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SUMMARY

A hallmark of mammalian neural circuit development
is the refinement of initially imprecise connections by
competitive activity-dependent processes. In the
developing visual system retinal ganglion cell (RGC)
axons from the two eyes undergo activity-dependent
competition for territory in the dorsal lateral genicu-
late nucleus (dLGN). The direct contributions of syn-
aptic transmission to this process, however, remain
unclear. We used a genetic approach to reduce
glutamate release selectively from ipsilateral-projec-
ting RGCs and found that their release-deficient
axons failed to exclude competing axons from the
ipsilateral eye territory in the dLGN. Nevertheless,
the release-deficient axons consolidated and main-
tained their normal amount of dLGN territory, even
in the face of fully active competing axons. These
results show that during visual circuit refinement
glutamatergic transmission plays a direct role in
excluding competing axons from inappropriate
target regions, but they argue that consolidation
andmaintenance of axonal territory are largely insen-
sitive to alterations in synaptic activity levels.

INTRODUCTION

Precise neural circuits are the substrate for cognition, percep-

tion, and behavior. In the mammalian nervous system, many

neural circuits transition from an imprecise to a refined state to

achieve their mature connectivity patterns. The refinement pro-

cess involves restructuring of axons, dendrites, and synapses

such that certain connections are maintained and others are

lost. Studies of both CNS and PNS circuits have shown that

neural activity can impact circuit refinement through competitive

mechanisms in which stronger, more active connections are
maintained and weaker, less active connections are eliminated

(Katz and Shatz, 1996; Sanes and Lichtman, 1999).

A long-standingmodel for probing themechanisms underlying

activity-mediated CNS circuit refinement is the formation of

segregated right and left eye axonal projections to the dorsal

lateral geniculate nucleus (dLGN). In mammals, axons from the

two eyes initially overlap in the dLGN; subsequently, they segre-

gate into nonoverlapping eye-specific territories (Huberman

et al., 2008a; Shatz and Sretavan, 1986). Eye-specific segrega-

tion involves competition between left and right eye axons that

is mediated by spontaneous retinal activity (Penn et al., 1998;

Shatz and Sretavan, 1986). If spontaneous activity is perturbed

in both eyes or blocked intracranially (Penn et al., 1998; Rossi

et al., 2001; Shatz and Stryker, 1988; but see Cook et al., 1999),

eye-specific segregation fails to occur. By contrast, if activity is

disrupted or increased in one eye, axons from the less active

eye lose territory to axons from the more active eye (Koch and

Ullian, 2010; Penn et al., 1998; Stellwagen and Shatz, 2002).

Thus, the prevailing model is that the relative activity of RGCs in

the two eyes dictates which retinogeniculate connections are

maintained and which are lost and that this competition is waged

through the capacity of RGC axons to drive synaptic plasticity at

RGC-dLGN synapses (Butts et al., 2007; Ziburkus et al., 2009).

To date, however, few studies have manipulated retino-dLGN

transmission in vivo; thus the direct roles played by synaptic

transmission in eye-specific refinement await determination.

Here we use a mouse genetic strategy to selectively reduce

glutamatergic transmission in the developing ipsilateral retinoge-

niculate pathway in vivo. By biasing binocular competition in

favor of the axons from the contralateral eye, we were able to

directly investigate the role of synaptic competition in activity-

dependent neural circuit refinement.

RESULTS

Selective Expression of Cre Recombinase
in Ipsilateral-Projecting RGCs
To investigate the role of synaptic transmission in visual circuit

refinement, we wanted to selectively alter synaptic glutamate
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Figure 1. A Transgenic Mouse that Expresses Cre

Selectively in Ipsilateral-Projecting RGCs

(A) Diagram of a flat mounted retina showing the location

of ipsilateral-projecting RGCs in the ventral-temporal

periphery (Herrera et al., 2003).

(B) X-gal-stained P15 ET33-Cre retina.

(C) ET33-Cre::tdTomato axons coursing toward the optic

nerve head.

(D) Retinal section from a P0 ET33-Cre::tdTomato mouse.

(E) Diagram of reporter expression in the retinogeniculate

pathway of an ipsilateral-specific Cre animal.

(F) Diagram comparing Cre-driven reporter expression to

dye-labeled afferents.

(G) Cre reporter expression in the dLGN of a P12 ET33

animal (ice blue). Asterisk indicates IGL.

(H) Dye-labeled ipsilateral axons (magenta).

(I) Merged image showing correspondence between

genetically labeled axons and dye-labeled ipsilateral

axons (white indicates overlap).

(J) Dye-labeled contralateral axons (green).

(K) Dye-labeled ipsilateral and contralateral axons.

(L) Genetically labeled axons overlaid with dye-labeled

ipsilateral and contralateral axons. See also Figure S1.
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release from one population of competing RGC axons. Because

the serotonin transporter is restricted to the ipsilateral-projecting

population of RGCs during development (Garcı́a-Frigola and

Herrera, 2010; Narboux-Nême et al., 2008; Upton et al., 1999),

we screened several SERT-Cre lines to determine if any ex-

pressed Cre specifically in ipsilateral RGCs (Gong et al., 2007).

Because dLGN neurons also express SERT during development

(Lebrand et al., 1996), we sought Cre lines with no SERT-Cre

expression in the dLGN. One line, ET33 SERT-Cre (see Experi-

mental Procedures), was a promising candidate; consequently,

we crossed the ET33 SERT-Cre to various Cre-dependent
236 Neuron 71, 235–242, July 28, 2011 ª2011 Elsevier Inc.
reporter mice to determine the spatial and

temporal pattern of Cre expression.

Ipsilateral-projecting RGCs reside in the

ventral-temporal retina (Dräger and Olsen,

1980) (Figure 1A). We therefore examined the

location of the Cre-expressing RGCs in retinal

flat mounts and transverse sections (Figures

1B–1D). The spatial distribution of the Cre-ex-

pressing cells matched the predicted distribu-

tion for ipsilateral RGCs (Figures 1B and 1D),

plus a thin strip of cells in the dorsal-nasal retina

(Figure 1B), a pattern that closely matches

SERT expression (Garcı́a-Frigola and Herrera,

2010). Moreover, most of the Cre-expressing

cells were located in the RGC layer (Figure 1D)

and extended axons to the optic nerve head,

suggesting they were RGCs (Figure 1C).

Next we examined retinogeniculate projec-

tions labeled by Cre-driven expression of

mGFP or tdTomato and compared them to pro-

jections labeled by intraocular injections of the

anterograde tracer cholera toxin beta (CTb). If

Cre expression is restricted to ipsilateral RGCs

one would expect the genetically labeled axons
to selectively overlap with the CTb-labeled axons from the

ipsilateral eye (Figures 1E and 1F). Indeed, that is what we

observed (Figures 1I–1L). In addition, a small population of Cre

reporter-labeled axons was present in the intergeniculate leaflet

(IGL), a thin nucleus that resides between the dLGN and vLGN

(Figure 1G). To be certain that the genetically labeled axons

arose exclusively from the ipsilateral eye, we removed one eye

from an ET33-Cre::tdTomato mouse, allowed 2 weeks for the

severed axons to degenerate, and then visualized the intact

projections that remained. Axons from the intact eye projected

ipsilaterally, whereas the contralateral dLGN was devoid of



Figure 2. Conditional Knockout of VGLUT2 in Ipsilateral-Projecting

RGCs Selectively Reduces Glutamatergic Synaptic Transmission

at Ipsilateral RGC-dLGN Synapses

(A) Diagram showing removal of one eye and the remaining projections.

(B) Slices containing ipsilateral (left) and contralateral (right) projections and

positions of stimulating and recording electrodes.

(C) Example traces from P5 littermates showing NMDAR-mediated responses

recorded from dLGN neurons in response to selective stimulation of contra-

lateral axons.

(D) Examples of responses to ipsilateral axon stimulation.
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signal (Figure S1B, available online). We also noticed a small

Cre-labeled projection to the contralateral IGL (Figure S1B)

that probably arose from the small cohort of Cre RGCs in the

dorsal-nasal retina (Figure 1B). Importantly, the enucleation

experiments also confirmed that little to no Cre expression was

apparent in dLGN neurons in ET33-Cre mice (Figure 1I and Fig-

ure S1B). Together these data indicate that ET33-Cre is nearly

exclusively expressed in ipsilateral-projecting RGCs.

Pathway-Specific Attenuation of Vesicular Glutamate
Release
ET33-Cremice provide a powerful opportunity to selectively alter

gene expression in ipsilateral-projecting RGCs. Because the

vesicular glutamate transporter 2 (VGLUT2) is the only vesicular

glutamate transporter expressed by RGCs (Fujiyama et al.,

2003; Johnson et al., 2003; Sherry et al., 2003; Stella et al.,

2008) and is required for synaptic glutamate release (Hnasko

et al., 2010; Stuber et al., 2010), we mated ET33-Cre mice with

mice that carry floxed alleles of VGLUT2 (Hnasko et al., 2010) in

order to generate mice lacking VGLUT2 specifically in ipsilat-

eral-projecting RGCs. In mice, VGLUT2 protein is expressed at

low levels at P0 and increases dramatically over the first postnatal

week (Sherry et al., 2003; Stella et al., 2008). We found that Cre

expression in ET33-Cremice starts embryonically at least as early

as embryonic day 18 (Figure S1C) and when we cultured RGCs

from postnatal day 3 (P3) ET33-Cre mice expressing either wild-

typeor floxed VGLUT2and immunostained themonP5,we found

that VGLUT2 immunofluorescence intensity was nearly absent

from the ET33-Cre::VGLUT2flox/flox RGCs (Figures S2A–S2G).

To determine if retinogeniculate transmission was reduced in

ET33-Cre::VGLUT2flox/flox mice, we measured electrophysiolog-

ical responses of dLGN neurons in response to optic tract stim-

ulation. We prepared brain slices containing the optic tract and

dLGN, which allowed us to stimulate RGC axons and record

postsynaptic responses in whole-cell voltage-clamped dLGN

neurons (Chen and Regehr, 2000: Koch and Ullian, 2010). The

optic tract contains axons from both eyes, so by removing one

eye from young mice and allowing the severed RGC axons to

degenerate we were able to prepare slices that contained either

contralateral or ipsilateral axons, but not both (Figures 2A and

2B). We also injected CTb into the intact eye to visualize its

projections in the slice, thus allowing proper targeting of the
(E) Average response amplitudes (in pA) resulting from contralateral axon

stimulation at P5 (VGLUT2flox/flox mice = 1006 ± 138.69 pA, n = 11 and

ET33-Cre::VGLUT2flox/flox mice = 1102 ± 176.1 pA, n = 11; p > 0.05 by

Student’s t test).

(F) Average amplitudes of ipsilateral responses at P5 (VGLUT2flox/flox mice =

343.75 ± 59.21 pA, n = 19 and ET33-Cre::VGLUT2flox/flox mice = 157.49 ±

40.51 pA, n = 22; p = 0.014 by Mann-Whitney U test).

(G) Examples of contralateral responses on P10.

(H) Examples of ipsilateral responses on P10. Note the near complete absence

of transmission at this age.

(I) Quantification of P10 contralateral responses (VGLUT2flox/flox = 1136 ±

126.26 pA, n = 14 and ET33-Cre::VGLUT2flox/flox = 1136.36 ± 126.19 pA, n = 12;

p > 0.05 by Student’s t test).

(J) Quantification of P10 ipsilateral responses (VGLUT2flox/flox = 256.08 ±

49.90 pA, n = 17 and ET33-Cre::VGLUT2flox/flox = 7.54 ± 3.60 pA, n = 22;

p < 0.0001 by Mann-Whitney U test).

Error bars in (E), (F), (I), and (J) indicate SEM. See also Figure S2.
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Figure 3. Diminished Ipsilateral Synaptic Transmission Perturbs

Eye-Specific Segregation but Not Consolidation of Ipsilateral Eye

Territory in the dLGN

(A) Images showing dye-labeled retinogeniculate axons in control and

ET33-Cre::VGLUT2flox/flox animals on P4 (upper two rows) and P10 (lower two

rows). The first column shows contralateral axons (green) and the second

column shows ipsilateral axons (magenta). The third column shows the pixels

with overlapping contralateral and ipsilateral signal (white). The fourth column

shows a higher magnification image of the region of overlap (white indicates

overlap).

(B) Percentage of dLGN pixels that displayed overlapping contralateral and

ipsilateral signal on P4 (n = 6 mice per genotype). Two-way ANOVA revealed

no significant differences over a range of noise thresholds.

(C) Amount of ipsilateral eye territory as a fraction of the total dLGN area on P4.

(D) Overlap of contralateral and ipsilateral axons on P10 (***p < 0.001,

**p < 0.01, *p < 0.05 by two-way ANOVA, n = 8 mice per genotype).

(E) Amount of ipsilateral signal on P10 (ipsilateral eye axons occupied

10.68 ± 0.44% of the dLGN in VGLUT2flox/flox animals and 13.03 ± 1.63% in
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recording and stimulating electrodes (Figure 2B). Recordings

were performed on P5 and P10.

Stimulation of contralateral RGC axons in P5 slices produced

postsynaptic NMDAR-mediated responses in every dLGN

neuron tested, regardless of genotype. Indeed, the size of the

contralateral NMDAR-mediated responses was indistinguish-

able between Cre-expressing and Cre-negative slices (Figures

2C and 2E; VGLUT2flox/flox = 1006 ± 138.69 pA, n = 11 and

ET33-Cre::VGLUT2flox/flox = 1102 ± 176.1 pA, n = 11; p > 0.05

by Student’s t test). By contrast, when ipsilateral RGC axons

were stimulated, dLGN neurons in ET33-Cre::VGLUT2flox/flox

slices often failed to respond (11 responses out of 24 cells) and

response sizes were reduced by �55% (Figures 2D and 2F;

VGLUT2flox/flox mice = 343.75 ± 59.21 pA, n = 19 and

ET33-Cre::VGLUT2flox/flox mice = 157.49 ± 40.51 pA, n = 22;

p = 0.014 by Mann-Whitney U test). AMPAR-mediated

responses showed similar results (Figures S2H–S2M).

Next we assessed retinogeniculate transmission in slices from

P10 mice, an age when ongoing spontaneous activity continues

to refine and maintain eye-specific retinogeniculate projections

(Chapman, 2000; Demas et al., 2006). Similar to what was

observed on P5, the contralateral responses of P10 dLGN

neurons were identical between ET33-Cre::VGLUT2flox/flox

animals and controls (Figures 2G and 2I; VGLUT2flox/flox =

1136 ± 126.26 pA, n = 14 and ET33-Cre::VGLUT2flox/flox =

1136.36 ± 126.19 pA, n = 12; p > 0.05 by Student’s t test),

whereas ipsilateral responses were significantly reduced (Fig-

ures 2H and 2J; VGLUT2flox/flox = 256.08 ± 49.90pA, n = 17 and

ET33-Cre::VGLUT2flox/flox = 7.54 ± 3.60 pA, n = 22; p < 0.0001 by

Mann-Whitney U test). In P10 ET33-Cre::VGLUT2flox/flox slices,

only 18% of dLGN neurons responded to ipsilateral axon

stimulation (4 of 22 compared to 17 of 19 in controls) and their

average response sizes were reduced by 97%. AMPAR-

mediated ipsilateral responses were also further reduced

between P5 and P10 (Figures S2H–S2M). Collectively, our elec-

trophysiological findings demonstrate that glutamatergic

synaptic transmission is selectively and progressively reduced

in the ipsilateral retinogeniculate pathway of early postnatal

ET33-Cre::VGLUT2flox/flox mice.

Attenuation of Glutamatergic Transmission Impacts
Select Aspects of Retinogeniculate Refinement
What role does synaptic competition play in eye-specific retino-

geniculate refinement? To address this question, we analyzed

ipsilateral and contralateral projections at different develop-

mental stages in ET33-Cre::VGLUT2flox/flox animals by labeling

axons from each eye with CTb-488 or CTb-594. In wild-type

mice, ipsilateral and contralateral axon territories overlap in the

dLGN at P4 (Godement et al., 1984; Jaubert-Miazza et al.,

2005) and we found that on P4 both Cre-negative and Cre-ex-

pressing VGLUT2flox/flox littermates exhibited overlapping axonal

projection patterns typical for this age (Figures 3A–3C).

In wild-type mice, eye-specific territories are clearly visible

by P10 (Godement et al., 1984; Jaubert-Miazza et al., 2005;
ET33-Cre::VGLUT2flox/flox animals, n = 8 mice per genotype; p > 0.05 by

Student’s t test).

Error bars in (B)–(D) indicate SEM. See also Figure S3.



Figure 4. Ipsilateral Retinogeniculate AxonsMaintain Target Territory despite Prolonged Reduction in Glutamatergic Synaptic Transmission

(A) Examples showing retinogeniculate projections at P28 in a VGLUT2flox/flox animal (left column) and an ET33-Cre::VGLUT2flox/flox littermate (right column). The

Cre+ animal continues to exhibit contralateral axons (top row) throughout the entire dLGN, a robust ipsilateral projection (middle row), and a high degree of

overlap between contralateral and ipsilateral axons (bottom).

(B) Overlap on P28 (***p < 0.001, **p < 0.01, *p < 0.05 by two-way ANOVA, n = 7 mice per genotype).

(C) Amount of ipsilateral signal on P28 (ipsilateral eye axons occupied 6.10 ± 0.56% of the dLGN in VGLUT2flox/flox animals and 7.84 ±1.73% in

ET33-Cre::VGLUT2flox/flox animals, n = 7 mice per genotype; p > 0.05 by Mann-Whitney U test). Error bars in (B) and (C) indicate SEM.
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Muir-Robinson et al., 2002) (Figure 3A). Based on previous

studies (Penn et al., 1998; Stellwagen and Shatz, 2002), we pre-

dicted that the synaptically weakened ipsilateral axons would fail

to outcompete and eject contralateral axons from their territory

and that the ipsilateral eye territory would be reduced. Indeed,

we found that in the ET33-Cre::VGLUT2flox/flox mice, contralat-

eral eye axons failed to retract from the ipsilateral region of the

dLGN (Figure 3A), resulting in a greater than normal degree of

overlap between ipsilateral and contralateral axons (Figure 3D;

n = 8 mice for each genotype). The increased overlap was signif-

icant over a wide range of signal-to-noise thresholds (Figure 3D)

(see Experimental Procedures). The abnormal degree of overlap

did not occur in animals expressing ET33-Cre alone or ET33-Cre

and one floxed VGLUT2 allele (Figure S3D). These data provide

evidence that effective glutamatergic transmission is crucial for

mediating axon-axon competition during CNS refinement.

Surprisingly, however, reducing ipsilateral synaptic transmis-

sion did not alter the overall pattern of the ispilateral terminal

field (Figures 3A and 3E and Figure S3). The ipsilateral eye axons

were completely intermingled with contralateral eye axons

and yet, with respect to overall size, shape, and position,
ET33-Cre::VGLUT2flox/flox mice displayed ipsilateral projections

that were indistinguishable from that of control mice (Figure 3E

and Figure S3). Ipsilateral eye axons occupied 10.68 ± 0.44%

of the dLGN in controls and 13.03 ± 1.63% in ET33-Cre::

VGLUT2flox/flox animals (n = 8 mice for each genotype, p > 0.05

by Student’s t test). Thus, despite having markedly reduced

glutamate release throughout the major phase of eye-specific

segregation (Figure 2), ipsilateral eye axons were still able to

consolidate their normal amount of dLGN territory (Figures 3A

and 3D and Figure S3).

Spontaneous retinal activity continues beyond P10 and is

necessary to maintain eye-specific dLGN territories (Bansal

et al., 2000; Chapman, 2000; Demas et al., 2006). We therefore

asked whether normal levels of glutamatergic transmission

are necessary to maintain the ipsilateral eye territory in ET33-

Cre::VGLUT2flox/flox mice. On P28, contralateral RGC axons

were distributed throughout the entire dLGN in ET33-Cre::

VGLUT2flox/flox mice (Figures 4A and 4B; n = 7 mice per geno-

type), similar to the pattern observed in these mice on P10,

further indicating that normal levels of glutamate release are

crucial for appropriate CNS circuit refinement. However, despite
Neuron 71, 235–242, July 28, 2011 ª2011 Elsevier Inc. 239
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having been at a competitive disadvantage since at least P5, the

size of the ipsilateral eye territory was not diminished in P28

ET33-Cre::VGLUT2flox/flox animals (Figures 4A and 4C). Ipsilat-

eral eye axons consisted of 6.10 ± 0.56% of the dLGN in controls

and 7.84 ± 1.73% in ET33-Cre::VGLUT2flox/flox animals (n = 7

mice for each genotype, p > 0.05 by Mann-Whitney U test).

The fact that the patterning of the ipsilateral eye territory in the

dLGN was refractory to reductions in glutamate release both

during and after the period of eye-specific segregation is

surprising as it stands in bold contrast to current models of

activity-dependent retinogeniculate refinement (reviewed in

Huberman et al., 2008a) (Figure S4).

DISCUSSION

We found that reducing glutamatergic synaptic currents

profoundly altered certain aspects of RGC axon remodeling,

whereas other aspects were unaffected. While reduced ipsilat-

eral transmission led to an abnormal persistence of competing

contralateral eye axons in the ipsilateral eye territory (Figures

3A and 3D), it did not prevent ipsilateral eye axons from (1) tar-

geting to the appropriate region of the dLGN (Figure 3A), (2)

refining into a normally sized termination zone (Figures 3A and

3E), and (3) maintaining that territory into the late postnatal

period (Figures 4A and 4C). The ability of the release-deficient

axons to consolidate and maintain their normal amount of target

territory in the face of more active competing axons is surprising

in light of previous studies (Chapman, 2000; Demas et al., 2006;

Penn et al., 1998; Stellwagen and Shatz, 2002). The finding is,

however, reminiscent of results from studies of cortical ocular

dominance column development, which demonstrated that early

on there is a strong functional bias in favor of contralateral eye

connections and yet, that bias does not prevent axons repre-

senting the ipsilateral eye from consolidating cortical territory

(Crair et al., 1998, 2001).

An important caveat of our experimental manipulation is that it

did not eliminate glutamate release completely. The present

study, therefore, cannot determine if glutamate release is neces-

sary for axon territory consolidation and maintenance. In

addition, it is not presently possible to measure the effects of

VGLUT2 reduction on RGC-dLGN transmission patterns

in vivo; therefore, a full assessment of the synaptic defects

present in ET33-Cre::VGLUT2flox/flox mice during retinal waves

remains to be determined. As it stands, the residual glutamate

release observed in ET33-Cre::VGLUT2flox/flox mice at P5 may

be sufficient to stabilize and refine their ipsilateral RGC axons,

whereas the mechanism that eliminates competing axons may

be more sensitive to alterations in glutamate release.

Why would ipsilateral axons refine normally with diminished

VGLUT2 (Figure 3), whereas monocular activity perturbations

lead to a reduced ipsilateral eye territory (Koch and Ullian,

2010; Penn et al., 1998)? The differences in those outcomes

may reflect differences between the experimental manipulations

in the studies. While VGLUT2 reduction weakened retinogenicu-

late transmission during eye-specific segregation (Figure 2),

intraocular epibatidine treatment altered RGC spiking patterns

(Penn et al., 1998; Sun et al., 2008), which in theory should cause

abnormal transmission patterns at RGC-dLGN synapses.
240 Neuron 71, 235–242, July 28, 2011 ª2011 Elsevier Inc.
Abnormal patterns of synaptic activity may lead to a punishment

signal that causes axons to be lost, whereas axons with dramat-

ically weakened (or abolished) synaptic currents may fail to elicit

or respond to such a signal. Another potential explanation is that

in addition to evoking glutamate release from RGC axons, retinal

waves cause calcium influxes in RGCs. Therefore, manipulations

that alter spontaneous retinal activity patternsmay exert broader

effects on RGC axons than does VGlut2 reduction. A third

possibility is that RGC axons may release factors other than

glutamate to control the consolidation of their target territory

and those factors may be differentially impacted by epibatidine

versus VGLUT2 reduction. For instance, RGCs express the

vesicularmonoamine transporter 2 (VMAT2) during development

and the very promoter used to drive Cre expression in ipsilateral

RGCs—SERT—is specifically expressed by ipsilateral RGCs

during development (Upton et al., 1999; Garcı́a-Frigola and

Herrera, 2010). Indeed, eye-specific layers fail to form in animals

lacking monoamine oxidase or SERT (Upton et al., 1999). In

the future it will be interesting to address whether removal of

SERT from VGLUT2-depleted RGCs would disrupt the ability

of ipsilateral RGCs to consolidate and maintain dLGN territory.

In summary, our data demonstrate a key role for glutamatergic

synaptic transmission during CNS circuit refinement inmediating

the exclusion of axons from inappropriate target regions. How-

ever, contrary to what current models of activity-dependent

development would predict, our data also demonstrate that

RGC populations with markedly reduced synaptic activity can

still consolidate and maintain normal amounts of target territory,

even in the presence of more active competitors. These findings

advance our understanding of the mechanisms that establish

developing CNS circuits by helping to clarify the direct contribu-

tions of glutamatergic synaptic transmission to axon refinement.
EXPERIMENTAL PROCEDURES

Mouse Lines

The ET33 Sert-Cre line was generated by GENSAT (Gong et al., 2007) and

obtained from Mutant Mouse Regional Resource Centers (http://www.

mmrrc.org/strains/17260/017260.html). The lox-STOP-lox-mGFP-IRES-NLS-

LacZ-pA reporter (Hippenmeyer et al., 2005) was a gift from J.L. Rubenstein

(University of California, San Francisco) and lox-STOP-lox-lacZ (Soriano,

1999) and lox-STOP-lox-tdTomato (Ai9; Madisen et al., 2010) were obtained

from The Jackson Laboratory. Homozygous floxed VGLUT2 mice were previ-

ously described (Hnasko et al., 2010). All mouse lines were congenic on the

C57BL/6 background except for the mGFP mice, which were on a mixed

129SV/J and C57BL/6 background.

Retinal and Brain Histology

Eyes were removed and fixed in 4% PFA for 8 hr at 4�C. Retinal whole mounts

were prepared by extracting the retina from the eye. Retinal sections were

prepared by hemisecting fixed eyes, crypoprotecting the sections in 30%

sucrose, freezing them, and cryosectioning them at 12 mm. LGN histology:

brains were fixed overnight in 4% PFA at 4�C, cryoprotected in 30% sucrose,

and sectioned in the coronal plane at 40 mm. X-gal staining: retinas were

washed in buffer (0.0015 M MgCl2, 0.01% deoxycholate, and 0.02% NP40

in phosphate buffer) three times for 15 min, placed in stain (2.45 mM X-gal in

dimethylformamide, 5.0 mM potassium ferrocyanide, and 5.0 mM potassium

ferricyanide in wash buffer) for 2 hr at 37�C, and washed again three times

for 15 min. Visualization of mGFP reporter was performed as described (Hu-

berman et al., 2008b). Imaging the tdTomato reporter did not require

immunostaining.

http://www.mmrrc.org/strains/17260/017260.html
http://www.mmrrc.org/strains/17260/017260.html
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Retinal Cell Culture and Immunocytochemistry

Retinas were harvested from P3 mice, digested with papain (16.5 U/ml;

Worthington), dissociated, and plated on glass coverslips (coated with

10 mg/ml poly-D-lysine and 2 mg/ml laminin) at 25,000 cells/well in a 24-well

plate. Cells were incubated in defined media (Meyer-Franke et al., 1995).

At DIV 2, cultured retinal cells were fixed in 4% paraformaldehyde, rinsed in

PBS, and blocked for 30 min in a 1:1 mix of goat serum and antibody buffer

(150 mM NaCl, 50 mM Tris base, 1% L-lysine, and 0.4% azide). Cells were

incubated in guinea pig anti-VGLUT2 polyclonal antibody (1:1500, Millipore)

overnight at 4�C and then rinsed in PBS three times for 10 min. Alexa Fluor

488 goat anti-guinea pig secondary (1:500, Invitrogen) was applied at room

temperature for 1.5 hr followed by three rinses in PBS and mounting in

Vectashield.

Cells were imaged at 20 3 on a Zeiss Axio Imager.M1 microscope. All

images were imported into Adobe Photoshop and thresholded. ET33-Cre-

expressing cells were identified by their tdTomato expression. The somas of

Cre-expressing cells were outlined and the average fluorescence intensity of

the VGLUT2 signal within the traced area was measured by using the histo-

gram function. VGLUT2 fluorescence intensity was normalized to soma size

for each cell. Data were compared by a Student’s t test.

Electrophysiology

One retina was removed on either P0 or P5 and recordings were performed on

P5 or P10, respectively. Brain sections (325 mm) containing the optic tract and

dLGNwere acutely prepared as previously described (Chen andRegehr, 2000;

Koch and Ullian, 2010; Bickford et al., 2010). Sectioning was performed in

oxygenated cutting solution consisting of 78.3 mM NaCl, 23.0 mM NaHCO3,

23.0 mM dextrose, 33.8 mM choline chloride, 2.3 mM KCl, 1.1 mM NaH2PO4,

6.4 mMMgCl2, and 0.45 mM CaCl2. Brains were incubated for 25 min at 34�C
in cutting solution and then transferred to oxygenated ACSF consisting of

125.0 mM NaCl, 25.0 mM NaHCO3, 25.0 mM dextrose, 2.5 mM KCl,

1.25 mM NaH2PO4, 2.0 mM CaCl2, and 1.0 MgCl2 3 6H20. Recordings were

made at room temperature.

Whole-cell voltage-clamp recordings of dLGN neurons were obtained by

using 2.5–3.5 MOhm patch electrodes containing internal solution (35 mM

CsF, 100 mM CsCl, 10 mM EGTA, and 10 mM HEPES). Inhibitory inputs

were blocked with 20 mM bicuculline methobromide (Tocris). Recordings

were sampled at 10–20 kHz and filtered at 1 kHz. Access resistance wasmoni-

tored and adjusted to 4–9 MOhms after 70% compensation. A concentric

bipolar stimulating electrode was placed just touching the surface of the optic

tract next to the ventral LGN and a 1 ms stimulus was delivered every 30 s.

A 40 mA stimulus was used because this intensity evoked action potentials

from many RGC axons, typically resulting in maximal postsynaptic responses

in control cells. NMDAR-mediated current amplitudes were measured

at +40 mV and at a time when the AMPAR-mediated currents no longer

contributed to the response, �25 ms after the onset of the EPSC. Synaptic

currents were analyzed by using Igor Pro, Microsoft Excel, and GraphPad

Prism programs. All experiments and analyses were done blind to genotype.

Statistical comparisons were made by using a Student’s unpaired t test unless

otherwise stated.

Dye-Labeling Retinogeniculate Axons

Micewere anesthetizedwith isoflurane and their eyelids were gently separated

with tweezers. Eyes were numbed with proparacaine and injected with 1.0–

2.0 mL of CTb-488 or CTb-594 (0.5% in sterile saline), 1.0 ml for P3 mice,

1.5 ml for P9 mice, and 2.0 ml for P27 mice.

Analysis of Retinogeniculate Projections

Confocal images of dLGN sections were acquired on an Axiovert 200 micro-

scope and Pascal acquisition software. Two sections from the center of the

dLGN on both sides of the brain were averaged per animal. Images were

thresholded in Adobe Photoshop and imported into ImageJ and the boundary

of the dLGN was delineated in order to exclude label from the optic tract and

IGL. The area occupied by the ipsilateral axons was measured by comparing

all ipsilateral signal-containing pixels within the dLGN to the total number of

dLGN pixels. For binocular overlap the binary ipsilateral and contralateral

images were multiplied in Photoshop (yielding images containing only the
overlapped signal) and imported into ImageJ for comparison of overlapping

signal within the dLGN. Analysis of axonal overlap was performed over a

range of signal-to-noise thresholds (Bjartmar et al., 2006; Rebsam et al.,

2009; Torborg et al., 2005).
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