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In Brief

Silencing of neuronal populations in
moving animals remains a challenge to
investigating neural control of behavior.
By developing an optimized botulinum
toxin to block synaptic release in vivo,
Sternberg, Severi et al. show that
excitatory V2a interneurons contribute to
locomotor frequency in distinct ways
during slow or fast locomotion.
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SUMMARY

Precise control of speed during locomotion is essen-
tial for adaptation of behavior in different environ-
mental contexts [1-4]. A central question in locomo-
tion lies in understanding which neural populations
set locomotor frequency during slow and fast re-
gimes. Tackling this question in vivo requires addi-
tional non-invasive tools to silence large populations
of neurons during active locomotion. Here we gener-
ated a stable transgenic line encoding a zebra-
fish-optimized botulinum neurotoxin light chain fused
to GFP (BoTxBLC-GFP) to silence synaptic output
over large populations of motor neurons or in-
terneurons while monitoring active locomotion.
By combining calcium imaging, electrophysiology,
optogenetics, and behavior, we show that expres-
sion of BoTxBLC-GFP abolished synaptic release
while maintaining characterized activity patterns
and without triggering off-target effects. As chx70*
V2a interneurons (V2as) are well characterized as
the main population driving the frequency-dependent
recruitment of motor neurons during fictive locomo-
tion [5-14], we validated our silencing method by
testing the effect of silencing chx10* V2as during
active and fictive locomotion. Silencing of V2as
selectively abolished fast locomotor frequencies dur-
ing escape responses. In addition, spontaneous
slow locomotion occurred less often and at fre-
quencies lower than in controls. Overall, this silencing
approach confirms that V2a excitation is critical for
the production of fast stimulus-evoked swimming
and also reveals a role for V2a excitation in the pro-
duction of slower spontaneous locomotor behavior.
Altogether, these results establish BoTxBLC-GFP

P

@ CrossMark

as an ideal tool for in vivo silencing for probing the
development and function of neural circuits from
the synaptic to the behavioral level.

RESULTS

Generation of a Zebrafish-Optimized Transgenic Line
for Botulinum Neurotoxin Light Chain

In order to understand the neural circuits underlying behavior,
efficient tools to silence distinct classes of neurons in behaving
animals are necessary. Botulinum toxins are potent poisons
that block vesicular release at the synaptic cleft by cleaving
SNARE (soluble NSF attachment protein [SNAP] receptor) pro-
teins and thus eliminate synaptic transmission [15-18]. The effi-
cacy and specificity of action of botulinum toxin light chains
(BoTxLCs) make them ideal tools for silencing neurons. How-
ever, stable transgenic lines optimized for expression have not
yet been generated and characterized in zebrafish.

We utilized the two-part Gal4/UAS combinatorial gene expres-
sion system [19, 20] to generate a stable and efficient zebrafish-
optimized transgenic line encoding BoTxLC fused to GFP to
abolish synaptic release in vivo. To test the efficiency of neuronal
silencing of different botulinum neurotoxin serotypes (Figure 1A),
we expressed distinct serotypes fused to GFP under the control
of a 5x repeat of UAS (Figure 1B). We quantified the touch
escape response of embryos transiently expressing either the
bacterial or zebrafish codon-optimized variants of each serotype
under a ubiquitous driver (Figure 1C) [19]. The bacterial forms
were unable to induce paralysis, whereas the zebrafish codon-
optimized form of the B serotype paralyzed 72% of embryos
(Figure 1C). We established a stable transgenic line for the
B serotype, Tg(UAS:BoTxBLC-GFP). Offspring of Tg(UAS:
BoTxBLC-GFP) fish mated to Tg(SAGFF73A:gal4) fish [19]
(Table S1), which expresses ubiquitously, were unable to
generate spontaneous and touch-evoked movement (>99%;
data not shown). Tg(UAS:BoTxBLC-GFP) fish of at least the tenth
generation were used for the remainder of this article.
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Expression of BoTxBLC-GFP in Spinal Motor Neurons
Selectively Abolishes Coiling at the Embryonic Stage

To test the efficiency and evaluate off-target effects of
BoTxBLC-GFP, we performed a behavioral assay using Gal4
lines driving expression in either motor neurons or spinal inter-
neurons [5, 20, 21]. Embryos 17-25 hr post-fertilization (hpf)
perform a gap junction driven stereotyped coiling behavior
[22, 23]. To determine whether BoTxBLC-GFP expressed in
motor neurons could block muscle contraction, we used
Tg(s1020t:gal4), which drives expression in a large subset of mo-
tor neurons [24, 25] (Figure S1). Embryos lost the ability to coil
when BoTxBLC-GFP was expressed in this line (Figure 1D;
Movie S1). We then went on to test Gal4 lines expressing in in-
terneurons that do not drive embryonic coiling [23]. Coiling
persisted when embryos expressed BoTxBLC-GFP in chx10* in-
terneurons (V2as) or in GABAergic pkd2/1* cerebrospinal-fluid-
contacting neurons (CSF-cNs) (Figures 1E and 1F) [14, 26].
Together, these results indicate that BoTxBLC-GFP efficiently
blocks synaptic output without off-target effects in zebrafish
embryos.

BoTxBLC-GFP-Expressing Motor Neurons Maintain
Their Characteristic Activity

To test whether the loss of coiling in Tg(s1020t:gal4; UAS:
BoTxBLC-GFP) embryos (Figure 1D) was due to off-target ef-
fects of BoTxBLC-GFP expression, we performed calcium imag-
ing in motor neurons expressing both BoTxBLC-GFP and
GCaMP5G [21, 27, 28] (Figures 1G and 1H). Motor neurons
in Tg(s1020t:gal4; UAS:BoTxBLC-GFP; UAS:GCaMP5G) em-
bryos showed calcium transients occurring at comparable
frequencies to non-BoTxBLC-GFP-expressing Tg(s1020t:gal4;
UAS:GCaMP5G) embryos at 24 hpf (Figures 1G-1l; Movie S2).

This result indicates that expression of BoTxBLC-GFP silenced
motor output without noticeably affecting motor neuron proper-
ties, suggesting that paralysis resulted from a loss of presynaptic
release rather than cell death.

BoTxBLC-GFP Expression in Essential Neuronal
Populations Effectively Disrupts the Escape Response

in Freely Swimming Larvae

To test the utility of BoTxBLC-GFP in an active behavioral assay,
we measured the escape response to an acoustic stimulus,
which at 5 days post-fertilization (dpf) consists of a high ampli-
tude turn followed by fast swimming [29, 30]. The expression
of BoTxBLC-GFP in Tg(s1020t:gal4) (Figures 1J and S1), target-
ing a large subset of motor neurons, or in Tg(vglut2a:gald), tar-
geting glutamatergic neurons (Figure 1K) [31], severely disrupted
the escape response (Movie S3). When the larva responded, the
distance traveled was significantly reduced (Figures 1J4 and
1K4), confirming that expression of BoTxBLC-GFP in essential
motor circuit populations leads to a predictable massive deficit
in locomotion at larval stages.

BoTxBLC-GFP Completely Blocks Synaptic Release

In Vivo

To directly test the capacity of BoTxBLC-GFP to abolish vesicu-
lar release, we took advantage of a reliable monosynaptic
connection between GABAergic CSF-cNs and caudal primary
motor neurons (CaPs) (J.M.H., unpublished data). Using trans-
genic Tg(pkd2l1:gal4; UAS:ChR2-mCherry) larvae, we elicited
single spikes with a 5 ms light pulse in CSF-cNs while performing
whole-cell recordings in CaPs [21, 26] (Figures 2A and 2B). Light-
mediated spiking of CSF-cNs induced large short-latency inhib-
itory postsynaptic currents (IPSCs) in CaPs (J.M.H., unpublished

Figure 1. Generation and Validation of the Transgenic Line Tg(UAS:BoTxBLC-GFP)
(A) Botulinum serotype B targets synaptobrevin, a SNARE complex protein essential for neurotransmitter release (after [17, 18]; A-G denote cleavage sites of

distinct Botulinum serotypes).

(B) Design of the zebrafish codon-optimized UAS:BoTxLC-GFP constructs for the A, B, C, and E serotypes tested in transient.
(C) Percentage of Tg(SAGFF73:gal4) embryos paralyzed upon transient expression of BoTx serotypes, with and without codon optimization for zebrafish

(embryos tested, from left to right: n = 11, 16, 18, 20, 20, 25, 16, and 30).

(D) Expression pattern of Tg(s1020t:gal4; UAS:BoTxBLC-GFP) double transgenic embryos (left) and reduction in coiling frequency (right). n = 14 BoTxBLC-GFP*

embryos and n = 14 control siblings.

(E) Same as (D) but for Tg(chx10:gal4; UAS:BoTxBLC-GFP). n = 11 BoTxBLC-GFP* embryos and n = 12 control siblings.
(F) Same as (D) but for Tg(pkd2I1:gal4; UAS:BoTxBLC-GFP). n = 16 BoTxBLC-GFP* embryos and n = 15 control siblings.

(G and H) Representative examples of calcium imaging in Tg(s1020t:gal4; UAS:GCaMP5G) control (G) and Tg(s1020t:gal4; UAS:GCaMP5G; UAS:BoTxBLC-GFP)
(H) embryos. Imaging plane (G1 and H1) and selected regions of interest (ROls) (G2 and H2) (left and right hemicords are indicated in magenta and green,
respectively) are shown, with the corresponding AF/F traces on the right. Differences in AF/F amplitude result from higher levels of baseline GFP expression in
BoTxBLC-GFP* embryos.

(I) Frequency of calcium transients in control and BoTxBLC-GFP* embryos. Each point represents the average frequency of all ROls within an embryo (n = 8
BoTxBLC-GFP* and n = 8 non-sibling control embryos).

(J) Comparison of control siblings and Tg(s1020t:gal4; UAS:BoTxBLC-GFP) 5 dpf larvae in a freely swimming acoustic escape assay. Whole-larva lateral view (J1),
lateral view of the spinal cord (J2), and trajectories of swimming larvae in the assay (J3) are shown. Control siblings are Tg(UAS:BoTxBLC-GFP) only. (J4) shows
the average distance traveled during a responsive trial (in milimeters) (n = 12 control larvae, 109 responses out of 118 trials; n = 11 BoTxBLC-GFP* larvae, 72
responses out of 118 trials).

(K) Same as (J) but for Tg(vglut2a:gal4; UAS:BoTxBLC-GFP). n = 12 control larvae, 98 responses out of 128 trials; n = 10 BoTxBLC-GFP* larvae, 67 responses out
of 128 trials.

Control sibling embryos for (D)-(F) had the Gal4, the UAS, or neither transgene. Insets for (D)—(F) are z projection stacks of a few optical sections imaged on the
lateral side between segments 7 and 10. Scale bars represent 500 um in (D)—(F), 20 um for the insets in (D)-(F), 20 um in (G) and (H), 100 um in (J1) and (K1), 25 um
in (J2) and (K2), and 5 mm in (J3) and (K3). (D)-(F), (J1), (J2), (K1), and (K2) are lateral views with dorsal up. (G) and (H) are dorsal views. Rostral is to the left in all
panels. In (D)-(F), individual points correspond to coiling frequency for one embryo. For (J4) and (K4), the average responses of each larva are represented by a
single gray point for control or teal point for BoTxBLC-GFP* larvae, respectively. Means are shown +SEM in black. The central line on each boxplot is the median
value, and the box limits are the 25" and 75" percentiles. The whiskers include all data points not considered outliers. **p < 0.001, ****p < 0.0001, Student’s t test
(D-F and |). L, left; R, right. See also Figure S1, Table S1, and Movies S1, S2, and S3.
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Figure 2. ChR2-Mediated Activation of Presynaptic Neurons Expressing BoTxBLC-GFP Demonstrates a Complete Block of Synaptic
Release In Vivo

(A) Expression of BoTxBLC-GFP and ChR2-mCherry in Tg(okd2/1:gal4; UAS:BoTxBLC-GFP; UAS:ChR2-mCherry). GFP and mCherry co-labeling in a CSF-cN
innervating a CaP primary motor neuron is shown (innervation of a CaP by a CSF-cN is indicated by an arrowhead).

(B) Full field light-mediated activation of CSF-cNs in Tg(pkd2/1:gal4; UAS:ChR2-mCherry) induces a monosynaptic IPSC in a CaP that is reduced by gabazine.
(B1) is a schematic representation of light-mediated activation of ChR2* CSF-cNs coupled with a whole-cell recording of a CaP. Individual traces from one CaP
(gray) and the average of ten trials (black) are shown in the top panel of (B2); the bottom panel shows that gabazine strongly reduces the induced IPSC (individual
traces from one CaP [gray] and the average of ten trials [purple]).

(C) No IPSC was observed after light-mediated activation of CSF-cNs in Tg(pkd2/1:gal4; UAS:ChR2-mCherry;UAS:BoTxBLC-GFP) larvae. (C1) shows the
schematic representation of experimental setup. (C2) shows individual traces from one CaP (gray) and the average of ten trials (teal).

(D and E) Confirmation of CaP identity after filling with Alexa 488 dye. (D) shows a cell body with Alexa 488 (top), ChR2-mCherry (middle), merge (bottom), and
axonal projections onto ventral musculature in (E) (black double arrowhead, CaP soma; double white arrowhead, axon exiting the spinal cord).

(F) Quantification of peak IPSC amplitude in control and BoTxBLC-GFP* larvae (control, n = 3 cells from three larvae, 60 trials; gabazine, n = 2 cells from two
larvae, 40 trials; BoTxBLC-GFP*, n = 3 cells from three larvae, 60 trials).

(A) and (E) are z projection stacks from a few optical sections imaged on the lateral side. (D) is a single plane image. Allimages are oriented with rostral to the left
and dorsal up. Scale bars represent 10 um (approximated in D). The central line on each boxplot is the median value, and the box limits are the 25" and 75"
percentiles. The whiskers include all data points not considered outliers. *p < 0.05, one-way ANOVA with repeated measures. R, rostral; C, caudal; D dorsal; V,
ventral. See also Figure S2 and Table S1.

data) that were strongly reduced by bath application of GABAAR
antagonist gabazine (Figure 2B2). In Tg(pkd2l1:gal4; UAS:
BoTxBLC-GFP; UAS:ChR2-mCherry) larvae, light-mediated
spiking in CSF-cNs did not generate IPSCs in CaPs (Figure 2C).
The identity of the CaP was confirmed by filling the cells with
Alexa 488 dye (Figures 2D and 2E). In 59 out of 60 trials, expres-
sion of BoTxBLC-GFP abolished the evoked current in CaPs (Fig-
ure 2F). Despite the block of synaptic release, Tg(pkd2/1:gal4;
UAS:BoTxBLC-GFP) transgenic larvae did not exhibit any de-
fects in spinal cord formation (Figure S2). Furthermore, CSF-
cNs retained their standard morphology, and the animals lived
to adulthood (data not shown). These results demonstrate the
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complete loss of vesicular release from BoTxBLC-GFP-express-
ing neurons in vivo.

BoTxBLC-Mediated Silencing of V2a Interneurons
Confirms Their Critical Role in Fast Locomotion

V2a interneurons are known to drive motor neuron activation,
and their recruitment is frequency dependent during fictive loco-
motion [8, 9, 14]. Therefore, we tested how V2a silencing impacts
fast and slow locomotor regimes during active locomotion.
Expression of BoTxBLC-GFP under the control of the chx10
promoter [5] targeted most V2a interneurons (Figures 3A1 and
3A2). Consequently, acoustic escape responses in these larvae
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showed a large reduction in the distance traveled in responsive
trials compared to control siblings (Figures 3A3 and 3A4; Movie
S3). In Tg(chx10:gal4; UAS:BoTxBLC-GFP) larvae assayed in a
head-embedded and tail-free configuration (Figures 3B-3C;
Movie S4), the maximum bend angle, average tail-beat fre-
quency, and response duration were all significantly reduced
compared to control siblings during the acoustic escape
response (Figure 3D).

Although the Tg(chx10:gal4) transgenic line recapitulated
chx10 expression in the hindbrain and rostral spinal cord [5], a
few neurons with axons exiting the spinal cord were labeled
caudally (Figure 3A2), which could contribute to the response
by affecting muscle contraction. To circumvent this confound,
we performed fictive ventral nerve root (VNR) recordings in 4
dpf paralyzed larvae, which allowed monitoring of the motor
neuron output upstream of the neuromuscular junction. In
control siblings, fast escape responses induced by otic vesicle
stimulation [32] consisted of a few large amplitude bursts
(phase 1), followed by fast-frequency swimming (~35-60 Hz;
phase 2), which transitioned to slow-frequency swimming
(<385 Hz; phase 3) (Figure 3E). Silencing of V2a output selectively
disrupted fast swimming (Figure 3F); the response duration
was not significantly reduced (Figure 3G). Fast locomotor fre-
quencies above 40 Hz were abolished, whereas lower fre-
quencies were unaffected (Figures 3H and 3lI).

Motor neurons are incrementally recruited along the dorsoven-
tral axis with swimming frequency [7]. To investigate how motor
neuron recruitment was affected when V2as were silenced, we
generated a novel transgenic line, Tg(mnx1:GCaMP5G), in which

motor neurons express the genetically encoded calcium sensor
GCaMP5G, and coupled calcium imaging of motor neurons
with otic-vesicle stimulation and VNR recordings [28, 33]
(Table S1; Experimental Procedures; Figures 3J-3N). The ampli-
tude of calcium transients varied as a function of the dorsoventral
position within the motor pool in a different manner for con-
trol Tg(mnx1:GCaMP5G) larvae and VZ2a-silenced Tg(mnx1:
GCaMP5G; chx10:gal4; UAS:BoTxBLC-GFP) larvae (Figures 3K
and 3M; p = 0.000005). Overall, the average peak AF/F amplitude
was highest in the most dorsal motor neurons in control larvae.
Ventral motor neurons exhibited similar AF/F amplitude whether
V2as were silenced or not (Figure 3L). In contrast, the activity of
dorsal motor neurons was largely reduced in V2a-silenced larvae
compared to controls (Figure 3N). A reduction in the recruitment
of dorsal motor neuron is consistent with our observations that
fast locomotor frequencies (>40 Hz) in both active and fictive
locomotion are abolished when V2as are silenced.

Silencing of V2a Interneurons Decreases the Locomotor
Frequency during Spontaneous Slow Swimming

Despite the role of hindbrain V2a neurons in initiating locomo-
tion in zebrafish larva [5], the V2a contribution to spontaneous
slow swimming has not been directly addressed. In freely
swimming larvae, we noted that the occurrence of spontaneous
slow swimming was largely reduced in Tg(chx10:gal4; UAS:
BoTxBLC-GFP) (Figures 4A-4D; Movie S5), indicating that
these neurons normally drive spontaneous locomotion. We
observed that the rarely occurring swim bouts were on average
longer in duration (Figure 4E). In V2a-silenced larvae, fictive

Figure 3. V2a Interneurons Are Critical for Induced Fast-Frequency Swimming

(A) Comparison of control siblings and Tg(chx10:gal4; UAS:BoTxBLC-GFP) 5 dpf larvae in a freely swimming acoustic escape assay. Whole-larva lateral view (A1),
lateral view of the spinal cord with borders denoted by dotted line (A2), and trajectories of swimming larvae in the assay (A3) are shown. Control siblings are
Tg(UAS:BoTxBLC-GFP) larvae. (A4) shows the average distance traveled during a responsive trial (in millimeters) (n = 11 control larvae, 81 responses out of 120
trials; n =12 BoTxBLC-GFP* larvae, 107 responses out of 120 trials).

(B-D) Comparison of control siblings and Tg(chx10:gal4; UAS:BoTxBLC-GFP) 5 dpf larvae in a head-embedded, tail-free acoustic escape assay.

(B) Left: control larva (Tg(UAS:BoTxBLC-GFP)). Right: Tg(chx10:gal4;UAS:BoTxBLC-GFP) larva with its head embedded in agarose and the tail free to move. The
dotted line indicates the agar border.

(C) Example tail-bend angle (degrees) extracted for head-restrained control larvae (Tg(UAS:BoTxBLC-GFP) alone, black, top) and BoTxBLC-GFP (Tg(chx10:gal4;
UAS:BoTxBLC-GFP), teal, bottom). The dotted line indicates the time of stimulus delivery.

(D) Kinematic analysis of head-embedded acoustic-induced escape responses. Maximum bend angle in the trial (left, degrees), average tail-beat frequency
within a bout (center, Hz), and average bout duration (right, ms). n = 12 control larvae, 104 trials; n = 12 Tg(chx10:gal4; UAS:BoTxBLC-GFP) larvae, 118 trials.
(E-1) Analysis of fictive VNR recordings during escape responses in 4 dpf larvae.

(E) Left: schematic of the otic vesicle stimulation used to evoke fast escape responses in combination with fictive VNR recordings. Right: three phases of the
response can be distinguished in the escape response.

(F) Representative traces of fictive escape responses from three larvae for control (F1) and Tg(chx10:gal4; UAS:BoTxBLC-GFP) (F2) larvae. Red asterisks indicate
the stimulus onset.

(G and H) Response duration (G, s) and mean burst frequency (H, Hz) for n = 57 stimulations for five control larvae and n = 54 stimulations for five BoTxBLC-GFP*
larvae.

() Distribution of burst frequencies (Hz) in control larvae (gray) and BoTxBLC-GFP* larvae (teal). Inset: cumulative distribution function.

(J-N) Calcium transients, imaged in motor neurons as a function of dorsoventral position, when V2as are silenced (BoTxBLC-GFP™) or not (control) with
simultaneous fictive VNR recording.

(J) Schematic of the calcium imaging configuration performed in combination with otic vesicle stimulation and VNR recordings as described in (E).

(K) GCaMP5G expression in Tg(mnx1:GCaMP5G) with ROIs overlaid (top), calcium transients (center), and fictive VNR recording during a fictive escape in ventral
motor neurons (bottom). Control larva: purple ROls, black AF/F trace (left). BoTxBLC-GFP* larva: teal ROls, teal AF/F trace (right).

(L) Peak AF/F response for an individual ROI, color-coded by larva, with the average across larvae indicated by a black line. Comparison of control versus
BoTxBLC-GFP* larvae for ventral motor neurons at dorsoventral positions: 0-0.2 (L1), 0.2-0.3 (L2), or 0.3-0.4 (L3).

(M) Same as (K) but for dorsal motor neurons.

(N) Same as (L) but for dorsoventral positions: 0.4-0.5 (N1) or 0.5-1 (N2).

For (L) and (N), n = 199 ROlIs from 55 stimulations with swimming episodes for five control larvae and n = 102 ROIs from n = 30 stimulations with swimming
episodes for four BoTxBLC-GFP™ larvae. Scale bars represent 100 um in (A1), 25 um in (A2), 5 mm in (A3), 1 mm in (B), and 20 um in (K) and (M). For (A4), (D), (G),
and (H), each data point is the average across all trials for a single larva. Control sibling Tg(UAS:BoTxBLC-GFP) larvae are in gray and Tg(chx10:gal4; UAS:
BoTxBLC-GFP) are in teal. Means are shown +SEM in black. **p < 0.01, ***p < 0.001, ***p < 0.0001. See also Table S1 and Movies S3 and S4.
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Figure 4. V2a Interneurons Drive Most of Spontaneous Slow Swimming and Adjust the Locomotor Frequency in the Slow Regime

(A-E) Spontaneous slow swimming assay comparing control and Tg(chx10:gal4; UAS:BoTxBLC-GFP) larvae at 5 dpf.

(A) The trajectory of a 5 dpf larvae spontaneously swimming for the first minute of a 4 min recording. Left: control sibling (Tg(UAS:BoTxBLC-GFP)) alone. Right:
Tg(chx10:gal4; UAS:BoTxBLC-GFP) larva recorded simultaneously.

(B) Average distance traveled (mm; measured during the first minute of the trial).

(C) Rastergram of the timing of swim bout initiation over the 4 min spontaneous swimming trial recorded. The y axis represents a different individual larva. Top:
control siblings. Bottom: Tg(chx10:gal4; UAS:BoTxBLC-GFP).

(D) Mean frequency of bout occurrence (bouts per second, Hz) measured over a 4 min trial.

(E) Average bout duration (ms) across all bouts recorded spontaneously in a 4 min trial.

(B-E) n = 8 control larvae and n =8 BoTxBLC-GFP" larvae.

(F) Schematic and example trace of fictive slow swimming in a control (top) and a BoTxBLC-GFP™* (bottom) larva. Boxes indicate expanded regions at right. Note
the reduced burst frequency in BoTxBLC-GFP™ larvae when V2as are silenced.

(G) Reduction in frequency of bout occurrence (bouts per second) in BoTxBLC-GFP™ larvae compared to control siblings (n = 1265 bouts for eight control larvae;
n = 938 bouts for eight BoTxBLC-GFP* larvae).

(H) Fictive bout duration (s).

(I) Mean burst frequency during fictive slow swim bouts (Hz).

(H and I) n = 741 bouts from eight control larvae; n = 497 bouts from eight BoTxBLC-GFP* larvae.

(J) Distribution of burst frequencies (Hz) in control larvae (gray) and BoTxBLC-GFP* larvae (teal). Inset: cumulative distribution function.

For (B), (D), (E), (G), (H), and (l), control siblings (gray, Tg(UAS:BoTxBLC-GFP)) were compared to Tg(chx10:gal4; UAS:BoTxBLC-GFP) larvae (teal), and each point
represents a single larva. Means are shown +SEM in black. *p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001, Student’s t test (D and G). See also Table S1 and
Movie S5.

slow swim bouts occurred less frequently and tended to last
longer than in control siblings (Figures 4F—4H). In contrast to
fast escapes, in which a reduction of frequency occurred via
a suppression of the highest frequencies (Figure 3l), in the

DISCUSSION

Silencing with the Optimized Botulinum Toxin Light
Chain

slow regime swim frequency was reduced by a downward shift
of locomotor frequencies (Figures 4l and 4J). Taken together,
the active and fictive data demonstrate that V2a interneu-
rons contribute to generation of spontaneous swim events
and setting the range of locomotor frequencies during slow
locomotion.

Silencing large populations of neurons in vivo is critical to under-
standing their role in circuits that control behavior. To be readily
implemented, silencing tools should be genetically encoded,
efficient, and non-toxic. BoTxBLC-GFP is efficient at blocking
presynaptic vesicular release, as demonstrated here by prob-
ing monosynaptically connected pairs of neurons in vivo.
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Neurotoxins have been used extensively for eliminating neuronal
activity. Persistent problems for diphtheria use include off-target
damage and establishing stable transgenic lines, while in the
case of tetanus, detection of fluorescence is difficult in vivo
[19, 34-36]. The stable trangenic BoTxBLC-GFP has been effec-
tive for many generations, and fluorescence could be detected
in vivo. Codon optimization of BoTxBLC-GFP was critical for
expression and silencing in zebrafish, demonstrating the need
to design model-specific tools.

Other strategies such as Nitroreductase, KillerRed, or tran-
sient receptor potential channels developed for targeted cell
ablation or silencing in zebrafish work in vivo but require a chem-
ical cofactor or light delivery [34-37]. With chemically mediated
methods, ablations can require long incubation times, depend-
ing on the expression level, and if driver lines express in non-
neuronal tissues [36], these tissues will be ablated. Although
opsins can silence with precise spatial and temporal resolution,
light delivery can interfere with light-sensitive behaviors, and op-
sins are currently unfeasible for silencing across large spatial
regions during active behavior because they require high power
density [38-40]. BoTxBLC-GFP offers a straightforward alterna-
tive to these existing methods, potently and chronically silencing
in neuronal tissue without additional cofactors or off-target ef-
fects. Implementing inducible expression in the future would
allow dissection of the relative contributions of acute versus
chronic silencing.

The Contribution of V2a Interneurons to Locomotion
chx10* V2a glutamatergic neurons are involved in initiation [5],
termination [6], left-right alternation [41], and setting of locomo-
tor frequency [7, 11, 42] in vertebrate species. V2a interneurons
recorded during fictive locomotion in zebrafish are recruited in
a frequency-dependent manner along the dorsoventral axis
and are necessary for generation of high-frequency swimming
[8, 12]. Here we investigated the effects of silencing a majority
of V2as during two motor behaviors: slow spontaneous swim-
ming and fast escape responses. The escape response in zebra-
fish larva includes a wide range of locomotor frequencies from
15-100 Hz [2, 43]. Fast components of the escape were sup-
pressed when V2a interneurons were silenced, confirming the
critical role of V2as in fast locomotion [8, 44]. By performing cal-
cium imaging on the motor pool, we showed that this suppres-
sion effect corresponds to the diminished recruitment of dorsal
motor neurons essential for fast swimming. This suggests that
the excitation of motor neurons by V2as is necessary to generate
fast locomotor frequencies.

Spontaneous slow locomotion occurs in a narrow range of lo-
comotor frequencies (20-30 Hz) [2, 43], during which a subset of
ventral V2as is active [8]. Spontaneous active slow swimming
rarely occurred when V2as were silenced, and those swim bouts
lasted longer. These effects could be related to hindbrain V2a
populations involved in initiating locomotion [5] or controlling
the duration of locomotor events [6]. In addition, we observed
that V2as adjust the locomotor frequency in the slow regime.
Further investigation should clarify how excitation by V2as
from the hindbrain and spinal cord contribute to this effect.
The remaining source of excitation driving slow swimming
when V2as are silenced could be glutamatergic VO-v neurons,
referred to as MCoDs in zebrafish, which are selectively recruited
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at these frequencies [8], suggesting that MCoDs and V2as may
work in concert during slow locomotion.

Our results confirm important contributions for V2as in fast
and slow regimes of locomotion. Previous work showed that spi-
nal V2as are a heterogeneous population of neurons based on
their dorsoventral positioning, morphology, intrinsic properties,
and connectivity [8, 9, 12]. Our results, obtained by silencing of
the V2a population in the hindbrain and spinal cord, indicate
speed-dependent roles for V2as. Although V2as are critical for
sustaining fast locomotion, they appear to adjust locomotor
frequency and modulate bout duration in the slow regime. New
genetic tools will be required to distinguish how hindbrain and
spinal cord V2as accomplish these unique functions.

EXPERIMENTAL PROCEDURES

Generation of Stable Transgenic Zebrafish Lines

25ng pl~" of Tol2 transposase mMRNA and either pT2S-UAS:zBoTxBLC-GFP or
pT2S-UAS:zBoTxBLC were co-injected into one-cell-stage embryos of the
TAB (AB/TUB) strain. 188 injected embryos from seven unique clutches
were raised. 47 embryos injected with pT2S-UAS:zBoTxBLC-GFP were
screened after mating with selected Gal4FF lines for behavioral phenotypes
and GFP fluorescence. 13 embryos injected with pT2S-UAS:zBoTxBLC
were screened by PCR. We used Gal4FF drivers (Tg(SAGFF73A) and others)
for screening the UAS founder fish. We selected six founders, identified single
integrations by Southern blot, and mapped the integration sites from F1 prog-
eny (834 F1 fish examined). A single homozygous F2 line, Tg(UAS:zBoTxBLC-
GFP)34b, has been stably maintained for over ten generations and used for
the experiments shown for all figures except Figure 1C. The sequences are
available on the zTrap database (http://kawakami.lab.nig.ac.jp/ztrap/). The
Tg(mnx1:GCaMP5G)icm25 stable transgenic line was generated based on
the mnx1 promoter [33] integrated in a 5 entry gateway clone [45] and com-
bined to the pME-GCaMP5G and the 3’ polyA entry clone into the destination
vector carrying tol2 sites and cryaa:venus [46]. Table S1 lists all trans-
genic lines used in this study, long-form names, and expression patterns if
applicable.

All procedures were approved by the Institut du Cerveau et de la Moelle
Epiniére (ICM) and the National Ethics Committee (Comité National de
Réflexion Ethique sur I'Expérimentation Animale Ce5/2011/056) based on
EU legislation or were in accordance with institutional and national guidelines
and regulations at the National Institute of Genetics in accordance with the
Guide for the Care and Use of Laboratory Animals of the Institutional Animal
Care and Use Committee (IACUC, approval identification number 27-2) in
Japan.

ACCESSION NUMBERS

The accession number for the transgenic UAS:BoTxBLC-GFP reported in this
paper is ZFIN: ZDB-ALT-160119-9. The accession number for the transgenic
mnx1:GCaMP5G reported in this paper is ZFIN: ZDB-ALT-160427-5.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures,
two figures, one table, and five movies and can be found with this article online
at http://dx.doi.org/10.1016/j.cub.2016.06.037.
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