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Current models of retinogeniculate development have proposed that
connectivity between the retina and the dorsal lateral geniculate
nucleus (dLGN) is established by gradients of axon guidance mole-
cules, to allow initial coarse connections, and by competitive Hebbian-
like processes, to drive eye-specific segregation and refine retinotopy.
Here we show that when intereye competition is eliminated by
monocular enucleation, blocking cholinergic stage II retinal waves
disrupts the intraeye competition-mediated expansion of the retino-
geniculate projection and results in the permanent disorganization of
its laminae. This disruption of stage II retinal waves also causes long-
term impacts on receptive field size and fine-scale retinotopy in the
dLGN. Our results reveal a novel role for stage II retinal waves in
regulating retinogeniculate afferent terminal targeting by way of
intraeye competition, allowing for correct laminar patterning and
the even allocation of synaptic territory. These findings should
contribute to answering questions regarding the role of neural
activity in guiding the establishment of neural circuits.

retinal waves | retinogeniculate | axon–axon competition |
receptive fields | retinotopy

The brain employs several strategies to guide the establish-
ment of correct neural connectivity (1, 2). It has been well

recognized that the high specificity of connections between the
retina and the dorsal lateral geniculate nucleus (dLGN) is estab-
lished through several factors. These include gradients of axon
guidance molecules that guide the initial coarse targeting of af-
ferent terminals (3–6), and spontaneous retinal activity (retinal
waves) that drives competitive processes important for the re-
finement and segregation of afferent terminal branches (2, 7–15).
Retinal waves are spontaneous propagating bursts of correlated

retinal ganglion cell (RGC) activity and have been classified into
three developmental stages (1, 15). Stage II retinal waves (from
here on also referred to as retinal waves) are extensively studied and
have been found to be critical for the development of retinofugal
pathways (1, 2, 15). They are mediated by cholinergic signaling from
starburst amacrine cells onto RGCs (8, 13, 16–18) and have been
hypothesized to drive the Hebbian-like remodeling of RGC afferent
terminals (19, 20). Retinal waves play crucial roles in both the es-
tablishment of eye-specific segregation (8, 12, 14, 20, 21), through
the removal of afferent branches from opposing putative eye-
specific domains, and the refinement of afferent terminals within
eye-specific laminae, which is believed to be necessary for the es-
tablishment of fine-scale retinotopy (12, 22). However, studies have
suggested that retinal waves might play additional roles in the de-
velopment of the retinogeniculate pathway. When retinal waves are
blocked during early development, mature lamination in the adult is
abnormal (23–25), while eye-specific segregation recovers (26, 27).
These results uncovered a retinal wave-dependent window for the
development of retinogeniculate lamination. However, the question
remains open as to whether these lamination defects are due to
abnormal late eye-specific segregation or the disruption of some
form of retinal wave-dependent afferent terminal targeting.
A potential retinal wave-dependent mechanism that could regu-

late retinogeniculate afferent terminal targeting is axon–axon com-
petition originating from the same eye (i.e., intraeye competition).

Classic studies in goldfish first demonstrated the principle of axon–
axon competition at the optic tectum (28). These studies showed
that RGC afferent terminals can undergo expansive or compressive
rearrangements in their targeting in response to changes in afferent
number, or retinorecipient target size, while maintaining correct
retinotopy (28–32). Similarly, neonatal monocular enucleation in
ferrets results in an expanded ipsilateral and contralateral projection
by adulthood, while correct laminar organization is maintained
(7, 10). This demonstrates that retinogeniculate afferent terminals
can undergo an expansive and orderly rearrangement due to
intraeye competition, and that intereye competition is not required
for the establishment of proper retinogeniculate lamination.
To investigate whether retinal waves play a role in regulating

retinogeniculate afferent terminal targeting by way of intraeye
competition, we monocularly enucleated ferrets one day after birth
(P1), to eliminate intereye competition, while also pharmacologi-
cally blocking retinal waves (P1– P10) in the surviving eye with the
cholinergic agonist epibatidine (EPI) (8, 13, 18). Effects on the
targeting of retinogeniculate afferents terminals were assessed an-
atomically, to characterize impacts on retinogeniculate lamination,
and functionally, to assess changes in receptive field (RF) structure
and retinotopy in the dLGN. Our results demonstrate that retinal
waves regulate afferent terminal targeting by way of intraeye com-
petition during the development of the retinogeniculate pathway.

Results
Retinal Waves Are Critical for the Expansion and Lamination of the
Ipsilateral Projection in Enucleates at P10. Neonatal ferrets were
monocularly enucleated at P1 to investigate whether the removal
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of intereye competition would reveal an early intraeye competi-
tion-mediated expansion of the ipsilateral projection. Consistent
with what has been previously reported in adult enucleates (7, 10),
neonatal monocular enucleation resulted in an expansion of the
ipsilateral projection by P10, while laminar organization was
preserved (23–25) (Fig. 1 A and B; binocular saline, 0.115 ±
0.004 mm2; monocular saline, 0.304 ± 0.019 mm2; P < 0.0001).
This demonstrated an early intraeye competition-mediated orderly
rearrangement of retinogeniculate afferent terminals following
enucleation.
If retinal waves regulate afferent terminal targeting by way of

intraeye competition, blocking them in enucleates should result
in disruptions in ipsilateral lamination. As predicted, the blockade
of retinal waves from P1 to P10 prevented the correct lamination
of the ipsilateral projection in enucleates, with no identifiable A1
or C1 lamina (23–25) found at P10 (Fig. 1A, Lower Right). The
distribution of afferent terminals was clearly impacted with the
blockade of retinal waves, as evidenced by regions of heteroge-
neous tracer fluorescence intensity (Fig. 1A, arrows). Also found

was a shift in afferent terminal concentration orthogonal to the
length of the ipsilateral projection (Fig. 1D; monocular saline,
0.260 ± 0.025; monocular EPI, 0.416 ± 0.043; P < 0.01), consistent
with a disruption in laminar targeting.
Most importantly, the size of the ipsilateral projection in

enucleates with retinal wave blockade was smaller than in con-
trols at P10, demonstrating a disruption of the intraeye compe-
tition-mediated expansion of the ipsilateral projection (Fig. 1B;
monocular saline, 0.304 ± 0.019 mm2; monocular EPI, 0.226 ±
0.018 mm2; P < 0.05). This effect is in sharp contrast to what was
seen in the binocular condition, where retinal wave blockade
resulted in a greatly expanded ipsilateral projection (8, 21, 33)
(Fig. 1B; binocular saline, 0.115 ± 0.004 mm2; binocular EPI,
0.249 ± 0.024 mm2; P < 0.0001). In fact, with retinal wave
blockade, the size of the ipsilateral projection in monocular and
binocular condition did not significantly differ (Fig. 1B; monoc-
ular EPI, 0.226 ± 0.018 mm2; binocular EPI, 0.249 ± 0.024 mm2;
P = 0.867). Also, following EPI treatment, no change in the size
of the dLGN itself was found (saline, 0.407 ± 0.023 mm2; EPI
0.383 ± 0.008 mm2; P = 0.358). These results suggest that retinal
wave-dependent intraeye and intereye competition together
shape the size and patterning of the ipsilateral projection (see
Discussion).
However, surprisingly, we found that some effects on the ipsi-

lateral projection are still dependent on contralateral innervation.
Following retinal wave blockade, the aspect ratio of the ipsilateral
projection is increased in binocular ferrets (Fig. 1C; binocular
saline, 0.550 ± 0.016; binocular EPI, 0.735 ± 0.032; P < 0.01)
but decreased in monocular ferrets (Fig. 1C; monocular saline,
0.525 ± 0.013; monocular EPI, 0.405 ± 0.013; P < 0.0001). In line
with this finding, with the blockade of retinal waves, the aspect
ratio was significantly different between monocular and binocular
ferrets (Fig. 1C; binocular EPI, 0.735 ± 0.032; monocular EPI,
0.405 ± 0.013; P < 0.0001) but was not significantly different be-
tween monocular and binocular control ferrets (Fig. 1C; binocular
saline, 0.550 ± 0.016; monocular saline, 0.525 ± 0.013; P = 0.626).
These results demonstrate that when intereye competition is dis-
rupted in binocular ferrets, ipsilaterally projecting afferent ter-
minals will preferentially target the medial dLGN, which
corresponds to the contralateral A lamina (23–25).

Blocking Retinal Waves Results in Abnormal Mature Ipsilateral
Retinogeniculate Lamination in Enucleates at P25. We next in-
vestigated how blocking stage II retinal waves impacted ipsilateral
lamination at P25, following a period of normal retinogeniculate
development coinciding with stage III glutamatergic retinal
waves (1, 26). As has been previously reported (26, 27),
blocking stage II retinal waves in binocular ferrets resulted in
fragmentation of the ipsilateral projection at P25 (Fig. 2 A and C;
binocular saline, 23.787 ± 3.622 patches/mm2; binocular EPI
75.283 ± 7.689 patches/mm2; P < 0.001). P25 enucleates whose
stage II retinal waves were blocked also had highly fragmented
ipsilateral projections (Fig. 2 A and C; monocular saline, 19.603 ±
2.928 patches/mm2; monocular EPI, 68.604 ± 8.758 patches/mm2;
P < 0.001), and the magnitude of this effect was no different
than that found in binocular ferrets (Fig. 2 A and C; monoc-
ular EPI, 68.604 ± 8.758 patches/mm2; binocular EPI, 75.283 ±
7.689 patches/mm2; P = 0.837). Similarly, the level of fragmenta-
tion, or lack thereof, was the same in both binocular and mon-
ocular control ferrets (Fig. 2 A and C; binocular saline, 23.787 ±
3.622 patches/mm2; monocular saline, 19.603 ± 2.928 patches/mm2;
P = 0.777). These results demonstrate that fragmentation effects are
not dependent on disruptions in intereye competition or eye-
specific segregation, and thus are likely to be exclusively the result
of disruptions in intraeye competition in both monocular and
binocular ferrets.
Consistent with what was seen at P10, blocking stage II retinal

waves reduced the size of the ipsilateral projection at P25 in both
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Fig. 1. Blockade of stage II retinal waves disrupts lamination, size, and
distribution of ipsilateral projection at P10. (A) Ipsilateral retinogeniculate
projections shown in the horizontal plane at P10 taken from central dLGN.
A1 and C1 laminae, medial interlaminar nucleus (MIN), perigeniculate nu-
cleus (PGN), and optic tract (OT) are labeled. Arrows highlight patches of uneven
tracer fluorescence. (B and C) Plots of themean projection size (B) and aspect ratio
(C) per condition. (D) Plot of the mean normalized position (starting at OT and
ending at PGN) of maximum tracer intensity. Intensities were quantified along
paths exemplified by dashed lines in monocular ipsilateral images as shown in A,
Bottom (binocular saline, n = five ferrets; binocular EPI, n = five ferrets; monocular
saline, n = eight ferrets; monocular EPI, n = nine ferrets; ****P < 0.0001; ***P <
0.001; **P < 0.01; *P < 0.05; error bars are SEM). (Scale bar, 100 μm.)
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monocular (Fig. 2B; monocular saline, 0.406 ± 0.020 mm2; mon-
ocular EPI, 0.272 ± 0.023 mm2; P < 0.001) and binocular ferrets
(Fig. 2B; binocular saline, 0.161 ± 0.010; binocular EPI, 0.118 ±
0.008 mm2; P < 0.05), further demonstrating the importance of
stage II retinal waves in the even distribution of afferent terminals
across the dLGN by way of intraeye competition.

Retinal Waves Are Critical for the Intraeye Competition-Mediated
Expansion of the Contralateral Projection and the Development of
Mature ON/OFF Sublaminae in Enucleates. To further investigate
the impact of retinal wave blockade on intraeye competition, we
quantified effects on the contralateral projection at P10 and P25.
Because the contralateral projection is dominated by intraeye
competition in both the monocular and binocular condition (i.e.,
the majority of terminals originate from the same eye), we ex-
pected that blocking retinal waves would decrease the size of the
contralateral projection in both conditions. As predicted, at P10
following retinal wave blockade, the contralateral projection was
affected in both the monocular and binocular condition (Fig. 3).
In the binocular condition, there was no significant change in area,
despite the filling in of the putative A1 lamina (Fig. 3B; binocu-
lar saline, 0.546 ± 0.017 mm2; binocular EPI, 0.558 ± 0.016 mm2;
P = 0.638), indicating a decrease in the extent of the projection.

For the monocular condition, there was a significant decrease in
total area (Fig. 3B; monocular saline, 0.519 ± 0.028 mm2; mon-
ocular EPI, 0.399 ± 0.013 mm2; P < 0.01). Interestingly, following
retinal wave blockade, we found that there was a consistent lack
of afferent terminals in the posterior and medial regions of the
dLGN (Fig. 3A, asterisks). Consistent with what we described for
the ipsilateral projection above, the distribution of afferent ter-
minals was also shifted medially in enucleates, demonstrating a
widening of the C lamina (Fig. 3D; monocular saline, 0.162 ±
0.017; monocular EPI, 0.366 ± 0.028; P < 0.001). However,
despite this widening, the ratio of the A and C lamina sizes was
unchanged (Fig. 3C; monocular saline, 0.874 ± 0.024; monocular
EPI, 0.940 ± 0.025; P = 0.081).
It has been previously reported that following retinal wave

blockade in the binocular condition, ON/OFF sublaminae are
unidentifiable (26). However, it was unclear as to whether these
effects on sublamination were the result of abnormally late eye-
specific segregation or disrupted early afferent terminal target-
ing. We investigated effects on lamination at P25 in enucleates
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following retinal wave blockade and discovered that even when eye-
specific segregation is absent, ON/OFF sublamination is disrupted
as found in the binocular condition (26) (Fig. 4A). Interestingly,
unlike for the ipsilateral projection, the contralateral projection
recovered in size by P25 in both binocular (Fig. 4B; binocular
saline, 0.928 ± 0.038 mm2; binocular EPI, 0.866 ± 0.020 mm2;
P = 0.210) and monocular ferrets (Fig. 4B; monocular saline, 0.812 ±
0.038 mm2; monocular EPI, 0.800 ± 0.022 mm2; P = 0.752).
However, with retinal wave blockade, we found that at P25, the
A lamina and C-type laminae became more equal in size, as the
ratio of their areas became closer to 1 (Fig. 4C; monocular saline,
1.264 ± 0.073; monocular EPI, 1.064 ± 0.025; P < 0.05). These
results further illustrate the retinal wave-dependent nature of
intraeye competition and its role in retinogeniculate afferent termina
targeting.

Retinal Wave Blockade Can Disrupt Intraeye Competition Before P10.
We have unveiled a role for retinal waves in driving intraeye
competition and thus regulating afferent terminal targeting in the
retinogeniculate pathway independent of intereye competition
and eye-specific segregation. However, the question remained as
to whether effects observed at P10 following retinal wave blockade

are due to preventing the initial expansion of afferent terminals
across the dLGN, or if blockade results in a collapse of expansion
and a clustering of terminals. To address this question, we ex-
amined the retinogeniculate projection in P5 enucleates after EPI
treatment between P1 and P4.
We were surprised to find that in P5 control enucleates, the

ipsilateral projection had already reached a size that was observed
at P10 (Fig. S1A; monocular saline P5, 0.313 ± 0.015 mm2; mon-
ocular saline P10, 0.304 ± 0.019 mm2; P = 0.724). In P5 enucleates
whose retinal waves were blocked, ipsilateral lamination and pro-
jection size were also relatively normal (Fig. S1 A and B; monocular
saline P5, 0.313 ± 0.015 mm2; monocular EPI P5, 0.292± 0.021 mm2;
P = 0.455). This result suggests that blocking retinal waves between
P1 and P4 does not completely prevent the initial expansive spread of
terminals but that the effects seen at P10 are due to a cumulative
disruption in intraeye competition that ultimately results in the ab-
normal clustering of terminals. However, when the size of the con-
tralateral projection was quantified following retinal wave blockade,
we found that, by P5, it was already reduced (Fig. S1 A and B;
monocular saline P5, 0.514 ± 0.028 mm2; monocular EPI P5, 0.433 ±
0.024 mm2; P < 0.05) and was the same size as that observed at P10
(Fig. S1 A and B; monocular EPI P5, 0.433 ± 0.024 mm2; monocular
EPI P10, 0.399 ± 0.012 mm2; P = 0.289). This demonstrated that the
contralateral projection is susceptible to the effects of retinal wave
blockade earlier than the ipsilateral projection. Taken together, these
data suggest that the role of retinal wave-dependent intraeye com-
petition is to prevent the abnormal clustering of afferent ter-
minals early in development, and that blocking retinal waves can
disrupt intraeye competition by P5.
To verify that all of the effects on the retinogeniculate pro-

jection described above were not due to RGC death resulting
from early intraocular EPI injections (P1–P10), whole mount
retinas were stained for the RGC marker NeuN (34). No changes
in RGC density were observed at P25 following intraocular EPI
injections (Fig. S2 A and B; saline, 1,694 ± 89 nuclei/mm2; EPI,
1,549 ± 65 nuclei/mm2; P = 0.1979) and RGC densities were con-
sistent with that previously reported for ferrets at this age (35).

Blocking Retinal Waves Results in the Enlargement of Ipsilateral
Geniculate RFs in Adult Enucleates. There is strong anatomical ev-
idence that retinal waves regulate ipsilateral retinogeniculate
afferent terminal targeting by way of intraeye competition.
However, understanding the functional consequences of block-
ing retinal waves could further substantiate the nature of afferent
terminal targeting defects. To characterize the functional con-
sequences of retinogeniculate afferent terminal targeting defects
on dLGN function, we electrophysiologically recorded visually
evoked activity from ipsilateral dLGN cells in adult enucleates
(P120+). Using a white noise stimulus to map out RF structure
(26, 36–38), we found that adult enucleates, whose retinal waves
were blocked, had RF centers that were ∼191% of the size found
in controls (Fig. 5C; saline 1.531 ± 0.262 visual degrees2; EPI,
2.929 ± 0.254 visual degrees2; P < 0.05), supporting an abnormal
functional convergence of RGC inputs onto dLGN cells. In ad-
dition, following the blockade of retinal waves, we found that RF
center size varied greatly between neighboring dLGN cells, and
was ∼184% of the average difference found in controls (Fig. 5D;
saline, 0.695 ± 0.073 visual degrees2; EPI, 1.275 ± 0.121 visual
degrees2; P < 0.0001). This large difference in RF center size
between adjacent dLGN cells supports a heterogeneous con-
vergence of retinogeniculate inputs following retinal wave
blockade, consistent with observed anatomical abnormalities in
mature ipsilateral retinogeniculate afferent terminal targeting
and clustering (Figs. 1 and 2). Interestingly, previous studies in
mice have associated retinal waves with enlargements in RF
size in retinofugal targets, but exclusively along the azimuth axis
(6, 39). We find, however, that changes in RF size were sym-
metric, as there were no changes in the RF aspect ratio following
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C) Plots of the mean projection size (B) and A/C-type (C and C2 combined) laminae
area ratio (C) per condition (binocular saline, n = five ferrets; binocular EPI, n = five
ferrets; monocular saline, n = seven ferrets; monocular EPI, n = nine ferrets; error
bars are SEM). (Scale bar, 100 μm.)
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retinal wave blockade (saline, 1.064 ± 0.036; EPI, 1.023 ± 0.037;
P = 0.807).
As has been previously reported in adult binocular ferrets fol-

lowing retinal wave blockade (26), there were no effects on ON and
OFF cell composition or segregation in enucleates (Fig. 6 B and C).
No difference in the percentage of ON or OFF cells whose RFs
were mapped was found (Fig. 6B; saline ON percentage, 84.734 ±
13.822; EPI ON percentage, 93.782 ± 2.813; saline OFF percentage,
15.266 ± 13.822; EPI OFF percentage, 6.217 ± 2.813; P = 0.582).
Additionally, the percentage of neighboring cell pairs that were
the same sign (ON or OFF) was also unchanged (Fig. 6C; saline,
0.959 ± 0.033; EPI, 0.946 ± 0.027; P = 0.768), showing that cells
were equally segregated by sign in both conditions.

Blocking Retinal Waves Disrupts Ipsilateral dLGN Fine-Scale Retinotopy in
Adult Enucleates. We next investigated the impact of blocking ret-
inal waves on the development of ipsilateral retinotopy in adult
enucleates, as one might expect abnormal retinotopy would be
associated with fragmented ipsilateral lamination (Fig. 2). Effects
on fine-scale retinotopy were investigated on both a local and
widespread scale in the dLGN. First, we quantified the retinotopic
alignment of RFs of adjacent dLGN cells, recorded simulta-
neously with a multiunit electrode. In controls, RF locations of
adjacent dLGN cells were tightly aligned in visual space, with no
difference in retinotopic alignment found between azimuth and
elevation axes (Fig. 5 B and E; saline azimuth, 0.551 ± 0.047 visual
degrees; saline elevation, 0.492 ± 0.036 visual degrees; P = 0.939).
Enucleates whose retinal waves were blocked showed a disruption
of retinotopic alignment (i.e., an increase in the scatter of RF
locations of simultaneously recorded cells) along both the azimuth
axis (Fig. 5 B and E; saline, 0.551 ± 0.047 visual degrees; EPI,
1.782 ± 0.164 visual degrees; P < 0.0001) and the elevation axis
(Fig. 5 B and E; saline, 0.492 ± 0.036 visual degrees; EPI, 1.065 ±
0.113 visual degrees; P < 0.05) of visual space, with the largest
effect on retinotopic alignment found along the azimuth (Fig. 5 B

and E; EPI azimuth, 1.782 ± 0.164 visual degrees; EPI elevation,
1.065 ± 0.113 visual degrees; P < 0.0001).
Additionally, we investigated changes in fine-scale retinotopy

along the length of a single electrode penetration tract (40). In
controls, changes in electrode depth had a strong relationship with
shifts in RF location along both the azimuth and elevation axis
of visual space (Fig. 7 B and C; saline, Δelectrode depth vs.
Δazimuth, P < 0.0001; Δelectrode depth vs. Δelevation, P < 0.0001).
However, when retinal waves were blocked, the relationship
between change in electrode depth and change in RF location
along the azimuth axis was abolished (Fig. 7B; EPI, Δelectrode
depth vs. Δazimuth, correlation not significant, P = 0.223). This
effect was significant compared with controls (Fig. 7B; Δelectrode
depth vs. Δazimuth, saline vs. EPI, P < 0.0001), indicating a severe
disruption of azimuth fine-scale retinotopy. With retinal wave
blockade, a relationship was preserved between change in elec-
trode depth and change in RF location along the elevation
axis (Fig. 7C; EPI, Δelectrode depth vs. Δelevation, P < 0.0001).
However, the blockade of retinal waves still resulted in a signifi-
cant disruption in fine-scale retinotopy along the elevation axis
(Fig. 7B; Δelectrode depth vs. Δelevation, saline vs. EPI, P <
0.01). These results indicate that retinal waves are critical for the
development of fine-scale retinotopy along both axes of visual
space, and these disruptions are correlated with lamination and
afferent terminal targeting defects in enucleates.
Finally, given the significant functional changes in adult enucle-

ates following retinal wave blockade, we examined effects on adult
retinogeniculate lamination. In adult enucleates following retinal
wave blockade, we found that the ipsilateral A1 and C1 laminae
appeared abnormal and less contiguous, with the contralateral
projection showing abnormal ON/OFF sublamination (Fig. 6A).
Additionally, we measured the height of the putative A1 lamina in
adult enucleates whose dLGNs were recorded from for RF map-
ping experiments. From these recordings, we found that the elec-
trode run length was significantly shorter in enucleates whose retinal
waves were blocked, suggesting that their retinogeniculate laminae
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were abnormally smaller in size (Fig. 6D; saline, 2.131 ± 0.292 mm;
EPI, 1.413 ± 0.190 mm; P < 0.05). Together, the anatomical and
functional data from the adult enucleates demonstrate that retinal
waves are critical for the establishment of retinogeniculate circuitry
during visual system development.

Discussion
Using monocular enucleates to completely eliminate the influences
of intereye axon–axon competition, we have uncovered a critical
role for stage II retinal waves in driving intraeye axon–axon com-
petition, which is required for normal retinogeniculate afferent
terminal targeting. This conclusion is supported by the various an-
atomical and physiological effects of retinal wave blockade on the
ipsilateral and contralateral projection, from P10 to adulthood.
The effects on the ipsilateral projection, following the blockade

of retinal waves, present a strong case for a generalization of the
mechanisms underlying early intraeye and intereye competition, as
the effects seen in the monocular and binocular condition dem-
onstrate complementary roles for intereye and intraeye axon–axon
competition in mediating laminar patterning (Fig. S3). In the case
of the binocular condition, the ipsilateral projection fails to un-

dergo compression mediated mainly by intereye competition with
numerically dominant contralateral afferents. Conversely, in the
case of the monocular condition, where contralateral afferents
have been removed, the ipsilateral projection fails to maintain the
expansion mediated by ipsilateral intraeye competition (Fig. 1 A
and B and Fig. S3). Decreases in the size of the contralateral pro-
jection are seen in both monocular and binocular ferrets following
retinal wave blockade, and are consistent with disruptions in
intraeye competition that are dominant in both conditions (Fig. 3A).
What neurobiological mechanism underlies the retinal wave-

dependent expansion seen in enucleates? Although a Hebbian-

A

Saline Epibatidine

B
N.S.

Electrode run lengthC

Saline Epibatidine
M

on
oc

ul
ar

 a
du

lt 
ip

si
M

on
oc

ul
ar

 a
du

lt 
co

nt
ra

ON OFF

N.S.
dLGN cell type

ON OFF

D

A1

C1

A
ON

OFF
C

C2

A

C?
C2?

C1?

A1?

OT

OT

OT

OT

MIN

MIN

MIN

ML

A

P

LM

A

P

P1 - P10 retinal waves
P10 - P25 retinal waves

D
is

ta
nc

e 
(m

m
)

*

0%
10%
20%
30%
40%
50%
60%
70%
80%
90%

100%

Neighbors of same type

0%
10%
20%
30%
40%
50%
60%
70%
80%
90%

100%

0

0.5

1.0

1.5

2.0

2.5

3.0

Fig. 6. Effects of stage II retinal wave blockade on adult anatomy and ON/
OFF segregation. (A) Ipsilateral and contralateral retinogeniculate pro-
jections shown in the horizontal plane at adulthood taken from central
dLGN. A and C laminae, A1 and C1 laminae, medial interlaminar nucleus
(MIN), and optic tract (OT) are labeled. (Scale bar, 100 μm.) (B) Plot of the
mean percentage of geniculate cell types found in putative A1 lamina of
saline and EPI treated ferrets. (C) Plot of the mean percentage of neigh-
boring geniculate cells recorded simultaneously that are of the same sign
(ON–ON or OFF–OFF; saline, n = three ferrets; EPI, n = three ferrets; error
bars are SEM). (D) Plot of the mean electrode run length through the pu-
tative A1 region in saline and EPI treated ferrets (saline n = 9, three ferrets;
EPI, n = 9, three ferrets; error bars are SEM).

2

3

4 5

6

9

7
8

11

12
5°

5°

∆Azi.

Adult ipsi saline

0°

1
2

3

4
5

6
7

8

9 1011

12

13

Adult ipsi epibatidine 

0°

A

∆Elev.

1

10

∆Electrode depth (μm)

B

C

∆A
zi

m
ut

h 
(v

is
ua

l d
eg

re
es

)
∆ E

le
va

tio
n 

(v
is

ua
l d

eg
re

es
) p < 0.0001p < 0.0001

p < 0.0001 p = 0.220, N.S.

****

**

-40

-20

0

20

40

60

80

0 1000 2000 3000 4000

-40

-20

0

20

40

60

80

100

0 1000 2000 3000 4000

-40

-20

0

20

40

60

80

0 1000 2000 3000 4000

-40

-20

0

20

40

60

80

100

0 1000 2000 3000 4000

P1 - P10 retinal waves
P10 - P25 retinal waves

Fig. 7. Ipsilateral fine-scale retinotopy is disrupted in enucleates following
stage II retinal wave blockade. (A) Illustration of locations of ipsilateral RFs
for dLGN cells encountered along a single electrode penetration tract in an
adult enucleate (P120+). RFs are numbered in the order in which their cor-
responding cells were encountered by the electrode. Changes in RF location
along azimuth and elevation axes, relative to the RF location of the first
encountered cell, were determined for each subsequent cell’s RF. Scatter
plots are shown for change in electrode depth versus change in RF location
along the (B) azimuth axis or (C) elevation axis of visual space, for all dLGN
cells. A P value is shown for each condition to indicate the significance of the
relationship between change in electrode depth and change in RF location
as assessed by a hierarchical linear model. Fit trend lines are in red (saline, n = 83
cells, three ferrets; EPI, n = 82 cells, three ferrets; error bars are SEM).

E2962 | www.pnas.org/cgi/doi/10.1073/pnas.1506458112 Failor et al.

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1506458112/-/DCSupplemental/pnas.201506458SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1506458112/-/DCSupplemental/pnas.201506458SI.pdf?targetid=nameddest=SF3
www.pnas.org/cgi/doi/10.1073/pnas.1506458112


like mechanism is thought to drive retinogeniculate afferent terminal
refinement (19, 20, 41), its disruption alone is unlikely to explain the
failure of the retinogeniculate projection to expand in enucleates
following the blockade of retinal waves. For example, previous work
has supported a role for retinal waves in the pruning and con-
solidation, not the expansion, of retinogeniculate afferent
terminals early in development (11, 12). Additionally, monocular
enucleation has limited effects on afferent terminal morphology
in both cats and primates (42, 43), with only afferent terminals
from Y RGCs expanding in cats (44). Y-like RGCs do not in-
nervate either the ipsilateral A1 or C1 laminae in ferrets (45), so
it is unlikely that the expansion of the ipsilateral projection could
be explained by changes in afferent terminal morphology.
However, although EPI blocks retinal waves, it has also been
shown to increase the firing rates of some RGCs (8, 18), possibly
raising the question as to whether the effects on ipsilateral and
contralateral projection size could be caused by an acceleration
of afferent terminal refinement due to increased total RGC ac-
tivity. This is also unlikely because, although EPI increases tonic
firing rates for some cells, it completely silences many others (8,
18). The EPI also greatly attenuates or eliminates high firing
rates during RGC bursting activity, which are thought to be
critical for Hebbian-like refinement (18, 20, 41, 46, 47). Addi-
tionally, when retinal waves were blocked in mice with EPI,
terminal zones (TZs) corresponding to focally labeled reti-
nocollicular afferent terminals were enlarged at P7 (39). If EPI
treatment exclusively led to a refinement of RGC afferent
terminals, one would expect that TZs in the superior colliculus
would decrease in size, not increase. Lastly, recent work has
also argued that a presynaptic non-Hebbian mechanism un-
derlies retinogeniculate lamination, showing that when gluta-
mate release by ipsilaterally projecting retinogeniculate afferents
is attenuated, thus silencing postsynaptic activity in the dLGN, the
patterning and size of the ipsilateral projection is normal (48). All
together, these findings support the expansion of the reti-
nogeniculate projection (Fig. 1 A and B) being mediated primarily
by retinal wave-dependent intraeye axon–axon competition and
not Hebbian-like afferent terminal refinement.
The fragmentation effects on P25 ipsilateral lamination are

likely the direct consequence of abnormal terminal clustering
following retinal wave blockade (Figs. 1 and 2). However, they
are also reminiscent of effects seen in rodent models where the
expression of ephrin-A axon guidance molecules are disrupted
(3). This has led some to hypothesize a role for retinal waves in
driving the read-out of molecular guidance cues. In vitro work
has also supported this possibility, as blocking spontaneous ac-
tivity in cultured RGCs using tetrodotoxin resulted in their ab-
normal responses to ephrin-A, although responses were rescued
by the cyclic release of cAMP (49), whose intracellular levels are
known to be associated with retinal waves (50). However, more
recent in vivo work, where RGC afferent terminals innervating
the superior colliculus were silenced by ectopic expression of the
inward rectifying potassium channel Kir 2.1, demonstrated that
retinal activity was not required for afferent responses to ephrin-
A (51). This result argues against a role for retinal activity in
regulating the readout of molecular guidance cues, and is con-
sistent with retinal wave-dependent effects on retinogeniculate
afferent terminal targeting being due to disruptions in axon–axon
competition.
One interesting point is that not all effects on retinogeniculate

afferent terminal targeting are exclusively retinal wave de-
pendent. When retinal waves are blocked, some aspects of reti-
nogeniculate afferent terminal targeting by P10 are revealed to
be dependent on contralateral innervation. Afferent terminals in
binocular ferrets target the medial region of the dLGN, where
the contralateral A lamina is located (Fig. 1 A and C). This result
is consistent with what has been reported following the silencing of
stage III retinal waves, which results in the ipsilateral projection

cooccupying the contralateral laminae by P25 (52). Both these
previous results and our findings (Fig. 1C) suggest that ipsilaterally
projecting afferents are attracted to regions of contralateral in-
nervation, although the underlying cause is unknown.
Some notable differences are found when comparing the ef-

fects of retinal wave blockade between the ipsilateral and con-
tralateral projection, particularly the effects on sublamination
and differences in the timing of effects on, and recovery of,
projection size (Figs. 2 and 4 and Fig. S1). Differences in the
timing of effects on projection size can likely be attributed to
differences in the magnitude of intraeye competition between
the ipsilateral and contralateral projection. As the contralateral
projection has more afferents originating from the same eye (i.e.,
more intraeye competition), it may experience accelerated ef-
fects due to abnormal or normal retinal activity. This is sup-
ported by the early decrease in contralateral projection size at P5
due to retinal wave blockade (Fig. S1 A and B), and its recovery
in size by P25 following the period of normal stage III retinal
wave activity after P10 (Fig. 4A). Regardless, the contralateral
projection still shows permanent effects on ON/OFF sub-
lamination due to retinal wave blockade, indicating limits to its
ability to recover from abnormal retinal wave activity (Fig. 6A).
With retinal wave blockade, what is the exact relationship

between observed anatomical effects and functional abnormali-
ties in the dLGN of enucleates? Previous studies using mouse
models of retinal wave disruption were the first, to our knowl-
edge, to demonstrate the importance of early spontaneous reti-
nal activity in refining functional connectivity in the dLGN (6,
22). These experiments proposed a model in which, following
retinal wave blockade, afferent terminals would remain im-
properly pruned, or enlarged, thus resulting in topographic
mistargeting (22). This argument was supported by the fact that
TZs in the dLGN were enlarged (12, 22). Additionally, work has
shown that the morphology of single retinogeniculate axon ter-
minals in mice is initially enlarged when retinal waves are dis-
rupted (11). Interestingly, as shown above, we find that following
retinal wave blockade in the enucleated ferret, the total size of
the projection is diminished (Figs. 1 and 2 and Fig. S1). This
result is important, in that one would expect that if terminal
branch pruning was exclusively affected, the total projection size
would either increase or stay the same. A decrease in projection
size, despite enlarged afferent terminals, ultimately leads to the
conclusion that there is an increase in afferent terminal overlap
due to disruptions in afferent terminal targeting. Consistent with
this expectation, we found that following retinal wave blockade
in enucleates, the size of geniculate RFs also increases (Fig. 5C),
indicating a greater amount in functional convergence.
Surprisingly, despite disruptions in afferent terminal refinement

in mouse models of retinal wave blockade (11), geniculate RFs in
these animals have been reported to be normal (22). Why is it that
when retinal waves are blocked, geniculate RFs are enlarged in
adult ferrets (Fig. 5) but not in adult mice (22, 53)? One possibility
is that the laminar structure of the ferret dLGN limits the extent of
its developmental plasticity (23–25, 54). Because ferret dLGNs
have cellular lamination, unlike the mouse, and also express
molecules inhibiting neurite outgrowth between laminae (55), it is
likely that retinogeniculate plasticity is reduced at more mature
time points. The bulk of RF refinement is thought to occur after
eye opening in the ferret (37), a time at which abnormal lamina-
tion might result in refinement defects. Interestingly, although
geniculate RFs have been reported to be normal in β2 KO mice,
collicular RFs have been shown to be enlarged (39, 56). This may
represent differences in the timing of development and/or long-
term plasticity between the dLGN and superior colliculus in the
mouse. For example, differences in the time course of refinement
have been found between retinogeniculate and retinocollicular
afferent terminals, with retinocollicular terminals maturing ap-
proximately a week earlier (11).

Failor et al. PNAS | Published online May 18, 2015 | E2963

N
EU

RO
SC

IE
N
CE

PN
A
S
PL

U
S

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1506458112/-/DCSupplemental/pnas.201506458SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1506458112/-/DCSupplemental/pnas.201506458SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1506458112/-/DCSupplemental/pnas.201506458SI.pdf?targetid=nameddest=SF1


What anatomical effects underlie disruptions in fine-scale
retinotopy in the ferret? As mentioned above, studies on the
effects of retinal wave blockade have proposed that disruptions
in functional fine-scale retinotopy were exclusively due to a lack
of afferent terminal branch pruning, as demonstrated by en-
largements in TZ size (22). However, as the TZ labeling approach
results in the tracing of many RGCs and not single-axon terminal
arbors, this interpretation is not conclusive. Indeed, more recent
work studying the effects of retinal wave disruption on single axons
in β2 KO mice found that by P14–15, effects on axon arbor size
were not significantly different from wild type (11), despite TZ
size being enlarged at this age (22). Although we currently do not
have conclusive evidence to support this hypothesis, we find it
likely that with retinal wave blockade, the observed effects on TZ
size and fine-scale retinotopy in mice, and the effects on fine-scale
retinotopy in ferrets (Figs. 5 and 7), are not exclusively the result
of improper afferent terminal pruning. Another likely explanation
is disruptions in retinal wave-dependent axon–axon competition-
mediated afferent terminal targeting. Under this model, disrupting
axon–axon competition, either intraeye or intereye, would result in
functional fine-scale retinotopic mistargeting similar to what we
have seen in our experiments (Fig. S3). Future work that can
combine the strengths of bulk axon labeling and single-axon
tracing, such as Brainbow tools (57), will ultimately be necessary to
answer this question.
Taken together, our results and others’ support a retinal wave-

dependent axon–axon competition-based (intraeye and intereye
competition) model for retinogeniculate afferent terminal target-
ing. This axon–axon competition is necessary for the proper dis-
tribution of afferent terminals into stereotyped laminae and their
even allotment of synaptic territory in the dLGN (Fig. S3). Axon–
axon competition appears to likely be distinct from conventionally
understood molecular guidance or Hebbian-like refinement. Our
findings regarding the, at times controversial (58, 59), role of
retinal waves provide an important revision to the model of reti-
nogeniculate development and to our general understanding of
how neural activity guides the establishment of proper connectivity
in the developing brain.

Materials and Methods
Animals. Time pregnant ferrets were received at mid to late gestation, giving
birth 2–3 wk later (Marshall BioResources). Food and water were provided
ad libitum, and ferret offspring were provided with softened food from
2.5 wk of age until fully weaned. All procedures were authorized by the
University of California, Davis Institutional Animal Care and Use Committee
and performed in accordance with national standards for humane animal
research as set forth by the National Institutes of Health, Institute of Labo-
ratory Animal Research, Federation of Animal Science Societies, US Department
of Agriculture, Public Health Service, and Assessment and Accreditation of Lab-
oratory Animal Care, International.

Monocular Enucleation. Neonatal ferrets at P1 were deeply anesthetized with
isoflurane. Topical lidocaine was applied to the left eye. The eyelids were
separated, and the muscles and connective tissue of the eyeball were blunt
dissected. Hemostats were used to clamp the optic nerve, after which it was
severed and the eyeball removed. Antibiotic ointment was applied to the
orbit, and sterile gelfoam was inserted to stem any subsequent bleeding.
Liquid suture was applied to seal the eyelids (GLUture; Abbott Laboratories).
Before the animal fully awakened, a single dose of buprenex was adminis-
tered intramuscularly (0.02 mg/kg) as a postoperative analgesic.

Neonatal EPI Injections. Neonatal ferrets were injected with EPI in the right eye
every 48 h starting at P1 and ending at P4 for P5 analysis or at P9 for analysis at
P10 or after, to block stage II retinal waves as previously described (8, 26, 60).
Using a Hamilton syringe, sterile saline with or without 1 mM EPI was in-
traocularly injected at an initial volume of 1.0 μL, and increased by 0.25 μL every
48 h until reaching a final volume of 2.0 μL for P9 injection.

Labeling Retinogeniculate Afferents. As previously described (25, 26, 38),
cholera toxin B (CT-B) subunit conjugated to a red Alexa Fluor dye (CT-B 594;

Invitrogen) was injected intraocularly (5 μg/μL) into the right eye at either
P4, P9, P24, or P120+ to visualize retinogeniculate afferents for subsequent
image analysis. Injection volumes of CT-B were 1.5 μL at P4, 2 μL at P9, 6 μL at
P24, and 18 μL at P120+. After 24 h, ferrets were transcardially perfused with
saline and then 4% (mass/vol) paraformaldehyde. Brains were removed and
postfixed overnight and then cryoprotected in 30% sucrose until sunk.
Cryoprotected brains were sectioned parallel to the horizontal axis on a
freezing microtome at 40 μm thickness and mounted to slides for imaging.

Quantifying Retinal Ganglion Cell Density. To quantify RGC density, whole
retinas were stained for the RGC marker NeuN. Retinas from a subset of
monocular and binocular P25 ferrets were removed following transcardial
perfusion, as described above, and additionally postfixed for 1 h. Whole
retinas were then incubated for 24 h in an anti-NeuN primary antibody (EMD
Millipore), washed in PBS for 24 h, incubated in Alexa Fluor 488 secondary
antibodies (Invitrogen) for 24 h, and washed an additional 24 h before being
mounted. Immunofluorescently stained retinas were flat mounted after four
radial relieving cuts were made with equal spacing. Four images were taken
at 20×while focused on the ganglion cell layer, one at the midlength of each
retinal quadrant. Using the image analysis software Fiji, a distribution of
ImageJ (National Institutes of Health) (61), images were background sub-
tracted and autothresholded to segment stained nuclei. To increase the
accuracy of cell counting, overlapping nuclei were separated using the wa-
tershed function, after which thresholded nuclei were detected and counted
using an automated cell counter.

Analysis of Retinogeniculate Projections. Sections containing labeled reti-
nogeniculate afferents were imaged on an epifluorescencemicroscope under
a 5× or 10× objective, depending on the size of the dLGN (typically 10× for
P5/P10 and 5× for P25). Micrographs were captured using a CCD digital
camera and Axiovision software (Zeiss). All image processing and analyses
were carried out in Fiji, a distribution of ImageJ (National Institutes of
Health) (61). For each animal, five sections from the middle of the dLGN
were used for image analysis. Images of horizontal sections with CT-B-labeled
retinogeniculate afferents were converted to grayscale and cropped
to the borders of the dLGN. Images were then thresholded to 30% above
background. Thresholding resulted in a binary image where white pixels
corresponded to retinogeniculate afferents and black pixels to areas lacking
any afferent input. The aspect ratio of projections was calculated by auto-
fitting an ellipse to thresholded ipsilateral afferents, excluding pixels cor-
responding to the medial intralaminar nucleus (MIN) and optic tract (OT).
The resulting minor axis was divided by the major axis to calculate the aspect
ratio. Similarly, the fragmentation of the ipsilateral projection in a P25
section was quantified by autocounting clusters of pixels (corresponding to
projection patches), with a minimum area of 350 μm2 and no maximum,
excluding pixels corresponding to the MIN and OT. A minimum of 350 μm2

was chosen as it is the reported average size of dLGN neurons (54), and thus
helped to eliminate the counting of artifactual pixels. Retinogeniculate pro-
jection patches per square millimeter were calculated by summing the area of
all pixels included in the patch count analysis, determining the corresponding
area those pixels represented based on preset scales (46 pixels = 100 μmwith a
5× objective; 92 pixels = 100 μm with a 10× objective), and dividing by the
number of patches counted. To quantify the distribution of afferent terminals,
by assessing fluorescence across the dLGN, an intensity plot was taken along
the center of the projection, orthogonal to its major axis. Intensity plots
started at the OT and ended at the perigeniculate nucleus (PGN). The intensity
plot analysis was only carried out on images taken at 10×, as this magnification
was superior for capturing fluorescent gradients. The length of the intensity
plot was normalized for each image quantified, and the position of peak
fluorescence intensity was calculated for treatment comparisons. To quantify
total dLGN size, borders of the dLGN were determined by the OT, axons of
passage, and autofluorescence within sections, which allowed for the identi-
fication of the PGN. Measured areas were consistent with those found in
sections stained with a fluorescent marker of Nissl.

Extracellular Electrophysiology Recordings of dLGN Cells. As described (26, 38,
60), P120+ monocularly enucleated adult ferrets were initially anesthetized
with an intramuscular (IM) injection of a ketamine (40 mg/kg) acepromazine
(0.4 mg/kg) mixture. Atropine (0.6 mg) was injected IM to inhibit mucus se-
cretion in the trachea. A catheter was inserted either i.v. or intraperitoneally
(IP) for the administration of fluids. After a tracheotomy was performed, the
animal was transferred to a modified kitten stereotaxic, where it was placed in
ear bars and connected to a respirator. The primary anesthetic was 2–4%
isoflurane, and exhaled CO2 was monitored and maintained at a level be-
tween 3.5% and 4%. The animal’s heart rate was monitored by EKG, and its
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temperature was kept at 37.5 °C. Lactated ringer’s solution, with the paralytic
vecuronium bromide (0.2 mg/kg), was administered continuously at a rate of
1 mL·h−1·kg−1 by way of IV or IP catheter. Atropine and phenylephrine hydro-
chloride drops were administered to dilate the pupil, after which a plano hard
contact lens was placed on the eye. A craniotomy was performed to remove a
4 mm × 4 mm piece of skull centered at stereotaxic coordinates anterior-
posterior −1, medial-lateral +5.8. The dura was removed, and warm 3% agar
in saline was applied to seal the brain and prevent drying. A lacquered
tungsten multiunit electrode (Microprobes) with an impedance of ∼1.5 MΩ
was lowered with a microdriver, targeting the dLGN. The electrode penetrated
the brain orthogonal to the cortical surface, the site of penetration being
based on above stereotaxic coordinates and cortical landmarks. Visual re-
sponses were tested every 200 μm starting at a depth of 3,000 μm. Multiple
penetrations were made with a spacing of 300 μm until visual responses from
the dLGN were detected on an oscilloscope and audio amplifier, after which
the electrode was advanced with a spacing of at least 100 μm, but 258 μm on
average. The ON/OFF, or OFF/ON, center-surround RF structures of geniculate
cells were mapped by reverse correlation using a pseudorandom binary (100%
contrast) white noise visual stimulus (m-sequence) as described (36), displayed
on a cathode ray tube monitor (Eizo) with a mean luminance of 40–50 can-
delas per square meter and a refresh rate of 120 Hz. The m-sequence consisted
of a 16 × 16 grid of pseudorandomly assigned white and black squares that
were updated every one, two, or three frames (8.3 ms, 16.7 ms, and 25 ms
respectively). Filtered waveforms were recorded by a CED Power 1401 in-
terface connected to a PC with Spike2 data acquisition and analysis software
(Cambridge Electronic Design). Spike sorting was carried out both online by
Spike2, to determine RF locations and cell type during experiments, and off-
line with Offline Sorter (Plexon), by way of PCA analysis, for final data
quantification purposes.

Quantification of Receptive Field Area and Fine-Scale Retinotopy. The spatio-
temporal structures of RFs were characterized using reverse correlation analysis
(36). All mapped RFs used for the analyses described below were found within
25 visual degrees of central gaze. To quantify the area of RF centers, a bivariate
Gaussian was fit to the peak of ON or OFF center responses as described (37). The
area of an RF center was thus calculated as the area of an ellipse, with the major
and minor axes corresponding to the SDs of the major and minor axes of the fit
bivariate Gaussian, RF = σaσbπ. The comparison of RF center areas between
neighboring dLGN cells was made only for cells recorded simultaneously with a
multiunit electrode, and isolated by spike sorting as described above. Quantifi-
cations of RF alignment were made similarly, by comparing the location of RF
centers for simultaneously recorded cells. Characterizations of fine-scale reti-
notopy along the depth of an electrode penetration tract were assessed by hand-
mapping RFs on a tangent screen, using a light gun to probe the edges of RF
centers. Cells were isolated for RF hand-mapping by observing oscilloscope dis-

played spikewaveforms. RFs were numbered according to the order in which they
were hand-mapped along the length of an electrode penetration. Digital images
were taken of the entire tangent screen containing hand-mapped RFs, with a
scale bar included for the correct quantification of distance in visual degrees.
Tangent screen images were analyzed in Fiji, a distribution of ImageJ (National
Institutes of Health) (61). Relative RF center locations were quantified using the
point selection tool, following the scaling of the image based on the drawn scale
bar. Difference in RF location along the azimuth (x axis) and elevation (y axis)
from the first mapped RF was calculated. Shifts in position along the azimuth and
elevation axes of visual space were compared with changes in electrode position
that was noted previously with cell isolation and hand-mapping.

Statistical Analysis. Descriptive statistics were reported as mean ± SEM. Signif-
icance values for comparisons of anatomical means were calculated using a two-
way ANOVA when means were compared between binocular and monocular
conditions; otherwise, a Student’s t test was used. For the statistical analysis of
electrophysiological data, where cells recorded from the same ferret would vi-
olate assumptions of independence, hierarchical statistical models were used
(i.e., a mixed model ANOVA or a hierarchical linear model), or values were av-
eraged per animal and a Student’s t test was used. Because ANOVA models are
robust to failures of normality, assumptions of normality were assumed met
unless histograms of residuals showed the distributions to be highly skewed.
Assumptions of homoscedasticity were checked visually and with Levene’s test. If
heteroscedasticity was found using either approach, a weighted least squares
procedure was implemented in the case of a two-way ANOVA, and the Sat-
terthwaite method for degrees of freedom was used for hierarchical models.
Multiple comparisons were made using the Tukey–Kramer method or Fisher’s
least significant difference test, where applicable. For fine-scale retinotopy data
to determine if early retinal waves disrupted the relationship between change in
electrode position and change in RF location, a hierarchical linear model (HLM)
was used. The significance of the relationship between change in electrode
depth and change in RF location (i.e., slope) was tested individually for each
condition (i.e., whether slope of HLM was horizontal). Changes in the relation-
ship between electrode depth and change in RF location were then compared
across treatments via the interaction term for each axis of visual space to de-
termine the effects of early retinal wave blockade on fine-scale retinotopy.
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