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ABSTRACT: Retinotopic maps can undergo com-
pression and expansion in response to changes in target
size, but the mechanism underlying this compensatory
process has remained a mystery. The discovery of ephrins
as molecular mediators of Sperry’s chemoaffinity process
allows a mechanistic approach to this important issue. In
Syrian hamsters, neonatal, partial (PT) ablation of poste-
rior superior colliculus (SC) leads to compression of the
retinotopic map, independent of neural activity. Graded,
repulsive EphA receptor/ephrin-A ligand interactions
direct the formation of the retinocollicular map, but
whether ephrins might also be involved in map compres-
sion is unknown. To examine whether map compression
might be directed by changes in the ephrin expression
pattern, we compared ephrin-A2 and ephrin-A5 mRNA
expression between normal SC and PT SC using in situ
hybridization and quantitative real-time PCR. We found

that ephrin-A ligand expression in the compressed maps
was low anteriorly and high posteriorly, as in normal ani-
mals. Consistent with our hypothesis, the steepness of the
ephrin gradient increased in the lesioned colliculi. Inter-
estingly, overall levels of ephrin-A2 and -A5 expression
declined immediately after neonatal target damage, per-
haps promoting axon outgrowth. These data establish a
correlation between changes in ephrin-A gradients and
map compression, and suggest that ephrin-A expression
gradients may be regulated by target size. This in turn
could lead to compression of the retinocollicular map
onto the reduced target. These findings have important
implications for mechanisms of recovery from traumatic
brain injury. ' 2012 Wiley Periodicals, Inc. Develop Neurobiol 73:

274–296, 2013
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INTRODUCTION

Topographic maps are an important organizational
feature of nervous systems, and the retinotectal pro-
jection of vertebrates has long been the system of
choice for studying the mechanisms underlying map
formation. Roger Sperry’s classic experiments on
amphibians suggested that regenerating retinal axons
follow matching \chemoaffinity" markers in the tec-
tum (Sperry, 1963). Consistent with this idea, retinal
axons regenerating from ventral half-eyes initially
innervate only dorsal tectum (Schmidt et al., 1978).
Similarly, half-tecta are initially innervated only by
the corresponding half of the retina (Attardi and
Sperry, 1963). Contrary to Sperry’s interpretation,
however, the maps eventually regulate such that the
retinal axons occupy all of the available target space,
creating an expanded or compressed retinotectal
map of visual space (Gaze and Sharma, 1970; Yoon,
1976; Schmidt, 1983; see Schmidt, 1982, for
review). Compression of retinal maps has also been
shown to occur in mammals after half-tectal abla-
tions performed during development (Finlay et al.,
1979), providing a model for investigation of the
mechanisms underlying developmental plasticity of
retinotopic maps (Pallas and Finlay, 1989, 1991;
Xiong et al., 1994; Huang and Pallas, 2001; Razak
and Pallas, 2007).

It has been suggested that reorganization of che-
moaffinity markers is necessary for topographic map
plasticity to occur (Schmidt, 1978; Willshaw and
Von Der Malsburg, 1979; Feldheim et al., 2000;
Willshaw, 2006) but a direct test of this hypothesis
has been lacking. An alternative hypothesis is that
competition between retinal axons, in addition to
existing chemoaffinity cues, is sufficient to reorganize
the map (Triplett et al., 2011). Although some evi-
dence from zebrafish argues against competition as a
critical factor in development of at least some aspects
of normal maps (Gosse and Baier, 2009), plasticity in
maps may rely on interaxonal competition. The aim
of this study was to investigate the role of chemoaf-
finity markers in map compression during develop-
mental plasticity.

Multiple studies across several species support the
idea that graded distribution of ephrins and their
receptors comprise the chemoaffinity markers that
Sperry proposed, although the mechanism by which
they direct retinotopic map formation is only partially
understood (Walter et al., 1987a,b; Ciossek et al.,
1998; Feldheim et al., 2000; Mortimer et al., 2010;
Gebhardt et al., 2012; see Triplett and Feldheim,
2012, for review). Whether ephrins might direct
injury-induced changes in retinotopy such as map

compression is unknown, although there is evidence
for their involvement in regeneration (Rodger et al.,
2005). Previous in vitro work has shown that both
the slope of the gradient and local, relative concen-
tration differences in ephrin-A expression are impor-
tant for axon guidance (Rosentreter et al., 1998;
Brown et al., 2000; Reber et al., 2004; von Philips-
born et al., 2006). Based on this body of data, we
hypothesized that retinotectal map compression is
directed by injury-induced alterations in ephrin
concentration gradients. If so, then this could be
manifested through increases in gradient steepness
in lesioned animals.

In order to test the prediction that map compres-
sion would be associated with compression of ephrin
gradients (Fig. 1), we induced retinotectal (retinocol-
licular) map compressions in Syrian hamsters by
ablation of the posterior part of the superficial SC at
birth (Finlay et al., 1979; Wikler et al., 1986; Pallas
and Finlay, 1989). The spatial patterns of expression
of ephrin-A2 and -A5 were analyzed using in situ
hybridization. For quantitative measurements of
expression, quantitative real-time PCR was
employed. We report here that ephrin gradients were
steeper in compressed maps, providing support for
the hypothesis that gradient compression is responsi-
ble for map compression. These data complement
previous in vitro studies regarding how ephrin-A
ligands guide retinotectal axons. They are important
in providing a window into the role of ephrin-A
ligands in the in vivo behavior of axons in normal de-
velopment and in developmental plasticity after trau-
matic brain injury.

METHODS

Animals

Syrian hamsters (Mesocricetus auratus) at different post-
natal ages were used (postnatal day (P) 1, 3, 4, 5, 6, 8, 12,
and 14; the first 24 h after birth is considered P0) (Table 1).
Hamsters were chosen as a model because their retinal
axons have not yet arborized in the SC at birth (Frost et al.,
1979), because their SC visual physiology has been well-
characterized (Tiao and Blakemore, 1976; Chalupa and
Rhoades, 1977; Finlay et al., 1978; Stein and Dixon, 1979),
and because our previous studies of retinocollicular map
plasticity were performed in this species (Pallas and Finlay,
1989; Huang and Pallas, 2001; Razak et al., 2003). Normal
and experimental animals were bred in the Georgia State
University animal facility. Breeding stock were either pur-
chased from Charles River Laboratories (Wilmington, MA)
or obtained from descendants of a wild-caught population
(Gattermann et al., 2000; Fritzsche et al., 2006). All of the
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animal procedures used here met or exceeded the standards
for humane care set by the Society for Neuroscience and
the National Institutes of Health and were approved by the
Institutional Animal Care and Use Committee at Georgia
State University.

Neonatal Surgery

Partial (PT) SC ablation surgery within 12 h of birth reli-
ably results in compression of the retinocollicular map, as
long as the lesions eliminate less than 70% of the posterior
SC, in which case a partial map is formed (Finlay et al.,
1979; Wikler et al., 1986; Pallas and Finlay, 1989). At birth
in Syrian hamsters retinal axons have grown a little more
than halfway to the posterior edge of the SC but have made
few if any synapses (Frost et al., 1979). The PT ablation of
posterior SC may thus damage some of the growing axons
that then regenerate, and they along with undamaged axons
that grow in later create the compressed retinotopic map on
the reduced SC. The procedure causes only a slight increase
in the amount of natural cell death in the SC neuron popula-
tion (Wikler et al., 1986) and synaptic density within SC
remains the same (Xiong and Finlay, 1993), thus for a 50%
ablation approximately twice as many retinal ganglion cells
are available to each SC neuron.

To perform PT SC ablation, a surgical plane of anesthe-
sia was induced with 4% isoflurane in 0.5 L/min oxygen,
and was maintained with 1 to 2% isoflurane. An incision
over the midbrain was made, exposing the thin skull
through which the SC could be seen. The superficial layer
of the posterior half of the right SC was ablated using a cau-
tery tip applied briefly to the skull. The wound was closed
using 6-0 silk suture or Vetbond' (3M, St. Paul, MN) and
the pups were returned to the mother. Sham surgery (dupli-
cating the surgical procedure but without use of the cautery)
was performed on three animals to control for any effects
of the anesthesia and handling on ephrin expression. Tissue
from the sham surgery animals was analyzed at P5 only.
Lesion sizes were evaluated either through reconstruction
of adjacent Nissl sections in the case of brains used for in
situ hybridization, or by direct visual inspection of the
whole brain before homogenization, in the case of brains
used for qRT-PCR.

Cloning of Hamster Ephrin-A2 and A5

Total RNA was isolated from Syrian hamster diencephalon
and mesencephalon using Trizol (Invitrogen, Carlsbad,
CA). SuperScript II (Invitrogen, Carlsbad, CA) was used to
synthesize cDNA from RNA through a reverse transcription
polymerase chain reaction (RT-PCR) using degenerate oli-
gonucleotide primers based on mammalian sequences.
Lasergene software (DNA Star, Madison, WI) was used to
select degenerate primer pairs from conserved regions of
human and mouse sequences published at Genbank, and
primer pairs were then custom-synthesized (Invitrogen,
Carlsbad, CA). The oligonucleotide primers were as fol-
lows: ephrin-A2: forward 5’-GGCCCGGGCCAACGCTGA
CCGATAC-3’; reverse 5’-CCAGGCCGGAACTCAAAG
CCCAGGGAAAAG-3’. Ephrin-A5: forward 5’-ATGTTG
ACGCTGCTCTTTCTGGTGCTCTGG-3’; reverse 5’-GGC
GGCTGGGTATCCTTGGTGTCTGC-3’.

Expected PCR products were 348 base pairs for ephrin-
A2 and 544 base pairs for ephrin-A5. Ephrin-A2 PCR

Figure 1 Alternate hypotheses: expression of ephrin-A
ligands in compressed retinocollicular maps. Schematic
representation of retinal ganglion cell projections to the SC
under the guidance of EphA receptors on retinal axons and
their ephrin ligands in (A) Normal and (B, C) partially
ablated (PT) SC. Ablations were always posterior. (A)
EphA receptors are normally expressed in a low nasal, high
temporal gradient in retina, whereas ephrin-A2 and -A5
ligands are expressed in a low anterior to high posterior gra-
dient in SC. (B and C) Partial ablation of posterior SC on
the day of birth is indicated. (B) If the steepness of ephrin-
A2 and -A5 gradients instructs targeting specificity, then
the steepness should increase in compressed maps. (C)
Alternatively, if only the relative steepness of the gradient
is important, then the steepness need not change in com-
pressed maps. (SC, superior colliculus, A, anterior, P, pos-
terior, T, temporal, N, nasal).
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amplification was as follows: 1 cycle at 958C for 5 min; 30
cycles of 948C for 1 min, 658C for 1 min, and 758C for 2
min. Ephrin-A5 PCR amplification was as follows: 1 cycle
at 958C for 2 min, 35 cycles at 948C for 1 min, 628C for 1
min, and 728C for 1 min; followed by 1 cycle at 708C for
10 min. The expected bands were isolated from agarose and
polyacrylamide gels, then DNA was extracted and sub-
cloned into pCRII1 vector (TA cloning kit, Invitrogen,
Carlsbad, CA) and sequenced (at the BioResource Center,
Cornell University, or in the DNA/Protein Core Facility at
Georgia State University). Sequence analysis was carried
out using Lasergene (DNAStar, Madison, WI) and
Sequencher software (Genecodes, Ann Arbor, MI).

In Situ Hybridization

The aforementioned ephrin-A5 clones served as templates
for the production of riboprobes for in situ hybridization.
Plasmids containing the PCR fragments were linearized
with the restriction enzymes Hind III and Xba I followed by
in vitro transcription with T7 and Sp6 to synthesize [35S]-
CTP (New England Nuclear, Boston, MA)-labeled anti-
sense and sense riboprobes. Sections were fixed in 4% para-
formaldehyde in 0.1 M Phosphate Buffered Saline (PBS)
(pH 7.4), rinsed twice in 0.1 M PBS, then treated with pro-
teinase K (10 lg/mL) diluted in TE (50 mM Tris-HCl pH
8.0 and 5 mM EDTA) for 10 min while stirring. Sections
were acetylated and then dehydrated in 70%, 95%, and
100% ethanol (3 min each). To delipidize the tissues, sec-
tions were washed in 100% chloroform, 100% ethanol, and
95% ethanol, followed by prehybridization in a 508C oven
for 2 h. For the hybridization, [35S]-riboprobes were frag-
mented to improve penetration and applied to the sections
overnight at 508C. Sections were then washed under strin-
gent conditions and treated with RNaseA at 378C for 30
min. Lastly, sections were dehydrated, air dried, and placed
on Kodak film (BioMax MR, Eastman Kodak Co.) with 14C
microscales (Amersham Pharmacia Biotech, Piscataway,
NJ) for 2 to 3 weeks. The film was then developed and
dried (Model SRX-101A film processor, Konica Corpora-
tion, Tokyo, Japan). Sense riboprobe controls were included
in each case to ensure the specificity of the radiolabel.

Radiolabel above background levels was not observed on
control sections incubated with sense riboprobe.

Quantitative Real-Time PCR

The standardized qRT-PCR procedure provides an absolute
measurement of gene expression in units of mRNA copy
number per quantity of total cDNA. This measure is thus in-
dependent of the amount of tissue analyzed. This was par-
ticularly important for this analysis because SC size varied
by age and treatment group. In order to assay how ephrin-
A2 and ephrin-A5 expression changes from anterior to pos-
terior in SC, each right superior colliculus from normal and
PT hamsters at postnatal ages P1, 3, 5, 8, and 12 was di-
vided into thirds along the anteroposterior axis. The anterior
third and posterior third were analyzed in parallel and the
middle third was discarded. In a control group of animals,
we divided the anterior half of the normal SC into thirds
and repeated the procedure at P5, P8, and P12. This half-
normal group was included to control for SC position as a
determinant of ephrin expression level, given that in the PT
lesioned animals approximately the posterior half of SC is
removed. This ensures that the position of the anterior and
posterior thirds of the Half-Normal and PT SCs are roughly
equivalent. Sham surgery animals were included at age P5
only. Three animals were used for each of four groups—
Normal, Half-Normal, Sham, and PT. All dissections were
done under RNAse-free conditions.

For preparing tissue for analysis, total RNA from each
sample was isolated using a PicoPureTM RNA isolation Kit
(Arcturus Bioscience Inc., Mountain View, CA) according
to manufacturer directions. RNA was treated with DNase I
(Qiagen Inc., Valencia, CA) to remove any genomic DNA.
RNA quality was assessed with an Agilent 2100 bioana-
lyzer (Agilent Technologies, Palo Alto, CA). Reverse tran-
scription was performed using SuperScript IITM Reverse
Transcriptase (Invitrogen Corp, Carlsbad, CA), according
to the manufacturer’s protocol. The concentrations of the
resulting cDNAs were measured in triplicate with a Bio-
Photometer (Brinkmann Instruments Inc., Westbury, NY).
An ABI PRISM 7700 Detection System (Applied BioSys-
tems, Foster City, CA) was used. TaqManTM PCR forward

Table 1 Syrian Hamster Pups used for In Situ Hybridization and Quantitative Real-Time PCR

Postnatal Age (P)

No. Normal
Animals

No. Half-SC
Normals

No. Sham
Operates

No. PT Animals

ISH qRT-PCR qRT-PCR
No. Animals for
GAPDH assay qRT-PCR ISH qRT-PCR

P1 – 3 – 4
P3 – 4 6 – 6
P4 6 – 6 –
P5 5 4 3 7 3 5 3
P6 5 – 5 –
P8 6 5 3 6 4
P12 – 3 3 – 3
P14 6 – 5 –
TOTAL 28 19 9 13 3 27 20
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and reverse primers and target-specific fluorogenic probes
were designed based on hamster sequences, using ABI
Primer Expression software (Applied BioSystems, Foster
City, CA). Each PCR reaction consisted of 200 ng cDNA,
800 nM forward and reverse primers, 100 nM hybridization
probe, and TaqmanTM Master Mix, for a final volume of 30
lL. Primers and probes used were as follows: ephrin-A2:
forward primer: 5’-TGGAGCGGTACATCCTGTACAT-3’.
Reverse primer: 5’-TGCATTCCCAGCGCTTG-3’. Probe:
5’-FAM CATGCGTCCTGCGACCACCG TAMRA-3’.
Ephrin-A5: forward primer 5’-TGTCCTCTACATGGTGA
ACTTTGAC-3’. Reverse primer 5’-GCCGGTTACATTCC
CATCTCT-3’. Probe 5’-FAM CCTGCGACCACACTTC
CAAAGGCT TAMRA-3’.

PCRs were run in triplicate at 508C for 2 min and 958C
for 10 min, followed by 40 cycles at 958C for 15 sec and at
608C for 1 min. Standard curves were generated by three in-
dependent serial 1:10 dilutions of cloned plasmid DNA for
each of the genes, run in duplicate. The dilutions were
made over a range that considered the expected amount in
the samples. The PCR products were confirmed by gel elec-
trophoresis. In addition, a conventional PCR omitting the
hybridization probe was run in parallel on a thermocycler to
verify PCR specificity.

Several controls were included to test the specificity of
the results. Expression levels of ephrin-A5 and -A2 in nor-
mal and lesioned SC were compared with those taken from
the unlesioned side of SC and from the cerebellum. For
these assays we measured relative mRNA copy number in
reference to the housekeeping gene GAPDH in three ani-
mals from each group. We chose GAPDH because its
expression remained stable in a previous study of traumatic
brain injury (Cook et al., 2009). Total RNA was isolated
(100 ng/sample, RNeasy Isolation Kit, Qiagen Inc., Valen-
cia, CA), and cDNA was synthesized from total RNA as
described above. Concentrations of total RNA and cDNA
were measured in triplicate (BioPhotometer, Eppendorf
Instruments Inc., Westbury, NY). Probes and primers for
ephrin-A5 and -A2 were as described above, and GAPDH
probes and primers were obtained from TaqMan Gene
Expression Assays (Applied BioSystems, Foster City, CA).
An ABI PRISM 7700 Fast Real Time PCR System was
used for qRT-PCR using the comparative CT method (2-
(DeltaDeltaC(T)) method) (Applied BioSystems, Foster
City, CA) (Schmittgen and Livak, 2008). PCR reactions
were run in triplicate at 958C for 20 s and 608C for 30 s, fol-
lowed by 40 cycles at 958C for 30 s. The cycle threshold
(Ct) was used to compare expression of the gene of interest
across the different experimental groups. To verify PCR
specificity, a negative control omitting hybridization probes
was run in triplicate.

Data Analysis

To estimate ephrin mRNA distribution along the anteropos-
terior axis of the SC, digital images of three adjacent para-
sagittal sections were captured from the in situ hybridiza-
tion films using a MCID workstation (Version 6.0, Imaging

Research Inc. Ontario, Canada). Images were imported into
NIH Image (ver. 1.62) and standardized using the 14C
microscales that had been placed in the film cassette along
with the 35S labeled parasagittal sections. After subtracting
the off-section background label from the optical density
values for each section, the freehand drawing segment tool
was used to trace along the anteroposterior axis of the su-
perficial gray layer of the SC. The level of ephrin expres-
sion at each location along this anteroposterior tracing was
obtained for each of the three sections using the plot profile
option, and the data were transported into a Microsoft Excel
spreadsheet. To acquire relative optical density values for
anterior, middle, and posterior portions of SC, the density
measurements taken along the anteroposterior axis were di-
vided into equal anterior, middle, and posterior thirds, and
an average optical density calculated for each third inde-
pendently. In this way we could compare across colliculi of
different lengths (SC length increases with age and is
decreased in lesioned colliculi). The resulting three average
OD values were then plotted against the measured distance
along the anteroposterior length of the SC, and the slope of
the density gradient (D O.D./D mm) was determined by lin-
ear regression for each section using commercial statistical
software (SigmaPlot, Systat Software Inc., Richmond, CA).
Note that in the lesioned animals the posterior limit of the
SC is reached in a shorter distance than in normal animals.
For each animal, the slopes of the ephrin expression gra-
dients for the three sections from each animal were aver-
aged, and the means of these averages were then calculated
from each experimental group (Normal or PT) at each post-
natal age. Our hypothesis predicts that if the ephrin gradient
compresses, the D O.D./D mm value would double with a
50% lesion. Alternatively, if the ephrin gradient is not
affected by the PT map compression, then the D O.D./D
mm value would remain the same as in normals. For statis-
tical comparisons, we used either t-tests or a two-way
ANOVA followed by a Tukey post hoc test for the pairwise
comparisons (SigmaStat, Systat Software Inc., Richmond,
CA) to measure the variability between animals and within
and between treatment groups and age.

RESULTS

This study examined the relationship between retino-
collicular map compression and the expression gra-
dients of the ephrin-A2 and -A5 ligands for Eph tyro-
sine kinase receptors (Fig. 1). To determine whether
a redistribution of ephrin-A2 and/or A5 mRNA is
associated with partial (PT) SC ablation, we analyzed
the expression of the genes using both quantitative
real-time PCR and in situ hybridization (ISH).

Animals

The number and postnatal ages of the animals (Syrian
hamsters) used in this study are indicated in Table 1.

278 Tadesse et al.

Developmental Neurobiology



In total, 59 normal animals were used for ephrin
assays (including three for sham surgeries and nine
for Half-Normal-sized SC controls) and 3 for
GAPDH assays. Forty-seven PT animals were used
for ephrin assays and 4 for GAPDH assays. Their
ages ranged from postnatal day (P)1 to P14, with the
day of birth designated as P0. At least three and at
most six animals at each age and condition were
included.

Cloning Hamster Orthologs of Ephrin-A2
and -A5

We produced partial clones of the homologous ham-
ster ephrin-A2 and -A5 orthologs using a degenerate
primer strategy based on conserved regions of human
and mouse ephrin-A genes (GenBank accession num-
bers for ephrin-A2: DQ630462; ephrin-A5a:
DQ630463; ephrin-A5b: DQ630464; see Methods).
The ephrin-A2 clone was 346 base pairs (bp) in
length. Two isoforms of ephrin-A5 were cloned, A5a
(625 bp) and A5b (544 bp) (Fig. 2). Interestingly,
ephrin-A5b lacks an alternatively spliced 27 amino
acid exon found in ephrin-A5a. This exon is also
known to be alternatively spliced in mice (Flenniken
et al., 1996) and in rats (Lai et al., 1999). Thus, alter-
native splicing of ephrin-A5 is highly conserved
across rodent species, suggesting distinct functions
for each isoform. Predicted Syrian hamster ephrin-
A2, ephrin-A5a, and ephrin-A5b proteins were
aligned with known mouse and human sequences
(Table 2). The cloned fragment of hamster ephrin-A2
was 95% identical to mouse and 92.1% identical to
human sequences. Hamster ephrin-A5a was 100%
identical to mouse and 99.6% identical to human eph-
rin-A5. Hamster ephrin-A5b was 99.1% identical to
mouse and 98.7% identical to human sequences (not

shown; see Genbank accession numbers ephrin-A2:
mouse NP_031935; human NP_001396; ephrin-A5:
mouse AAB50240; human NP_001953). Once
cloned, the partial sequences were then used to design
specific hybridization probes and primers for ISH and
QRT-PCR.

Normal Animals

The Spatiotemporal Gradient of Ephrin Expression
in Hamsters Resembles that Seen in Other
Species. Because the goal of this study was to
uncover general principles regarding the role of eph-
rin-As in mammalian brain development, we first
sought to establish whether the spatiotemporal pattern
of expression in Syrian hamsters is similar to that in
mice, which are more typically used in mammalian
gene expression assays. Hamsters are born at an ear-
lier stage of development than mice (Clancy et al.,
2001), thus we had the advantage of a longer period
of postnatal ephrin expression in this rodent species.
The immature state of the brain at birth makes Syrian
hamsters an ideal model for developmental studies.

Quantitative real-time PCR was used to measure
absolute mRNA copy number in reference to a stand-
ard curve. In normal hamster pups aged from P1 to
P12, the superficial SC was trisected along its length,
and tissue from the anterior and posterior thirds was
extracted and homogenized for PCR. During this de-
velopmental time period, the retina is forming synap-
tic connections with the SC but the eyes have not
opened. The same tissue was used for both ephrin-A2
and ephrin-A5 measurements at each age. We did not
attempt to distinguish between ephrin-A5a and eph-
rin-A5b, because the probes we used could poten-
tially bind to either isoform.

Our qRT-PCR data from normal animals revealed
that ephrin-A2 and -A5 expression in SC was sharply
graded in a low anterior to high posterior direction,
and that expression declined with age (Fig. 3). This
pattern was consistent with that seen in other species,
including mice (see Drescher et al., 1997; O’Leary
and McLaughlin, 2004, for review). In the normal
animals, expression was higher overall in posterior
than in anterior SC (two-way ANOVA, p < 0.02).
This difference was especially prominent at the ear-
lier ages. Pair-wise comparisons at each age revealed
significant anteroposterior differences at P1-P5 for
ephrin-A5 [Fig. 3(A)] and at P1-P3 for ephrin-A2
[Fig. 3(B)] (p < 0.01 for ephrin-A5 and p < 0.001 for
ephrin-A2; Tukey test for post hoc pair-wise compar-
isons). Ephrin-A5 expression was highest at P1 and
P3, but levels were intermediate at P5. By P8 the

Figure 2 Cloning of ephrin-A2 and ephrin-A5. Partial
sequences of the two ephrins were obtained using a degen-
erate PCR strategy. A. One clone was obtained for ephrin-
A2 at 346 base pairs (bp). B. For ephrin-A5 two isoforms
were cloned, A5a (625 bp) and A5b (544 bp). Each gel
shows duplicate samples.
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Table 2 Nucleotide and Translated Amino Acid Sequences for the Three Partial Ephrin-A Clones used in this Study



level of ephrin-A5 expression was low. Ephrin-A2
expression levels were highest at P1 and P3, and
declined markedly by P5. The expression levels of
ephrin-A2 were approximately double those of eph-
rin-A5 overall. Thus the spatiotemporal pattern of
ephrin expression in hamster SC appears similar to
that reported in fish, chicks and mice (Cheng and Fla-
nagan, 1994; Cheng et al., 1995; Drescher et al.,
1997; Picker et al., 1999).

The disadvantage of the qRT-PCR approach is that
it requires homogenizing the tissue, preventing
detailed visualization of the spatial pattern of mRNA
expression. In order to examine the spatial distribution
of ephrin-As across the SC, we employed in situ
hybridization (ISH) in parasagitally-sectioned brains
using 35S-labeled riboprobes. Ephrin-A5 and not eph-
rin-A2 riboprobes were used for ISH, because ephrin-
A5 mRNA was more efficiently detected with the
probes we designed, and because previous studies in
mice have shown that knockout of ephrin-A5 has a
greater effect on retinal axon targeting than knockout
of ephrin-A2 (Frisén et al., 1998; Feldheim et al.,

2000). Furthermore, ephrin-A5 is reportedly expressed
in a more steadily increasing gradient than ephrin-A2.
The latter attains maximum expression in central SC
(Feldheim et al., 2000; Yamada et al., 2001). To obtain
a relative quantification of the mRNA signal through-
out development, the optical density of radiolabel was
measured along the anteroposterior axis of the SC in
serial sections using animals of different postnatal
ages (see Methods for details).

We observed an anteroposterior gradient of ephrin-
A5 expression in normal animals that increased gradu-
ally in the anterior half then increased more steeply to-
ward the posterior half of superficial SC, extending
into deeper SC layers at the posterior edge (Fig. 4).
This overall pattern was present throughout the first 2
postnatal weeks. In agreement with the qRT-PCR
results, the ISH data demonstrated that ephrin-A5
expression declined with age. Expression was highest
during the first postnatal week. This pattern of ephrin-
A5 mRNA expression is similar to that reported in
other rodent species and in birds (mouse: (Feldheim
et al., 1998); rat: (Symonds et al., 2001); chick:

Table 2 (Continued)

aThe two ephrin-A5 clones, a and b, were 625 bp and 544 bp in size, respectively.
bThe ephrin-A2 clone was 346 bp in length. Comparisons with mouse and human clones are shown in register (GenBank accession num-

bers for ephrin-A5a: DQ630463; ephrin-A5b: DQ630464; ephrin-A2: DQ630462).
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(Yamada et al., 2001)), and resembles somewhat the
protein expression pattern reported for ephrin-A2 in
hamsters (Lukehurst et al., 2006). We conclude from
the qRT-PCR and ISH data that Syrian hamsters, with
their short gestation, protracted postnatal brain devel-
opment, and demonstrated retinocollicular map plas-
ticity (Finlay et al., 1979; Pallas and Finlay, 1989,
1991), are an ideal model system for investigating de-
velopmental plasticity of ephrin function.

Lesioned Animals

The Major Features of the Ephrin Gradient are
Maintained in Compressed Maps. Neonatal abla-
tions of less than 70% of the SC reliably lead to reti-

nocollicular map compression (Finlay et al., 1979;
Pallas and Finlay, 1989). To test the hypothesis that
map compression is associated with a compression of
the ephrin gradient, we examined the effect of a par-
tial (PT) ablation of posterior SC on ephrin expres-
sion along the anteroposterior axis of hamster SC. A
compression of the ephrin guidance cues could direct
the compression of the retinal projection, providing a
mechanism to explain how the SC recovers from neo-
natal damage (Finlay et al., 1979; Pallas and Finlay,
1989). We employed the two complementary techni-
ques, quantitative real-time PCR and in situ hybrid-
ization, in order to reveal both the amount and the
spatial distribution of ephrin-A in the partially
lesioned SC.

The qRT-PCR measurements revealed that the
anteroposterior gradient in ephrin expression was
also present in the compressed maps of PT-lesioned
animals by 5 days post-lesion (Fig. 5). Data obtained
from lesioned animals at P5, 8, and 12 showed that
expression was significantly higher in posterior than
in anterior SC for both ephrin-A5 [p < 0.05, two-way
ANOVA; Fig. 5(A)] and ephrin-A2 [p < 0.02, two-
way ANOVA; Fig. 5(B)]. Pairwise comparisons
(Tukey test) revealed a significant difference between
treatment groups in expression at P5 (p < 0.02) for
both ephrin-A5 and ephrin-A2. As in normal animals,
the gradient and the expression of these ephrin-As in
SC of the PT group begins to decrease with age (cf.
Fig. 3). Variability in expression levels was higher in
PT cases than in normal cases, due at least in part to
the fact that lesion size varies somewhat between ani-
mals (see below).

The Amount of Ephrin Expression is Reduced in
Lesioned Animals. Although the general features of
the ephrin gradient were unaffected by the loss of tar-
get, the in situ hybridization results suggested that the
quantity of ephrin-A5 mRNA was reduced in the PT
animals (Fig. 6). In the P5 and P8 cases examined
there appeared to be an overall reduction in the inten-
sity of label in SC (at the same image settings), and
there was a reduction in label to a lesser extent in ad-
jacent brain regions. This was quantified in SC using
the qRT-PCR method. Quantitative comparison of
the expression levels confirmed a marked decline of
ephrin-A expression in PT cases compared to Normal
cases. This can be seen by examining the y-axes in
Figures 3 and 5 in parallel, but for ease of comparison
we have replotted the qRT-PCR data for ephrin-A5
and ephrin-A2 from normal and PT cases together
(Figs. 7 and 8). We found that the mean levels of eph-
rin-A5 and -A2 expression in the anterior SC of the
PT cases were significantly lower within a few days

Figure 3 Quantitative real-time PCR analysis of normal
hamster ephrin-A5 and ephrin-A2 expression. Quantified
(A) ephrin-A5 and (B) ephrin-A2 mRNA levels were lower
in anterior than in posterior SC at all postnatal ages
assessed (P1, P3, P5, P8, and P12) in normal (N) animals.
The overall mRNA levels decreased with age, as did the
relative difference between anterior and posterior expres-
sion levels. A-anterior, P-posterior. Data presented as mean
6 SE, two-way ANOVA with Tukey tests for pairwise
comparisons; *p < 0.01; **p < 0.001.
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after the lesion (P5 to P12) than those in anterior SC
of normal cases (p < 0.01, two-way ANOVA; Tukey
test for post hoc pairwise comparisons, p < 0.05 at
P5 and P12) [Figs. 7(B) and 8(B), dark bars]. The
declines were also seen in posterior SC (p < 0.02,
two-way ANOVA; Tukey test for post hoc pairwise
comparisons, p < 0.01 at P5) [Figs. 7(B) and 8(B),
light bars]. Thus the PT lesions were correlated with
overall reductions in expression of ephrin-A5 within
a few days after the lesions were performed, although
a maximum in the expression gradient was still seen
at P5 as in Normal cases. It is important to note that
although this decline is intriguing, it is well-
documented that relative and not absolute levels of
ephrinA expression are the important factor in axon
guidance (Brown et al., 2000; Reber et al., 2004; Von
Philipsborn et al., 2006).

There are several possible causes for the unex-
pected but interesting finding that ephrin-A5 expres-
sion was reduced in SC of animals with compressed
retinocollicular maps. Some reduction in mRNA lev-
els in the posterior third of PT SC was expected to
occur, simply because when the posteriorly lesioned
SC in PT group cases was divided in thirds for analy-
sis, its posterior third was located in what would have
been a more central SC position in an unlesioned ani-

mal (see Fig. 1). If this positional difference
accounted for the drop in expression, then ephrin
expression levels in the anterior third of SC in PTs
would be lower than levels in the anterior third of SC
in Normals. To test this prediction, we ran quantita-
tive RT-PCR on portions of SC from Normal and PT
animals that were similar in position and extent
(Half-Normal size SC control group; see Methods)
[Fig. 7(C,D)]. We found, as expected, that the posi-
tion of the tissue sample along the anteroposterior
body axis was an important factor in determining the
ephrin-A5 expression levels independent of lesion
status. When the anterior half of the normal SC was
divided in thirds and analyzed to simulate the analy-
sis of the PT lesioned SC, ephrin mRNA expression
in the first and last third was lower in the Half-Nor-
mal SC group than in the Normal SC group. How-
ever, this positional effect did not fully explain the
drop in ephrin expression associated with map com-
pression, because the expression in the Half-Normal
group, although lower than Normal, was higher than
in the PT group. The difference was consistent across
ages, and ephrin-A5 expression levels were signifi-
cantly lower in the PT SC than in the Half-Normal
SC in both anterior and posterior samples, at each age
(p < 0.01 for anterior SC, p < 0.05 for posterior SC,

Figure 4 In normal hamster SC ephrin-A mRNA is expressed in an anteroposteriorly increasing
gradient that declines with age. A. Nissl-stained, 20 lm parasagittal section from a P5 hamster (an-
terior is to the left; arrows show the posterior limit of SC). B. Ephrin-A5 ISH expression at P5
revealed with antisense 35S-riboprobes. C. Control section incubated with a sense 35S-riboprobe,
showing lack of specific label. D–G. Comparable sections shown at ages P8 and P14. Low anterior
to high posterior gradients of ephrin-A5 in SC were maintained throughout the first 2 weeks after
birth. The intensity of radiolabeling corresponding to ephrin-A5 decreased as postnatal develop-
ment proceeded (the 1 mm scale bar in F applies to all panels).
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two-way ANOVA; Tukey test for post hoc pairwise
comparisons p < 0.05 for P5 and P12 in anterior SC,
P5 in posterior SC). Thus, SC tissue sample position
did account for some but not the entire decline in
expression of ephrin-A5 in PT compared with Nor-
mal animals (Table 3).

A similar result was obtained from the qRT-PCR
measurements of ephrin-A2 in tissue samples from
Half-Normal compared with Normal and PT SC sam-
ples. Again the positional effect accounted for some
of the differences in expression, and was significant
throughout development at the p < 0.05 level for

anterior SC (two-way ANOVA) but not for posterior
SC (p > 0.1, two-way ANOVA; pair wise compari-
sons p > 0.05 at all ages in both anterior and posterior
SC) (Fig. 8, Table 3). Thus, the reduced ephrin-A
expression levels in the SC of PT animals compared
with full-size Normal SC can be partially explained
by the more anterior location of tissue taken from the
PT animals, but the decline in expression associated
with the map compression was well beyond what
could be accounted for in this way, especially for
ephrin-A5. These results suggest that the lesion itself
has the effect of reducing ephrin-A expression.

An alternative explanation for the reduced ephrin-
A expression in PT cases is that the handling or anes-
thesia during surgery affects ephrin-A levels. As a
control for the effects of the surgical procedures
themselves, we performed sham surgeries on some
animals at P5 (see Methods). Mean ephrin-A2 and -
A5 expression levels at P5 in sham-operated animals
were not significantly different from expression lev-
els in normal SC [Normal P5 (n ¼ 4) vs. Sham P5 (n
¼ 3); ephrin-A2 in anterior SC p > 0.1 (Student’s t-
test t ¼ "1.776); ephrin-A2 in Posterior SC p>0.25
(Student’s t-test t ¼ "1.240); ephrin-A5 in Anterior
SC p > 0.1 (Mann-Whitney Rank Sum test, U ¼
17.0); ephrin-A5 in posterior SC p > 0.4 (Student’s t-
test t ¼ "0.909)]. These results show that the reduced
expression was unlikely to result from handling stress
or anesthesia.

It is possible that neonatal injury to SC results in a
nonspecific and general down-regulation of geneFigure 5 Expression of ephrin-A5 and ephrin-A2 in PT

animals is greater in posterior than anterior SC and declines
with age. When examined a few days after the posterior SC
ablation on P1, the PT cases show a spatial and temporal
pattern of expression similar to that seen in normal cases.
At P5, P8 and P12, (A) ephrin-A5 and (B) ephrin-A2
mRNA levels were low in anterior SC and high in posterior
SC, as in normal animals, and expression levels declined
with age. A-anterior, P-posterior, PT-animals with partial
SC ablation. Data presented as mean 6 SE, two-way
ANOVA with Tukey tests for pairwise comparisons; *p <
0.05.

Figure 6 Ephrin-A5 label is reduced in compressed SC.
Expression of ephrin-A5 as shown by ISH appeared to be
reduced in SC following perinatal damage to posterior tis-
sue (A, P indicate anterior and posterior limits of SC,
respectively), but an anterior-posteriorly increasing gradient
was still observed. Normal SC at P5 and P8 (A and B)
showed a higher intensity of label than PT SC (C and D).
Note for each sagittal section: Left ¼ anterior; right ¼ pos-
terior. Scale bar ¼ 1 mm applies to all panels.
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expression in the brain, rather than a specific change
in ephrin-As. We tested this by measuring levels of
the housekeeping gene GAPDH in right SC and in
cerebellum (CB) of normal and PT animals. Whereas
ephrin-A5 expression in this analysis was signifi-
cantly reduced in the right SC (RSC) of PT as
compared with Normal cases (ephrin-A5 in Normal
RSC normalized to 1.00, n ¼ 3; mean ephrin-A5 in
PT RSC ¼ 0.24 6 0.06 SEM, n ¼ 4; p < 0.001, one-
way ANOVA using Holms-Sidak method of pairwise
comparisons), expression of GAPDH in RSC was not
significantly affected by the lesion (GAPDH in Nor-
mal RSC normalized to 1.00, n ¼ 3; mean GAPDH in
PT RSC ¼ 0.72 6 0.02, n ¼ 3; p >0.1, one-way
ANOVA using Holms-Sidak method of pairwise
comparisons) (Fig. 9), arguing that the effect of the

lesion was specific to the ephrin-A5 gene. Neither
GAPDH expression nor ephrin-A5 expression in the
cerebellum was affected significantly by the lesion in
RSC (GAPDH in Normal CB normalized to 1.00, n ¼
3; mean GAPDH in PT CB ¼ 1.03 6 0.13 SEM, n ¼
3; p >0.1, one-way ANOVA, Holms-Sidak method of
pairwise comparisons. Ephrin-A5 in Normal CB nor-
malized to 1.00, n ¼ 3; mean ephrin-A5 in PT CB ¼
0.78 6 0.16 SEM, n ¼ 3; p >0.1, one-way ANOVA,
Holms-Sidak method of pairwise comparisons), argu-
ing that the effect was specific to location. These
results argue against the possibility that injury causes
a global down-regulation of ephrin-A expression.

Another possible explanation for the drop in eph-
rin-A expression is that tissue damage affects ephrin-
A levels at the site of injury alone. Examination of

Figure 7 Levels of ephrin-A5 mRNA decrease significantly in PT SC independent of position.
Quantitative real-time PCR confirmed the reduced ephrin-A5 expression after injury shown in Fig-
ure 6. (A) Expression of ephrin-A5 mRNA in anterior and posterior SC from P5 to P12 was lower
in PT than in normal (N) animals. (B) This was true even when SC tissue from comparable antero-
posterior levels in normal SC (\Half-Normal", HN) and PT SC was analyzed with respect to eph-
rin-A5 expression levels. (C) In this plot, the three treatments are presented together for compari-
son. It can be seen that ephrin-A5 expression in the Half-Normal cases was intermediate between
Normal and PT expression levels. See Table 3 for statistical comparisons. Abbreviations as in
Figure 5.
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Figure 8 Levels of ephrin-A2 mRNA decrease signifi-
cantly in PT SC independent of position. (A) As for ephrin-
A5, ephrin-A2 mRNA expression in anterior (A) and poste-
rior (P) SC from P5 to P12 was lower in PT than in normal
(N) animals. (B) This could only partially be accounted for
by absolute position with respect to the anteroposterior
axis; compare ephrin-A2 expression levels in HN and PT
SC. (C) In this plot the three treatments are presented to-
gether for comparison. It can be seen that ephrin-A2 expres-
sion in the Half-Normal cases was intermediate between
Normal and PT expression levels. See Table 3 for statistical
comparisons. Abbreviations as in Figure 5.

Figure 9 Changes in ephrin-A5 mRNA levels after par-
tial lesion of SC at birth are specific. Relative expression
levels of ephrin-A5 or GAPDH mRNA at P5 in ipsilesional
(R, right) and contralesional (L, left) SC and cerebellum of
PT cases (white bars) were compared with those in normal
SC and cerebellum. GAPDH levels were not significantly
different from normal in ipsilesional SC of PT animals even
though levels of ephrin-A5 in the same tissue were signifi-
cantly reduced. Expression of both ephrin-A5 and GAPDH
was normal in cerebellum of PT animals. In SC contralat-
eral to the lesion ephrin-A5 expression was intermediate
between normal and ipsilesional SC but GAPDH expression
was unaffected. *p < 0.05 and **p < 0.01 (one-way
ANOVA with Holm-Sidak pairwise comparisons). Error
bars indicate mean 6 SEM.

Table 3 Reduced Ephrin-A Expression Levels in PT
Cases are only Partially Explained by Positional Factors

Full Normal Half Normala PT

Ephrin-A5 expression
P5 A 1517 6 282 1275 6 160 321 6 123b,c

P 6401 6 1911 3139 6 231 1077 6 309b,c

(n ¼ 4) (n ¼ 3) (n ¼ 3)
P8 A 829 6 213 8686 60 300 6 121b,c

P 1904 6 431 1643 6 49 569 6 205b,c

(n ¼ 5) (n ¼ 3) (n ¼ 4)
P12 A 1173 6 424 9766 163 254 6 89b,c

P 2011 6 642 1335 6 327 314 6 48b,c

(n ¼ 3) (n ¼ 3) (n ¼ 3)
Ephrin-A2 expression
P5 A 2203 6 642 2067 6 469 1122 6 510

P 5859 6 1571 4093 6 878 2969 6 619b

(n ¼ 4) (n ¼ 3) (n ¼ 3)
P8 A 1268 6 261 1214 6 19 998 6 402

P 3129 6 556 2059 6 160 1833 6 509
(n ¼ 5) (n ¼ 3) (n ¼ 4)

P12 A 2116 6 414 1354 6 200 633 6 133b,c

P 2800 6 495 1819 6 292 947 6 197
(n ¼ 4) (n ¼ 3) (n ¼ 3)

aRostral half of Normal SC.
bData significantly different from Full Normal.
cData significantly different from Half-Normal.
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ISH sections through the right, lesioned SC compared
with those from the left, unlesioned SC at P6 and P12
in two PT animals also demonstrated distance-de-
pendent reductions in ephrin-A expression in SC after
damage. The density of ephrin-A5 radiolabel in the
unlesioned left SC [Fig. 10(A,B)] appeared higher
than that in the lesioned right SC [Fig. 10(C,D)]. To
obtain quantitative comparisons, we used qRT-PCR
to compare both ephrin-A5 and GAPDH between the
lesioned right SC and the unlesioned left SC (Fig. 9).
We found that expression of ephrin-A5 in left SC
(LSC) contralateral to the lesion was significantly
reduced, but to a level intermediate between Normal
RSC and PT RSC (ephrin-A5 in Normal LSC normal-
ized to 1.0, n ¼ 3; mean ephrin-A5 in LSC of PT ¼
0.46 6 0.19 SEM, n ¼ 3; p < 0.05. Mean ephrin-A5
in PT RSC ¼ 0.28 6 0.13 SEM, n ¼ 4; p < 0.001,
one-way ANOVA, Holms-Sidak method of pairwise
comparisons). At P3, closer to the time of the lesions,
the measurements of both ephrin-A5 and ephrin-A2
expression on the unlesioned side of PT cases were

intermediate between the expression levels in normal
cases and on the lesioned side of PT cases at P3 (Ta-
ble 4), although the differences were not significant at
this age. There was no significant difference between
Normal and PT cases in LSC GAPDH expression
(GAPDH in Normal LSC normalized to 1.00, n ¼ 3;
mean GAPDH in PT LSC ¼ 0.65 6 0.24 SEM, n ¼
3; p > 0.1, one-way ANOVA with Holms-Sidak
method of pairwise comparisons), indicating the
specificity of the effect for ephrin-A5 expression. The
intermediate reduction in ephrin-A expression on the
unlesioned side of the PT group cases at P5 is consist-
ent with the idea that there is a local effect of the tis-
sue damage on ephrin levels.

Taken together, this series of control experiments
supports the interpretation that the down-regulation
of ephrin-A2 and -A5 expression is both specific to
this gene and specific to the site of injury. It is cer-
tainly to be expected that early damage to a brain
area would cause up or down changes in the expres-
sion of many genes, although the methods used here
cannot reveal why ephrin-As in particular are down-
regulated. Regardless of the cause of the lowered lev-
els of ephrin-As after partial SC ablation, however,
they do not prevent the development of a smoothly
compressed retinotopic map (Finlay et al., 1979; Pal-
las and Finlay, 1989; Huang and Pallas, 2001).

The Decline in Ephrin Expression in Lesioned Ani-
mals is Initially Delayed in Anterior SC. Another
unexpected finding was that the ephrin-A expression
gradient in PT animals underwent what at first
appeared to be a reversal in the direction of the gradi-
ent at P1 to P3. Quantification of ephrin-A mRNA

Table 4 Effects of Injury on Ephrin Expression are
Local

Normal Unlesioned Sidea PT

Ephrin-A5 expression (qRT-PCR)
P3 A 5,3166 827 2,5076 979 1,350 6 411

P 13,7946 2,035 6,1206 3,068 1,290 6 592
Ephrin-A2 expression (qRT-PCR)

P3 A 7,3366 871 5,2036 1,553 2,058 6 507
P 19,186 6 2,020 12,174 6 2,597 3,222 6 443

aThere was no significant difference in expression between the

unlesioned side of PT cases and that in normal animals at P3. p >

0.05, t-test.

Figure 10 Expression of ephrin-A5 appears reduced in lesioned SC compared with unlesioned
SC in the same brain. Sagittal in situ hybridization images showing ephrin-A5 expression on the
unlesioned side (A, B) and the lesioned side (C–F) of a P6 (A, C, E) and a P12 (B, D, F) hamster
suggested that expression of ephrin-A5 was reduced in the lesioned right SC compared with the
unlesioned left SC. Scale bar ¼ 1 mm.
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levels at P1 and P3, after the PT lesion at birth (post-
natal day 0), showed that ephrin-A5 and -A2 expres-
sion was initially higher in anterior than posterior SC.
Looking over a longer time course revealed that,
rather than a reversal, there was a delay in the lesion-
induced decline of expression in anterior SC com-
pared with posterior SC in the PT animals (Fig. 11).
The anteroposteriorly-increasing gradient was re-
established by P5 for ephrin-A5 and by P3 for ephrin-
A2. This result suggests that the lesion may interrupt
an ephrin-A expression-promoting signal from the
posterior lesion site that takes several days to reach
anterior SC. Another possibility is that the lesion
itself directly or indirectly causes a down-regulation
of ephrin message that takes time to propagate from

posterior to anterior. Although these hypotheses
would be interesting to examine further, several stud-
ies have shown that relative and not absolute expres-
sion levels are important in map formation (e.g.
Brown et al., 2000; Reber et al., 2004; von Philips-
born et al., 2006). For this reason, because up or
down changes in gene expression levels after brain
injury are well-documented, and because our motiva-
tion was to investigate the connection between map
compression and steepness of ephrin expression gra-
dients, this study did not include further investiga-
tions into the reason for the overall drop in ephrin
expression level in SC.

The Steepness of the Ephrin-A Gradient Increases
in Compressed SC Maps. Of greatest interest in this
study was whether the ephrin gradient in animals
with compressed maps was altered along the antero-
posterior axis in a way that predicts map compres-
sion. Because retinal axon targeting is instructed by
the concentration gradient of ephrins across the ante-
roposterior axis of the SC (Frisén et al., 1998), com-
pression of the gradient could be responsible for
directing map compression (see Fig. 1). If so, then
the ephrin-A gradient in the compressed maps should
reach its maximum over a shorter distance; that is,
the slope of the gradient should increase in proportion
to the post-lesion size of the SC. Using the qRT-PCR
data (Table 3) we calculated the posterior to anterior
(P/A) ratio of ephrin-A expression to get an initial in-
dication of whether the ephrin-A gradients were
steeper in lesioned cases. During the transitional pe-
riod shortly after the lesion, there was a significant
difference in P/A ephrin-A expression ratios between
Normal and PT cases (two-way ANOVA, Tukey test
for pairwise comparisons, p < 0.001 at P1, p < 0.01
at P3 for ephrin-A2, p < 0.01 at P1 and P3 for eph-
rin-A5). After the period from P1 to P3, we found
that the P/A ratio was approximately the same in the
PT cases as in the Normal cases (two-way ANOVA,
Tukey test for pairwise comparisons, p > 0.05 for
both ephrin-A2 and ephrin-A5) (Fig 12). Because the
anteroposterior length of SC was shorter in the PT
cases, similar P/A ratios indicate a steepening of the
gradient. These data are consistent with the hypothe-
sis that the ephrin-A gradient compresses after lesions
that lead to compressed retino-SC maps.

The slope of the expression gradient could not be
calculated from the homogenized tissue prepared for
qRT-PCR, thus we used the ephrin-A5 in situ hybrid-
ization data to estimate the slope of the concentration
gradient (rate of change of ephrin expression with dis-
tance across the anteroposterior axis of the SC). The
anterior to posterior (rostrocaudal) length of SC was

Figure 11 The lesion-induced decline of ephrin expres-
sion is delayed immediately after PT lesion. Histograms of
(A) ephrin-A5 and (B) ephrin-A2 mRNA levels in normal
and PT cases at P1, P3, and P5. One day after the posterior
SC is lesioned, the mRNA levels in posterior SC dropped
sharply, so that the anteroposterior gradients of ephrin
expression were reduced or even reversed at P1. By P5 the
gradients had recovered from the lesion and again increased
from anterior to posterior. Data presented as mean 6 SE,
two-way ANOVA with Tukey tests for pairwise compari-
sons; *p < 0.05, **p < 0.01.
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measured at comparable mediolateral locations in nor-
mal and lesioned cases, and ephrin-A5 expression was
quantified using normalized optical density measure-
ments of S35 radiolabel along the anteroposterior axis
of three adjacent sections from the in situ hybridization
experiments. We performed this calculation at P5,
when the gradient has been re-established. The average
optical densities from the anterior, middle, and poste-
rior thirds of SC [Fig. 13(A)] yielded three y-axis values
of relative ephrin-A5 levels that were used to plot a line
against distance on the x-axis. The slope of the line

(change in ephrin-A5 label with change in distance
along the A-P axis) was calculated for each of the three
sections and averaged across them. Plotting with this
method ensured that the measure of ephrin-A5 gradient
slope was independent of the absolute number of ephrin
transcripts, and thus provided a measure of gradient
steepness independent of the overall reduction in ephrin
expression in lesioned animals. As an example, for a
50% lesion, the A-P length of the SC would be 1.0 mm
rather than the 2.0 mm typical of normal adult SC. If
the ephrin-A5 gradient is compressed into the shortened
SC, then the gradient slope should double, supporting
the hypothesis, whereas if the gradient is uncompressed
the slope would be expected to stay the same [Fig.
13(B)], contrary to the hypothesis.

We found, in support of our hypothesis (see Fig
1), that the slope of the ephrin-A5 gradient was sig-
nificantly steeper in the PT group compared with the
normal group [Fig. 13(C)]; that is, the proportional
increase in ephrin-A5 expression per unit distance
along the anteroposterior axis of the SC was greater
in PT animals than in normal animals. This was true
not only at the earlier ages when the normal gradient
is steep, but throughout the first 2 weeks of develop-
ment (two-way ANOVA, p < 0.001; Tukey post hoc
test for pairwise comparisons between normal and PT
gave p < 0.05 at each age). These data show that the
ephrin-A5 expression gradient is compressed in a
way that predicts the compression of the retinotopic
representation, consistent with a causal relationship
between ephrin-A gradient compression and retino-
collicular map compression.

DISCUSSION

A number of models have been proposed to explain
the processes leading to the development and plastic-
ity of retinotopic maps (Hope et al., 1976; Hope, 1976;
Honda, 2004; Koulakov and Tsigankov, 2004; Reber
et al., 2004; Lemke and Reber, 2005; Willshaw, 2006;
Simpson and Goodhill, 2011; Triplett et al., 2011;
Gebhardt et al., 2012). A successful model must be
able to incorporate and predict the form of the map
under both normal and altered conditions. More
recently these alterations have included complex
manipulations of gene expression, whereas more clas-
sical approaches involved manipulations of afferent/
target ratios (Sperry, 1963; Schmidt, 1982; see Udin
and Fawcett, 1988, for review). Although genetic
approaches have yielded a tremendous amount of in-
formation about constraints on possible mapping
mechanisms, the mechanism underlying compensa-
tion of topographic maps for changes in afferent/target

Figure 12 Comparison of anterior versus posterior eph-
rin-A expression levels. The posterior to anterior ratio of
mRNA expression was calculated from quantitative RT-
PCR experiments. Because the lesion-induced reduction in
expression occurs in posterior SC before that in anterior
SC, the P/A ratio indicates anterior levels significantly
higher at P1 and P3, comparatively reducing the P/A ratio
in the lesioned cases. By P5 the posterior high gradient is
restored. Despite the smaller anteroposterior length of SC
in the PT cases, there was no significant difference in P/A
ratio between Normal and PT cases for either (A) ephrin-
A5 (*p < 0.01, **p < 0.001) or (B) ephrin-A2 (*p < 0.01)
from P5 and beyond.

Regulation of Ephrin Expression by Target Size 289

Developmental Neurobiology



ratios have never been revealed in the decades post-
Sperry. Combining the data generated from these two
approaches into one model is an important goal. This
study has provided important insight into possible
ephrin-A/Eph-A based mechanisms through which
topographic maps can be modified after mismatches in

afferent/target populations. Our data show that partial
ablation of the posterior SC leading to compression of
the retinocollicular map is associated with a compres-
sion of the ephrin-A gradient. These results suggest
that the same molecular mechanisms involved in nor-
mal map formation may also be involved in map plas-

Figure 13 Compression of the ephrin gradient in compressed maps. (A) Optical density measure-
ments taken along the anteroposterior axis of the SC were binned in thirds and averaged to corre-
spond to anterior, middle, and posterior locations in SC, independent of SC length. (B) Cartoon
illustrating how these values were then plotted against SC location for calculating the slope of the
ephrin gradient. Measurement of expression level as a function of distance along the anteroposte-
rior axis of the SC provided the slope of the ephrin gradient, independent of the lesion size or SC
size. Normal SC is approximately 2 mm in anteroposterior length, making an SC with a 50% poste-
rior lesion 1 mm in length. The cartoon illustrates how, according to one hypothesis, the ephrin gra-
dient slope (change in y/change in x) would get steeper in the smaller SC target, reaching maximum
ephrin-A5 levels [ephrin A5] over its extent (Compressed PT gradient). Alternatively, the gradient
steepness might be unaffected by the lesion and reach only half the normal maximum at the poste-
rior limit of the lesioned SC (Uncompressed PT gradient). (C) Histogram of mean ephrin-A5 gradi-
ent steepness across development taken from QRT-PCR measurements. The slope of the ephrin-A5
gradient was significantly steeper in PT cases compared to normal cases at all ages. Data presented
as mean 6 SE (two-way ANOVA, p < 0.001; Tukey post hoc test for pairwise comparisons p <
0.05; *p < 0.05, **p < 0.001).
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ticity, and that they can function adaptively under
conditions of increased competition between retinal
axons for target space.

Syrian hamsters, a species of altricial, microcrice-
tid rodents (Gattermann et al., 2000), are born early
in development and exhibit developmental plasticity
in their retinocollicular projection (Finlay et al.,
1979), thus they are an excellent model for studying
the role of ephrins in map plasticity. Here we pro-
vided evidence that Syrian hamsters exhibit similarity
in ephrin mRNA sequence and expression with more
commonly used animal models such as rats, mice,
and chicks. Cloning of ephrin-A2 and ephrin-A5
(Fig. 2) revealed alternate splice forms of ephrin-A5
(A5a and A5b) as seen in mice (Flenniken et al.,
1996) and in rats (Lai et al., 1999). The distribution
(anterior low, posterior high) and time course of
expression (declining with age) of ephrin-A2 and -A5
mRNA in hamsters was similar to that described in
other species (Frisén et al., 1998; Wilkinson, 2001)
and similar to that described for hamster ephrin-A2
protein (Lukehurst et al., 2006) (Figs. 3 and 4).

Using the clones, we obtained four major results
from the PT group of hamsters that underwent neona-
tal, partial ablation of posterior SC leading to retino-
collicular map compression. First, the anteroposter-
iorly increasing gradient of ephrin-A5 and -A2
expression seen in normal SC maps was re-estab-
lished in the compressed maps soon after the P0
lesion, by P5 (Fig. 5). Second was the unexpected
finding that the number of ephrin-A5 and -A2 tran-
scripts was reduced overall in the lesioned animals
compared with normal (Figs. 6) in a way that was
specific to position (Figs. 7, 8, and 10) and gene (Fig.
9). Third, this reduction in ephrin-A5 and -A2 expres-
sion was delayed in anterior SC compared with poste-
rior SC in the PT animals, resulting in a brief gradient
flattening or even reversal in PT animals immediately
postlesion (P1-P3) (Fig. 11). Fourth and most impor-
tantly for testing our hypothesis, measurements of the
steepness of the ephrin gradient in compressed com-
pared with normal maps revealed that the ephrin-A5
gradient compresses along with the map (Figs. 12 and
13), raising the possibility that the compression of the
ephrin-A gradient directs map compression. Each of
these major findings is considered below.

Gradients of Ephrin-A Gene Expression
are Present in Hamster SC under both
Normal and Lesioned Conditions

We found that the low anterior to high posterior gra-
dient of ephrin-A2 and -A5 mRNA expression seen

in rats and mice (Feldheim et al., 1998; Frisén et al.,
1998; Rodger et al., 2001; Symonds et al., 2001) is
also present in normal hamsters. Furthermore, as in
the other rodent species, expression is highest in the
first postnatal week and declines substantially by the
end of the second postnatal week. The same is true in
the lesioned animals. With the exception of the initial
post-lesion recovery period, the expression pattern
and time course in lesioned hamsters is very similar
to that seen in normal hamsters. These findings sug-
gest that ephrin-A gradients could instruct the forma-
tion of the retinotopic map in hamsters as they do in
mice (Frisén et al., 1998; Feldheim et al., 2000), and
also allow for the possibility that map compression
after injury could be guided by the ephrin-As.

Ephrin-A2 and -A5 are Down-Regulated
after SC Lesion

We found that the amount of ephrin-A2 and ephrin-
A5 mRNA in the developing superior colliculus was
substantially reduced as a result of the posterior SC
lesions performed at birth. This was an unexpected
and interesting finding, given that ephrins are thought
to direct map formation and that the retino-SC map
forms properly in the lesioned colliculi. It was also
unexpected because optic nerve injury in adult
rodents resulted in an up-regulation of ephrin-A and a
decline in EphA protein expression in SC (Knoll
et al., 2001; Rodger et al., 2001, 2005; Symonds
et al., 2001, 2007). After brain injury in adult mon-
keys and humans, EphA receptors are upregulated
(Goldshmit and Bourne, 2010; Frugier et al., 2012),
and this could lead to changes in ephrin-A ligand lev-
els. Nonetheless, the drop in quantity of ephrin mes-
sage clearly does not interfere with development of
an ordered map, because retinotopically-ordered
maps were seen in SC recordings from all treatment
groups. Modeling has suggested that neurons can
detect small differences in expression of signaling
factors of as little as one molecule (Reber et al.,
2004; Rosoff et al., 2004). Furthermore, several pre-
vious studies have suggested that the quantity of mes-
sage is not critical (Rosentreter et al., 1998; Brown
et al., 2000; Reber et al., 2004; Von Philipsborn
et al., 2006) (see below). Reductions in ephrin-A lev-
els could serve a growth-promoting function that may
be essential during the recovery process.

We tested alternative hypotheses regarding the
cause of the reduction in ephrin-A expression in PT
animals: (1) position: the drop could have been
because the positional identity of the SC fragments
analyzed in PT animals was more anterior than the
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equivalent fragments in normal, full-length SC.
Analysis of similarly positioned fragments in normal
and PT cases provided a partial explanation of the
reduction. Even after accounting for position, how-
ever, the drop in expression, especially for ephrin-
A5, was still substantial. (2) Surgical artifact: the
drop could have been due to a general effect of the
surgical procedure on ephrin expression in SC. Sham
operations had no effect, suggesting that anesthesia
and handling stress were not relevant to the experi-
mental outcome. (3) Local damage: the drop could
have resulted from a local effect of the early brain
damage on adjacent structures. Examination of SC in
the hemisphere opposite to the lesion showed ephrin-
A5 expression levels midway between normal and PT
levels, supporting this hypothesis. Thus the decline in
ephrin expression in PT cases can be explained at
least in part by both a positional effect and a local
damage effect.

There are potential benefits of the decline in ephrin
levels if matched by a decline in protein levels. Nor-
mally, ephrin clustering occurs in areas of high
expression, causing activation of EphA receptors and
growth cone collapse. In hamsters with partial abla-
tions of posterior tectum, the number of RGCs
remains relatively unchanged (Wikler et al., 1986).
Thus in the early stages following the lesion, RGCs
containing high levels of EphAs may initially over-
crowd anterior SC. A decline in ephrin-As in SC may
then allow RGCs expressing high EphAs to arborize
within the remaining SC without excess repulsion
from high ephrin-A levels. This effect could be facili-
tated by the growth-promoting effects of low ephrin
levels (Hansen et al., 2004). Results from in vitro
growth cone adaptation assays predict that the retinal
axons would adjust to the different levels with time
(von Philipsborn et al., 2006), sorting their termina-
tion zones according to gradient slope and differences
in ephrin-A levels in neighboring neurons rather than
absolute levels of ephrin, and allowing ingrowth to
continue. It would be interesting to compare the
growth rates of nasal and temporal retinal axons as
they enter the lesioned SC.

The Lesion-Induced Decline in Ephrin
Expression is Delayed in Anterior SC

We found that for 1 to 3 days after the posterior SC
ablations, ephrin-A expression levels were higher in
anterior than in posterior SC, opposite of normal. The
apparent reversal resulted not from an increase in
ephrin expression in anterior SC, but from a delay of
the lesion-induced decline in expression. The possible
explanations of this observation mirror those tested in

the context of the overall decline in expression (see
above). It may be the case that down-regulation takes
longer in anterior SC simply because it is further
from the damage. A possible effect of the reversal
could be to delay the entrance of nasal retinal axons
into the SC for a few days after the lesion. Such a
delay could promote recovery from the damage and
lead to a more continuously compressed retinocollic-
ular projection. On the other hand, because the levels
of ephrin-A are reduced throughout SC in PT cases,
ingrowth may be unaffected.

Taken together, the lesion-induced decline in
expression and the delay in the propagation of the
drop to anterior SC suggest that the lesion interrupts a
posterior signaling source that normally maintains
ephrin expression at this age. The midbrain/hindbrain
boundary (MHB) is a source of signals that affect pat-
terning of the embryonic nervous system (Joyner,
1996), and possible signals that the lesions may affect
include FGF8 (Joyner et al., 2000), Otx2/Gbx2 inter-
actions (Li and Joyner, 2001), engrailed (Davis and
Joyner, 1988; Friedman and O’Leary, 1996; Logan
et al., 1996; Shigetani et al., 1997; Brunet et al.,
2005) and Wnt-1 (Dickinson and Mcmahon, 1992,
for review; Danielian and Mcmahon, 1996)
(Sugiyama et al., 1998). The lesions in this study
were made anterior to the MHB on the border
between the superior and inferior colliculi (Picker
et al., 1999), and thus would not be expected to affect
the MHB directly, but could affect propagation of a
signal emanating from the MHB. Both en-1 and en-2
are expressed in graded fashion in SC of E17.5 mouse
(Davis and Joyner, 1988), which is approximately
equivalent in age to a P0 hamster (Clancy et al.,
2001), under the direction of MHB signals. Any inter-
ruption in en-1/2 could lead to a reduction in ephrin
expression. A role for Wnt-1 seems unlikely because
Wnt protein secretion reportedly can act only a few
cells away (Dickinson et al., 1994). It is not clear
whether Wnt-1 protein is expressed in postnatal ham-
ster SC (Wilkinson et al., 1987; Davis and Joyner,
1988; Roelink et al., 1990; Schmitt et al., 2006).
These possibilities and other candidate molecules
remain to be investigated.

Regardless of the explanation for the reduced lev-
els of ephrin expression in the PT colliculi, our data
suggest that the absolute level of ephrin-A mRNA is
not critical for map compression as long as the gradi-
ent is reestablished. This conclusion is consistent
with previous in vitro studies in normal animals sug-
gesting that relative and not absolute levels of ephrin
and EphA receptors are compared by retinal axons
(Rosentreter et al., 1998; Brown et al., 2000) and that
axon outgrowth depends on both gradient steepness
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and local concentration differences (von Philipsborn
et al 2006). Alternatively, it is possible that ephrins
are not essential in map compression. This idea is
supported by the observation that ephrin-A2/A5 sin-
gle or double knockouts exhibit only partial mistar-
geting (Feldheim et al., 2000, 2004). Ephrins may
serve simply as one of several polarity cues, with
competitive space-filling tendencies explaining the
map compression (Constantine-Paton, 1983; Goodhill
and Richards, 1999; Feldheim et al., 2000; Ruthazer
and Cline, 2004).

Ephrin Gradients are Steeper in
Compressed Maps

The main question addressed by our investigation
was whether the map compression induced by neona-
tal partial ablation of posterior SC might be directed
by a compression of the ephrin-A2 or -A5 gradient.
We showed here that the ephrin-A5 gradient was
steeper in compressed retinocollicular maps, but that
expression levels were reduced, consistent with the
idea that the steepness and relative concentration of
the ephrin gradient and not the level of expression are
instructive. Levels of EphA receptors or thresholds
for promotion or inhibition of axon growth could also
be changed in the PT animals, in compensation for
the reduced ephrin-A levels. This could occur by eph-
rin-A concentration-dependent regulation of EphA
receptors (Rosentreter et al., 1998; Hornberger et al.,
1999). Eph-A and ephrin-A expression are oppositely
regulated by FGF in vitro (Chen et al., 2009), and
thus there is precedent for coordinated regulation of
ligand and receptor.

Implications for Developmental and Evo-
lutionary Mechanisms

It is surprising that removal of 50% of a target nu-
cleus in the visual system does not have serious con-
sequences for visual behavior (Finlay and Cairns,
1981). Our previous work has revealed the existence
of extremely effective compensatory mechanisms for
neonatal target loss. This compensation occurs in part
through NMDA receptor dependent regulation of reti-
nal axon arbor size (Pallas and Finlay, 1991; Xiong
et al., 1994; Razak et al., 2003) and in part through
changes in lateral inhibitory circuits within SC (Pallas
and Finlay, 1989; Razak and Pallas, 2003, 2007).
Here we have shown that regulation of ephrin expres-
sion also occurs after damage to posterior SC. In
what natural scenario would these regulatory mecha-
nisms be important? The initial overproduction of

neurons during development and the consequent mis-
matches in the number of projection and target cells
require a flexible afferent/target matching system dur-
ing development. Visual acuity depends critically on
the convergence ratio between retinal ganglion cells
and their target cells in the brain. The same is true
during brain evolution; alterations in cell cycle num-
ber contribute to increasing brain size, in some cases
altering the relative size of afferent and target popula-
tions (Finlay et al., 2001; Stevens, 2001). The ability
of the ephrin-A ligand/EphA receptor system to regu-
late after damage illustrates how this regulatory abil-
ity could be employed in the population matching
process during normal development and evolution
when input and target populations are mismatched
(see Pallas, 2007, for review).

These results also have important implications for
clinical strategies to facilitate recovery from brain
damage involving topographic projections. The abil-
ity of central sensory targets to maintain topography
regardless of changes in afferent/target ratios doubt-
less contributes importantly to its ability to preserve
stimulus tuning properties and receptive field sizes,
contributing to the maintenance of function after the
lesions. The mechanisms allowing the coordination
of the activity-independent modulation of ephrin
levels and the activity-dependent conservation of
function have yet to be discovered however (Pfeiffen-
berger et al., 2006), and will be of great interest for
future studies.
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