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In vertebrates, action selection often involves higher cognition
entailing an evaluative process. However, urgent tasks, such as
defensive escape, require an immediate implementation of the
directionality of escape trajectory, necessitating local circuits. Here
we reveal a specialized spinal circuit for the execution of escape
direction in adult zebrafish. A central component of this circuit is a
unique class of segmentally repeating cholinergic V2a interneur-
ons expressing the transcription factor Chx10. These interneurons
amplify brainstem-initiated escape commands and rapidly deliver
the excitation via a feedforward circuit to all fast motor neurons
and commissural interneurons to direct the escape maneuver. The
information transfer within this circuit relies on fast and reliable
axo-axonic synaptic connections, bypassing soma and dendrites.
Unilateral ablation of cholinergic V2a interneurons eliminated
escape command propagation. Thus, in vertebrates, local spinal cir-
cuits can implement directionality of urgent motor actions vital for
survival.

escape directionality j cholinergic V2a interneurons j spinal neural circuit j
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Vertebrates are endowed with a panoply of motor behaviors
that are selected and executed as circumstances demand,

allowing animals to thrive in a competitive environment (1–6).
Movements need to be precisely directed for an action to
achieve its intended goal. Therefore, an optimized system for
selection of action direction can have an immediate impact on
survival when facing a hazardous situation, such as a predator
attack. Different circuits in the brain, especially the basal gan-
glia, control the selection and initiation of purposive actions, or
sequences of actions, in a goal-directed manner (1, 7–9). The
processing carried out by these circuits, however, may not be
adequate for situations where accurate and near instantaneous
selection of action direction is required, such as during escape
from a predator (10–13). The circuits that implement such
rapid behaviors need to be wired in a way to ensure accuracy,
speed, and reliability of the motor action, and a precise control
over its directionality.

The ability to move the whole body, or parts thereof, to the
left or right is an essential action selection (14–16). In its sim-
plest form, selection of action direction can be expressed by
escape behavior (17, 18), which will lead to survival only if its
directionality has been successfully implemented. In teleost
fish, escape consists of a rapid bending of the body into a
C-shape to orient away from a potential hazard, followed by a
sequence of fast swimming (19–26), while suppressing the cir-
cuits for slow swimming (27). The escape sequence is triggered
by sensory stimuli (auditory, visual, or tactile), which are rap-
idly transformed at the brainstem level into commands by the
activation of the Mauthner cells (M-cells). The recruitment of
feedforward inhibitory interneurons provides reciprocal inhibition

among M-cells and has been suggested to ensure the directional-
ity of escape (28, 29). However, bilateral firing of M-cells is known
to occur during escape (30) and, therefore, the implementation of
escape directionality might instead involve processing downstream
of the M-cells, in the circuits of the spinal cord (30, 31). Anatomi-
cal and physiological studies in goldfish have characterized
so-called spinal descending interneurons (32), which are activated
exclusively by M-cells and in turn are electrically coupled to pri-
mary motor neurons (pMNs) (33). However, the precise identity
and functional role of these interneurons is not known.

The genetic accessibility of zebrafish has enabled molecular
identification of several interneuron classes (34). Among these
are the excitatory V2a interneurons identified by their expres-
sion of the transcription factor Chx10 and distributed in the
brainstem and spinal cord (34). Selective activation of these
interneurons in the brainstem or spinal cord produces coordi-
nated swimming activity (35, 36), while their restricted ablation
in the spinal cord or silencing in brainstem inhibited swimming
behavior (36, 37). Similarly, a global silencing of transmitter
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release from all V2a neurons in the entire nervous system
impaired swimming (38). In adult zebrafish, V2a interneurons
form three interconnected modules that selectively drive slow,
intermediate, and fast motoneurons to control the speed of
locomotion (39). In larval zebrafish the connectivity of two
types of V2a interneurons among themselves and primary
motoneurons have been reported (40). These studies in both
larval and adult zebrafish have focused on glutamatergic V2a
interneurons and their role in controlling swimming at different
speeds. It is thus still unclear if all V2a interneurons release
glutamate or whether there are any nonglutamatergic types
that are exclusively embedded within the escape spinal circuit.

In this study, we reveal a specialized spinal circuit that plays
a pivotal role in generating the C-shape response to orient the
body during escape in adult zebrafish. This includes a unique
class of segmentally repeating excitatory cholinergic V2a inter-
neurons, expressing the transcription factor Chx10 (esV2a),
which represents a central component of this specialized circuit.
These interneurons act as a segmental relay station that ampli-
fies permissive escape commands from M-cells, and immedi-
ately distributes the excitation to all motor neurons innervating
fast muscles, in turn generating the rapid C-shaped escape
maneuver. In parallel, they ensure the directionality of escape
by simultaneously engaging commissural local (CoLo) inhibi-
tory interneurons, a neuron class that suppresses the activity of
the contralateral neurons of this escape circuit. The detailed
organization of this specialized circuit was established function-
ally using dual or triple whole-cell patch-clamp recordings and
confirmed structurally by circuit reconstruction using three-
dimensional electron microscopy. Furthermore, ablation of the
cholinergic V2a interneurons on one side of the spinal cord
obliterated the spread of the M-cell commands within the cir-
cuit and restricted the escape toward the intact side. Thus, the
specialized circuit revealed in this study, with its central excit-
atory interneurons, plays a crucial role in amplifying and deliv-
ering the escape command to ensure an effective directionality
of lateralized escape in a fast and timely manner. Conservation
of brainstem–spinal organization across vertebrate classes sug-
gests that homologous mechanisms play a similar role in direct-
ing urgent motor tasks in other vertebrates.

Results
Identification of a Cholinergic V2a Interneuron Population in the
Escape Circuit. While the majority of V2a interneurons are gluta-
matergic (34, 39–41), we now reveal a distinct cholinergic V2a
interneuron type using two transgenic zebrafish lines. Using the
Tol-056 enhancer trap line (42), we identified a specific type of
interneuron located dorso-medially in the spinal cord that had
its axon projecting toward the Mauthner axon (M-axon) suggest-
ing a role in escape (Fig. 1 A and B). This candidate escape V2a
(esV2a) interneuron expressed both choline acetyltransferase
(ChAT) and the transcription factor Chx10 (Fig. 1 A and B), and
on average, there was 1.1 6 0.1 such interneuron per hemiseg-
ment (Fig. 1C) (n = 16 segments, 5 fish).

The existence of a cholinergic interneuron class expressing
the transcription factor Chx10 was further confirmed using the
Chx10:GFP transgenic line (34). Similar to the Tol-056
enhancer trap line, a dorso-medial interneuron expressing both
ChAT and Chx10 was identified in the Tg(Chx10:GFP) line
(Fig. 1 D and E), with an average distribution of 1.2 6 0.1 per
hemisegment (Fig. 1F) (n = 16 segments, 5 fish). To determine
the molecular profile of the cholinergic esV2a interneurons,
single identified interneurons were collected using a patch
pipette and their molecular profile was determined using
single-cell RNA sequencing. The collected interneurons showed
a high expression of genes for the vesicular acetylcholine trans-
porter slc18a3a (vacht), acetylcholine esterase (ache), choline

O-acetyltransferase a (chata), and the transcription factor Chx10
(vsx2) (SI Appendix, Fig. S1).

The proximity of the axon of esV2a interneurons to the
M-axon suggested that they may be part of the escape circuit.
To determine if this was the case, we used the ex vivo adult
zebrafish preparation (27, 43–45) in which escape and swim-
ming circuits can be selectively activated (Fig. 1 G and H).
Extracellular stimulation of the M-cell region in the brainstem
produced a strong excitation that reached spiking threshold in
esV2a interneurons recorded in Tol-056 (Fig. 1 I and J) or
Tg(Chx10:GFP) zebrafish (Fig. 1 K and L). The chemical excit-
atory postsynaptic potential (cEPSP) from M-cells to this inter-
neuron was blocked by the nicotinic acetylcholine receptor
antagonist d-tubocurarine (50 μM), leaving only an electrical
EPSP (eEPSP) in both transgenic lines (n = 5 for each case)
(Fig. 1 J to L), confirming that M-cells are cholinergic (28). On
the other hand, these interneurons were not recruited during
swimming activity induced by stimulation of the rostral spinal
cord, and displayed only small amplitude membrane potential
oscillations (Fig. 1 G, M, and N).

The esV2a interneurons fired only a single action potential
in response to prolonged depolarizing current pulses (Fig. 1 I
and K and SI Appendix, Fig. S2A) and were less excitable than
the glutamatergic V2a interneurons involved in swimming
behavior (41, 46). They also had a more hyperpolarized resting
membrane potential (∼�70 mV), a relatively lower input resis-
tance (∼80 mΩ), and a higher rheobase (∼1.6 nA) (SI
Appendix, Fig. S2 C–E). Finally, esV2a interneurons in both
transgenic lines showed near-identical morphologies with a
small soma (85.7 6 10.15 μm3, n = 22) and extensive dendritic
arborization, a thick descending axon projecting through three
segments, and a thin ascending collateral extending locally
within the segment where the soma resides (Fig. 1O).

These results identify a specialized interneuron class in adult
zebrafish defined by a specific genetic profile and morphologi-
cal features that is activated by escape, but not by swimming
commands.

esV2a Interneurons Are the Recipients of Escape Command. The
C-shape escape behavior induced by M-cell activation is consid-
ered to be mediated by a direct excitation of fast pMNs, and
CoLo inhibitory interneurons that inhibit neurons on the con-
tralateral side (12, 32, 42). However, given the effective excita-
tion of esV2a interneurons by the M-cell, we next asked
whether this population is in fact the first and primary
responder to escape commands, and may function as a relay
station to amplify, distribute, and coordinate the excitation of
the other neurons in the escape circuit. This sequential transfer
of escape command within the spinal circuit was revealed using
triple whole-cell patch-clamp recordings made from an M-cell,
an esV2a interneuron, and a pMN (n = 8) or a CoLo interneu-
ron (n = 7). Current-injection activation of an M-cell action
potential reliably elicited an action potential in the esV2a inter-
neuron and the simultaneously recorded pMN or CoLo inter-
neuron, which were reduced to eEPSPs after application of
d-tubocurarine (Fig. 2 A and B), confirming that M-cells are
cholinergic (28). However, in response to all M-cell action
potentials, the action potentials in the esV2a interneuron
always preceded the ones in the pMN and CoLo interneuron.

A detailed anatomical analysis of the simultaneously recorded
M-cells, esV2a interneuron, pMN, and CoLo interneuron
revealed putative sites of synaptic contacts (n = 15 for the esV2a
interneuron, n = 16 for the pMN, and n = 8 for the CoLo inter-
neuron). The recorded neurons were filled with neurobiotin and
immunohistochemistry experiments were performed to deter-
mine the location of synaptic contacts. This also allowed us to
confirm the identity of the recorded neurons based on their mor-
phology and axonal projections. In all cases, esV2a interneurons
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Fig. 1. esV2a interneurons involved in escape behavior. (A) Lateral view of a spinal segment from Tol-056 enhancer trap transgenic zebrafish line with
immunohistochemical staining. The dashed box indicates a specific interneuron expressing GFP (green) that colocalizes both Chx10 (red) and ChAT (blue).
This neuron is shown specifically on the right four boxes. (B) Distribution of esV2a interneurons in the spinal cord from the Tol-056 transgenic line (cc:
central canal; M: M-axon). Data are from multiple fish and multiple segments. (C) Quantification of esV2a interneurons per hemisegment in Tol-056 trans-
genic line. The graph shows mean 6 SD; n = 16. (D) Lateral view of a spinal segment from Tg(Chx10:GFP) transgenic line with immunohistochemical stain-
ing. A specific GFP expressing neuron (green) in the dashed box was immunoreactive for both Chx10 (red) and ChAT (blue) shown specifically in the right
four boxes. Yellow represents noncholinergic V2a interneurons that express GFP (green) and Chx10 (red). (E) Distribution of esV2a interneurons in the spi-
nal cord from Tg(Chx10:GFP) transgenic line (cc: central canal; M: M-axon). (F) Quantification of esV2a interneurons per hemisegment in Tg(Chx10:GFP),
the graph shows mean 6 SD; n = 16. (G) Experimental setup of the ex vivo preparation showing the sites for extracellular stimulation and whole-cell
patch-clamp recordings. (H) Dorsal view of descending neurons in the zebrafish hindbrain revealed by retrograde labeling from the spinal cord. (I) esV2a
neuron in Tol-056 transgenic line discharged a single action potential in response to a prolonged depolarizing current injection. (J) The same esV2a neu-
ron as in I, receiving a strong cholinergic cEPSP from an M-cell that was blocked by d-tubocurarine leaving on an eEPSP. Arrow indicates electrical stimula-
tion. (K) An esV2a neuron in Tg(Chx10:GFP) firing a single action potential in response to a prolonged depolarizing current injection. (L) The same esV2a
neuron as in K receiving a strong cholinergic cEPSP by an M-cell stimulation that was blocked by d-tubocurarine leaving only an eEPSP. Arrow indicates
electrical stimulation. (M) An esV2a interneuron recorded in the Tol-056 line was not recruited during swimming activity (same interneuron as in I and J).
Arrow indicates electrical stimulation. (N) An esV2a interneuron recorded in the Tg(Chx10:GFP) line was not recruited during swimming activity (same
interneuron as in K and L). Arrow indicates electrical stimulation. (O) Morphology of an esV2a neuron in Tol-056 line (Upper) and Tg(Chx10:GFP) (Lower).
Gray line representing the dendrite and black representing the soma and axonal projections. The dashed lines indicating the segmental boundaries.
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displayed ipsilateral axonal projections, while CoLo interneur-
ons projected locally to the contralateral side of the spinal
cord. The putative synaptic contacts between the M-axon and
the esV2a/CoLo/pMN always occurred at the axo-axonic level
at sites where collateral buds emerged from the main M-axon.
Confocal imaging stacks showed that the M-axon buds formed
putative synapses with the axons of the esV2a interneuron
(Fig. 2 C and D), the pMN (Fig. 2 E and F), and the CoLo
(Fig. 2 G and H). These apparent synaptic sites expressed
both vesicular acetylcholine transporter (VAChT) and con-
nexin 36 (Cx36), further supporting the existence of direct
synaptic contacts between M-axon and these three neuronal
classes within the spinal escape circuit. Similar to esV2a inter-
neurons, CoLo interneurons also fired only a single action
potential in response to a depolarizing current pulse and had
a relatively hyperpolarized resting-membrane potential (SI
Appendix, Fig. S2 B and C), but they exhibited a higher input
resistance and a lower rheobase than esV2a interneurons (SI
Appendix, Fig. S2 D and E). The identity of CoLo interneur-
ons was also examined using single-cell RNA sequencing. The
results showed high gene expression for the transcription fac-
tor dmrt3, vesicular glycine transporters slc6a5 (GlyT2), and
slc6a9 (GlyT1) (SI Appendix, Fig. S3).

Together these results support a sequential transfer of escape
command. While all components of the spinal escape circuit
receive direct synaptic contacts from the M-axon, the esV2a inter-
neurons are the first responders, suggesting that they act as a relay
station to amplify and instantly distribute escape command to
pMNs and CoLo interneurons to implement the C-shape escape.

Ablation of esV2a Interneurons Impairs Direction of Escape. To
examine if the esV2a interneurons indeed play a critical role in
amplifying and distributing M-cell commands within the escape
circuit, we performed ablation experiments in vivo and ex vivo.
The effect of stimulating an M-cell on pMNs, secondary fast
MNs (fMNs), and CoLo interneurons was examined before and
after esV2a interneurons were ablated (Fig. 3A). Dual whole-
cell patch-clamp recordings were made ex vivo from an M-cell
and a pMN, fMN, or CoLo interneuron (Fig. 3B). Before
esV2a ablation (control), an action potential induced in an
M-cell by depolarizing their membrane potential resulted in fir-
ing of an action potential in the simultaneously recorded
pMNs, fMNs, or CoLo interneurons (n = 7 for each group)
(Fig. 3 B and C). After two-photon laser ablation of four to five
spinal esV2a interneurons across three to four spinal segments
rostral to the recorded neurons, the same M-cell stimulation

Fig. 2. esV2a interneurons are recruited prior to pMNs and CoLo interneurons. (A) Triple whole-cell patch-clamp recording from an M-cell, an esV2a inter-
neuron and a pMN. M-cell activation recruited first the esV2a interneuron and then the pMN. d-tubocurarine suppressed the firing of both neurons and
only a Cd2+-insensitive eEPSP remained. (B) Triple whole-cell patch-clamp recording from an M-cell, an esV2a interneuron and a CoLo interneuron. The latter
was recruited later than the esV2a interneuron. The cholinergic cEPSPs in both neurons were blocked by d-tubocurarine, leaving only an eEPSP remained
that was unaffected by Cd2+. (C) Direct contact between the M-axon (green) and the axon of an esV2a interneuron (blue). VAChT (red) was expressed at the
site of presumed synaptic contact (dashed box, Left). The large soma corresponds to a pMN expressing GFP in this line. (D) Expression of Cx36 (red) at the
site of synaptic connections between the M-axon and esV2a interneuron (blue). (E) The expression of VAChT (red) was found at the presumed synaptic con-
tact site between an M-axon (green) and a pMN (blue). (F) Cx36 (red) is expressed at the connection site between the M-axon and pMN. (G) The expression
of VAChT (red) was found at the presumed synaptic contact site between an M-axon (green) and a CoLo interneuron (blue). (H) Expression of Cx36 (red) at
the connection site between the M-axon and CoLo interneuron. The Right Upper and Lower panels in C–H represent magnification of the regions indicated
by the dashed boxes in the Left panels. The white dotted circle indicates the synapses formed by the M-cell and spinal neurons.
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failed to produce any action potentials in pMNs, fMNs, and
CoLo interneurons (Fig. 3 B and C). In all cases, only an
eEPSP was elicited by M-cell stimulation that was not affected
by Cd2+ (100 μM; n = 7 for each group) (Fig. 3B). These results
indicate that the escape command from M-cells is relayed via
chemical synapses from the esV2a interneurons to pMNs,
fMNs, and CoLo interneurons.

The critical role of esV2a interneurons for escape direction
selectively was tested in vivo. For this we performed behavioral
experiments during which escape was induced by sound

stimulation in control animals and in animals in which 20 to 25
esV2a interneurons were ablated unilaterally. In control animals,
escape behavior did not display any direction preference. These
animals displayed a flexible escape direction and were able to
produce body bends directed either to the left or to the right in
response to sound stimulation (n = 7 for each group) (Fig. 3 D
and G). In animals in which esV2a interneurons were ablated on
the left (Fig. 3 E and F) or the right (Fig. 3 I and J) side of the
body, there was a loss of the flexibility of escape trajectory.
Instead, these animals showed a directional bias of body bend

Fig. 3. Ablation of spinal esV2a interneurons suppresses the transmission of the escape command and the behavioral laterality in vivo. (A) Two-photon
microscope images of the spinal cord before (Upper) and after laser ablation (Lower) of an esV2a interneuron. (B) Ablation of esV2a interneurons elimi-
nated the ability of the M-cell to elicit an action potential in a pMN, an fMN, and a CoLo interneuron. Only direct electrical transmission from the M-cell
remained and was unaffected by Cd2+. (C) Quantification of the probability of recruitment of pMNs, fMNs, and CoLo interneurons before and after
esV2a interneuron ablation. Graph shows mean 6 SD, n = 7 each; Student’s t test, P = 1 × 10�7 for pMN, P = 8 × 10�6 for fMN, and P = 6 × 10�7 for CoLo.
Each dot represents the data from single neurons. (D) In freely behaving zebrafish in vivo, the direction of escape behavior was flexible in response to a
brief sound stimulation from a constant source location. Zebrafish produced escape behavior directed toward both directions. (E) In animals with ablation
of esV2a interneurons on the left side of spinal cord, escape was almost exclusively directed toward the intact side of the spinal cord. The maximum body
bending angle was shallower toward the ablated side. (F) Quantification of the directional selectivity of escape behavior before and after esV2a interneu-
ron ablation. Data in the graph represent mean 6 SD; Student’s t test, P > 0.5 for control; P = 4 × 10�5 for ablation, n = 8 for each group. (G) Maximum
body bending angle in control and in ablated fish. Data in the graph represent mean 6 SD; Student’s t test, P > 0.5 for control; P = 9 × 10�5 for ablation,
n = 8 for each group. (H) Control zebrafish were able to escape in both direction in response to sound stimulation. (I) After ablation of esV2a interneur-
ons on the right side of spinal cord, the direction of escape was confined toward the intact side of the spinal cord. (J) Quantification of the directionality
of escape before and after esV2a interneuron ablation. Data in the graph represent mean 6 SD; Student’s t test, P > 0.5 for control; P = 3 × 10�6 for abla-
tion, n = 7 for each group. Each dot represents the data from single animals. (K) Maximum body bending angle in control and in ablated fish. Data in the
graph represent mean 6 SD; Student’s t test, P > 0.5 for control; P = 8 × 10�6 for ablation, n = 7 for each group. Each dot represents the data from single
animals. The red and green traces in D–L represent tracking of sound induced escape in all the 20 trials in a single fish; right and left directions are repre-
sented as green and red, respectively.
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during escape toward the nonablated side. In a few trials (∼2 of
20 trials), fish moved toward the ablated side with a shallow
angle (Fig. 3 E, G, I, and K). In sham ablation experiments, in
which the same number of nonesV2a interneurons were ablated,
there was no directionality bias during escape behavior (SI
Appendix, Fig. S4 A–C). Furthermore, ablation of esV2a inter-
neurons did not affect swimming activity, which could still be
induced in the same preparations by stimulating descending
axons and recorded in fMNs ex vivo (SI Appendix, Fig. S4D).
These results demonstrate that esV2a interneurons represent a
central component of the spinal escape circuit; they amplify and
quickly relay escape commands from M-cells to all components
of the circuit to rapidly initiate the behavior and ensure its flexi-
ble trajectory. The esV2a feedforward excitation of pMNs,
fMNs, and CoLo interneurons is indispensable for the recruit-
ment of the whole spinal escape circuit and, hence, allows ani-
mals to implement proper escape trajectory to avoid danger.

Wiring Diagram of the Spinal Escape Circuit. To better understand
the information flow of the escape command within the spinal
escape circuit, we imaged one whole spinal segment in an 8-wk-
old zebrafish using serial block-face electron microscopy
(SBEM) (47–50). The acquired SBEM volume was 251.4 ×
187.7 × 248.3 μm3 at a voxel size of 12 × 12 × 35 nm3 (Fig. 4A
and Movie S1), which allows a dense connectome reconstruc-
tion of the spinal escape circuit by skeletonizing the neurites
and annotating the synapses (Fig. 4 A and B). M-axons were
heavily myelinated, with regular myelin gaps where collateral
buds extended to form synapses with neurons of the escape cir-
cuit (Fig. 4 B–F and Movies S1 and S2). After reconstructing
the synaptic connections from the presynaptic M-axons and the
morphology of the postsynaptic neurons, a complete circuit
motif was revealed. Ten presynaptic M-axon collaterals and
three different neuronal types were identified and analyzed.
Twelve synapses were identified that evenly distributed on both
the left and the right sides of a spinal segment (Fig. 4B and SI
Appendix, Fig. S5 A and B). Based on their morphological fea-
tures, spatial location, and synaptic contacts with M-axon collat-
eral buds, the postysynaptic neurons were identified as the
three neuronal populations of the spinal escape circuit: the two
esV2a interneurons (one on each side of the spinal cord:
L-esV2a and R-esV2a) displaying an ipsilateral descending axo-
nal projection, two CoLo interneurons (one on each side of the
spinal cord: L-CoLo and R-CoLo), and eight pMNs (four on
each side of the spinal cord: L-pMN1 to -4 and R-pMN1 to -4)
with their axon projecting to the ipsilateral ventral root (Fig. 4
B and C and SI Appendix, Fig. S5 A and B).

Among five M-axon collateral buds on each side, four made
single axo-axonic synaptic contacts with either a CoLo interneu-
ron or three different pMNs, while the fifth one made contact
with both esV2a and pMN either on the left (L-esV2a and L-
pMN1) or on the right (R-esV2a and R-pMN2) side of the spi-
nal cord (Fig. 4 B–D and SI Appendix, Figs. S5A and S6A, Left).
The ultrastructure of the M-axon synapses with the spinal
escape neurons showed clear differences (Fig. 4 D–F and SI
Appendix, Fig. S6 A and B and Movies S3 and S4). The M-axon
presynaptic terminals targeting the esV2a interneurons con-
tained synaptic vesicle clouds in proximity to the presynaptic
membrane (Fig. 4D, green arrow). However, virtually no synap-
tic vesicles were present at the presynaptic terminals targeting
pMNs and CoLo interneurons (Fig. 4 D–F and SI Appendix,
Fig. S6, green arrows). To further quantify the differential dis-
tribution of vesicles at the presynaptic boutons connected to
the esV2a interneurons and pMNs, we measured the distance
from synaptic vesicles to the presynaptic membrane (putative
active zone) (Fig. 4H). The distance of the 30 nearest vesicles
to the presynaptic membrane was much shorter in synapses
onto esV2a (L-esV2a: 75.8 6 17.2 nM; R-esV2a: 51.9 6 13.9

nM) compared to those onto pMNs (L-pMN1:252.5 6 21.5
nM; R-pMN2: 209.1 6 35.9 nM) (Fig. 4 G and H). These
results, together with the electrophysiology data, support the
fact that the M-cell connects to esV2a interneurons with mixed
electrical and chemical synapses, while it only connects pMNs
and CoLo interneurons via gap junctions.

The complete wiring diagram of the spinal escape circuit was
reconstructed using skeleton tracing of esV2a interneurons,
CoLo interneurons, pMNs, and fMNs (Fig. 4 B, C, I, and J).
The esV2a interneurons made synaptic connections with the
CoLo interneurons, pMNs, and fMNs at variable subcellular
locations (Fig. 4I and SI Appendix, Fig. S5B). Synaptic vesicle
clouds were always found prevalent in all presynaptic esV2a
boutons to the CoLo interneurons, pMNs, and fMNs (Fig. 4I),
arguing for functional chemical transmission. Moreover, single
esV2a interneuron synaptic contacts with pMNs and fMNs
were approximately two- to fivefold more frequent than those
from the M-axon (SI Appendix, Fig. S5 A and B). On the other
hand, CoLo interneurons made chemical synaptic contact only
with the contralateral esV2a interneurons and pMNs, but not
with fMNs (Fig. 4J and SI Appendix, Fig. S5D). These results
indicate that the esV2a interneurons make widespread synaptic
contacts with all components of the escape circuit (Fig. 4I and
SI Appendix, Fig. S5B), while the CoLo interneurons only target
contralateral esV2a interneurons and pMNs, which are exclu-
sively active during escape, but not fMNs engaged both during
escape and swimming (Fig. 4J and SI Appendix, Fig. S5C).

These results, together with the above electrophysiology
data, reveal a quantitative wiring diagram of the spinal escape
circuit and highlight how the escape command is first relayed
to esV2a interneurons before it is transmitted to the rest of the
circuit. They also suggest that esV2a interneurons act as a relay
station to amplify and propagate escape commands and hence
play a pivotal role in implementing escape behavior.

esV2a Interneurons Act as a Central Excitatory Relay for Escape
Commands. Rapid escape is mediated by activation of fast muscles,
which are innervated by the secondary fMNs in addition to pMNs.
The above-described connectivity map shows that the esV2a inter-
neurons are an essential excitatory relay station for the M-cell com-
mand to pMNs and fMNs to produce escape and determine its
directionality. To functionally confirm the synaptic connections
revealed by SBEM connectomics, dual whole-cell patch-clamp
recordings were performed from esV2a interneurons and pMNs or
fMNs (Fig. 5). pMNs received both electrical and chemical synaptic
inputs from the esV2a interneurons (Fig. 5 A and B). The chemical
component of the EPSPs was blocked by d-tubocurarine (50 μM; n
= 7), leaving an eEPSP that persisted following bath application of
Cd2+ (100 μM; n = 7). The existence of dye-coupling between an
esV2a interneuron and two pMNs was also revealed by neurobiotin
injection (SI Appendix, Fig. S7D). Reconstructions of the recorded
neurons revealed close axo-axonic appositions between the esV2a
interneurons and pMNs that colocalized with the VAChT (n = 4 of
4 preparations) (Fig. 5C). The excitation from esV2a interneurons
was not limited to pMNs located in the same segment but was also
spread to pMNs in more caudal segments (Fig. 5 D and E). How-
ever, the strength of excitation was higher in pMNs in the same
segment compared to those in caudal segments (Fig. 5 D and E
and SI Appendix, Fig. S7 A–C).

The excitation from esV2a interneurons to fMNs was also
mediated by mixed electrical and chemical synapses (Fig. 5 F
and G). However, unlike the esV2a connection with pMNs, a
single action potential in the presynaptic interneurons was suffi-
cient to produce a large EPSP in fMNs that reached firing
threshold (n = 11) (Fig. 5G). There was thus a one-to-one rela-
tionship between the pre- and postsynaptic action potentials
(Fig. 5G). Both the EPSPs and the resulting action potentials
were blocked by d-tubocurarine (50 μM; n = 11) (Fig. 5G), and
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Fig. 4. Connectome of spinal escape neural circuit revealed by SBEM. (A) Workflow of acquiring three-dimensional electron microscopy volume from
adult zebrafish spinal cord. The images were centered at the central canal and covered the entire spinal cord cross-section; 7,095 cuts along the axial
direction were performed, resulting in a final dimension of 171 × 153 × 248 μm3. Skeletonized reconstruction was done by human annotations. (B) Skele-
tonized neurites of eight pMNs (navy blue, larger soma size), two esV2a interneurons (purple), two CoLo interneurons (sky blue), two fMNs (navy blue,
smaller soma size), as well as two M-axons (green) contained in the dataset. Dashed line indicating the spinal central canal. (C) The contralateral view of
connectomes of the right M-axon (green), R-esV2a interneuron (purple), R-pMN2 (navy blue), and R-CoLo (sky blue) in the right side of the spinal cord.
The collateral of M-axon made putative axo-axonal synaptic contacts with the R-esV2a interneuron (purple), the R-pMN2 (navy blue), and the R-CoLo
interneurons (sky blue). (D) Volume reconstruction (Left) and electron micrographs (Right) of the indicated synaptic contacts in C (purple and navy blue
arrow). The second collateral of the right M-axon made synaptic contacts with both the R-esV2a interneuron and the R-pMN2. Vesicle cluster (indicated
by white arrows) in the terminal of the M-axon collateral (Right, green arrow) was found in the vicinity of the R-esV2a interneuron (Right, purple dot),
but not of the pMN2 (Right, navy blue dot). (E) Volume reconstruction (Left) and electron micrograph (Right) of the indicated synaptic contact. The third
collateral of the left M-axon made synaptic contacts with axon of a L-pMN2. No vesicle cluster in the terminal of M-axon collateral (Right, green arrow)
was found in the vicinity of the L-pMN1 axon (Right, navy blue dot). (F) Volume reconstruction (Left) and electron micrograph (Right) of the indicated syn-
aptic contacts in C. The fifth collateral of the right M-axon made synaptic contacts with the R-CoLo interneuron. No vesicle cluster in the terminal of right
M-axon collateral (Right, green arrow) was found in the vicinity of the R-CoLo axon (Right, sky blue dot). (G) The wiring diagram between right M-axon
with the three types of spinal interneurons in the right side of the spinal cord. M-axon formed putative synapses with the esV2a interneurons, the CoLo
interneuron and pMNs. (H, Left) The drawing showing the distance between vesicles and presynaptic membrane. (Right) Statistic results suggest the dif-
ferent distance for esV2a interneurons and pMNs (Student’s t test, n = 30; P = 1 × 10�6 for L-esV2a and L-pMN1; n = 30; P = 5 × 10�5 for R-esV2a and
R-pMNs). Each dot represents the data from single vesicles. (I) Lateral view of connectomes of a presynaptic L-esV2a interneuron (purple) with a postsyn-
aptic L-CoLo interneuron (sky blue), L-pMN4 (navy blue), and L-fMN (navy blue) on the left side of spinal cord in B. Chemical synapses (purple dots) were
formed between the axon of presynaptic L-esV2a interneuron and the axon of the postsynaptic L-CoLo interneuron (sky blue), L-pMN4 (navy blue, larger
soma size), and L-fMN (navy blue, smaller soma size). Electron micrographs (I1, I2, and I3) showing the indicated synaptic contacts. Colored arrows indicat-
ing the location and standing for the neuronal types. (J) Connectomes of a presynaptic L-CoLo interneuron with a postsynaptic R-esV2a interneuron
(purple) and a postsynaptic R-pMN2 (navy blue) on the contralateral side of spinal cord in the dorsal view. The presynaptic L-CoLo interneuron made axo-
axonic synapses (sky blue dots) with the contralateral pMN (navy blue) and cholinergic esV2a interneuron (purple). Electron micrographs (J1 and J2) show-
ing the indicated synaptic contacts. Colored arrows indicating the location and standing for the neuronal types. (Scale bars in B, C, I, and J: 20 μm; in D–F,
Left: 5 μm; D–F, Right: 500 nm; and in I1 to I3 and J1 and J2: 500 nm.)
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only the eEPSP remained in Cd2+ (100 μM n = 11) (Fig. 5G).
The synaptic contact between the presynaptic esV2a interneur-
ons and postsynaptic fMNs occurred at the axo-axonic level and
was defined by the expression of VAChT (n = 3 of 3 prepara-
tions) (Fig. 5H). The excitation was spread to fMNs in more
caudal segments, with a gradual decrease in strength in succes-
sively more caudal segments (Fig. 5 I and J). However, esV2a
interneurons did not make synaptic contacts with slow MNs (n
= 10) (SI Appendix, Fig. S7E), which are known to be active
only during swimming (51).

As predicted by the connectome, these results show that the
esV2a interneurons provide a widespread excitatory drive to
pMNs and fMNs innervating fast muscles underlying escape.
Hence, the esV2a interneurons appear to play an important
role in amplifying the escape command and relaying it nearly
instantaneously to produce escape behavior.

esV2a Interneuron Feedforward Circuit Relays Escape Commands.
To determine if ipsilateral esV2a interneurons are intercon-
nected, dual whole-cell patch-clamp recordings were performed
(Fig. 6A). All recorded interneurons were connected, with bidi-
rectional electrical coupling via gap junctions (Fig. 6A). How-
ever, chemical synaptic transmission was unidirectional from
the rostral to the caudal interneurons (Fig. 6B). Stimulation of
rostral interneurons elicited EPSPs in the caudal ones whose
transmitter-mediated component was blocked by d-tubocurarine

(50 μM), leaving only an eEPSP that remained unchanged in the
presence of Cd2+ (100 μM; n = 6) (Fig. 6 B and C). The strength
of excitation was highest to esV2a interneurons in the adjacent
segment (SI Appendix, Fig. S8 A and B). In contrast, stimulation
of the caudal esV2a interneurons induced only an electrical
response in the rostral interneurons that was not affected by
application of d-tubocurarine and Cd2+ (n = 6) (Fig. 6 B and C).
The recorded interneurons were filled with neurobiotin and
reconstructed using confocal microscopy to reveal close apposi-
tions that colocalized with both connexin 36 and VAChT (n = 2
of 2 preparations) (Fig. 6D). These results suggest that the esV2a
interneurons form a feedforward excitatory circuit that promotes
the amplification and spread of the excitatory command in a man-
ner that is necessary for the execution of escape behavior with its
unidirectional rostro-caudal propagation along the body.

A prerequisite for the execution and directional selectivity of
escape behavior is that all MNs innervating fast muscles are
immediately recruited. Our results show that there was a one-
to-one recruitment from esV2a interneurons to fMNs, but only
subthreshold responses were elicited in pMNs by activation of
single interneurons. To determine if the converging excitation
from numerous esV2a interneurons is sufficient to recruit
pMNs, triple whole-cell patch-clamp recordings were made
from two esV2a interneurons and a pMN (n = 13) (Fig. 6E).
Stimulation of each esV2a interneuron alone produced only
subthreshold response in the pMN (Fig. 6 E and F). However,

Fig. 5. esV2a interneurons drive ipsilateral escape MNs. (A) Dual whole-cell patch-clamp recording from an esV2a interneuron and a pMN connected via bidi-
rectional electrical coupling. (B) Stimulation of the esV2a interneuron induced monosynaptic EPSPs in the pMN whose chemical component was blocked by
d-tubocurarine, leaving only the Cd2+-insensitive eEPSP. (C) Confocal images showing VAChT (red) expressing at the crossing site (white arrow) between the
axon of the esV2a interneuron (dashed line) and the pMN (blue); same neurons as in B. The green channel is the same as the blue channel and represents a
pseudocoloring of neurobiotin filled neurons for better visibility. (D) The EPSP amplitude was highest in the pMN in the same segment as the esV2a interneu-
ron and decreased in more caudal segments. (E) Quantification of the mean EPSP amplitude based on the segmental location of the pMNs relative to the
recorded esV2a interneuron (each bar represents mean 6 SD, segment 1: n = 16; segment 2: n = 15; segment 3: n = 12; one-way ANOVA, P = 2 × 10�5 for seg-
ment 1 vs. segment 2; P = 0.5 × 10�6 for segment 2 vs. segment 3). Each dot represents the data from single neurons. (F) Dual whole-cell patch-clamp recording
between an esV2a interneuron and a fMN showing bidirectional electrical coupling. (G) Single action potential in an esV2a interneuron induced an action
potential in a caudal fMN that was blocked by d-tubocurarine leaving only an eEPSP that was unaffected by Cd2+. (H) Confocal images showing VAChT (red)
expressing at the crossing site (white arrow) between the axon of the esV2a interneuron (dashed line) and the fMN (blue); same neurons as in G. The green
channel is the same as the blue channel and represents a pseudocoloring of neurobiotin filled neurons for better visibility. (I) The EPSP in fMN in the same seg-
ment as the esV2a interneuron was highest and reached firing threshold, and it decreased in fMNs located in more caudal segments. (J) Quantification of the
mean EPSP amplitude amplitude based on the segmental location of the fMNs relative to the recorded esV2a interneuron (each bar represents mean 6 SD, seg-
ment 1: n = 15; segment 2: n = 10; segment 3: n = 9; paired t test, P = 0.3 × 10�5 for segment 2 vs. segment 3). EPSPs in fMNs in segment 1 could not be quan-
tified because they were always suprathreshold. Each dot represents the data from a single neuron.
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when the two esV2a interneurons were simultaneously stimu-
lated, there was a synaptic summation of the excitatory
responses that elicited reliable action potential firing by the
pMN (Fig. 6 E and F). Thus, the convergence of a minimum of
two esV2a interneurons was sufficient to recruit pMNs.

Reciprocal Connections between esV2a Interneurons and CoLo
Interneurons. SBEM data revealed that CoLo interneurons receive
inputs via chemical synapses from esV2a interneurons and in turn
provide synaptic inputs to contralateral esV2a interneurons and
pMNs. These synaptic connections were functionally confirmed
using dual whole-cell patch-clamp recordings (Fig. 7). We first
recorded a rostral esV2a interneuron and an ipsilateral CoLo inter-
neuron. esV2a interneurons formed both chemical and electrical
synapses with CoLo interneurons (n = 7) (Fig. 7 A and B). Stimu-
lation of esV2a interneurons induced EPSPs/EPSCs in CoLo inter-
neurons whose transmitter-mediated component was blocked by
d-tubocurarine (50 μM), leaving only an eEPSP, which persisted in
Cd2+ (100 μM; n = 7) (Fig. 7 A–D). The amplitude of the cEPSP
was highest to CoLo interneurons present in the same segment as
the activated esV2a interneuron (SI Appendix, Fig. S8 C and D).
The recorded pairs of neurons were intracellularly filled with neu-
robiotin for morphological and immunohistochemical analysis.

Zones of presumed synaptic contacts were located between axons
of esV2a and CoLo interneurons, and colocalized with VAChTand
connexin 36 (n = 3 of 3 preparations) (Fig. 7E). Conversely, CoLo
interneurons provide inhibitory synaptic inputs to esV2a interneur-
ons located on the contralateral side of the spinal cord. Stimulation
of a single CoLo interneuron induced inhibitory postsynaptic cur-
rents (IPSCs) in a simultaneously recorded contralateral esV2a
interneuron that was completely blocked by strychnine (5 μM; n =
6) (Fig. 7 F and G). The reconstruction of the recorded neurons
filled with neurobiotin showed axo-axonic close contacts that colo-
calized with immunoreactivity for the glycine transporter 2 (Glyt2)
(Fig. 7H).

These results show a circuit with feedforward excitation
between the excitatory esV2a and inhibitory commissural CoLo
interneurons. Activation of CoLo interneurons in turn provides
forward inhibition not only to contralateral pMNs, but also to
esV2a interneurons on the contralateral side, which prevents
activation of contralateral axial muscles during ipsilateral bend-
ing, hence ensuring the directionality of escape.

Discussion
Vertebrates are endowed with a diverse behavioral repertoire
from which a given motor action is selected and executed

Fig. 6. Feedforward excitation between esV2a interneurons and convergence onto pMNs. (A) Dual whole-cell patch-clamp recording from a rostral and a cau-
dal esV2a interneuron that were electrically coupled. (B) Chemical synaptic transmission occurred only from the rostral to the caudal esV2a interneuron. (C)
Quantification of the mean amplitude of synaptic potentials between esV2a interneurons. The Left graph represents data from rostral to caudal esV2a inter-
neuron as mean 6 SD, n = 6; one-way ANOVA, P = 6 × 10�6 for control vs. d-tubocurarine (Cur); P > 0.05 for d-tubocurarine vs. Cd2+. The Right graph repre-
sents data from caudal to rostral esV2a interneuron as mean 6 SD, n = 6; one-way ANOVA, P > 0.05 for control vs. d-tubocurarine; P > 0.05 for d-tubocurarine
vs. Cd2+. Each dot represents the data from single neurons. (D) Reconstruction of the two recorded esV2a interneurons (Upper). (Lower) Coexpression of VAChT
(green) and Cx36 (red and indicated by a white arrow) at the crossing point of their axons (blue) that represents the presumed site of contact located in the
segment of the caudal esV2a interneuron. These images correspond to the region indicated in the box of the Upper panel. The axon of esV2a interneurons is
indicated by the dashed lines. (E) Triple whole-cell patch-clamp recordings from two rostral esV2a interneurons and a pMN. Each esV2a interneuron produced
subthreshold EPSPs in the pMN, which was recruited by the convergent input from the two interneurons. Two superimposed traces are shown to indicate the
reliability of firing and variability in spike amplitude. Black arrows indicate the peaks of two spikes. (F) Quantification of the mean EPSP amplitude induced in
pMNs by each esV2a interneuron. The graph represents mean 6 SD, n = 13; paired t test, P = 0.8 × 10�4. Each dot represents the data from a single neuron.
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depending on the circumstances (2, 3, 52, 53). Urgent tasks,
such as defensive escape, require circuits that have evolved to
provide an almost immediate transformation of commands into
motor action, while avoiding the loss of valuable time associ-
ated with resolving competing behaviors. In this study, we
reveal a specialized spinal circuit relying on strong axo-axonic
synaptic connections that plays a pivotal role in action direction
implementation during escape in adult zebrafish. A central
component of this circuit is a unique, segmentally repeating
cholinergic esV2a interneuron expressing the transcription fac-
tor Chx10. These interneurons are the first and primary
responder to escape commands from M-cells. They play a piv-
otal role in amplifying and distributing the escape commands
through a feedforward circuit via axo-axonic mixed electrical
and chemical synapses to all elements of the escape circuit in
the spinal cord. The axo-axonic organization of synaptic con-
nections within this circuit likely enables a rapid input–output
transformation of command within this circuit. The combined
features of the spinal circuit revealed in this study ensure
the implementation of the escape behavior and control its
directionality.

Escape behavior has historically been considered as a highly
stereotyped behavior with an intrinsic lack of flexibility, and
hence was thought to involve a relatively simple circuit (12, 33,

54–56). In this early view, activation of M-cells provides a direct
and strong excitation to fMNs to produce the body bend during
escape (32, 33, 42). Subsequent studies have shown that ani-
mals have much more control over the extent of the bend and
trajectory of escape (33, 57–59), suggesting a more sophisti-
cated circuit organization beyond a direct control of fMNs from
M-cells. Indeed, previous studies revealed that activation of
M-cells induced a depolarization of pMNs containing multiple
components (32). These components have been suggested to
arise from activation of the so-called spinal descending inter-
neurons that provide a powerful excitation to pMNs (33).
Furthermore, the amplitude and directionality of the escape
behavior can be modulated by local sensory inputs in the spinal
cord (27, 30, 60–62).

The specialized cholinergic interneurons identified in our
study differ from the so-called descending spinal interneurons
described in goldfish. These latter interneurons were shown to
be excited exclusively via chemical synapses from M-cells and in
turn make electrical coupling with pMNs via contact on their
soma and dendrites (32, 33). However, their genetic and trans-
mitter identity and their functional role during escape behavior
have not been examined. In contrast, esV2a interneurons
revealed in adult zebrafish use axo-axonic mixed chemical and
electrical synaptic contacts with pMNs and fMNs, as well as

Fig. 7. Feedforward excitation and inhibition between esV2a interneurons and CoLo interneurons, respectively. (A) Dual whole-cell patch-clamp record-
ing from a rostral esV2a interneuron and an ipsilateral caudal CoLo interneuron (the dashed line indicates the middle line of spinal cord). esV2a inter-
neurons made mixed electrical and chemical synapses with CoLo interneurons. (B) Quantification of the mean amplitude of monosynaptic EPSPs in CoLo
interneurons. The graph shows mean 6 SD, n = 7; one-way ANOVA, P = 7.5 × 10�5 for control vs. d-tubocurarine; P > 0.05 for d-tubocurarine vs. Cd2+. (C)
The same pair of esV2a interneuron and CoLo interneuron as in A in which EPSCs were examined. (D) Quantification of the mean amplitude of the mono-
synaptic EPSCs elicited in CoLo interneurons. Graph represents mean 6 SD, n = 7; one-way ANOVA, P = 8.2 × 10�5 for control vs. d-tubocurarine; P > 0.05
for d-tubocurarine vs. Cd2+. Each dot represents the data from single neurons. (E) Reconstruction of a recorded esV2a interneuron and CoLo interneuron
(Left). Confocal image showing the coexpression of VAChT (green) and Cx36 (red and indicated by white arrows) at the site of synaptic contacts between
the axons of the two interneurons (blue and indicated by the dashed lines). These images correspond to the region indicated in the box of the Left panel.
(F) Dual whole-cell patch-clamp recording of an esV2a interneuron and a contralateral CoLo interneuron (the dashed line indicates the middle line of spi-
nal cord). Single action potentials in CoLo interneuron elicited IPSCs in esV2a interneuron that were blocked by strychnine. (G) Quantification of the
effect of strychnine on the mean amplitude of monosynaptic IPSCs. Data are presented as mean 6 SD, n = 6; paired t test, P = 6.3 × 10�7. Each dot repre-
sents the data from a single neuron. (H) Lateral view of the reconstruction of the pair of CoLo and esV2a interneuron shown in F. GlyT2 was expressed at
the site of presumed synaptic contact between CoLo and esV2a interneuron axon (arrows).
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CoLo interneurons to spread escape commands from M-cells
and direct escape behavior in vivo. These cholinergic interneur-
ons also represent a specialized type of V2a interneurons that
differ from those driving swimming (34, 39–41). The latter are
glutamatergic, have long axonal projections, and make synaptic
contacts with dendrites and soma of motor neurons (41).

By combining dual or triple intracellular recordings from the
constituent neurons and SBEM technology (47–50), we con-
structed a detailed synapse-resolution functional connectivity
map of this escape circuit. A segmentally repeating cholinergic
esV2a interneuron expressing Chx10 represents a central player
of this circuit. These interneurons rely on axo-axonic synaptic
connections and feedforward excitation to immediately trans-
form M-cell commands into rapid and unidirectional escape
behavior. The esV2a interneurons are the only neurons within
the spinal escape circuit to receive direct, mixed chemical, and
electrical excitation from M-cells. They then amplify and
deliver the excitation via a feedforward circuit to other esV2a
interneurons as well as to pMNs, fMNs, and CoLos. Ablation
of esV2a eliminated the implementation of escape behavior
toward the ablated side in vivo. Thus, our results reveal the
molecular identity of a specialized excitatory interneuron class,
their segmental distribution and transmitter identity, their
interconnectivity, their feedforward axo-axonic connections
with motor neurons and commissural interneurons, and their
behavioral relevance for implementing escape behavior and
controlling body trajectory. This study demonstrates local cir-
cuit mechanisms within the spinal cord that control the extent
of the C-shape bend and direct the trajectory of escape behav-
ior, and hence provides a mechanism for flexible trajectory to
move away from a threat in the living animal.

In vertebrates, action selection is often considered to be the
realm of higher cognitive processing, while the implementation
of the selected action is assigned to brainstem–spinal circuits.
Interactions between many circuits in the brain, especially the
basal ganglia, have been linked to selection for purposive motor
actions (1, 7–9, 63). However, the evaluative processing
involved in the selection of a specific motor behavior, or
sequences of actions, would be incompatible for urgent tasks
such as escape: any time lost resolving conflicts with competing
behaviors would result in fatal errors. Both in mammals and
fish the commands for urgent behaviors, such as predation and
escape, seem to be processed by circuits independent of the
basal ganglia (10–13). For example, in zebrafish, the balance of
excitation between M-cells is controlled by feedforward inhibi-
tion from local neurons and this can contribute to the initial
selection of which side is activated during escape (17, 29). Mod-
ulator circuits in the brain also contribute to mediating a more
flexible escape behavior (19, 20, 64–68). Our results now dem-
onstrate an additional layer of processing at the spinal cord
level that not only transforms escape commands into motor
action, but could provide an additional level of computation
that could take into account spinal local inputs to determine
the extent of the escape movement and control its trajectory.
For example, local excitatory sensory inputs could act either
directly or via local inhibitory interneurons (30) to change the
excitability of esV2a interneurons, and thereby influence
escape. Studies in invertebrates have shown that computation
within local circuits mediate selection and switching between
different motor programs (69–74). Thus, in vertebrates, the

standard view of the mechanisms of direction selectivity needs
to include local spinal circuits that can implement motor
actions and direct their trajectory.

Materials and Methods
Animals. Zebrafish (Danio rerio) were raised and maintained with an auto-
matic fish-housing system in a zebrafish facility at the Tongji University and
Karolinska Institute according to established procedures. All the experimental
protocols were approved by the Animal Use Committee of Tongji University
and the Animal Research Ethical Committee in Stockholm and were per-
formed in accordance with regulation in China and with European Union
guidelines. Details of the transgenic lines are given in SI Appendix.

Immunohistochemistry. To reveal the identity of esV2a interneurons, spinal
cords were dissected out after 24-h fixation. The tissue was then processed for
multiple immunohistochemical labeling against GFP (Abcam), Chx10 (75), and
ChAT (76). Details are given in SI Appendix.

Electrophysiology. The brain–spinal cord was dissected out and transferred to
a recording chamber that was continuously perfused with an extracellular
solution (43, 44). Whole-cell patch-clamp recordings were performed from
GFP+ neurons or retrogradely labeled MNs in the Tg(Chx10:GFP) (34) or Tol-
056fish line (42). Details are given in SI Appendix.

SBEM Imaging and Neurite Reconstruction. The SBEM image acquisition was
performed on a field-emission scanning electron microscope (Gemini 300,
Zeiss) equipped with an in-chamber ultramicrotome (3ViewXP, Gatan) using a
back-scattered electron detector (Onpont, Gatan). Serial images (18,000 ×
14,000 pixels) of 12-nm pixel size were acquired with a nominal cutting thick-
ness of 35 nm. Incident beam energy was 2 keV and the dwell time 1.5 μs. In
total, 7,095 slices were collected, resulting in a three-dimensional volume of
251.4 × 187.7 × 248.3 μm3). Details are given in SI Appendix.

Laser Ablation of GFP-Labeled Interneurons. To perform laser ablation in ex
vivo brain–spinal cord preparations, a two-photon laser (Coherent laser Ultra
II) operating at an 80-MHz repetition-rate with a <140-fs pulse duration was
used with a microscope (Scientifica) equipped with IR-differential interference
contrast optics and a CCD camera with frame grabber (QIMAGING) to target
and ablate specifically spinal esV2a interneurons. Details are given in
SI Appendix.

In Vivo Behavioral Analysis. In vivo behavioral analysis details are given in
SI Appendix.

Data Analysis. Data analysis details are given in SI Appendix.

Data Availability. The raw data supporting this study are publicly available at
https://wklink.org/6271. All annotations and codes used for analysis are avail-
able upon publication at http://www.shipm.cn/jyjz_web/html/jyjz_English/jyjz_
eg_hyf_kycg/List/list_0.htm.
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