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Summary

In the mammalian visual system, retinal ganglion cell (RGC) activation of this signaling cascade was selectively blocked
projections from each eye, initially intermixed within  along the retino-thalamic circuitry by specific inhibitors, and
the dorsal-lateral geniculate nucleus (dLGN), become the distribution of RGC fibers in the dLGN was studied. Our
segregated during the early stages of development, results demonstrate that the blockade of ERK signaling
occupying distinct eye-specific layers. Electrical activity has prevents eye-specific segregation in the dLGN, providing
been suggested to play a role in this process; however, the evidence that ERK pathway is required for the proper
cellular mechanisms underlying eye-specific segregation are development of retino-geniculate connections. Of particular
not yet defined. It is known that electrical activity is among interest is the finding that ERK mediates this process both
the strongest activators of the extracellular signal-regulated at the retinal and geniculate level.

kinase (ERK) pathway. Moreover, the ERK pathway is
involved in the plasticity of neural connections during
development. We examine the role of ERK in the segregation Key words: Visual system development, Retinal ganglion cell,
of retinal afferents into eye-specific layers in the dLGN. The Retino-geniculate segregation, ERK pathway

Supplemental data available online

Introduction retinal activity plays an instructive rather than a permissive
le in the development of dLGN (Stellwagen and Shatz,
002), whereas others suggest that the presence, but not the
atiotemporal pattern, of retinal activity is required
uberman et al., 2003). In addition, Cook et al. (Cook et al.,
999) have reported that binocular blockade of neural activity
ges not prevent segregation of retinal axons but just delays
It, implying that specific cues might be involved in this

The precise neural circuits of the mammalian brain develo
gradually through a process of remodeling of initially diffuse
axonal projections. In the visual system, during earlyc’p
development, RGC axons from the two eyes are intermixe
within the dLGN; then the adult pattern of segregated zone
gradually emerges, as axons remodel their branches a
become restricted into eye-specific territories (Hahm et al . M

1999; Linden et al., 1981; Sretavan and Shatz, 1986). Erggiisszr(]Heutbaelrmzac?oezzt) al,, 2002; Huberman et al., 2003; Muir-

Prg\_/lous flndllngs _have indicated that the formapon of eye- Some molecular systems have been suggested to play a role
specific domains in dLGN occurs through interocular

. . X in the remodeling of retino-geniculate circuitr rrivi t
competiion (Lund et al., 1973; Rakic, 1981) and it hasy logg. Mennacet al. 2009, Pham et a. 2001 Ravary ot al,
been suggested that this process is driven by neural activigns. ypion et al., 1999); however, the intracellular cascades
(Shatz and Stryker, 1988), particularly by a correlateqeqyired in shaping these connections have remained unclear.
pattern of spontaneous retinal activity (retinal waveskyiracellular signal-regulated kinases (ERKs) are signal-
present in the developing retina (Feller et al., 1996; Galljransducing enzymes that have been shown to participate in a
and Maffei, 1988; Wong et al., 1995). Indeed, selectivgjiverse array of cellular programs (Grewal et al., 1999). They
blockade of retinal activity in both eyes prevents formatiorgre activated by phosphorylation on threonine and tyrosine
of the eye-specific layers in the dLGN, whereas blockingesidues and, once activated, are able to phosphorylate other
activity in one eye results in an expansion of the territoryjownstream kinases and transcription factors (Davis, 1993;
occupied by the active untreated eye at the expense pizzorusso et al., 2000; Seger and Krebs, 1995). Recently, it
axons from the treated eye (Grubb et al., 2003; Hubermafias become evident that the ERK pathway can play multiple
et al., 2002; Penn et al., 1998; Rossi et al., 200lyoles in the activity-dependent regulation of neuronal
Conversely, if one eye is made more active, its layerfunctions. It is involved in cellular models of synaptic
within the dLGN expand (Stellwagen and Shatz, 2002)plasticity, such as LTP and LTD (English and Sweatt, 1997;
However, the role of retinal activity in retino-geniculate Kawasaki et al., 1999; Martin et al., 1997), and in addition,
development remains a debated issue (Sengpiel and Kindehavioral studies have revealed a requirement of this pathway
2002). Some findings favor the hypothesis that correlatemh learning and long-term memory (Atkins et al., 1998;
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Mazzucchelli et al., 2002). Recent findings have highlightedemoved and cryoprotected in 30% sucrose overnight. Coronal
the importance of ERKSs in visual cortical plasticity (Di Cristo sections of the brain, 56m thick, were cut on a freezing microtome.
et al., 2001), and in morphological changes in dendritic ofAfter a blocking step, tissue sections were incubated with pERK

axonal structure (Kim et al., 2004; Markus et al., 2002; Vaillanf!:1000, Sigma), pAkt (1:50, Promega) or pCaMKII (1:500, Promega)
et al., 2002; Wu et al., 2001). antibody and then exposed to the appropriate biotinylated secondary

Eﬂibody (1:200, Vector). Antibody binding was visualized by the

It?] the_prg\secrjlt SIIUdy’ W? ?Xammed .tfhedmle .Of FhedIFGR BC kit (Vector) and nickel-enhanced diaminobenzidine (DAB)
pathway in the development of eye-Specific domains in action. Images were acquired with a Zeiss HR Axiocam

focusing specifically on the localization of its action along th&jgeocamera connected to a Zzeiss Axiophot microscope and
retino-thalamic circuitry. We blocked ERK phosphorylation ingigitalized by Axiovision software.

the retina or dLGN during the period in which eye-specific pERK immunoreactivity in the dLGN was also detected by
segregation normally occurs and then analyzed the distributioncubating sections with Oregon-green 488 goat anti-mouse (1:400,
of optic projections in the dLGN. We demonstrate that théMolecular Probes) or biotinylated horse anti-mouse IgG (1:200,
active form of ERK is crucial for the refinement of retino- Vector), followed by extravidin-Cy3 (1:300 Sigma). Images were then
geniculate connections, as its inhibition in dLGN blocks thedcquired using an Olympus confocal microscope (Fluoview).
eye-specific segregation completely. Furthermore, our results FOr double-labeling experiments, the neuronal-specific nuclear

. - . - rotein, NeuN (1:500, Chemicon), was added after the end of pERK
provide evidence that, for a correct retino-thalamic patteniqmmunohistochemistry, and then pERK and NeuN immunoreactivities

formation, ERK. Slgnallng IS requwgd on both gen'Cljl‘e‘te\/\/ere, respectively, detected with Alexa Fluor 488 and Alexa Fluor
neurons and retinal ganglion cells. This is demonstrated by thigg secondary antibodies (1:400, Molecular Probes). The sections
f|nd|ng that a Separate blockade Of ERK activation in ret|na| O\Fvere observed by using an O|ympus confocal microscope_
geniculo-cortical neurons partially arrests the segregation pERK immunostaining in the retina was performed either on
process, whereas a concurrent blockade at these sites arrestgniile-mount or coronal retinal sections. For both treatments, animals
completely. were perfused with ice-cold 4% paraformaldehyde in 0.1 M TBS and
1 mM sodium orthovanadate (pH 7.4). Whole-mount retinas were
dissected, whereas coronal retinal sectionspithick) were cut

i using a cryostat and then processed for immunostaining. Retinas were
Mate”als and methods permeabilized in 0.3% Triton X-100 and incubated in anti-pERK
Animal treatment (1:200 for wholemounts, 1:1000 for retinal sections), then exposed to

Newborn Long-Evans rats were used in this study, in accordance withe Oregon-green 488 goat anti-mouse antibody (1:200 for
the Italian Ministry of Public Health guidelines for care and use ofvholemounts, 1:400 for sectioned retinas). Background staining was
laboratory animals. observed in control retinas in which the primary antibody was
Stock solutions of U0126 or PD98059 (25 mM; Promega andmitted.
Calbiochem, respectively) were prepared in 100% DMSO. For lower )
concentrations we used dilutions in saline. Fluorescent late}Vestern blotting
microspheres (Lumafluor Corp.), 50-200 nm in diameter, werdreated or control retinas were pooled in samples containing two
incubated overnight at 4°C in a 1:5 mix of microspheres to U0126quivalent retinas each and analyzed by immunoblotting. Proteins
PD98059 or DMSO+saline (vehicle). Beads were then centrifugedere extracted with lysis buffer (1% Triton X-100; 10% Glycerol; 20
and resuspended in saline (Riddle et al., 1997; Riddle et al., 1995)mM Tris; 150 mM NaCl; 1 mM EDTA, 0.5 mM N&Og, 10 ug/ml
The intraventricular injections were performed under ethelLeupeptin, 1qQug/ml Aprotinin, 1 mM PMSF, 0.5% Na Deoxycholate,
anesthesia by inserting into the left lateral ventricle a 30 gauge needel% SDS, 50 mM NaF, 1 mM NeoOs, 5 mM NaP.O7) and the
connected to a Hamilton syringeplLof latex beads coated with 500 total concentration of the samples was assessed with a protein assay
UM U0126 or 1 mM PD98059 or vehicle was injected. The followingkit (BioRad) using a bovine serum albumine (BSA)-based standard
coordinates, which vary according to the age of the animal, were usetlirve. Proteins (3Qig) were boiled with sample buffer, loaded on a
3 mm lateral and 1.5-0.2 mm posterior to bregma until age P6, or 12% SDS-PAGE gel and then electrotransferred to nitrocellulose.
mm anterior to bregma at P8; 2-3 mm deep from the pial surface. Thelots were blocked with BSA (4%, Sigma) and Tween-20 (0.2%) in
location of injections was confirmed by the presence of fluorescefMBS for 2 hours, and then incubated with anti-pERK antibody
latex microspheres throughout the lateral ventricle. (1:1000, Sigma) overnight with shaking at 4°C. After washing, blots
Intraocular injections of fluorescent latex beads coated with 1 mMvere incubated with HRP-conjugated secondary antibodyu(fr8l,
U0126 were performed using a glass micropipette, with a tip diamet&ioRad) in blocking solution for 2 hours, developed by the ECL
of 30um, connected to a microinjector. The micropipette was insertedhemiluminescence system (Amersham) and captured on
at the ora serrata, and the drug was slowly released into the vitreoasitoradiographic films (Amersham). Filters were subsequently
Intraocular injections of epibatidine (1 mM in DMSO, Sigma) werestripped with stripping buffer (Chemicon) for 30 minutes at 50°C,
carried out in the same manner. reblocked, and then reprobed with anti-ERK antibody (1:1000,
For visual cortex injections, the skull was opened on the left sidSigma) using the same immunoblotting procedure as described above.
to expose much of the length of area 17. Microsphergd) doated  Films were then digitalized with a camera and densitometric analysis
with 250uM U0126 were injected at eight different sites using a glas®f the bands was performed with MCID-M4 software. pERK levels
micropipette. Retrograde transport and LGN labeling were obtaineih treated and control retinas were normalized to ERK by measuring
48 hours later. To confirm the presence of beads within dLGNhe optical density (OD) of the pERK band and dividing it by the OD
projection neurons, 48 hours after injection of beads, we also labeled the ERK band, on the same filter. Finally, data from each sample
the geniculo-cortical neurons by injecting the retrograde tracewere normalized with respect to controls run on the same gel, and
FluoroGold (2%; Molecular Probes) into the visual cortex; three daysesults were presented as a percentage of control values. The mean
later animals were sacrificed. value for the control eyes was set at 100% (Cotrufo et al., 2003).
Statistical significance was determined using Studéte'st.
Immunohistochemistry
Animals were perfused with ice-cold 4% paraformaldehyde in 0.1 MA\nalysis of pERK-expressing neurons in dLGN
TBS and 1 mM sodium orthovanadate (pH 7.4). Brains were theRive animals were used to analyze what type of neurons express pERK
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in dLGN. Geniculo-cortical neurons were retrogradely labeled byverlap between ipsilateral and contralateral projections to the same
application of FluoroGold (2%) in the visual cortex; three days latedLGN, the ipsilateral and contralateral areas were measured, then
animals were sacrified. Brain coronal sections were obtained hineir sum was subtracted from the total dLGN area and expressed as
using a freezing microtome, collected through the dLGN ancdh percentage of it (Rossi et al., 2001; Stellwagen and Shatz, 2002).
immunostained. pERK immunoreactivity in the dLGN was detectedrhe statistical significance of data was evaluated by Studdets.

by incubating sections with appropriate biotinylated secondary

antibody (1:200 Vector) followed by extravidin-Cy3 (1:300 Sigma) in

0.1% Triton X-100. Images were then acquired at>az®m 3 with Results

an Olympus confocal microscope. For each animal we selected ﬁ\ﬁ | t of reti iculat ecti
sections through the middle of the dLGN, and for each section si evelopment ot retno-geniculate projections

different (66«60 um) randomly spaced fields were acquired. Then,To identify the stage of development at which retinal afferents
PERK, FluoroGold and pERK-FluoroGold labeled neurons weresegregate in the rat dLGN, we analyzed the distribution of
counted using MetaMorph software. retino-geniculate projections at different ages after birth. We
Analysis of cell density in the retina used intravitreal injections of cholera toxin B subunit (CTB)
Retinas were dissected, fixed with 2.5% glutaraldehyde and then Wiconjugated to Alexa F_Iuor o594 _(red I_abel) or Alexa Fluor 488
formaline-ethanol soluti’()n (1:9) Thé W?\gle-mount r)étinas were theg@reen Iabel) o visualize _the retinal fibers SImuItaneo_usly _from
e oth eyes in coronal sections of the dLGN. At P4, retinal fibers

stained with 0.1% cresyl violet and visualized with a Zeiss ligh the t il | v int ixed. Th iecti
microscope. For cell density analysis, two groups of retinas were useé.Om € two eyes are stll largely Intermixed. The projections

monocular U0126-treated and monocular vehicle-treated. Injectionfé0M the contralateral eye occupy the entire geniculate nucleus
were performed every 48 hours from P2 to P8, and the retinas wetd00%; Fig. 1A,1), whereas those coming from the ipsilateral
analyzed at P9. For each retina we evaluated in blind the density ye are diffusely distributed [19.6+0.8% (meants.d.); Fig.
living cells in the ganglion cell layer (GCL). Specifically, living cells 1B,J], overlapping throughout the dLGN (Fig. 1C,K). This area
were counted at 180magnification by using a Zeiss computerized of overlap can be better appreciated if observed at high
microscope (Stereo Investigator software, Microbrightfield) in anmagnification. In fact, as reported in Fig. 1D, the intermingled
average of 25 fields (880;1.m). For all measures, fields were equally pattern of fibers from the two eyes is clearly evident. By P9,
spaced throughout the retina. the process of segregation is almost accomplished as retinal
Retino-geniculate axons labeling fibe[s I ?re I S(Sgrgggtgg/ ilr:TtO 1eEY?)'Spe(;3h;iﬁ _reg_ilo?s . the
All animals received an intravitreal injection of Cholera Toxin g contralateral (92.520.5%; Fig. 1) an € Ipsilateral zone
subunit (CTB) conjugated with Alexa Fluor 488 (g, Molecular ~ (9:6+0.7%; Fig. 1F,J) — with only 2.2+0.5% of overlap area
Probes) in the left eye and CTB-Alexa Fluor 594 in the right eye aFi9. 1G,K). High magnification of the border between the two
least 24 hours before perfusion. All rats were perfused transcardialjfojections shows a clear segregation of fibers from the two
with 4% paraformaldehyde in 0.1 M phosphate buffer. Brains wereyes (Fig. 1H). Note that, in the contralateral projection of P4
dissected after perfusion and cryoprotected in 30% sucrose. Coronaits, a lower density of fibers is visible just in the area where

sections, 5Qum thick, were cut on a freezing microtome, collected inthey will leave a gap and the ipsilateral projection will
a serial order through the entire thalamus and then visualized Us"%gregate.

an Olympus confocal microscope.
Analysis of retino-geniculate axon projections ERK activation in dLGN is developmentally

) . . regulated
Images were collected with an Olympus Optical confocal mlcroscopz . . . .
using UPLAPO 18 lens with numerical aperture (NA) 0.4. Settings ~S the activity of ERK requires its phosphorylation (pERK),

for laser intensity, gain, offset and pinhole size were optimizedve first examined whether pERK in the dLGN is regulated
initially and held constant through the study. For each animal, thduring the development of retino-thalamic connections.
entire serial order of coronal sections of the dLGN was acquired, andinalysis by immunohistochemistry at different postnatal
for each section, confocal series of a step sizelwh2vere obtained  stages revealed that pERK staining is present at birth (Fig. 1L),
throughout the whole section thickness 5). These confocal series rises during the first postnatal week with a peak by P5 (Fig.
were then averaged and visualized on a single focal plang.\) and then declines after P8 (Fig. 1N). At P11 low levels of
Background was measured as the level of autofluorescence RK are observed (Fig. 10). We co-labeled sections for
unstained tissue and was subtracted from the signal fluorescen $#RK and NeuN aspecifilc neu.ronal marker. As shown in Fig

Then, the collected images of the dLGN, corresponding t P al t all DERK i I . !
contralateral or ipsilateral projections, were imported to the imageg' * &most all p -positive cells (green) are immunoreactive

analysis system MCID-M4 and used to analyze the areas occupied if NeUN (red), indicating that pERK expression is restricted
the ipsilateral and the contralateral RGC projections. All imagdO® nheurons. This regulation of pERK, over the temporal
analyses were done blind. For each animal we analyzed the five larg#gndow during which the segregation occurs, suggests that it
sections through the middle of the dLGN, where the two eye-specificould be involved in the formation of eye-specific domains.
domains appear better segregated (Menna et al., 2003; Rossi et al.,

2001; Stellwagen and Shatz, 2002). The dLGN boundary and thEhe inhibition of ERK signaling in dLGN blocks the

profile of ipsilateral and contralateral dLGN projections weresegregation of retino-geniculate afferents

drawn on the computer screen excluding the ventral LGN anei—0 assess the role of the ERK pathway in the segregation of

extrageniculate optic tract. Great care was exercised to identify the .. o . ; .
extension of contralateral projection terminals in the gap area. We tinal afferents within the dLGN we blocked its signaling by

defined the line at which the majority of axon terminals stopped a; sing a p(_)tent MEK-specific |nh|b|_tor, U0126 (Favata et al.,
the border of the gap. The relative areas occupied by the ipsilateraP98)- Initially, we tested the capacity of U0126 to block ERK
and contralateral projections were calculated by dividing the averaa%Cthauon in our in vivo model. P5 rats, which present high
of the five ipsilateral or contralateral areas by the average of the filevels of pERK in the dLGN (see Fig. 1M), were injected in
total dLGN areas (Rossi et al., 2001). To determine the extent afne of the lateral ventricles with U0126 (see Materials and
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Fig. 1. Development of retino-geniculate
connectivity. Representative coronal
sections through dLGN of P4 (A-D=3)
and P9 (E-Hn=3) rats. Fibers from the
ipsilateral projecting eye are labeled with
CTB-Alexa Fluor 488 (green), whereas
the projections from contralateral eye are
labeled with CTB-Alexa Fluor 594 (red). ] J K

(1,9,K) Quantification of relative S i =S

contralateral (1), ipsilateral (J) and = Sl g B

overlap (K) areas of P4£3) and P9 g ‘5 o e

(n=3) rats. The areas occupied by g9 8. g y

ipsilateral and contralateral projections E & &

are significantly different between P4 and = =1 N . = L0

P9 groups (Studentistest,P<0.05 for 2% ) 2w 3 e P Po

contralateral and ipsilateral areas). Note
that the overlap area decreases from 20%
in P4 to 2% in P9 dLGN (K). At P4, high
magnification of the area of overlap
shows that fibers from both eyes are
largely intermixed (D), whereas by P9,
high magnification of the border between
the two projections shows that these
fibers terminate in distinct regions (H).
(L-O) pERK expression in the dLGN is
developmentally regulated. pERK
immunohistochemistry in the dLGN at
different postnatal stages reveals an
increasing expression of pERK from PO
(L, n=3) to P5 (M,n=4). Note the

reduced staining at P8 (R=3) and P11
(O, n=3). pERK-positive cells (green) co-
express the neuronal marker NeuN (red),
(P5 ratsp=4, P). Error bars depict the
s.d. Scale bars: 2q0m for A-C,E-G; 10
pm for D,H; 100um for L-O; 50um for
the insets; 2pm for P.

methods). After one hour, animals were perfused and pERKjection of U0126 does not block pCaMKIl (Fig. 2D,E) or
staining in the dLGN was examined. IntracerebroventriculapAkt (Fig. 2F,G) expression in the dLGN. This result, in
(ICV) injection is a well-known technique for drug delivery keeping with other works (Davies et al., 2000; Favata et al.,
into the dLGN and our experiment demonstrated thalt df 1998), indicates that U0126 inhibits specifically ERK signaling
U0126 at a dose of 500M was able to drastically reduce and has no effects on the activity of other kinases. Therefore,
PERK expression in dLGN (Fig. 2A,B). we injected U0126 into the lateral ventricle of newborn rats
As a control for any non-specific effect of this drug, weand examined the projections from the two eyes.

examined whether other signaling pathways were altered by The drug was injected along with fluorescent latex
pharmacological manipulation with U0126. We focused ormicrospheres to provide prolonged release. Latex microspheres
CaMKII and Akt, known to be involved in synaptic plasticity are able to bind different substances by passive absorption and
(Taha et al., 2002; Wang et al., 2003), and investigated tte release them gradually (Penn et al., 1998; Riddle et al., 1997).
expression of their phosphorylated forms. We found that IC\Indeed, we noted that this method of drug delivery inhibits
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Fig. 2. Effects of the inhibitory action of U0126
and PD98059 in retino-geniculate connections.
Intracerebroventricular (ICV) injection of
U0126 (50QuM, P5 ratsn=4, B) or PD98059

(1 mM, n=4, C) drastically reduces ERK
activation in the dLGN with respect to the saline
injection (=3, A). (D-G) U0126 does not affect
pCaMKIl or pAkt expression. ICV injection of
saline (D) or ul of 500uM U0126 (E) does

not block CaMKII phosphorylation in the
dLGN. Also pAkt levels in the dLGN remain
unchanged after ICV injection of saline (F) or
U0126 (G, P4 rat$i=5 for each treatment).
(H-M) Distribution of retinal projections in the
dLGN of P9 rats that received beads-U0126 or
beads-vehicle ICV injections. (H HProjections
from the contralateral eye expand filling the

| entire dLGN. (I) The relative contralateral area
of U0126-treated animals%6) is significantly larger than that of
control animalsr{=5; Student's-test,P<0.05). (J,K) Ipsilateral
projections expand occupying an area twice greater than that of
control animals (Studentistest,P<0.05). (L,M) The projections
coming from the two eyes largely overlap in the U0126-treated
animals. Error bars depict the s.d. Dashed lines indicate the relative
eye-specific areas in normal P9 rats. Scale barqahdor A-G;
200pm for H,J,L; 10Qum for H.

Rel. Contra area (%)

K

gb Fig. 11,J,K). Quantitative analysis revealed that the relative

'z oL — areas of dLGN occupied by ipsi- or contralateral fibers in

- U0126-treated animals were comparable to those observed in
& P4 rats (Fig. 2I,K,M and Fig. 11,J,K), demonstrating that

disruption of ERK signaling results in the total arrest of retino-
geniculate segregation.

To test whether this result was specifically due to blockage
of ERK activation we repeated the experiment using another
MEK inhibitor, PD98059. Under the same experimental
conditions as for U0126 treatment, we observed that ICV
injections of PD98059 at a dose of 1 mM (the dose able to
block ERK phosphorylation in the dLGN, see Fig. 2A,C)
produced the same effect: abolishment of eye-specific
segregation. The relative contralateral projection area
(98.2+0.6%) and ipsilateral projection area (17.9+2.3%) were
pPERK expression in the dLGN for 24 hours. pERK expressiomot statistically different from the corresponding areas in the
then recovers gradually until 48 hours after injection (see FidJ0126-treated animal$£6, Student'd-test,P>0.05 for both
S1 at http://dev.biologists.org/supplemental/). Hence, beadg§si and contra projections).

U0126 were injected into the left lateral ventricle of newborn )

rats every 48 hours from P2 to P8 and the projections from tHeeniculo-cortical blockade of pERK causes an

two eyes were examined at P9. Animals injected witfEXpansion of retinal projections in the dLGN

fluorescent latex beads coated with the vehicle (DMSO+salinés the ICV delivery of U0126 provides blockade of ERK
were used as controls. activation at the geniculate level, it was difficult to distinguish

We found that blockade of ERK activation in dLGN whether the effect on eye-specific segregation was due to the
completely arrests the process of eye-specific segregatidnlockade of pERK in geniculate neurons, or in RGC fibers, or
Indeed, in the dLGN ipsilateral to the U0126-injected sidein other afferent inputs to the dLGN. To assess the site of action
RGC axons coming from the two eyes were largely overlappeaf pERK we first investigated whether pERK in the dLGN is
(20.5+2.8%; Fig. 2L,M). The axons from the contralateralexpressed by all neurons or only by dLGN projection neurons.
eye were present throughout the entire dLGN, occupyingVe used five P5 rats for this study and for each of them we
99.2+0.8% of the total area (Fig. 2H,Hl and the ipsilateral counted an average of 496.8+44.5 cells stained with pERK in
projection expanded (21.3+2.8%) occupying an area twicthe dLGN (see Materials and methods for details). Our analysis
greater than that ipsilaterally innervated in control animalshowed that all of these cells co-localized with dLGN
(Fig. 2J,K). Control animals presented exactly the samprojection neurons labeled with FluoroGold (Fig. 3A). Hence,
distribution of fibers as normal P9 rats (Fig. 2I,K,M and seeluring the first postnatal week, pERK in the dLGN is expressed

sy =

Rel. Ovelap area (%)
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Fig. 3. Specific blockade of pERK in B 4 Inj. of beads

LGN neurons. (A) All pERK-positive g . 5,

cells (red labeling) in the dLGN of P! ' : 'j C

rats (=5) co-localize with dLGN L 2" dLGN
projection neurons labeled with the ] \ W2 Retinal ¥
retrograde tracer FluoroGold (green - S projections

labeling). (B) Schematic representat - |

of visual cortex injections of - ~ Eye ;
fluorescent latex beads in newborn —
rats. (C) A large number of

retrogradely labeled neurons are

evident in the dLGN after injections

red fluorescent latex beads in the

primary visual cortexr=4). (D) The

(E) Cortical injections of beads-U01: F G

produce a prolonged blockade of EF...

activation in the dLGN ipsilateral to the injected side. Forty-eight hours after injection, no detectable pERK staininig @psenjed in

LGN neurons with red beads inside the cytoplasnm€E). (F) Unilateral cortical injections of beads-U0126 do not affect pERK staining in the
dLGN contralateral to the injected cortex; indeed, no red beads are observed in this side of the®rd{®,H) Injections of beads-U0126 in
the left side of visual cortex do not affect pERK expression in the eye. Coronal sections from the retina of the coaym/atbieh sends the

red beads are present throughout th
cytoplasm of geniculo-cortical neuro

major afferents to the LGN, are shown. pERK immunostaining in the RGCs of treated animalg) (G not different from that of controls (H,
n=3). Scale bars: 10m for A,E,F; 100um for C; 25um for D; 20um for G,H.

labeled by Fluorogoldne3).

only by projection neurons. The rate between neurons labelt
with FluoroGold and those labeled with FluoroGold-pERK
revealed that only half of the projection neurons express pER
(Fig. 3A).

Next, pERK was blocked in the projection neurons of dLGN
To deliver U0126 into the dLGN neurons we took advantage ¢
the capacity of the beads to be retrogradely transported (Katz
al., 1984; Riddle et al., 1995). In fact, if injected into the primany
visual cortex (Fig. 3B), the microspheres are taken up by nen
terminals and retrogradely transported into the dLGN ipsilater: C D E
to the injected cortex. We observed that, 48 hours after injectio
almost all the neurons were labeled (Fig. 3C). At high= =
magnification fluorescent beads were visible into the cytoplasi g *
of the geniculo-cortical neurons retrogradely labeled by= :5
FluoroGold (Fig. 3D). Moreover, we noted that pERK & [~
expression in the projection neurons of dLGN was still inhibitecg .
at 48 hours after injection of microspheres treated with U012™
at a dose of 250M (Fig. 3E). Note, this treatment did not alter Fig. 4.dLGN projection neurons contribute to the development of
PERK staining in the dLGN contralateral to the injected cortexetino-geniculate connectivity. (A-E) Coronal sections of dLGN in
(Fig. 3F), or in the retina (Fig. 3G,H), confirming its specificP9 rats (=18) that received injections of retrogradely transported
localized action. Therefore, red microspheres treated witR€ads-U0126 in the primary visual cortex, and quantification of
U0126 or vehicle (for control animals) were injected into the leffélative contralateral, ipsilateral and overlap areas in the dLGN. Both
primary visual cortex every 48 hours from P2 to P8. Because silateral (A) and contralateral (B) projections are diffusely

. istributed in the dLGN. The relative ipsilateral (C) and contralateral
the presence of red fluorescent beads in the dLGN, we co ) areas of U0126-treated animals{8) are statistically greater

label eye projections using only green-CTB. To analyze thg 2. those of control animals<(10), (Student's-test,P<0.05

fraction of dLGN area occupied by ipsilateral and contralatergespectively). (E) The relative overlap area of U0126-treated animals
projections, at age P8 all the animals, both U0126 treated apdiarger than that of control animals. Error bars depict the s.d.

controls, were divided in two groups: one group was injecteashed lines indicate the relative eye-specific areas in normal P9
with green-CTB in the left eye to visualize the ipsilateralrats. Scale bar: 2Qom.

projections and the other group was injected in the right eye for

visualizing the contralateral fibers. When the distribution of

retinal inputs was analyzed at P9, we observed that they weseeas was evident (10.1+2.8%), even if at a lower extent when
not completely segregated. The projections from both eyesompared to the overlap produced by the ICV U0126
occupied significantly larger territories in U0126-treated animaladministration (Fig. 4E, and see Fig. 2M). Retinal axons of
with respect to controls (contra, 95.5+0.7%; ipsi, 14.6+2.4%¢ontrol animals were segregated as in normal P9 rats (Fig.
Fig. 4A-D). The overlap between the ipsilateral and contralaterdlC,D,E and see Fig. 11,J,K). This result shows that ERK

Rel. Contra area (%6)
Rel. Overlap area (%)

Unzs Cortrol
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signaling in the projection neurons of dLGN is crucial during
eye-specific segregation.

Binocular retinal blockade of ERK activation causes
an expansion of the optic projections in the dLGN,
whereas monocular blockade causes a retraction of
them

As the blockade of pERK in geniculo-cortical neurons affect:
only partially the eye-specific segregation, ERK signaling a
other sites is likely to be involved in this process. We therefor
analyzed whether pERK in the RGCs plays a role in retine
fiber segregation. First, we checked the dose of U0126 able
block pERK expression in the retina: two groups of P5 rat
were binocularly injected with saline or U0126 and were
perfused 1 hour later. The eyes and the brain were the
dissected and processed for pERK immunostaining in th
retina and dLGN. We observed thatllof U0126 at a dose of

1 mM strongly reduced pERK in the retina (Fig. 5A,B) but it
did not alter pERK expression in the dLGN (data not shown)
We performed these controls also by injecting binocularly
U0126-coated beads and noted that at 48 hours after injectic G
PERK expression in the retina was reduced by 52+19% wit
respect to control animals (Fig. 5D). In the meantime, n J
changes were observed in pERK levels in dLGN (Fig. 5E,F
indicating that this treatment blocks pERK only at the retinas
level. Next, binocular retinal injections of fluorescent Iate><§
beads coated with U0126 or vehicle (for control animals) wer z |
performed, every 48 hours from P2 to P8. At P9, analysis (&
retinal axon distribution revealed a partial segregation of retina; .
afferents from both eyes in their specific domains. There we® © Wi cowd T Gd

an expanS|on.0f the terrltolry'occupled by the Cor_ltralaterapigl 5. Effects of binocular retinal injections of U0126. pERK

(96.6+1.7%; Fig. 5G,J) and ipsilateral (15.1+4.3%; Fig. SH,K)staining in P5 rats is evident in all cells of the GCL injected with

projections, resulting in an overlap in 11.7+3% of the dLGNsaline (A,n=3) but is strongly decreased after 60 minutes of U0126

(Fig. 5I,L), thus a loss of refinement of retino-geniculatereatment (Bn=4). (C) Control retinas with no primary antibody

projections. show background fluorescence. (D) Western blot analysis reveals
We then investigated what might be the effect of pERKHhat, at 48 hours after intravitreal injections of beads-U0126 (1 mM),

blockade in only one eye, a model that imposes an interocul@8ERK levels in the retina are decreased by 52+19% with respect to

imbalance in pERK levels. Intravitreal injections of U0126¢0ntrols injected with beads-vehicle, Studetitest,P<0.05 _

were performed using the same dose and schedule as (G oML T LD ened) Facr coln o o v oL,

binocular injections. At P9, aft‘?r monocular retinal pERKPS rats, no differences in pERK levels within the dLGN are observed

blockade, we observed t,hat pFOJQCt'O,nS from the treated €Y hours after binocular injections of beads-vehiclen{s) or

were retracted from their territories in the dLGN, whereageads-uo126 (®=6). (G-L) Eye-specific segregation in P9 rats that

projections from the untreated eye were expanded, invadingceived binocular intravitreal injections of beads-U0126.

territories normally occupied by the other eye (Fig. 6A,B andG,H) Both contralateral and ipsilateral projections are diffusely

Table 1). No alteration of the eye-specific pattern waslistributed in the dLGN. (J,K) The relative contralateral and

observed in animals monocularly injected with vehicle (Figipsilateral areas of U0126-treated animats7) are significantly

6D,E). The opposing effects of bilateral and monoculafarger than those of control animais=6), (Student's-test,P<0.05,

blockade indicate that pERK is required for interocular®SPectively). (I,L) The relative overlap area of U0126-treated

competition during the eye-specific segregation. MoreoveF"zj”mE‘;"'S Ihs I(?rlger tha(? th?ttor:‘conltrtql animals. Erff_or bars depict thel b9

the contrasting resu_lts of th_ese two exper_iments in_dicate th <. Siils b;?ssagn'?; eA’B?Cr;es%a'ne] ?gf;g?%aﬁ:efgf glmrma

the retraction of retino-geniculate projections obtained after

monocular treatment was not due to mechanical damage in

the retina, or to other non-specific effects. In fact, we found ) )

that the cell density in the ganglion cell layer (GCL) ofConcurrent blockade of pERK in the retina and

treated retinas was not statistically different from that ofdLGN neurons abolishes retino-geniculate

controls (Student'stest,P>0.05). The number of living cells Seégregation

per field was 69.3+6.1 for U0126-treated retinas5) and We have seen that eye-specific segregation is only partially

66.1+2.5 for vehicle-treated retinas=@) (Fig. 6C,F). Taken affected by blocking pERK in RGCs, or in the projection

together, our results indicate that pERK in the RGCs iseurons of the dLGN. We wondered whether the total arrest of

required for the normal segregation of retino-geniculatesegregation obtained by ICV delivery of U0126 could be

projections. ascribed to pERK blockade both on RGCs and geniculate
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Fig. 6. Monocular retinal blockade of ERK activation. g s Cotd 2 0% Cortd
(A,B,D,E) Representative images of both sides of the dLGN of rats _ ) )
that received monocular injections of beads-U0126 (A:8) or Fig. 7. Effects of concurrent pERK blockade in both retinas and

vehicle (D,En=7). Projections from the treated eye are labeled with geniculate neurons. In treated animats1Q) the contralat_eral fibers
CTB-Alexa Fluor 488 (green) and those from untreated eye with fill nearly the entire nucleus (A,C), whereas those coming from the
CTB-Alexa Fluor 594 (red). Note that in the U0126-treated animals ipsilateral eye are largely diffused in the dLGN (B,D), overlapping
both contralateral (A) and ipsilateral (B) fibers from the treated eye through 18.5% of the total area (E). This distribution of fibers is
(green) occupy smaller territories then the corresponding projection§ignificantly different from that of control animals=6; Student's-
from the untreated eye (red, A,B). Conversely, in control rats (D,E), test,P<0.05 fqr contrqlateral and |p$|IateraI). Errgr bars dgplct the
fibers from both eyes occupy similar areas in the dLGN. (C,F) Cresﬁ-d- Dashed lines indicate the relative eye-specific areas in normal P9
violet staining of cells in the GCL. Living cell density in the retinas rats- Scale bar: 2Gom.
of rats monocularly injected with U0126 (C; 69.316.1 cells per field,
n=5) is not statistically different (Student¢est,P>0.05) from that
of vehicle-treated retinas (F; 66.1+2.5 cells per figtdi). Scale showed a strong similarity with that obtained after pERK
bars: 20Qum for A,B,D,E; 20um for C,F. inhibition in the dLGN by ICV injections of U0126 (see Fig.
2), suggesting that the ERK pathway acts both on geniculate
neurons and on RGCs to form the correct retino-thalamic
neurons. In support of this possibility was the observation thagattern.
ICV injections of U0126 blocked pERK in dLGN and retina
(see Fig. S1 at http://dev.biologists.org/supplemental/). T&etinal activity regulates ERK phosphorylation in
elucidate this issue, we inhibited ERK activation by injectingthe retina and dLGN
beads-U0126 into both eyes and, at the same time, into tisfferent findings have shown that blocking spontaneous
primary visual cortex, every 48 hours from P2 to P8, asetinal activity can prevent the formation of eye-specific retino-
described in the previous experiments. At P9, we observed thgéniculate connections (Penn et al., 1998; Rossi et al., 2001;
in the dLGN ipsilateral to the injected cortex, projections fromHuberman et al., 2002; Grubb et al., 2003). To investigate
both eyes largely overlapped each other (18.5+1.3%; Fig. 7E)hether any relationship between activity and pERK exists
The contralateral fibers filled all the dLGN (99.3+0.7%;during this process, we performed intraocular injections of
Fig. 7A,C) and the ipsilateral area was largely expandedpibatidine, a desensitizing agent for nicotinic receptors that is
(19.2+2.8%; Fig. 7B,D) giving rise to a total blockade ofable to block retinal activity (Feller et al., 1996). Previous
segregation. The distribution of retino-geniculate projectionstudies performed in ferrets (Penn et al., 1998) or mice (Rossi
et al., 2001) have reported that repeated binocular injections of
epibatidine during the first postnatal week block the formation
Table 1. Eye-specific segregation after monocular pERK ~ Of eye-specific layers in the dLGN. We observed the same
blockade effect in rats. Indeed, binocular injections of 1 mM epibatidine,
every 48 hours from P3 to P7, resulted in the complete

Treated eye Untreated eye o . S
blockade of eye-specific layer formation: projections from the
U0126-treated rats ngf;’:ggftera' saptes 9936 contralateral eye occupied the entire dLGN and those from the
Control rats Contralateral 00.39+1 1 00.24+1.3 ipsilateral eye expanded extensively (Fig. 8A,B). Thus, P5 rats
Ipsilateral 11.17+2.6 11.22+1.4 were binocularly injected with epibatidine (1 mM) or vehicle
for controls. After 48 hours, animals were perfused, and retinas
In rats that received monocular pERK blockade the ipsilateral and and brains immunostained for pERK expression in the GCL

contralateral projections from the treated eye retract from their specific . .
territories in the dLGN, whereas the projections from the untreated eye and dLGN. As shown in Fig. 8, we observed that the blockade

expand. In control animals that received monocular injections of vehicle, ~ Of retinal aCtiV_ity draStica”y reduced pERK levels in .the retina
fibers from both eyes are normally segregated. Ipsilateral and contralateral and dLGN (Fig. 8C,E) with respect to controls (Fig. 8D,F).

projection areas of treated animaisT) are significantly different from those = This result indicates that retinal activity drives ERK activation
of controls (=7; Student’d-test,P<0.05 for treated and untreated eye). in both these sites
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effective, as we have clearly demonstrated a strong reduction
of pERK staining at both these sites.

Together, our results demonstrate that for the correct
development of retino-thalamic circuitry, activation of ERK
only on RGCs or on geniculate projection neurons is not
sufficient. Importantly, we observed that pERK in the dLGN
is expressed only by the dLGN projection neurons (Fig. 3A);
hence, it is likely that the complete disruption of the
segregation process observed after ICV-U0126 treatment is
caused by a blockade of ERK activation, both on RGC and
dLGN projections cells. One might argue that the effect of ICV
treatment could also involve other afferent inputs to the dLGN.
However, the concurrent inhibition of pERK on geniculo-
cortical relay neurons and RGCs faithfully replicated the
results found after ICV-U0126 treatment, making it unlikely
that there was any consistent contribution of pERK present in
other afferent inputs, except RGCs. In summary, these results
provide strong evidence that eye-specific segregation cannot
develop without the relative contribution of pERK on both
RGCs and dLGN projection neurons. In view of this, our
findings highlight the role of LGN projection neurons in the
formation of eye-specific domains in the dLGN. It has been
previously reported that thalamic NMDA receptors do not
Fig. 8. Effects of binocular retinal injections of epibatidine. contribute to the eye-specific segregation in the ferre,t ,dLGN
(A,B) Representative coronal sections of dLGN in P9 rats that (Smetters et al., 1994). However, although the activity of
received binocular injections of epibatidime=8). The retinal fibers ~ Postsynaptic cells, at least the NMDA-mediated activity, does
of only one eye labeled with CTB-Alexa Fluor 594 (red) are shown, not seem to be required, our study indicates that the
as the other eye projection is identical. The contralateral fibers fill postsynaptic cell per se is involved in the segregation of eye-
nearly the entire nucleus (A) and the ipsilateral projections are specific layers in the dLGN.
expanded considerably (B). (C,D,E,F) Forty-eight hours after

binocular injection of epibatidine, the expression of pERK in retina Retinal activity and ERK signaling: a possible link
and dLGN of P7 rats (C,B=4) is strongly decreased compared with during eye-specific segregation
controls injected with vehicle (D,R=3).

A large body of work indicates that spontaneous retinal
activity, present in the developing retina (Feller et al., 1996;
Galli and Maffei, 1988; Wong et al., 1995), shapes the retino-
geniculate connectivity during early development. Our results

Discussion _ . show that the ERK cascade, both at the retinal and geniculate
Role of ERK pathway in the development of retino- level, plays a key role in the segregation of retinal projections
geniculate neurons and that ERK activation is affected by retinal activity during

We have explored a role for the ERK pathway in thethis process. It should be noted that the alterations of retino-
remodeling of visual system connectivity in rats. Our resultgieniculate pattern observed in our experiments after pERK
show that ERK signaling is crucial for the eye-specificblockade, are very similar to the alterations due to electrical
segregation of retinal fibers, and that it mediates this processtivity blockade. Indeed, pERK blockade in dLGN by ICV
both at the retinal and the geniculate level. U0126 treatment (Fig. 2) and electrical activity blockade in
The inhibition of ERK activation in the dLGN through ICV dLGN by intracranial infusion of tetrodotoxin (TTX) (Shatz
delivery of U0126 or PD98059 results in a complete arrest adnd Stryker, 1988) result in a complete arrest of retinal fiber
the eye-specific segregation process. The RGC axons from thegregation. In addition, the monocular blockade of pERK (see
two eyes remain extensively overlapped in their target regioable 1 and Fig. 6), or of retinal activity (Penn et al., 1998),
showing a strong similarity with the intermingled pattern ofproduces a retraction of projections of the treated eye and an
fibers observed in normal P4 rats. expansion of the territory occupied by projections from
The effect obtained after ICV injections of U0126 untreated eye. It is unlikely that U0126 affected neuronal
potentially originates from the inhibition of pERK on activity and thus altered segregation through a non-specific
geniculate neurons, or on afferent inputs into the dLGNmechanism. Indeed, in vivo studies performed in our
or both. To distinguish between these possibilities, ERKaboratory have demonstrated that, in animals treated with
activation was separately blocked only on RGCs of both eydd0126, the electrophysiological properties of neurons are not
or on dLGN projection neurons. For each treatment, our dagffected (Di Cristo et al., 2001); this is in agreement with
demonstrated that fibers from both eyes were only partiallgeveral in vitro studies (English and Sweatt, 1997; Impey et al.,
segregated within the dLGN. The partial segregation wa$998). Hence, on the basis of these results, and on the fact that
specific in both experiments and was not due to a partigietinal activity drives ERK phosphorylation in the retina and
inhibitory action of U0126. Indeed, the concentration of UO12&ILGN, we suggest that retinal activity signals via ERK to
in the retina and in the projection neurons of the dLGN wasgegulate retinal fiber segregation in the RGCs and in the dLGN
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projection neurons. The proposed model is consistent with thraight be explained by the different levels of ERK activation,
findings that binocular blockade of all retinal activity preventsdepending on the BDNF and electrical activity pathways,
segregation (Huberman et al., 2002; Penn et al., 1998), but thaspectively. Indeed, it is noted that the level of ERK activity
only simultaneous blockade of pERK in the retina and thés a crucial component during plastic processes. For example,
dLGN vyields the same result. it has been reported that either blockade or overexpression of
The formation of eye-specific projection patterns in theERK signaling reduces LTP levels or enhances dendritic
dLGN occurs, in different species, during the first postnatajrowth (English and Sweatt, 1997; Kim et al.,, 2004,
week. Thus far, this process was considered to reflect eygomiyama et al., 2002). Considering these observations, we
specific segregatiomwhereas recently it has been proposed thamay suppose that, during the formation of a correct retino-
eye-specific segregation can be dissociated from eye-specifttalamic pattern ERK signaling may be induced not only by
layer formation (Huberman et al., 2002; Muir-Robinson et al.glectrical activity but also by neurotrophins, which together act
2002). These studies suggest that spontaneous retinal activityconcert to finely regulate the eye-specific segregation.
in the first postnatal week is crucial in establishing eye-specific
layers; hence, the first postnatal week may constitute tHeRK targets
crucial period for eye-specific layer formation. However, it islf the MEK/ERK pathway is crucial in the remodeling of visual
not yet known what might be the potential determinants of thisystem connectivity, what are the relevant ERK substrates?
crucial period. Because patterns of retinal activity seem to bEREB (CAMP response element binding protein) has been
insufficient to instruct the development of retino-geniculateshown to be one of the targets of ERK signaling during
connectivity (Huberman et al., 2003), an appealing hypothesjgrocesses of neuronal plasticity such as learning and memory
is that the formation of eye-specific layers might be determine@impey et al., 1999), as well as during developmental visual
both by the level of endogenous retinal activity (Stellwagercortical plasticity (Cancedda et al., 2003). Moreover, Stryker
and Shatz, 2002) and by the transient expression arahd colleagues (Pham et al., 2001) have shown that the
recognition of molecular markers in the retina and/or dLGNCRE/CREB pathway contributes to the refinement of retino-
(Eglen et al., 2003; Huberman et al., 2002; Huberman et algeniculate projections. Considering these findings and ours
2003; Muir-Robinson et al., 2002). In this context, pERKreported here, we favor the hypothesis that the ERK pathway
might influence the crucial period for layer formation as it hagontrols eye-specific segregation through CREB. However,
two interesting properties that make it a likely candidate aERK signaling does not always converge with CREB. For
molecular determinant of the crucial period. First, it isexample, there is a positive coupling between the ERK cascade
developmentally regulated, as its pattern of expressioand CREB phosphorylation during LTP (Davis et al., 2000;
correlates with the timing for layer formation, and second|mpey et al., 1998), but not during LTD (Thiels et al., 2002).
pPERK expression is modified by retinal activity. We canOther potential targets of pERK at the cytoplasmic level, such
speculate that during the crucial period electrical activity mays cell adhesion molecules, cytoskeletal elements or synaptic
work hand in hand with ERK signaling to activate transcriptiorproteins (Bailey et al., 1997; Matsubara et al., 1996; Suzuki et
factors, and in this way, to regulate function and spatiotemporal., 1995), may also be involved in the propagation of ERK
distribution of specific molecular cues. signaling during retino-thalamic development.
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