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Abstract
Background Bone spicule pigments (BSP) are a hallmark
of retinitis pigmentosa (RP). In this study, we examined the
process of BSP formation in the rhodopsin knockout (rho-/-)
mouse, a murine model for human RP.
Methods In rho-/- mice from 2 to 16 months of age,
representing the range from early to late stages of degene-
ration, retinal sections and whole mounts were examined
morphologically by light and electron microscopy. The
results were compared to scanning laser ophthalmoscopy of
BSP degeneration in human RP.

Results After the loss of all photoreceptor cells in rho-/- mice,
the outer retina successively degenerated, leading to appro-
ximation and finally a direct contact of inner retinal vessels
and the retinal pigment epithelium (RPE). We could show
that it was the event of proximity of retinal vessel and RPE
that triggered migration of RPE cells along the contacting
vessels towards the inner retina. Ultrastructurally, these
mislocalized RPE cells partially sealed the vessels by tight
junction linkage and deposited extracellular matrix perivas-
cularly. Also, the vascular endothelium developed fenestra-
tions similar to the RPE-choroid interface. In whole mounts,
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the pigmented cell clusters outlining retinal capillaries
correlated well with BSPs in human RP. The structure of
the inner retina remained well preserved, even in late stages.
Conclusions The Rho-/- mouse is the first animal model that
depicts all major pathological changes, even in the late
stages of RP. Using the rho-/- mouse model we were able to
analyze the complete dynamic process of BSP formation.
Therefore we conclude that: (1) In rho-/- retinas, BSPs only
form in areas devoid of photoreceptors; (2) Direct contact
between inner retinal vessels and RPE appears to be a
major trigger for migration of RPE cells; (3) The
distribution of the RPE cells in BSPs reflects the vascular
network at the time of formation. The similarity of the
disease process between mouse and human and the
possibility to study all consecutive steps of the course of
the disease makes the rho-/- mouse valuable for further
insights in the dynamics of BSP formation in human RP.
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Introduction

Retinitis pigmentosa (RP) refers to a group of clinically similar
but genetically heterogeneous hereditary rod-cone degenera-
tive disorders. The incidence of RP is estimated to be 1 in
4,000, which makes it one of the most common causes of
severe visual impairment in humans [1, 2]. RP gives rise to a
primary loss of photoreceptors followed by degeneration of
the outer layers of the retina, whereas the inner retina is
widely preserved until late in the course of the disease [3, 4].
A hallmark of typical RP is the presence of intraretinal
melanin deposits that can be identified as bone spicule
pigments (BSP) on ophthalmoscopy [1–3]. Despite many
details of such pigmentation that have been described in the
past [3, 5–12] there has been no comprehensive study on the
nature of BSPs and especially the conditions for their
development. One reason may be that the access to donor
eyes is limited, and histomorphological studies on human
patients concerned small numbers of advanced cases of RP
[5, 7–9, 11], which restrict characterization of the dynamic
process of the disease. Hence, we based our work on a
murine homologue of an autosomal-recessive form of human
RP, the rhodopsin knockout (rho-/-) mouse in which the
rhodopsin gene is disrupted [13]. Comparable to human RP,
the homozygous genetic defect causes a complete lack of rod
outer segments and rod function leading to a quick loss of rod
photoreceptors [13–15]. Consecutively, progressive cone
degeneration develops, being complete at approximately
3 months of age [13–16]. Previously, we could show that
young rho-/- mice can serve as a model for pure cone function

in a limited time interval when cone function is already
sufficiently developed but cone degeneration is not yet
substantial [15]. Former studies have been restricted to the
first 3–4 months of age, but long-term investigations on
advanced degenerative stages specific for RP have not yet
been reported [13–18]. Considering the similarities of the
rho-/- mice at early stages with RP patients, one might assume
that investigations on the further degeneration process could
also provide a better understanding of late cellular interac-
tions following photoreceptor death in the human disease.
Although vast information is available about detailed
histological changes in later, more severe forms of RP, little
is known about the dynamic disease process. Neovasculari-
zation of the RPE has been described after loss of
photoreceptor cells in transgenic mice [19], but the underly-
ing mechanisms that cause migration of RPE cells to
perivascular sites in the inner retina finally leading to the
formation of BSP are still unknown [3, 10]. Furthermore, it is
unclear why BSP is typically observed in areas that lack
photoreceptors [3].

Therefore, we have carefully examined if there is a
comparable formation of BSP in the ageing rho-/- retina as
observed in human RP. Existence of BSPs in the rho-/-

mouse would provide a valuable model to investigate the
dynamic process of BSP formation and to transfer these
findings to the human disease.

Materials and methods

Animals

The study was conducted on rho-/- mice that carried a targeted
disruption of exon 2 of the rhodopsin gene leading to a
complete lack of rhodopsin [13]. To investigate the full
degenerative process of the retina following loss of the
photoreceptors, mice of different ages ranging from 2 to
16 months were used. Age-matched C57Bl/6 mice served as
controls, as the rho-/- mice were on a C57Bl/6 background.
All experiments in this study were performed in accordance
with the institutional animal guidelines and according to the
ARVO Statement for Use of Animals in Ophthalmic and
Vision Research and the local animal care rules.

Histology

Light and electron microscopy

For electron microscopy, four rho-/- animals (EM: 3, 6, 12,
and 14 months) and eight age-matched C57Bl/6 mice were
perfused with 4% paraformaldehyde (PFA), enucleated, and
postfixed in a solution containing glutaraldehyde (2.5%), PFA
(2.5%), and picric acid (0.05%) in cacodylate buffer (pH 7.3).
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After rinsing in cacodylate buffer and dissection, small
specimens were immersed in 1% OsO4, dehydrated in
ascending series of alcohols, and embedded in Epon or
Araltit according to standard methods. Semithin sections were
stained with toluidine blue, ultrathin sections were stained
with uranyl acetate and lead citrate and viewed in an electron
microscope (EM 902, Zeiss, Oberkochen, Germany or Tecnai
12 BioTwin transmission electron microscope, FEI, The
Netherlands).

For Technovit sections, eyes were enucleated, fixed, and
3-µm sections (Technovit 7100, Kultzer, Wehrheim,
Germany) were counterstained with toluidine blue.

For Nomarski micrographs, rho-/- mice (2 and 8 months),
and an adult C57Bl/6 mouse (2 months) were deeply
anesthetized with halothane, decapitated, and the eyes
removed. The posterior eyecup was immersion-fixed in
4% paraformaldehyde in 0.1 M phosphate buffer for 15
min. The retinas were dissected from the eyecup, cryopro-
tected in graded sucrose solutions (10–30%), and sectioned
vertically at 14 µm on a freezing microtome. Nomarski
micrographs were stained with anti-Mouse Serum Albumin
AB (Nordic Immunological Laboratories, The Netherlands)
as primary antibody for blood serum albumin to identify
retinal vascular lumina. Goat anti-rabbit CY3 (Jackson
ImmunoResearch) was used as secondary antibody.

Retinal whole mounts

PFA-perfused eyes of six rho-/- animals (6, 12, and
16 months) and of 12 age-matched C57Bl/6 mice were used
to perform retinal and choroido-scleral whole mounts. After
rinsing in PBS, the whole mounts were incubated in a solution
containing 0.1 mg/ml nitroblue tetrazolium, 1 mg/ml
NADPH, and 0.3% Triton X-100 in 0.01 M PBS at 37°. The
reaction was stopped in cold PBS after 1–2 h and the whole
mounts were mounted on glass slides with glycerin jelly.

Indirect immunofluorescence

Bassoon-calretinin double staining

After preparing vertical sections of the mouse retina, slices
were washed in PBS and secondary antibodies (mouse
monoclonal antibody against the cytomatrix protein bassoon
to visualize rod spherules (Stressgen Biotechnologies, Canada;
1:5000), and mouse anti-calretinin to stain horizontal, ama-
crine and ganglion cells (Chemicon International Inc., Teme-
cula, CA; 1:2000) were applied overnight at room temperature.
After washing in PBS, secondary antibodies were applied for 1
h. These were conjugated either to Alexa TM 594 (red
fluorescence) or Alexa TM 488 (green fluorescence) (Mole-
cular Probes, Eugene, Oregon). Confocal micrographs were
taken of an adult C57Bl/6 mouse (2 months) and rho-/- mice

(2 and 8 months) using a Zeiss LSM5 Pascal confocal
microscope equipped with an argon and helium-neon laser.

CD31-DAPI double staining

Eyes of adult C57Bl/6 mice and a rho-/- mouse at 3 months of
age were cryofixed in melting isopentane, cryosectioned, and
treated as previously described [20, 21]. Retinal cryosections
were stained with anti-CD31 (BD Pharmingen, USA) as a
molecular marker for the endothelium of blood vessels.
Secondary antibodies to rat IgG were purchased as conjugates
to Alexa 488 (Molecular Probes). Nuclei of retinal cells were
counterstained with 4′,6′-diamidino-2-phenylindole (DAPI).
Sections were mounted in Mowiol 4.88 (Farbwerke Hoechst,
Frankfurt, Germany), containing 2% N-propyl gallate. No
reactions were observed in control sections. Mounted retinal
sections were examined with a Leica DMRP microscope.
Images were obtained with a Hamamatsu ORCA ER charge-
coupled device camera (Hamamatsu, Germany) and
processed with Adobe Photoshop (Adobe Systems, USA).

Optical coherence tomography (OCT) in a human RP
patient

The scanning laser ophthalmoscopic (SLO) image and the
corresponding OCT scans were obtained with a Heidelberg
Engineering Spectralis (Heidelberg Engineering, Dossenheim,
Germany) in a patient with advanced RP. This examination
followed the tenets of the Declaration of Helsinki.

Results

Loss of the outer retina, preservation of the inner retina

As previously described, the lack of rhodopsin in the rho-/-

mice led to characteristic changes in the early course of RP
especially a disability to form rod outer segments (OS) and
consecutively to an early loss of rod photoreceptor cells.
Like in human RP, cones were initially spared but
degenerated some 4–6 weeks later, leading to a successive
loss of all layers of the outer retina [3, 14, 15]. Figure 1a, b
illustrates the situation at 2 months of age. Rod OS were
absent, and both the inner segments (IS) and the outer
nuclear layer (ONL) were significantly reduced compared
to control mice due to rod photoreceptor cell loss. At
8 months of age, the outer retina was practically fully
degenerated with a complete loss of OS, IS, and ONL
(Fig. 1c). However, remnants of rod spherules in the outer
plexiform layer (OPL) were still present (Fig. 1f). Despite
the loss of the outer retina, the inner retina remained well
preserved, even at late stages: at 2 months of age,
immunohistochemical staining identified a regular inner
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nuclear layer (INL), inner plexiform layer (IPL), and
ganglion cell layer (GCL) very similar to the control mouse
(Fig. 1d, e). At 8 months of age, the inner retinal layers
were only slightly reduced in height, and the IPL (with the
typical stratification pattern), the INL, and the GCL were
still well preserved (Fig. 1f).

Initiation of RPE cell migration

The loss of photoreceptors alters retinal integrity in many
ways. Most obvious is the reduction in retinal thickness,
since the space vacated by the photoreceptors is filled by
the inner retinal layers passively moving downwards in the
direction of the RPE (approximation). Figure 2a, b

illustrates this approximation in a rho-/- animal with only
1–2 rows of (cone) photoreceptors left in comparison to a
normal control. Of particular importance is the position of
retinal vessels relative to the RPE layer (arrows in Fig. 2a–b).
In the normal retina, retinal vessels are separated from the
RPE by the relatively thick photoreceptor layer (PRL), and
no vessels are located in either the PRL or the ONL or the
RPE (Fig. 2a). However, following the strong reduction
and, finally, the loss of the PRL in the rho-/- mice, the
retinal vessels of the inner retina seem to approximate and
get in close vicinity to the RPE layer (Fig. 2b).

With complete loss of the outer retina at around 8–
10 months of age, these retinal vessels finally come into
direct contact with the RPE. Once the contact is made, this
event initiates a migratory behavior of the local RPE cells.
Figure 2c illustrates an early stage of this process: The RPE
cells touching retinal vessels start to migrate towards and
finally surround them (arrow in inset of Fig. 2c), so that the
vessels appear to be covered with the RPE cells (arrow-
heads in Fig. 2c).

Nature of RPE cell migration

In all specimens examined, RPE cell migration and
epithelial cuff formation around retinal vessels is closely
related to the presence of a direct vascular contact (Fig. 3).
This suggests that the close contact between RPE and an
approximating vessel (of the inner retina) is a stimulus for
the RPE cells to detach from Bruch′s membrane and to
migrate along the adjacent retinal vessel to perivascular
sites in the inner retina (Fig. 3a–c). Here the RPE cells
strictly align with their basal side towards the vessels.
Interestingly, this newly formed interface is similar to the
RPE/choriocapillaris interface and includes intercellular
seals with tight junctions, deposited extracellular matrix
(ECM) between the relocated RPE cells, and the vascular
endothelial cells (Fig. 3d–e), and endothelial fenestration
(arrow in Fig. 3e).

Bone spicule pigment formation

At rather progressed stages, BSP formation is widespread
across the retina. In flat mount preparations at 16 months of
age, both the topographical distribution as well as the
considerable extent of vessel cuffing is visible (Fig. 4a–d).
These specimens are obtained by removing the neuroretina
from the eyecup, usually leaving RPE and choroid in place.
However, in late-stage RP, the RPE cells that had migrated
into the neuroretina become removed during the preparation
process. Typically, the nuclei of the migrated RPE cells are
translucent, whereas the cell body is dark due to melanin,
and they form three-dimensional pigmented cell clusters
around retinal vessels (Fig. 4a). These pigmented cell

Fig. 1 Stages of retinal degeneration in the rho-/- mouse. Top row:
Cryosections (Nomarski differential interference contrast optics) of early
and late stages of retinal degeneration in rho-/- mice. a Regular
architecture of the outer retina in an adult control wild type (WT)
mouse. b Early stage of retinal degeneration in a rho-/- mouse at
2 months of age. Note missing OS layer and changes of the IS layer and
ONL due to the rod defect. c Late-stage retinal degeneration in a rho-/-

mouse at 8 months of age. The outer retina has practically vanished and
only remnants of the OPL are left. Bottom row: Immunostainings at
corresponding time points demonstrate preservation of the inner retina
(rod spherules are visualized using Bassoon, red, and Calretinin staining
demonstrates horizontal, amacrine and ganglion cells, green). d Normal
synaptic layers in the OPL and IPL in an adult control. e, f Increased loss
of rod spherules in the synapses of the OPL (indicated by Bassoon) in
rho-/- mice at 2 and 8 months of age. The INL and the IPL layering
appear to be preserved even at 8 months of age
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Fig. 3 RPE cell migration along retinal vessels in rho-/- mice at late
stages. Upon initiation of the active phase, RPE cells migrate upwards
along the retinal capillaries. The newly formed RPE-vessel interface
resembles that between RPE and choriocapillaris, including tight
junction seals, ECM, and endothelial fenestrations. a Light micro-
graph of a retinal vessel in the inner retina surrounded by apparently
upward migrating RPE cells. b, c Transmission electron micrographs

of cross sections of a retinal vessel (indicated by an arrowhead) in the
inner retina that are sheathed by presumed RPE cells. Note pigment
granules. d Transmission electron micrographs of a cross section of a
retinal capillary (arrowhead), illustrating fenestrations of the vessel
(arrows). e (detail of d) arrow indicates the endothelial fenestrations;
ECM is indicated by an asterisk

Fig. 2 Process of vascularization of the RPE, a prerequisite for bone
spicule pigment formation. Vascularization of the RPE is the result of
a passive, degenerative phase (successive, selective loss of photo-
receptors as in b), which is followed by an active, proliferative phase
(outgrowth of RPE cells upon contact with retinal capillaries as in c)
leading to BSP formation. a, b Immunofluorescence analysis of retinal
cryosections by anti-CD31 (green), a molecular marker for endothelia
(blood vessels), indicating the position of retinal blood vessels
(arrows) relative to retinal layers (a, adult control mouse, and b,
rho-/- mouse with advanced degeneration of the outer retina). Nuclei

of retinal cells counterstained with DAPI (blue). For comparison, the
thickness of the photoreceptor layer (PRL) is marked with a bracket.
Note the close vicinity of the retinal capillaries in the OPL (arrow) to
the RPE in b. c Normarski contrast image merged with serum albumin
staining of retinal vascular lumina (red) in a rho-/- mouse retina with
advanced degeneration. Note that the retinal capillaries usually
running in the OPL (indicated by arrowheads) are included in the
RPE. Insert: Light micrograph cross section of a retinal vessel in
(normally never occurring) direct contact with the RPE. RPE cells are
displaced at these locations and actively surround the capillary (arrow)
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formations around retinal vessels can be found in practi-
cally all retinal areas in rho-/- mice (Fig. 4b, d). In late
stages, these pigmented cell clusters cover most of the
capillaries, but stay short of the large surface vessels
(Fig. 4c). This pattern (Fig. 4a–d) resembles well the
characteristic BSP formations in advanced human RP
(Fig. 4e).

Ocular coherence tomography (OCT) in a human RP
patient

The SLO image in Fig. 5 depicts a paramacular area with
BSPs in a human RP patient. Notably, the region where
BSPs are found also shows a remarkable atrophy of retina
and RPE. The three sections (Fig. 5a–c) show BSP at

Fig. 5 OCT of a human RP patient. SLO image (left) of the
paramacular area of a patient with RP. The fovea is located in the
upper right corner. Note the atrophy of retina and RPE in the region
where BSPs are abundant. The three sections (A–C) illustrate the
retinal location of BSP. Most of the large, confluent pigment clumps
are located in or just below the GCL. Their melanin content strongly

absorbs light and thus causes a “shadow” effect. Notably, the
thickness of the retina is increased where extensive pigmentation is
present. In addition, several smaller pigment clumps are located
between the RPE and the GCL, which most probably resemble the
cuffs around vessels of different size and height

Fig. 4 Distribution of bone spicule pigment across the retina. BSPs
approximately delineate the retinal capillary network at the time they
formed. a RPE cells (arrowheads) located along retinal capillaries
(arrow) in a flat-mount preparation (NADPH diaphorase staining).
Note the centrally brighter area due to the melanin-free nucleus. b
Detail of the inner retina (INL) at lower magnification (same layer as
A). The arrow points to a retinal capillary surrounded by pigmented

cells. The arrowhead indicates the same location in b and c. c Same
detail as b but focused on the IPL, allowing visualizing retinal surface
vessels. d, e Low magnification view of an entire retinal quadrant (d)
in comparison to a fundus image of a human patient with RP (e). The
clumps and elongated formations of pigmented cells along the retinal
vessels in mice resemble very well BSPs in humans
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different layers and in different sizes. Most obvious are the
confluent, large pigment clumps mainly located below the
GCL, which absorb most of the light and thus cause a
“shadow” below. Where these are present, the thickness of
the retina is increased. However, between the RPE layer
and the GCL, several smaller pigment arrangements are
visible, which most probably resemble the cuffs around
vessels of different size.

Discussion

In this work, we have shown the rho-/- mouse to be the first
animal model available featuring morphologically the
course of degeneration of RP in all fundamental phases
including the late stages. Based on this model we could
investigate the process of formation of BSP and demon-
strated that the direct contact of RPE and retinal vessels
appears to be a key factor.

In a number of histological studies on human donor
eyes, BSPs were found only in areas devoid of photo-
receptors, and were formed by RPE cells migrating along
retinal vessels [3, 8–12]. However, the trigger for detach-
ment of RPE cells from Bruch′s membrane and successive
migration has still remained unclear. Our results demon-
strate that RPE migration is closely related to the selective,
complete loss of rod and cone photoreceptor cells, thereby
allowing inner retinal vessels from the OPL to approximate
and make contact with the apical side of the RPE.
Moreover, we could demonstrate for the first time that this
direct contact seems to cause RPE cells to detach from
Bruch′s membrane and to migrate along the contacting
vessels towards the inner retina. Our murine whole-mount
data illustrate the arrangement of pigmented cell clusters
outlining retinal capillaries that correlate well with BSPs in
humans [3, 8–12]. Moreover, using OCT investigation in an
RP patient we could demonstrate perivascular pigmentation
in vivo, thereby proving that BSPs are located at different
retinal layers ranging from the RPE to the GCL comparable
to our findings in the mouse model.

It has been speculated as to why RPE cells are attracted
by retinal vessels. The affinity of RPE cells to vascular
basal lamina or ECM around retinal blood vessels might
play a role [3, 8, 10]. Alternatively, the release of cytokines
from vascular endothelium has been suggested as a factor
that might trigger RPE migration [3, 10]. Potentially, actual
blood flow in the vessels accounting for higher oxygen
levels might also be a factor for the attraction of RPE cells.
Therefore, we hypothesize that BSPs grow in the presence
of vascular flow. Interestingly, our OCT investigation in a
RP patient showed that the thickness of the retina was less
reduced around areas of heavy pigmentation. Therefore, it
might be assumed that the relatively better vascular supply

accounted for the preservation of the inner retina at these
sites. Also, preservation of the retinal thickness might be
due to a firm RPE cell cast of the vascular system at the
time before pronounced degeneration of the inner retina
was present. This might have prevented thinning of the
retina later in the course of the disease. However, other
presently unknown mechanisms might also play a role.

Since vascular changes have been found to be secondary
to photoreceptor damage [2, 22], it has been proposed that
retinal arteriolar constriction, one of the key findings in RP,
is the result of (1) increased intravascular oxygen tension
due to decreased oxygen consumption by the degenerating
outer retinal layers and/or (2) closer proximity of the retinal
vascular network to the choroidal circulation as a result of
retinal thinning [2]. In other words, retinal blood flow may
be substantially reduced before the final row of photo-
receptors is lost. Given that vascular flow is a major stimulus
for RPEmigration, the stimulus strength might be different at
the time migration starts. Hence, this is a possible explana-
tion for variables in the amount and distribution of
pigmentation among different RP genotypes assuming
differences in the mechanism and speed of the degeneration.

Based on our data, one might speculate that RPE
migration and BSP formation is an attempt to form a
leakage-proof blood/retina barrier similar to the RPE/
choriocapillaris interface. As we have shown ultrastructur-
ally, the migrating RPE cells behaved similar to those at the
RPE-choroidal interface: they sealed the vessels by tight
junction linkage, deposited perivascular ECM, and (pre-
sumably by polarized VEGF secretion [23]) induced
fenestrations in the vascular endothelium of cuffed vessels
comparable to those in the choriocapillaris. Also, the
translocated cells were remarkably polarized with their
basal side towards the vessel characteristic of RPE cells in
situ. Such behavior has also been described in RP patients
[8, 10] and in other animal models [22, 24]. Li and
colleagues found vascular endothelial cells separated from
the translocated RPE cells by a layer of extracellular matrix
similar in organization to Bruch's membrane [10]. There-
fore, preexistence of ECM that might serve as a leading
structure for RPE migration cannot be ruled out [8, 10]. As
we have shown, direct contact between vessels and RPE
appears to be essential for BSP formation. However, a
transgenic animal model expressing VEGF in rod photo-
receptors demonstrated that absence of photoreceptors is
not necessarily required [24, 25]. The model showed a
pathological ingrowth of retinal vessels originating from the
deep capillary bed into the subretinal space that caused
contact with the RPE even in the presence of regular rod
and cone photoreceptors. Based on our findings one can
deduce that the pathological direct contact of retinal vessels
and RPE layer stimulated the RPE cells to react in the same
characteristic way: They migrated to surround the aberrant
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vessels, deposited ECM, and reestablished the blood–retina
barrier by forming tight junctions thereby reducing leakage
from vascular endothelial fenestrations. Our dynamic
mouse model allowed for the first time to reason that it is
the anatomical close proximity of retinal vessels and RPE
that seems to be the key factor for RPE migration and
formation of BSP. This disease sequence seems to be a
general process in retinal degeneration, also in RP patients.

In conclusion, we found that BSPs only form in areas
with direct contact of inner retinal vessels and RPE that is
usually caused by a loss of photoreceptors and the outer
retinal layers. This contact seems to be a major trigger for the
migration of RPE cells along the contacting retinal vessels.
The distribution of the BSP seems to reflect the status of the
retinal vascular network at the time of formation. The
substantial similarity of the course of the disease between
mouse and human and the possibility to access the dynamic
disease process makes the rho-/- mouse a valuable model to
obtain further insights in the dynamics of BSP formation.
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