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Classic studies have proposed that genetically encoded programs and spontaneous activity play complementary but independent roles in
the development of neural circuits. Recent evidence, however, suggests that these two mechanisms could interact extensively, with
spontaneous activity affecting the expression and function of guidance molecules at early developmental stages. Here, using the devel-
oping chick spinal cord and the mouse visual system to ectopically express the inwardly rectifying potassium channel Kir2.1 in individual
embryonic neurons, we demonstrate that cell-intrinsic blockade of spontaneous activity in vivo does not affect neuronal identity speci-
fication, axon pathfinding, or EphA/ephrinA signaling during the development of topographic maps. However, intrinsic spontaneous
activity is critical for axon branching and pruning once axonal growth cones reach their correct topographic position in the target tissues.
Our experiments argue for the dissociation of spontaneous activity from hard-wired developmental programs in early phases of neural

circuit formation.

Introduction

The formation and refinement of vertebrate neural circuits in-
volve neural identity specification, axon targeting, and synapto-
genesis, processes that are primarily controlled by hard-wired
developmental programs. However, developing neurons exhibit
spontaneous electrical activity (Spitzer, 2006), and the extent of
its influence over genetically encoded developmental mecha-
nisms is currently under debate.

The classical view posits that activity-independent and
activity-dependent programs sequentially regulate different
aspects of neural development (Katz and Shatz, 1996; Er-
zurumlu and Kind, 2001). However, recent evidence suggests
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that spontaneous activity may be more of a critical player at
earlier developmental stages than previously thought, influ-
encing the expression and function of transcription factors
and axon guidance molecules as well as affecting the concen-
tration of axon guidance receptor secondary messengers such
as calcium or cAMP (Nishiyama et al., 2003; Hanson and
Landmesser, 2004; Nicol et al., 2007). The representative ex-
periments that raised this idea examined the impact of spon-
taneous activity on the repulsive signaling mediated by the
tyrosine kinase receptor EphA and its ephrinA ligand in both
the developing chick spinal motor neurons and the mamma-
lian visual system. Limb-innervating motor neurons of the
spinal lateral motor column (LMC) are segregated into dorsal
limb muscle-innervating lateral LMC motor neurons and ven-
tral limb muscle-innervating medial LMC motor neurons.
The binary decision of motor axon projection to the ventral or
to the dorsal limb mesenchyme is mediated, at least in part, by
the repulsive signaling from ephrins expressed in the limb to
axonally expressed EphA4 receptors (Kao et al., 2012). These
motor neurons are electrically active even before they form
synapses with their target muscles (O’Donovan and Landmesser,
1987), and it has been proposed that this spontaneous activity
may influence their guidance by modulating the expression
and/or function of axon guidance receptors such as EphA4
(Hanson and Landmesser, 2004). In the visual system, the
classical view proposes that EphA/ephrinA signaling and
spontaneous activity in the form of retinal waves act indepen-
dently and sequentially to form the retinotopic map in the
visual targets (McLaughlin et al., 2003; Pfeiffenberger et al.,
2006; Cang et al., 2008). However, a set of in vitro experiments
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challenges this view and suggests that early spontaneous activ-
ity might be essential for the action of EphA/ephrinA signaling
(Nicol et al., 2007).

In the last few years, these and other results have stirred the
debate on the influence of spontaneous activity in early stages of
development, particularly its effects on EphA/ephrinA-mediated
signaling. Here, we analyze in vivo the contribution of spontane-
ous activity in early (neural specification and pathfinding) and
late (topography and axonal refinement) phases of development
in two topographically organized systems, the chick spinal motor
neurons and the mouse visual system. Our results show that ec-
topic expression of EphA is sufficient to change axon trajectories
and mapping, even in the absence of neural activity, and that
activity is, in turn, needed for local axon branching and pruning.
These results demonstrate that, in the developing motor and vi-
sual systems, EphA/ephrinA signaling and neural activity interact
in a very limited manner.

Materials and Methods

Animals. ICR female mice obtained from a timed pregnancy-breeding
colony at the Instituto de Neurociencias (IN) were used in all the visual
system experiments. EO was defined as midnight before a plug was found.
Animal protocols were approved by the IN Animal Care and Use Com-
mittee and National and European laws. Fertilized chick eggs (Couvoir
Simetin) were stored for a maximum of 1 week at 18°C, then incubated at
38°C and staged according to standard protocols (Hamburger and Ham-
ilton, 1992).

In ovo electroporation. Chick spinal cord electroporation of expression
plasmids was performed at Hamburger and Hamilton stage (HH st.)
18/19, generally as described previously (Kao et al., 2012). In brief, a 5
g/l solution of plasmid DNA in distilled water was injected into the
lumbar neural tube through a small eggshell window under a Discovery
V12 stereomicroscope (Zeiss). Lower bodies of chick embryos were then
electroporated with platinum/iridium electrodes (FHC) and the TSS20
Ovodyne electroporator (Intracel; settings: 30 V, 5 pulses 50 ms wide in a
1 s interval). Shell windows were sealed with Parafilm (Pechiney Plastic
Packaging Company) and incubated at 37°C until harvesting at HH st.
29/30. The efficiency of electroporation varied between 5 and 30% of
total LMC neurons electroporated, depending on the constructand DNA
concentration used.

HRP retrograde labeling of motor neurons. Retrograde labeling of chick
motor neurons (MN) was performed as described previously (Luria et
al., 2008). In brief, chick HH st. 29/30 embryos were harvested and incu-
bated in Tyrode’s solution (140 mm NaCl, 3 mm KCl, 17 mm NaHCO;, 12
mM glucose, 2 mMm CaCl,, 1 mm MgCl,; Fisher Scientific) at room tem-
perature, and were aerated with 95% oxygen and 5% CO,. The retro-
grade tracer used was a 20% solution of HRP (Roche) made by dissolving
100 mg of HRP in 450 ul of PBS (137 mm NaCl, 2.7 mm KCl, 4.3 mm
Na,HPO,, 1.47 mm KH,PO,) with 50 ul of 10% lysophosphatidylcholine
(Fluka) in PBS. The HRP solution was injected into either dorsal or
ventral hindlimb shank musculature of chick embryos; embryos were
incubated in oxygenated Tyrode’s solution at 30°C for 5 h before fixation.

Immunostaining. Sectioned tissue was first washed in PBS, incubated
in blocking solution (1% heat-inactivated horse serum in 0.1% Triton-
X/PBS; Sigma) for 5 min, followed by incubation overnight at 4°C in
selected primary antibodies diluted in blocking solution. The following
primary antibodies were used: mouse anti-Isl1 (1:100; Tsuchida et al.,
1994); mouse anti-Lim1/2 (1:100; Tsuchida et al., 1994); goat anti-HRP
(1:2000; Jackson ImmunoResearch Laboratory); rabbit anti-EphA4 (1:
500; Santa Cruz Biotechnology); guinea-pig Foxpl (1:1000; gift from
Dr. Bennett Novitch, UCLA, Los Angeles, CA); and mouse anti-
neurofilament (1:100; DSHB). After incubation in primary antibodies,
samples were washed with PBS and incubated with appropriate second-
ary antibodies for 1 h at room temperature. Secondary antibodies man-
ufactured by either Jackson ImmunoResearch (CY5) or Invitrogen
(Alexa Fluor 488 and Alexa Fluor 568) against appropriate species were
used at 1:500. The protocol for tissue clearing described in Kuwajima et
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al. (2013) was followed to acquire images from wholemount limbs of
chick embryos containing EGFP or Kir2.1/EGFP-expressing axons.

Image acquisition, quantification, and statistical analysis of motor neu-
ron data. Images were acquired using either a Zeiss LSM 700 or LSM 710
confocal microscope with Zen imaging software (Zeiss). For analysis of
EphA4 expression levels, a region of interest that covered Liml ™,
Foxpl ™, and Kir2.1/EGFP * neurons was drawn. This drawn region was
fit into the Lim1 ™, Foxpl ™ region of the unelectroporated side. The
mean pixel intensity of the electroporated and unelectroporated sides of
the spinal cord was then calculated using Image] (NIH Image), and a
ratio of these two values was quantified per section. Similar methods
were used to quantify EphA4 levels in axons, but the region of interest
was defined by neurofilament staining of the spinal ventral root. To assay
misprojections, motor neurons that were GFP T HRP™, and either
Lim1 ™ or Isl1 © were quantified by combining cell counts of a series of
spinal cord section images (5-30 12 um sections from each embryo)
using Photoshop (Adobe). Data from the experimental replicate sets
were evaluated using Prism. Means of the combined proportions or cell
numbers were compared with two-tailed, unpaired Student’s ¢ tests with
the threshold for statistical significance set at 0.05.

Ex vivo calcium imaging in chick spinal cord. Chick embryos were co-
electroporated with either G-GECO and Kir2.1/mCherry under control
of the CMV promoter or R-GECO, and either EGFP, under the control of
the Hb9 promoter-enhancer, or Kir2.1/EGFP, under the control of the
CAG promoter, at a ratio of 1:5, as described above, then incubated until
HH St. 29/30. Lumbar spinal cords were then dissected and placed ven-
tral side down into an imaging chamber with circulating oxygenated
Tyrode’s solution (described above) held at 30°C. Spinal cords were im-
aged at 1 Hz for 10 min using a Zeiss inverted microscope with a Yok-
ogawa spinning disk confocal system installed. Calcium activity was
assessed using Image] (NIH) and a custom MATLAB (Mathworks) algo-
rithm that looks for large changes in calcium indicator fluorescent inten-
sity, defined here as “events.”

DNA plasmids, in utero electroporation, immunohistochemistry, and
qRT-PCR in the retina. The coding sequences of human Kir2.1 and
mouse EphA6 were cloned in a plasmid to drive their expression under
the potent general CAG promoter. All the in utero electroporation exper-
iments were performed by coelectroporating CAG-EGFP and CAG-
Kir2.1iresEGFP (Kir2.1/EGFP) as described by Garcia-Frigola et al.
(2007), except those in Figure 5 in which the concentrations were 0.2 and
0.5 g/ ul, respectively, for CAG-EGFP and Kir2.1/EGFP. Mice were per-
fused with 4% paraformaldehyde in PBS. Cuts were made in the retina to
maintain orientation before wholemounting. Vibratome sections (80
um) from the SC of electroporated mice were washed in PBS-0.1% Tri-
ton X-100 (PBT) and incubated for 2 h at room temperature with 1%
BSA-PBT and 10% horse serum. Sections were then inmunostained with
rabbit anti-GFP (1:2000; Abcam) and mounted serially. Retinas and sec-
tions were photographed using a TCS SP2 AOBS Laser Scanning Confo-
cal Microscope (Leica Microsystems). qRT-PCR for EphA6 and EphA5
was performed using protocol and primers as previously described (Car-
reres et al., 2011). To specifically detect the human Kir2.1 introduced by
in utero electroporation, the following primers were used to perform
qRT-PCR: forward, AACCAACCGCTACAGCATCGT; reverse, TTCT
TCACAAAGCGGCTCCTG. Anti-Kir2.1 antiserum (Abcam; 1:800) was
used to confirm protein expression.

Ex vivo calcium imaging in the retina. Retinas from embryos coelectro-
porated with CAG-DsRed and CAG-Kir2.1 plasmids were bulk loaded
with the calcium indicator Fluo4 (Invitrogen) using a variant of the
multicell bolus loading technique (Stosiek et al., 2003). Fluo4 solution
was injected into the vitreous chamber with a micropipette in anesthe-
tized mice. Up to four injections were applied to each animal. Mice were
placed on a warm surface at 37°C for up to 3 h and anesthetized for
decapitation and retina extraction. Retinas were placed in Ringer’s solu-
tion containing 135 mm NaCl, 5 mm KCL, 2 mm CaCl2, 1 mm MgCl2, 10
mum HEPES, and 10 mum glucose, and then mounted with the RGC layer
facing upward on a cellulose nitrate membrane while applying a vacuum
to have direct access to the RGC layer. Epifluorescent calcium imaging
was performed on a DM LFSA microscope (Spectra-Physics; KMC 100
immersion cooler, Neslab) using a 10X or 20X water-immersion objec-
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Figure1.  Suppression of activity by Kir2.1 does not change the number, molecular identity, or EphA4 expression levels in motor

neurons. A, Coelectroporation of Kir2.1/EGFP and R-GECO expression constructs leads to coexpression in multiple neurons (arrows).
B, Neurons expressing either Hb9/EGFP (blue in the left panels) or Kir2.1/mCherry driven by the CMV promoter (red in the left
panels) show robust activity in an ex vivo open-book preparation. In contrast, neurons expressing Kir2.1/EGFP driven by the CAG
promoter are largely inactive (green in the right panels). C, Quantification of spontaneous activity shows a reduction in firing rate
in neurons expressing Kir2.1/EGFP (firing rate, 0.05 = 0.02 events/min) compared with neurons expressing either Hb9/EGFP
(1.60 == 0.006 events/min, p << 0.0001) or Kir2.1/mCherry (1.53 = 0.09 events/min, p << 0.0001). Consistent results were
observed in each of three embryos examined per condition (30 neurons per condition). Values are expressed and plotted as the
mean == SEM. D, Detection of Foxp1, Lim1, and EGFP in the LMC region of EGFP- and Kir2.1/EGFP-electroporated embryos. Dotted
yellow lines delineate the ventrolateral extent of the spinal gray matter. E, Motor neuron number was assessed by counting
Foxp1 ™ nuclei in tissue sections of EGFP- or Kir2.1/EGFP-expressing embryos. We found, on average, 79 = 8.8 Foxp1 * cells per
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tive with illumination provided by a Leica TCS
resonant scanner. Calcium transients were
identified in 3 min epochs, using a custom
MATLAB (MathWorks) algorithm, which
looks for large changes in calcium indicator
fluorescent intensity, defined here as events.

Analysis of targeted axons in the optic chiasm
and in the SC. To quantify the number of CAG-
EGFP- or CAG-Kir2.1/EGFP-expressing axons
at the optic chiasm region, square bins were
superimposed on the width of the labeled optic
nerve proximal to the chiasm and on the con-
tralateral optic tract. Fluorescence intensity
within the bin covering the optic nerve [optic
nerve fluorescence intensity (ONFI)] and the
optic tract contralateral to the electroporated
side [optic tract fluorescence intensity (OTFI)]
was measured using Image] software and stan-
dard methods described by Herrera et al
(2003). These two fluorescence measures were
normalized to the fluorescence intensity in the
corresponding electroporated retina [retinal
fluorescence intensity (RFI)]: ONFI/RFI and
OTFI/RFL.

To quantify the number of CAG-EGFP- or
CAG-Kir2.1/EGFP-expressing axons in the SC
of postnatal day 0 (P0) mice, circular bins were
superimposed over the entire SC area. Fluores-

<«

section in embryos electroporated with EGFP and 70 = 7.4
Foxp1™ cells per section in embryos electroporated with
Kir2.1/EGFP (p > 0.05, Student’s t test), demonstrating no
change in total motor neuron number in embryos with inhib-
ited activity (W = 5 for both EGFP- and Kir2.1/EGFP-treated
embryos, n = 2085 and 2094 neurons, respectively). Molecu-
laridentity of motor neurons was assessed by quantification of
Lim1 " andlsl1 * cellsin EGFP- or Kir2.1/EGFP-electroporated
embryos. In EGFP-electroporated embryos, 44 =+ 1.3% of
Foxp1™, EGFP ™ cells expressed Lim1. In Kir2.1/EGFP-
expressing embryos, 48 = 5% of Foxp1 ™+, EGFP * cells ex-
pressed Lim1 (N = 5 for both EGFP ™ and Kir2.1/EGFP

embryos, n = 334 and 452 neurons, respectively). In EGFP-
electroporated embryos, 52 = 6.4% of Foxp1 *, EGFP ™ cells
expressed Isl1. In Kir2.1/EGFP-expressing embryos, 50 =
6.5% of Foxp1™, EGFP ™ cells expressed IsI1 (N = 4 for
EGFP ™ and N = 5 for Kir2.1/EGFP * embryos, n = 396 and
472 neurons respectively). Proportions of Lim1 ™ and Isl1 *

motor neurons in Kir2.1/EGFP- and EGFP-expressing embryos
were not significantly different (p > 0.05, Student’s t test).
Values are plotted as the mean == SEM. F, Comparison be-
tween EphA4 expression in electroporated and unelectropo-
rated sides of HH St. 29 spinal cords electroporated with Kir2.1/
EGFP. A region encompassing all EGFP * neurons in the
Lim1 ™ LMC was selected on the electroporated side (green
outline), then mean EphA4 intensity levels were measured in
both that region and an equivalent region on the unelectropo-
rated side. G, Quantification of EphA4 expression in the elec-
troporated and unelectroporated sides of the LMC (left) and
axons (right) of EGFP- and Kir2.1/EGFP-expressing embryos,
expressed as a ratio. In the LMC, no difference is observed be-
tween EGFP- and Kir2.1/EGFP-expressing embryos (1.002:
1% 0.06 vs 1.07:1 = 0.03; p > 0.05, Student’s ¢ test). In
axons, no difference is observed between EGFP- and Kir2.1/
EGFP-expressing embryos (0.96:1 = 0.11 vs 1.03:1 = 0.01;
p>>0.05, Student's t test); N = 4 embryos, n > 3 sections per
embryo. Values are expressed and plotted as the mean =
SEM. Scale bars, 40 um.
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Suppression of activity by Kir2.1 expression does not affect the fidelity of LMC motor axon limb trajectories. 4, Detection of L1 and GFP proteins in wholemounted limbs (top) or their

sections (bottom) in chick HH st. 17/18 embryos electroporated with EGFP or Kir2.1/EGFP at HH st. 27/28. L1 protein (red) labels peripheral nerves, while green fluorescence labels only GFP * axons.
No differences in outgrowth timing or pattern were noted. B, Retrograde labeling of LMC neurons by HRP injections into ventral or dorsal hindlimb shank muscles of chick HH st. 29/30 embryos
expressing EGFP or Kir2.1/EGFP. Images show detection of HRP (blue), Lim1 or IsI1 (red), and EGFP (green) in the LMC region of EGFP- or Kir2.1/EGFP-electroporated embryos injected with HRP into
ventral (top) or dorsal (bottom) shank muscles. Insets in images show Lim1 ~ orIsIT ~ MN electroporated with EGFP or Kir2.1/EGFP and backfilled, as expected, by ventral or dorsal fills (indicated
with yellow arrowheads). €, Proportions (%) of electroporated and backfilled lateral or medial LMC MN in embryos injected with HRP into ventral or dorsal shank muscles. In ventrally filled
EGFP-expressing embryos, 4 = 3% of HRP *, EGFP ™ LMC neurons were Lim1 . Similarly, in ventrally filled Kir2.1/EGFP-expressing embryos, 7 == 2% of HRP ", EGFP ™ LMCneurons were Lim1 *
(N = 4 for both EGFP * and Kir2.1/EGFP * embryos, n = 187 and 221 neurons, respectively). In dorsally filled EGFP-expressing embryos, 6 = 2% of HRP ", EGFP ™ LMC neurons were Isl1 ™.
Similarly, in dorsally filled Kir2.1/EGFP-expressing embryos, 6 = 3% of HRP * EGFP ™ LMC neurons were Is|T ™ (N = 3 for both EGFP * and Kir2.1/EGFP * embryos, n = 172 and 293 neurons,
respectively). Proportions of HRP *, EGFP ™ lateral or medial LMC neurons in ventrally or dorsally filled Kir2.1/EGFP-expressing embryos and those in ventrally or dorsally filled EGFP-expressing
embryos are not significantly different (p > 0.05; Student’s  test). Error bars indicate SEM. All values are expressed and plotted as the mean == SEM. Scale bars, 40 wm.

cence intensity within each bin SC [SC superior colliculus fluorescence
intensity (SCFI)] was measured using Image] software. Fluorescence
measures were normalized to the fluorescence intensity in the corre-
sponding electroporated retina (RFI): SCFI/RFI.

To quantify electroporated retinal axons in the SC of P9 mice, three
reconstructed serial sections from each animal were conformed to a sin-
gle common template of the SC. The common template represents a
sagittal slice cut through the center of the SC at a mediolateral coordinate
where the dorsal layer is relatively homogeneous and flat. The common
template was chosen to minimize the mean square distortion arising
from piecewise-linear conformation of tissue sections from individual
animals. Sections were linearly scaled to the mean thickness of the super-
ficial layer of the SC, and fluorescence levels were measured along the
rostrocaudal axis of the SC. Collicular sections were divided in 124 ho-
mogeneous bins to gauge the spatial distribution of the terminal arbors.
We used a bin-by-bin one-way ANOVA to quantify the differences be-
tween the distributions of fluorescence intensity. Individual axons in
electroporated P9 mice were reconstructed using an Imaris work station,
and width, density, and distance to the SC surface were measured.

Results

Motor neuron specification and axon pathfinding are
activity-independent processes

To determine whether intrinsic electrical activity is required for
neural specification and axon navigation, we first focused on
LMC neurons, which have been used to study the role of neural
activity in early neuronal development and whose molecular
identity is linked to myotopically organized axon projections
(Tsuchida et al., 1994; Kania and Jessell, 2003; Hanson and

Landmesser, 2004, 2006; Hanson et al., 2008; Plazas et al., 2013).
We first examined how overexpression of the inwardly rectifying
potassium channel Kir2.1, previously used in other systems (Bur-
rone et al., 2002; Yamada et al., 2010), affected spontaneous ac-
tivity in developing chick LMC neurons. Mixtures of plasmids
encoding either the R-GECO or G-GECO calcium indicators
(Zhao et al., 2011) alongside those encoding EGFP driven by the
Hb9 promoter (Hb9-EGFP) or Kir2.1 driven by either the strong
CAG promoter enhancer (Fig. 1A, Kir2.1/EGFP) or the weaker
CMYV promoter enhancer (Kir2.1/mCherry) were coelectropo-
rated into the chick spinal cord at HH st. 18/19, and the neural
activity of LMC neurons was assayed at HH st. 29 (Hamburger
and Hamilton, 1992). Neurons expressing Hb9-EGFP were ro-
bustly active (1.6 events/min), but expression of the CAG-driven
Kir2.1 (Kir2.1/EGFP) almost entirely blocked activity in chick
neurons (0.05 events/min), although CMV-driven expression
(Kir2.1/mCherry) was not sufficient to block activity (1.53
events/min; Fig. 1 B, C). These data demonstrate that overexpres-
sion of Kir2.1/EGFP from the CAG promoter enhancer is suffi-
cient to block spontaneous activity, allowing us to examine how
this activity influences the development of LMC neurons in a
cell-autonomous fashion.

The myotopically relationship between LMC neurons and
their limb targets is revealed by the differential expression of LIM
homeodomain transcription factors Lim1 and Isl1. Lateral LMC
neurons express Lim1 and innervate dorsal limb muscles, while
medial LMC neurons express Isll and innervate ventral limb
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activity taken from the regions of interest shown in the image. The histogram represents the absence of calcium transients in the Kir2.1/DsRed-electroporated RGCs and the normal pattern of
spontaneous calcium activity in the Fluo4 control cells (gray bar). Thirty-three cells from five animals electroporated with EGFP, and 56 cells from five animals electroporated with Kir2.1/DsRed were
used for quantification. ***p < 0.001 (Student’s unpaired ¢ test). Values are expressed as the mean = SEM. D, RGC axons from embryos electroporated with Kir2.1/EGFP (Figure legend continues.)
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muscles (Tsuchida etal., 1994). Because pharmacological manip-
ulation of neuronal activity appears to affect the expression of Isl1
and Liml in motor neurons (Hanson and Landmesser, 2004,
2006), we reasoned that spontaneous activity may be important
for the specification of LMC neuron molecular identity and
therefore that blocking activity with Kir2.1/EGFP might alter the
numbers of LMC neurons that express Isll or Lim1. To assess
this, we electroporated chick embryos, as described above, and
monitored the expression of the general LMC neuron marker
Foxpl (Dasen et al., 2008; Rousso et al., 2008), alongside Lim1
and Isl1 as markers of medial and lateral LMC neurons, respec-
tively. The number of Foxp1 * neurons did not differ significantly
between embryos electroporated with EGFP and Kir2.1/EGFP
(79 Foxpl " cells per LMC section in EGFP vs 70 in Kir2.1/EGFP-
electroporated embryos; Fig. 1D, E). In EGFP-expressing spinal
cords, 44% of Foxpl ™, EGFP* LMC neurons expressed Lim1
(Fig. 1D, E). Similarly, in Kir2.1/EGFP-expressing embryos, 48%
of FoxP1 ™", EGFP © LMC neurons expressed Lim1 (Fig. 1D, E).
The proportion of Isl1-expressing LMC neurons was not differ-
ent between the two groups either (52% in EGFP  LMC neurons
and 50% in Kir2.1/EGFP * LMC neurons; Fig. 1E), demonstrat-
ing that LMC identity is not altered by spontaneous activity
blockade.

Previous studies have demonstrated that a global, pharmaco-
logically induced decrease in activity lowers the expression of Eph
receptors in LMC neurons and leads to LMC axon guid-
ance errors (Hanson and Landmesser, 2004; Kastanenka and
Landmesser, 2010), raising the question of whether blocking
neural activity in a cell-autonomous manner might have a similar
effect. Chick embryos were electroporated as described above
with either EGFP or Kir2.1/EGFP, and the expression of EphA4
was analyzed in EGFP ™, Lim1 © LMC neurons at HH st. 29 (Fig.
1F). EphA4 expression levels, measured as fluorescence intensity
in regions containing high numbers of EGFP *, Lim1 * neurons
on the electroporated side, were compared with corresponding
regions on the unelectroporated side. The ratio between EphA4
signal on the electroporated and unelectroporated sides in EGFP-
expressing embryos was 1.002:1, which was not significantly dif-
ferent from the ratio in Kir2.1/EGFP-expressing embryos (1.07:
1), demonstrating that blockade of activity does not alter EphA4
expression in the LMC cell body. Axonal EphA4 expression was
assessed in a similar fashion, in spinal ventral roots showing
robust EGFP expression. The electroporated/unelectroporated
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(Figure legend continued.)  plasmids or EGFP alone show similar behavior at the optic chiasm
level. Corresponding electroporated retinas are shown on the right. Graph at the left represents
mean == SEM fluorescence intensity at the optic nerve level normalized to the retinal fluores-
cence intensity (p = 0.42, Student’s unpaired t test). Graph at the right represents the mean of
fluorescence intensity at the contralateral optic tract level normalized to the retinal fluorescence
intensity (p = 0.27, Student’s unpaired t test). Error bars indicate SEM. All values are expressed
and plotted as the mean == SEM. Ten mice were used to measure fluorescence intensity in each
condition. E, Representative examples of the SC (top view) of newborn mice that were electro-
porated at E13 with the indicated plasmids. Corresponding retinas are shown on the right
corner. Graphs represent the mean fluorescence intensity in wholemount SCs normalized to
fluorescence intensity in the retina (p = 0.4, Student’s unpaired ¢ test). Error bars indicate
SEM. Allvalues are expressed and plotted as the mean == SEM. Eight mice were used to measure
fluorescence intensity in each condition. r, Rostral; ¢, caudal. F, Representative sagittal sections
through the medial SC. Red arrowheads indicate the termination of the majority of the targeted
axons. Graphs represent the mean fluorescence intensity (Fl) from three consecutive sections
of the SCs of electroporated mice. Error bars indicate SEM. All values are expressed and plotted
as the mean == SEM. Five mice were used to measure fluorescence intensity in each condition.
There are no significant differences between the behavior of axons electroporated with Kir2.1/
EGFP or EGFP alone (one-way ANOVA).
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ratio was not significantly different: 0.95:1 in EGFP-treated em-
bryos, and 1.02:1 in Kir2.1/EGFP-treated embryos. Thus, cell-
autonomous spontaneous activity blockade does not affect
EphA4 protein expression on cell bodies or axons (Fig. 1 F,G).

We next asked whether, as previously suggested, spontaneous
activity is important for the guidance of LMC axons, possibly by
modulating EphA4 function (Hanson and Landmesser, 2004).
Thus, we examined the limb trajectories of LMC axons express-
ing either EGFP or Kir2.1/EGFP in embryos electroporated with
expression constructs, as described above. Termini of EGFP "
axons in EGFP and Kir2.1/EGFP were found at a similar distance
from the spinal cord as those of neurofilament-expressing un-
electroporated axons, and in untreated embryos (Fig. 2A; data
not shown), suggesting that spontaneous activity is not required
for LMC axon outgrowth. Next, we examined whether lateral and
medial LMC neurons select their appropriate limb nerve trajec-
tory in the absence of spontaneous activity. To do this, we in-
jected the retrograde tracer HRP into the dorsal or ventral limb of
electroporated embryos, and determined the molecular identity
of labeled LMC neurons. If spontaneous activity is important for
limb nerve selection by LMC axons, then dorsal limb injections
are expected to label a significant number of medial LMC
neurons that normally innervate the ventral limb, and ventral
limb injections are expected to label a significant number of
lateral LMC neurons that normally innervate the dorsal limb.
In embryos with a ventral limb HRP injection, the proportion
of all EGFP ¥, HRP ¥ LMC neurons that were also Lim1 * was
not significantly different between EGFP- and Kir2.1/EGFP-
electroporated embryos (4% and 7%, respectively; p > 0.05,
Student’s t test; Fig. 2B). Similarly, in embryos with a dorsal
limb HRP injection, the proportion of all EGFP *, HRP * LMC
neurons that were also Isll © was not significantly different
between EGFP- and Kir2.1/EGFP-electroporated embryos
(6% for both; p > 0.05, Student’s ¢ test; Fig. 2C). Together,
these results argue strongly that the molecular specification of
LMC neurons and the selection of axon trajectory in the limb
occur independently of spontaneous activity.

Spontaneous activity is dispensable for RGC axon
pathfinding and SC targeting

We next probed, in vivo, the role of spontaneous activity in the
development of graded topographic projections of RGC neurons,
where it has been previously suggested to be important in an in
vitro setting (Nicol et al., 2007). Because spontaneous activity has
been reported in the embryonic retina (Galli and Maffei, 1988),
we first analyzed whether activity plays a role in the processes that
occur between embryogenesis and birth such as RGC axon guid-
ance in the optic nerve and chiasm or targeting to the SC. Using in
utero electroporation, Kir2.1/EGFP- or EGFP-encoding plasmids
were ectopically expressed in mouse RGCs at embryonic day 13
(E13) and their axonal projections analyzed at two different stag-
es: at E16, when most axons leave the optic chiasm; and at PO,
upon axon arrival to the SC. Ectopic expression of Kir2.1 and
functional blockade of spontaneous activity were confirmed in
electroporated RGCs, and calcium imaging experiments demon-
strated that, as in the spinal cord, Kir2.1 expression blocks activity
in retinal cells (0.7 events/min in control vs 0 events/min in
Kir2.1/EGFP-expressing cells; p < 0.001; Fig. 3A-C).

We then examined the behavior of RGC axons within the
optic chiasm. Quantification of the number of axons expressing
Kir2.1/EGFP visualized at the optic chiasm normalized to the
number of electroporated RGC in the retina showed no signifi-
cant differences in growth or projection patterns when compared
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Figure 4.  Spontaneous activity is not necessary to transduce EphA/ephrinA signals during the establishment of the rostrocaudal visual map. A, Representative examples of the SC of P9 mice
electroporated at E13 with the indicated plasmids. Top views of the SCs and sagittal sections through the SC at the level indicated by the dotted line are shown. Red arrows point (Figure legend continues.)
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with control axons expressing EGFP (p = 0.42 for measures at
the optic nerve and p = 0.27 for measures at the optic tract; Fig.
3D). Upon arrival at the SC, rather than directly targeting their
correct topographical site, RGC axons initially overshoot their
prospective termination zone (TZ) and extend caudally. Com-
parison of SCs from PO mice electroporated with Kir2.1/EGFP to
those electroporated with EGFP revealed no significant differ-
ences in timing or quantity of axons reaching the caudal SC of
newborn mice (p = 0.44; Fig. 3E). This demonstrates that the
blockade of RGC activity at early stages of development does not
affect the pathfinding of their axons, or their arrival at the optic
chiasm or the SC; therefore, it is highly unlikely that the expres-
sion of, and the signaling mediated by, the guidance molecules
controlling these processes require spontaneous activity.

EphA can redirect RGC axons in the absence of

spontaneous activity

We next asked whether the expression and function of EphA/
ephrinAs requires spontaneous activity. First, we tested whether
the expression of EphA receptors is affected by activity blockade.
In the mouse retina, the only members of the EphA family ex-
pressed in a low-nasal to high-temporal gradient that control the
establishment of topographic maps are EphA5 and EphA6 (Feld-
heim et al., 2004; Reber et al., 2004; Carreres et al., 2011). It has
been already shown that the expression of EphA5 does not change
after postnatal injections of epibitadine into the eye or after treat-
ment with tetrodotodoxin (Pfeiffenberger et al., 2005; Nicol et al.,
2007). However, the expression of neither EphA5 nor EphA6
receptors has been analyzed after activity blockade at early em-
bryonic stages, when these molecules are already highly expressed
in the temporal retina. To investigate whether activity may alter
the expression of EphA5/A6 receptors at early stages, retinas elec-
troporated at E13 with Kir2.1/EGFP or EGFP expression plas-
mids were isolated to measure the levels of EphA6 and EphA5
mRNAs by qRT-PCR. DNA primers targeting Kir2.1 mRNA were
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(Figure legend continued.)  to the most intense fluorescence area in each case. Graphs repre-
sent fluorescence intensity (mean == SEM) from three consecutive sections of P9 electroporated
mice (seven mice were used to measure fluorescence intensity in each condition). No significant
differences between both graphs were observed in the distance of the TZ (peak of fluorescence)
to the rostral SC (p = 0.02), although the termini distribution at the TZ of Kir2.1/EGFP-
expressing mice was wider than that of controls (p = 0.0004). B, Representative example of PO
SCs electroporated at E13 with EphA6/EGFP or EGFP alone plasmids. Top views of the SC and
sagittal sections through the SCat the level indicated by the dotted line are shown. Red arrows
indicate the termination of the majority of targeted axons. Graphs represent the mean = SEM
fluorescence intensity from three consecutive sections of the SCs of electroporated mice (five
mice were used to measure fluorescence intensity in each condition). The graphs show no
significant differences in behavior among the axons electroporated with EphA6/EGFP or EGFP
alone (one-way ANOVA). , Representative examples of the SCof P9 mice electroporated at E13
with the indicated plasmids. Top views of the SCs and sagittal sections through the SC at the
level indicated by the dotted line are shown. Red arrows point to the most intense fluorescence
area in each case. Graphs represent fluorescence intensity (mean == SEM) from three consecu-
tive sections of P9 electroporated mice (seven mice were used to measure fluorescence intensity
in each condition). No significant differences were observed between both graphs. D, Overlay
demonstrates that fluorescence intensity peaks from samples expressing either EGFP or Kir2.1/
EGFP and samples expressing either EphA6 or EphA6/Kir2.1 are very distant. E, Distance of RGC
axons electroporated with the indicated plasmids to the most rostral point of the SC. Units are
the percentage of the total collicular length once individual sections were conformed to a SC
template. Values are plotted as the mean == SEM. ***p <C0.001, Student's unpaired ¢ test.n.s.,
Not significant. F, Graphs show mRNA levels for EphA5 and EphA6 in E16 retinas of embryos
electroporated at E13 with EGFP alone or with Kir2.1/EGFP plasmids. Ten retinas/condition were
pooled per experiment. The average of four experiments is shown. Values are plotted as the
mean = SEM. **p << 0.01, Student’s unpaired ¢ test.
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used as controls to be sure that ectopic Kir2.1 was induced in the
tested samples. While the levels of Kir2.1 mRNA increased >10%
in retinas electroporated with Kir2.1/EGFP plasmids compared
with those electroporated with EGFP, the levels of EphA5 and
EphA6 mRNA were similar to those electroporated with EGFP
plasmids, confirming that spontaneous activity is not required to
induce EphA5 or EphA6 mRNA (Fig. 4F) and that the lack of
activity does not affect endogenous retinal EphA transcription.

Given that axon guidance receptors relevant to RGC targeting
were normally expressed in the absence of activity, we asked
whether activity is required for RGC axon guidance, possibly at
the level of EphA receptor signaling. After birth, following initial
target overshoot, RGC axons in the caudal SC retract to their
topographically accurate TZ and form interstitial branches ros-
tral to it (Nakamura and O’Leary, 1989; Simon and O’Leary,
1992). Thus, during this initial phase, the precise TZ where indi-
vidual axons will arborize in superficial layers is determined
(Phase 1: retraction/topography phase). Then, complex arbors
develop at the TZ, followed by the elimination of major segments
of RGC axons that are distal to the TZ, together with branches
and arbors that formed at topographically incorrect positions
(Phase 2; remodeling phase; Nakamura and O’Leary, 1989). We
reasoned that according to the classical model of activity-
independent axon guidance, Kir2.1 expression should only affect
the remodeling phase of RGC termination in the SC. In contrast,
if activity were important for the retraction/topography phase,
silencing RGC activity with Kir2.1 expression should result in a
TZ position shift. To resolve between these alternatives, terminals
of axons expressing Kir2.1/EGFP or EGFP were analyzed in the
SC of P9 mice. Both EGFP- and Kir2.1/EGFP-expressing axons
projected to equivalent central areas of the SC. The distance of the
TZ (TZd; peak of fluorescence) to the rostral SC was 52% of the
total SC length for EGFP-expressing axons and 54% for Kir2.1/
EGFP-expressing axons (p = 0.2), although the termini distribu-
tion at the TZ of Kir2.1/EGFP-expressing mice was wider than
that of controls (half-width—half-height of the fluorescence peak;
16% vs 21% of total SC length, respectively; p = 0.0004; Fig. 4A).

We then asked whether signaling downstream of EphA/eph-
rinAs is modulated by activity by testing whether a phenotype
caused by overexpression of Eph receptors can be suppressed by
activity blockade. Ectopic electroporation of EphA6 in embry-
onic central retina resulted in RGC axonal projection to rostral
collicular areas (TZd, 5%; Fig. 4C; Carreres et al., 2011) after
overshooting their normal TZ at birth (Fig. 4B). Axons express-
ing Kir2.1/EGFP and EphA6 also projected to the rostral collicu-
lus (TZd, 4%), a behavior not significantly different (p = 0.6)
from that of axons expressing only EphA6/EGFP (Fig. 4C-E).
Together, our findings demonstrate that RGC axon guidance and
EphA/ephrinA signaling occur normally in the absence of spon-
taneous activity.

Spontaneous activity is essential for axon arborization and
pruning at the RGC terminal zone

Activation of EphA/ephrinA signaling in axon retraction and es-
tablishment of the TZ do not depend on spontaneous activity.
However, as in previous results reporting defects in collicular
organization of RGC terminals in the absence of spontaneous
activity (McLaughlin et al., 2003; Dhande et al., 2011), we found
that in the SC of P9 mice, the termini of axons expressing Kir2.1/
EGFP were more dispersed and showed lower fluorescence inten-
sity compared with the controls (Fig. 4A), suggesting a significant
change in their morphology and indicating that spontaneous ac-
tivity is important for RGC mapping. To define the precise func-
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process, we examined the axonal arbor
structure of individual RGCs in the SC |

EGFP | | Kir2.1/EGFP

(see Experimental procedures). Recon-
struction analysis revealed that arbors of
Kir2.1/EGFP-expressing axons occupy a
wider TZ area (arbor width: 276 um) that
is deeper relative to the surface of the SC
(length to the surface: 102 wm) than in
controls (arbor width: 198 um; length to
the surface: 30 um; p = 0.007 and p = j

50 pm

0.002, respectively; Fig. 5A, B). In general,
Kir2.1/EGFP-expressing arbors were less
elaborate (arbor density: 19%) than those
from cells expressing EGFP (arbor den-

TP >

sity: 56%; p = 0.001); however, the point
along the rostrocaudal axis of the SC at
which axons establish their TZ was lo-
cated at a similar distance from the rostral
SC in both conditions (Figs. 4, 5A,B).

Collaterals outside the terminal zones
were rarely found in Kir2.1/EGFP- or in
EGFP-electroporated axons. These results
clearly demonstrate a role of spontaneous
activity in the formation of the visual cir-
cuits at the level of local pruning and

o

branching of RGC axons once they reach
their TZ.

Discussion B

For decades, experimental and computa-
tional studies have suggested that genetic
factors and spontaneous activity play
complementary but independent roles in
the development of precise neural circuits
and topographic maps. More recent ex-

terminal
arbor width

density

Terminal arbor width (um)

perimental evidence suggests that these
two mechanisms could interact exten-
sively, with spontaneous activity regulat-
ing earlier events during the development
of neural circuits. The in vivo results pre-
sented here in a setting that comprises all
steps of neural development from early
neural specification to late refinement
processes, demonstrate that in birds and
mammals, early and late phases of topo-
graphic map development differ mark-
edly in their requirement for spontaneous
activity. Activity does not play a signifi-
cant role in neural specification, axonal pathfinding decisions, or
gross topography but is fundamental at a later stage to properly
refine the axonal terminals once at the termination zone in the
target tissues. Furthermore, our results in chick and mouse dis-
engage the postulated coupling of EphA/ephrinA signaling to
spontaneous activity in axon guidance and initial map formation.

Figure 5.

Spontaneous activity in early stages of circuit formation

The improved techniques that detect modest changes in Ca**
levels have been used as surrogate indicators of embryonic neural
activity (Goodman and Spitzer, 1981; Maffei and Galli-Resta,
1990). The current robust evidence on the existence of early neu-
ral activity raised the possibility that different developmental
processes such as cell specification, cell migration, axonal growth
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Spontaneous activity is required for local axon remodeling at the terminal zone. A, Representative sagittal sections
from the SC of P9 mice electroporated with EGFP alone or Kir2.1/EGFP. Axons show similar turning points (TP; arrows) along the
rostrocaudal axis of the SCin both cases, as it corresponds to the central location of their cell bodies in the retina. Right panels are
diagrams summarizing the result. Note that arborization is affected in the Kir2.1/EGFP axons compared with the controls electro-
porated with EGFP alone. i, i", Close-up images of the squared areas. i, ii’, More examples of terminal axons expressing EGFP or
Kir2.1/EGFP. B, The scheme illustrates the three parameters used to measure axon terminals expressing EGFP or Kir2.1/EGFP:
length to the surface, width, and density. The graphs show the average value of the three parameters (length, yellow bars; width,
red bars; density, green bars) in Kir2.1/EGFP-expressing axons (n = 8) and in the controls expressing EGFP alone (n = 9). Values
are plotted as the mean == SEM. ***p < 0.001, Student’s unpaired ¢ test.

rate, axon pathfinding, and axon targeting could be also in-
structed by spontaneous activity (Spitzer, 2006). Thus, in recent
years, spontaneous activity has been postulated as an important
mechanism that may modulate early developmental stages in dif-
ferent brain systems and species. In contrast to this mounting
evidence, we find that silencing neural activity in individual LMC
neurons or RGCs does not alter the neuronal fate or axon guid-
ance decisions of LMC neurons, or affect the choices of visual
axons in decision points such as the optic chiasm.

The discrepancy between our observations and the previous
experiments in chick motor neurons could be attributed to the
method used to block spontaneous activity; we studied the effect
of the expression of Kir2.1 at the level of single cells, whereas
Hanson and Landmesser (2004) used a pharmacological treat-
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ment using picrotoxin. Picrotoxin inhibits GABA , receptors, and
itis known that GABA can act as an axon guidance cue (Ferguson
and McFarlane, 2002). Therefore, it is possible that picrotoxin
treatment influences axon guidance processes via GABA signal-
ing rather than through activity inhibition. However, more re-
cently, it has been shown that blocking activity in individual
zebrafish motor neurons by ectopic expression of Kir2.1 causes
pathfinding errors as well (Plazas et al., 2013). One critical differ-
ence between these results and ours is the influence of the species-
specific embryonic environment. In our study, we examined
mouse and chick embryos, which are cosseted in a very highly
regulated environment to develop into terrestrial animals. In
contrast, most of the experiments in which activity seems to
influence early developmental events have been performed in
organisms that develop and subsequently live in aquatic envi-
ronments, which may be subject to changes in salt concentra-
tion (Nishiyama et al., 2003; Demarque and Spitzer, 2010;
Plazas et al., 2013). By allowing the environment to influence
the number of excitatory and inhibitory neurons in the ner-
vous system as in the study of Borodinsky and Spitzer (2007),
aquatic embryos may be able to adapt the wiring of their ner-
vous system to their environment more readily than avian or
mammalian embryos.

In mammals, the loss of neural activity has been reported to
affect the expression of axon guidance molecules. In the embry-
onic thalamus, for example, ectopic expression of Kir2.1 in-
creases the expression of Robol receptor (Mire et al., 2012). It is
possible that the expression of some families of guidance mole-
cules, such as Robo/Slits, is more sensitive to neural activity than
others such as EphA/ephrinA. However, Robo receptors are es-
sential for RGC axon guidance (Plump et al., 2002; Thompson et
al., 2009), and since we do not find defects in RGC innervation of
the SC in Kir2.1-expressing RGC axons until they navigate to the
correct TZ, it is unlikely that this is the case. An alternative expla-
nation for this apparent neural type-specific requirement of ac-
tivity for guidance molecule expression is that expression and/or
function of some guidance molecules may rely on activity syn-
chrony. In some developing neural circuits, spontaneous activity
is initially nonsynchronous, meaning that neighboring neurons
that eventually innervate adjacent targets do not exhibit simulta-
neous trains of activity. If activity patterns bear information in-
structive for axon guidance, neurons with asynchronous activity
might misinterpret important guidance cues. Eventually, activity
patterns become organized and synchronized, and in a system
where this happens late in development such as the mouse visual
system or the chick motor system, pathfinding could be uncou-
pled from electrical activity to prevent the stochastic nature of
early asynchronous activity from causing a high level of hetero-
geneity of axon guidance fidelity. Thus, in systems with robust
synchrony of activity at earlier stages, of which the thalamus may
be an example, activity could play an essential role at earlier de-
velopmental stages.

Spontaneous activity in topography and map formation

Invitro studies suggested that during the establishment of retino-
collicular topography spontaneous activity must be present for
the correct functioning of EphA/ephrinA signaling (Nicol et al.,
2007). However, blocking activity with tetrodotoxin (TTX) does
not affect EphA transcription (Nicol et al., 2007), and we now
show that activity is not required to modulate EphA/ephrinA
signaling in vivo either. How can we reconcile the apparent dis-
crepancy concerning the role of activity in the establishment of
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visual topography between past in vitro and our current in vivo
results? First, there are significant differences between using TTX
in culture and delivering Kir2.1 specifically in RGCs in vivo to
block activity. TTX abolished spontaneous activity in the whole
coculture, including the retinal explants and the SC slices. The
use of Kir2.1, however, allows the blocking of spontaneous activ-
ity specifically in a restricted population of RGCs, leaving the rest
of the retinal population and the SC unaffected. Second, the or-
ganotypic retinotectal cocultures used in the in vifro experiments
corresponded to different retinal and collicular stages. E15 reti-
nas were confronted to P6 SC slices, which makes it difficult to
interpret the results since retinal axons at this early stage may not
be ready to respond to signals from a more mature SC. Third, the
ability to distinguish between the first (topography) and the sec-
ond phase (remodeling) of the map maturation process using
cocultures in vitro is very poor when compared with our in vivo
approach, with which we can easily visualize and distinguish the
retraction of the principal axon from axonal pruning and ar-
borization in the correct TZ. Therefore, our in vivo results using a
much more reliable approach demonstrate that activity is only
required at later phases of development once retinal axons start to
establish connections with other neurons in the SC.

Recent reports have shown that in newborn mice, retinal
waves originate preferentially in the binocular region, the ven-
tral-temporal retina, and propagate following a biased direction
toward the dorsal-nasal retina (Ackman et al., 2012). This find-
ing, although compatible with a role for retinal waves in topog-
raphy, suggests an important function for spontaneous activity in
eye-specific refinement. B2KO mice exhibit dramatically en-
larged axonal arbors that fail to refine in the SC but exhibit a
nearly normal topography (Dhande et al., 2011), and genetically
modified mice with altered patterns of retinal activity exhibit
defects in eye-specific refinement but an approximately normal
rostrocaudal topography (Xu et al., 2011). Although none of
these studies directly test a possible relationship between the ex-
pression of EphA/ephrinAs and spontaneous activity in the for-
mation of topographic maps, they favor the idea of a prominent
role for spontaneous activity in eye-specific segregation, which
depends on fine-tuning of axonal terminals, rather than on
topography.

In summary, our in vivo results clarify the long-standing de-
bate over the precise roles of EphA/ephrinA signaling and spon-
taneous activity in neural circuit wiring, and finally confirm, at
least in the motor and visual systems, the model initially pro-
posed by Goodman and Shatz (1993) in which activity-
independent mechanisms are sufficient to generate a coarse
topographic map relying exclusively on molecular cues,
whereas the fine-tuning of this map requires subsequent pat-
terned activity.
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