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Abstract Cone dystrophies are genetic diseases charac-

terized by loss of cone photoreceptor function and severe

impairment of daylight vision. Loss of function is accom-

panied by a progressive degeneration of cones limiting

potential therapeutic interventions. In this study we com-

bined microarray-based gene-expression analysis with

electroretinography and immunohistochemistry to charac-

terize the pathological processes in the cone photoreceptor

function loss 1 (cpfl1) mouse model. The cpfl1-mouse is a

naturally arising mouse mutant with a loss-of-function

mutation in the cone-specific Pde6c gene. Cpfl1-mice dis-

played normal rod-specific light responses while cone-

specific responses were strongly diminished. Despite the

lack of a general retinal degeneration, the cone-specific

functional defect resulted in a marked activation of GFAP,

a hallmark of Müller-cell gliosis. Microarray-based net-

work-analysis confirmed activation of Müller-glia-specific

transcripts. Unexpectedly, we found up-regulation of the

cytokine LIF and the anti-apoptotic transcription factor

STAT3 in cpfl1 cone photoreceptors. We postulate that
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STAT3-related pathways are induced in cpfl1 cone photo-

receptors to counteract degeneration.

Keywords cpfl1 � Cone photoreceptor function loss 1 �
STAT3 � Cone photoreceptor degeneration �
Transcriptomics

Introduction

Cone dystrophies are a group of highly heterogeneous

genetic disorders characterized by a specific loss of cone

photoreceptor-mediated light responses and slow to fast

progressing degeneration of cone photoreceptors, the sub-

class of photoreceptors that mediate daylight vision. Early

onset cone dystrophy is also termed achromatopsia or rod

monochromasy. Affected patients are severely visually

handicapped and suffer from a combination of very poor

visual acuity, nystagmus, photophobia, and lack of color

discrimination. Four genes have been linked to achroma-

topsia, the two genes encoding the cone photoreceptor

cyclic nucleotide-gated channel (Cnga3 and Cngb3) [1],

the gene encoding the cone-specific transducin (Gnat2) [2],

and more recently the gene for the cone-specific a0-subunit

of the cGMP-phosphodiesterase (Pde6c) [3, 4]. Most

interestingly, the cpfl1 (cone photoreceptor function loss 1)

mouse, a naturally arising mouse mutant initially identified

because of its complete lack of cone-mediated light

responses [5, 6], has been associated with a loss-of-func-

tion mutation in the Pde6c gene [3]. In the cpfl1 mouse, a

116-bp insertion (c.864_865ins116) in the Pde6c gene

results in a frame-shift and a premature termination codon.

This mutation is predicted to lead to the loss of cGMP-

phosphodiesterase activity in cone photoreceptors. The

functional impairment in the cpfl1 mouse is accompanied

by a fast progressing degeneration of cone photoreceptors.

In contrast, rod function and morphology is not affected

[3]. Injury of photoreceptors or genetic defects that lead to

degeneration are thought to activate repair and cell death

signaling pathways that involve Müller cells, the main glia

of the retina [7]. These pathways were studied for general

retinal injury (e.g., light damage or retinal detachment) or

genetic diseases that affect the majority of photoreceptors

(e.g., retinitis pigmentosa or rod-cone dystrophies) [7, 8].

In contrast, our knowledge on the molecular mechanisms

leading to degeneration of cone photoreceptors in cone

photoreceptor-specific dystrophies is very limited. In this

study we combined microarray-based gene-expression

analysis with electroretinography (ERG) and morphologi-

cal data to characterize the pathological processes in the

cpfl1 mouse. We identified, for the first time, activation of

signal transducer and activator of transcription 3 (STAT3)-

related signaling pathways in degenerating cone

photoreceptors.

Materials and methods

Electroretinography

ERG is an established diagnostic technique in clinical

ophthalmology as well as in basic research, which allows

an objective evaluation of retinal function in vivo. In

normal retinas, under dark-adapted conditions, the rod-

mediated components dominate the response, whereas

under light-adapted conditions, responses are usually cone-

mediated [9]. Protocols that take advantage of these sen-

sitivity differences to distinguish rod from cone functions

are commonly used for diagnostic purposes in humans [10]

as well as in animal models [11–13].

ERGs were recorded as described [12]. In anesthetized

mice using a Ganzfeld bowl, a direct current amplifier, and a

PC-based control and recording unit (Multiliner Vision;

VIASYS Healthcare GmbH, Hoechberg, Germany). ERG

recordings were obtained in both scotopic (dark-adapted

overnight) and photopic (light-adapted 10 min at 30 cd/m2)

conditions. Single white-flash stimulation ranged from -4

to 1.5 log cd s/m2 under scotopic, and from -2.0 to 1.5 log

cd s/m2 under photopic conditions. Ten responses were

averaged with an inter-stimulus interval of either 5 or 17 s

(for 0–1.5 log cd s/m2). For additional photopic bright flash

experiments, we used a Mecablitz 60CT4 flash gun (Metz,

Germany) added to the Ganzfeld bowl. The intensity used in

this photopic bright flash protocol was 4.1 log cd s/m2.

Spectral domain optical coherence tomography (OCT)

For OCT imaging, we used a commercially available

SpectralisTM HRA ? OCT device from Heidelberg Engi-

neering as previously described [14]. Each two-

dimensional B-Scan recorded at 30� field of view consists

of 1,536 9 496 pixels, which are acquired at a speed of

40,000 scans/s. Optical depth resolution is ca. 7 lm with

digital resolution reaching 3.5 lm [15]. Resulting data

were exported as 8-bit color bitmap files and processed in

Adobe Photoshop CS2 (Adobe Systems, San Jose, CA,

USA).
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RNA extraction

Cpfl1 and wild-type mice were euthanized, eyes enucleated

and immediately transferred to PBS-buffer (Gibco�,

Invitrogen, Karlsruhe, Germany). After removal of the

cornea and lens, retinas were gently dissected from the eye

cup and placed in 350-ll RLT buffer (Qiagen, Hilden,

Germany) ? 1% b-mercaptoethanol (Sigma-Aldrich Che-

mie, Steinheim, Germany). Extraction of total RNA was

performed using the RNeasy Micro Kit (Qiagen) according

to the manufacturer’s instructions for tissues. QIAshredder

mini-spin columns (Qiagen) as well as needle and syringe

homogenization were applied. RNA quality was observed

with an Agilent 2100 Bioanalyzer using the RNA 6000

Nano LabChip Kit (Agilent Technologies, Boeblingen,

Germany) following the manufacturer’s instructions.

cDNA synthesis and qRT-PCR

One microgram of RNA of three wild-type and three cpfl1

animals was applied to the cDNA synthesis using the

QuantiTect� Reverse Transcription Kit (Qiagen), which

includes digestion of genomic DNA.

qRT-PCR was performed with the LightCycler480 Sys-

tem (Roche, Mannheim, Germany) using the QuantiTect�

SYBR� Green PCR Kit (Qiagen) or LightCycler�480

Probes Master Kit (Roche) according to the manufacturer’s

instructions.

Standard curves for each amplified transcript were

generated to obtain the PCR efficiency. CP-values were

determined by the LightCycler�Software 480 (Roche).

Expression levels of each sample were detected in triplicate

reactions. Pyruvate dehydrogenase ß-subunit (Pdh) was

used as reference gene to calculate the relative expression

of each target gene applying the efficiency-corrected

equation by Pfaffl [16].

Oligonucleotides for the qRT-PCR were designed using

the Primer3 Software (http://frodo.wi.mit.edu/cgi-bin/

primer3/primer3_www.cgi) or the Roche Assay Design

Center (http://www.roche-applied-science.com/sis/rtpcr/

upl/index.jsp). The sequences of the oligonucleotides are

listed in Supplementary Table 1.

Microarray analysis

Microarray experiments of retina tissue were performed at

two different ages (4 and 8 weeks) comparing gene

expression of cpfl1 and wild-type animals using the

AffymetrixTM platform according to the instructions of the

manufacturer. Fragmented and labeled cRNA of three wild-

type and three cpfl1 retinas (one retina each) were hybrid-

ized on AffymetrixTM Mouse Genome 430 2.0 Arrays,

respectively. A probe-level summary was determined using

the AffymetrixTM GeneChip Operating Software using the

MAS5 algorithm. Normalization of raw data was performed

by the Array AssistTM Software 4.0 (Stratagene, La Jolla,

Canada), applying a GC-robust multichip average (RMA)

algorithm. Significance was calculated using a t test without

multiple testing correction (Array AssistTM software),

selecting all transcripts with a minimum change in

expression level of 1.5-fold together with a p value less than

0.05. Selected changes of transcripts of the Stat3 pathway

were validated by qRT-PCR.

Gene regulation networks

Gene regulation networks were generated by Ingenuity

Pathways Analysis 3.1 (http://www.ingenuity.com). For

that purpose, data sets containing gene identifiers and the

corresponding expression and significance values were

uploaded into the application. These genes, called focus

genes, were overlaid onto a global molecular network

Table 1 Stat3-associated transcripts showing a complex deregulation

in the cpfl1 expression profile

Transcript Regulation Reference

Adrb1 ; [30]

Ahr : Binding site for Stat3 in the

Ahr promotor (MatInspector)

Bcl6 : [31]

C1qa : [32]

Cd44 : [32]

Cd9 : [33]

Cebpd : [34]

Clu : Binding site for Stat3 in the Clu promotor

(MatInspector)

Cp : Binding site for Stat3 in the Cp promotor

(MatInspector)

Ctss : [35]

Fgf2 : [36]

Gadd45b : Binding site for Stat3 in the Gadd45b

promotor (MatInspector)

Gbp2 : [37]

Gfap : [38]

Hes5 ; [39]

Hipk2 ; [40]

Il6st : [41]

Mt2 : [42]

Opn1mw ; [43]

Osmr : [44]

Pten ; [45]

Socs3 : [46]

Tnnt2 : Binding site for Stat3 in the

Tnnt2 promotor (MatInspector)

Vim : [47]
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developed from information contained in the Ingenuity

Pathways knowledge base. Networks of these focus genes

were then algorithmically generated based on their

connectivity.

Functional analyses

Functional analysis identified biological functions and/or

diseases that were most significant to the data set. Genes

from the data set that met the negative logarithmic sig-

nificance cut-off of five or higher, and were associated with

biological functions and/or diseases in the Ingenuity

Pathways knowledge base, were considered for further

analyses. Fischer’s exact test was used to calculate a p

value determining the probability that each biological

function and/or disease assigned to that data set is due to

chance alone.

Genomatix-based promoter analysis

We extracted the mouse promoter sequences from the

ElDorado database (Genomatix Suite-ElDorado, release

4.8, Mouse Genome build 37, Genomatix, Munich). The

GEMS launcher task ‘‘FrameWorker’’ using the available

weight matrix library (GEMS launcher version 4.4; Gen-

omatix, Munich; http://www.genomatix.de) was used to

generate the model of the promoter framework. The FastM

task of GEMS Launcher was used to optimize models.

ModelInspector (a GEMS launcher task) was used to

search the mouse promoter database (Genomatix promoter

database, GPD; Genomatix, Munich) with the optimized

model. Additional information about connections between

the genes from the initial list and candidate genes found by

the model search was taken from BiblioSphere analyses

(Genomatix, Munich). Default parameters were used for

the initial analyses in all programs, if not indicated

otherwise.

Immunohistochemistry

Immunohistochemical experiments were performed on

10-lm vertical cryostat sections as previously described

[17]. The sources and working dilutions of primary anti-

bodies are supplied in Supplementary Table 2. FITC-

labeled peanut agglutinin (PNA 1:100; Sigma-Aldrich,

Deisenhofen, Germany) was used to label the extracellular

matrix of cone photoreceptors and glycogen phosphorylase

to label cone photoreceptor cell bodies. Secondary detec-

tion of the antibodies was performed with Cy2 or

Cy3-labeled donkey anti-rabbit, anti-mouse, anti-goat, or

FITC-labeled anti-guinea pig IgG (Dianova, Hamburg,

Germany). To visualize cell nuclei, we applied 5 lg/ml

Hoechst33342 (Molecular Probes). The stained retinal

slices were analyzed by confocal microscopy (LSM510

Meta, Carl Zeiss, Germany).

Results

Cone photoreceptor-specific loss of function

and degeneration in cpfl1 mice

To ascertain baseline functional properties in cpfl1 mice,

flash ERGs were recorded from postnatal week (PW) four

wild-type and cpfl1 mice under dark-adapted (Fig. 1a) and

light-adapted (Fig. 1b) conditions. The entire responses to

dim stimuli and the initial part of the responses to bright

stimuli were identical to that of the control mice (see

overlay in Fig. 1a), indicating that the rod system, which is

responsible for these signals [13], was not affected pri-

marily by the disease. In contrast, the responses of the cone

system were already strongly reduced to unrecordable at

this point. The cone system influences the later part of the

dark-adapted responses to bright stimuli (arrow in Fig. 1a)

and generates the light-adapted ERGs (Biel et al. [18]),

which are practically absent in cpfl1 mutants (arrows in

Fig. 1b).

In summary, the ERG baseline results were comparable

to those in a model lacking any cone function like the

Cnga3-/- mutants deficient of a subunit of the cone cyclic

nucleotide-gated channel [11, 12]. However, unlike in

Cnga3-/- mice, photopic responses were not completely

absent in cpfl1 mice (arrows in Fig. 1b). To confirm that

these changes were not due to baseline fluctuation but

actually reflected residual cone system function, we per-

formed a photopic bright flash ERG using a light stimulus

with 4.1 log cd s/m2 intensity (Fig. 1d). Although the ini-

tial part of the response using this protocol is masked by a

flash artefact, a small but distinct light-evoked response

was typically found (arrow in Fig. 1d), indicating either a

very limited ability of the cpfl1 cone system to respond to

stimulation by light, or a small number of desensitized rods

in the vicinity of affected cones (bystander effect) that

might respond at unphysiological light conditions. The

same results were obtained for PW8 wild-type and cpfl1

mice (data not shown).

To analyze the morphology of the retina, we first used

optical coherence tomography (OCT). OCT sections of the

retina of cpfl1 mutant mice at PW4 and PW8 did not reveal

any structural changes in retinal layering (Fig. 2a, b). In

particular, the band associated with the inner/outer segment

border of photoreceptors (indicated by the arrowheads) was

not different between PW4 and PW8. However, despite the

relatively low percentage of cones among the photorecep-

tors, the functional loss apparently triggered substantial

reactive Müller gliosis characterized by induction of
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intermediate fiber glial fibrilary acid protein (GFAP) at

PW4 and particularly at PW8 (Fig. 2c–f).

Loss of phototransduction-related transcripts

in the cpfl1 mouse

The molecular events associated with the loss of cone

photoreceptor function and degeneration in the retina of

cpfl1 animals are not yet well understood. To gain more

insight into the nature of the degeneration, we performed

microarray analyses of 4- and 8-week-old cpfl1 and wild-

type animals using Affymetrix MOE 430 2.0 microarrays.

Expression levels of cpfl1 and wild-type retinas were

compared at the different ages. At 4 weeks of age, 337

transcripts (listed in Supplementary Table 3) showed a

minimum difference in expression level of 1.5-fold in

combination with a p value less than 0.05, with 168 of them

being up-regulated and 169 being down-regulated. Using

the same criterion for the comparison of the 8-week-old

animals, 222 transcripts were found to be differently

regulated (specified in Supplementary Table 4), with 77 of

those being up-regulated and 145 down-regulated. There

was an overlap of 30% between the two age groups.

All data sets of our expression analyses were uploaded

into the Ingenuity Pathways knowledge base and were

grouped into categories representing selected biological

functions and diseases (Fig. 3a). The following pathways

were altered in cpfl1 animals compared to wild-type: cell

cycle (PW4: 35 differently regulated genes; PW8: 13 dif-

ferently regulated genes), cell signaling (PW4: 92; PW8:

48), disturbances in development and function of the visual

system (PW4: 8; PW8: 12), cancer (PW4: 88; PW8: 38),

cellular growth and proliferation (PW4: 75; PW8: 41),

cellular assembly and organization (PW4: 28; PW8: 20),

cell morphology (PW4: 41; PW8: 18), development and

function of the cardiovascular system (PW4: 23; PW8: 17),

gene expression (PW4: 40; PW8: 8), development and

function of the nervous system (PW4: 75; PW8: 41).

An important part of the data analysis of microarray

experiments is the analysis of canonical pathways, which

Fig. 1 Electroretinographic data from wild-type and cpfl1 mice at

4 weeks of age. a Scotopic (dark-adapted) single flash ERG intensity

series of a wild-type (left) and a cpfl1 mouse (center), together with

an overlay of both signals (right). Vertical line crossing each trace

shows the timing of the light flash. The alteration of the trailing edge

of the scotopic b-wave at high stimulus intensities is illustrated

(arrow in a). b Photopic (light-adapted) single flash ERG intensity

series of a wild-type (left) and a cpfl1 mouse (right). The photopic

responses are strongly reduced but not completely absent (arrows in

b). c Scotopic (SC) and photopic (PH) b-wave amplitudes from wild-

type and cpfl1 mice as a function of the logarithm of the flash

intensity. Boxes represent the 25–75% quantile range, whiskers
indicate the 5 and 95% quantiles, and the asterisk is the median of the

data. d Photopic bright flash ERG responses obtained from a wild-

type and a cpfl1 mouse, and also from a functionally all-rod mouse

(Cnga3-/-, cone cyclic nucleotide-gated channel deficient). Small

response was detected in cpfl1 mice (arrow in d), indicating some

remaining cone system function at 4 weeks of age

STAT3 induction in cpfl1 retina 3177



invokes a comparison between the uploaded data set and

characterized published signaling pathways. The analysis

of canonical pathways affected in the cpfl1 mouse high-

lighted a distinct dysregulation of phototransduction. We

selected a subset of seven phototransduction-related genes

that were found to be down-regulated in our microarray

analysis for evaluation by qRT-PCR. All identified down-

regulations were verified using qRT-PCR (p \ 0.05,

Fig. 3b, c) confirming the accuracy of our microarray data.

Loss of cone-specific RNA reflects loss of cone

photoreceptor cells in the cpfl1 mouse

It remained uncertain whether the down-regulation was

caused by a specific repression of these genes or rather

reflected a general loss of cone photoreceptors. To clarify

this issue, we examined the cellular expression of selected

proteins in retinal sections. We double-labeled cone pho-

toreceptors with the cone-specific marker peanut agglutinin

(PNA) that specifically labels the extracellular matrix of

cone photoreceptors and antibodies directed against one of

the two mouse cone opsins (medium wavelength-sensitive

opsin, MWS). At 2 weeks of age the number and appear-

ance of cone photoreceptors in the cpfl1 retina (Fig. 4a, b)

was indistinguishable from that of wild-type controls (not

shown). Starting from PW3 we found a progressive loss of

cone photoreceptors (Fig. 4c–f). In 8-week-old cpfl1 ani-

mals, the number of cone photoreceptors appeared to be

drastically reduced (Fig. 4g, h). All cone photoreceptors

persisting until late in the course of degeneration still

contained significant amounts of opsin (Fig. 4g–j). The

same results were obtained for the short wavelength-sen-

sitive opsin (SWS; not shown), the cone cyclic nucleotide-

gated channel CNGA3 subunit (Fig. 4k, l) and the cone

transducin alpha subunit (GNAT2; Fig. 4m, n). Impor-

tantly, all these cone outer segment proteins were normally

expressed and localized, suggesting widely preserved outer

segment structure. Compared to CNGA3-deficient mice

[11, 17], the time course of cone degeneration in cpfl1 mice

was much faster. Based on these results, we conclude that

the observed down-regulation of phototransduction tran-

scripts in the cpfl1 retina originated from the loss of

Fig. 2 Invasive and non-invasive cross-sectional retinal imaging in

WT and cpfl1 mice at PW4 and PW8. a, b Virtual cross sections using

OCT demonstrate intact retinal architecture of cpfl1 retinas. The

bands associated with photoreceptor structures, in particular the inner/

outer segment border marked by arrowheads, appeared unaltered

between PW4 (a) and PW8 (b). c–f Retinal cryosections stained for

GFAP (red) and with DAPI (blue) for nuclei. Increasing GFAP

staining was evident in the cpfl1 retinas (d, f) indicating progressive

gliosis, but not in WT (c, e). Scale bar in c–f 100 lm

3178 K. Schaeferhoff et al.



Fig. 3 a Selection of biological

functions and diseases affected

in the cpfl1 mutant. This

diagram illustrates a selection of

biological functions and

diseases that appear to be

disturbed in the cpfl1 mutant.

The particular function is

plotted versus the negative

logarithm of the significance.

Alterations in the 4-week-old

animals are indicated by the

black bar, changes in the

8-week-old animals by the

light bar. b, c Relative gene

expression evaluated by

qRT-PCR and microarray

analysis. Expression levels are

displayed as signal log ratio

(SLR). All genes evaluated by

qRT-PCR show a significance

of p B 0.05. b Real-time

validation of 4-week-old

animals. c Real-time validation

of 8-week-old animals
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degenerating cone photoreceptors rather than from real

gene repression.

Induction of STAT3-related signaling pathways

in the degenerating cpfl1 retina

We next hypothesized that genes that were up-regulated in

our microarray analysis at an early stage of degeneration in

the cpfl1 retina may be involved in cell death mechanisms

and/or survival mechanisms that are activated to counteract

degeneration. Based on this hypothesis, we focused on the

168 up-regulated genes in 4-week-old cpfl1 animals. At this

time point, degeneration of photoreceptors has just started

and potential cell death and rescue signaling cascades are

presumably activated. Figure 5a displays a selection of the

ten primary canonical pathways, which appear to be

induced in 4-week-old cpfl1 animals. A closer observation

of these canonical pathways showed a remarkable impact

of the signal transducer and activator of transcription 3

(Stat3) signaling since Stat3 and several components of its

signaling cascade are part of all but one (complement

system) of the ten identified canonical pathways. To verify

this induction of Stat3-related genes, we selected three of

the identified transcripts (Stat3, Socs3, and Cntf) and in

addition on leukemia inhibitory factor (Lif), a member of

the interleukin-6 family of cytokines, that has been shown

to be frequently involved in Stat3 activation in the retina

[18, 19], for further analysis by qRT-PCR. Significant

Fig. 4 Localization of phototransduction proteins in cpfl1 retinal

slices. Confocal laser scanning micrographs of retinal sections

showing immunolocalization of various markers. a–h Wild-type

(a, c, e, g) and cpfl1 (b, d, f, h) retinal slices at different ages

(postnatal week, PW 2–8) labeled for the medium wavelength-

sensitive opsin (MWS, green). i–n High magnification images

showing cone outer segment localization of MWS (i, j, green),

CNGA3 (k, green), and GNAT2 (m, green) in retinal slices of PW8

wild-type (i) or cpfl1 (j–n) mice. In the images shown in (l and n)

cone photoreceptors were co-labeled with peanut agglutinin (PNA,

red). Scale bar for (a–h) is 100 lm (shown in a) and for (i–n) 20 lm

(shown in i). Cell nuclei were labeled with Hoechst nuclear dye

(blue). INL, inner nuclear layer, ONL, outer nuclear layer, OS,

photoreceptor outer segments

3180 K. Schaeferhoff et al.



up-regulation of all three genes was confirmed by qRT-PCR

analysis (p \ 0.05) (Fig. 5b). For Lif, we also found sig-

nificant 3.5-fold up-regulation (Fig. 5b). The inability to

detect this up-regulation in the previously performed

microarray expression analysis may be explained by sub-

optimal oligonucleotide probes on the microarray. We next

analyzed the full dataset (up- and down-regulated tran-

scripts) from 4-week-old animals including Lif with the

Ingenuity Pathways knowledge base matrix to generate

gene regulation networks that facilitate the integration of

the data into a biological context. Figure 5c shows the

regulation network with the highest interaction score.

Importantly, Stat3 plays a central role in this signaling

network. Fifteen differently regulated genes (13 up-regu-

lated and two down-regulated) were included, which

showed 46 interactions. The network is divided into dif-

ferent cellular compartments and includes the down-

regulated gene tissue inhibitor of metalloproteinase 3

[Timp3; fold change (FC) -2; p 0.011] as well as the

up-regulated genes fibroblast growth factor 2 (Fgf2; FC 5.2;

p 0.001), ciliary neurotrophic factor (Cntf; FC 1.4; p 0.01),

leukemia inhibitory factor (Lif; FC 2.7; p 0.03), and endo-

thelin 2 (Edn2; FC 27.6; p 0.001) in the extracellular space.

The down-regulated gene gap junction protein, alpha-1

(Gja1; FC -3; p 0.001), as well as the up-regulated genes

oncostatin-M-specific receptor subunit beta precursor

(Osmr; FC 2.5; p 0.001) and interleukin-6 receptor subunit

beta precursor (Il6st; FC 1.5; p 0.02) are localized in the

plasma membrane. For proteins known to be localized in

cytoplasm the up-regulated genes vimentin (Vim; FC 1.7;

p \0.001), suppressors of cytokine signaling (Socs3; FC

2.5; p 0.001), mitogen-activated protein kinase 1 (Mapk1;

FC 1.6; p 0.003) and glial fibrillary acidic protein (Gfap; FC

6.7; p \0.001) were found. The up-regulated transcription

factors CCAAT/enhancer-binding protein, beta (Cebpb; FC

1.6; p 0.014) CCAAT/enhancer-binding protein, delta

Fig. 5 a Selection of canonical pathways altered in the cpfl1 mutant

and derived from a subset of all up-regulated genes included in the

differential regulated gene list of the 4-week-old animals. The

particular canonical pathway is plotted versus the negative logarithm

of the significance. b Relative expression of genes associated with

Stat3 signaling in cpfl1 mutant relative to wild-type. The diagram

indicates the relative gene expression evaluated by qRT-PCR.

Expression levels are displayed as signal log ratio (SLR). All genes

show a significance of p B 0.05. c Gene regulation network of Stat3

signaling. This network, derived from the data set of the 4-week-old

cpfl1 mice, contains 15 genes connected through 46 interactions. The

13 up-regulated genes appear as red symbols, the two down-regulated

genes as green icons. The color intensity correlates with the degree of

regulation. Direct interactions are indicated as drawn through lines
and indirect interactions as dashed connections
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(Cebpd; FC 7.8; p 0.001) and signal transducer and activator

of transcription 3 (Stat3; FC 2.5; p 0.047) are shown in the

nuclear compartment.

In order to localize the cells that induced Stat3 signaling

in the cpfl1 mouse, we performed immunohistochemical

stainings for selected proteins of this signaling cascade.

LIF protein was found in Müller glia and other inner retinal

cells of wild-type control mice (Fig. 6a). LIF was pro-

foundly up-regulated (Fig. 6d) and colocalized with GFAP

in the cpfl1 retina (Fig. 6e, f). We also found Müller cell

expression of STAT3, SOCS3, and CEBPD (Fig. 6g–l). In

accordance with the more moderate fold change in gene

expression of these genes, no obvious changes were

detected between cpfl1 and wild-type mice for SOCS3 and

Fig. 6 Müller glia cells in the cpfl1 retina induce Lif. Confocal laser

scanning micrographs of retinal sections showing immunolocalization

of various markers in wild-type (a–c, g–i) and cpfl1 (d–f, j–l) mice.

(a–f) GFAP-positive (red) Müller glia induce expression of

Lif (green). Stat3 (g, j, green), SOCS3 (h, k, green) and Cepbd

(i, l, green) are also expressed in inner retinal neurons and localize to

Müller cell fibers in cpfl1 mice. Images (in b and e) show GFAP (red)

labeling. In (c), cell nuclei were labeled with Hoechst nuclear dye

(blue) to reveal retinal cell layers. The image in (f) represents an

overlay (yellow) of the Lif (green) and GFAP (red) signals shown in

d and e, respectively. Scale bar is 20 lm. INL, inner nuclear layer,

IPL, inner plexiform layer, OPL, outer plexiform layer
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CEBPD. All four proteins tested were also expressed in

cone photoreceptors (Fig. 7) and localized to the cell body,

the synapse, and the inner segment (see co-labeling with

glycogen phosphorylase, a marker of cone photoreceptors

that labels all these structures [20]). Intriguingly, we also

observed up-regulation of LIF and STAT3 in cpfl1 cone

photoreceptors (Fig. 7a–b’ and c–d’). SOCS3 and CEBPD

protein were only slightly if at all elevated in cpfl1 cones

(Fig. 7e–f’ and g–h’). To quantify STAT3 expression in

cone photoreceptors, we evaluated 14,000 lm2 in dorsal

and ventral retinal areas of three wild-type and three cpfl1

animals and found in both conditions more than 90% of

cone photoreceptors expressing STAT3.

In order to elucidate the impact of increased STAT3

signaling on the expression profile of the cpfl1 mouse

model, we used the GenomatixSuite software BiblioShpere

and the MatInspector tool to define genes directly or

indirectly associated with STAT3 transcriptional activa-

tion. The analysis revealed 24 up or down-regulated genes

in the cpfl1 expression profile affecting STAT3 activation

or being influenced by STAT3 signaling, which are listed

in Table 1. All 19 genes showing an elevated expression

level include a STAT3 binding site in their promoter region

and can thus be activated by STAT3. Importantly, seven of

these genes were members of the signaling network shown

in Fig. 5c. The majority of the down-regulated genes on the

other hand represent negative regulators of STAT3

activation.

Discussion

Neurodegenerative disorders comprise complex processes

within primarily affected cells as well as interactions

between affected and unaffected cells. The involved path-

ways are in part specific to cells and in part general,

canonical pathways (like apoptosis). Thus, to achieve a

more comprehensive understanding, a bridging of

Fig. 7 Localization of Stat3-related proteins in cpfl1 cone photore-

ceptors. Confocal laser scanning micrographs of retinal sections

showing immunolocalization of various markers (green) in wild-type

(a, c, e, and g) and cpfl1 (b, d, f, and h) at PW 4. Merged images of

this signal and the labeling for the cone photoreceptor marker

glycogen phosphorylase (red) are shown in a’–h’. A clear induction

of Lif (b) and Stat3 (d) was observed in cpfl1 mice. Socs3 (e–f) and

Cebpd (g–h) also localize to cone photoreceptors, but are only slightly

up-regulated in the cpfl1 mouse. Scale bar is 20 lm. IS, photoreceptor

inner segments, ONL, outer nuclear layer, OPL, outer plexiform layer

STAT3 induction in cpfl1 retina 3183



physiological, structural, and molecular approaches is

necessary. Here, we analyzed the specific retinal neurode-

generation in the cpfl1 mouse. Recent studies have shown

that mutations in human Pde6c, analogous to the molecular

defect in the cpfl1 mouse, cause autosomal recessive

achromatopsia or early onset progressive cone dystrophy

[3, 4] making cpfl1 mice a unique murine model for this

disorder. In the cpfl1 mouse, cone photoreceptors are pri-

marily affected, leading to a fast and progressive loss of

these cells. Because of this specificity and a minimum

of secondary degenerative events (in contrast to those

associated with rod photoreceptor degeneration), a micro-

array-based gene expression analysis in combination with

functional and morphological data appeared particularly

promising to identify cone photoreceptor-related patho-

logic signaling pathways.

In our ERG analysis of cpfl1 mice we observed that light

responses originating from cone photoreceptors were

practically non-recordable already at PW4. In contrast, rod-

mediated light responses were normal in both PW4 and

PW8 animals. OCT-aided morphological analysis showed

no apparent differences between wild-type and cpfl1 retina,

indicating that, in contrast to rod photoreceptor diseases, no

general degeneration of the outer retina occurred. How-

ever, despite the low number of cone photoreceptors in the

mouse retina (only 3% of all photoreceptors), we found a

marked activation of Müller glia. Our microarray analysis

identified activation of STAT3 signaling pathways in the

cpfl1 retina. Until today, activation of STAT3 signaling has

been reported for animal models with general photore-

ceptor degeneration or light-induced retinal damage [7, 8].

Our results provide new evidence for a combined activa-

tion of the STAT3 signaling cascade in both cone

photoreceptors and Müller cells in a cone-specific degen-

eration model.

The activation of these signaling processes in the cpfl1

retina could possibly be initiated by the influence of Edn2,

which was found to be significantly up-regulated (28-fold) in

the cpfl1 retina. Edn2 is secreted in response to photore-

ceptor stress and is proposed to signal to Müller cells by

binding to its receptor Ednrb [7]. Up-regulation of Edn2 was

also observed in light-damaged retinas and in the retinas of

prCAD knockout mice, a model of general photoreceptor

degeneration [7]. It was also proposed that activation of

Edn2 results in up-regulation of Cebpd, Gfap, Osmr, Socs3,

and Stat3 in these two conditions of global photoreceptor

degeneration [7]. Interestingly, we found up-regulation of

all these proteins in the cpfl1 retina as well (see identified

gene regulation network in Fig. 3b). The transcriptional

analyses of light-damaged retinas additionally revealed an

up-regulation of Cd44, Vim, Fgf2, Il6st, and Ahr [7], which

were up-regulated in the four 4-week-old animals as shown

by our microarray expression analysis.

Two growth factors secreted by damaged retinal neurons

and Müller cells [21, 22], fibroblast growth factor 2 (Fgf2;

5.2-fold), and ciliary neurotrophic factor (Cntf; 1.4-fold)

were also up-regulated in the cpfl1 retina. These growth

factors are known to induce expression of the also up-

regulated genes Gfap (FC 6.7) [21–24] and vimentin (Vim;

FC 1.7) [25] in Müller cells. We postulate that induction of

Gfap most likely derives from a combined action of Fgf2

and Cntf.

Cntf and Lif (FC 2.7), another up-regulated gene within

the identified regulation network, are both known to induce

Stat3 signaling to counteract induction of apoptosis [26]. In

agreement with results from different mouse models of

general retinal degeneration [8, 27], Stat3 (FC 2.5) is also

up-regulated in the cpfl1 retina. Alternatively, activation of

Stat3 signaling can be also promoted by oncostatin-M

receptors [28]. This may also be the case in the cpfl1 retina,

since oncostatin-M specific receptor subunit beta precursor

(Osmr; FC 2.5) and interleukin-6 receptor subunit beta

precursor (Il6st; FC 1.5) are also up-regulated in our model

of cone-specific degeneration. In agreement with this we

found up-regulation of suppressors of cytokine signaling 3

(Socs3; FC 2.5). SOCS3 associates with activated cytokine

receptors (e.g., OSMR and IL6ST) probably through

inhibiting janus kinases (JAK)-mediated activation of the

receptors and thus causing a negative regulation of cyto-

kine signaling. It is assumed that SOCS proteins further

recruit ubiquitin ligases, causing degradation of these

cytokine receptor signaling complexes [29].

In conclusion, the up-regulation of the genes Lif, Cntf,

Osmr, Il6st, Stat3, and Socs3 in the cpfl1-mutant mice

underlines the activation of cell rescue signaling pathways

in these animals. However, at the same time, induction of

this STAT3 signaling does not seem to be sufficient to

rescue cone photoreceptors in the cpfl1 mouse. This is in

line with observations from mouse models of genetic

photoreceptor degeneration [8]. At the age of 8 weeks, the

degenerative process in the cpfl1-retina has proceeded

strikingly and expression levels of the Fgf2, Cntf, Osmr,

Il6st, Stat3, and Socs3 have returned to normal. However,

the up-regulation of Gfap and Edn2 remains. This reversal

of up-regulation of these genes may be explained by two

mechanisms: (1) the progress of degeneration could have

proceeded to such extent that attempts of photoreceptor

rescue have been abandoned and (2) the cells secreting

potential stress signals have diminished to such a degree

that the concentration of rescue-stimuli is not sufficient to

activate the STAT signaling cascade. However, the up-

regulation of Edn2, which is considered to function as

stress signal [7], favors the first possibility. To our

knowledge, this is the first study linking activation of this

STAT3 signaling cascade to cone photoreceptor-specific

degeneration and death. This suggests that the endogenous
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STAT3 system may be commonly activated in degenerat-

ing retinas, probably independently of the disease-causing

stimulus. Targeting molecules of this signaling pathway by

neuroprotective treatments may prove beneficial for the

management of a large number of degenerative diseases.

Our results also reveal that degenerating cone photore-

ceptors induce similar signaling pathways as degenerating

rod photoreceptors. Since both pathologies share common

rescue and cell-death pathways, common treatment strate-

gies may be developed.
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