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Behavioral control through the direct, focal silencing of neuronal activity
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ABSTRACT

Voltage-gated sodium channel (Nav) activity underlies electrical signaling, synaptic release, circuit function,
and, ultimately, behavior. Molecular tools that enable precise control of Nay subpopulations make possible
temporal regulation of neuronal activity and cellular communication. To rapidly modulate Nav currents, we
have rendered a potent Nay inhibitor, saxitoxin, transiently inert through chemical protection with a novel
nitrobenzyl-derived photocleavable group. Light-induced uncaging of the photocaged toxin, STX-bpc,
effects rapid inhibitor release and focal Nav block. We demonstrate the efficacy of this reagent for
manipulating action potentials in mammalian neurons and brain slice and for altering locomotor behavior in
larval zebrafish. Photo-uncaging of STX-bpc is a non-invasive, effective method for reversible,
spatiotemporally precise tuning of Nay currents, application of which requires no genetic manipulation of

the biological sample.
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INTRODUCTION

A desire to understand how information is processed in the nervous system has motivated the development
of methods for real-time, spatiotemporal manipulation of neuronal activity. An array of technologies!-* now
exist for controlling and characterizing the function of different brain regions, circuits, and cell types; none,
however, act directly on voltage-gated sodium (Nay) channels, the proteins responsible for action potential
(AP) generation and propagation. Instead, methods like optogenetics®* rely on the expression of exogenous
ion channels that constructively (e.g, ChR2)* or destructively (e.g., WiChR)® interfere with endogenous
currents to produce a net change in electrical output. While optogenetic methods have significantly improved
our ability to control cellular activity and regulate neural circuits’, such technologies are often limited by
toxicity,® delivery,” and expression!? of the requisite ectopic proteins, as well as the altered capacitance,!!
electrochemical gradients,!? and pH'? of the target cells.!* We have developed an alternative tool for
manipulating APs both in vitro and in vivo that avoids genetic manipulation. Herein, we describe the design,
optimization, and validation of a broadly applicable small molecule reagent (STX-bpc) for precise, light-

mediated inhibition of Nays in neurons.

The control of endogenous sodium currents requires a modulator with high efficacy and specificity towards
neuronal Nav isoforms. Saxitoxin is a potent inhibitor of Nays that acts by binding to the outer mouth of the
channel pore, just above the selectivity filter, to occlude ion passage into cells.!>!® Characteristics that favor
STX as opposed to other Nay inhibitors!” for Nay targeting include: (1) its high potency against all channel
conformational states (open, closed, inactive) such that binding occurs independently of stimulus; (2) its fast
rate of association (kon ~ 10° M1 s71),!8 enabling rapid block; and (3) its extracellular binding site, which
allows for complete, reversible inhibition of channels. Additionally, saxitoxin is potent against most
vertebrate!® and insect?®?! neuronal and cardiovascular Nays. In mammals, STX has nanomolar affinity for
seven of nine Nay subtypes (Nay1.1-1.7), including all Nays expressed in the central nervous system.!72

We therefore anticipated that modification of STX with a destabilizing, photocleavable protecting group
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would yield a small molecule tool that is completely inert upon application to cells and tissue and rapidly

uncaged upon exposure to light.

In this report, we demonstrate the utility of a photocaged saxitoxin, STX-bpc, for both tuning electrical
excitability and achieving complete AP block with focal precision, in dissociated rat neurons, in mouse
cortical brain slice, and in larval zebrafish. We further illustrate the practicality of this technology for the
targeted manipulation of locomotor behaviors. Given its efficacy across cell, tissue, and live organism absent
any genetic manipulation, STX-bpc is a valuable complement to available optogenetic methods for

spatiotemporal modulation of electrical signaling.

RESULTS

Design of Photocaged Saxitoxin

We previously described the development of coumarin-caged saxitoxins (e.g., STX-eac), providing proof-
of-principle that brief exposure of these compounds to light can block AP firing and slow the propagation of
compound action potentials along axon fiber tracks.?* The utility of STX-eac for neural control, however, is
limited by: (1) a small concentration operating window (the result of a ~20-fold change in ICso between caged
and uncaged toxin) that limits the degree to which Nav block can be fine-tuned; and (2) the need to deliver
high-powered UV light to promote photocleavage, raising concerns of phototoxicity and tissue heating,
particularly in cases of prolonged neuronal silencing, when long-duration exposure is required. Additional
optimization of this reagent was hampered by the coumarin protecting group, as derivatization is limited and

can reduce the efficiency of photocleavage.?>** We thus pursued alternative photocage designs.

To improve the potency differential between caged and uncaged STX, we identified a photocleavable
protecting group, [methyl-2-nitropiperonyl-oxy]carbonyl (MeNPOC, Figure 1A),%>-26 amenable to chemical

modifications including increase of its steric size and introduction of anionic units to destabilize toxin binding
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to the electronegative Nay pore.!>!® Replacement of the methyl moiety in MeNPOC with an electron-
deficient group was expected to substantially improve uncaging efficiency, as demonstrated by the ~100-fold
increase in quantum yield for the analogous CF3-modified cage.?’-*® To maximize uncaging efficiency while
minimizing the affinity of the photocaged STX for Nay, we replaced the Me-substituent in MeNPOC with a
sterically large and/or negatively charged aryl amide, aryl ester, or aryl carboxylate group, thus affording a
small collection of electron-deficient nitrobenzyl photocages [Hammett -constants(para): 0.36, CONHMe;

0.45, COOMe; 0.45, COOH; vs. 0.54, CF3].%

Synthesis and Optimization of Photocaged STXs

Caged compounds were readily prepared by 1,2-addition of the appropriate aryl Grignard reagent to 6-
nitropiperonal and subsequent conjugation of the corresponding N-hydroxysuccinimide ester to STX
ethylamine 1°%3! (Figure 1B). [See extended data for full synthesis and characterization.] Photocaged STXs
were then screened for potency against Nay1.2 stably expressed in CHO cells with uncaging elicited by 5 ms
pulses of 130 mW, 355 nm light. For clarity of discussion, caged STXs have been divided into two categories:
Generation 1, comprising the ‘base model’ STX MeNPOC, 2, as well as amide-modified photocaged
derivatives of varying steric bulk and electronic substitution (3—7); and Generation 2, composed of carboxylic
acid-modified (i.e., anionic) structures (11, 12, 13) and their uncharged, allyl ester counterparts (8, 9, 10)

(Figure 1C, Extended Data Figure 1).

Examination of Generation 1 photocaged STXs revealed that steric substitution alone was insufficient to
effectively destabilize binding. The simplest construct, STX MeNPOC 2, was similarly potent to the uncaged
inhibitor 1 (ICso: 17.3 nM vs. 14.4 nM; Figure 1D, Extended Data Figure 2A) despite a seventy percent
increase in molecular mass (582 vs. 301 Da). While other sterically larger derivatives diminished the potency

of the caged toxin (ICso: 4 >3 >2,132.1 nM > 58.9 nM > 17.3 nM; Figure 1D, Extended Data Figure 2A—
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C), at best, only a nine-fold increase in the ICso value compared to 1 could be obtained (ICs0: 4 ~5~6 ~ 7,

132.1 nM ~ 114.2 nM ~ 128.1 nM ~ 121.9 nM; Figure 1D, Extended Data Figure 2C-F).

Among Generation 2 photocaged STXs, we found carboxylate-substituted structures (11, 12, 13) to be
fifteen-fold less potent than analogous allyl esters (8, 9, 10, respectively), thus establishing the importance
of anionic charge incorporation to destabilize binding of the caged compound (Figure 1E, Extended Data
Figure 2). Steric bulk also decreased affinity of the caged inhibitor for Nays, as bis-piperidine carboxylate
13 (STX-bpc) is approximately four-fold less potent than bis-carboxylate 12 (ICso: 13, 3.9 uM vs. 12, 1.0
uM; also compare compounds 10, 0.5 uM vs. 9, 0.07 uM). STX-bpc was ultimately selected as the optimal

probe for subsequent validation studies (vide infra).

All anionic photocaged STXs are photo-deprotected with unexpectedly high efficiency, particularly
compared to the equivalent allyl ester derivatives (Figure 1F, 1G, Extended Data Figure 2). Upon
application of 5 x 5 ms pulses of 355 nm light, the apparent potency of esters 8—10 decreased only minimally
(e.g., ICso ratio caged vs. uncaged: 8, 1.5; 9, 1.6; 10, 2.4; Extended Data Table 2). In contrast, carboxylates
11-13 uncage almost completely under the same protocol, with post-exposure potencies approaching that of
the parent 1 (ICso following 5 x 5 ms pulses of 355 nm light: 11, 27.1 nM; 12, 25.1 nM; 13, 21.3 nM vs. ICso
1, 14.4 nM). Carboxylate incorporation thus dramatically improves uncaging efficiency, as photo-release of
the ‘base model’ photocaged toxin 2 does not occur under our conditions (Extended Data Figure 2A,
quantum yield for this protecting group is estimated at ¢ = 0.0075%?). Why carboxylate substitution has this
effect is unclear, as the absorbance spectra of photocaged STXs 11-13 are unchanged from that of 2

(Extended Data Figure 3).

STX-bpc 13 is over 270-fold less potent than the parent compound 1 (ICso = 3.9 uM vs. 14.4 nM; Figure 1E)

and uncages rapidly upon application of 355 nm light (Figure 1F). The large concentration window over
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which this caged toxin may be employed (Figure 1G, grey) enables tuning of Nay current amplitude, as
[STX-bpc] <500 nM blocks < 10% of channels prior to uncaging, but as many as 90% following deprotection.
As the concentration of STX-bpc can be varied, so too can the time constant () for Nay block. At 200 nM
STX-bpc, toxin release and inhibition of channels occurs with a T = 1.0 + 0.1 seconds (Extended Data
Figure 4); at 500 nM 13, this value decreases (t = 0.7 £ 0.07 seconds). Focal uncaging of STX-bpc thus
precisely modulates Nay current, allowing the speed and degree of Nav block to be fine-tuned through

changes in STX-bpc concentration, light intensity, and exposure duration.

Nav Block in Rat Dissociated Hippocampal Neurons

The advantageous properties of STX-bpc against Nay1.2 (CHO cells) are evident in experiments with
embryonic rat hippocampal neurons. In electrophysiology recordings with dissociated neuronal cells, STX-
bpc has an ICso= 5.2 uM, 370-fold greater than that of 1 (14.1 nM; Figure 2A, 2B).23 Uncaging proceeds
rapidly (T = 1.6 seconds at 200 nM STX-bpc) and channel block extends for tens of seconds prior to wash-
off (Figure 2A, Extended Data Figure 5). A single 5 ms laser pulse releases sufficient concentrations of 1
to give an apparent ICso = 87.6 nM. Accordingly, Nay currents in these cells can be modulated across a large
range (e.g., 25% block of peak current following uncaging of 20 nM STX-bpc; 81% block of peak current

upon uncaging 500 nM STX-bpc).

Because uncaging proceeds efficiently, AP trains in neurons are abrogated using low concentrations of STX-
bpe (e.g., 200 nM, Figure 2C). Application of 100-500 nM STX-bpc to hippocampal cells gives no
observable changes in action potential shapes or firing frequencies (Figure 2E, Extended Data Figure 6).
Photolysis of STX-bpc, however, decreases AP firing rate in a dose-dependent manner (remaining percent
of initial firing rate: 100 nM, 33%; 200 nM, 14%; 500 nM, < 1%) with uncaging of 500 nM STX-bpc (i.e.,
81% peak Na* current inhibition) blocking all APs (Figure 2E). Uncaging 100-200 nM STX-bpc also alters
action potential shape (Figure 2C, Extended Data Figure 7), with uncaging of 200 nM STX-bpc reducing
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AP amplitude by 17% (p = 0.02) and shifting firing threshold to more positive potentials by approximately
12 mV (p = 0.14) (Extended Data Figure 7B, 7C), as expected given the decrease in the number of
functional Nays.?* The characteristic kink at threshold voltage in the AP phase plot, ascribed to cooperativity
among Nays®* or AP initiation at the distal axon initial segment,* disappears upon uncaging STX-bpc, also
consistent with a reduction in Nay density (Extended Data Figure 7A, 7D). Parameters describing the
velocity and acceleration of AP rise similarly decrease upon uncaging STX-bpc, with maximal rate of rise
dropping by 54% (p = 0.03) and acceleration by 58% (p = 0.002; Extended Data Figure 7E, 7G). AP firing
recovers fully upon toxin wash-off at all concentrations (Figure 2C, Extended Data Figure 7). Collectively,
these data demonstrate that photo-deprotection of STX-bpc can be used to precisely tune APs in hippocampal

neurons through the rapid and selective block of Navys.

Electrical Silencing in Rat Dissociated Dorsal Root Ganglia

As with hippocampal neurons, STX-bpc displays dose-dependent effects on AP firing frequency (Figure 3A,
3E) and shape (Figure 3B-D, Extended Data Figure 8-9) in embryonic rat dorsal root ganglia (DRG) cells.
These effects are fully resolved upon toxin wash-off. Application and uncaging of 200 nM STX-bpc reduces
AP firing rate to 49% of the initial value; with 500 and 1000 nM STX-bpc, these values fall to 23% 13%,
respectively (Figure 3E). Photo-deprotecting 1000 nM STX-bpc almost completely blocks AP trains (6/7
cells); the first action potential spike, however, is always recorded. This finding is in contrast to STX-bpc
uncaging in hippocampal neurons, which completely shuts down the generation of single action potentials at

500 nM.

In embryonic DRG neurons, every phase of AP shape is altered by STX-bpc uncaging at concentrations >500
nM (Figure 3D, Extended Data Figure 8). Uncaging of 500 nM STX-bpc decreases AP amplitude by 15%
(p = 0.005) and shifts threshold to more positive potentials by 9 mV (p = 0.02; Extended Data Figure 8B—

C). The magnitude of the maximum rate of AP rise is also diminished by 49% (p = 0.0002) and AP fall by
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28% (p = 0.05; Extended Data Figure 8E-F). Maximal AP acceleration is similarly reduced by 66% (p =
0.0001; Extended Data Figure 8G). In control experiments, AP shape is impervious to all concentrations of
STX-bpc, with the exception of a very slight decrease in AP amplitude observed at 1000 nM (2%, p = 0.008;
Extended Data Figure 10). Thus, prior to light exposure STX-bpc addition to DRGs is functionally invisible,

even at 1 uM concentration.

STX-bpc Performance in Mammalian Brain Tissue

To demonstrate the general utility of STX-bpc for controlling electrical excitability in tissue, we assessed the
effects of uncaging this compound in acute cortical slices prepared from mice (Figure 4). These experiments
were performing with a low power, LED light source (365 nm, < 20 mW/mm?). Action potential trains were
evoked by 500 ms current steps of 50—-150 pA and measured by whole-cell current clamp recording. A LED-
only control experiment confirmed that UV light exposure alone, absent toxin or depolarization, did not result
in AP generation (Figure 4A—B). Application of 250 nM STX-bpc showed minimal reduction in AP
generation prior to light delivery; conversely, photo-uncaging resulted in rapid and efficient block of AP

generation (Figure 4A-B).

Further analyses of AP waveforms in slice recordings were conducted to characterize the effects of uncaging
on signal propagation (Figure 4C—I). Examination of the first and second time derivatives of individual
fractionated APs reveals two peaks that appear in the initial rising phase of the action potential (Figure 4C—
D). These peaks correspond to activation of Nays located in the axon initial segment (AIS, first peak) and
subsequent activation of somatic Nays (second peak) as the AP backpropagates from its initiation point in
the AIS to the soma and dendritic compartments.®> Such data allow us to assay the effects of the uncaged
toxin on the inhibition of different subpopulations of Nays within the axon and somatodendritic
compartments. Following uncaging of 250 nM STX-bpc, the amplitude and maximum first and second time

derivative values decrease in APs before sufficient Nay block completely prevents AP initiation (Figure 4D).
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No difference in the relative attenuation of axonal vs somatodendritic responses (AIS/DS peak ratio) was
detected, indicating Navys in these subcompartments are blocked equivalently by uncaging of STX-bpc

(Figure 4H).

To determine the duration of light exposure required to achieve complete block of AP generation in cortical
neurons from 250 nM STX-bpc uncaging, we recorded from layer 4 cortical neurons (L4) while injecting a
continual depolarizing current step to elicit a sustained train of action potentials (Figure 4J). In this
experiment, the LED remained on until AP generation (Figure 4J—L) had completely ceased. Progressive
attenuation of AP rate of rise and peak are apparent in the phase plot of a selected recording (Figure 4K).
Histograms of each cell recording show that complete block of AP generation is achieved in most cells within

seconds following exposure to LED light (Figure 4L).

To assess the effect of uncaging on cortical networks, we exposed cortical slices maintained at the air liquid
interface to 250 nM STX-bpc while activating network responses through electrical stimulation within
cortical layer 5 (L5) (Extended Data Figure 12). Network responses were recorded by linear multielectrode
arrays arranged across all cortical layers. From local field potential recordings, current source density (CSD)
calculations were performed to localize current sources and sinks in response to simulation (Extended Data
Figure 12). Pharmacological dissection of the CSD response was used to identify CSD components that
correspond to presynaptic and postsynaptic activity (Extended Data Figure 12A). Using this sensitive
measure of cortical network activity, slices were exposed to steps of increasing light intensity until all activity
was abolished (Extended Data Figure 12B-D). No significant separation between presynaptic and
postsynaptic responses are observed even under conditions of partial Nay block at intermediate light
exposures (4-20 mW/mm?, Extended Data Figure 12C). This result indicates that the diverse cellular
compartments and Nay isoforms distributed throughout the cortical network are similarly inhibited upon

photo-deprotection of STX-bpc.
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Dissection of Zebrafish Swimming by Focal Silencing of Neuronal Activity Using STX-bpc

To assess the performance of STX-bpc in vivo, we examined the utility of STX-bpc uncaging for the control
of locomotion in larval zebrafish. For these experiments, we tracked tail movements in response to swim-
eliciting stimulation of the inner ear before and after light exposure (Figure SA). To validate in vivo silencing
of neural activity with STX-bpc, we performed a single 50 uM STX-bpc injection into the hindbrain ventricle
and focused uncaging light in the brainstem, verifying localization with UV-sensitive photo-activatable GFP
(Figure 5B). Brief pulses of 365 nm light in the absence of toxin had no effect on behavior (data not shown),
nor did injection of the caged toxin, but immediately after uncaging throughout the brainstem, stimulus
responses were completely abolished, indicating silencing of brainstem neurons that transform sensation into
swimming (Figure 5C). The duration and probability of stimulus response interference was dependent on
the duration of uncaging, with 500 ms of light exposure abolishing responses for 10 seconds and preventing
most responses for the subsequent 4 minutes (Figure SD). Swimming responses returned within 5 minutes
following irradiation, presumably due to dissociation of bound toxin. Uncaging from the available pool of

STX-bpc can be repeated with recovery of block of locomotor function over several cycles (Figure SE).

We next sought to make nuanced changes to swimming behavior through focal control of neuronal function.
Head rotation and auditory stimuli are transduced by both ears, eliciting bilateral activity in the brainstem
that provides descending input to the spinal cord for bending the tail.*® To manipulate swimming responses
to our symmetrical stimulation of the ears, we precisely localized uncaging light to the left octavolateral
hindbrain (Figure SF) to unilaterally silence sensory neurons that encode the stimulus and ultimately drive
swimming. After injection but before uncaging of STX-bpc, swimming responses were symmetrical, but
after uncaging swimming was transiently and exclusively contraversive, bending to the unaffected side. The
observed behavior suggests focal silencing inhibits the recruitment of muscles on the silenced side (Figure

5G-51, Extended Data Video 1). Swimming responses were reliably evoked and consistently asymmetric
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immediately following uncaging, and leftward tail bends re-emerged within 30 seconds and gradually
recovered until responses were again symmetrical 6 minutes later. Uncaging also directly elicited tail bends
away from the inhibited side (Figure SH-SI, Extended Data Video 1), consistent with acute disinhibition
of the right brainstem through loss of commissural inhibition from the site of uncaging on the left. Importantly,
spontaneous swims following uncaging of STX-bpc were still symmetrical (data not shown), in striking
contrast to stimulus-evoked swims, suggesting focal release of 1 interfered with the sensorimotor
transformation but not movement generation broadly. Thus, focal uncaging of STX-bpc enables high-
precision control and tuning of Nay current, electrical excitability, and finally, behavior, in a rapid,

reproducible, and reversible manner.

DISCUSSION

We have designed and validated STX-bpc 13 as a Navy-selective small molecule tool for the spatiotemporal
manipulation of electrical transmission in vitro and in vivo. STX-bpc incorporates multiple carboxylate
groups on a modified nitrobenzyl platform to destabilize toxin binding to Nays.?* Nay block following light-
promoted deprotection of STX-bpc proceeds more rapidly (ti2 < 1.1 seconds at all concentrations tested;
Extended Data Figure 4, 5) than laser-induced uncaging of STX-coumarin derivatives?® and other caged
toxins previously described.’” The inertness of STX-bpc enables experiments over a sizable concentration
window (< 500 nM), thus affording a large dynamic range to regulate AP signaling. Brief light pulses using

either a 355 nm laser or low-cost LEDs are sufficient to promote inhibitor release from STX-bpc.

The efficacy of STX-bpc uncaging in dissociated cells, tissue slice, and zebrafish establishes the utility of
this tool compound. Uncaging STX-bpc elicits dose-dependent decreases in AP firing rate in both dissociated
hippocampal and DRG neurons, the latter in spite of the preponderance of STX-resistant Nays (Navy1.8, 1.9)
in sensory neurons—a result likely due to the predominant role of Nay1.7, a STX-sensitive channel in rat,

for effecting threshold depolarization.*® In hippocampal neurons, a comparison of Nay current block to AP
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frequency reduction is in keeping with our prior work?® (Extended Data Figure 11A). Our results show that
AP firing rate is largely insensitive to a small percentage of Nay block (< 11% inhibition of peak current),*
but dramatically reduced if inhibition of peak current >67%. AP firing rate in DRG neurons shows greater
resistance to block by 1, with >2-fold the concentration of STX-bpc required to elicit similar reductions in
AP frequency (Extended Data Figure 11B). Analysis of the AP waveform in both dissociated neurons and
acute cortical slice reveals that STX-bpc is inert prior to uncaging, but following deprotection, 1 impacts all
Nay-dependent components of the AP (firing threshold, velocity, acceleration). Additionally, analysis of the
AIS/DS peak ratio shows that STX-bpc uncaging exerts similar effects on both axonal and somatodendritic

Nays, establishing the potential of this tool to target sodium channels in subcellular compartments.3?

The effectiveness of STX-bpc uncaging is highlighted for behavioral control in vivo in larval D. rerio. As in
experiments performed with rodent neurons and tissue slice, STX-bpc remains functionally inert prior to
LED-induced uncaging, at which point the released 1 rapidly and selectively abrogates activity. Application
of STX-bpc to the entire nervous system has no apparent effect on behavior, permitting inducible and focal
uncaging upon light exposure. Behavioral effects are restricted to the site of uncaging, as swimming
manipulations are kinematically nuanced and context-specific. Furthermore, the rapid recovery from
uncaging (~5 minutes) coupled with replenishment of caged STX-bpc from the injected pool enables toggling
of activity between silenced and active states and behavior from manipulated to intact. Resultant changes in

zebrafish locomotion are reproducible, reversible, and spatiotemporally precise.

We have demonstrated that STX-bpc enables optically-induced control of electrical activity and neuronal
silencing in cells, tissue, and zebrafish. This reagent operates absent the need for specialized equipment or
extensive optimization and, most importantly, without genetic engineering. Accordingly, STX-bpc should

serve as a valuable complement to available optogenetic methods for the control of electrical activity, cellular
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communication, and behavior, and may find application in non-model organisms for which efficient genetic

manipulation methods are not yet optimized.

METHODS
Synthesis:

Detailed preparations for all photocaged toxins are described in the extended data.

Cell Culture:

Chinese hamster ovary (CHO) cells stably expressing rat Nay 1.2: Stably-expressing Nay1.2 CHO cells
were generously provided by Dr. W. A. Catterall (University of Washington, Department of Pharmacology).
Cells were grown on 10 cm tissue culture dishes in RPMI 1640 medium with L-glutamine (Thermo Fisher,
Waltham, MA) and supplemented with 10% fetal bovine serum (ATCC, Manassas, VA), 50 U/mL penicillin-
streptomycin (Thermo Fisher, Waltham, MA), and 0.2 pg/mL G418 (Sigma-Aldrich Co., St. Louis, MO).
Cells were kept ina 37 °C, 5% carbon dioxide, 96% relative humidity incubator and passaged approximately
every three days. Passaging of cells was accomplished by aspiration of media, washing with phosphate-
buffered saline, treatment with 1 mL of trypsin-EDTA (0.05% trypsin, Millipore Sigma, Hayward, CA) until
full dissociation of cells was observed (approximately five minutes), and dilution with 4 mL of growth

medium. Cells were routinely passaged at 1 in 20 to 1 in 10 dilution.

Sprague Dawley rat embryonic day 18 hippocampal neurons: Prior to dissection, 5 mm diameter, 0.15
mm thick round glass coverslips (Warner Instruments, Hamden, CT) were coated overnight with 1 mg/mL
poly-D-lysine hydrobromide (PDL, molecular weight 70,000-150,000 Da, Millipore Sigma, Hayward, CA)

in 0.1 M, pH 8.5 borate buffer in a 37 °C, 5% carbon dioxide, 96% relative humidity incubator.
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Hippocampi were dissected from embryonic day 18 fetuses into ice-cold Hibernate E (BrainBits, LLC,
Springfield, IL) as previously described.?* Following dissection, cells were dissociated in 2 mL of trypsin-
EDTA for 15 minutes in a 37 °C, 5% carbon dioxide, 96% relative humidity incubator. Subsequently,
trypsinized cells were quenched with 10 mL of quenching medium (DMEM high glucose (Thermo Fisher,
Waltham, MA) supplemented with 15% fetal bovine serum, 100 U/mL penicillin-streptomycin, and 1 mM
MEM sodium pyruvate (Atlanta Biologicals, Flowery Branch, GA). Tissue was allowed to settle, supernatant
was removed, and the tissue pellet was rinsed twice more with 10 mL of quenching medium. Cells were then
manually dissociated into 2 mL of plating medium (DMEM supplemented with 10% FBS, 50 U/mL
penicillin-streptomycin, and 1 mM MEM sodium pyruvate) by pipetting with a fire-polished 9” borosilicate

glass Pasteur pipet (Fisher Scientific, Waltham, MA).

Cells were plated onto PDL-coated 5 mm glass coverslips in 35 mm tissue culture dishes containing 2 mL of
plating medium at a density of 200,000 cells/dish (for voltage-clamp experiments) or 600,000 cells/dish (for
current-clamp experiments). After 45 minutes, coverslips were transferred to new tissue culture dishes
containing 2 mL of maintenance medium (neurobasal supplemented with 1x B-27 Supplement, 1x Glutamax,
and 50 U/mL penicillin-streptomycin (Thermo Fisher, Waltham, MA)). Cells were fed every 3—4 days by

changing 50% of the working medium.

Sprague Dawley rat embryonic day 15 dorsal root ganglia (DRG) neurons: Dissociated DRG cells were
prepared in an analogous manner to hippocampal neurons, with the following exceptions. First, coverslips
were coated with 10 pg/mL PDL and 2 pg/mL mouse laminin I (Bio-Techne, Minneapolis, MN) as previously
described by Zuchero.*® Second, after treating trypsinized cells with quenching media, the working solution
was centrifuged at 1000 x g for 30 s to yield a cell pellet. The supernatant was discarded, and the pellet was
immediately dissociated into plating medium, as described above. Following dissociation, cells were plated
in plating media at a density of 200,000 cells/dish for both voltage- and current-clamp experiments. After 2—
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3 hours, coverslips were transferred to new culture dishes containing 2 mL of DRG maintenance medium
(neurobasal supplemented with 1x B-27 Supplement, 1x Glutamax, 50 U/mL penicillin-streptomycin, 5
mg/mL NaCl, 7.5 pg/mL 5-fluoro-2’-deoxyuridine, 17.5 pg/ml uridine, and 100 ng/mL HPLC-purified nerve
growth factor (NGF) 2.5S, beta subunit (Cedarlane, Ontario, Canada)).*! Cells were fed every 2-4 days by

changing 50% of the working medium.

Patch clamp electrophysiology on CHO cells and dissociated neurons: Data were measured using the
patch-clamp technique in the whole-cell configuration with an Axon Axopatch 200B amplifier (Molecular
Devices, San Jose, CA). The output of the patch-clamp amplifier was filtered with a built-in low-pass, four-
pole Bessel filter having a cutoff frequency of 5 kHz for voltage-clamp recordings or 10 kHz for current-
clamp recordings, and sampled at 100 kHz. Pulse stimulation and data acquisition used Molecular Devices
Digidata 1322A or 1550B controlled with pPCLAMP software version 10.4 or 11.1, respectively (Molecular

Devices, San Jose, CA).

Borosilicate glass micropipettes (Sutter Instruments, Novato, CA) were fire-polished to a tip diameter
yielding a resistance of 1.3—5.5 MQ, for Nay1.2 CHO cells or neurons in slice, or 3.0-9.0 MQ, for dissociated

neurons, in the working solutions.

Voltage-clamp recordings: For Nav1.2 CHO and CHO-K1 cells, the internal solution was composed of 40
mM NaF, 1 mM EDTA, 20 mM HEPES, and 125 mM CsCl (pH 7.4 with CsOH); the external solution
comprised 160 mM NaCl, 2 mM CaCly, and 20 mM HEPES (pH 7.4 with CsOH). For E18, DIV 6-8
hippocampal neurons, the internal solution was composed of 114.5 mM gluconic acid, 114.5 mM CsOH, 2
mM NaCl, 8 mM CsCl, 10 mM MOPS, 4 mM EGTA, 4 mM MgATP, and 0.3 mM NaxGTP (pH 7.3 with

CsOH, 240 mOsm with glucose), and the external solution was Hibernate E low fluorescence (BrainBits,
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LLC, Springfield, IL). For E15, DIV 6-22 DRGs, the internal and external solutions were prepared as

described by Cummins, ef al.*?

Currents were elicited by 10 ms step depolarizations from a holding potential (~100 mV for Nay1.2 CHO
cells or —80 mV for dissociated neurons) to 0 mV at a rate of 0.5 Hz (unless otherwise noted). Leak currents
were subtracted using a standard P/4 protocol of the same polarity (for Nay1.2 CHO cells) or opposite polarity
(for dissociated neurons). Series resistance was compensated at 80-95% with a tiag of 20 or 35 ms for Nay1.2
CHO cells dissociated neurons, respectively. All measurements were recorded at room temperature (20—
25 °C). Data were normalized to control currents, plotted against toxin concentration, and analyzed using
Prism 8 (GraphPad Software, LLC). Data were fit to concentration-response curves to obtain ICso values and
expressed as mean + s.e.m. The number of observations (n) was > 3 for all reported data. For 1Cso
measurements, cells were used if they exhibited currents greater than 1 nA upon depolarization and I/Ip was

within 10% of initial current upon toxin washout.

Current-clamp recordings: Data were collected on hippocampal and DRG neurons firing action potential
trains with frequencies greater than 5 Hz. For the E18, DIV 9—-13 hippocampal neurons, the internal solution
was composed of 130 mM CH3SO3; K", 8 mM NaCl, 10 mM HEPES, 10 mM Nazphosphocreatine, 3 mM L-
ascorbic acid, 4 mM MgATP, and 0.4 mM Na,GTP (pH 7.4 with KOH, 305 mOsm with glucose); the external
solution comprised Hibernate E low fluorescence adjusted to 310 mOsm with 40 mM NaCl. For E15, DIV

6-8 DRG neurons, the internal and external solutions were prepared as described by Cummins, ef al.*?

Action potentials were elicited by four 500 ms current injections of 50—150 pA in hippocampal neurons or
250-550 pA in DRG cells, at a rate of 0.25 Hz. Series resistance was typically compensated at 90-95% with
a Tiag of 35 ms. All measurements were recorded at room temperature (20-25 °C). Data were analyzed using

Clampfit (Molecular Devices, San Jose, CA) and Prism 8 (GraphPad Software, LLC). All data represent
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mean + s.e.m. for n (the number of observations) > 3. Statistical comparisons were performed as described
in figure legends. Phase plots were graphed by plotting the first derivative of the AP against its recorded

potential. AP threshold and onset rapidness were calculated as described by Lazarov, et al.*?

Patch clamp electrophysiology on mouse brain slice:

Current-clamp recordings: All procedures were performed in accordance with the protocols approved by
the Institutional Animal Care and Use Committee (IACUC) of Columbia University. P15-30 mice were
quickly decapitated under isoflurane sedation. Coronal slices (300 pm) from somatosensory barrel cortex
(S1bf). were prepared in ice-cold sucrose cutting solution containing 2.5 mM KCI, 10 mM MgCl,, 0.5 mM
CaCly, 1.25 mM NaH;POs, 26 mM NaHCOs, 234 mM sucrose, 11 mM glucose using a vibratome (Leica
VT1200). Slices were then transferred to artificial cerebral spinal fluid (aCSF) containing 126 mM NaCl, 26
mM NaHCO;3, 2.5 mM KCIl, 1.25 mM NaH;POs4, 2 mM CaCl, 1 mM MgCl, and 10 mM glucose bubbled
with 95% Oz and 5% CO; at 32 °C for 30 minutes. The slices were then maintained at room temperature until

the experiment was performed.

Action potentials were recorded from layer 4 cortical neurons in aCSF at 32 °C using conventional whole-
cell current clamp recording techniques. Neurons were visualized using infrared differential interference
contrast (DIC) with a SliceScope Pro (Scientifica) microscope. Data were acquired using a Multiclamp 700B
amplifier and a Digidata 1550B digitizer. Signals were recorded at 100 kHz sample rate and filtered with a
10 kHz low-pass Bessell filter using pClamp 11 software (all equipment from Molecular Devices). Patch
pipettes were fabricated with a P-80C pipette puller (Sutter Instruments) using 1.5 mm outer diameter, 1.28
mm inner diameter filamented capillary glass (World Precision Instruments). The pipette resistance was 3—6

MQ.

17


https://doi.org/10.1101/2023.05.31.543113
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.05.31.543113; this version posted June 4, 2023. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Pipette intracellular solution contained 127 mM K* gluconate, 8 mM NaCl, 4 mM MgATP, 0.6 mM EGTA,
0.3 mM GTP, 10 HEPES, adjusted to pH 7.3—7.4 with KOH. Osmolarity was adjusted to 290-300 mOsm.
Action potentials were evoked using four 500 ms duration current steps every 20 s. The amplitude of the step
varied between neurons and was that which evoked half the maximum number of action potentials (60—180
pA). An action potential was defined as a transient depolarization that had a minimum rise rate > 10 mV/ms
and reached a peak amplitude > 0 mV. During recordings, an offset current (< 150 pA) was manually injected
to hold the cells at approximately —75 mV. Membrane potential values were not corrected for a —15 mV

liquid junction potential. Only cells with a stable series resistance < 15 MQ were used for analysis.

Quantification was carried out using custom-written scripts for Igor Pro v.9 (Wavemetrics) and R v.4

(www.R-project.org). Statistical comparisons were made using Dunnett’s test. P values < 0.05 were

considered significant.

Extracellular multielectrode electrophysiology: To measure differences in cortical network activity
following uncaging of STX, extracellular recordings were obtained using linear multielectrode arrays in
mouse brain. Coronal slices (350 pm) were prepared as described above. Slices were placed in an interface
recording chamber and maintained in aCSF at 34 £+ 1 °C. Neuronal activity was recorded with commercially
available linear array probes (Model: A16x1-2mm-100-177, NeuroNexus, Ann Arbor, MI, USA) with 16
contacts (spacing: 100 um distance) spanning 1500 um. Probes were slowly lowered across cortical layers.
A concentric bipolar stimulating electrode (World Precision Instruments) was placed approximately 300 pm
from the probe location. Data acquisition was performed through a digitizing board (SI-4, Tucker-Davis
Technologies) connected to a real-time acquisition processor (RZ10x, Tucker-Davis Technologies) and PC
workstation (WS-8, Tucker-Davis Technologies) running custom-written routines in Synapse (Tucker-Davis

Technologies). Recordings were sampled at 24 kHz.
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Current source density analyses: Current source density (CSD) analysis was performed to estimate the
density of transmembrane current sources. Computations were performed in Python 3.7 using the Elephant
0.7.0 package, implementing the 1-dimensional electrode set-up kernel CSD method for a non-parametric
CSD estimation from arbitrarily distributed electrodes.** Cross-validation was performed to prevent over-
fitting. CSD data were represented as an m X n matrix C. Current volumes, Vol(C), were calculated as in

Equation 1 in which the absolute value of all CSD sink and source values in matrix C were summed.
Vol(C) = X3t Z;l:o |C(x, )] (1

Data visualizations were created using Python Pandas, Scipy, Season, NumpPy and Matplotlib packages.

Statistical significance was determined using a Tukey’s HSD test. A p < 0.05 was considered significant.

UV light delivery:

UV light was delivered to CHO cells and dissociated hippocampal and DRG neurons using a pulsed 355 nm
UV laser (DPSS Lasers, Model 3501-100) directed through a 200 um core optical fiber to a 200 pm core,
0.22 NA fiber optic cannula (Thorlabs, Newton, NJ) to the clamped cell. Unless otherwise noted, photo-
uncaging was induced by 5 ms, 130 mW UV pulses activated immediately prior to the depolarization (or
current injection) step. For all slice recordings, a pE-300 Ultra UV LED (Cool LED, Andover, UK) was used

to deliver 365 nm light through a 20x objective (Olympus, Tokyo, JP).

Focal inactivation of neural circuits in behaving zebrafish:

Larval zebrafish at 47 days post-fertilization were anesthetized (0.025% MS-222, Syndel) and mounted in
2% low melting point agarose (Thermo Fisher Scientific 16520), dorsal-up, for injection of toxin into the
hindbrain ventricle.*> Larvae of the mitfa-/- skin pigmentation mutant were used to visualize the nervous
system.*® Larvae were visualized under a 20x water dipping objective (XLUMPLFLN20XW, Olympus) of

an upright, epifluorescent microscope (BX51WI, Olympus). A microinjection needle (1.7 um diameter tip)
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was prepared on a micropipette puller (P-97, Sutter Instrument) and backfilled with 50 uM STX-bpc for
injection of a small bolus. Then, the micropipette tip was visually inserted into the ventricle using a
micromanipulator (uMp-3, Sensapex). Toxin was pressure injected using an inline Openspritzer*’ based on
initial calibration to 45 psi and 10 msec pulse duration by visualizing the injection volume of 128 uM
sulfrhodamine B (Sigma-Aldrich). Following toxin injection, the anesthetized larva was freed from agarose,
allowed to recover from anesthesia in fresh E3, and mounted in a bead of agarose on the reverse side of the
mirror of a galvanometer (GVS011, ThorLabs). The larva was aligned rostrocaudally with the axis of rotation.
The embedded larva was immersed in E3 and had its tail freed with a no. 11 scalpel by removing an isosceles
triangle of agarose with its apex at the rostral tail and its base caudal to the tip of the tail. The galvanometer
mirror was affixed under the same 20x objective by mounting in a custom 3D-printed clamp. Rotational
stimuli were delivered through the galvanometer as 5 cycles of 1 kHz sine waves at 10 deg amplitude.
Swimming responses were recorded at 400 fps with an infrared camera (Blackfly S, BFS-U3-16S2M-CS,
FLIR) and fixed magnification lens (InfiniStix 0.5X, Infinity Photo-Optical Company) focused on tails
illuminated with 940 nm infrared LED array (Homyl). The vibration stimulus was delivered to the
galvanometer in concert with uncaging light using analog outputs of a patch clamp amplifier and stimuli
designed in SutterPatch software (dPatch, Sutter Instrument). The analog uncaging trigger was used to drive
illumination through the microscope objective with a LED driver (Cyclops, OpenEphys) and collimated
ultraviolet LED (M365LP1-C1, ThorLabs). The UV illumination was constrained with the microscope field
diaphragm and targeted within the brain by translating the fish laterally with a manual stage (MXMS-115,
Siskiyou Corporation). To evaluate the localization of UV light within the brain, zebrafish expressing
photoactivatable GFP (Tg:alpha-tubulin:C3PA-GFP) were illuminated in the uncaging setup and then
imaged on a confocal microscope (FV1000, Olympus).*® To compute tail deflection angles from videos of
embedded larvae, each larva had a dedicated artificial neural network trained on 6 points along the midline
of its tail using DeepLabCut.** Angles were calculated in Matlab and absolute angle integrated to compute

swimming vigor (Mathworks).
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Ethics oversight:

All animal care and dissection procedures were performed in accordance with NIH guidelines for the use of
experimental animals and approved by the Stanford Administrative Panel on Laboratory Animal Care
(APLAC), the Columbia University Institutional Animal Care and Use Committee, or the University of

Wisconsin-Madison Institutional Animal Care and Use Committee.
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FIGURES

Fig. 1: Optimized photocaged toxin enables precise control of rNay1.2 current.
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(A) MeNPOC (3,4-(methylenedioxy)-6-nitrophenylethoxycarbonyl) photo-protecting group. (B) Scheme
depicting generalized synthesis and uncaging of photocaged STXs. a, i-PrMgCI+LiCl then 6-nitropiperonal
(Ar = aryl); b, N,N’-disuccinimidyl carbonate, Et3N; c, saxitoxin-ethylamine 1; details are available in the
Extended Data. Purple dashed line depicts location of photocleavage. (C) Generation 1 and 2 photocaged
STXs. R =allyl. (D) Electrophysiological characterization of Generation 1 photocaged STXs against Nay1.2
CHO. ICsgs, Hill coefficients: 1 =14.4+ 0.3 nM, —-0.94 +£0.02 (n=6-7);2=173+£0.7nM, —-1.17£0.05 (n
=6-7); 3 =598 £33 nM, -1.35 £ 0.10 (n = 3); 4 = 132.1 £ 7.3 nM, —-1.35 = 0.10 (n = 6). (E)
Electrophysiological characterization of Generation 2 photocaged STXs against Nav1.2 CHO. 1Csos, Hill
Coefficients: 1 =14.4+£0.3nM, —0.94 £ 0.02 (n=6-7); 8 =67.6 £4.9nM,-1.13£0.09 (n=4); 9=67.6 £
3.6 nM, —1.23 £ 0.08 (n =4-5); 10 =507.2 £39.0 nM, —1.38 £ 0.15 (n =3-4); 11 =211.3 £ 25.7 nM, —0.93
+0.12 (n =5-9); 12 = 1024.9 £ 38.6 nM, —1.01 £ 0.04 (n =4-5); 13 =3919.4 £ 172.6 nM, —1.02 £ 0.05 (n
= 5-7). (F) Uncaging of 200 nM 13 against Nay1.2 CHO. Traces collected in the order: Initial, 200 nM 13,
0's, 2 s, 4 s. Laser applied immediately prior to O s trace. Currents observed at 4 s used to calculate uncaging
data described in (G). (G) Electrophysiological characterization and laser uncaging of 13 against Nay1.2
CHO. Apparent ICses, Hill Coefficients: 1 =14.4 + 0.3 nM, —0.94 = 0.02 (n = 6-7); 13 =3919.4 £ 172.6 nM,
—1.02 £ 0.05 (n = 5-7); 13 uncaged with 5 ms laser =51.0 + 1.9 nM, —0.98 £ 0.03 (n = 5-7); 13 uncaged with
5x 5mslaser =21.3 £0.7 nM, —0.84 = 0.02 (n = 5-7). Potency window highlighted in grey.



Fig. 2: Uncaging of 13 rapidly blocks action
potential propagation in dissociated embryonic

hippocampal neurons.
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Fig. 3: Uncaging of 13 effects dose-dependent
changes in action potential shape and propagation in
dissociated embryonic dorsal root ganglia cells.
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Fig. 2: (A) Uncaging of 100 nM 13. Traces collected in the order: Initial, 100 nM 13, 0 s, 2 s, etc. Laser
applied immediately prior to 0 s trace. Currents observed at 10 s used to calculate uncaging data described
in (B). (B) Electrophysiological characterization of 13. Apparent ICsos, Hill coefficients: 1 =14.1 + 0.8 nM,
—0.86 £0.04 (n =4-5); 13=5210.0 £409.1 nM, —0.88 + 0.06 (n = 5-6); 13 uncaged with 5 ms laser = 87.6
+ 6.8 nM, —0.78 £ 0.05 (n = 5). (C) Representative traces depicting initial (I), laser applied (L), 200 nM 13
applied (T), 200 nM 13 and laser applied (TL), and recovered (R) after wash-off AP trains evoked by 500
ms, 50—-150 pA current injections. Data taken from replicate current step 2 vis-a-vis (E). (D) Representative
phase plot depicting application and uncaging of 100 nM 13. Calculated from first action potential in current
step 2 vis-a-vis (E). (E) Heat map summary of AP firing rate after application and uncaging of three
different concentrations of 13 (100 nM, 200 nM, 500 nM) color-coded by number of action potentials per
step (four replicate current steps at 0.25 Hz per condition). Equilibrated normalized action potential firing
rate (i.e., over current steps 2—4) compared below (n = 7-8,*p<0.05, ****p<0.0001, one-way ANOVA with
Tukey’s correction).

Fig. 3: (A) Representative traces depicting initial (I), laser applied (L), 500 nM 13 applied (T), 500 nM 13
and laser applied (TL), and recovered (R) after wash-off AP trains evoked by 500 ms, 250-550 pA current
injections. Data taken from replicate current step 2 vis-a-vis (E). (B) Dose-dependent reduction in AP
amplitude after application and uncaging of 13 at listed concentrations. Data calculated from first action
potential in current step 2 vis-a-vis (E). Unlisted significant p-values: 200 nM vs 500 nM, p = 0.0064; 500
nM vs 1000 nM, 0.0628 (n = 6-8). (C) Dose-dependent reduction in AP threshold after application and
uncaging of 13 at listed concentrations (n = 6-8). Data calculated from first action potential in current step
2 vis-a-vis (E). (D) Representative phase plot depicting application and uncaging of 1000 nM 13. Calculated
from first action potential in current step 2 vis-a-vis (E). (E) Heat map summary of AP firing rate after
application and uncaging of four different concentrations of 13 (100 nM, 200 nM, 500 nM, 1000 nM) color-
coded by number of action potentials per step (four replicate current steps at 0.25 Hz per condition).
Equilibrated normalized action potential firing rate (i.e., over current steps 2—4) compared below (n = 7-8).
(*p<0.05, **p<0.01, ****p<0.0001, one-way ANOVA with Tukey’s correction).
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Fig. 4: Activation of STX-bpc 13 abolishes action potentials in layer 4 cortical neurons.
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(A) Electrophysiological response of layer 4 cortical neurons (S1bf) to 500 ms 50-150 pA current steps.
APs were present during a baseline period shown in blue when exposed to 365 nm LED UV light alone
(purple) and in the presence of 250 nM STX-bpc 13 (red), but were blocked following exposure to both UV
and 13 (green). The same color scheme is used throughout the figure. (B) Box plot showing the number of
APs evoked under the conditions shown in (A). Each point represents a different cell. Dunnett’s test ***P
< 0.001. (C) Phase plane plot derived from the first evoked AP. Experimental conditions are indicated by
the colored arrows. The axon initial segment (AIS) and somatodendritic (SD) peaks are shown by the black
arrows. (D) AP traces (upper trace), and first (middle trace) and second (lower trace) derivative plots of the
same APs in (C). The inset on the second derivative plots shows an enlarged portion of the same plot in
which the AIS and SD peaks are clearly discernable (E-I). Box plots showing quantification of AP
characteristics. The peak ratio (H) and peak amplitude (I) could only be plotted where both SD and AIS
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peaks were distinguishable (n = 3). Dunnett’s test ***P <(0.001,** P <0.01 (J) Continuous recording shows
APs recorded from a neuron in the presence of 13. UV exposure is indicated by a purple line. (K) Phase
plane plot of the recording shown in (J). The portions of the plots representing the first and last APs are
indicated by the arrows. (L) Raster plot showing action potential firing over time in the presence of 13
before and during UV light exposure (purple). Four neurons including one fast spiking neuron (red) are
displayed. Each AP is represented by a vertical bar and time is shown on the horizontal axis.
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Fig. 5: Uncaging of STX-bpc 13 in vivo manipulates larval zebrafish behavior.
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(A) Schematic for swim tracking following rotation stimulus presentation and focal uncaging. (B) Confocal
photomicrograph of dorsal perspective of a larval zebrafish head expressing photoactivatable GFP (PA-
GFP), showing the region of UV light exposure (purple circle) during brainstem-wide uncaging. Scale bar
=200 pm. (C) Superimposed tail segment positions from a tracked larva across 3 stimulus presentations
following 50 msec (leff) or 500 msec (right) uncaging in the brainstem. (D) Tail angle (fop) of a larva
throughout a train of stimulus presentations every 5 sec, interspersed with brainstem uncaging of increasing
duration (purple arrow). Swimming vigor (bottom) is plotted as a function of stimulus number for 3 stimuli
before and 42 after uncaging for 50 and 500 msec. (E) Tail angle during the first 2 stimulus presentations
(arrow) of series without uncaging or immediately following uncaging (purple shading, post-uncaging or
re-uncaging). (F) Photomicrograph, as in (B), showing the location of activated PA-GFP following focal
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uncaging in the left octavolateral hindbrain to unilaterally inactivate sensory areas for rotation stimuli. Scale
bar = 200 um. (G) Superimposed tail positions from a tracked larva across 3 stimulus presentations at
baseline, immediately following uncaging in the left octavolateral hindbrain (post-uncaging), and 6 min
after uncaging (recovery). (H,I) Tail angle of the larva in (G) in response to rotation stimulus presentation
before and after uncaging (H,I) and following recovery (I).
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