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Abstract

Spontaneous, highly rhythmic, episodes of propagating bursting activity are present early during the
development of chick and mouse spinal cords. Acetylcholine, and GABA and glycine, which are
both excitatory at this stage, provide the excitatory drive. It was previously shown that a moderate
decrease in the frequency of bursting activity, caused by in-ovo application of the GABA receptor
blocker, picrotoxin, resulted in motoneurons making dorsal-ventral (D-V) pathfinding errors in the
limb and in the altered expression of guidance molecules associated with this decision. To distinguish
whether the pathfinding errors were caused by perturbation of the normal frequency of bursting
activity or interference with GABA receptor signaling, chick embryos were chronically treated in-
ovo with picrotoxin to block GABA 4 receptors, while light activation by channelrhodopsin-2 (ChR2)
was used to restore bursting activity to the control frequency. The restoration of normal patterns of
neural activity in the presence of picrotoxin prevented the D-V pathfinding errors in the limb and
maintained the normal expression levels of EphA4, EphB1 and polysialic acid on NCAM, three
molecules previously shown to be necessary for this pathfinding choice. These observations
demonstrate that developing spinal motor circuits are highly sensitive to the precise frequency and
pattern of spontaneous activity, and that any drugs that alter this activity could result in developmental
defects.
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INTRODUCTION

Early during development, as motoneurons are pathfinding to their muscle targets, they
establish connections with other motoneurons and interneurons in the spinal cord. Such
connections result in the assembly of functionally active spinal circuits. As early as E4 (chick)
or E11.5-12 (mouse), just as their axons have exited the spinal cord and fasciculated into
muscle-specific fascicles, and while their somas are still migrating, lumbar motoneurons
exhibit highly rhythmic spontaneous bursts of propagating electrical activity (Milner et al.,
1999; Hanson and Landmesser, 2003). The activity propagates in the form of waves
(O’Donovan et al., 2005) and in chicks has been shown to originate in the upper cervical spinal
cord (Momose-Sato et al., 2009). Cholinergic neurotransmission is critical for generating these
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spontaneous waves, while GABA and glycine also contribute to the excitatory drive (Milner
et al., 1999; Hanson and Landmesser, 2003).

Decreasing the frequency of rhythmic bursting activity with the in-ovo application of the
GABA antagonist, picrotoxin, resulted in dorsoventral (D-V) pathfinding errors as well as a
decrease in the levels of the EphA4 receptor and of polysialic acid (PSA) on NCAM on
motoneuron axons at the D-V choice point (Hanson and Landmesser, 2004). Normally, EphA4
positive growth cones of dorsally projecting motoneurons are repelled by Ephrin As in ventral
mesenchyme (Kania and Jessell, 2003; Eberhart et al., 2002), whereas the EphB1-bearing
growth cones of ventrally projecting motoneurons are repelled by Ephrin Bs in dorsal
mesenchyme (Luria et al, 2008). In contrast, modest increases in the frequency of bursting
activity produced by the glycine uptake inhibitor, sarcosine, did not perturb D-V pathfinding,
but resulted in pool-specific pathfinding errors (Hanson and Landmesser, 2006). Together these
studies suggested that modest alterations in the normal frequency of neural activity
differentially perturbed the two major pathfinding decisions made by motoneurons. However,
itwas unclear whether alterations in the frequency of rhythmic depolarizations and downstream
calcium signaling, or in signaling via GABA receptors, caused the pathfinding errors, since
picrotoxin, used to decrease the frequency of bursting episodes, also blocked GABAA
receptors. GABA has in fact been shown to play multiple roles in developmental processes,
such as cell proliferation, migration and survival (Represa and Ben-Ari, 2005; Owens and
Kriegstein, 2002). To distinguish between these possibilities we activated the motor circuit at
normal bursting frequencies by light activation by channelrhodopsin-2 (ChR2) in the presence
of picrotoxin. Li et al. (2005) showed that after in-ovo electroporation in chicks, ChR2 could
be used to drive bursting activity both in isolated spinal cord preparations and in intact embryos.
We show here that driving activity at the normal frequency with ChR2 in the presence of the
GABA blocker, picrotoxin, prevented the D-V pathfinding errors and restored the normal
levels of PSA, EphA4, and EphB1 on motoneuron axons. Our results indicate that the normal
frequency of bursting activity and not GABAA, signaling is required for accurate D-V
pathfinding, and suggest that this is because activity is required to maintain the normal levels
of EphA4, EphB1, and PSA, enabling axons to reach their proper D-V targets.

MATERIALS and METHODS

Chronic drug treatments

White leghorn chicken embryos were incubated until St 18. At that stage a square hole was
made in the shell, surrounded by a lip of paraffin and sealed with a glass coverslip. Starting at
St 20, embryos in the chronic picrotoxin treatment were treated with the GABA, receptor
antagonist, picrotoxin, through the window in the shell. Twice a day, at 12-hour intervals,
picrotoxin (0.1mg/day) dissolved in sterile chick tyrode, was administered through the pipette
until St 25-27.

Light activation by ChR2

A ChR2 DNA construct containing an enhanced GFP under the CMV promoter (5ug/ul; a gift
from Stefan Herlitze) (Li et al., 2005) was introduced into the upper cervical central canal of
St 18 chicken embryos and electroporated into one side of the upper cervical spinal cord.

Embryos were incubated in a specially constructed incubator that prevented ambient light from
entering and which had implanted light guides to supply flashes of light at desired frequencies.
Starting at St 20, embryos were treated with picrotoxin as described above, as well as stimulated
with brief flashes of white light (1 sec in duration) that activated ChR2 every 40s, the control
frequency, until St 25-27. Some ChR2 electroporated embryos were also activated with light
with intervals of 20s, at twice the control frequency, in the absence of picrotoxin. In both cases
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in-ovo movements were quantified to ensure that the desired frequency was maintained during
the chronic stimulation.

Quantification of in-ovo movements

To quantify the intervals between in-ovo movements, the embryos were videotaped with a
digital camera (Olympus Mangafire, Olympus America, Milville, NY) through the square
window in the shell. For the duration of video recording, embryos were warmed to 38-40°C
with a heating pad. Subsequently, time intervals between episodes of activity were recorded
as intervals between the S shaped axial movements as early as St 23 or at St 25. Previous studies
with isolated cord preparations demonstrated that every episode of activity recorded electrically
from a spinal nerve, was associated with an S-shaped movement caused by sequential activation
of axial muscles, which are activated at stages when limb-innervating axons are still growing
to their muscle targets (Milner and Landmesser, 1999; Hanson and Landmesser, 2004). An
episode consisted of one or more axial movements. Each embryo was recorded one or two
times. Embryos, electroporated with ChR2 were recorded in red light (620nm), which does not
activate ChR2. ChR2 was activated with brief flashes of white light at specified intervals and
intermovement intervals between the flashes were recorded. Intermovement intervals were
averaged and compared between conditions.

Retrograde labeling of motoneurons with HRP

Following a ventral laminectomy, the dorsal or ventral nerve trunks of embryos were injected
with 10% HRP (Invitrogen, Eugene, OR) in isolated spinal cord-hindlimb preparations and
incubated for 6 h at 32°C in oxygenated Tyrode’s solution to allow for retrograde transport to
the cell bodies in the spinal cords.

Subsequently, limbs and spinal cords were fixed in 3.7% formaldehyde in a PBS solution for
30 min, washed, and cryoprotected in 30% sucrose overnight at 4°C. Limbs and spinal cords
were mounted in a 1:1 mixture of 60% sucrose and tissue-freezing medium (Triangle
Biomedical Sciences, Dirham, NC) separately, frozen on dry ice-cooled isopentane, and
cryostat sectioned at -26°C at a thickness of 16um (Cryocut 1800 Leica, Nussloch, Germany).

Immunohistochemistry

16pm transverse sections of lumbar level spinal cord were incubated with antibodies against
HRP (Rabbit anti-HRP 1:400, Jackson Immunoresearch, West Grove, PA) and Lim1 (Mouse
anti-Lim1 4F2 ascides 1:500, DSHB, lowa City, lowa) or Isletl (Mouse anti-Isletl 3F7
concentrate 1:50, DSHB, lowa City, lowa). Transverse sections of the limbs were incubated
with antibodies against Neurofilament (Mouse anti-NF-M, 1E9, full strength hybridoma
supernatant). This monoclonal antibody was shown to be specific for NF-M (Lynn Landmesser,
unpublished observations; Hanson and Landmesser, 2004). The sections were also stained with
antibodies against EphA4 (Rabbit anti-EphA4 1:500, Zymed Laboratories, San Francisco, CA)
or EphB1 (Goat anti-EphB1 1:50, Santa Cruz Biotechnology, Santa Cruz, CA). Similarly,
sections were incubated with antibodies against PSA (5A5, 1:100) and NCAM (5E, 10ug/ml)
(Hanson and Landmesser, 2004) for 2 hours at room temperature. Then the sections were
incubated with appropriate secondary antibodies for 1 hour, mounted with ProLong Antifade
reagent (Invitrogen, San Francisco, CA), and visualized using an upright Nikon Microphot-
FX. Thus for each molecule, the sections from control, picrotoxin, and picrotoxin + light
activation were incubated with the same primary and secondary antibodies at the same
concentrations and according to the same protocol. In addition care was taken to first try a
range of antibody concentrations for each antibody to select the concentration that enabled one
to observe the full range of expression of the molecule it was directed against.
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Image acquisition and analysis

Images were captured on an upright Nikon (Tokyo, Japan) Microphot-FX with a digital camera
(Olympus MagnaFire, Olympus America, Melville, NY) using the QCapture software. For
each molecule described in figs. 4, 5, 6, 7, the images for control, picrotoxin, and picrotoxin
+ light activation were acquired at the same exposure parameters and light intensity in order
to enable appropriate quantification of mean pixel intensities within individual regions of
interest. Care was taken to acquire the brightest of the three examples at an exposure within
the linear range and thus avoid saturation. Confocal images were acquired with a Zeiss LSM
510 META laser scanning confocal microscope (Carl Zeiss Micro Imaging, Jenna, Germany)
using an Argon laser (excitation, 488 nm), a HeNe laser (excitation 543 nm) and a multi-
immersion 25x Plan-Neofluar, NA 0.8, Ph2 objective.

Quantification of misplaced motoneurons and D-V pathfinding errors

16 um cross-sections from the spinal cords of control, chronic picrotoxin, and chronic
picrotoxin and light activated St 27 embryos, whose dorsal or ventral nerve trunks had been
injected with HRP, were stained with anti-HRP antibodies. For both ventrally and dorsally
projecting HRP injected motoneurons, the number of HRP positive cell bodies present in a
spinal cord location inappropriate for the projection pattern of these motoneurons (cell bodies
located in LMC), for motoneurons projecting dorsally or cell bodies present in LMC, for
motoneurons projecting ventrally) was expressed as a percentage of all HRP positive cells
present on that side of the spinal cord per 16 um section. The percentages in each condition
were averaged and depicted in a bar graph.

To calculate D-V pathfinding errors, 16 um cross-sections of St 27 chick spinal cords were
stained with antibodies against Lim1 or Isletl in addition to HRP. Ventrally projecting
motoneurons expressing Lim1 and dorsally projecting motoneurons expressing Isletl were
considered to represent D-V pathfinding errors. The number of D-V pathfinding errors was
shown as a percentage of all HRP positive cells per 16 um section on one side of the spinal
cord. The percentages were averaged and represented in a bar graph under different conditions.

Fluorescence quantification

Images of transverse limb cross-sections co-immunostained with either EphA4 and NF-M,
EphB1 and NCAM, or PSA and NCAM were imported into Metamorph Imaging Analysis
Software (7.1.7.0, Universal Imaging Co, PA). Regions of interest were outlined just distal to
the D-V choice point on dorsal nerve trunks on EphA4 stained sections, on ventral nerve trunks
on EphB1 stained sections, and on both dorsal and ventral nerve trunks on PSA stained sections.
Pixel intensities were calculated in Metamorph for each of the three molecules, and respective
background levels subtracted. The pixel intensities were averaged for each experimental
condition and compared between control, chronic picrotoxin, and chronic picrotoxin with light
activation by ChR2 treated embryos.

Alterations in the packing density or fasciculation of axons in different regions or sections
would influence the pixel intensity of immunostaining. To correct for variations in axonal
packing density, we determined pixel intensities for NF-M fluorescence using the regions of
interest used to quantify EphA4 fluorescence, or NCAM fluorescence with the regions of
interest used to quantify EphB1 fluorescence, or NCAM fluorescence, for the regions of interest
used to quantify PSA fluorescence. Thus, the regions of interest that were previously saved in
EphA4, EphB1 and PSA channels were loaded into NF-M and NCAM channels for the same
sections, pixel intensities for those were recorded and background levels subtract. Pixel
intensities with background subtracted were averaged for control, chronic picrotoxin, and
chronic picrotoxin + light activation by ChR2 conditions. The averages for pixel intensities for
NF-M stained sections, co-immunostained with EphA4, were comparable with the different
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treatments, as were the averages for pixel intensities for NCAM, co-immunostained with
EphB1 or PSA. This result also confirms the data published previously (Hanson and
Landmesser, 2004), which showed that neither the expression of NF-M or NCAM were altered
as a result of chronic picrotoxin treatment.

To quantify the intensity of Lim 1 or Islet 1 immunostaining transverse spinal cord sections
from St27 chick embryos that were either not treated, chronically treated with picrotoxin, or
treated chronically with picrotoxin but simultaneously activated at control bursting frequencies
with ChR2 were stained as described above. The intensity of immunostaining in regions of
interest consisting of either the lateral or medial portion of the LMC were then quantified as
mean pixel intensity and the different treatments compared.

Statistical significance was determined using ANOVA. Bonferroni correction of p values was
used when multiple comparisons were made as follows. The fluorescence intensity of EphA4
or EphB1 were compared on dorsal or ventral nerve trunks respectively between control and
chronic picrotoxin treated embryos or chronic picrotoxin treated embryos and embryos treated
with light activation by ChR2 and picrotoxin, thus comprising two comparisons. In order to
consider the two comparisons, a p value of 0.05 was corrected to 0.025. A p value of 0.025
was also used to compare PSA fluorescence intensities between conditions.

RESULTS

In-ovo electroporated ChR2 can be used to drive neural activity at the normal frequency in
the presence of picrotoxin during in vivo motoneuron axon outgrowth

To test whether the normal frequency of bursting activity or GABA signaling is necessary
for proper pathfinding of motoneurons in picrotoxin treated embryos, it was first necessary to
verify that light activation by ChR2 could drive bursting activity at normal levels in picrotoxin
treated embryos where GABA receptors were blocked. Acute application of picrotoxin
(50uM) has been shown to slow the frequency of bursting activity in isolated spinal cord
preparations (Hanson and Landmesser, 2004). Picrotoxin (0.05mg in 100ul of Tyrode) also
slowed bursting frequency when applied acutely or chronically each day in-ovo (Hanson and
Landmesser, 2004). Although limb muscles have not yet formed by St 23-25, when
motoneurons are making the D-V pathfinding decision at the base of the limb, axial muscles
are innervated and each wave of electrical activity generates an axial movement that can be
observed through a window in the shell (see Materials and Methods for additional details).
This enabled us to confirm that chronic picrotoxin treatment increased the interval between
axial movements throughout the period of the D-V pathfinding choice. This was important
since homeostatic changes can occur to restore activity in developing cord circuits when
activity is perturbed (Chub and O’Donovan, 1998; Milner and Landmesser, 1999; Gonzalez-
Islas and Wenner, 2006). Figure 1A shows that picrotoxin increased the interval between axial
movements by a factor of 2-3 throughout this period. We next showed that when picrotoxin
was applied acutely to St 25 embryos, which had been electroporated with ChR2 at St 18, that
the interval between movements was increased by a similar amount in the absence of light.
However brief flashes of light every 40 seconds were able to restore the intermovement
intervals to control levels in the presence of picrotoxin (Fig. 1B).

The D-V pathfinding decision in chick embryos is executed between St23-25 (Lance-Jones
and Landmesser, 1981a). Thus it was necessary to be able to maintain the normal frequency
of bursting activity with light activation by ChR2 in picrotoxin treated embryos throughout
these stages. To determine whether chronic activation of ChR2 could drive movements with
the control frequency until St 25, when the D-V pathfinding decision has been executed,
embryos were electroporated with ChR2 at St 18 and flashes of light every 40 seconds were
applied from St 20-25. Axial movements in-ovo and spontaneous electrical bursts in isolated
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cord preparations first become evident at St 23. However, since spontaneous activity might
occur at even earlier stages we began our light treatment at St 20. ChR2 was electroporated
into the upper cervical spinal cords (Fig.1C) because at these early stages (St 23-25) the waves
of spontaneous activity arise in this region and propagate caudally to activate the lumbar cord
(Momose-Sato et al., 2009). This site of ChR2 expression also avoided any possibly deleterious
effects of expressing and activating ChR2 chronically in the motoneurons we were studying.
The ChR2-eGFP construct was under the control of the CMV promoter and was the same one
used in a previous study (Li et al., 2005), which showed that it could be expressed at lumbar
and brachial levels in both motoneurons and interneurons and was capable of acutely driving
bursting activity both in-ovo and in isolated cord preparations. Importantly the bursts elicited
by brief flashes of light were shown not to differ from the spontaneously generated bursts. In
the present study expression of eGFP was apparent at St 23 and was maintained until St 25
(Fig. 1D) when the embryos were assessed. Although the ChR2 was expressed on only one
side of the spinal cord, the network driven bursts arising from its activation were confirmed to
propagate caudally into both sides of the lumbar cord.

At St 25, electroporated embryos that had been chronically treated with picrotoxin exhibited
inter-movement intervals of approximately twice the control value (Fig.1E) whereas light
activation restored the interval to the control value. We also found that, at least acutely, cords
could be activated at approximately twice the normal frequency by ChR2 activation (Fig.1F).
In this experiment, ChR2 electroporated embryos that were not activated with light exhibited
the same intermovement interval as non-electroporated embryos, indicating that the
electroporation of ChR2 itself did not alter the ability of cords to generate episodes of activity
at the normal frequency. In summary, ChR2 electroporated into cervical spinal cord can be
reliably activated with light to chronically elicit bursting activity at normal frequencies in the
presence of chronic picrotoxin treatment. Thus we were ready to activate picrotoxin treated
embryos with the normal frequency of bursting activity to determine if altered bursting or
GABA signaling was necessary for proper pathfinding.

Driving the normal frequency of activity with ChR2 in picrotoxin treated embryos prevents
D-V motoneuron pathfinding errors assessed by motoneurons being located in inappropriate
medial-lateral locations

Normally, cell bodies of dorsally projecting motoneurons are located in the lateral half of the
LMC (LMC,), while cell bodies of ventrally projecting motoneurons are positioned in the
medial half of the LMC (LMC),) (Landmesser, 1978; Lance-Jones and Landmesser, 1981a;
Tsuchida et al., 1994; Fig 2E). To assess misprojections, we injected horseradish peroxidase
(HRP) into the dorsal or ventral nerve trunks to label the cell bodies of motoneurons that had
projected dorsally or ventrally. The cell bodies that were clearly mispositioned in the wrong
half of the LMC (i.e. cell bodies of dorsally projecting motoneurons that were located in the
LMCy and cell bodies of ventrally projecting motoneurons located in the LMC| ) were counted
as misplaced motoneurons.

Chronic picrotoxin treatment between St 20 and St 30 perturbed normal guidance of
motoneurons along the D-V axis and resulted in motoneuron cell bodies that were misplaced
in the medial-lateral axis of the cord (Hanson and Landmesser, 2004). In the current studies,
embryos which were treated with chronic picrotoxin for shorter durations (St 20 - St 27) also
exhibited misplaced somas in the LMC at St 27, as shown in Fig 2A,B. We chose this stage to
characterize since the migration of motoneuron somas to their appropriate medial-lateral
locations is essentially complete by St 27. When ventral nerve trunks were injected with HRP,
the majority of somas that were retrogradely labeled were located in the proper LMCy, position.
However, in addition, misplaced cell bodies were also present in the LMC,_ (25 + 6.21% of all
HRP labeled somas) (Fig 2A, white arrows). Similarly, when dorsal nerve trunks were injected
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with HRP, misplaced cell bodies were found in the LMCy (31 * 3.38%) (Fig 2B, white
arrowhead). Thus, following picrotoxin treatment, a roughly similar proportion of LMC,_and
LMCy, motoneurons, had misplaced somas, which we show in the next section are due to D-
V pathfinding errors. This observation is consistent with a previous study (Hanson and
Landmesser, 2004) that showed that following retrograde labeling at St 30 from the sartorius
or femorotibialis (dorsal muscles) or from the adductor (a ventral muscle) a similar proportion
of misplaced motoneurons occurred for each pool following chronic picrotoxin treatment.

In the present study we found that when the normal frequency of bursting activity was restored
in picrotoxin treated embryos by light activation by ChR2, motoneurons that were in the
inappropriate part of the motor column (LMCy, or LMC, ) were not observed (Fig 2C,D). The
number of misplaced motoneurons in control embryos, and in those treated chronically with
picrotoxin as well as embryos, which were activated at control levels with ChR2 in addition
to chronic picrotoxin treatment were counted in serial frozen sections and expressed as a percent
of all retrogradely labeled cells (Fig 2F). Approximately 30% of the HRP labeled cells had
misplaced somas following picrotoxin treatment but this was reduced to control levels (several
percent) when the cords were simultaneously activated by light. This finding suggests that
normal patterns of bursting activity and not GABA receptor signaling is important for the
normal pathfinding of motoneuron growth cones in the limb. However, it was also possible
that the misplaced motoneurons might be motoneurons that had migrated inappropriately rather
than had made pathfinding errors.

Picrotoxin causes pathfinding errors, which are rescued by activating cords at their normal
bursting frequency

Motoneurons are generated in the ependymal layer and then migrate laterally to take their
proper position in the LMC. Motoneurons destined for LMCy, are born first (Hollyday and
Hamburger, 1977). Later born motoneurons migrate through these cells to assume their position
in the LMC_. Thus a point in time (typically St 24-25) exists when the two populations of
motoneurons are intermixed (Hollyday and Hamburger, 1977; K.V. Kastanenka and L.T.
Landmesser, unpublished observations). Even though by St 27, when we quantified misplaced
motoneurons, most motoneurons have assumed their proper positions in the LMC, it was
possible that the misplaced motoneurons in the picrotoxin treated embryos represented cell
bodies that had not completed their migration or made errors in migration. To test for these
possibilities we injected dorsal or ventral nerve trunks with HRP and then determined whether
misplaced motoneurons expressed Lim1 or Isletl, transcription factors which are expressed by
nuclei of LMC, or LMCy, motoneurons respectively (Tsuchidaetal., 1994). Following a dorsal
injection most of the retrogradely labeled cells (Fig 3A, red) were located in the lateral part of
the LMC. However, some cells (an example is shown by arrow) were located inappropriately
in a medial location and these cells expressed Isletl, the transcription factor characteristic of
motoneurons located in the medial half of the LMC. These cells did not express Lim1, which
is expressed by all dorsally projecting neurons (data not shown). Similarly, cells, that were
observed in an inappropriate lateral location following HRP injection of the ventral nerve trunk,
expressed Lim1 and not Isletl. These could thus be defined as pathfinding errors. With
picrotoxin and ChR2 activation, all cell bodies were appropriately positioned and none
expressed the transcription factor characteristic of the other class of motoneurons. Thus all
motoneurons labeled by a ventral injection were located medially and none expressed the
LMC, transcription factor Lim1 (Fig 3 C,D). Quantification of these results is shown in the
bar graph below (Fig 3E). Therefore, we can conclude that perturbation of signaling through
GABA receptors by chronic picrotoxin treatment as being responsible for D-V pathfinding
errors can be ruled out. Furthermore, the normal frequency of bursting activity plays a critical
role in the guidance of motoneurons at this pathfinding decision.
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Maintenance of normal patterns of neural activity with light activation by ChR2 maintains
EphA4 levels on dorsally projecting motoneurons in picrotoxin treated embryos

During development, motoneurons make few pathfinding errors as they grow to their muscle
targets (Lance-Jones and Landmesser, 1981a). En route to their targets, their growth cones
encounter a variety of decision points, where they make divergent pathfinding choices. They
navigate by sensing guidance cues in the environment with receptors present on their growth
cones and actively respond to guidance molecules present in the mesenchyme of the limb
(Lance-Jones and Landmesser, 1981b; Tosney and Landmesser, 1984; Huber et al., 2003). One
such receptor molecule is EphA4, which is expressed more highly on dorsally than ventrally
projecting motor axons. During outgrowth, EphA4 bearing axons are thought to be repelled
from Ephrin A rich ventral mesenchyme and thus to be guided dorsally (Eberhart et al.,
2002; Kania and Jessell, 2003).

To gain insight into the molecular mechanisms by which normal patterns of bursting activity
are required for motoneurons to reach their proper targets along the D-V axis, EphA4 levels
on distal axons were assessed in embryos chronically treated with picrotoxin. Picrotoxin
treatment was previously shown to result in downregulation of EphA4 on the distal axons of
dorsally projecting motoneurons as compared to controls at St 25 (Hanson and Landmesser,
2004). This result was confirmed in the present experiments by immunostaining of limb cross
sections at the D-V bifurcation point with anti-EphA4 and neurofilament, to label all axons.
EphA4 expression on the dorsal trunk was downregulated (Fig 4A,B arrows) while NF-M
levels remained unchanged (Fig 4D,E). However, following light activation by ChR2 in
addition to picrotoxin treatment, EphA4 protein was maintained at normal levels on dorsal
trunks (Fig 4C arrow). The bar graph (Fig 4G) shows that there was a statistically significant
downregulation in the immunostaining for EphA4 in the dorsal nerve trunk with picrotoxin
treatment and that driving activity at the control frequency and pattern in picrotoxin treated
embryos prevented this downregulation. Furthermore, EphA4 downregulation appeared to
occur locally on distal axons since chronic picrotoxin treatment was previously shown not to
affect EphA4 levels on cell bodies of motoneurons (Hanson and Landmesser, 2004). Our
current results suggest that normal patterns of bursting activity are important for maintenance
of EphA4 levels locally on axons.

EphB1llevels are also maintained on ventral nerve trunks of embryos, in which neural activity
was driven at normal frequencies in the presence of picrotoxin

Recently another guidance molecule, EphB1, a receptor for Ephrin Bs was found to guide
EphB1 expressing motoneurons ventrally (Luria et al., 2008) through repulsion from Ephrin
B rich dorsal mesenchyme. We therefore quantified EphB1 fluorescence levels on ventral nerve
trunks of the limbs of control embryos, embryos chronically treated with picrotoxin and
embryos that underwent light activation by ChR2 in addition to picrotoxin treatment. EphB1
levels were downregulated as a result of chronic picrotoxin treatment (Fig 5A,B arrows). Light
activation by ChR2, however, maintained EphB1 levels similar to controls (Fig 5A,C arrows).
In contrast, levels of NCAM immunostaining in the same regions of interest did not
significantly differ between controls and the different treatments. This data is quantified in Fig
5G and shows that normal patterns of neural activity are necessary to maintain EphB1 levels,
the guidance molecule necessary for proper projection of ventral axons. Thus, in summary,
normal bursting activity, which was required for both proper dorsal and ventral pathfinding,
also regulates the expression of guidance molecules on both dorsal and ventral nerve trunks.

Normal patterns of neural activity maintain PSA levels on dorsally and ventrally projecting
motoneurons in picrotoxin treated embryos

As motoneuron axons exit the spinal cord, they are tightly fasciculated due to expression of
adhesion molecules such as L1/NgCAM and NCAM. When motoneurons reach the plexus
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region at the base of the limb, they defasciculate due to upregulation of polysialic acid (PSA),
a carbohydrate that is added to NCAM (Tang et al., 1992, 1994). The highly negative charge
on PSA and its large size acts to decrease NCAM-NCAM and other cell-cell adhesive
interactions and results in defasciculation of PSA bearing axons (Rutishauser and Landmesser,
1996). This enables growth cones on motor axons to more actively respond to guidance
molecules, such as EphA4 and EphB1 present in the limb. Removal of PSA with a specific
enzyme, Endo-N, led to apparent D-V misprojection errors similar to those found in picrotoxin
treated embryos (Tang etal, 1992, 1994). Thus, PSA was previously shown to play a permissive
role in the D-V guidance of motoneuron axons.

Normally PSA is present on both dorsal and ventral nerve trunks with higher levels on the
dorsal (Tang et al, 1992, Fig 6A,G). Chronic picrotoxin treatment resulted in downregulation
of PSA levels on the distal axons of dorsally and ventrally projecting motoneurons, as well as
on the somas (Hanson and Landmesser, 2004; Fig. 6B,G), while NCAM levels remained
similar (Fig 6D,E). Light activation by ChR2 in addition to chronic picrotoxin treatment
maintained PSA levels on both nerve trunks comparable to controls (Fig. 6C,G). This data
shows that normal patterns of neural activity are necessary to maintain optimal levels of PSA,
which allows axons to defasciculate and respond to guidance cues in the environment.

The expression of Lim 1is downregulated by St 27 on LMC_ motoneurons but is rescued by
driving bursting at the normal frequency with ChR2 activation

As motoneurons are born they express the LIM homeodomain transcription factor Islet 1, which
is maintained in the motoneurons destined for the medial part of the LMC (Tsuchida et al.,
1994). Motoneurons that settle in the lateral part of the LMC downregulate Islet 1 and
upregulate Lim 1. This differential expression of the LIM homeodomain transcription factors
is normally maintained even after the D-V pathfinding is executed (as late as St 30). Our
laboratory has previously shown that completely blocking spontaneous rhythmic activity with
chronic combined strychnine and picrotoxin treatment between St 25 and St 30 resulted in the
almost complete loss of Lim 1 expression in LMC; motoneurons and a strong downregulation
of Islet 1 expression in LMCy; motoneurons by St 30 (Hanson and Landmesser, 2004). To
assess whether the more modest alterations in activity produced by slowing the frequency of
bursts with picrotoxin between St 20 and St 25 would affect the expression of these LIM
homeodomain transcription factors, their expression was quantified by immunolabeling at St
27. Lim 1 expression was downregulated in picrotoxin treated embryos compared to controls
(Fig 7A,B,G) as assessed by quantifying the mean pixel intensity of LMC_ motoneurons
following immunostaining with an antibody against Lim1. These LMC, motoneurons are
located lateral to the LMCy, motoneurons (the LMCy, is indicated by an asterisk), which do
not express detectable levels of Lim 1 at this stage. The LMC,_Lim 1 positive cells can be seen
between the arrowheads in Figure 7A,B,C. Interestingly, picrotoxin treatment downregulated
Lim 1 expression selectively in motoneurons, since interneurons, located dorsal and medial to
the LMC)y, maintained Lim 1 expression similar to controls in picrotoxin treated embryos (Fig
7A,B,G). Driving the bursting activity at the control frequency with light activation by ChR2
in picrotoxin treated embryos maintained Lim1 expression at control levels (Fig 7C,G).
Although there was a trend toward increased Islet 1 expression in LMCy, motoneurons (Figure
7 D,E) in picrotoxin treated embryos (see the Islet 1 positive cells between arrowheads in the
LMCy, in Figure 7D,E,F; LMC_ is indicated by asterisk), this did not reach statistical
significance (Figure 7H). Islet 1 expression was also not significantly different from controls
in embryos exposed to combined light activation by ChR2 and picrotoxin treatment (Fig 7F,H).

Taken together, this data shows that Lim 1 expression in lumbar motoneurons is sensitive to
modest alterations in the frequency of bursting activity and that it is significantly
downregulated by St 27. While this is too late to have affected the D-V pathfinding choices,
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later attributes of LMC| motoneurons that are controlled by Lim 1 could be affected. The
insensitivity of Lim 1 expression to alterations in activity in lumbar interneurons, many of
which are involved in generating the locomotor pattern, is intriguing and suggests complex
differential regulation of Lim 1 in different classes of spinal neurons. While Islet 1 expression
was not altered at this stage, it might be at later developmental stages that were not assessed
inthis study. The total number of LMC_and LMCy, motoneurons, assessed by immunostaining
with anantibody that recognizes Islet 1 and Islet 2, and which labels both populations of neurons
was not altered by picrotoxin treatment (187+/-4.8 cells per sections for controls v.s. 192+/-6.3
cells per section for picrotoxin treated embryos)

DISCUSSION

Spontaneous waves of neural activity are required for proper pathfinding of motoneurons
during development (Hanson and Landmesser 2004; 2006). We showed here that alteration in
the precise frequency of activity and not perturbation of GABA 4 signaling was responsible
for the observed D-V misprojections of motoneurons when bursting frequency was slowed
with picrotoxin. When picrotoxin treated embryos were stimulated with light to activate
electroporated ChR2 at normal frequencies, the motoneuron pathfinding errors caused by
picrotoxin treatment were prevented. In addition, the expression of EphA4, EphB1 and PSA
on NCAM were maintained at normal levels in these embryos, while being downregulated in
picrotoxin treated animals.

In the avian and mammalian visual systems patterned spontaneous activity in the form of retinal
waves have been shown to be important for refining visual projections in the lateral geniculate
nucleus, superior colliculus, and visual cortex (for review see, Huberman et al., 2008).
However, the effect of waves on the initial pathfinding of retinal ganglion cells has not been
assessed, and initial pathfinding has long been considered to be activity independent (Katz and
Shatz, 1996; Erzurumlu and Kind, 2001).

In Xenopus, the frequency of neural activity differs between subclasses of spinal neurons and
regulates their neurotransmitter phenotypes (Borodinsky et al., 2004). In the chick and mouse,
however, waves of activity appear to activate most motoneurons and interneurons with the
same frequency (Milner and Landmesser, 1999, Hanson and Landmesser, 2003), a finding
recently confirmed for motoneurons via 2-photon imaging of Ca2* transients (Wang et al.,
2009). Thus, in these species, the phenotypes of subclasses of spinal neurons cannot be
specified by different frequencies of activity. However, a recent study showed that early in
development, zebrafish narrowminded mutant embryos, which lack motor activity, exhibited
defects in motor axon pathfinding. Blocking depolarizing neural activity with pharmacological
agents similarly resulted in pathfinding errors, while restoring depolarizing drive restored
normal axonal guidance (Menelaou et al., 2008).

The mechanism by which neural activity regulates axonal pathfinding is currently unknown.
Many groups have characterized the responses of axons to guidance cues in culture (see Gomez
and Spitzer, 2000; Gomez and Zheng, 2006; Zheng and Poo; 2007 for reviews) and some have
shown that activity can influence an axon’s response to guidance cues (Ming et al., 2001).
However, only in vivo can one study how activity affects motoneurons when they are
interacting with the complex arrays of their natural guidance cues as well as other signaling
molecules that may be activated as a result of activity. For example, during bursts motoneurons
are exposed to a variety of neurotransmitters, including acetylcholine, GABA and glycine,
which establish the bursting rhythm and also initiate signaling downstream of their receptors.
We showed here that activating motor circuits with light via ChR2 while GABA receptors
were blocked with picrotoxin, prevented D-V pathfinding errors, indicating the frequency of
bursts and not GABA, signaling as the critical variable that enables proper D-V pathfinding.
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Supporting this hypothesis, Wang et al. (2009) recently showed that picrotoxin increased the
intervals between bursting episodes and the ensuing calcium transients without altering their
amplitude or duration.

Among the guidance molecules involved in this pathfinding decision are EphA4 and EphB1,
which regulate the appropriate pathfinding of dorsal and ventral projecting axons respectively.
We found a significant decrease in EphA4 and EphB1 protein expression, two molecules
required for dorsal and ventral pathfinding respectively (Eberhart et al., 2002, Kania and
Jessell, 2003; Luria et al., 2008), on distal axons following chronic picrotoxin treatment.
However normal levels were maintained when the frequency of bursting activity was driven
at normal levels in picrotoxin treated embryos. Expression of other molecules not implicated
in the D-V pathfinding decision, such as NCAM, neurofilament, and CRYPa were not altered
by picrotoxin treatments (Hanson and Landmesser, 2004; present results). Thus the normal
pattern of spontaneous neural activity and not GABA signaling is necessary for maintenance
of EphA4 and EphB1 levels.

Decreases in EphA4 and EphB1 expression in picrotoxin treated embryos could be due to a
variety of mechanisms, one being decreased synthesis of new protein. However, EphA4 mRNA
levels in the soma were comparable in St 24 chronic picrotoxin treated and control embryos
(Hanson and Landmesser, 2004), suggesting that transcription of EphA4 had not been affected.
Translation, at least in the soma, also seemed not to be affected since EphA4 protein levels in
the LMC were similar in St 24 control and picrotoxin treated embryos. However, both that
study and the present one observed downregulation of EphA4 protein levels on distal axons
by picrotoxin treatment. Growth cones contain protein synthesis and degradation machinery
and are capable of local protein synthesis (Campbell and Holt, 2001). Axons contain ribosomal
proteins, translational initiation factors, rRNA, and the machinery necessary for export of
membrane proteins (see Yoon et al., 2009 for review). Such local protein synthesis might
maintain EphA4 levels (see for example Brittis et al., 2002) and be sensitive to the frequency
of bursts or calcium transients in the growth cone. Alternatively, there may be changes in
EphA4 and EphB1 receptor insertion, or removal and degradation from the plasma membrane
of distal axons and growth cones (see O’Donnell et al., 2009 for review). Although such
processes have not yet been shown to be activity dependent, the insertion and removal of
neurotransmitter receptors from the plasma membrane of dendrites is sensitive to activity
(Kessels and Malinow, 2009).

The transcription factors Lim1 and Islet1 were shown to regulate EphA4 and EphB1 expression
on LMC motoneurons and thus their dorsal and ventral projections respectively (Kania et al.,
2000; Kania and Jessell, 2003; Luria et al., 2008). Therefore bursting activity might regulate
EphA4 and EphB1 levels through changes in Lim1 and Isletl expression respectively.
Complete blockade of activity from St 25-30 caused a dramatic downregulation of Lim 1 by
St 30 and significant downregulation of Islet 1 as well. However at St 26, Lim 1 and Islet 1
levels did not differ from controls (Hanson and Landmesser, 2004), suggesting that reduction
in the expression of these transcription factors could not have caused the D-V pathfinding
errors. In this study we also obtained evidence that Lim1 expression was sensitive to activity
and was significantly downregulated in St 27 motoneurons following picrotoxin treatment.
This appeared to be selective for motoneurons since Lim 1 levels were not altered in
interneurons in the same sections. Similarly, slowing activity by picrotoxin did not cause
significant downregulation of Islet 1. Importantly, the normal expression of Lim 1 was
maintained in picrotoxin treated embryos that were activated at normal frequencies with ChR2.
Thus the expression of Lim 1 is sensitive to the precise frequency of spontaneous bursting
activity, and alterations in Lim 1 expression could affect any aspects of motoneuron
development controlled by Lim 1 at later developmental stages.
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The expression of PSA was also downregulated in chronic picrotoxin treated embryos, but
maintained by light activation by ChR2. Reduced axon-axon adhesive interactions caused by
the high negative charge and large size of PSA (Johnson et al., 2004) facilitates defasciculation
of motor axons at the D-V choice point (Tang et al., 1992, 1994). Chronic picrotoxin treatment
did in fact increase the degree of fasciculation at this decision point (Hanson and Landmesser,
2004) consistent with a downregulation of PSA. Furthermore, enzymatic removal of PSA with
EndoN resulted in increased fasciculation and led to D-V pathfinding errors (Tang et al.,
1992) similar to those in picrotoxin treated embryos. Since calcium influx caused by neural
activity can regulate the proper expression of PSA during development (Fredette et al., 1993;
Rafuse and Landmesser, 1996), calcium might affect the synthesis of polysialyltransferases
thatadd PSA to NCAM, influence activity of the enzymes, or modulate insertion or degradation
of polysialylated NCAM from the plasma membrane (Scheidegger et al., 1994; see Kiss and
Rougon, 1997 for review). Alternatively, PSA might be downregulated by cleavage of the PSA
bearing extracellular domain of NCAM by proteases (Hinkle et al., 2006). Taken together these
results suggest, that while the downregulation of EphA4 and EphB1 may contribute to the
observed D-V pathfinding errors, normal PSA expression is also required for the axons to
respond to these guidance cues. Other molecules, not studied, could also be sensitive to activity
and contribute to the observed pathfinding errors. It is nevertheless intriguing that three
different molecules required for effective D-V pathfinding are all downregulated when the
frequency of spontaneous activity is decreased, and it will be interesting to determine the
cellular mechanisms underlying this co-ordinate regulation.

In conclusion, this study shows that in intact chick embryos, normal patterns of spontaneous
neural activity and not signaling through GABA receptors are critical for proper D-V
pathfinding and D-V guidance molecule expression. A major challenge will be to identify the
downstream effectors, which appear to be highly sensitive to the precise frequency of bursting
activity and associated calcium transients. Finally, this study demonstrates that ChR2 is not
only useful in acutely activating neuronal circuits (Li et a., 2005) but can also be used to
influence activity dependent pathfinding and connectivity, and could thus have considerable
translational applications in circuit remodeling to restore function after injury or disease
mediated alterations.
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Figure 1.

Intervals between episodes of axial movement activity in control, picrotoxin treated, and
picrotoxin together with light activation by ChR2 treated embryos. A, Bar graph of intervals
between in-ovo movements of control and chronic picrotoxin treated embryos at St. 23, St. 24,
and St. 25. Chronic picrotoxin treatment slowed the frequency of bursting activity. B, Bar
graphs of the intermovement intervals in-ovo quantified at St 25 in control embryos, embryos
acutely treated with picrotoxin at St 25, and in embryos acutely treated with picrotoxin and
that had been stimulated with brief flashes of light every 40 sec (*p<0.025). C, Schematic
showing the approximate location (blue oval) in the upper cervical spinal cord, where the
ChR2-eGFP construct was injected in St 18 chick embryos. Even though the construct was
electroporated into one side of the cervical spinal cord, light activation was able to elicit a
propagating wave into the lumbar region. D, ChR2-eGFP expression was detected in the spinal
cord of Sta 25 chick. Left panel shows phase contrast picture of spinal cord whole mount
showing cord and DRGs on the left side; right panel, same field, showing ChR2 expression on
one side of the cord. Rostral is up. Calibration bar, 200um. E, Intermovement intervals in
control, chronic picrotoxin treated embryos, and embryos treated with picrotoxin but activated
with light by ChR2 assessed at St. 25. Chronic picrotoxin treatment slowed the frequency of
bursting activity. Light activation by ChR2 in addition to chronic picrotoxin treatment
maintained the frequency of bursting activity similar to control values (*p<0.025). F,
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Intermovement intervals were also quantified in control embryos and those electroporated with
ChR2. Unless stimulated with brief flashes of light at twice the normal frequency,
electroporation of ChR2 had no significant effect on the intermovement interval at St 25
(*p<0.025).
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Figure 2.

The location of HRP labeled motoneuron somas at St 27 in chronic picrotoxin treated embryos
and in embryos treated with picrotoxin but activated via ChR2 at intervals of 40 sec. A,B,
16pm cross-sections of spinal cord, revealing the location of cell bodies immunolabeled with
antibodies against HRP when ventral (A) or dorsal (B) nerve trunks where injected with HRP
in chronic picrotoxin treated embryos. White arrows and arrowhead highlight misplaced
motoneurons. C,D, HRP immunostaining of 16um spinal cord cross-sections of embryos that
underwent light activation by ChR2 in addition to chronic picrotoxin treatment. E, Schematic
representing dorsal and ventral projections of LMC,_ and LMCy, motoneurons respectively as
well as the transcription factor expression in the cell bodies of these motoneurons. F, A bar
graph depicting the number of misplaced motoneurons as a percentage of all labeled HRP
positive motoneurons per side in 16um sections of the lumbar spinal cord (see Methods). Light
activation by ChR2 in addition to chronic picrotoxin treatment prevented misplaced cell bodies
that occurred in chronic picrotoxin treated embryos. Light activation by ChR2 at control
intervals reduced the large numbers of misplaced motoneurons observed in picrotoxin treated
embryos to control values, which are very low (*p<0.025). Calibration bar, 50um.
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Figure 3.

Characterization of the LIM homeodomain transcription factor code for misplaced
motoneurons following chronic picrotoxin treatment. A, Low magnification image of cell
bodies of dorsally projecting motoneurons labeled with HRP (red) in a 16 um cross-section of
crural spinal cord of a picrotoxin treated embryo. Isletl immunoreactivity is depicted in green.
A misplaced cell expressing Islet1, and therefore not a LMC motoneuron, is highlighted with
an arrow. B, 2X magnification of the area within the box in A. C, Low magnification image
of HRP (red) positive cell bodies of ventrally projecting motoneurons and Lim1
immunoreactivity (green) in an embryo that underwent light activation by ChR2 in addition to
acute picrotoxin treatment. D, 2X magnification image of the area enclosed in the white box
in C. E, The bar graph depicting the number of HRP positive cells expressing the transcription
factor incorrect for their D-V projections (Isletl expressing motoneurons that projected
dorsally and Lim1 expressing cells that projected ventrally) as a percentage of all HRP labeled
cells (see Methods) (*p<0.025). Light activation by ChR2 reduced the percent of motoneurons
that had made D-V pathfinding errors from around 20 percent to several percentage points
similar to the control value. Calibration bars, 50um.
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Figure 4.

Picrotoxin results in a statistically significant reduction in EphA4 immunostaining, while
simultaneous activation with ChR2 at the normal frequency maintains EphA4 at control levels
(*p<0.01), (**p<0.001). A,B,C, Sections transverse to the limb depicting EphA4
immunoreactivity in control (A), chronic picrotoxin (B), and light activation by ChR2 in
addition to chronic picrotoxin treated (C) embryos. EphA4 is expressed preferentially on the
dorsal nerve trunk in control embryos (arrow) and not on the ventral nerve trunk (arrowhead).
Chronic picrotoxin treatment results in downregulation of EphA4 (B arrow, G), while light
activation by ChR2 in addition to chronic picrotoxin treatment maintains EphA4 levels (C
arrow, G) comparable to control embryos. D,E,F, Immunostaining with a monoclonal antibody
that is selective for Neurofilament M in the same sections shown in A,B,C allows the
visualization of both the dorsal and ventral nerve trunks and shows that neurofilament
immunostaining of the dorsal trunk did not differ significantly in control, picrotoxin, and
picrotoxin plus light activated embryos (H). G, Mean pixel intensities of EphA4 protein
expression on the dorsal nerve trunks are quantified and averaged for each condition and are
presented as mean £ SEM. Calibration bar, 100pm.
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Figure 5.

EphB1 expression on motoneuron axons distal to the D-V choice point. A,B,C, Transverse
16um sections of the limb showing EphB1 expression in control (A), chronic picrotoxin (B),
and light activation by ChR2 in addition to chronic picrotoxin treated (C) embryos. EphB1 is
highly expressed on the ventral nerve trunk in control embryos (A arrow). Chronic picrotoxin
treatment results in downregulation of EphB1 (B arrow, G), while light activation by ChR2 in
addition to chronic picrotoxin treatment maintains EphB1 levels (C arrow, G) similar to control
embryos. D,E,F, NCAM expression visualized by immunostaining with a monoclonal
antibody that recognizes all isoforms of NCAM in the same sections shown in A,B,C. G, Mean
pixel intensities of EphB1 immunostaining of the ventral nerve trunks are quantified and
averaged for each condition (*p<0.01), (**p<0.001). H, Levels of NCAM immunostaining on
the ventral trunk did not differ from control for either of the treatments. Calibration bar,
100um.
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Figure 6.

Polysialic acid (PSA) levels on motoneuron axons at the D-V pathfinding choice. A,B,C,
Sections transverse to the limb immunostained for PSA in control (A), chronic picrotoxin
(B), and light activation by ChR2 in addition to chronic picrotoxin treated (C) embryos. In
control embryos, PSA is expressed on both dorsal and ventral nerve trunks, with greater
expression on the dorsal (A,G). Chronic picrotoxin treatment resulted in a reduction of PSA
expression on both dorsal and ventral nerve trunks (B,G). Light activation by ChR2 in addition
to chronic picrotoxin treatment maintains PSA levels comparable to controls (C,G). D,E,F,
NCAM expression on the axons depicted in A,B,C respectively. NCAM levels are comparable
across all conditions. G, Bar graph showing averages of pixel intensities of PSA expression
on dorsal and ventral nerve trunks for each condition (*p<0.025), (**p<0.01). H, Similar graph
for NCAM immunostaining showed that levels on both dorsal and ventral trunk did not differ
from control for either treatments. Calibration bar, 200um.
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Figure 7.

Lim 1 and Islet 1 expression on motoneurons in the lumbar spinal cord in control, picrotoxin
treated, and combined picrotoxin/light activated embryos. A,B,C transverse sections of the
lumbar spinal cord showing Lim 1 expression in LMC| motoneurons (LMC; motoneurons are
shown between arrowheads, lateral to LMCy, marked by asterisks) and in interneurons (dorsal
and medial to LMC), D,E,F show Islet 1 expression in LMCy; motoneurons (LMCyy
motoneurons are shown between arrowheads, while LMC,_is marked by asterisks). The most
lateral edge of the spinal cord is outlined. Dorsal is up, medial is left. Chronic picrotoxin
treatment resulted in downregulation of Lim 1 in LMC motoneurons but not in interneurons
located dorsal and medial to the LMCy (A,B). Light activation by ChR2 maintained control
levels of Lim 1 in motoneurons (C). Islet 1 expression was not statistically different between
controls (D), chronic picrotoxin treated embryos (E) or in picrotoxin treated embryos whose
bursting activity was maintained at control frequency with light activation by ChR2 (F). Bar
graphs showing quantification of average pixel intensities for Lim 1 (G) and Islet 1 (H)
(*p<0.01). Calibration bar, 50pum.
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