Check for
updates

Removing a single neuron in a vertebrate brain forever
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The giant Mauthner (M) cell is the largest neuron known in the
vertebrate brain. It has enabled major breakthroughs in neurosci-
ence but its ultimate function remains surprisingly unclear: An
actual survival value of M cell-mediated escapes has never been
supported experimentally and ablating the cell repeatedly failed
to eliminate all rapid escapes, suggesting that escapes can equally
well be driven by smaller neurons. Here we applied techniques to
simultaneously measure escape performance and the state of the
giant M axon over an extended period following ablation of its
soma. We discovered that the axon survives remarkably long and
remains still fully capable of driving rapid escape behavior. By
unilaterally removing one of the two M axons and comparing
escapes in the same individual that could or could not recruit an M
axon, we show that the giant M axon is essential for rapid escapes
and that its loss means that rapid escapes are also lost forever.
This allowed us to directly test the survival value of the M cell-
mediated escapes and to show that the absence of this giant
neuron directly affects survival in encounters with a natural
predator. These findings not only offer a surprising solution to
an old puzzle but demonstrate that even complex brains can trust
vital functions to individual neurons. Our findings suggest that
mechanisms must have evolved in parallel with the unique signif-
icance of these neurons to keep their axons alive and connected.
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he giant neurons found in the escape circuitry (1-5) and sensory

centers (1, 6, 7) of many animals have always been instrumental
in major breakthroughs in neuroscience—from the classic ex-
periments in the squid axon to the discovery of axonal protein
synthesis in the Mauthner (M) cell of teleost fish (8, 9). Despite
their outstanding role in the study of proximate mechanisms, the
ultimate reason for having and maintaining such gigantic neurons
has received far less interest and poses major puzzles that have
never been addressed. Specifically, in the M cell of teleost fish,
experiments over the past decades have repeatedly shown that
rapid escapes are still possible after removal of the giant M cell (8-
20), suggesting that these starts could equally well be driven by
smaller neurons, such as the smaller serial homologs MiD2cm and
MiD3cm (8, 9, 12-14, 16, 20-22). Even the role of the rapid es-
capes for survival is not as clear as it seemed: The few studies
available fail to detect a survival function of rapid escapes (23, 24),
a survival value has been questioned on theoretical grounds (11—
13, 25), and attempts to analyze the survival value of fast, short-
latency responses show that responding quickly can even be a
disadvantage: Survival depends, among many other aspects, on
speed and maneuverability of the predator and its prey as well as
the mechanism used for prey capture (26-28).

So, when the role of the M cell in escape behavior can be taken
over by smaller neurons and when M cell-driven rapid escapes are
not of clear survival function, what could then be the reasons for
having the giant M cell? Is it a “leftover” that is tied to the basic
plan of a fish? The M cell forms remarkably early, in the late
gastrula (29), and its major function could be to guide neuronal
growth. However, even then it would not be clear why such
guidance could not be achieved by smaller versions of the M cells.

3254-3260 | PNAS | February 11,2020 | vol. 117 | no.6

Here we present a series of experiments that were specifically
aimed at solving the puzzle of what is the ultimate role of the M
cell. Using larval and adult zebrafish, we discovered that ablation
experiments require the utmost care to ensure that not only the
soma but also the axon has degenerated. If one waits until the
axon is lost, then the ability to escape rapidly is also lost com-
pletely. Furthermore, experiments with an ecologically relevant
voracious predator of zebrafish larvae in the wild show that this
loss translates directly into a loss of fitness. Moreover, loss of the
cell could never be compensated throughout the lifetime of
the fish. Our findings demonstrate a clear survival function of the
giant M cell. They thus solve a major evolutionary puzzle and
end the controversy of whether M cells are truly needed to ini-
tiate the fastest escapes. Furthermore, we show that an individ-
ual giant neuron in the vertebrate CNS can play a crucial role for
survival—at the full risk that losing that neuron does affect
survival.

Results

Simultaneously Monitoring Behavior and Decay of the Cell. Most
earlier ablation work controlled for the absence of the M cell
soma but not for the absence of the axon (10-18, 20). Most
importantly, it was previously unknown if and how long the axon
would survive after the soma was gone. To examine these im-
portant issues, we used two-photon laser irradiation in transgenic
zebrafish larvae. This allowed us to specifically irradiate the M
cells and to induce Wallerian-like degeneration (30, 31) in either
one or both M axons of a larva while demonstrably leaving asso-
ciated structures intact (SI Appendix, Fig. S1 and Movies S1 and
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Fig. 1. The giant axon of the M neuron is essential for escape performance.
(A) Outline of the idea to use unilateral ablations: An action potential in one
of the two M cells elicits powerful contraction of the contralateral body side,
causing it to bend (Left). After unilateral ablation of the soma and axon (red),
only bending commanded by the ablated contralateral cell body should be
affected, but bending to the other side should not. Unspecific side effects of
ablation could thus be tested by comparing escapes made toward that side in
the unilaterally ablated larvae with escapes made by untreated siblings L, left;
R, right. (B and C) Escape latency (B) and release probability (C) in untreated
control larvae (n = 862 escapes from 18 larvae) and in ablated larvae for es-
capes that either could use the remaining cell (ipsi; n = 138 escapes from 5
larvae) or not (contra; n = 43 escapes from 5 larvae). Significance is as indicated
(one-way ANOVA,; latency: ***P < 0.0001 intact and ipsi vs. contra; P =1 intact
vs. ipsi; probability: ***P < 0.0001 intact vs. contra; *P = 0.02 ipsi vs. contra; P =
0.2 intact vs. ipsi). n.s., not significant. (B, Inset) Side-specific increase in latency
in each individual unilaterally ablated larva.

S2). Furthermore, we developed techniques that allowed us to
monitor—in the same larva—both the state of its degenerating M
axon and the larva’s escape performance over the long time it
took until the complete decay of the axon (SI Appendix, Fig. S1
and Movie S1). To probe escape performance at various de-
generation stages of the axon, we selected a stimulus that de-
monstrably also activated the homologous neurons that are
thought to compensate for the loss of the M cell (SI Appendir,
Fig. S2) (8, 9, 14, 16, 20-22). Surprisingly, this approach revealed
that a unilateral complete loss of one of the axons of the two M
neurons specifically abolishes those rapid escapes (contralateral
to where the soma of the missing M neuron was) that would have
recruited the missing axon (9, 14) (Fig. 14). Exploiting the
symmetry of the system for an intrinsic control, we found that
when the very same individual larva produced escapes that could
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recruit the remaining intact M axon, these were not statistically
different—both in response time (latency) and release proba-
bility—from escapes made by completely untreated siblings (la-
tency: P = 1 for intact vs. ipsilateral; Fig. 1B; one-way ANOVA,;
n = 862 and 150 escapes from n = 18 and 5 larvae; response
probability: P = 0.2 for intact vs. ipsilateral; Fig. 1C; one-way
ANOVA; n = 1,572 and 440 stimulations from n» = 18 and 5
larvae). This important control shows directly that the effect was
not due to unspecific side effects of the ablation or of the general
treatment. Our findings thus suggest that it may have been the
absence of the particular individual axon that caused the massive
drop in performance.

An Intact Axon Initial Segment Is Necessary for Rapid Escape Behavior.
We next discovered that two specific aspects of escape behavior,
its threshold and its performance characteristics, were mediated by
two different compartments of the M cell (Fig. 24). When only the
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Fig. 2. Allinputs that can rescue escape performance after loss of the M cell
soma are sampled at the axon initial segment. (A) Stages of a degenerating M
cell: still completely intact; soma absent but axon initial segment and axon
intact (+AlIS); without initial segment (—AlS) but remaining axon intact; also
axon gone (—axon). (B-D) Latency (B), angular speed (C), and release proba-
bility (D) for escapes of larvae in which the escape would have recruited the
(contralateral) cell in one of the stages shown in A. Boxplots are based on
(from left to right) n = 258, 15, 22, 77 escapes from n =9, 4, 7, 13 larvae for
escape performance and n =9, 6, 13, 15 larvae for probability, respectively. (E)
Cumulative distribution function (CDF) of latency (Top) and of average angular
speed (Bottom) of escapes with (+AlIS; n = 406 escapes, n = 15 larvae) and
without axon initial segment (-AIS; n = 100 escapes, n = 15 larvae) to show how
axon state predicted escape performance. *P < 0.05; **P < 0.01 and ***P < 0.001,
one-way ANOVA with Bonferroni-corrected t tests. n.s., not significant.
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soma was absent but the axon was intact, the fish could still pro-  gone (i.e., —AIS and —axon in Fig. 2D), were all, and in each in-
duce rapid escapes just as found in all earlier studies (8-20).  dividual, of substantially longer latency (SI Appendix, Table S1). In
However, when the soma and the initial segment of the axon (AIS)  summary, the AIS of the M cell is required for high-speed, short-
were lost, no rapid short-latency escapes occurred, regardless of  latency escapes, but the soma is required for efficiently releasing
whether the remaining axon was still present or not (Fig. 2B; n =  such starts.
258, 15, 22, 77 escapes from n =9, 4, 7, 13 larvae; one-way ANOVA . . . . .
with Bonferroni-corrected ¢ tests: P values: intact vs. +AIS: 0.86; A Direct Approach at the Ultimate Function of Having Giant Neurons.
—AIS vs. —axon: 0.12). Additionally, the loss of the AIS also resulted So far, our findings have established that the loss of the axon of
in a massive decline in angular speed of the escape maneuvers and & smgle neuron drastlcz'ﬂly affects escape .behaV10r. Since the
this effect was also independent of the presence of the remaining ~ Lunction of the desomatized axon was previously unknown, our
axon (Fig. 2C; P values: intact vs. +AIS: 0.04; +AIS vs. —AIS: 0.006; findings also exp laln'why the effe'ct so long defied dlsgovery mn
+AIS vs. —axon: 0.002). Removing the soma thus does not remove ~ 1€ of the best studied neurons in the vertebrate brain (8, 9).
the capacity of the system to, in principle, produce rapid escapes. The drastic effects of. removing just one neuron are par'ﬂcularly
So, in a logical sense, not the soma but the AIS is necessary for the }lnexpected fora c§u01§11 behavior sqch as escaping. It Is therefore
océurrence of rapid ésca es. However, this does not mean that the ~ POTtant to examine if compensation might be possible in other
- P pes. L . .- ways, for example by resorting to other behavioral strategies such
soma and its huge dendrites were dispensable: Response probability “freez » . | 2_34). F
was dramatically reduced when the soma was lost, regardless of ?E;m;re:mt?l% rrel:lsig ngseser?srotg glucgseatshe; aeglratEZiZs(:;frc_)?n )é rlel;i
whether the axon and the A3 remained intact or not (Flg: 2D predator could potentially stimulate additional circuits which
intact vs. other groups: P < 0.000L; n =9, 6, 13, 15 larvae). Fig. might lead to far less dramatic effects than those we found using
shov&{s how the presence of the 1p1t1al segment of the M axon (AIS) simple acoustic stimuli. Finally, it has been argued that even
predicted the drastic changes in latency (upper) and in angular

. strong kinematic changes in the escapes would not affect survival
speed (lower) of the escapes. Absence of the AIS predicts a clear (11-13, 25). So, we needed to examine directly if and to what

increase in latency—with a complete absence of short-latency  gegree the absence of the M cell would translate to a decrease in
escapes—and a massive drop in angular speed of the escape turns  the chances of survival. We therefore developed an assay in
made. It is important to stress that the time after which the AIS had  hich groups of zebrafish larvae with completely ablated M cells
been lost varied dramatically across the individual larvae—at least  (including their axons) and various control zebrafish larvae faced
by 20 h (SI Appendix, Fig. S1C). This implies that it was not the time  damselfly nymphs, a major natural predator of zebrafish larvae in
after soma ablation (or after laser treatment) per se that predicted  the wild (35, 36) (Movies S3 and S4). Assays were run in parallel
the massive drop in performance shown in Fig. 2E but the avail-  in several tanks, each with a hungry nymph waiting (Fig. 3 A-C).
ability or absence of the AIS. Moreover, Fig. 2E also shows that as ~ We analyzed the capability of the larvae to escape the strikes
soon as the axon had degenerated beyond its axon initial segment,  of their predator in either 1) experimental groups in which
no high-speed, short-latency escapes were observed anymore. The  four bilaterally M axon-ablated larvae and four untreated
starts that were still seen, at reduced probability, after the AIS was  casper larvae were placed in containers, each with a single
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Fig. 3. Direct test of the survival value of having the giant M neuron. (A-C) After a preparation phase, individual last-instar damselfly nymphs (a predator of
zebrafish larvae) were combined with eight zebrafish larvae. Ablated larvae had either both M axons (A) or two cerebellar neurons (B) ablated. (A) The
experimental groups (n = 11 groups) were mixed groups each of four M neuron-ablated larvae and four casper larvae. (B) Each procedural control group (n =
13 groups) contained four sham-ablated larvae and four nonablated casper larvae. (C) Additional background control groups contained either eight un-
treated Ca-Tol-056 larvae (n = 15 groups) or eight casper larvae (n = 8 groups). (D) Significant difference between capture rates in M cell-ablated larvae versus
each of the three controls (***P < 0.0001, log-rank test) and no significant difference among all control, background, and sham-ablated fish (P > 0.12, log-
rank test). (E and F) Analysis of the survivors at the end of the experiment (i.e., after 7 h) using their fluorescence signals confirms higher capture rates of M
neuron-ablated fish (E; **P = 0.008, Mann-Whitney U test) but no higher capture rate of sham-ablated fish (F; P = 0.64, Mann-Whitney U test). Boxplots show
capture rates as determined in the individual groups (medians are indicated by thick black horizontal lines).
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nymph (Fig. 34), 2) mixed groups of four sham-ablated (ab-
lation of two cerebellar neurons) and four untreated casper
larvae (Fig. 3B), or 3) homogeneous groups of eight untreated
larvae of one of two zebrafish strains [Fig. 3C; casper or Ca-
Tol-056 (37, 38)]. We used the mixed groups to provide a
comparative view of how affected individuals would fare if
unaffected individuals were also available to the predator.
When we counted the uncaptured larvae every hour it was
immediately apparent that the groups that contained the M
axon-ablated larvae had significantly fewer survivors than any
of the three control groups (Fig. 3D; log-rank, P < 0.0001). In
contrast, no differences could be detected in survival between
the control groups (log-rank, P > 0.12; Fig. 3D, blue and black
lines). To directly see which of the fish in the experimental
(mixed) group were captured—either the M neuron-ablated or
the control individuals—we checked all surviving fish at the end
of the experimental session (i.e., after 7 h) under fluorescence
illumination to tell the control and the ablated survivors apart (from
the presence or absence of GFP expression; Materials and
Methods). This analysis confirmed that the high capture rates in
the experimental group (Fig. 3D, red) could indeed be attributed
to the larvae with ablated M axons. Absence of the M axons sig-
nificantly reduced the likelihood of escaping the predatory
strikes of damselfly nymphs compared with the simultaneously
present control larvae (Mann—Whitney U test, P = 0.008; Fig. 3E;
medians are indicated by heavy black lines). Furthermore, the
effect cannot be attributed to the procedure as there is no dif-
ference between the sham-ablated and completely untreated lar-
vae (Mann-Whitney U test, P = 0.64; Fig. 3F). Hence, our
discovery of a drop in kinematic performance after losing the M
cell translates directly to a clear drop in the ability to survive the
attacks of an ecologically relevant predator.

Once the Cell Is Lost, a Behavioral Function Is Also Lost Forever. We
next examined whether the drastic consequences of losing an M
axon early during ontogeny might be compensated during matura-
tion of the larval nervous system or later during the months of life as
an adult fish. To examine this possibility, we established procedures
that allowed us to rear unilaterally ablated larvae together with their
untreated siblings (Fig. 44). This way, we could reexamine the
early effects that the ablations had in the larvae and compare
them with the effects found 5 mo later in the adults. Remarkably,
the absence of a single M cell still caused the specific effects on
response probability and on latency as it did—about half a year
before—in the larva. Starts that could not recruit an M axon
were far less likely than were starts shown by the same fish that
could recruit the remaining M axon (Fig. 4B; Student’s ¢ test, P <
0.0001; n = 1,880 stimulations from 13 adults; cf. Fig. 14).
Furthermore, starts that would be commanded by the absent M
cell had significantly increased escape latency and reduced an-
gular speed (Fig. 4 C-E; latency: Mann-Whitney U test, P <
0.0001; angular speed: Student’s ¢ test, P < 0.01; n = 515 escapes
from 13 adults) compared with the starts the same individual
made when it could recruit the remaining axon. These important
intrinsic controls thus show that the strong effects of the absence
of one single M neuron remained uncompensated even during
maturation of the larva and in the life as an adult fish.

Discussion

The M cell is the largest neuron in the vertebrate brain. Nev-
ertheless, it was a mystery why this large and presumably costly
neuron is needed: Ablating the M cell repeatedly failed to cause
a complete loss of the fastest M cell-mediated escapes (8-20),
suggesting that loss of the cell can be compensated by using
smaller neurons (8, 9, 12-14, 16, 20-22) or that the giant axon is
needed for entirely different reasons, for example, for switching
off competing motor programs (11-13, 25). Here we report two
discoveries that 1) solve this puzzle in an unexpected way, 2)
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Fig. 4. Early loss of the M axon can never be compensated in later life. (A)

Larvae with unilaterally ablated M axons (Fig. 1) grew up for 5 mo together
with unablated siblings. After double-blind examination of their escape
behavior, the fish were killed to check which, if any, M axon was missing. (B)
As in the larvae, escapes were still predominantly to the side that could use
the intact neuron (Student’s t test, ***P < 0.0001; n = 1,880 stimulations
from 13 fish; see Fig. 1 for a definition of ipsi and contra). (C) Latency was
also always significantly higher in those escapes, performed by the same
individual zebrafish, that could not recruit an M cell (Mann-Whitney U test,
***%P < 0.0001; n = 515 escapes from 13 fish). Circles with connected lines
show median latency in the same individual fish when an M cell could be
recruited or not. (D) Mean angular speed in escapes that could not recruit
an M cell was significantly lower (Student’s t test, **P = 0.0089; n = 515
escapes from 13 fish). (E) Cumulative distribution function (CDF) of escape
latency (<100 ms) for escapes that either could (n = 353 escapes) or could not
(n = 162 escapes) recruit the remaining M axon clearly shows a shift in minimum
latency even in the adult fish.

allow directly addressing the ultimate role of the cell for survival,
and 3) draw attention to several remarkable properties of the
isolated giant M axon that suggest exciting new avenues for re-
search. We show that the giant axon can survive ablations of its
soma and remain functionally connected to sensory inputs and to
its motor output circuitry for a surprisingly long time during
which it is still capable of driving rapid escapes. We also show
that all inputs that can recruit the axon after loss of the soma and
dendrites are exclusively received in the axon initial segment so
that the decisive role of the axon cannot be seen when ablations
are not precisely restricted to the soma but also affect, for instance,
the spiral fibers (SI Appendix, Fig. S1). We find no evidence in
support of the presently accepted view that the so-called M series,
composed of the M cell and its two serial homologs, or other
neurons would compensate for the complete absence of the M cell
(9-18, 20, 25): After the M axon is lost, dramatic changes in escape
performance and in survival become readily apparent and are
never fully compensated, not even later in life.
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A survey of previous ablation work suggests that there were
two major reasons why the dramatic effects of a complete re-
moval of the M cell have defied discovery for such a long time.
Either there were strong off-target effects of the ablation (19) or
the ablation was incomplete at the time of behavioral monitor-
ing. All papers that used laser ablation report that the remaining
axon was intact when the behavioral experiments were done, so
that it is likely that the axon initial segment was intact at least in
some experiments. In some of these studies, behavioral testing
has been carried out so early that (from our findings in SI Ap-
pendix, Fig. S1C) it cannot be ruled out that in some cases so-
mata and dendrites were still intact (14, 17, 20). All earlier
studies did still report short-latency escapes (in the sense of Fig.
2E) after ablation. One study reports a clear decline in escape
probability (15); others explicitly state no effect on response
probability (17, 19). In summary, our findings should draw at-
tention to the level of care needed to interpret ablation pheno-
types: Surviving compartments can still remain functional, and
evidence for the absence and death of all compartments is
needed. A parallel case is provided in the starburst amacrine cell,
a key player in retinal processing of movement direction. Here,
laser ablation work had suggested that direction selectivity did
not require starburst amacrine cells (39). However, when a ge-
netic approach was later used that demonstrably completely re-
moved these cells, directional processing was compromised (40).
This suggests that after laser ablation, compartments of the
starburst amacrine cells also still have contributed to function-
ality at the time of experimental testing. Great care is also
needed when inferring the relevance of AIS input relative to
dendritic/somatic input after soma ablations: It is likely that the
huge soma acts as a current sink for AIS inputs, so that ablating
the soma would, after the membrane has healed, remove this
sink, which would automatically increase the efficiency of the
AIS inputs. This would be exactly what is needed to quickly up-
regulate the remaining input into the surviving M axon. How-
ever, it clearly would not mean that these inputs are equally
efficient when the large soma and dendrites of the cell are still
present. In fact, our data directly show a massive drop in re-
sponse probability that remained uncompensated from the early
larva to the adult fish (Fig. 4B).

Our findings allow simple and direct experiments to determine
the ultimate function of the starts driven by the giant M cells.
Such experiments were missing, although their importance has
repeatedly been emphasized (11-13, 25, 28). For instance, it has
been argued that even an about 4-ms decrease in average latency
would displace the fish only by a few insignificant millimeters
from its initial position (11, 13). Without actual experiments, it is
also unclear whether the animal could switch to other equally
successful behavioral strategies and what would be the actual
importance of short-latency starts (12, 13, 23-28). By completely
removing the cells (including the giant axon), we could directly
probe how the absence of M cell-driven rapid escapes affect
survival in encounters with an ecologically relevant, voracious
predator (35, 36). We find that for escaping the targeted ballistic
strikes of damselfly nymphs, having an M cell clearly is of ad-
vantage. Our findings would also allow experiments that could
help to decide for what types of predators M cell-driven starts
are helpful. For instance, short-latency escapes may indeed be of
little help in encounters with suction feeders (23, 24). The notion
that the giant axon-mediated escapes would not actually be of
survival value (10-13, 25), however, can clearly be dismissed.

Our findings have several far-reaching consequences and open
up exciting new avenues: First, we demonstrate that the axon
initial segment is the only site where inputs [such as from the
spiral fiber neurons (17, 41-44)] can be fed into the remaining
axon once the soma is lost. This means that all relevant inputs
into the intact cell (i.e., dendritic, somatic, and via the AIS) can
be detected by intracellularly recording in the soma. Among the
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many prospects this entails is the use of the M neuron as a
bottleneck for checking and calibrating brain-wide activity maps
(45, 46). For instance, a guided iterative way to improve the
accuracy and completeness of map data would be to detect
failures in predicting simultaneous recordings made from the
bottleneck neuron (during a behavior mediated by it). This
should be an invaluable guide to eventually arrive at the tem-
poral and spatial resolution needed for the ultimate goal of
connectomics: relating brain-wide activity to behavior.

Second, since the individual M neurons are true bottlenecks, our
findings suggest that powerful mechanisms should exist to ensure
the survival of the M axon and its maintained functional con-
nectivity with input and output pathways. Despite fascinating
earlier reports—also in other giant axons (47-49)—it is not
known which aspects that entails in detail, how mechanisms for
survival of giant axons are distributed across the various giant
neurons found in the animal kingdom, and what could be the
mechanistic basis for their survival. The size and outstanding
accessibility (8, 9) of these axons make them ideal candidates for
in-depth analysis of the underlying mechanisms. Our findings
illustrate that high pressures exist to evolve mechanisms to keep
the axon alive and its connections to inputs and outputs fully
functional. It is not hard to see that the evolutionary constraints
predict the discovery of remarkable and potentially important
mechanisms.

Third, our findings do not support the generally accepted view
that sophisticated brains never trust vital behaviors to individual
neurons and that uniquely important neurons such as the in-
famous mother or grandmother cells cannot exist in the verte-
brate brain (50, 51). At least the giant M neuron does play a
unique role: Its absence means the loss of a function with a
measurable survival value. This suggests that high evolutionary
pressures have existed for mechanisms that maintain the in-
tegrity and functionality of the precious axons of the M cell at all
costs—even after severe injuries.

Materials and Methods

Zebrafish. Zebrafish (Danio rerio) were kept in our fish housing system at
28.5 °C. Embryos were raised at 28.5 °C on a 12-h:12-h light/dark cycle in E3
medium (5 mM Nacl, 0.17 mM KCl, 0.33 mM CaCl,, 0.33 mM MgSO4x7H,0,
107°% methylene blue in dH,0). All experiments were approved according
to the German law on animal welfare. Behavioral studies were started at
5 dpf (days post fertilization). Larvae (Ca-Tol-056) were generated by crossing
Tol-056 (38) with pigmentless casper [mitfa”?*2 :mpv17°9#° (37)]. Ablations
were performed at 5 dpf, except for the ablations in the predator-prey tests
(4 dpf). Experiments on adults involved zebrafish with uni- or bilateral M cell
lesions at 5 dpf that were raised together with unablated siblings for 5 mo. To
confirm distributed activity in response to our stimulus, we retrogradely in-
jected Oregon green 488 BAPTA-1 dextran into 5-dpf larvae of the casper
strain. Subsequent imaging was then performed at 6 dpf. Specificity of the
ablations was confirmed in 5-dpf larvae of the Ca-Tol-056 strain.

Damselfly Nymphs. Damselfly nymphs (Coenagrion puella; last instar) were
collected from external concrete basins at the University of Bayreuth with
naturally occurring nymphs. During a preparation phase, nymphs were kept
individually in plastic boxes at 18 °C with fresh water and waterweed (E/o-
dea sp.) and each fed three chironomid larvae on the first and the fifth day
after capture. This phase was intended to ensure a comparable state of
hunger across the nymphs. After the experiments, nymphs were transferred
back to the basins.

Ablation of M Cells. Ca-To/-056 larvae were anesthetized in 0.04% MS-222
and embedded in 1.5% low-melting-point agarose (Sigma-Aldrich) with
their dorsal side up in a small Petri dish. An 80-MHz titanium:sapphire
multiphoton excitation laser (pulse width <100 fs; Mai Tai DeepSee; Spectra-
Physics) tuned to 900 nm in a two-photon laser-scanning microscope (Leica
TCS SP5 Il with HCX IRAPO L, 25.0 x 0.95 water immersion objective; Leica
Microsystems) was used to ablate the M cells. Prior to ablation, a z stack (100
images, each 295 x 295 pm) of the two M cells (somata and axons) was taken
for later comparison using low laser energy. For ablation, sufficiently high
laser energy was focused onto the M cell soma in a region that contained
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the nucleus. Exposure time was 136 s (100 scan repeats of the adjusted focal
plane with a scan speed of 400 Hz and a resolution of 512 x 512 pixel; 9.23 x
9.23 pm). Larvae were then allowed to swim freely but were briefly (in less
than 20 min) embedded, imaged, and subsequently freed again at set times
after laser treatment (after 6, 20, and 44 h) to check the state of the M cell
soma and axon. To create Movie S1, we ablated the M cell unilaterally and
imaged z stacks (100 images; 512 x 512 pixel; 590 x 590 um) every 5 min for a
total of 44 h.

Immunohistochemistry. Ca-Tol-056 larvae (5 dpf) were fixed in 2% 1-ethyl-3-
(3-dimethylaminopropyl) carbodiimide-hydrochloride or 2% paraformaldehyde
(PFA) in ddH,0 for 3 h at room temperature. Larvae were washed six times in
PBSTx (1% Triton X-100 in phosphate-buffered saline [PBS], wt/vol) in 1.5-mL
Eppendorf tubes with stainless steel mesh bottoms. Specimens were then
blocked for 1 h in 5% NGS (normal goat serum) in PBSTx. Primary and sec-
ondary antibodies were diluted in 5% NGS in PBSTx at 22 °C for 48 h. Mouse
anti-neurofilament-associated protein (1:40; DSHB; 3A10), rabbit anti-GFP
(1:1,000; Thermo Fisher Scientific), or mouse anti-Cx35/36 (1:200; Millipore)
was used as primary antibody. Goat anti-mouse Alexa Fluor 555 (1:500;
Thermo Fisher Scientific) and goat anti-rabbit Fab2 Alexa Fluor 488 (Cell Sig-
naling Technology) were used as secondary antibodies. Stained larvae were
washed and then cleared in glycerol/PBS: 30/70 for 30 min, 50/50 for 1 h, and
glycerol/PBS 70/30 overnight. The larval brains were dissected out and
mounted on coverslips in Mowiol. Cx35/36 staining was examined using an
Olympus Fluoview FV1000 confocal microscope with UPLSAPO60XS objective.
The larval brains were optically sectioned (106 x 106 x 250 pm; 4-ps pixel
dwelling time; 2 line Kalman averaging). Postablation conditions of experi-
mental larvae were documented on the Leica TCS SP5 Il in confocal mode
(Leica 40x objective HCX PL APO CS) (148 x 148 x 35 um for overview images
and 46 x 46 x 17 pm for zoomed images; 200 Hz with 2 line averaging).

Stimulation of Larvae. In each assay, six 5-dpf zebrafish larvae were trans-
ferred to a hexagonal assembly of six Petri dishes (diameter 35 mm), each
with 2 mL E3 medium, arranged around a vibrational speaker (PocketBoom;
Mobile Fun Limited). A pulse generator (TGP110 10 MHz; AIM-TTi) delivered
a single rectangular pulse (duration 100 ps, amplitude 800 mV) to the
speaker. Escape responses of the larvae were recorded from below using a
digital high-speed camera (3,000 frames per s [fps]; triggered to record 10 ms
prior to and 100 ms after the stimulus; FASTCAM APX RS; Photron). Larvae
were stimulated with a single stimulus 12 times every 10 min. They were
then uni- or bilaterally ablated as described above. Control larvae were also
embedded, but no M cells were ablated. Subsequently, larvae were freed
and transferred to the experimental dishes to obtain responses to another
set of 28 stimuli. On the second (6 dpf) and third (7 dpf) days, the larvae
received a stimulus 30 times every 10 min, with a 100-min break after the
first 15 stimuli. At the end of each day, larvae were transferred to fresh E3
medium with dried food (NovoTom Artemia; JBL) at 28.5 °C. To check for M
cell state, larvae were embedded and imaged with the two-photon micro-
scope (as described above) at the end of the first day and prior to the stimuli
on the second and third days. We examined latency, response probability,
and mean angular speed (angle of bending/time of bending). Latency is
defined as time from stimulus onset to the first visible movement, and
bending duration is the interval between the first movement and the time
at which the body was completely bent. Angle is the maximum angle of the
turn at the end of stage 1 (18). All high-speed videos were quantitatively
analyzed using Fiji (52).

Retrograde Labeling and Calcium Imaging of the Complete M Series. Casper
larvae were raised as described above. Larvae (5-dpf) were anesthetized in
0.04% ethyl 3-aminobenzoate methanesulfonate (MS-222) in dH,O for 5 to
10 min. Larvae were then embedded in a small Petri dish lying on their side
in 1.5% low-melting-point agarose. Oregon green 488 BAPTA-1 dextran,
potassium salt (10,000 MW, anionic; Invitrogen) was dissolved in 25 pL Hepes
solution (10 mM Hepes, 10 mM glucose, 134 mM NacCl, 2.9 mM KCl, 2.1 mM
CaCly, 1.2 mM MgCly, pH 7.8). Using a micromanipulator (MM-30; Méarzh&user),
OGB-Hepes solution was pressure-injected (PDES-01 AM; npi Electronic) via a
glass microcapillary (GB150F-8P; Science Products) into the spinal cord between
the 15th and 18th somites (21, 53). Injected larvae were freed, transferred to E3
medium at 28.5 °C, and fed (dried food; NovoTom Artemia; JBL). The next day,
larvae were embedded again to control for fluorescence in the M series
under the two-photon microscope. Positive identified larvae (6-dpf) were
then fixed again in a Petri dish (diameter 55 mm) with their dorsal side up.
Stimulation then was as described. Ca* responses in the M cells and their
homologs were derived from images (296 x 87 um) taken every 385 ms for
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a total of ~19 s (per trial, 50 images were acquired with LAS AF; version
2.6.0.7266; Leica Microsystems).

Predator—Prey Experiments. Both M cells of 4-dpf Ca-Tol-056 larvae were
ablated as described above. On the next day, the larvae were embedded
again to confirm complete absence of the soma and of the AlS—in which
case the larvae were selected for predator—prey experiments on the next
day. As procedural controls (sham ablations), we ablated two neurons of
the cerebellum (located dorsorostral to the M cells), using the exact same
procedure as described above (including the same laser energy) and also
with a subsequent control mimic on the following day. For predator-prey
experiments, each damselfly nymph was transferred individually into a
plastic tank (21.5 x 11.5 x 13 cm with 600 mL water, 24 °C) on the
eighth day of the preparation phase (see above). To each damselfly
nymph, we added four zebrafish larvae with successfully ablated M cells.
Additionally, four nonablated zebrafish larvae of the casper strain were
added to each nymph. Hence, survival of the ablated and nonablated
larvae could directly be compared. All zebrafish were acclimated to 24 °C
before facing their predator. In additional controls, each nymph faced
eight nonablated casper, eight nonablated Ca-To/-056 larvae, or four
sham-ablated larvae together with four nonablated casper larvae. We
counted surviving larvae every hour. All predator-prey experiments were
terminated after 7 h. All vanished larvae had been captured and eaten by
the nymphs. The surviving larvae were anesthetized in 0.04% MS-222 and
counted using a fluorescence stereo microscope (SMZ18; Nikon) by which
the Ca-Tol-056 larvae could be easily detected by the GFP fluorescence of
their eyes.

Escapes of Unilaterally M Cell-Ablated Adult Zebrafish. M cells in embedded
zebrafish larvae (5-dpf) were unilaterally ablated as described above and
larvae were subsequently allowed to swim freely. Until 48 h after ablation,
the larvae were embedded again to check the state of M cell axon de-
generation under the two-photon microscope. Larvae with one AIS clearly
absent were selected and raised in tanks at 28.5 °C together with their
nonablated siblings. At least 5 mo later, escape responses of one individual
at a time were examined in small tanks (~26 x 15 x 13 cm). The experimenter
had no information on which fish had been ablated, on which side an M cell
was missing, or if the experimental fish was an unablated sibling. After the
experiments it was controlled for each fish if an M cell was missing and
whether starts toward the left or toward the right were ipsi- or contralateral
to an absent M cell. A total of 13 adult fish were analyzed. Acoustic stimuli
were delivered by an active loudspeaker (box Achat 112MA; Thomann)
placed about 1 m below the tank. The speaker was driven by a rectangular
pulse (duration 1 ms, amplitude 3 V). Sound pressure level, measured with a
hydrophone (hydrophone 8106, amplifier 2610; Bruel and Kjaer) in the tank,
was 135 dB re 1 pPa, the spectral peak was at 128 Hz, and —20 dB points
were at 67 and 1,100 Hz. Each animal received between 20 and 40 stimuli
per d with intervals of at least 5 min between subsequent stimuli. Every fish
received at least 100 stimuli. Escapes were recorded with a Phantom version
9.1 camera (Vision Research) at 1,000 fps with a resolution of 1,632 x 1,200
pixels. The analysis of the escapes was done using Fiji (52). The coordinates
of the tip of the fish’s mouth, the basis of the tail fin, and its center of mass
were taken in three frames: 1) when the fish initiated its escape, 2) when the
body was maximally bent, and 3) when the body was first straight again. A
maximum of 50 videos (out of 100 to 300 videos) per fish was selected to
yield between 5 and 25 videos for each of the two bending directions (“ipsi”
or “contra”; see Fig. 1A). Before being analyzed by one person, these videos
had been randomized by an independent second person. In this way, a total
number of 515 escapes were analyzed. Individual fish contributed a mini-
mum of 30 and a maximum of 43 escapes.

Confirmation of Where M Axons Were Missing. Subsequent to the behavioral
experiments with the adult zebrafish, fish were killed (MS-222, 0.3 mg/mL)
and then transferred to 4% PFA for at least 48 h. A piece of trunk below the
dorsal fin was cut out and then sliced transversally (20 pm) in a cryostate
(CM1950; Leica Biosystems). Slices were stained with FluoroMyelin (Fisher
Scientific), mounted with Mowiol (2.5% DABCO; Carl Roth) on lysine-coated
slides, and analyzed (Zeiss AxioScope.A1 with AxioCam ICm1) for green
(GFP) and red (FluoroMyelin) fluorescence.

Statistical Analysis. Statistical analyses were run on Prism 5.01 (GraphPad
Software). Normality was checked and either t tests or one-way ANOVAs
(with Bonferroni-corrected t tests as posttests) were run or Mann-Whitney U
tests or Kruskal-Wallis tests. Boxplots show the interquartile range of 25 to
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75% with whiskers from minimum to maximum. The log-rank test was used
to analyze the predator-prey experiments.

Data Availability. The published article contains all datasets generated during
this study. Requests for further information and resources should be directed
to the corresponding author.
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