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The glial cell line-derived neurotrophic factor (GDNF) family ligands (GFLs) [GDNF, NRTN (neurturin), ARTN (artemin), and PSPN
(persephin)] interact with GDNF family receptors (GFR�s) and activate intracellular signaling through the Ret receptor tyrosine kinase.
To characterize the role of Ret signaling in retinal activity, we examined Ret hypomorphic and Ret conditional mice using electroreti-
nography. We found that aberrant Ret function resulted in markedly diminished scotopic and photopic responses. Using mice deficient
in individual GFLs, we found that only NRTN deficiency led to reduced retinal activity. To determine the potential target cell type for
NRTN, we examined the retinal expression of its coreceptors (GFR�1 and GFR�2) and Ret using mice expressing fluorescence reporter
enhanced green fluorescent protein from their respective loci. We found robust GFR�1 and Ret expression in horizontal, amacrine, and
ganglion cells, whereas GFR�2 expression was only detected in a subset of amacrine and ganglion cells. In contrast to previous studies, no
expression of GFR�1, GFR�2, or Ret was detected in photoreceptors or Müller cells, suggesting that these cells are not directly affected by
Ret. Finally, detailed morphologic analyses of retinas from NRTN- and Ret-deficient mice demonstrated a reduction in normal horizontal
cell dendrites and axons, abnormal extensions of horizontal cell and bipolar cell processes into the outer nuclear layer, and mislocalized
synaptic complexes. These anatomic abnormalities indicate a possible basis for the abnormal retinal activity in the Ret and NRTN mutant
mice.
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Introduction
The glial cell line-derived neurotrophic factor (GDNF) family
ligands (GFLs) [GDNF, NRTN (neurturin), ARTN (artemin),
and PSPN (persephin)] form a complex with their respective
GDNF family coreceptors (GFR�1–GFR�4) and the receptor ty-
rosine kinase Ret to activate essential intracellular signaling cas-
cades; these include the mitogen-activated protein kinase, phos-
phoinositide 3-kinase–AKT, and phospholipase C� pathways
(Baloh et al., 2000). Studies of mutant mice demonstrated that
GFL-mediated RET signaling plays critical roles in organogenesis
and in the maintenance of multiple central and peripheral neu-
rons (Sariola and Saarma, 2003). In addition, GFLs show promise

for the treatment of several neurodegenerative diseases as well as
neuropathic pain (McBride and Kordower, 2002; Kirik et al.,
2004; Eslamboli, 2005; Sah et al., 2005). Finally, GDNF adminis-
tration slows photoreceptor cell death in animal models of retinal
degeneration (Carwile et al., 1998; Frasson et al., 1999; Ogilvie et
al., 2000; McGee Saftner et al., 2001; Politi et al., 2001; Andrieu-
Soler et al., 2005; Delyfer et al., 2005), implying that GFL-
mediated RET signaling can influence retinal function.

To further understand the roles of GFLs and their receptors in
the retina, a number of expression studies have been performed
(Jomary et al., 1999; Harada et al., 2002; Karlsson et al., 2002;
Koberle and Ball, 2002; Jomary et al., 2004; Rothermel et al., 2004;
Kretz et al., 2006). However, because of discrepancies reported in
expression patterns of these receptors, it has been difficult to
predict their roles in retinal function. Although mutant mice
deficient in each of the GFLs, their cognate GFR� coreceptors,
and Ret exist, their roles in retinal function have not been exam-
ined because of perinatal lethality of some of the mutants. To this
end, we examined the physiological roles of GFL-mediated Ret
signaling and found that NRTN-mediated Ret signaling is re-
quired for normal retinal function. Using mice that express the
enhanced green fluorescent protein (EGFP) reporter from the
GFR�1, GFR�2, or Ret locus, we determined that Ret signaling in
the retina likely occurs via horizontal, amacrine, or ganglion cells
and not in Müller glial cells or photoreceptors. We further dem-
onstrated that abnormal retinal activity in NRTN- or Ret-
deficient mice is associated with abnormal extension of horizon-
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tal cell and bipolar cell processes into the outer nuclear layer
(ONL) as well as a severely disrupted outer plexiform layer
(OPL), with very sparse horizontal cell dendrites and axons. We
also observed mislocalized synaptic complexes in the outer nu-
clear layer in these mice. These studies show that NRTN-
mediated Ret signaling is critical to normal retinal development
and function.

Materials and Methods
Mice. All studies were conducted in accordance with the Association for
Research in Vision and Ophthalmology Statement for the Use of Animals
in Ophthalmic and Vision Research. Institution-approved protocols
were followed for all animal studies. Production and genotypic analysis
of RetDN/�, GDNF�/�, NRTN�/�, ARTN�/�, and PSPN�/� mice have
all been described previously (Heuckeroth et al., 1999; Honma et al.,
2002; Jain et al., 2004). Mice harboring the conditional RETfloxEGFP
allele were bred with �-actinCre mice (Meyers et al., 1998) to generate
mice expressing EGFP from the endogenous Ret locus (Jain et al., 2006b)
and with Six3Cre mice (Furuta et al., 2000) to express EGFP from the Ret
locus in the retina. Similarly GFR�1 conditional animals (Uesaka et al.,
2007) were bred with �-actinCre mice (Meyers et al., 1998) to express
EGFP reporter from the Gfr�1 locus. Mice expressing EGFP from the
Gfr�2 locus have been described previously (McDonagh et al., 2007).

Electrophysiology. Full-field electroretinograms (ERGs) were recorded
on a UTAS-E 3000 Visual Electrodiagnostic System (LKC Technologies,
Gaithersburg, MD) (Peachey and Ball, 2003; Zhu et al., 2007). Animals
were dark adapted overnight and prepared for recordings under infrared
illumination. Mice were anesthetized by intraperitoneal injection of ket-
amine (50 mg/kg) and xylazine (5 mg/kg). The body temperature of the
animals was maintained between 36 and 37°C throughout the recordings
with a heating pad and monitored by rectal temperature probe. Pupils
were dilated for recordings with 1% atropine, and corneas were kept
moist with application of 1% carboxymethylcellulose as needed through-
out the procedure. Stimuli were brief white flashes delivered via a Gan-
zfeld integrating sphere, and signals were recorded with bandpass set-
tings of 0.3–500 Hz. After a 10 min stabilization period, an 11-step
scotopic intensity series (�3.60 to 0.39 log cd � s/m 2 stimulus) was re-
corded, which included rod specific and scotopic bright flash responses.
After a 10 min light adaptation period on a steady white background
(2.30 log cd/m 2), a five-step photopic intensity series was recorded
(0.39 –2.82 log cd � s/m 2 stimulus). Scotopic and photopic b-wave am-
plitudes and scotopic a-wave amplitudes were recorded for all flash in-
tensities. After recordings, animals recovered from anesthesia in a warm-
ing chamber and were returned to their cages.

Morphometric analysis. Animals were anesthetized and perfusion fixed
with 4% paraformaldehyde, and the eyes were dissected and paraffin
embedded. Sections (4 �m) through the entire retina were prepared and
stained with hematoxylin and eosin for retinal morphometric analysis
(Zhu et al., 2007). The thicknesses of the entire retina, the ONL, the inner
nuclear layer (INL), and the inner plexiform layer were measured using
image analysis software. For each of these parameters, measurements
were performed in the same region of the retina to avoid the possibility of
regional anatomic variation in the results. For each retinal section, trip-
licate measurements (100 �m apart) were taken in each hemisphere,
centered at the midway point between the optic nerve and retinal periph-
ery. The number of ganglion cells was determined per 250 �m of gan-
glion cell layer in each hemisphere, centered at the midway point between
the nerve and retinal periphery. Measurements were obtained from four
sections each from three animals of each genotype, and the results are
represented as mean � SEM.

Immunohistochemistry. Mice were killed, and eyes were removed and
fixed in 4% paraformaldehyde for 30 min. Retinas were dissected and
embedded in 4% low-melting agarose in 0.01 M PBS, and 60 �m vi-
bratome sections were obtained (VibratomeX-100 plus; TPI, St. Louis,
MO). The sections were blocked in 5% horse serum for 1 h and incubated
in primary antibody diluted in PBS overnight at 4°C. Primary antibodies
and dilutions included anti-PKC� (1:100; Santa Cruz Biotechnology,
Santa Cruz, CA), anti-calbindin D28 (1:100; Sigma, St. Louis, MO), anti-

activator protein 2� (AP2�) (1:10; Developmental Studies Hybridoma
Bank, University of Iowa, Iowa City, IA), anti-glutamine synthetase (1:
100; Millipore Bioscience Research Reagents, Temecula, CA), anti-
Cyclin D3 (1:50; Cell Signaling Technology, Beverly, MA), anti-Brn-3a
(brain-specific homeobox/POU domain protein 3A) (1:200; Millipore
Bioscience Research Reagents), anti-neurofilament 200 (1:100; Sigma),
and anti-synaptophysin (1:1000; BD Biosciences, San Jose, CA). Sections
were washed multiple times in PBS and then incubated in cyanine
3-conjugated secondary antibody diluted in PBS (1:500; Millipore Bio-
science Research Reagents) for 1 h at room temperature. After additional
washes in PBS, sections were mounted in Vectashield with 4�,6�-
diamidino-2-phenylindole (Vector Laboratories, Burlingame, CA), cov-
erslipped, and viewed using an LSM 510 confocal microscope (Zeiss,
Jena, Germany) at 40�. Images were captured with Zeiss LSM software.

To determine the percentage of AP2�-positive amacrine cells that
expressed Ret, GFR�1, or GFR�2, vibratome sections from retinas of the
respective reporter mice were immunostained with anti-AP2� antibody
and viewed with an LSM 510 confocal microscope. Two adjacent 20�
images were captured from each side of the optic nerve, midway between
the nerve and the periphery. The percentage of 100 consecutive AP2�-
positive amacrine cells that also stained for GFP was recorded for each set
of images. Counts were determined in three separate retinal sections
from each of two animals (total of 1200 cells counted). Additional retinal
sections were immunostained with the ganglion cell marker Brn-3a, and
the same technique was used to determine the percentage of Brn-3a-
positive ganglion cell that expressed Ret, GFR�1, or GFR�2.

Electron microscopy. Tissues were fixed in modified Karnovsky’s fixa-
tive (2.5% glutaraldehyde and 2% paraformaldehyde in 0.1 M phosphate
buffer, pH 7.4) at 4°C overnight and postfixed in 1% osmium tetroxide
for 1 h. Fixed tissues were then dehydrated in a graded series of ethyl
alcohol (30 –100%) and then embedded in Epon–Araldite mixture. Thin
(70 – 80 nm) sections were placed on 2 � 1 mm copper grids. Grids were
stained with uranyl acetate and lead citrate. Sections were examined
using a Hitachi (Tokyo, Japan) H 7500 transmission electron micro-
scope, and micrographs were captured at 2000 –25,000�.

Statistics. Differences in the morphological measurements were com-
pared by the nonparametric ANOVA rank-sum test. ERG responses from
mutant and control mice were compared using a Student’s t test. p values
�0.05 were considered significant.

Results
Retinas from Ret hypomorphic (RetDN/�) mice are
functionally abnormal
The perinatal lethality of Ret-null mice precludes postnatal inves-
tigations, including those concerning retinal function. We re-
cently generated Ret hypomorphic (RetDN/�) mice with severely
reduced Ret activity that survive for several weeks after birth (Jain
et al., 2004), thus enabling postnatal retinal evaluation. To test for
the presence of retinal functional deficits in the RetDN/� mice, we
performed electroretinography, in which retinal aggregate field
potential responses are recorded under dark-adapted (scotopic)
and light-adapted (photopic) conditions. The scotopic responses
are primarily rod driven, and the photopic responses are derived
exclusively from cones. A typical scotopic response to a bright
flash stimulus consists of an a-wave, mediated primarily by pho-
toreceptors, and a b-wave, produced by cells of the inner retina,
primarily ON-bipolar cells. ERGs were recorded from postnatal
day 18 (P18) RetDN/� and wild-type (WT) mice to a light intensity
response series under both scotopic and photopic conditions (a
complete list of mouse genotypes and numbers used for ERG
experiments is found in supplemental Table 1, available at
www.jneurosci.org as supplemental material). RetDN/� mice dis-
played significantly reduced scotopic a- and b-waves and pho-
topic b-waves (Fig. 1). The maximal scotopic b-wave was reduced
65% compared with wild type [wild type, 712.4 � 86.3 �V
(mean � SD); RetDN/�, 249.0 � 50.2 �V; p � 0.001], and the
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maximal photopic b-wave was reduced 50% compared with wild
type (wild type, 234.9 � 50.5 �V; RetDN/�, 117.2 � 33.7 �V; p �
0.001). These data imply abnormalities in both the rod and cone
systems in RetDN/� mice and suggest that RET activity is necessary
during early life for the proper development and/or maintenance
of global retinal function as assessed by electroretinography.

In a number of systems, aberrant RET signaling results in
grossly abnormal development or altered tissue morphology
(Schuchardt et al., 1994; Jain et al., 2004, 2006a; Arighi et al.,
2005; Enomoto 2005; Naughton et al., 2006). We therefore per-
formed a morphological analysis of the retina from these mice to
evaluate overall retinal development at birth and P18, because the
retina is nearly mature at this age and the RetDN/� mice do not
survive beyond 3 weeks. At the light microscopic level, no differ-
ences in retinal organization were observed between retinas from
RetDN/� and control mice at birth or at P18 (supplemental Fig. 1,
available at www.jneurosci.org as supplemental material). Mor-
phometric analysis to determine the number of ganglion cells as
well as to measure the thicknesses of the different retinal layers,
including the outer and inner nuclear layers, the inner plexiform
layer, and the entire retina, also failed to reveal any abnormalities
in RetDN/� retinas (supplemental Fig. 1, available at www.
jneurosci.org as supplemental material).

Neurturin is required for normal retinal function
RET is the common receptor for all GFLs; thus, the deficits in Ret hypo-
morphic mice imply that one or more GFLs are required for proper
retinal development and/or function. To determine which GFLs are
critical for normal retinal function, we performed ERGs on adult
NRTN�/�, ARTN�/�, PSPN�/�, and GDNF�/� animals (GDNF�/�

mice could not be evaluated because of perinatal lethality). Scotopic a-
and b-waves and photopic b-waves for adult ARTN�/�, PSPN�/�, and
GDNF�/�micewerenotsignificantlydifferentfromage-matchedwild-
type mice (Fig. 2). In contrast, adult NRTN�/� mice exhibit severely
diminishedamplitudesofscotopica-andb-wavesandphotopicb-wave
(Fig. 2). The mean maximal scotopic b-wave (wild type, 703.5 � 64.7
�V; NRTN�/�, 305.7 � 81.7 �V; p � 0.001) and the mean maximal
photopic b-wave (wild type, 254.4 � 48.7 �V; NRTN�/�, 116.4 � 30.7
�V; p � 0.001) were both reduced 55% compared with wild type, indi-
cating deficits exist in both the rod and cone systems. The reduction in
the scotopic a-wave by 50% (wild type, 314.0 � 27.5 �V; NRTN�/�,
157.9�35.7�V;p�0.001)suggeststhatphotoreceptorfunctionisalso
altered in NRTN�/� mutants. Together, these results indicate that
NRTNisrequiredwhereasPSPNandARTNaredispensablefornormal
retinal function. If GDNF is required, our results imply that a single
functioning GDNF allele is sufficient to maintain normal function.

In the enteric nervous system, NRTN is implicated in mainte-

Figure 1. RET hypomorphic mice (RetDN/�) have aberrant retinal function. Representative scotopic ERG waveforms recorded at increasing stimulus intensities from P18 WT (A) and P18 RetDN/�

(B) mice. Note smaller waveforms in RetDN/� mice, including reduced a-wave and b-waves. Photopic ERG waveforms from P18 RetDN/� mice (C, D) are attenuated. Quantitative depiction of ERGs
from scotopic b-wave (E) and a-wave (F ) and photopic b-wave (G) of WT and RetDN/� mice shows significantly reduced signals in the RetDN/� mice. DN, RetDN/�.
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nance of the neurons in adulthood, whereas GDNF is important
during embryonic development. To determine whether NRTN is
important during retinal maturation or only for maintenance in
adult mice, we performed ERGs on P18 NRTN�/� mice. Recordings
from these mice showed a marked decrease in amplitude of the
scotopic a- and b-waves and the photopic b-wave similar to those
observed in the RetDN/� mice (supplemental Fig. 2, available at www.
jneurosci.org as supplemental material). The similar ERG abnor-
malities of the RetDN/� and NRTN�/� mice suggest that NRTN is the
predominant, if not only, GFL critical for normal retinal function
and that NRTN–Ret signaling is important for early retinal function.

To determine whether the impact of NRTN loss on retinal function

resolves or becomes more severe with increasing age, we performed
ERGs in 12-month-old NRTN�/� mice (supplemental Fig. 2, available
at www.jneurosci.org as supplemental material). The scotopic a- and
b-waves and photopic b-wave amplitudes for these mice were reduced
to a similar extent as observed in younger animals. From these results,
we conclude that NRTN is required during retinal development for the
establishment of normal retinal function but that its absence does not
lead to progressive functional loss throughout life.

Because NRTN�/� mice display significant retinal dysfunction
throughout life by electrophysiology, we examined their retinas for an-
atomic abnormalities. As observed for RetDN/� mice, routine morpho-
metric analysis revealed no difference in thicknesses of the outer and

Figure 2. NRTN-deficient mice have abnormal retinal activity. Representative scotopic ERG waveforms recorded at increasing stimulus intensities from P60 WT (A) and NRTN�/� (B) mice. Note
smaller waveforms in NRTN�/� mice, including reduced a-waves and b-waves. Photopic ERG waveforms are attenuated in P60 NRTN�/� mice (C, D). Quantitative depiction of ERGs from scotopic
b-wave (E), scotopic a-wave (F ), and photopic b-wave (G) from adult GDNF�/�, ARTN�/�, PSPN�/�, and NRTN�/� mice show normal mean amplitudes for all recordings from GDNF�/�,
ARTN�/�, and PSPN�/� mice but display significantly reduced amplitudes for all three waveforms in NRTN�/� mice.
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inner nuclear layers, inner plexiform layer, or entire retina in the
NRTN�/� mice compared with wild-type mice (supplemental Fig. 3,
available at www.jneurosci.org as supplemental material). On more rig-
orous evaluation, the OPL appeared disorganized in NRTN�/� mice,

suggesting the possibility that aberrations in
micro-organization of this region (see below)
could contribute to the observed retinal func-
tional deficits.

RET is expressed by horizontal, amacrine,
and ganglion cells
To determine the cellular basis for the defects
in retinal function observed in mice with ab-
errant RET signaling, we investigated the ex-
pression pattern of Ret and the pertinent
GFR� coreceptors in the retina. The cell-type-
specific expression of these receptors has been
unclear because the techniques and reagents
used have led to conflicting results. For exam-
ple, Ret, GFR�1, and GFR�2 have been vari-
ably detected in multiple cell types, including
photoreceptors, inner retinal cells, and Müller
glia (Jomary et al., 1999, 2004; Harada et al.,
2002; Karlsson et al., 2002; Koberle and Ball
2002; Rothermel et al., 2004; Kretz et al.,
2006). Reporter molecules expressed from en-
dogenous loci have been successfully used to
recapitulate and study native gene expression.
Therefore, to unequivocally localize Ret ex-
pression, we used mice that express EGFP
reporter from the endogenous Ret locus
(RetEGFP/�) (Jain et al., 2006b). In whole-
mount retina sections, EGFP expression (and
thus Ret expression) was detected in cells of
the INL and ganglion cell layer in RetEGFP/�

mice. Notably, no EGFP signal (hence no Ret
expression) was detected in photoreceptor cell
bodies. To identify the cell types in the INL
that express Ret, we performed immunohisto-
chemical colocalization studies with well es-
tablished markers of bipolar, horizontal, am-
acrine, and Müller cells (Fig. 3). These studies
demonstrated that Ret is not expressed in rod
bipolar cells (identified with PKC immuno-
histochemistry) or in Müller glial cells, whose
processes are identified by glutamine syn-
thetase immunohistochemistry, and cell bod-
ies are identified with Cyclin D3 immunohis-
tochemistry (Dyer and Cepko, 2000; Rhee et
al., 2007). However, EGFP was found in all
calbindin D28-positive cells (labels horizontal
cells) and AP2�-positive cells (labels amacrine
cells) (Bassett et al., 2007) (Fig. 3). Quantita-
tive analysis of colocalization with cell-specific
markers demonstrated that Ret was expressed
in 18% of AP2�-positive amacrine cells and
21% of Brn-3a-positive ganglion cells (data
not shown).

Overlapping and unique cell-type-
specific expression of GFR�1 and GFR�2
coreceptors in the retina

GFR�2 is expressed in amacrine and
ganglion cells

NRTN-mediated RET signaling is required for proper retinal
function. We next sought to identify the GFR� coreceptor that
might be physiologically relevant in this signaling pathway. Be-

Figure3. RETisexpressedinallhorizontalcellsandinasubsetofamacrineandganglioncells.VibratomesectionsofretinafromRetEGFP/�mice
wereimmunostainedwithantibodiesdirectedagainstmarkersofspecificretinalcelltypes.Leftcolumn,Confocalimages(A,D,G,J,M )ofretinal
sections depicting direct green fluorescence (EGFP) (indicating RET expression) in retinal cells. Middle column, Confocal images (B, E, H, K, N ) of
these same fields immunostained with the indicated antibody. Right column, Merged images (C, F, I, L, O) from the left and middle columns.
Colocalization of EGFP and anti-calbindin (F ) and anti-AP2� (I ) shows that RET is expressed in all horizontal cells and a subset of amacrine cells,
respectively. EGFP signal is also detected in ganglion cells (A, D, M ). No colocalization is seen with anti-PKC (C), demonstrating that Ret is not
expressedinrodbipolarcells.Colocalizationisalsonotseenwitheitheranti-glutaminesynthetase(L)oranti-CyclinD3(O),showingthatRetisnot
expressedinMüllerglialcells.GCL,Ganglioncell layer.
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cause Ret was detected in multiple cell types,
our approach was to identify the coreceptor
that is expressed in the same cell type as Ret.
NRTN can signal through both GFR�1 and
GFR�2; however, GFR�2 is the preferred
physiologic coreceptor for NRTN. Therefore,
we first examined GFR�2 expression. We
used reporter mice that express GFP from the
Gfr�2 locus (Gfr�2GFP/�) to identify the reti-
nal cell types that express this coreceptor. We
detected GFP (and thus GFR�2) expression in
a subset of cells of the inner nuclear layer and
ganglion cell layer (Fig. 4). Quantitative anal-
ysis of colocalization with cell-specific mark-
ers showed that GFR�2 was expressed in 12%
of AP2�-positive amacrine cells and 7% of
Brn-3a-positive ganglion cells (data not
shown). Similar to our observations with Ret
localization, GFR�2 was not found in photo-
receptors, rod bipolar cells, or Müller glial
cells. Surprisingly, GFR�2 was also absent
from horizontal cells (Fig. 4), a cell type that
expressed Ret, suggesting that GFR�2 does
not directly activate NRTN–Ret signaling in
horizontal cells.

GFR�1 is expressed in horizontal, amacrine,
and ganglion cells
Given the abnormal appearance of the OPL
in NRTN�/� mice by light microscopy and
the fact that Ret localizes to only one of the
participants of the OPL synaptic triad (the
horizontal cell), it is plausible that Ret sig-
naling in horizontal cells is critical to proper
OPL formation. However, we did not detect
GFR�2 in horizontal cells, suggesting that
NRTN may be signaling through the
GFR�1–Ret receptor complex in the retina.
We therefore examined the expression pat-
tern of GFR�1 using mice that express
EGFP from the GFR�1 locus (Uesaka et al.,
2007) and found that GFR�1 is expressed in
all horizontal cells as well as in subsets of
AP2�-positive amacrine cells and ganglion
cells but not in rod bipolar cells or Müller
glia (Fig. 5). Quantitative analysis of colo-
calization with cell-specific markers showed
that GFR�1 was present in 21% of AP2�-
positive amacrine cells and 17% of Brn-3a-
positive ganglion cells (data not shown).
GFR�1 and Ret expression patterns are thus
very similar in the retina compared with
GFR�2 and Ret. These studies suggest that
GFR�1–Ret complexes could be the physi-
ological mediators of NRTN signaling in
horizontal cells.

NRTN�/� mice display aberrant outer
retinal synapses
The abnormal ERGs observed in RetDN/� and NRTN�/� mice suggest
abnormalities in photoreceptor/bipolar cell transmission. However, the
absence of Ret expression in those cells suggests that Ret signaling indi-
rectly modulates their interactions. Notably, the integrity of the synaptic

triad of the OPL, which is crucial for feedforward as well as feedback
signaling, depends on dendrites of horizontal cells (which express Ret
and GFR�1), bipolar cells, and rod spherules or cone pedicles. In mice
withmutations thatcauseaberrant synaptic transmissionbetweenpho-

Figure 4. GFR�2 is expressed in a subset of amacrine and ganglion cells. Vibratome sections of retina from GFR�2GFP/� mice
were immunostained with antibodies directed against markers for specific retinal cell types. Left column, Confocal images (A, D,
G, J, M ) of retinal sections depicting green fluorescence (GFP) (indicating GFR�2 expression) in retinal cells. Middle column,
Confocal images (B, E, H, K, N ) of these same fields immunostained with the indicated antibody. Right column, Merged images
(C, F, I, L, O) from the left and middle columns. Colocalization of GFP and anti-AP2� (I ) shows that GFR�2 is expressed in a
subset of amacrine cells. GFP signal is also detected in ganglion cells (G, M ). No colocalization is seen with anti-PKC (C),
demonstrating that GFR�2 is not expressed in rod bipolar cells. Colocalization is also not seen with either anti-glutamine
synthetase (L) or anti-Cyclin D3 (O), showing that GFR�2 is not expressed in Müller glial cells. GCL, Ganglion cell layer.
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toreceptors and bipolar cells [e.g., Bsn�/� (bassoon), nob2 (no b-wave
2), and Rs1h�/� (retinoschisin) mice], the bipolar and horizontal cell
dendritesareoftenabnormallyelongatedsuchthat their tipsextendwell
intotheouternuclearlayer(Dicketal.,2003;Changetal.,2006;Johnson

et al., 2006; Bayley and Morgans, 2007). To de-
termine whether similar bipolar or horizontal
dendrite abnormalities exist in NRTN�/� mice,
we stained these cells with PKC and calbindin
antibodies and visualized retinas using high-
resolution confocal microscopy. We found sig-
nificantly elongated rod bipolar and horizontal
cell processes in the NRTN�/� mice compared
with wild-type animals (Fig. 6), suggesting that
NRTN-mediated Ret signaling is critical for
proper formation of the synaptic triad in the
outer plexiform layer and that abnormal forma-
tion of the synaptic triad may contribute to the
abnormal ERGs observed in these mice.

Horizontal cells in the mouse retina have
two types of neurites that make connections
with photoreceptor termini: axons that syn-
apse with rod spherules and dendrites that
synapse with cone pedicles (Peichl and
Gonzalez-Soriano, 1994). Calbindin anti-
bodies stain horizontal cell bodies and den-
drites but do not stain horizontal cell axons.
Immunostaining of retinas from NRTN�/�

mice with calbindin antibodies (Fig. 6) re-
vealed normal horizontal cell body mor-
phology and location but showed that the
dendritic plexus contains multiple gaps and
is very sparse compared with the wild-type
retina. To determine whether both horizon-
tal cell dendrites and axons are affected in
NRTN�/� mice, we colabeled these retinal
sections with calbindin and a marker for
horizontal cell axons, neurofilament 200
(Peichl and Gonzalez-Soriano, 1993;
Gargini et al., 2007). We found that hori-
zontal cell axons were also severely affected
in NRTN�/� mice, with much less staining
in the inner portion of the OPL in which
horizontal cells contact cone pedicles (Fig.
7). These observations confirm that both
horizontal cell dendrites and axons are ab-
normal in NRTN�/� mice.

To determine whether these abnormal
bipolar and horizontal cell processes were
involved in aberrant synapse formation in
the ONL of NRTN�/� mice, we stained ret-
inal sections with an antibody directed
against synaptophysin, an integral mem-
brane protein in synaptic vesicles found in
the terminals of photoreceptors (Sharma et
al., 2003). We identified a large number of
mislocalized synaptic vesicles within the
ONL of NRTN�/� mice, whereas none were
seen in the wild-type retina (Fig. 8). To de-
termine whether synaptic ribbon structures
were present within the ONL, we performed
electron microscopy on retinal sections
from NRTN�/� mice. Micrographs re-
vealed a severely abnormal OPL with re-

gions of direct juxtaposition of inner and outer nuclear cell bod-
ies as well as numerous synaptic ribbons deep within the ONL
(Fig. 8). These studies confirm that synaptic ribbons are aber-
rantly located in the ONL in NRTN�/� mice, suggesting that the

Figure5. GFR�1ispresentinallhorizontalcellsandasubsetofamacrineandganglioncells.VibratomesectionsofretinafromGFR�1EGFP/�

mice were immunostained with antibodies directed against specific markers of retinal cell types. Left column, Confocal images (A, D, G, J, M ) of
retinalsectionsdepictinggreenfluorescence(EGFP)(indicatingGFR�1expression)inretinalcells..Middlecolumncontainsconfocalimages(B,E,
H, K, N ) of these same fields immunostained with the indicated antibody. Right column contains merged images (C, F, I, L, O) from the left and
middlecolumns.ColocalizationofEGFPandanti-calbindin(F )andanti-AP2�(I )showsthatGFR�1isexpressedinallhorizontalcellsandasubset
ofamacrinecells.EGFPsignal isalsodetectedinganglioncells (D, G, J ).Nocolocalizationisseenwithanti-PKC(C),demonstratingthatGFR�1is
not expressed in rod bipolar cells. Colocalization is also not seen with either anti-glutamine synthetase (L) or anti-Cyclin D3 (O), showing that
GFR�1isnotexpressedinMüllerglialcells.GCL,Ganglioncell layer.
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abnormalities in horizontal and bipolar
cell processes in synapse formation in the
ONL cause abnormal photoreceptor to bi-
polar cell signaling and contribute to the
ERG defects.

Adult mice lacking retinal RET
expression have functional and
anatomical abnormalities
Because RetDN/� mice die before reaching
P21, we were unable to evaluate the retinal
phenotype in these mice as adults. To de-
termine whether adult mice devoid of Ret
signaling in the retina share the same func-
tional and morphologic phenotypes as
NRTN�/� mice, we generated mice that
delete Ret specifically in the retina. Mice
harboring a RET conditional allele,
RETfloxEGFP (Jain et al., 2006b), were
mated to retina-specific Cre (Six3Cre)
mice. Ret was efficiently excised in these
cells, as demonstrated by the expression of
the EGFP reporter, which is activated when
Ret is deleted in this construct (Jain et al.,
2006b). We performed ERGs in 2-month-
old RetRETfloxEGFP/RETfloxEGFP:Six3Cre mice
and found that the scotopic a- and b-waves
and photopic b-wave amplitudes for these
mice were reduced to a similar extent as
observed in NRTN�/� and RetDN/� mice
(Fig. 9). We stained these cells with PKC
and calbindin antibodies and again found
elongated rod bipolar and horizontal cell
processes as observed in the NRTN�/�

mice (Figs. 8, 9). Electron microscopy of
retinas from RetRETfloxEGFP/RETfloxEGFP:
Six3Cre mice revealed a disorganized OPL
and synaptic ribbons within the ONL as in
NRTN�/� mice (data not shown). To-
gether, these functional and morphologic
studies confirm that NRTN signaling in
the retina is dependent on Ret signaling in
the retina.

Discussion
GDNF prolongs photoreceptor cell sur-
vival in several animal models of retinal de-
generation. It has been hypothesized that
GDNF and other GFLs support photoreceptors indirectly by ac-
tivating RET signaling in Müller glial cells, leading to the release
of specific trophic factors that protect photoreceptors (Delyfer et
al., 2005; Hauck et al., 2006). Also, in vitro studies in the chick
have suggested a role for GDNF in the development and survival
of photoreceptors (Rothermel and Layer, 2003). It remains un-
clear, however, what role GDNF or other GFLs may play in pre-
serving retinal cells and their physiological function in vivo. There
currently are limited data available regarding the function of
GFLs, GFR�s, or RET in normal retinal development or mainte-
nance. Our studies were designed to determine what role these
molecules play in the normal retina by evaluating GFL- and Ret-
deficient mice both morphologically and functionally.

In investigating the role of Ret signaling on retinal function,
we found that reduced or absent Ret signaling in mice results in

severely abnormal ERG patterns, indicating that Ret is required
for normal retinal function. The requirement for Ret signaling
was evident at P18, suggesting that Ret is important for retinal
development. In pursuing this idea, we found that the number of
photoreceptor cell bodies in the ONL as well as in the inner and
outer segments of the photoreceptors was normal in these mice,
indicating that retinal dysfunction is not attributable to gross
developmental anomalies or early degeneration of photorecep-
tors. Consistent with this result, we also were unable to detect
expression of Ret or its coreceptors GFR�1 and GFR�2 in the
photoreceptors.

Because RET is the common signaling component of the GFL
receptor complex, its requirement for normal retinal function im-
plies that one or more GFL is required for retinal development
and/or function. In this regard, our electrophysiologic studies

Figure 6. NRTN�/� mice have abnormal outer plexiform synapses. Retinal sections from P60 WT (A–C) and NRTN�/� (D–F )
animals immunostained with anti-PKC to label rod bipolar cells and anti-calbindin to label horizontal cells show numerous
abnormal projections from bipolar cells in the outer nuclear layer in NRTN�/� mice (arrow) but not in wild-type mice. Higher
magnification of bipolar and horizontal cells of WT (G–I ) and NRTN�/� (J–L) retinas reveals abnormal dendrites projecting from
both bipolar and horizontal cells and their association within the outer nuclear layer in NRTN�/� mice (arrowheads). GCL,
Ganglion cell layer.
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showed that, of the GFLs, NRTN was necessary for normal retinal
function, whereas ARTN and PSPN were dispensable. Retinal de-
pendence on NRTN begins during retinal maturation and extends
into adulthood. Although GDNF heterozygous mice had normal
ERGs, we were unable to evaluate the GDNF�/� mouse. Thus, it
remains a possibility that GDNF-mediated RET signaling is also im-
portant for retinal function. However, two findings suggest that
NRTN is the primary GFL involved in retinal function. First, physi-
ologic GDNF does not preserve retinal function in NRTN�/� mice.
Second, the extent of retinal dysfunction in NRTN�/� mice was
similar to that of both RetDN/� and RetRETfloxEGFP/RETfloxEGFP:Six3Cre
mice. These findings suggest an essential role for NRTN in normal
retinal function.

Because NRTN is a diffusible ligand, we focused on localizing
its sight of action in the retina by identifying retinal cell types that
express the relevant GFR� coreceptors and Ret. However, the site
of NRTN expression in the retina remains of interest, with previ-
ous in situ hybridization studies in mice reporting diffuse NRTN
expression in the retina (Jomary et al., 1999), whereas immuno-
histochemistry in rats has suggested the NRTN is expressed in the
ganglion cell layer and inner nuclear layer (Harada et al., 2003).
Additional in situ hybridization studies or experiments using
NRTN–EGFP reporter mice with high-resolution sections will be
needed to specifically identify the retinal cells that express NRTN.

Previous attempts to localize expression of GFR� coreceptors
and Ret in the mouse retina have also produced inconsistent
results, primarily attributable to variability in the antibodies or
techniques used. To overcome this difficulty, we used mice in
which a reporter (EGFP or GFP) was expressed from the respec-
tive receptor loci. This allowed a more definitive localization of
receptor expression. Using this technique, we detected Ret in all
horizontal cells and in subpopulations of amacrine and ganglion
cells. Previous work in rd1 (retinal degeneration) mice (Delyfer et
al., 2005) and pigs (Hauck et al., 2006) has suggested a key role for
Müller glial cells in Ret signaling. Using semiquantitative real-
time PCR (Delyfer et al., 2005) or immunohistochemical tech-

niques (Hauck et al., 2006), these studies
localized GFR� coreceptors and Ret to
Müller glial cells. In this study, we used a
genetic approach and took advantage of
mouse lines that express GFP reporters
from receptor-expressing cells and high-
magnification confocal microscopy to lo-
calize GFR� coreceptors and Ret to specific
retinal cell types. We did not detect these
receptors in Müller glia. Additionally, we
did not identify Ret expression in photore-
ceptor cells bodies, confirming that Ret-
mediated photoreceptor protection occurs
indirectly. Because GFR�2 is the favored
coreceptor for NRTN, we expected to find
GFR�2 expression in the same cells that
expressed Ret. However, GFR�2 expres-
sion was not detected in any horizontal
cells and was present in a smaller percent-
age of amacrine and ganglion cells than was
Ret. Because in vitro studies have demon-
strated that NRTN can also signal through
GFR�1–RET complexes (Baloh et al., 1997;
Jing et al., 1997), we examined retinal ex-
pression of GFR�1. Interestingly, we found
that GFR�1 was primarily coexpressed
with Ret in the retina, which leads us to

hypothesize that NRTN may signal through GFR�1–RET com-
plexes in addition to or instead of GFR�2–RET complexes in the
retina. Additional analysis of mice with GFR�1 and GFR�2 mu-
tations will be necessary to definitively determine the role each of
these coreceptors plays in retinal signaling.

Interestingly, both Ret and GFR�1, but not GFR�2, were de-
tected in the horizontal cells, suggesting that these cells might be
critical for GFL-mediated signaling in the retina. Additionally,
NRTN�/� mice displayed a thinned and disorganized OPL, sug-
gesting abnormal synaptic connections among photoreceptors,
bipolar cells, and horizontal cells. Previous studies using trans-
genic mice expressing the simian virus 40 early region under
control of the phenylethanolamine-N-methyltransferase pro-
moter to induce degeneration of the horizontal cells and the outer
plexiform layer demonstrated that proper localization of func-
tional horizontal cells is critical to normal OPL morphology
(Hammang et al., 1993) as well as retinal electrophysiologic re-
sponses (Peachey et al., 1997). Proper horizontal cell migration
during development could possibly be affected by retinal GFL
signaling because it has been shown that GDNF and GFR�1 pro-
mote migration of cortical GABAergic neurons (Pozas and
Ibáñez, 2005).

These observations led us to further scrutinize the morphol-
ogy of the outer plexiform layer. We found that NRTN�/� and
RetRETfloxEGFP/RETfloxEGFP:Six3Cre mice displayed a paucity of ax-
onal projections as well as highly aberrant bipolar and horizontal
cell dendrites, suggesting that abnormal synapse organization,
involving the photoreceptors, bipolar cells, and horizontal cells,
is a contributing factor to retinal dysfunction in these mice. In-
terestingly, similar aberrant dendrites are seen in other mouse
mutants with reduced photoreceptor– bipolar cell signaling, in-
cluding nob2 mice, which have a mutation in the � subunit of a
presynaptic voltage-dependent calcium channel (Chang et al.,
2006; Bayley and Morgans, 2007) and mice deficient in Ca 2�-
binding protein 4 (CaBP4), which interacts with these calcium
channels in photoreceptor termini (Haeseleer et al., 2004; Maeda

Figure 7. Horizontal cell axons are abnormal in NRTN�/� mice. Retinal sections from P60 WT (A–C) and NRTN�/� (D–F )
animals immunostained with anti-calbindin to label horizontal cell bodies and dendrites and with anti-neurofilament 200
(NF200) to label horizontal cell axons show a decrease in the amount of dendrite (arrow) and axon (arrowhead) labeling in
NRTN�/� mice compared with WT mice. IPL, Inner plexiform layer.
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et al., 2005). Abnormal elongation of bipo-
lar and horizontal cell processes is also seen
in mice with mutations in the Bsn and Rs1h
genes (Dick et al., 2003; Johnson et al.,
2006), as well as in response to photorecep-
tor degeneration in the RCS rat model of
retinitis pigmentosa (Cuenca et al., 2005).
If NRTN-mediated Ret signaling is crucial
to the formation of properly localized
functional synapses in the outer plexiform
layer, the abnormal processes in these mu-
tants could represent horizontal cell and
bipolar cell dendrites extending into the
outer nuclear layer in search of normal
photoreceptor termini synaptic targets. Al-
ternatively, these abnormal projections
into the ONL may be, in part, remnants of
the neuroepithelium-derived processes of
developing bipolar cells (Morgan et al.,
2006) that did not properly regress attrib-
utable to lack of NRTN signaling. Exami-
nation of bipolar cell and horizontal cell
processes during retinal maturation will be
necessary to determine the origin of these
abnormal structures.

Additional investigation of the
NRTN�/� and RetRETfloxEGFP/RETfloxEGFP:
Six3Cre retinas revealed that presynaptic
vesicle markers and synaptic ribbon struc-
tures are present among the photoreceptor
cell bodies of the ONL in these mice. Such
aberrantly located synapse structures are
also seen in Bsn�/� and nob2 mice (Dick et
al., 2003; Chang et al., 2006; Bayley and
Morgans, 2007). Recent studies in hip-
pocampal neurons showed that GDNF
triggers adhesion between GFR�1-
expressing neurons, a critical step in ap-
propriate synapse formation between these
cells (Ledda et al., 2007). A similar, as-yet
unknown mechanism could be involved in
retinal synapse formation as well. Addi-
tional ultrastructural studies as well as im-
munohistochemical analysis using presyn-
aptic and postsynaptic markers will be
needed to better understand the structure
of these mislocalized synapses and how
they contribute to abnormal retinal
function.

The ERGs of RetDN/�, RetRETfloxEGFP/

RETfloxEGFP: Six3Cre, and NRTN�/� mice
showed a dramatic reduction in both
scotopic and photopic b-wave amplitudes,
indicating that both the rod and cone sys-
tems were affected in these mutants. The
b-wave is driven primarily by the ON-bipolar cells, and any ab-
normality in ONL synapses would reduce the b-wave. In fact, the
Rs1h and nob2 mutants display “electronegative” waveforms
(Chang et al., 2006; Johnson et al., 2006; Bayley and Morgans,
2007), in which the b-wave amplitude is less than the a-wave
amplitude. We also observed reduced a-waves in RetDN/�,
RetRETfloxEGFP/RETfloxEGFP:Six3Cre, and NRTN�/� mice. This was
somewhat unexpected, given that the leading edge of the a-wave

is driven by photoreceptors, which appear normal in these
mutants. There are several possibilities for this finding. First, it is
known from pharmacologic studies in primates that there
are post-receptor components to the a-wave (Jamison et al.,
2001), and these components may be affected in the RetDN/�,
RetRETfloxEGFP/RETfloxEGFP:Six3Cre, and NRTN�/� mutants.
Second, the photoreceptors may appear normal anatomically,
but their function could be affected by subtle changes in their

Figure 8. NRTN�/� mice have aberrant synapses within the outer nuclear layer. Vibratome sections of retina from P60 WT (A)
and NRTN�/� (B) animals immunostained with anti-synaptophysin to label presynaptic vesicles show that synapse structures
are abnormally located in the ONL of NRTN�/� mice. Transmission electron microscopy on retina sections from P60 WT (C) and
NRTN�/� (D) mice demonstrates that the OPL of the NRTN�/� mice is ill-defined with close juxtaposition of cell bodies from the
outer and inner nuclear layers (asterisk). E, F, Higher-power transmission electron microscopy shows synaptic ribbons (arrow,
arrowhead) aberrantly located among the cell bodies in the ONL in NRTN�/� mice. IPL, Inner plexiform layer.
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outer segments or might be influenced by abnormal signaling
in the outer plexiform layer. For instance, the CaBP4 protein is
localized to the photoreceptor cell termini, but CaBP4�/�

mice have both reduced a- and b-waves on ERGs (Haeseleer et
al., 2004). Additional testing of photoreceptor and bipolar cell
single-cell responses in NRTN-deficient mice will help deter-
mine how NRTN–RET signaling affects specific cell types and
contributes to overall retinal function. Finally, NRTN may be
important in maintaining a subset of amacrine cells that pro-
duce dopamine (Oiwa et al., 2002; Fjord-Larsen et al., 2005;
Liu et al., 2007). Because dopamine has been implicated in
various forms of retinal processing, including light adaptation
(Marshak, 2001), horizontal cell coupling (He et al., 2000),
and abnormalities in ERG b-wave amplitude (Huppe-
Gourgues et al., 2005), an evaluation of the dopaminergic
retinal cells in NRTN�/� mice could provide additional in-
sight into the role of NRTN–RET signaling in retinal function.

In summary, we have shown that NRTN-mediated RET acti-
vation is important for normal retinal function through its ac-
tions on horizontal cells, a subpopulation of amacrine cells,
and/or ganglion cells. Lack of GFR�2 expression in the cells of the
OPL synaptic triad suggests that these effects may be mediated

through alternative RET–GFR� com-
plexes. The discovery that NRTN-
mediated RET activation is important for
retinal activity may have therapeutic impli-
cation in treatment of retina-related
diseases.
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