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Rhythmic waves of spontaneous electrical activity are widespread
in the developing nervous systems of birds and mammals, and
although many aspects of neural development are activity-depen-
dent, it has been unclear if rhythmic waves are required for in vivo
motor circuit development, including the proper targeting of
motoneurons to muscles. We show here that electroporated chan-
nelrhodopsin-2 can be activated in ovo with light flashes to drive
waves at precise intervals of approximately twice the control
frequency in intact chicken embryos. Optical monitoring of associ-
ated axial movements ensured that the altered frequency was
maintained. In embryos thus stimulated, motor axons correctly
executed the binary dorsal-ventral pathfinding decision but failed
to make the subsequent pool-specific decision to target to appro-
priate muscles. This observation, together with the previous
demonstration that slowing the frequency by half perturbed
dorsal-ventral but not pool-specific pathfinding, shows that modest
changes in frequency differentially disrupt these two major path-
finding decisions. Thus, many drugs known to alter early rhythmic
activity have the potential to impair normal motor circuit develop-
ment, and given the conservation between mouse and avian spinal
cords, our observations are likely relevant to mammals, where such
studies would be difficult to carry out.
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Propagating waves of spontaneous, rhythmic electrical activity
are widespread in the developing nervous systems of birds

and mammals (1) and in the visual system contribute to the re-
finement of central connections (2). Spontaneous waves also
occur in the developing spinal cords of birds and mammals and
the networks that generate this activity exhibit many similarities.
However, their role in motor circuit development, including
initial axon pathfinding, has only recently begun to be explored.
The extent to which the frequency of waves/bursting episodes
affects the development of in vivo motor circuits can be studied
by experimentally varying frequency. However, because of ho-
meostatic mechanisms that restore frequency toward normal (3–
5), it is essential to ensure that the altered frequency is main-
tained throughout the desired time window. The chicken embryo
presents two unique advantages for studying the effect of altering
the frequency of activity. First, it enables in vivo activation of
channelrhodopsin 2 (ChR2) to drive waves of bursting activity at
precise frequencies. Second, because each wave causes an S-shaped
movement of the embryo’s trunk, the interval between waves can
be precisely characterized during chronic stimulation (6).
Embryonic chick spinal cords generate waves of spontaneous

bursting activity while motoneurons are still pathfinding to their
targets (4), and these are driven by acetylcholine, by GABA
acting on GABAA receptors, and by glycine, all three neuro-
transmitters being excitatory at these developmental stages (4).
To determine the significance of bursting activity for motoneu-
ron pathfinding, its frequency was previously decreased in ovo by
picrotoxin, a GABAA receptor antagonist. Motoneurons were

observed to make dorsal-ventral (D-V) pathfinding errors at the
base of the limb and to express lower levels of ephrin (Eph)A4,
EphB1, and polysiliac acid (PSA) (6, 7), critical guidance mol-
ecules for D-V pathfinding (8–10). We subsequently showed that
altering the frequency of bursting episodes, and not GABAA
signaling, caused these D-V pathfinding errors (6).
In contrast, when bursting frequency was increased by sarcosine,

a glycine uptake inhibitor, D-V pathfinding was unaffected but
motor axons made apparent pool-specific pathfinding errors (11).
To conclusively show that increased bursting frequency rather than
enhanced glycine signaling caused the pool-specific pathfinding
errors, we electroporated embryonic cords with ChR2 to drive
bursting activity at twice the control frequency, similar to that
achieved with sarcosine. We were able to chronically drive activity
at this higher-than-normal frequency in intact embryos, resulting in
pool-specific but not D-V pathfinding errors. The pool-specific
nature of these errors was shown by characterizing the expression
of Er81, an E26 (ETS) transcription factor expressed in specific
motoneuron pools (12), and by motoneuron pool-specific bursting
patterns (11). Thus, the normal in vivo bursting frequency rather
than glycine signaling is necessary for motoneurons to target to
their appropriate muscles. Furthermore, rather than simply re-
quiring a threshold level of activity, motoneurons in vivo were
highly sensitive to the precise bursting frequency with reductions
below (6) or increases above (present study) the control frequency,
resulting in D-V or pool-specific pathfinding errors, respectively.

Results
Electroporated ChR2 Can Drive Neural Activity at Twice the Normal
Frequency During in Vivo Motor Axon Outgrowth.To test if increasing
the frequency of activity alone results in improper motoneuron
pool-specific pathfinding, we increased bursting frequency by light
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activation of ChR2. Although acute in ovo light activation of
ChR2 could drive activity at twice the normal frequency (6), it was
necessary to show that the increased frequency could be main-
tained during both the D-V and pool-specific pathfinding deci-
sions [stages (St) 23–26].
As motor axons extend into the limb, they are guided by a se-

ries of attractive and repulsive molecular guidance cues (13). Just
before the convergence of lumbosacral (LS) spinal nerves 1–3 in
the crural plexus at the base of the limb, axons of motoneurons
located laterally in the lateral motor column (LMCL) defasci-
culate from those of medially located motoneurons (LMCM) and
project dorsally into dorsal mesenchyme; the LMCM axons
project ventrally to the adductor muscles via the obturator trunk
(Fig. 1A). Just distal to this D-V choice, axons belonging to
different pools resort into pool-specific fascicles, which project to
regions of mesenchyme from which specific muscles will arise,
making the pool-specific pathfinding choice (14–16). Spontane-
ous bursting activity has been recorded from limb-innervating
motor fascicles from St 23 (4) but, because it might occur earlier,
light treatment was begun at St 20. In St 23–25 isolated cord-limb
preparations, each wave of activity (spontaneous or generated by
electrical or light stimulation) activates axial muscles and gen-
erates an S-shaped body movement that can be monitored in
vitro and in intact embryos (6, 7, 17). Importantly, as a reporter
of spontaneous waves occurring in intact developing embryos,
visualization of these in ovo movements enabled us to precisely
characterize the pattern and frequency of bursting episodes,
which we express here as intermovement intervals (Fig. 1B).
In embryonic chick cords, an episode of activity occurs when the

network of recurrent excitatory connections reaches a threshold
for generating a propagating wave of activity. Following each epi-
sode is a period of network depression when it is difficult to elicit
another episode (18), recovery from depression largely determi-
ning the length of the interepisode interval (19). As the embryo
matures the intervals between episodes increase (4, 18). This cir-
cuit thus produces highly rhythmic episodes of activity throughout
development.
By monitoring axial in ovo movements, we found that St 26

embryos had highly rhythmic activity, with an episode occurring
every 40.6 ± 1.5 s (mean ± SEM) (Fig. 1B). At St 30–31, episodes
occurred every 60.8 ± 2.9 s (mean ± SEM). Embryos were ac-
tivated by light from St 20 until either St 26 or St 31. Although
network properties, such as the time to recover from depression
(19), prevented us from driving activity at precisely twice the
normal frequency, we were able to elicit episodes close to this,
specifically every 26.6 ± 0.9 s (mean ± SEM) for St 26 embryos
and 39.7 ± 2.0 s (mean ± SEM) for St 30–31 embryos, with little
variation in interepisode intervals at either stage (Fig. 1B).
Previous control experiments showed that expression of ChR2
had no effect on the frequency of spontaneous activity in the
absence of light stimulation (6, 17). Additionally, because ChR2
was electroporated at the cervical level, lumbar motoneurons
were activated by descending waves of activity, previously shown
to not differ detectably from those generated spontaneously (17).
This process avoided potential complications from chronic light
stimulation of the motoneurons under study.

Increasing Bursting Frequency Results in Segmental Pathfinding
Errors and Prevents the Rearrangement of Axons into Pool-Specific
Fascicles. When bursting frequency was increased by the glycine
uptake inhibitor, sarcosine, lumbar motoneurons did not make
D-V pathfinding errors, but did misproject along the A-P axis,
making apparent pool-specific pathfinding errors (11). To char-
acterize segmental motoneuron projections, individual spinal
nerves LS1, LS2, or LS3 were injected in pair-wise combinations
with Di-I or Di-Asp, and the labeled axons traced to their ter-
mination sites in the limb bud.

Injection of LS1 with Di-Asp and LS2 with Di-I (Fig. 1 C and
D) revealed that at the D-V choice point, both spinal nerves
contributed to the dorsal and ventral nerve trunks in control (n =
4) as well as stimulated (n = 6) embryos, but in the stimulated
embryos axons originating in different LS segments were less
intermingled in both spinal nerves and dorsal nerve trunks
compared with controls (Fig. 1 C and D). Similarly, LS1 and LS2
axons became extensively intermingled more distally in the ven-
tral obturator nerve trunk in controls, but remained as distinct
spinal nerve-specific fascicles after treatment (Fig. 1 E and F).
This finding suggests that increasing bursting frequency inter-
feres with the ability of motor axons to reorganize in response to
pool-specific guidance cues, the first step in sorting into pool-
specific fascicles (15, 20). In this process, axons from different

Fig. 1. Light activation of ChR2 increases bursting frequency and results in
segmental misprojections and altered axonal fasciculation. (A) Schematic
showing the D-V and subsequent pool-specific pathfinding decisions made
by sartorius (dark green), femorotibialis (light green), and adductor (red)
motoneurons at base of limb. (B) Bar graph showing intervals between
episodes of axial movements in controls and embryos chronically activated
by light between St 20–26 (n = 4) or St 20–St 30/31 (n = 4) (mean ± SEM). (C–
H) Transverse limb sections showing axons orthogradely labeled from LS1
with Di-Asp (green) and LS2 with Di-I (red) in control and stimulated em-
bryos. (C and D) At D-V, choice point gray and white arrowheads indicate
dorsal and ventral trunks, respectively. White arrows in C show intermin-
gling of LS1 and LS2 axons in control. (E and F) Axons from LS1 and LS2 in
control intermingle extensively in the ventral obturator nerve trunk but
remain as separate fascicles in the experimental embryo. (G) More distally,
both LS1 and LS2 axons contribute to the femorotibialis nerves and became
extensively intermingled as shown by colocalization of red and green dye
(yellow) in controls. (H) After treatment in some embryos, as in this case, only
LS2, contributed. (C′, D′, E′, F′, G′, and H′) Same sections as shown in C, D, E,
F, G, and H immunostained with NCAM antibody to reveal the entire nerve
pattern. In C–H, dorsal is up, anterior is right. (Scale bars, 50 μm.)
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spinal nerves but belonging to the same motoneuron pool come
together to form pool-specific fascicles within the major dorsal
and ventral nerve trunks, as shown in Fig. 1A.
By following labeled axons distally, we detected segmental

projection errors in some of the embryos in which bursting fre-
quency was increased. Although both LS1 and LS2 always con-
tributed to the sartorius nerve in controls, in three of six light-
activated embryos LS2 axons did not contribute. Similarly, LS1
failed to project to the femorotibialis nerve in three of six light-
activated embryos (Fig. 1 G and H and Table S1). To better
confirm the existence of pool-specific pathfinding errors, we
further characterized motoneuron projections via retrograde
labeling from muscles.

ChR2-Stimulated Embryos Exhibit Pool-Specific Misprojections Based
on Somal Location and Er81 Expression. Motoneuron pools occupy
stereotyped positions within the transverse plane of the spinal
cord (16) and some pools can be distinguished by molecular
markers. For example, the femorotibialis pool expresses the
transcription factor Er81, whereas the sartorius pool does not
(12) (Fig. S1), and in LS1 the femorotibialis pool is located dorsal
to the sartorius pool, whereas in LS2 it is located more laterally
(Fig. 2 A, B, E, F, and schematic at right). In St 29 controls all
motoneurons labeled from the sartorius muscle were within the
sartorius pool boundary and did not express Er81 (Fig. 2 A and B).
In light-stimulated embryos, some HRP labeled motoneurons
were within the femorotibialis pool (Fig. 2D, arrow) and expressed
the femorotibialis pool marker Er81 (Fig. 2C, arrow). Similarly
in controls, all motoneurons labeled from the femorotibialis
muscle were within that pool’s boundary (Fig. 2F) and expressed
Er81 (Fig. 2E). In light-activated embryos, some motoneurons
labeled from the femorotibialis were located more laterally in the
position of the sartorius pool (Fig. 2H, arrows); these did not
express Er81 and thus, by this criterion, were sartorius and not
femorotibialis motoneurons.
When these data were quantified and combined (Fig. 2, bar

graphs), 24.1% of the back-labeled sartorius motoneurons had
misprojected to the femorotibialis muscle based on somal loca-
tion (Fig. 2, Left graph, n = 4), and 22.7% of the femorotibialis
motoneurons had misprojected to the sartorius (Fig. 2, Center
graph, n = 3). The proportion of motoneurons projecting to the
sartorius that were Er81-positive was 17 ± 9% (Fig. 2, Right bar
graph). In three control embryos no misprojecting motoneurons
were detected. Following treatment, motoneurons labeled by
injecting the sartorius or femorotibialis muscles were within the
LMCL as in controls and not the LMCM, indicating that increasing
the frequency of activity did not perturb D-V pathfinding.
The segmental distribution of motoneurons that had made

pool-specific errors is shown in more detail in Fig. 3, where the
percent of sartorius or femorotibialis motoneurons that had
projected either appropriately (white bars) or inappropriately
(black bars) is plotted for every third section from T7 through
LS3. The sartorius muscle is innervated by motoneurons in LS1
and the anterior part of LS2, with a minor contribution from T7
(Fig. 3A). The femorotibialis is innervated by LS2 and LS3 with
a small contribution from LS1 (Fig. 3B). After light treatment,
femorotibialis motoneurons from posterior L1 and throughout
LS2 misprojected to the sartorius muscle (black bars in Fig. 3C).
In addition, the T7 contribution to the sartorius was lost (Fig.
3C). Motoneurons within the sartorius pool in LS1 and LS2 also
misprojected to the femorotibialis (black bars in Fig. 3D). Taken
together, these data provide evidence of ∼20% of motoneurons
making pool-specific misprojections when bursting frequency was
increased. Although we focused here on two motoneuron pools,
our previous study (11) indicated that many if not all motoneu-
ron pools, including those in the sciatic portion of the cord, make
A-P/pool-specific pathfinding errors.

Pool-Specific Bursting Patterns Confirm the Occurrence of Pool-
Specific Pathfinding Errors. Individual chick motoneuron pools
exhibit highly stereotyped episodes of activity recorded in iso-
lated spinal cord preparations or in ovo (21). Because these
bursting patterns are autonomous to each pool and are not al-
tered when motoneurons are experimentally caused to innervate
a foreign muscle (22), they can be used to determine pool
identity. The sartorius, a flexor, and the femorotibialis, an ex-
tensor, are normally activated out of phase and each has a dis-
tinct bursting pattern. Using suction electrode recordings from
these muscles, we compared bursting patterns in control and

Fig. 2. The location of HRP+ and Er81+ motoneuron somas after retrograde
labeling from St 30–31 sartorius or femorotibialis muscles in controls and
light-activated (experimental) embryos. Motoneurons retrogradely labeled
with HRP from the sartorius in control (B) and experimental embryo (D). Thin
dotted line denotes the normal sartorius motoneuron pool boundary at LS1.
(A and C) Same sections showing Er81 expression. Arrows (C and D) show
misplaced motoneuron expressing Er81. (F and H) Motoneurons labeled
from femorotibialis in control and experimental embryo. Thin dotted line
denotes normal femorotibialis pool boundary at LS2. Arrows in H show
misplaced motoneurons. (E and G) Same sections showing that these mis-
placed motoneurons do not express Er81. (Scale bar, 30 μm.) In A–H, the
thick dotted line shows lateral edge of gray matter; dorsal is up, lateral is
right. (Right) Schematic shows sartorius and femorotibialis pool locations at
LS1 and LS2. (Bottom) Left and Center bar graphs show proportion of sar-
torius or femorotibilais motoneurons, respectively, that wrongly projected
to the other muscle in controls and embryos activated at twice the normal
frequency (n = 3, *P < 0.05 for both). Right bar graph shows proportion of
motoneurons retrogradely labeled from sartorius that were Er81-positive
(n = 3, *P < 0.05).
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ChR2-stimulated embryos between St 31–33 (Fig. 4 A–C) when
each episode consists of between three and four bursts or cycles.
Two cycles of typical bursts from a control sartorius (Upper) and
femorotibialis (Lower) muscle are shown in Fig. 4A. At the onset
of each cycle the two muscles are activated simultaneously, after
which the sartorius muscle undergoes an inhibitory period (Fig. 4,
black bar), and the femorotibialis muscle continues to fire. Sub-
sequently the femorotibialis burst terminates, and after its inhibitory
period the sartorius muscle resumes bursting, often continuing
until the onset of the next cycle (Fig. 4B). In contrast, in stimu-
lated embryos, the sartorius muscle exhibited unit activity (Fig.
4B, black arrow) during its normal inhibitory period (Fig. 4C,
Upper), and the femorotibialis muscle exhibited unit activity when
it is usually silent (Fig. 4C, Lower, black arrowheads).
Based on previous studies (11, 22), these observations suggest

that some femorotibialis motoneurons have projected to the
sartorius muscle and fire during its normal inhibitory period. We
similarly interpret the units firing after the normal femorotibialis
burst would have terminated, as sartorius motoneurons that have
inappropriately projected to the femorotibialis muscle. Histo-
grams in which multiple bursts are pooled, and which indicate
the proportion of times each muscle is active during any 100-ms
bin preceding or subsequent to the beginning of a given cycle,
demonstrate the distinct and out-of-phase bursting patterns of
these two muscles in control embryos (Fig. 4 D and F). In con-
trast, after treatment the sartorius exhibited activity during the
usually silent inhibitory period (Fig. 4E), and the femorotibialis
exhibited activity both preceding and following its normal burst
period (Fig. 4G). Thus, we conclude that this aspect of the
sartorius and femorotibialis motoneuron pool identity was not
altered by increasing bursting frequency, supporting our obser-
vations that used Er81 expression to define pool identity.

Discussion
The present study shows that ChR2-mediated increases in in vivo
motoneuron bursting frequency produced segmental pathfinding
errors similar to sarcosine treatment (11) and confirmed that
these were pool-specific in nature, indicating the importance of

maintaining the precise control bursting frequency rather than
normal glycinergic signaling for proper motoneuron pool-specific
pathfinding. The distinct type of pathfinding errors (D-V versus
pool-specific) produced by moderate decreases versus increases
in bursting frequency demonstrates that this circuit is exquisitely
sensitive to bursting frequency and that normal pathfinding does
not simply require a threshold level of activity. These observa-
tions strongly suggest that different downstream signaling path-
ways must be activated in the two cases.
In various systems both the frequency and pattern of Ca2+

transients, as well as the source of Ca2+, are known to activate
different patterns of gene transcription and intracellular signaling
pathways (23–26). The frequency of activity has also been shown to
modulate some aspects of spinal cord circuit formation, including
transmitter phenotype (see ref. 27 for review). We have found that

Fig. 3. Segmental distribution of motoneurons properly (white bars) or
improperly (black bars) projecting to the sartorius and the femorotibialis
muscles in control and light-activated embryos. Histograms of the ros-
trocaudal locations of motoneuron somas in cross-sections of the spinal cord
after retrograde labeling with HRP from the control sartorius (A) or femo-
rotibialis (B) muscles as a percentage of the total HRP labeled cells. In con-
trols, all motoneurons were located in the appropriate pool position within
the spinal cord (n = 3 in A; n = 4 in B). (C and D) In treated embryos a pro-
portion of motoneurons (black bars) in LS1 and LS2 were found in inappro-
priate pool locations for the sartorius (n = 3) and the femorotibialis (n = 4).

Fig. 4. Electromyograms of bursting patterns from sartorius and femo-
rotibialis muscles in control and light treated embryos. (A) Traces of two
consecutive bursts within a bursting episode recorded simultaneously from
the sartorius (Upper) and the femorotibialis (Lower) muscles of a stage 33.5
control embryo. The bracket above the first burst indicates one cycle of
activity. The sartorius inhibitory period is shown by the black bars. (Scale bar,
1 s.) (B and C) A single burst from a control (B) and treated (C) embryo.
Arrow and arrowheads indicate motoneurons firing at inappropriate times
in the experimental sartorius and femorotibialis, respectively. (D–G) Histo-
grams of traces from two St 34 embryos, a control (D and F, n = 7) and
a light-activated embryo (E and G, n = 6) showing the probability of a muscle
firing during the cycle preceding and subsequent to the 0 time point of
a given cycle. Following treatment, motoneurons fire at inappropriate times
during a cycle, consistent with motoneurons innervating wrong muscles (see
text for further explanation). All six light-treated embryos examined
exhibited motoneurons firing at inappropriate times whereas none of the
five controls did.
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as chick motoneurons are making their D-V and pool-specific
pathfinding choices, spontaneous bursts generate Ca2+ transients
primarily via Ca2+ entry through T- and L-type Ca2+ channels
with little contribution from internal stores. Importantly, the
drugs used previously to increase or decrease burst frequency and
thus to cause either pool-specific or D-V pathfinding errors, only
altered the frequency of the Ca2+ transients and not their dura-
tion or amplitude (28). For proper D-V pathfinding, EphA4 on
dorsally projecting motor axons and EphB1 on ventrally projec-
ting ones are required for growth cones to respond to the cor-
responding inhibitory ligands, thus preventing axon extension
into inappropriate D-V limb regions (8, 9). PSA on neural cell-
adhesion molecule (NCAM) is also required to reduce axon-axon
fasciculation and allow both dorsally and ventrally projecting
axons to respond to their respective D-V guidance cues (10, 29).
It is interesting that EphA4, EphB1, and PSA were all down-
regulated on distal axons by slowing bursting with picrotoxin and
rescued by driving activity at normal levels with ChR2 (6, 11),
suggesting some coordinate form of regulation. Although the
transcription of neural genes can be regulated by activity (30, 31),
the down-regulation of EphA4 on distal axons following reduced
activity was not accompanied by a reduction in EphA4 message or
protein in the soma (7). Furthermore, although the phenotypic
differentiation of LMCL and LMCM motoneurons, including
their expression of EphRs, is regulated by the differential ex-
pression of the Islet-1 and Lim-1 genes (8, 32), the downstream
pathways linking these transcription factors to the regulation of
EphRs is unknown. Changes in activity did alter the expression of
these LIM transcription factors in motoneurons (6, 7), but only
after the D-V pathfinding errors had been made.
Alternatively, activity might affect local protein translation in

growth cones, which is necessary for some pathfinding decisions
(33), or affect the insertion or removal of proteins required for
D-V pathfinding from growth cone membranes (34). Increasing
burst frequency with ChR2 selectively affected pool-specific
pathfinding. Although Hox genes and their cofactor FoxP1 have
been shown to regulate pool-specific identity (35, 36), the guid-
ance molecules and receptors for pool-specific pathfinding are
unknown. The ability of motoneurons displaced by early em-
bryonic surgery (20), or of axons that have made pathfinding
errors in the plexus following alterations of activity, to home in
on their target muscles by taking novel pathways within the limb
(11), suggests that they are responding to target-derived diffus-
ible cues. Evidence supports FGF as a diffusible chemoattractant
for medial motor column epaxial motoneurons (37) but similar
chemoattractants for limb motoneurons have not yet been
identified. We showed here that increasing the frequency of
activity did not alter motoneuron pool identity as judged by ei-
ther pool-specific bursting patterns (21, 22) or the expression of
Er81 (12). We previously showed that axons that had made
pathfinding errors at the plexus region were rapidly able to re-
spond to presumed target-derived cues and reach their muscles
by novel trajectories when activity was allowed to recover to
normal levels (11). Thus, increased activity may simply prevent
growth cones from responding to target-derived cues by in-
terfering with some intervening signaling event within the growth
cone (for examples, see ref. 34). In culture, electrically activating
Xenopus growth cones altered, within minutes, their ability to
respond to diffusible guidance cues (38). Periodic activity of the
appropriate frequency is required for Drosophilamotoneurons to
retract from inappropriate muscles in response to a semaphorin-
mediated signal (39). A recent in vivo study also showed that
zebrafish primary motoneurons required spontaneous Ca2+

transients to pathfind accurately (40). However, both the char-
acteristics of the spontaneous activity and the downstream cel-
lular/molecular mechanisms differ from those in chick cord,
suggesting possible species and cell-type diversity and the need to
study these events in multiple organisms.

Our results suggest that when growth cones are unable to
detect or respond to target-derived guidance cues, they project
down nonspecific, permissive pathways and make inappropriate
but functionally effective synapses with foreign muscles (11, 20,
and present study). This finding might explain why axons from
individual spinal nerves failed to defasciculate and regroup into
target-specific fascicles when the frequency of activity was in-
creased with ChR2 (11 and present study), because responses to
such cues have been suggested to underlie these axonal rear-
rangements (41). Alternatively, molecules possibly involved with
selective fasciculation and segregation of subsets of motoneur-
ons, such as semaphorins (42), may have been affected. Altering
the amount of spontaneous activity in developing spinal cord
circuits can trigger homeostatic changes that restore activity to-
ward normal (3–5), and can also alter the proportion of neurons
expressing excitatory versus inhibitory transmitters (27). We did
not observe such changes when decreasing (7) or increasing (6
and present study) the frequency of spontaneous bursting epi-
sodes. The modest amounts by which we altered frequency, al-
though detected by the motoneurons and resulting in axonal
pathfinding errors, may have been insufficient to trigger these
compensatory changes.
Given the robust and divergent alterations in motoneuron

pathfinding in response to either increasing or decreasing burst
frequency, and our ability to precisely control burst frequency in
vivo, this system should be an excellent one for discovering the
intracellular signaling pathways underlying these divergent ac-
tivity dependent responses, and for further elucidating the role of
rhythmic spontaneous activity in neural circuit formation. A
major advantage of this approach over others, such as altering
activity in an inexact way via exogenous expression of K+ or Na+

channels, is the precise control over the pattern of bursts,
allowing determination of the extent to which frequency versus
pattern and rhythmicity are important. Finally, the fact that the
two major pathfinding decisions made by motoneurons, as well as
their expression of homeodomain transcription factors were af-
fected by modest alterations in spontaneous burst frequency, sug-
gests that many drugs—including prescribed medications, which
affect cholinergic, GABAergic, or glycinergic transmission—could
all have deleterious effects on circuit formation in developing
embryos, including human.

Materials and Methods
Light Activation of Bursts by ChR2 and Quantification of in Ovo Movements.
Methods for light activation of ChR2 at the cervical level to drive propagating
bursts at precise intervals was described previously (6). Briefly, between St 20
and either St 26 or St 30–31, 1-s light flashes were used to trigger waves of
activity at approximately twice the control frequency. In ovo movements
were quantified as previously described (6). In embryos used to characterize
motoneuron-specific bursting patterns, treatment was continued until St 31–33.

Characterization of Motoneuron Bursting Patterns via Electromyogram Recordings.
Isolated spinal cords were superfusedwith oxygenated Tyrode’s solution at 30 °C.
Electromyograms were recorded simultaneously from sartorius and femo-
rotibialis muscles with suction electrodes (for additional details, see ref. 21
and SI Text).

Orthograde Labeling of Motoneurons with Di-Asp and Di-I. Following de-
capitation and ventral laminectomy of embryos, spinal nerves at lumbosacral
segments LS1, LS2, and LS3 were exposed and injected with Di-Asp or Di-I
(5 mg/mL; Molecular Probes), and kept at 34 °C in oxygenated tyrode for 6 h,
then maintained in 1% (vol/vol) formaldehyde at room temperature for 2
wk. Following postfixation in 3.7% (vol/vol) formaldehyde, serial frozen
transverse sections of St 27 limb were prepared at 16 μm, as previously de-
scribed (6).

Retrograde Labeling of Motoneurons with HRP. Following a ventral lam-
inectomy, sartorius and femorotibialis muscles were exposed and injected
with 10% (wt/vol) HRP (Invitrogen) in isolated spinal cord-hindlimb prepa-
rations and incubated for 6 h at 32 °C in oxygenated Tyrode’s solution. The
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cords were then fixed in 3.7% (vol/vol) formaldehyde in PBS for 30 min and
processed as described in ref. 6.

Immunohistochemistry. Transverse lumbar cord sections were incubated with
antibodies against HRP (rabbit anti-HRP 1:400; Jackson Immunoresearch) and
Er81 (mouse anti-Er81 72.5B10 1:50; Developmental Studies Hybridoma Bank)
for 2 h at room temperature followed by 1-h incubation with appropriate
secondary antibodies, and mounted with ProLong Antifade reagent (Invi-
trogen). Di-I and Di-ASP labeled axonal projections were analyzed in 16-μm
transverse limb sections before immunohistochemistry to avoid dye diffu-
sion, then incubated with antibodies against NCAM, 5E, 10 μg/mL (7), and
appropriate secondary antibodies, as described above.

Image Acquisition. Images were captured on an upright Nikon Microphot-FX
with a digital camera (Retiga Exi, QImaging) using the QCapture software, as
detailed previously (6).

Quantification of Misplaced Motoneurons and Pool-Specific Pathfinding Errors.
Serial 16-μm cross-sections from the spinal cords of control and light-acti-
vated St 30–31 embryos, whose sartorius or femorotibialis muscles had been
injected with HRP, were stained with anti-HRP antibodies. For both muscles,
the number of HRP+ cell bodies present in a spinal cord location inap-

propriate for the muscle to which they had projected was expressed as
a percentage of all HRP+ cells labeled from that muscle. The percentages
were then averaged and depicted in bar graphs or in histograms showing
the percent of correctly and incorrectly projecting HRP+ motoneurons oc-
curring in every third section along the A-P axis of the cord from T7
through LS3.

To verify that motoneurons that misprojected to the sartorius were fem-
orotibialis motoneurons, 16-μm cross-sections of St 30–31 chick spinal cords
were costained with antibodies against Er81, a marker of femorotibialis but
not sartorius neurons (12), and HRP. The number of motoneurons projecting
to the sartorius muscle that were Er81-positive was expressed as the per-
centage of all HRP+ cells in the LMCL. Statistical significance was determined
by one-way ANOVA. A P value of less than 0.05 was considered as significant.
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