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Summary

Cell migration plays an important role during the
development of the retina. In this work we have studied the
migration of newborn horizontal cells in avian embryonic
retina. Using the pattern of the early expressed
transcription factors Lim1 and Prox1 we have shown that
horizontal cells migrate bi-directionally from their site of
birth, close to the ventricular side, to the adjacent (vitreal)
side of the neuroepithelium, where they align just next to
the prospective ganglion cell layer before migrating back
again to their final laminar position in the external part of
the inner nuclear layer. The migration occurs between
Hamburger and Hamilton stages 24 and 33, which is

stage 29 interfered with the migration of the horizontal
cells to their final destination. Furthermore, using biolistic
gene transfer with a green fluorescence protein expression
vector of retinal slices we were able to record ventricle-
directed migration by time-lapse microscopy. Combining
biolistics with immunohistochemistry we showed that
transfected cells, which have also been translocated in a
ventricular direction were positive for the horizontal cell
markers Liml and Proxl. The alternative path of
migration that is described in this work differs from the
generally accepted one for horizontal cells and this
knowledge will influence the view of how the molecular

equivalent to embryonic day 4.5 and 8. Between stages 26 determination of horizontal cells is specified.

and 30 the horizontal cells reside close to the ganglion cell

layer and intra ocular injections of a cytochalasin D, an
actin polymerisation blocker that inhibit migration, at
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Introduction

After cell division at the ventricular side, post-mitotic cells

A crucial element in the development of a mature an(ghat are comr_‘nitted toacertair_l precursor lineage, are thou'ght
functional central nervous system (CNS) is the migratioﬁo detach their end-feet and migrate freely to a specific lamina
undertaken by newborn neurons in order to position themselv¥§1ere they will start the maturation process. The free
in appropriate layers. This is a complex process governed afggration is predomlnant.l'n ch|cI§en retina from st24 to st33.
guided by intrinsic and extrinsic factors and several distincfurthermore, after the initial period (from st25 and beyond)
modes of migration have been identified in the developing/ith uniform mitotic activity over the entire surface of the
cerebral cortex alone (Nadarajah and Parnavelas, 2002§tina, the development spreads in a centrifugal gradient
Contrary to most other parts of the CNS, the retina is ndpoth in a dorsal to ventral and r_lasal to temporal direction.
believed to develop in an obvious inside-out or outside-iff NuS, the central parts of the retina are always more mature
fashion. The retinal neurons are generated during a short peritglative the peripheral parts (Prada et al., 1991). The first cells
at early embryonic stages and the cells can in principléd withdraw from the cell cycle and differentiate are the
populate any layer in the retina (Adler and Belecky-Adamstetinal ganglion cells, followed by the overlapping birth of
1999; Livesey and Cepko, 2001; Prada et al., 1991). Althougdmacrine cells, horizontal cells (HC), cone photoreceptors
cellular birth dates and factors influencing cell fate for the siand Muller glia cells. The last cells to withdraw from the cell
classes of neurons in the retina are available (Altshuler et atycle are the bipolar cells and rod photoreceptors. The
1991; Jean et al., 1998) less is known about retinal ceihajority of the retinal ganglion cells, amacrine cells and HC
migration during the lamination process. withdraw from the cell cycle around st19-22 (E3) but the
Currently there are two modes of migration identified incellular birth of these classes are not fully completed until
the developing avian retina (Prada, 1983). Early in chiclst25-28 (Altshuler et al., 1991; Kahn, 1974; La Vail et al.,
retinal development, before Hamburger and Hamilton stag#991; Young, 1985).
(st) 22-25 (equivalent to embryonic day 4, E4), cycling This work was initiated by an observation in our previous
progenitor cells are undergoing radial migration manifesteavork (Karlsson et al., 2001), in which we found that cells
by a nuclear translocation across the neuroepithelium, whildaought to be HCs and that expressed nerve growth factor and
the cellular end-feet remain connected to the ventricular zonés receptor TrkA, were translocated from the vitreal to the
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ventricular side of the retina. In the present study we haviac., USA). The slices (flipped 90 degrees relative to the cut) were
investigated how prospective HC, defined here as cells positiviged using Vaseline so that a cross section of the retina was visible.
for the homeobox-containing transcription factors Lim1The chamber was then filled with mt_edium, sealed and coupled_to a
(Lhx1) and Prox1 (Adler and Belecky-Adams, 1999; Dyer efémperature controller (FCS-100, Shinko Technos, Japan) keeping a
al., 2003; Liu et al., 2000; Tomarev et al., 1996), migrate duringonStant temperature at ‘& Regions with many successfully

. . . ansfected cells were selected and the time-lapse specimens were
retinal development. The current view holds that HCs migrat tudied using a Zeiss Axioplan2 microscope with Axiovision software

only .a short distance from their place of birth to their final 3.0.6.1, Carl Zeiss Vision GmbH). For combined GFP transfection
position (Adler, 2000; Mey and Thanos, 2000; Prada, 1983n4immunohistochemistry, retinas were transfected as above and kept
Stone, 1988). However, based on the distinct spatiotemporgt-mounted under the same conditions for the desired time (ranging
changes of the Lim1/Prox1 labelling patterns, we proposgom 15 minutes to 24 hours). The flat-mounted retinas were
that newborn Liml-positive (+) HC precursors undergo aubsequently fixed with 4% PFA at 4°C, washed in PBS,
previously undocumented pattern of free migration beforeryoprotected in 30% sucrose, embedded in OCT (Sakura, The
attaining their final position in the external part of the inneNetherlands), frozen, cut in 10n thick sections using a cryostat and
nuclear layer. The results do not exclude that other cells m&p!lected on SuperFrost Plus glasses (Menzel-Glaser, Germany).
take a similar migration route. In short, the observed migratio"munohistochemistry was carried out as described below.

starts at st24-26, when newborn horizontal cells first underggyqy incorporation

vitreal-directed .migration_ from their site of birth to thg lining o, 5-bromo-2deoxyuridine (BrdU) incorporation, 40g of BrdU

of the prospective ganglion cell layer where they reside fronigma, st Louis, MO) was injected into the yolk of embryo cultures
st27-30, before undergoing a phase of ventricle-directed2-16 hours before the desired stage of analysis. The embryo was
migration to reach their definite position in the external part okept in culture until analysis and the eyes were prepared for
the inner nuclear layer by st33-34. In order to further collecinmunohistochemistry as described below. Only the central part of
evidence for the proposed migration we inhibited cell motilitythe retina was used to count cells that had incorporated BrdU, in order
using a cytoskeleton inhibitor and using biolistic gene transfele adhere to a specific embryonic stage.

together with timelapse microscopy we could documen

ventricle-directed migration. R/Ilgratnon inhibition assay

To inhibit migration, 0.2-2u of 2 mM actin polymerisation inhibitor
cytochalasin D (Bruijns and Bult, 2001) (Sigma-Aldrich) was injected

M rial nd meth into thg vﬁtr_eou_s body of st_29 embryos using puIIe_d_capiIIaries and a
aterials and methods SP100i digital infusion syringe pump (World Precision Instruments,
Embryos and embryo culture Sarasota, FL). The cytochalasin D was dissolved in 62% DMSO and

Fertilised White Leghorn eggs were incubated in a humidifiedvas supplemented with Fast Green (C8686, Kodak) for visualisation
incubator at 37C. Prior to any manipulations or analysis, embryospurposes. Injections were carried out four times at 12-hour intervals
were staged according to Hamburger and Hamilton (Hamburger arahd the embryos were sacrificed upon reaching st33. We also carried
Hamilton, 1951). Alternatively, eggs were incubated for 72 hoursut injections with the microtubule inhibitor Colcemid (Molecular
before they were aseptically cracked open into sterile high wall PetRrobes, Leiden, The Netherlands) at a concentration of pMO
dishes (#1005, Falcon) and the embryo cultured therein @ 37 (containing 1% DMSO) with 24 hours intervals. Apart from the
(Dunn, 1974). Manipulations of embryo cultures were subsequentlfrequency of the injections, the procedure was otherwise similar to
carried out at the desired stages. The animal work follows théhat for cytochalsin. Controls received vehicle solution also containing
European community guidelines and the ARVO statements for use &ast Green using similar regimens.
animals in ophthalmic and vision research. Experiments were ) )
scrutinized by the local ethics committee for experimental animals. Immunohistochemistry

] ] ) After dissection, whole eyes were fixed in 4% PFA at 4°C, washed
Time-lapse and particle-mediated gene transfer with PBS for 10-15 minutes, cryoprotected in 30% sucrose at 4°C,
Particle-mediated gene transfer (‘biolistics’) using a Helios Gene guambedded in OCT freezing medium, frozen and cut in a cryostat.
(BioRad) was used to transfect retinal cells with a green fluorescehtorizontal sections, 1Am thick (12um for st44 and st45 eyes) were
protein (GFP) expression vector (Lo et al., 1994; Yang et al., 1990)aken from the centre of the specimen at the level of the lens and
One micron gold particles (BioRad) were coated with the pEGFP-C8ollected on SuperFrost Plus glasses. For immunohistochemistry, the
plasmid. Cartridges for gene gun transfection were preparesections were rehydrated in PBS for 15 minutes and then blocked in
according to the manufacturer’s instructions. Retinas for transfectioRBS containing 1% foetal calf serum and 0.1% Triton X-100 for 30
were dissected in temperature controlled Neurobasal medium (nminutes. Primary and secondary antibodies were diluted in this
21103, Invitrogen, supplemented with 0.05 M Hepes and 19%olution. Primary antibodies were allowed to react with the samples
penicillin/streptomycin) and flat-mounted with the ganglion cell layerfor 2 hours at room temperature or overnight at 4°C, and secondary
facing up on a nitrocellulose filter (13006-50-N; Sartorius). After flat-antibodies for 2 hours at room temperature. Primary antibodies
mounting, the remaining medium was carefully removed not taised in this study were directed towards Lim1/2 (1:5-50, 4F2,
obstruct the gold particles. The tissue was then immediatelipevelopmental Studies Hybridoma Bank DSHB), Ng-CAM [1:2000,
bombarded at 160 psi using the Gene gun. The He gas pressure ugdslla Rosa et al., 1990)], Prox1 (1:4000, gift from Dr M. Nakafuku),
to accelerate the gold particles was calibrated so that the particl&ABA (1:1000, A2052; 1:500, A0310, Sigma), Pax6 (1:200, PAX6,
would penetrate up to 2Bm into the retina. Thus, only cells with DSHB), Lim3 (1:200, 67.4E12, DSHB), Ap21:200, 3B5, DSHB),
their soma located not more than a few cell diameters into the retinaletl (1:200, 40.2D6, DSHB), Chx10 (1:4000, gift from Dr J.
were hit by the particles. Retinas on filters were then incubated iBricson), calretinin (1:1000, 1741-1007, Anawa, Zirich), Brn3a
medium at 37C in a humidified atmosphere containing 5%:3Qr (1:100, MAB1585, Chemicon), Brn3b (1:200, sc-6026, Santa Cruz)
various times. After bombardment, the retinas were incubated for 4nd BrdU (1:50, M20105S, Biosite). Secondary antibodies were
6 hours before being cut into 0.20 mm thin slices using a vibratomebtained from Vector Laboratories (Burlingame, CA) and Molecular
and several slices with retina were positioned on a glass coverslip Rrobes (Leiden, The Netherlands) and diluted 1:200. Sections were
the bottom of a Syke’s Moore chamber (no. 1943-11111, Bellco Glastudied using a Zeiss Axioplan2 microscope and Axiovision.
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Graphical enhancing and preparation for publication

performed using Axiovision and Photoshop (V6.
Adobe).

Results

Horizontal cell precursors undergo free bi- doaN
directional migration Vitreal

side

We have used transcription factors in early HC
study their development during phases of c
retinogenesis. Antibodies directed towards
transcription factor Lim1 reveal a distinct and gra
spatial-temporal change in labelling pattern du
st24-35 (Fig. 1A-1). Lim1l immunoreactivity '

present already at st21 (Fig. 2A) in the central 3 st32
of the retina. At this stage and until st24, labe g

cells are mostly scattered throughout
neuroepithelium (Fig. 1A). From st25 until st
some Liml+ cells are still scattered throughout
neuroepithelium although it is clear that, in
central part of the retina, Lim1+ cells are lining
on the vitreal side of the neuroepithelium dire
below the prospective ganglion cell layer (Fig. :
During st28-29 the pattern observed at st27
spread throughout the periphery and while
majority of Liml1l+ cells in the central retina .
present on the vitreal side, occasional cells car
be found in the middle of the neuroepithelium.
st29 the alignment of Lim1+ cells at the vitreal
is complete (Fig. 1C). By st30-32 the vitr
alignment of Lim1+ cells breaks up and a mas
ventricle-directed migration is observed, particul
at st31 when the HCs again become largely sca

Vitreal
side

; . . ) Fig. 1. Fluorescence immunohistochemistry for Lim1 and Prox1 in stage 24-35
throughout .the neuroep!thellum (Fig. 1D-F). By ¢ developing avian retina. Micrographs showing immunchistochemistry for (A-

a second alignment of Lim1+ cells at the external ) jm1 (green) in horizontal cells (HCs) and Ng-CAM (red) on ganglion cells
of the future inner nuclear layer become increas iy stage 24-35 retina. (1) Overview of Lim1 immunoreactivity in stage 35 retina.
obvious and by st33 all Lim1+ cells in the cer  The gradual spatial maturation with corresponding developmental stages are
retina have reached their final destination in the | indicated. (J-M) Prox1 (red) and Lim1 (green) immunoreactivity in (J, K) stage
nuclear layer (Fig. 1F-G). From st33 and beyon 28, (L) stage 33 and (M) stage 35 retinas. Arrows in | and J indicate the central
Lim1 expression pattern remains stable throug region of the retina. st, stage. Scale bars: in A (for A-C), D (for D-H), K, L (for
development (Fig. 1G-H). In the less ma  L-M)are 20pmand I (for I-J) is 10Qum.

peripheral areas though, the Lim1 pattern desc

above can still be observed for some time (Fig. 11-J). At nonarkers were noticed (Fig. 1J-K). By st33, extensive co-
time during development did Lim1l+ cells co-label with theexpression between Prox1 and Liml was found in the future
retinal ganglion cell marker, Ng-CAM (Fig. 1A-H) or any of HC layer, and simultaneously, cells only positive for Prox1

the Brn3 transcription factors (results not shown). were found scattered outside the HC layer at various positions
in the inner nuclear layer (Fig. 1L). It is plausible that these

Lim1 and Prox1 patterns largely overlap in Prox1+ cells are HCs that migrate in a ventricular direction. At

horizontal cell precursors st35 cells, which are probably bipolar cells, form a distinct

Another marker for early retinal development shown to bédayer in the outer part of the internal inner nuclear layer (Fig.
expressed in both putative HC, bipolar cells and some amacriddl; Fig. 5B,E,H). In the HC layer all Lim1+ cells were also
cells is the transcription factor Prox1 (Adler, 2000; Belecky-Prox1+, but not all Prox1+ cells were Lim1+.

Adams et al., 1997; Dyer et al., 2003). We used antibodies ) o

directed toward Proxl together with Liml antibodies toMigrating Lim1l+ cells are post-mitotic

confirm our observations. Prox1 could not be detected in thEo determine whether the migrating cells were post-mitotic and
retina before st24. The Prox1 expression at this stage wés exclude the possibility that the migrating Lim1+ cells were
diffuse and labelled cells were found scattered throughout theycling progenitors that translocate their soma, we injected
NE. From st28 and beyond, an extensive overlap of the patterBsdU into the yolk of embryo cultures at different stages of
was observed as most labelled cells started to co-express bad#wvelopment and analysed incorporation 12-16 hours later.
markers while aligned next to the putative ganglion cell layeWhen BrdU was injected at early stages and analysed at st21
Occasional cells that were only positive for one of the twand st23, as much as one third of the Lim1+ cells were also
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Fig. 2. Micrographs
showing Lim1
immunohistochemistry il
BrdU-, cytochalasin D-
and Colcemid-treated
retinas. Fluorescence
micrographs showing
(A-E) Lim1 (green) and
BrdU (red) labelling in
retinas at different EY, - i : A
developmental stages. Y TR " LR RN B %

SRR EN WG 'st29 BrdU  * | st32 BrdU g€l st33 Cyt D __|st33 Colcemid | st33 control__
in A and B indicate
double labelled cells. (F-H) Micrographs showing Lim1 (green) and Ng-CAM (red) in (F) cytochalasin D-treated, (G) Colctedidsicka
(H) control-treated retinas. Embryos were analysed at stage 33. gcl, ganglion cell layer (always oriented down); inleamlayatcst,
stage. Scale bars: 20n.

L LT

BrdU+, showing that these cells had undergone S-phase duriagalysis (Fig. 2F). In control embryos, only treated with
the time between injection and analysis (Fig. 2A,B, Table 1)vehicle, all Lim1+ cells had reached the external part of the
Embryos injected and analysed at later stages (st26, st29 ander nuclear layer by the time of analysis (Fig. 2H). When
st32) showed few or no cells with co-labelling for Lim1 andadministering lower doses of cytochalasin D the migration was
BrdU when analysed (Fig. 2C-E, Table 1). Our result is ironly partially obstructed as Liml+ cells could be found
concordance with the reported birthdays for HCs according tecattered at all levels in the retina by the time of analysis
some reports (Altshuler et al., 1991; Kahn, 1974) but ir{results not shown). When injecting| 2 of the microtubule
disagreement with some other reports (Adler and Beleckyinhibitor Colcemid (Glasgow and Daniele, 1994), at a
Adams, 1999; Prada et al., 1991) that place the birthdaysoncentration of 10QM at 24-hour intervals we saw no effect
of HCs between EG6-7 (st28-33). These results show thamn the migration (Fig. 2G). Effects on cells in M-phase could
Lim1+ HCs are post-mitotic before undergoing bi-directionalhowever be seen. Higher concentrations of Colcemid or more

migration. frequent injections led to the death of embryos and could

therefore not be assessed. These results indicate that the HC
Cytochalasin D but not Colcemid inhibits ventricle- migration is an actin-dependent and post-mitotic process in
directed migration accordance with the accepted migration mechanism.

In order to determine that the observed spatiotemporal Lim1 . )

pattern did not originate from transient Lim1 gene expressiomime-lapse microscopy at st31 reveals ventricle-

in different layers of the retina we inhibited migration in thedirected migration

retina at the time before the ventricle oriented migration. W&Ve also used a direct approach to study if cells undergo

injected cytochalasin D, a blocker of actin polymerisationventricle-directed migration in the retina, which would be in

known to inhibit migration (Bruijns and Bult, 2001), into the agreement with the hypothesised HC migration. Dissected and

eyes of st29 embryos. The inhibitor was administered at 12lat-mounted st31 retinas were bombarded on the vitreal side

hour intervals and the embryos were analysed upon reachiganglion cell layer-face) by dm gold particles coated with a

st33. In all treated eyes, an almost complete inhibition oGFP expression vector using a Gene gun. The acceleration of

migration was observed as the vast majority of Lim1+ cellshe gold particles was calibrated so that the particles would

could be found on the vitreal part of the retina by the time openetrate up to 20-35m into the retina. Thus, only cells with
their soma located not more than a few cell diameters into the

Table 1. Number of Lim1-positive cells in embryonic retina were hit (Fig. 3F). A fraction of those cells were
retina with BrdU incorporation transfected and later expressed the transgene. GFP expression
Stage* n Limlcels®  Liml+Brdu+ht o8 could be detected after 30-60 minutes. For fluorescence time-
21 (E3.5) 0 124530 50413 o1 lapse microscopy, 20Qum thick slices of. the b|ol|st|cally_
23 (E4) 12 30.346.4 87415 287 transfected retinas were cut and mounted in a microscope-fitted
26 (E5) 9 32.647.7 2.6+2.0 7.9 tissue chamber. The results showed that GFP-expressing cells
29 (E6.5) 5 51.246.6 0.0£0.0 0 could be found in the internal regions of the neuroepithelium
32 (E7.5) 5 125.249.0 0.0£0.0 0 (Fig. 3) and the time-lapse analysis showed that cells migrated

The yolk sacs of in vitro cultured embryos were injected with BrdU 12-16 away from the vitreal .Slde. of the neuroeplthellum (Flg' SA_C)'
hours before analysis using immunohistochemistry for Lim1 and BrdU. The I order to determine if cells that were transfected by the

total number of Lim1+ and the number of Lim1+BrdU+ labelled cells were GFP expression vector using the Gene gun method belong to

counted in the central region of the retina. See Fig. 2A=Eumber of the HC population, we bombarded retinas and analysed
regg?asgaega;%sc%?ding to Hamburger and Hamilton (Hamburger and Hamilton sections taken 18-24 hours after bombardment, using
1951) ’|mmuno.h|stochem|stry. Experiments sh.owed that cells
Number of Lim1 cells in representative part of central retina from embryo€Xpressing GFP that were located in the internal parts of the
injected with BrdU 12-16 hours before the analysis. retina could be labelled for Lim1 (Fig. 3D) and Prox1 (Fig. 3E)
s.d. while those GFP-expressing cells that remained on the vitreal

SPercentage of Lim1+BrdU+ out of total number Lim1+ cells.

side were positive for the retinal ganglion cell markers Isletl



(Fig. 3G) and Ng-CAM (Fig. 3F,H
Some GFP-expressing cells in

internal part of the retina remair
unlabelled after staining with Lim1 a
could represent a small population
mitotic cells as shown in Fig. 2D,E. T
results also showed that gold partic
that did not lead to success
transfection were transported into

internal retina with time (Fig. &
compare with E,G,H). These
particles that either have

successfully transfected the cells
have penetrated the cells or are part
that were not successfully loaded v
expression vector. The vast majority
the delivered particles belong to th
categories (Fig. 3D).

The Lim1-expressing cells are

both GABA- and calretinin-

positive horizontal cells

We wanted to confirm that Liml a
Proxl cells were indeed HCs ¢
therefore  co-labelled them w
antibodies directed towards GABA ¢
calretinin, two well-known markers f
HCs (da Costa Calaza et al., 2000; t
et al., 1991; Yazulla, 1986). At st44,
could find a perfect overlap of Lim1 a
GABA at the level of the HCs (Fig. 4
D). Co-labelling of GABA and Prox1
the HC layer was also found at this st
(results not shown). At st45 we foun

perfect overlap between Liml and calretinin (Fig. 4E-+
These labelled cells have the typical shape of HCs as visua
by both GABA and calretinin immunoreactivity (Fig. 4AE;
Both GABA and calretinin were also found in those parts
the inner nuclear layer and ganglion cell layer where one
expect to find these markers (results not shown).

Retinal lamination as shown by transcription factor
expression is in accordance with migration of HC to

their mature position

Pax6, a fundamental transcription factor for eye developmi
can be found in the ganglion cell layer, the internal inr
nuclear layer (INL, layers ¢ and d in Fig. 5A) and in the ou
external INL (layer a in Fig. 5A, the HC layer), while the ON
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A ventricular

L |

t=Omin_Vitreal_

GFP+Lim1, 24h

t=20min

Fig. 3.GFP and Lim1 immunohistochemistry in biolistically transfected stage 31 retinas.
(A-C) A time-lapse series of a retinal slice from a biolistically transfected stage 31 retina
using a green fluorescent protein (GFP) expression vector. A cell indicated by a large
arrowhead is migrating towards the ventricular side in relation to its starting point (small
arrowhead). (D) Lim1 (red) and GFP (green) co-labelling in cells fixed and cryosectioned 24
hours after gene transfer. (E-H) GFP (green), and other markers (red) in fixed and
cryosectioned retinas at different time points after transfection. White arrows indicate gold
particles in the internal retina. Black arrows indicate GFP and antibody co-expression.

(E) GFP and Prox1 22 hours after transfection. (F) Ganglion cell marker Ng-CAM (G4)
expression and gold particle penetration 15 minutes after transfection. GFP is not yet
expressed. (G) Ganglion cell marker Isletl and GFP, 22 hours after transfection. (H) GFP and
Ng-CAM (G4) in a retina 18 hours after transfection. Gold particles as well as cells
expressing GFP are found on the ventricular side of the retina (white arrow). Scale bars: in A
(for A-C), D,E (for E-H) 2Qum.

Calretinin

and inner part of the external INL (layer b in Fig. 5A) arerig. 4.Lim1+ cells are also positive for GABA and calretinin.
unlabelled (Belecky-Adams et al., 1997; De Melo et al., 2003}luorescence and differential interference micrographs of (A-D)
(Fig. 5A-C). Double labelling with Pax6 and Prox1 reveals arGABA (red) and Lim1 (green) immunoreactivity in HCs of a stage
almost complete co-expression at the level of the HCs, and #4 retina. (A) Merged image of B, C and D. (E-H) Calretinin (red)
some degree co-expression in the outer internal INL (Fig. 5Aand Lim1 (green) immunoreactivity in stage 45 retina. (E) Merged
C). Ap2Zn, another transcription factor present in theimage of F, G and H. Scale bars: in A,B (for B-D), E,F (for F-H)

developing retina (Hilger-Eversheim et al., 2000) is express

eJOOum.

by amacrine cells in the inner internal INL as well as in the

HC layer (Fig. 5D). When co-labelling with Ap2and Prox1,

Lim3 produces a strong signal on the ventricular side of the

cells in the HC layer express both factors whereas in the redéveloping retina (Fig. 5G,J) and double labelling with
of the INL, the co-localisation of the two factors is less obvioud.im3 and Prox1l at st35 shows no overlap between these

(Fig. 5D-F).

transcription factors. Instead, the factors are expressed in

Unlike Pax6 and Ap@, labelling for the transcription factor distinct laminas (Fig. 5G-1). Among post-mitotic retinal cells,
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Fig. 5.Lamination of the
stage 35 retina as shown by
transcription factor
immunoreactivity.
Representative fluorescence
micrographs showing
transcription factor
immunoreactivity in the
central region of stage 35
retina. (A) Pax6, (B) Prox1,
(D) ApZ2a, (E) Prox1, (G)
Lim3, (H) Prox1, (J) Lim3,
(K) Chx10, (M) Lim1 and (N)
Chx10. (C,F,I,L,O) Merged
image of the fluorescence
micrographs presented in the
top two rows. (P) Schematic
summary of the
immunoreactivity shown in
A-O. (+) Moderate and (++)
strong immunoreactivity. The

A eI P o x6+Prox1 | Ap20+Prox®T |Lim3+Prox1 |Lim3+Chx10 |Lim1+Chx10
and were collected from more

than three animals in each P . -
case. ONL/onl: outer nuclear Layer Pax6 Ap2o Prox1 Lim3 Chx10 Lim1
layer, INL/inl: inner nuclear ONL +

layer (a: outer external INL, b:  Quter external INL (a,HC) B + ++ ++
inner external Il_\IL, c: outer Inner external INL (b) =i 4+

internal INL, d.. |nner.|nternal Outer internal INL(c) i Sk +

INL), GCL/glc: ganglion cel Inner internal INL (d) ++ ++

layer. Scale bar: A (for A-O)

20pum. GCL ++

the transcription factor Chx10 is exclusively expressed iwvertebrate nervous system comes from numerous studies. The
bipolar cells (Chen and Cepko, 2000; Dyer, 2003) andtudies of combinatorial expression of homeobox transcription
labelling for Chx10 reveals a band of cells just below the HGQactors including Lim1 that define subclasses of motor neurons
layer; the inner external INL (Fig. 5J-L). Chx10 overlaps within the spinal cord has been instrumental to the model where
Lim3 (Fig. 5J-L) but not with Lim1 (Fig. 5N-O) or Prox1 (Fig. the combinatorial repertoires of transcription factors act to
5B,E,H,K), except for a slight overlap between Prox1 andjenerate diverse cell types by regulating tissue-specific gene
weak Chx10 expression in the central INL (compare Figexpression (Ericson et al., 1997). Targeted deletion of the Lim1
5B,E,H with K,N). These patterns distinguish the HCs fromgene leads to loss of large parts of the head region including
their nearest surrounding cells and are in clear agreement witie retina (Shawlot and Behringer, 1995; Shawlot et al., 1999),
the proposed HC migration into their mature positions next tthus it has not been possible to study the precise role of Lim1l
the outer plexiform layer. in the retina. Our results together with others (Liu et al., 2000)
show that retinal HCs express Liml, in both birds and
. . mammals, and that it is expressed throughout development. We
Discussion show that Liml expression first appears in the avian retina
We have presented evidence that horizontal cells migrate lioncomitant with the postulated time of the birth of HCs. Lim1
directionally from their site of birth, close to the ventricularexpression may be initiated shortly before or after the last S-
side, to the adjacent (vitreal) side of the neuroepitheliunphase of the new HCs (Fig. 2, Table 1) and this is in agreement
where they align just next to the prospective ganglion cell layewith its role as a cell-type-specifying transcription factor.
before migrating back again to their final laminar position inProx1 controls progenitor cell proliferation and horizontal cell
the outer part of the inner nuclear layer. The first cells stagenesis in the mammalian retina by regulating the exit from
moving by st24 and migration is completed by st33. Boththe cell cycle (Dyer and Cepko, 2001; Dyer et al., 2003). The
indirect and direct evidence for the cell migration are presentedrox1 expression in the chick retina is in agreement with the
here and our results modulate a generally accepted view of hgwoposed function in the mammalian retina (Dyer et al., 2003).
newborn horizontal cells migrate in the developing retina (FigSimilarly to Lim1l, Prox1 is expressed throughout HC
6) (Adler, 2000; Mey and Thanos, 2000; Prada, 1983; Stonégvelopment suggesting roles also in the later developing
1988). retina, in regulating tissue-specific gene expression.

Evidence that region- and cell type-specific transcription Although the bi-directional migration of HCs has not
factors regulate morphogenesis and differentiation of thexplicitly been demonstrated previously, ventricle-directed
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A Final mitosis B Flnal mitosis observation in our laboratory, which prompted us to undertake
this study, showed how the pattern for nerve growth factor

@) —"O PR O PR expression changed from being located vitreally at E5.5-E6
—~—— . HC . HC (st27-29) to be expressed in the external inner nuclear layer
\ 24-26 later (Karlsson et al., 2001). The cells were identified as HCs.
\O BP \/O BP The detailed temporal analysis of the genes expressed by

O AC OAC HCs (Fig. 1) gives strong support to the ventricle-directed

27-30 migration. This is further strengthened by the fact that the

. RGC . GCL translocation of Lim1 cells is inhibited by the cytochalasin D

- — injection (Fig. 2F-H) in a dose-dependent manner showing that

Current view on migration Proposed view on HC migration

the changing patterns are not the result of transient expression
Fig. 6. Hypothetical models for cell differentiation and migration in  IN various layers of the retina. Another piece of evidence is the
chick embryo retina. (A) In the current model for retinal time-lapse recording of cells that move in the direction of the
development cells migrate directly to their final lamina. (B) Inthe  ventricle towards the prospective lamina of differentiated HCs
model suggested by this work, HCs migrate bi-directionally across (Fig. 3A-C). Similar cells can be identified as Lim1+ or Prox1+
the neuroepithelium before attaining their final position. Numbers  cells (Fig. 3D-E). The time-lapse recording is a powerful
denote developmental stages. PR: photoreceptors, HC, horizontal technique in combination with particle-mediated gene transfer.
cells; BP, bipolar cells; AC, amacrine cells; RGC, retinal ganglion  The conditions for the preparation of biolistic particles and the
cells; GCL, ganglion cell layer. bombardment were carefully controlled but there was a notable
variation in the distribution of particles as well as transfection
migration of newborn retinal neurons finds indirect support imate over the surface of the retina. The variation was partly
both previous studies and more recent ones. Based on setaltch related but was also seen between separate
sections Hinds and Hinds suggested as long ago as 1978 thambardments and this was most probably a result from the
cells in the mouse retina may take a route of migration thactual construction of the Gene gun. This variation made
includes passing the vitreal side of the neuroepithelium beforguantification difficult and is therefore not presented here.
ending up in the inner nuclear layer (Hinds, 1979; Hinds and The identification of Lim1+ cells as HCs was verified using
Hinds, 1978). It was suggested that this alternative route couldABA and calretinin and the conspicuous morphology of
explain the presence of displaced amacrine cells in thmature HCs next to the outer nuclear layer (Fig. 4A-H). On a
ganglion cell layer. However, this suggestion was rebutted bselated topic, recent work by Nadarajah et al. showed that
others (Prada et al., 1987; Prada, 1983). Although Prada andrtain GABAergic cortical interneurons display a ventricle-
co-workers were opposed to the idea of ventricle-directedirected migration before attaining their mature positions in the
migration, they indicated the presence of HC-like cells in theortex (Nadarajah et al., 2002) and these observations could
vitreal side of the retina (Prada et al., 1984). Despite theBuggest that these cells may have additional features in
migration dispute, both Hinds and Prada generally agreed thedmmon.
newborn HC only migrated from their place of birth directly Within the INL, and in the retina in general, the early born
to their final position close to the outer plexiform layer (Fig.cells are in the inner part and the late born cells in the outer
6A). Other researchers, however, disagreed with this viewpart, with the clear exception for HCs. The bi-directional
resting their case on observations of “common neuroblasts aifigration of HCs, as shown in this work, gives an explanation
horizontal and amacrine cells”, which at E7 (st30-31) weréo this order and organisation. The order is further supported
located close to the ganglion cell layer before some of thed®y patterns of complementary expression of the homeobox
neuroblasts underwent ventricular-directed migration andranscription factors in layers and sub layers of the retina (Fig.
ending up close to the outer plexiform layer by E8.5-9 (st35%). HCs express transcription factors that are also expressed by
(Gallego, 1986; Tarrés and Gallego, 1984). Moreover, in aells in the early formed inner retinal layers. In addition to the
report from 1987 Prada describes two populations of amacrii¢C-specific Lim1 expression, Pax6 and Apare expressed
cell precursors based on their shape and migratory behaviolny HCs. Pax6 is also expressed by cells in the ganglion cell
the ‘smooth’ and ‘multipodial’ amacrine cell (Prada et al.,layer and internal INL and ApRis expressed by amacrine
1987). The ‘smooth’ amacrine cells were radially disposed ogells in the internal INL (Fig. 5A-F). In contrast, and
the vitreal side at E5 (st26-28) but “diminished drastically” bycomplementary to this pattern, Lim3 and Chx10 (Fig. 5J-0O)
E7 (st30-31) at the same time as free neuroblasts were fouate expressed by cells in the external INL with the clear
close to the ventricular side, indicating them to be HCs. Wexception of HCs. This exception can be explained by the
suggest that the ‘smooth’ amacrine cells, in fact, were thmigration of HCs into this region.
migrating HCs reported on herein. Pax6, Lim3 and Chx10 are known to confer tissue-specific
More recent reports indicate the presence of retinal celigene expression and their own expression has been shown to
with immature HC markers located vitreally in the be regulated by morphogens such as Sonic hedgehog (Ericson
neuroepithelium of birds and mammals. Liu et al. found thagét al., 1997). Retinal differentiation as well as lamination is
in the E16.5-E18.5 mouse retina some Lim1+ cells could b#hought to be modulated by external signals polarised from
found outside their proper lamina (Liu et al., 2000). In twoeither the pigment epithelium (Raymond and Jackson, 1995)
reports on GABA expression during development in the chiclor from the retinal ganglion cells (Wang et al., 2002). HCs will
and human embryo, ‘ectopic’ expression was found at timbe exposed ‘en route’ during migration to signals present in the
points that corresponds to our current observations (Hokoc &tner part of the retina. These signals can provide the HCs
al., 1990; Nag and Wadhwa, 1997). Furthermore, a previougith instructions necessary for their proper maturation.



1350 Development 131 (6) Research article

Furthermore, HCs may ‘escape’ from signals present in the function controls progenitor cell proliferation and horizontal cell genesis in

outer parts of the retina during a critical period. This implies the mammalian retindlat. Genet34, 53-58.

; lis, J. H., Richards, D. E. and Rogers, J. H(1991). Calretinin and
that the fate and maturation of HC neurons are not r‘eC(:"Ssarﬁ%:albindin in the retina of the developing chi€ell Tissue Re264, 197-

specified by their final position in relation to the polarised ,gg

signals in the retina as proposed previously (Adler, 2000; Adlegricson, J., Rashbass, P., Schedl, A., Brenner-Morton, S., Kawakami, A.,
and Belecky-Adams, 1999). van Heyningen, V., Jessell, T. M. and Briscoe, J1997). Pax6 controls

HCs are born ea”y but establish synaptic contacts with progenitor cell identity and neuronal fate in response to graded Shh

. . signaling.Cell 90, 169-180.
bipolars and photoreceptors that are born late, and the func“%ﬁllego, A. (1986). Comparative studies on horizontal cells and a note on

of the HCs is to _mOdu|ate the visual inf-ormation from microglial cells.Prog. Retinal Ress, 165-206.
photoreceptors to bipolars. This is reflected in the functionablasgow, J. E. and Daniele, R. R1994). Role of microtubules in random cell
architecture of the retina where HCs are organised laterall _migration: stabilization of cell polaritCell Motil. Cytoskeletor27, 88-96.

: : - Hamburger, V. and Hamilton, H. L. (1951). A series of normal stages in the
The proposed migration and the actual detour to the gangli development of the chick embryd. Morphol. 88, 49-92.

C_e” |ay¢r _that leads to a d_elay of sever_al days f_or thﬂilger-Eversheim, K., Moser, M., Schorle, H. and Buettner, R.(2000).
differentiating HCs, may constitute a mechanism by which the Regulatory roles of AP-2 transcription factors in vertebrate development,
temporal sequence is achieved for the appropriate functionalapoptosis and cell-cycle contr@ene260, 1-12.

; ; i ; inds, J. W. (1979). Early neuron differentiation in the CNS: a comparison
connections to be established within the outer plexiform layeH of several regions studied with serial thin sectiondNéural Growth and

. ) L Differentation(ed. E. Meisami and M. A. B. Brazier), pp. 133-151. New
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