 5'-MRYTGTGACCTGGATCAGCA-3' 3
Monkey FJ531869 Rv: 5'-CTGGGYCAAGGTGAGCGTTG-3' 4
Human NM_004562

UCHL1 Mouse NM_011670 Fw: 5'-CCAAGTGTTTCGAGAAGAACG-3' 5
Rat NM_017237 Rv: 5'-GCTAAAGCTGCAAACCAAGG-3' 9

Bovine NM_001046172 Fw: 5'-GATGTTCTGGGACTGGAGGA-3' 3
Rv: 5'-CCATCCACGTTGTTAAACAGAA-3' 7

Monkey AB125199 Fw: 5'-CTGTGGCACAATCGGACTTA-3' 4
Human NM_004181 Rv: 5'-CCATCCACGTTGTTAAACAGAA-3' 7

Forward (Fw) and reverse (Rv) primers were designed following our previous criteria (Martínez-Navarrete et al., 2007), based on cDNA sequences
deposited inGenBankunder the indicated accessionnumbers.An “R” symbol indegenerate primer sequencesdenotesAorG, and “Y”denotesCorT.
The exon to which each primer aligns is indicated in the last column.
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4.3. Immunoblotting

Retinal proteins were extracted and subjected to immuno-
blotting analysis as previously described (Martínez-Navarrete
et al., 2007). Proteins (50 μg/lane) were resolved by SDS-PAGE
on 5–20% polyacrylamide-gradient gels and electrotransferred
to Hybond-P PVDF membranes (GE Healthcare, Buckingham-
shire, UK). These were probed at 4 °C overnight with goat
polyclonal antibodies to human parkin (N-terminus) from
Santa Cruz Biotechnology (Santa Cruz, CA, USA; Catalog No.
sc-13279) at a 1:500 dilution in 25 mM Tris (pH 8.0), 150 mM
NaCl, 2.7 mM KCl (TBS), or with rabbit polyclonal antibodies to
full-length human PGP9.5 (Ultraclone, Isle of Wight, UK; Cat.
No. RA95101) at a 1:5,000 dilution. Thereafter, they were
incubated at room temperature for 1 h with horseradish
peroxidase-conjugated rabbit anti-goat (Sigma) or goat anti-
rabbit (Pierce, Rockford, IL, USA) IgG at a 1:10,000 dilution.
Detection was performed by enhanced chemiluminescence
using the SuperSignal West Dura system (Pierce).

4.4. Immunohistochemistry

Cryostat vertical 16 μm retinal sections were obtained and
processed for immunohistochemistry following well estab-
lished procedures (Cuenca et al., 2005a, 2005b; Martínez-
Navarrete et al., 2007, 2008). They were immunostained at
room temperature overnight with goat polyclonal antibodies to
human parkin N-terminus from Santa Cruz Biotechnology (Cat.
No. sc-13279) at a 1:50 dilution in 0.1 mM sodium phosphate
buffer (pH 7.4), 0.5% Triton X-100 (PBX), or to human parkin
amino acids 83–97 fromChemicon (Temecula, CA, USA; Cat. No.
AB5240) at a 1:500–1:1,000 dilution. Alternatively, slides were
probedwith rabbit antibodies to human PGP9.5 (Ultraclone; Cat.
No. RA95101) at a 1:5,000 dilution, alone or in combination with
mousemonoclonal antibodies to calbindin D-28K (Sigma; clone
CB-955, Cat. No. C9848) at a 1:500 dilution, to parvalbumin
(Sigma; clone PARV19, Cat. No. P3088) at a 1:300 dilution, or to
tyrosinehydroxylase (SantaCruzBiotechnology; clone F-11, Cat.
No. sc-25269) at a 1:1,000 dilution, or else with goat polyclonal
antibodies to calretinin (Swant, Bellinzona, Switzerland;Cat.No.
CG1) at a 1:500 dilution. Control slides in which primary
antibodies were omitted were processed in parallel, with no
immunoreactivity found inany case. Subsequently, thesections
were incubated at room temperature for 1 h with donkey
secondary antibodies conjugated to Alexa Fluor 488 or 546 from
Molecular Probes (Eugene, OR, USA) at a 1:100 dilution. The
nuclear dye TO-PRO-3 iodide (Molecular Probes) was added at 1
μMsimultaneously to secondary antibodies. Imageswere finally
obtained under a Leica (Wetzlar, Germany) TCS SP2 confocal
laser-scanning microscope.
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