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SUMMARY

During vertebrate development, spinal neurons
differentiate and connect to generate a system that
performs sensorimotor functions critical for survival.
Spontaneous Ca2+ activity regulates different as-
pects of spinal neuron differentiation. It is unclear
whether environmental factors can modulate this
Ca2+ activity in developing spinal neurons to alter
their specialization and ultimately adjust sensori-
motor behavior to fit the environment. Here, we
show that growing Xenopus laevis embryos at cold
temperatures results in an increase in the number
of spinal motor neurons in larvae. This change in
spinal cord development optimizes the escape
response to gentle touch of animals raised in and
tested at cold temperatures. The cold-sensitive
channel TRPM8 increases Ca2+ spike frequency of
developing ventral spinal neurons, which in turn
regulates expression of the motor neuron master
transcription factor HB9. TRPM8 is necessary for
the increase in motor neuron number of animals
raised in cold temperatures and for their enhanced
sensorimotor behavior when tested at cold tempera-
tures. These findings suggest the environment
modulates neuronal differentiation to optimize the
behavior of the developing organism.

INTRODUCTION

The spinal cord is essential for sensorimotor integration in verte-

brates. During development, spinal neurons acquire specialized

identities and form a network that carries out sensorimotor func-

tions. Neural progenitors are specified through a sequential and

combinatorial transcriptional program driven by intrinsic gradi-

ents of morphogenetic proteins along the dorsoventral and ante-

roposterior axis of the spinal cord [1]. Spontaneous electrical

activity and early forms of neurotransmitter signaling further

regulate different aspects of spinal neuron differentiation [2].

For instance, accelerating the developmental switch in the chlo-

ride gradient fromdepolarizing to hyperpolarizing, subsequent to
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GABA or glycine receptor activation, decreases the number of

spinal interneurons and motor neurons in the developing

zebrafish [3]. In Xenopus laevis embryos, broadly manipulating

spontaneous Ca2+ spike activity in spinal neurons, either phar-

macologically or through ion channel overexpression, demon-

strates that this activity regulates neurotransmitter specification

in a homeostatic manner [4–6]. Spontaneous activity also regu-

lates spinal neuron axon trajectory, another key feature of neuron

functional identity, as observed for motor neurons in both chick

and zebrafish embryos [7–9].

The numbers of mature, specialized spinal neurons are also

dependent on the rate of apoptosis during development. For

example, in chicken, mouse, and rat, 45%–90% of motor neu-

rons undergo programmed cell death, depending on the species

and the region of the developing spinal cord [10, 11]. Develop-

mental motor neuron apoptosis is regulated by electrical activity

[12] and trophic factors released by the innervated skeletal

muscle [13].

To date, it is unclear what role environmental cues play in influ-

encing spinal cord circuitry development, particularly whether

these cues can modulate electrical activity during development,

and in turn influence the neuron specialization and survival that

are necessary to generate the circuits underlying sensorimotor

function.

Xenopus laevis, an ectothermwhose body temperature is sub-

ject to fluctuations in environmental temperature, provides an

ideal model to examine this problem. It is well established that

temperature regulates the rate of embryonic and larval develop-

ment in Xenopus laevis [14]. Furthermore, a phenomenon named

the temperature-size rule, which holds that ectothermic animals

reared in cold environmental temperatures have increased body

size as adults [15], provides additional evidence that ectotherm

development is susceptible to environmental perturbations.

However, temperature’s influence on nervous system develop-

ment has not previously been studied.

Specifically, given that the spinal cord, and particularly motor

neurons, develop and differentiate [16–20] during a critical

period of spontaneous Ca2+ spike activity in embryonic spinal

neurons [4, 5, 21–23], if the environment were to modify this ac-

tivity it would potentially alter the functional features of devel-

oping neurons, eventually adapting the sensorimotor responses

to the environment.

Here, we show that rearing Xenopus laevis embryos in cold

temperature results in changes to spinal neuron specialization
une 3, 2019 ª 2019 The Author(s). Published by Elsevier Ltd. 1787
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Figure 1. The Temperature of the Environ-

ment during Development Influences Early

Swimming Behavior in Xenopus laevis

Larvae

(A) Types of behavioral responses to gentle touch;

modified from [26, 27].

(B–G) Stage 37/38 (B) and 40 (C-G) larvae grown in

cold (blue, 14.5�C–16�C) or warm (green, 22.5�C)
temperature were subjected to 20 trials each of

gentle touch at cold (14.5�C) or warm (22.5�C)
temperature. Responses were video recorded at

30 Hz, n = 6 larvae per condition.

(B) Average percentage of incidence of each

response.

(C) Example of full time course of swim speed after

gentle touch (0 s) from stage 40 larva grown in and

tested at warm temperature.

(D) Time course of changes in speed during initial

phase (first 200 ms) of the swim response.

(E) Swim duration.

(F) Maximum speed during initial phase of the

swim response.

(G) Maximum tangential acceleration during initial

phase of the swim response.

In (D)–(G), data are mean ± SEM. In (B) and (E)–(G),

the letters on top of datasets indicate significant

(different letters) or not significant (same letters)

differences, p < 0.05, 2-way ANOVA, Tukey post

hoc test.

See also Videos S1, S2, S3, and S4.
and survival, mediated by changes in Ca2+ spike activity, through

recruiting the cold-sensitive channel TRPM8. The temperature-

dependent changes in spinal cord development appear to opti-

mize sensorimotor function of growing larvae to the environment.

RESULTS

Escape Swimming Is Enhanced in Larvae Grown in Cold
Temperature
Non-amniotes such as amphibians and fishes lay their eggs in

water, where embryos eventually hatch and continue developing

their sensorimotor functions, all thewhile exposed to the external

environment. To examine the influence of environmental temper-

ature on the development of sensorimotor function of Xenopus

laevis, we evaluated swimming responses to gentle touch during

the early period after hatching in stage 37/38 and 40 larvae

reared at either 14.5�C–16�C, on the low end of physiologically

relevant environmental temperatures for this species, or

22.5�C, on the warm side of environmental temperatures for

this species. Stage 37/38 larvae were chosen as an early devel-

opmental time point when larvae are static for the most part

unless stimulated [24]. Stage 40 larvae were chosen as the

endpoint in this study based on previous studies showing that

different aspects of embryonic spontaneous activity-dependent

neuronal differentiation are apparent at this developmental stage

[5, 21, 22] and that the escape response to gentle touch be-
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comes more robust, but not completely

matured [25], suggesting potential for

plasticity. In vitro fertilization was per-

formed at room temperature, and, 4–5 h
post-fertilization, stage 7–8 blastula were placed in their respec-

tive growth temperatures throughout the duration of develop-

ment until their sensorimotor responses were assayed. Behavior

of larvae from each growth temperature was assessed at both

cold (14.5�C) and warm (22.5�C) temperatures, creating four

experimental conditions. At stage 37/38, the sensorimotor re-

sponses elicited upon gentle touch include swimming away

(Video S1), flexion (Video S2), or no response (Video S3; Figures

1A and 1B [26, 27]). We find a significant decrease in the inci-

dence of swimming responses when assayed at cold tempera-

ture in animals raised in warm compared with animals raised in

cold temperatures (Figure 1B), indicating that recently hatched

larvae raised in cold temperature are more likely to elicit a simple

escape response upon touch at cold temperature.

Following stage 37/38, motor neuron firing properties and

muscle innervation patterns change to generate more mature

swimming [24, 25]. At stage 40, we observed that the swimming

response (Video S4) is characterized by an initial phase of rapid

acceleration followed by a plateau at a maximum speed (Figures

1C and 1D). Although all the groups, regardless of growth and

test temperatures, share these features, there are significant dif-

ferences in the time course that characterizes the escape

response in each group (Figure 1D). The first difference is be-

tween the groups tested at cold temperature compared to those

tested at warm temperature; while larvae tested at warm temper-

ature decelerate after reaching the initial plateau (Figures 1C



and 1D), larvae tested at cold temperature remain at maximum

speed for at least 200 ms after the start of the response (Fig-

ure 1D). This difference may reflect constraints on how the

neuromuscular system functions at different test temperatures.

This shared relationship between larval behavior and test tem-

perature is also evident in the average duration of the swimming

response, which reveals that larvae swim for a longer time when

tested at cold compared to warm temperatures regardless of the

temperature in which they were raised (Figure 1E). It is important

to note that swimming was tested in a relatively small dish

(35-mm diameter), and that the interval between trials was rela-

tively short (R5 s), both of which may impact swim duration.

Larvae terminate swimming when sensory neurons in the head

or cement gland are activated [28, 29], as reviewed by Roberts

and colleagues [27], and this may occur when the larvae swim

into the side of the dish. In addition, the short interval between

trials may result in shorter episodes of swimming due to

Na+/K+-pump-mediated membrane hyperpolarization [30]. It is

then possible that the differences in swim duration found be-

tween test temperatures are associated with differences in the

length of the refractory period at different test temperatures

and/or the activation of the ‘‘stop signal’’ to terminate swimming

may be sensitive to the test temperature.

Second, although the patterns of the speed curves are similar

for groups tested at the same temperature, the maximum speed

and acceleration are most similar among larvae tested in the

temperature in which they were grown (Figures 1F and 1G),

which suggests animals adapt to their growth temperature to

perform in a stereotypic manner. Interestingly, larvae tested at

temperatures that differ from their growth temperature reach

maximum speed and acceleration that are either significantly

higher or lower than animals grown and tested at the same tem-

perature. Animals grown in cold but tested at warm temperature

swim significantly faster than all other groups, indicating cold-

grown animals outperform warm-grown animals in swimming

away at warm temperature (Figures 1D and 1F). In contrast, an-

imals grown in warm and tested at cold temperature swim the

slowest and take the longest to reach maximum speed (Figures

1D and 1G). This indicates the efficiency of the response at cold

temperature is diminished in animals grown in warmer tempera-

tures, while those grown in cold temperatures show enhanced

locomotor performance, demonstrating adaptation to the cold

temperature condition. Altogether these data suggest that there

is a significant interaction between the temperature in which an-

imals are grown and the sensorimotor performance at different

temperatures.

Spinal Motor Neuron Number Increases in Animals
Grown in Cold Temperature
To investigate potential cellular mechanisms contributing to

the temperature-dependent behavioral phenotypes, we as-

sessed whether there are changes to the motor neuron

population when animals are reared in cold versus warm tem-

peratures. The motor neurons required for swimming in Xeno-

pus laevis larvae are first generated during gastrulation and

continue appearing until about stage 33/34 [16, 17], around

the time larvae hatch. These motor neurons differentiate with

axons innervating the axial skeletal muscle beginning around

embryonic stage 25 [18, 19]. Motor neurons continue to differ-
entiate and mature as the embryos elongate and grow into free

swimming larvae. Embryos were placed at the different tem-

peratures beginning at blastula (stage 7–8) and allowed to

develop until stage 40, encompassing the period of motor

neuron birth, differentiation [18–20, 31], and, presumably,

pruning as shown for other species [10, 11]. Staining for

HB9, a transcription factor necessary for spinal motor neuron

differentiation and maintenance [17, 32, 33], shows a 2-fold in-

crease in the number of HB9-expressing cells in animals

raised in cold temperature (14.5�C) compared to those raised

in warm temperatures (22.5�C or 26.5�C, Figures 2A and 2B).

This increase in HB9-expressing spinal neurons corresponds

with an increase in the number of motor neurons retrogradely

labeled from the ventral axial musculature in larvae grown at

cold temperature compared to those grown at warmer tem-

peratures (Figures 2C and 2D). Moreover, measurement of

the area occupied by axons innervating the axial musculature

reveals a higher motor neuron axonal density in animals raised

in cold temperature (Figures 2E and 2F). Together, these data

indicate there is an increase in the number of motor neurons in

cold-grown animals.

In addition to the increase in motor neuron number, animals

grown in cold temperature are on average about 10% longer

compared to those grown in warm temperatures (Figure S1A),

which correlates with 10% longer spacing between axonal tracts

aligned along the chevrons of axial skeletal musculature (Fig-

ure S1B). There is also an increase in the thickness of the axial

musculature in cold-grown animals compared to warm-grown

animals (Figure S1C). These results show that animals grown

at cold temperature exhibit an overall increase in the volume of

axial musculature. Collectively, these data indicate that the

cold-grown larvae are larger, consistent with the temperature-

size rule in ectotherms, including temperature-size findings in

Xenopus laevis metamorphs [15, 34].

Nevertheless, the considerable increase in the motor neuron

number seen per unit length of the spinal cord suggests that spe-

cific cold-temperature-dependent rules might affect spinal

neuron specialization and spinal cord development.

Apoptosis regulates cell number during development and

could contribute to a change in larva size and spinal neuron

numbers. In Xenopus laevis, apoptosis occurs as the spinal

cord is forming [35, 36], but cold temperature is known to have

a neuroprotective effect and can influence rates of apoptosis

[37]. Motor neuron number peaks around stage 37/38 [38];

thus, we evaluated stage 40 larvae for subsequent apoptosis.

We found that warm-grown animals show a higher number of

apoptotic cells in the spinal cord compared with cold-grown an-

imals, for which apoptotic spinal cells are barely apparent (Fig-

ures 2G and 2H). Moreover, within the motor neuron population

approximately 30% of the HB9-expressing cells are TUNEL-

positive in animals raised in warm temperature, while only less

than 1% of the HB9-immunopositive cells are apoptotic when

raised in cold temperature (Figures 2G and 2I). These results

suggest that a decrease in the rate of apoptosis of spinal neurons

in animals grown in cold temperature contributes to the increase

in the number of motor neurons in animals grown in cold temper-

ature (Figures 2A–2D).

Interestingly, developmentally regulated neuronal apoptosis

is activity dependent [12], posing the possibility that
Current Biology 29, 1787–1799, June 3, 2019 1789



Figure 2. The Number of Spinal Motor Neu-

rons in Developing Larvae Is Temperature

Dependent

(A) Images show cross-sections of immunostained

spinal cord (outlined) from stage 40 larvae grown in

cold (14.5�C)orwarm (22.5or26.5�C) temperatures.

(B) Graph shows number of HB9-immunopositive

cells per 100 mm of spinal cord; mean ± SEM from

at least 220 mm length of spinal cord per larva,

n R 4 larvae per condition, ***p < 0.001, 1-way

ANOVA, Tukey post hoc test.

(C) Images show maximum intensity projections of

whole-mount spinal cord from stage 40 larvae

grown in different temperatures followed by

retrograde labeling with Alexa 488-dextran conju-

gate from ventral axial musculature.

(D) Graph shows numbers of retrogradely

labeled motor neurons; mean ± SEM for each

experimental group, n R 10 larvae per condition,

****p < 0.0001; ns, not significant’ Kruskal-Wallis

test’ Dunn’s multiple comparisons test.

(E) Images show maximum intensity projections of

whole-mount immunostained axonal bundle #5

(with 1 being the most anterior axonal bundle

innervating the axial musculature) with the axonal

marker 3A10 (neurofilament associated protein),

from stage 40 larvae grown in the indicated

temperatures.

(F) Graph shows area labeled per axonal bundles

4 through 7; mean ± SEM for each experimental

group, n R 10 larvae per condition, *p < 0.05,

1-way ANOVA, post hoc Tukey test.

(G–I) Larvae grown in cold temperature

exhibit fewer apoptotic spinal cord cells and motor

neurons.

(G) Images show cross-sections of immuno-

stained spinal cord (outlined) from stage 40 larvae

grown in different temperatures. Scale bars in (A),

(C), (E), and (G), 20 mm.

(H and I) Graphs show percentage of TUNEL+ (H,

per total DAPI-labeled nuclei) and HB9+/TUNEL+

cells (I, per total HB9+ cells) per 100 mm of spinal

cord; mean ± SEM from at least 220 mm length of

spinal cord per larva, n R 4 larvae per condition,

***p < 0.001, two-tailed t test.

See also Figure S1.
temperature-dependent control of different types of spinal

neuron numbers may be regulated by neuronal activity. More-

over, previous studies have established an important role for

spontaneous Ca2+ activity in neuronal phenotype specification

[4–6, 39–41]. We hypothesize that environmental factors such

as temperature modify the pattern of spontaneous activity,

which in turn, regulate the numbers of specialized spinal neurons

to generate the most appropriate neural network to operate

within the constraints of the environmental conditions.
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Cold Temperature Increases Ca2+

Spike Frequency of Embryonic
Ventral Spinal Neurons by
Recruiting the Cold-Sensitive
Channel TRPM8
In Xenopus laevis, there is a period of

spontaneous Ca2+ activity in embryonic
spinal neurons spanning from stage 20 to stage 28–30 [5, 22],

corresponding with the stages when motor neurons differentiate

[16–19]. To assess how environmental temperature acutely influ-

ences spontaneous Ca2+ spike activity during the period of

neuronal differentiation [4, 5, 22, 23], we imaged embryonic spi-

nal cord loadedwith the cell-permeant Ca2+-sensitive dye Fluo4-

AM. Ca2+ activity was recorded in the same sample at three

different temperatures, 14.5�C, 22.5�C, and 26.5�C ± 0.5�C in

a randomized order. We find that ventral spinal neurons, where



Figure 3. Cold Temperature Acutely In-

creases Ca2+ Spike Frequency of Embryonic

Ventral Spinal Neurons

Ventral view of spinal cords from stage 24 embryos

were Ca2+ imaged for 30-min intervals at 14.5�C,
22.5�C, and 26.5�C ± 0.5�C, in a randomized

order.

(A) Traces illustrate the same representative

ventral spinal neuron imaged at the indicated

temperatures.

(B) Graph shows individual cell and mean

(black squares) Ca2+ spike frequency (30 min-1)

from N = 4 ventral spinal cords (n of neurons

analyzed: 14.5�C, 102; 22.5�C, 104; 26.5�C, 86),
****p < 0.0001; ns, not significant; repeated-mea-

sures mixed effect analysis; post hoc Tukey test.

(C) Graph shows ratio of Ca2+ spikes at each

temperature compared to the sum of spikes at the

3 temperatures per cell, n = 58. Teal lines represent

neurons with higher spike frequency at 14.5�C,
magenta lines represent neurons with higher spike

frequency at 22.5�C or 26.5�C, and black lines

represent neurons with no change in spike

frequency across temperatures; ***p < 0.001,

****p < 0.0001; ns, not significant; repeated-mea-

sures 2-way ANOVA, post hoc Tukey test.
developing motor neurons are located, exhibit a significantly

higher Ca2+ spike frequency at cold temperature compared to

the frequencies at warmer temperatures (Figures 3A and 3B).

A closer comparison of the relative frequencies for those individ-

ual ventral spinal neurons showing Ca2+ spike activity at all three

temperatures reveals that a high proportion of cells (�65%) dis-

played a significantly higher spike frequency at 14.5�C (teal lines)

relative to 22.5�C and 26.5�C (Figure 3C).

The transient receptor potential cation channel subfamily M

member 8, TRPM8, is the main detector of environmental cold

by sensory neurons [42–44]. The Xenopus laevis genome con-

tains two copies of trpm8 (trpm8 and trpm8b); however, only

TRPM8 responds to cold temperatures [45, 46]. Previous work

has found TRPM8 in primary afferent neurons of juvenile Xeno-

pus laevis frogs [45]. More recent RNA sequencing (RNA-seq)

data in embryonic and larval stages show that trpm8 transcript

levels peak at stage 25 and is enriched in neural tissue [47],

suggesting that TRPM8may play a role during embryonic devel-

opment beyond its function in dorsal root ganglia in the mature

nervous system. Indeed, we find by RT-PCR that trpm8 tran-

scripts are present in whole-embryo samples, as well as in the

embryonic spinal cord (Figures 4A, S3A, and S3B), before dorsal

root ganglia develop [48]. In situ hybridization further demon-

strates specific expression of trpm8 in the brain and spinal

cord of stage 24 embryos (Figure 4B), when spontaneous Ca2+

spike activity is apparent in spinal neurons. Western blot assays

and immunostaining identify TRPM8 protein is expressed

throughout development, including the stages when sponta-

neous Ca2+ spike activity manifests (Figures 4C, 4D, S2A, S2B,

S2D, and S3D–S3H). The TRPM8 antibody (validated through

expression of TRPM8 in a heterologous system [49]) appears

to recognize specifically Xenopus laevis TRPM8 at a band be-

tween 100 and 150 kDa, which consistently decreases when

knockdown approaches are implemented by injecting either of

two non-overlapping translation-blocking TRPM8-targeted mor-
pholinos (TRPM8-tbMO1 and 2; Figures 4C, S2A, S2D, S3D,

S3F, and S3G) and that increases in optical density when

TRPM8 is overexpressed (Figures S2A and S3H). Moreover,

immunostained transverse spinal cord sections from unilaterally

TRPM8 overexpressing embryos show enhanced signal from the

TRPM8 antibody in the affected half spinal cord (Figure S2B).

However, the antibody also binds to what appear to be non-spe-

cific bands of lowermolecular weight than predicted for Xenopus

laevis TRPM8 protein (132 [naked]-150 [glycosylated] kDa [50])

and for which their optical density does not change consistently

with the manipulations of TRPM8 protein expression (Figures

S3D–S3H). Immunostaining in transverse sections reveals

TRPM8 is expressed in the embryonic spinal cord and enriched

in ventral spinal neurons (Figures 4D and S2B), where an in-

crease in Ca2+ spike frequency is apparent at cold temperature

(Figure 3). Moreover, assessment of functional expression of

TRPM8 in the embryonic spinal cord by acute addition of

(�)-menthol reveals that this TRPM8 agonist elicits Ca2+ tran-

sients in ventral spinal neurons (Figure 4E).

The temperature for X. laevis TRPM8 half-maximal activation

is 13.9�C [45], suggesting that, at the test temperature of

14.5�C used in this study, this channel should be activated.

To assess whether TRPM8 participates in the cold-tempera-

ture-dependent increase in Ca2+ spike frequency in embry-

onic ventral spinal neurons, we incubated exposed ventral

spinal cords with the TRPM8 inhibitor N-(3-Aminopropyl)-2-

[(3-methylphenyl)methoxy]-N-(2-thienylmethyl)benzamide hy-

drochloride (AMTB [51]) and compared the acute changes in

activity when switching from 26.5�C, where X. laevis TRPM8

remains mostly closed, to 14.5�C, where TRPM8 activity is ex-

pected [45, 51]. Our results indicate that inhibiting TRPM8 re-

verses the effect of switching from 26.5�C to 14.5�C observed

in vehicle-treated control samples (Figure 4F). In the presence

of AMTB, the majority of neurons (�86%) exhibit a decrease in

Ca2+ spike frequency when switched from 26.5�C to 14.5�C,
Current Biology 29, 1787–1799, June 3, 2019 1791
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Figure 4. TRPM8 Is Necessary for the Cold-

Temperature-Mediated Increase in Ca2+

Spike Frequency in the Ventral Spinal Cord

(A) RT-PCR for trpm8 (236 bp) from cDNA ex-

tracted from stage 24 whole embryo or dissected

spinal cord. +/�RT, in the presence or absence of

the reverse transcriptase, respectively, during

conversion of isolated mRNA into cDNA.

(B) In situ hybridization for trpm8 in stage 24 em-

bryos showing specific labeling in brain and spinal

cord.

(C) Western blot assays from egg, stage 24 wild-

type whole embryo or from stage 40 whole larva,

control morpholino (MO) or TRPM8-translation-

blockingMO 1 (TRPM8-tbMO1) lysates. Predicted

TRPM8 molecular weight [MW]: 132 kDa. Shown

are representative examples of one of 3 indepen-

dent experiments. b-tubulin was used as loading

control.

(D) Immunostained transverse section of stage 25

spinal cord (outlined). D, dorsal; V, ventral; scale

bar, 20 mm; arrows indicate TRPM8 clusters in

ventral neuron domains. NCAM labeling was used

as counterstaining.

(E) Stage 24 ventral spinal cord from wild-type

embryos was Ca2+ imaged at 1 Hz for 90 s. Either

100 mM (�)-menthol or vehicle (0.05%DMSO) was

added after 35 s of imaging and recording

continued for another 60 s. Images show a

menthol-responsive ventral neuron before (left,

control) and after (right) addition of (�)-menthol.

Colored scale shows fluorescence intensity in

arbitrary units. Traces show the changes in

fluorescence for the indicated cell (arrow) in both

trials.

(F) Stage 24 ventral spinal cord from wild-type

embryos was Ca2+ imaged in 30-min intervals at

cold (14.5�C) and warm (26.5�C) temperatures in

the absence (vehicle, 0.1% DMSO) or presence of

10 mM AMTB, TRPM8 inhibitor. Scatterplots show

changes in Ca2+ spike frequency when switching

temperatures in individual spinal neurons and

geometric mean (black lines) from N = 3 ventral

spinal cords per condition (n of neurons analyzed:

DMSO, 62; AMTB, 71). Teal circles represent

neurons with higher spike frequency at 14.5�C,
magenta circles represent neurons with higher

spike frequency at 26.5�C, and black circles

represent neurons with no change in spike fre-

quency across temperatures; ****p < 0.0001,

comparison within treatments Wilcoxon matched-

pairs signed rank, two-tailed test.

(G) RT-PCR from cDNA collected from stage 46 larvae previously injected with 2.5 pmol standard control morpholino (Control-MO) or TRPM8-splicing-blocking

morpholino (TRPM8-sbMO) shows that trpm8 mature transcript (349 bp) is not detected in TRPM8-sbMO animals. odc: ornithine decarboxylase (101 bp) as

positive control.

(H) TRPM8-sbMO or Control-MO containing spinal cord from stage 24 embryos were Ca2+-imaged for 30 min at cold temperature (14.5�C). Graph shows

individual (scatterplots) and geometric mean (black lines) Ca2+ spike frequency from N = 3 ventral spinal cords per group (n of neurons analyzed: Control-MO, 81;

TRPM8-sbMO, 64), ****p < 0.001, Kolmogorov-Smirnov, two-tailed test.

See also Figures S2 and S3.
rather than the increase observed in the majority (�74%) of

vehicle-treated control neurons (Figures 4F and S2C).

Although a recent study shows that AMTB also inhibits human

voltage-gated sodium channels [52], because our results only

demonstrate a change in spike frequency at cold temperature,

we suggest AMTB acts specifically at TRPM8 to decrease the

spike frequency in Xenopus ventral spinal neurons. This may
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be due to the fact that functional expression of voltage-gated

sodium channels is low at these developmental stages in the

embryonic spinal cord [53], which correlates with the predom-

inance of Ca2+-dependent, long-duration action potentials that

later in development transition to the brief sodium-dependent

counterparts [54, 55] characteristic of the mature nervous

system.
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Figure 5. Electrical Activity Regulates the Number of Motor Neurons in the Spinal Cord and hb9 Transcription

(A) Images show cross-sections of immunostained spinal cord (outlined) from stage 35 larvae in which activity was enhanced (veratridine [verat], Nav2a over-

expression) or suppressed (voltage-gated Na+ and Ca2+ channel blockers [VGC blockers]: calcicludine, u-conotoxin-GVIA, flunarizine, and tetrodotoxin).

Scale bar, 20 mm

(B) Graph shows number of HB9-immunopositive cells per 100 mm spinal cord; mean ± SEM from at least 220 mm length of spinal cord per larva, nR 4 larvae per

condition, *p < 0.05, 1-way ANOVA.

(C) Schematic of luciferase reporters used to assess regulation of hb9 transcription. Gray box represents a 270-bp fragment from theM250/Region B in the hb9 50

regulatory region.

(D) Spinal cord from wild-type or Nav2a-overexpressing embryos injected with wild-type or mutant forms of the hb9 transcription reporter were incubated for 8 h

with 1 mM veratridine or vehicle only and processed for luciferase activity measurements. Graph shows percentage of normalized luciferase intensity compared

with control (wild-type embryo incubated with vehicle only), mean ± SEM, n > 5 spinal cords per group, *p < 0.05, 1-way ANOVA.
To further investigate the role of TRPM8 in Xenopus spinal

cord development, we knocked down TRPM8 expression by in-

jecting 2-cell stage embryos with either a splice-blocking

(TRPM8-sbMO) or a translation-blocking morpholino (TRPM8-

tbMO1). Similar to the pharmacological approach, knockdown

of TRPM8 with TRPM8-sbMO (Figures 4G and S3C) reveals

average spike frequencies at cold temperature that are signifi-

cantly lower than in control-MO-containing neurons (Figure 4H).

Moreover, we observed that, when TRPM8 is knocked down

with TRPM8-tbMO1 (Figures S2D and S3D), there is a loss of

cold-temperature-dependent increase in Ca2+ spike frequency

in TRPM8-deficient embryonic ventral spinal neurons compared

with wild-type counterparts (Figure S2E).

Altogether these results demonstrate that the pattern of spon-

taneous Ca2+ activity in embryonic spinal neurons is sensitive to

the environmental temperature and that recruitment of tempera-

ture-sensitive channels, like TRPM8, contributes to tempera-

ture-specific patterns of Ca2+-mediated electrical activity.

Alongside the observed temperature-dependent change in mo-

tor neuron number (Figure 2), these findings suggest a tempera-

ture-mediated, Ca2+ signaling-dependent mechanism for motor

neuron specification and survival.

Activity-Dependent Motor Neuron Differentiation
To determine whether motor neuron differentiation is activity

dependent, both pharmacological and genetic approaches
were used tomodulate Ca2+ spike activity during a critical period

in spinal neuron differentiation [4, 5, 22, 23]. When activity was

enhanced either by implanting beads impregnated with the Nav
channel agonist veratridine or through overexpression of the

voltage-gated Na+ channel, Nav2a [4, 5, 21, 23], motor neuron

numbers increased compared to control (Figures 5A and 5B).

Conversely, when Ca2+ spike activity was suppressed with

Ca2+ and Na+ channel blockers [4, 5, 21, 23], motor neuron

numbers decreased (Figures 5A and 5B).

To further investigate a potential Ca2+ signaling-dependent

mechanism regulating motor neuron specification, we searched

for activity-responsive elements in the HB9 regulatory region

that could respond to modulations in electrical activity/Ca2+

signaling. We found two potential activity-responsive elements

(CRE-like and AP1) in the 50 regulatory region of the human

HB9 gene in a region conserved across species called M250

or region B. This region is capable of controlling HB9 expression

in mouse and chicken [56, 57]. We sub-cloned a 270-bp frag-

ment containing these activity-responsive elements and placed

it directly upstream of a gene coding for firefly luciferase (Fig-

ure 5C). Enhancing Ca2+ spike activity by either overexpressing

Nav2a in the spinal cord or by incubating dissected spinal cord

with veratridine increases luciferase signal (Figure 5D). Mutating

the CRE-like sequence had no effect on the activity-induced in-

crease in luciferase signal. In contrast, mutating the putative AP1

site abolished this effect (Figure 5D).
Current Biology 29, 1787–1799, June 3, 2019 1793



Figure 6. TRPM8 Is Necessary for the In-

crease in Motor Neuron Number and the

Adaptation of the Sensorimotor Response of

Animals Grown in Cold Temperatures

(A) Images show cross-sections of immunostained

spinal cord (outlined) for HB9 from Control-MO- or

TRPM8-sbMO-containing stage 40 larvae grown in

cold temperature (16�C). Scale bar, 20 mm.

(B) Graph shows number of HB9-immunopositive

cells per 100 mm of spinal cord; mean ± SEM from at

least 220 mm-length spinal cord per larva, n = 5

larvae per condition, **p < 0.005, two-tailed t test.

(C–G) TRPM8-sbMO or Control-MO stage 37/38 (C)

and 40 (D–G) larvae grown in cold temperature

(16�C) were subjected to 20 trials each of gentle

touch at cold (14.5�C) or warm (22.5�C) temperature.

Responses were video recorded at 30 Hz, n = 6

larvae per condition.

(C) Average percentage of incidence of each

response.

(D) Time course of changes in speed during initial

phase (first 200 ms) of the swim response.

(E) Swim duration.

(F) Maximum speed during initial phase of the swim

response.

(G) Maximum tangential acceleration during initial

phase of the swim response.

In (D)–(G), data are mean ± SEM. In (C) and (E)–(G),

the letters on top of datasets indicate significant

(different letters) or not significant (same letters)

differences, p < 0.05, 2-way ANOVA, Tukey post

hoc test.

See also Video S5.
These results indicate that electrical activity participates in the

specification of motor neurons by transcriptionally regulating

HB9 expression in developing spinal neurons.

TRPM8 Is Necessary for the Increase in Motor Neuron
Number and Optimized Sensorimotor Performance in
Cold-Grown Animals
Because TRPM8 mediates the cold-temperature-induced in-

crease in Ca2+ spike frequency of embryonic ventral spinal neu-

rons, and Ca2+ activity promotes motor neuron specification, we

then assessed whether TRPM8 function is necessary for the

increased number of motor neurons when animals are raised in

cold temperatures. Results show that animals grown in cold tem-

perature that are deficient in TRPM8 exhibit lower numbers of

HB9-immunopositive neurons compared to controls (Figures

6A and 6B). The number of motor neurons in TRPM8-deficient

animals grown in cold temperatures is instead comparable to

wild-type animals grown in warm temperatures (cf. Figures 2A

and 2B with Figures 6A and 6B).

This led us to ask whether animals deficient in TRPM8, thus

experiencing warm-temperature levels of Ca2+ activity and lower

number ofmotor neurons while raised in cold temperature, main-

tain the improvement in swimming behavior seen in wild-type an-

imals raised in and tested at cold temperature. To address this,

we knocked down TRPM8 expression throughout development,

grew animals in cold temperature, and assessed escape swim-

ming in these larvae and control counterparts (Figures 6C–6G).
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Examining the response rates to light touch indicates there is a

difference in the initiation and completion of the escape

response in TRPM8-deficient larvae compared with Control-

MO siblings. Although therewas no significant change in the inci-

dence of swim responses at either stage 37/38 or stage 40,

TRPM8-sbMO larvae tested at cold temperature exhibit more

flexion responses (Figure 6C). In addition, by stage 40 larvae

deficient in TRPM8 swam for a significantly longer period of

time at cold temperature than any other treatment group (Fig-

ure 6E) and exhibited phases of slowing-down followed by

speeding-up again and continuing to swim, unlike the other

groups that terminated swimming after a single response cycle

(Video S5).

Results show that the phases of the speed-time curve from

Control-MO larvae tested at warm and cold temperature are

comparable with those from uninjected, wild-type larvae

grown in cold temperature (cf. Figures 1D with 6D). In

contrast, TRPM8-deficient larvae tested at cold temperature

are the slowest and have the lowest maximum acceleration

of all the experimental groups (Figures 6D, 6F, and 6G). This

phenotype resembles the uninjected larvae grown in warm

and tested at cold temperature (Figures 1D, 1F, and 1G) and

suggests that larvae deficient in TRPM8 fail to develop

optimized sensorimotor behavioral traits at cold temperature

despite growing in cold temperature. Moreover, the shape of

the speed-time curve for TRPM8-sbMO larvae tested at

warm temperature is most similar to the curve for Control-MO



Figure 7. Model of Mechanism of Cold-

Temperature Adaptation

TRPM8 activation at cold temperature results in an

increase in Ca2+ spike frequency in developing

spinal cord neurons. This enhanced spike fre-

quency increases HB9-dependent motor neuron

differentiation and survival. The low-temperature

mediated increase in motor neuron number facili-

tates faster escape swimming at cold temperature

compared to animals grown in warm temperature,

for efficiently evading predators and increasing

rate of survivability.
larvae tested at cold temperature (Figure 6D). Strikingly, this is

reminiscent of the relationship between uninjected animals

grown and tested at cold and those grown and tested at

warm temperature (Figure 1D), even though both Control-

MO- and TRPM8-sbMO-injected animals were grown in cold

temperature.

Overall, these findings demonstrate TRPM8 is necessary for

developing escape responses that are adapted to cold-temper-

ature growth conditions.

DISCUSSION

Development of sensorimotor function is crucial for the viability

of organisms across species. For anamniotes, in particular, a

properly functioning sensorimotor system enables them to

escape from potential danger, such as predators or an adverse

environmental condition, during early development. Here, we

discover that Xenopus embryos grown in cold temperature

develop into larvae that are better equipped to escape upon

touch at cold temperature compared to embryos grown in

warm temperature. This advantage is dependent on the cold-

sensitive channel TRPM8, which is necessary for the increased

spontaneous Ca2+ spike activity that embryonic ventral spinal

neurons exhibit when exposed to cold temperature. In turn,

this enhanced activity promotes the specification and survival

of the motor neuron phenotype, ultimately contributing to a

higher number of motor neurons in animals grown in cold tem-

peratures. Altogether, our results support amodel in which an in-

crease in the number of motor neurons contributes to improved

escape swimming at cold temperatures in animals grown in cold

temperatures, compared to animals grown in warm tempera-

tures (Figure 7).

The numbers of motor neurons and motor units animals are

able to establish have a direct impact on locomotor perfor-

mance. For instance, during zebrafish development, dopami-

nergic signaling from the brainstem to the spinal cord promotes

the specification of spinal motor neurons. Inhibiting this signaling

leads to a reduction in motor neuron numbers and impaired mo-

tor responses in swimming larvae [58]. TRPM8 knockdown abro-

gates the cold-temperature-dependent increase in spontaneous

activity and results in both a decrease in motor neuron numbers

and impaired locomotor performance at cold temperatures,
Current
despite growing in cold temperatures.

This suggests that the increase in motor

neuron numbers in wild-type animals
grown in cold temperatures may function to enhance larval loco-

motor performance at cold temperatures.

We provide evidence for an activity-dependent mechanism

regulating motor neuron number. Our experiments indicate hb9

expression and the number of HB9+ neurons increase when ac-

tivity is enhanced. Previous studies have established HB9 is

required for specifying andmaintaining themotor neuron pheno-

type, including, in many species, axon pathfinding necessary for

muscle innervation [32, 33, 59]. Furthermore, in chicken and ze-

brafish, motor neuron axon morphology is activity dependent

[7, 9]. The increased spontaneous activity in developing ventral

spinal neurons at cold temperature, described in this study,

may change the pattern of muscle innervation.

Moreover, the interdependence of muscle and motor neuron

growth and survival during development and disease has been

established through many pioneering studies [60, 61]. The size

of the motor neuron pool that innervates the axial musculature

may also change with the concomitant enlargement of the mus-

cle in animals grown at cold temperatures. The observed in-

crease in muscle volume in cold-grown animals could be due

to either an increase in number of muscle fibers or an increase

in the size of the individual muscle fibers, or both. It may be

that more motor neurons are required to innervate an increase

in muscle fiber number or size. Thus, in future studies it would

be interesting to determine this relationship and explore potential

consequences. For instance, an increase in muscle fiber number

could contribute to the decrease in apoptosis observed in motor

neurons of cold-grown animals.

The cold temperature can be seen as a challenging environ-

mental condition when assessed from the perspective of motor

function. Isolated muscle fibers at cold temperatures exhibit

less efficient metabolism, meaning they consume more oxygen

to achieve the same mechanical force compared with muscle

performing at warmer temperatures [62, 63]. Muscles are stiffer;

thus, the same stimulus elicits weaker contractility at cold tem-

peratures, and the contraction-relaxation cycles are slower

[64]. Moreover, acclimating animals to cold temperature does

not significantly modify the poor performance of skeletal muscle

fibers at cold temperature [63, 65]. Despite this, animals grown at

cold temperature seem to overcome these challenges to muscle

performance in cold temperatures [65] and exhibit a sensori-

motor response and locomotor activity that is on par with their
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siblings grown and tested at room temperature, as demon-

strated in this study. While we present data supporting a mech-

anism that involves cold-temperature-dependent regulation of

motor neuron number that in turn facilitates the locomotor

response at cold temperature, further work is required to gain

an understanding of where additional temperature-dependent

changes in the sensorimotor integration process are manifest.

For instance, whether changes occur in the mechanosensory

pathway controlling swim initiation or in the central pattern

generator output that drives swimming remains to be investi-

gated. Recording neuronal activity during fictive swimming

from animals grown at different temperatures would provide

insight into changes in these pathways. For example, the pattern

of activity in spinal ventral roots, which underlie swimming,

matures from stage 37/38 to stage 42 to better control swim

direction and speed [24, 25]. Future studies may reveal that

maturation of these important contributing components to the

sensorimotor function is also sensitive to the temperature in

which animals grow.

In addition, numbers and function of other neuronal types

might also be sensitive to environmental temperature and may

contribute to adapted sensorimotor behavior. For instance, the

mid-hindbrain reticulospinal neurons are a population of

GABAergic interneurons important for terminating the swim

response in hatchling larvae as well as keeping larvae at rest in

the absence of an environmental threat [66–69]. While the

escape response is essential for evading impending threats in

the environment, keeping still to prevent drawing the attention

of potential predators is another key survival trait in hatchling

larvae [70]. When TRPM8 is knocked down, larvae exhibit

abnormal patterns of initiating and completing the swim

response, which suggests TRPM8 expression during develop-

ment may impact neuronal populations mediating these aspects

of the escape responses.

Future studies exploring neurotransmitter phenotype expres-

sion might also provide further insight into mechanisms for regu-

lating temperature-dependent changes in the sensorimotor

system. Previous studies have established the number of Xeno-

pus laevis spinal neurons expressing inhibitory or excitatory

neurotransmitters is sensitive to broad changes in Ca2+ spike

frequency [4–6]. These activity-dependent changes in neuro-

transmitter phenotype expression include themotor neuron pop-

ulation, both in the developing Xenopus spinal cord [21] and in

the adult zebrafish subjected to exercise or spinal cord injury

[71]. Nonetheless, unlike earlier studies where Ca2+ activity

was modified throughout the entire spinal cord [4–6, 21, 23],

the higher Ca2+ spike frequency at cold temperature reported

in this study is restricted to about 60%–70% of ventral spinal

neurons. Thus, it would be interesting to examine what changes

occur to neurotransmitter phenotype in embryos reared at cold

temperature when the activity of only a subset of spinal neurons

is affected.

Evidence that temperature-sensitive channels are also ex-

pressed during mammalian development suggests the potential

for temperature-dependent intervention in neural development is

shared among both ectotherms and endotherms. In mammals,

TRPM8 is also expressed embryonically, even before thermo-

regulation is established [72]. Likewise, warm and hot-tempera-

ture-sensitive channels are expressed early in development.
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Specifically, the temperature-sensitive channels TRPV1 and

TRPV2 are expressed in the mouse embryo with the latter de-

tected in both developing dorsal root ganglia neurons as well

as in motor neurons [73]. Work in young postnatal (P0–P3)

mice indicates both TRPM8 and TRPV1 afferent activation mod-

ulates spinal motor networks [74]. Furthermore, TRPV2 channel

activity is important for a cation current that regulates motor

neuron properties in 1-week-old mice [75]. Because expression

of temperature-sensitive ion channels is not restricted to adult

sensory neurons, changes in temperature may have an impact

on neural activity during nervous system development as shown

in this study. Indeed, activation of TRPV4 by a modest increase

in temperature inmouse neonate hippocampal neurons changes

their excitability and maturation [76, 77]. Additionally, in humans,

the risk of autism spectrum disorder in children born to mothers

who experienced febrile episodes during pregnancy is increased

according to several epidemiological studies [78–80] and dimin-

ished by antipyretic medications [80].

We conclude that physiological changes in temperature

modify nervous system development in Xenopus laevis and sug-

gest temperature may potentially impact nervous system devel-

opment in many species, including humans. Overall, this study

supports the idea that the Xenopus laevis nervous system de-

velops to optimize swimming performance to the water temper-

ature experienced during growth. Testing sensorimotor behavior

reveals a significant interaction between the temperature in

which an animal is grown and the temperature at which the

test is performed. Animals reared in warm temperature accel-

erate and swim slower when placed at a cold temperature. How-

ever, cold-grown animals accelerate and swim just as fast at the

cold temperature as the warm-temperature-grown animals

tested at warm temperature. This suggests there is a homeo-

static target toward which the neuromuscular system develops,

so that escape swim speeds reach a certain magnitude in the

temperature matching the growth temperature. Robustness

and stereotypical performance under different temperatures is

apparent in other systems as well, like in the pyloric circuit of

the crab stomatogastric ganglion [81–83] or in Aplysia’s acces-

sory radula closer neuromuscular system [84]. Furthermore,

when cold-temperature detection is disrupted during develop-

ment by knocking down TRPM8 expression, cold-grown animals

no longer maintain this improved swimming performance at the

cold temperature. This indicates TRPM8 expression and subse-

quent cold-temperature detection is required to mediate the

developmental changes, which allow the sensorimotor system

to function optimally in the cold temperature.
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ATATCCAGTTTGAAACCTTTGGAAGAAGAGGAAAGTACATTCGCCT

GTCCCGAGAAACTACTCCTGAAATTCTGTATGAGCTGATGACCAAA

TACTGGCAGCTGAAGACCCCAAACCTTATCATCTCTGTAACAGGA

GGAGCCAAGAACTTCTCCCTGAAGCCACGAATGCGCAAAATCTTC

AGCCGCCTCATTTACATTGCTCAGACCAAAGGAGCCTGGATATTC

ACAGGAGGCACTCACTATGGTCTGATGAAGTACATTGGAGAAGTG

GTCAGGGATAATACTATAAGCCAAAGCTCAGAAGAAAAAGTAATT

GCTATTGGTATTACAGCTTGGGGAATGATCTCCAACCGAGAATCA
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ACCACACTCATTTGATTCTTGTAGACAATGGCACCCATGG

This paper N/A
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This paper N/A

pMO-trpm8 [45] N/A

rNav2aab [5] N/A

hb9-270-luc This paper N/A

hb9-270-CREB_mut-luc This paper N/A

hb9-270-AP1_mut-luc This paper N/A

Software and Algorithms

Imaris Bitplane Version 9.2

NIS Elements Nikon Version 4.20

Prism Graphpad Version 8.02

ImageJ NIH https://imagej.nih.gov/ij/

Other

Bipolar temperature controller Warner Instruments CL-100

Quick Exchange heated/cooled platform Warner Instruments QE-1HC
CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Laura

Borodinsky (lnborodinsky@ucdavis.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Frog embryo and larva growth conditions
Xenopus laevis adult frogs used for obtainingmature oocytes and testes for in vitro fertilization were housed in an animal facility of the

University of California Davis, Sacramento, CA USA and were originally purchased from Nasco. Animal handling and procedures

were approved by the Institutional Animal Care andUseCommittee in accordancewith the AnimalWelfare Act and Policy on Humane

Care and Use of Laboratory Animals, and met USA regulations.

Freshly laid eggs were fertilized in vitro with dissected testis in 10% Marc’s Modified Ringer (MMR) solution (10mM NaCl,

0.2mM KCl, 0.1mM MgSO4, 0.2mMCaCl2, 0.5mM HEPES (pH 7.8), 0.01mM EDTA). Four to five hours post fertilization, cohorts of

age-matched siblings were raised at one of four temperatures corresponding to cold (14.5 or 16�C) or warm (22.5 or 26.5�C) ranges
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for this species, in 10%MMR in Petri dishes placed on a temperature gradient plate or in a cooler or incubator until the stage required

for each experiment. Number of animals used for each experiment was determined by the minimal number necessary to assess sta-

tistical significance based on previous studies in which we performed comparable type of experiments, and through power analysis.

Images of live, stage 40 larvae were collected on a Nikon AZ100 Stereoscope using a 0.5X objective. Larva length and axial muscular

width were measured using NIS Elements software (Nikon). Embryo and larva gender were not determined since it is not a relevant

variable for the current study. Nevertheless, both females and males were evenly included.

METHOD DETAILS

Sensorimotor behavior
Larvae were positioned in the center of a 35-mm dish filled with 10%MMR. The temperature of the dish was regulated during testing

with a bipolar temperature controller (CL-100) and quick exchanged heated/cooled platform (QE-1HC, Warner Instruments). Larvae

were tested at either cold or warm temperature (14.5 or 22.5 ± 0.5�C, respectively). A hand-held mounted eyebrow hair was used to

lightly stroke the larva from the back of the head, along the side until the mid-tail of the resting larva, or until the larva swam away.

Responseswere video recorded at 30Hz. Each larvawas tested at least 20 timeswith at least 5 s rest period between trials. Six larvae

from at least two independent sibling cohorts were tested per treatment group. Stage 37/38 and 40 larva responses were evaluated

by an experimenter blind to the temperature treatment, and categorized by swimming away (swim), flexing to either side (flexion), or

no response as described by Roberts and colleagues [26, 27]. Swimming responses for stage 40 larvae were traced and analyzed

using NIS Elements software (Nikon).

Immunostaining
Stage 35 and 40 larvae were fixed with 4%paraformaldehyde (PFA) in phosphate-buffered saline (PBS, pH 7.4) for 2-3 h at 4�C, incu-
bated in 5% sucrose for 10min, then overnight in 30% sucrose at 4�C and embedded in OCT compound (Tissue-Tek, Thermo Fisher

Scientific). Transverse, 10-mm-thick cryosections were collected over a region 400-800 mmcaudal to the eye. This corresponds to the

region between the 2nd and 4th post-otic vesicle inter-myotome cleft. Cryosections were permeabilized in 0.1% Triton X-100, incu-

bated overnight at 4�Cwith primary antibodies for homeobox gene 9 (HB9, 1:10, Developmental Studies Hybridoma Bank), followed

by 3-h incubation at 23�C with fluorescently-tagged secondary antibodies, and 10-min incubation with DAPI for nuclear staining.

Images were collected using an Olympus IX71 epifluorescent microscope with 20X or 40X air objectives, or Nikon A1 confocal mi-

croscopewith a 40X oil objective. Immunoreactive cells were counted in at least 20 consecutive sections per larva, and from at least 4

larvae per treatment.

Stage 23-26 embryos were fixed in 2.8% trichloroacetic acid, PBS, pH 7.4 for 1.5 h at 23�C, dehydrated in 70%, 90%, and 100%

ethanol (2min each), cleared in SafeClear for 10min, and embedded in paraffin. Transverse, 10-mm-thick sections of spinal cord were

collected. Samples were permeabilized in 0.1%Triton X-100, incubated in 1%BSA blocking solution for 1 h at 4�C, stained overnight

at 4�C with primary antibody for TRPM8-extracellular (1:700-1:3000, Alomone Labs), and NCAM (1:500, Developmental Studies Hy-

bridomaBank), and incubated for 2 h at 23�Cwith secondary antibody. Imageswere collected using a Nikon A1 confocal microscope

with 40X or 60X oil objectives.

Whole mount preparations weremade from stage 40 larvae fixed in 4%PFA for 4 h at 4�C. Skin covering the axial musculature was

removed and larvae were bleached in 1:2 Dent’s fixative/H2O2 overnight at 23
�C. Samples were washed and permeabilized in 0.5%

Triton X-100, stained overnight at 4�C with primary antibody for HNK-1 (1:500, Sigma-Aldrich) and 3A10 (1:300, Developmental

Studies Hybridoma Bank), followed by overnight staining with secondary antibody at 4�C, and finally cleared overnight in benzyl ben-

zoate. Z stack images of the axial musculature were collected between the 3rd-7th stripes of muscle fibers, with the 1st being themost

anterior muscle chevron, on a Nikon C1 confocal microscope using 20x air objective. Measurements of immunoreactive axons were

performed in at least 10 larvae per treatment.

Retrograde labeling of motor neurons
Motor neurons were back filled with Alexa 488-dextran conjugate (Invitrogen). The fluorescent dextran was mixed with a small

volume of distilled water and the viscous paste was loaded into the tip of a thin insect pin. Larvae grown at different temperatures

were anesthetized with 0.1% MS222 and stabbed with the loaded needle through the skin and into the right ventral musculature.

Larvae were kept in anesthetic for 15min followed by washes with 10%MMRwhere they were allowed to recover for 2 h. Then larvae

were anesthetized again and fixed with 2% glutaraldehyde in phosphate buffer for 30 min at room temperature. Fixed samples were

dissected to expose the spinal cord by removing the skin and muscle on the right side. Exposed spinal cords were mounted in Vec-

tashield mounting medium H1200 (Vector Labs) and confocally imaged with a 20X objective with a Nikon C2 microscope. Labeled

cells were counted from at least 10 larvae per treatment.

TUNEL (Terminal deoxynucleotidyl transferase dUTP nick end labeling) assay
Apoptotic cells were labeled using the TUNEL (terminal deoxynucleotidyl transferase dUTP nick end labeling) assay in transverse

sections of stage 40 spinal cord from samples fixed in 4% PFA, phosphate-buffered saline (pH 7.4) for 2 h at 4�C, dehydrated in

70%, then 90%, and finally 100% ethanol (5 min each), cleared in SafeClear for 10 min, and embedded in paraffin for sectioning.

Staining was performed according to the Apoptag-Fluorescein In Situ Apoptosis Detection Kit (Cat # S7110, Millipore). Images
e3 Current Biology 29, 1787–1799.e1–e5, June 3, 2019



were collected using an Olympus IX71 epifluorescent microscope with 40X air objective. Immunoreactive cells were counted in at

least 20 consecutive sections per larva, and from at least 4 larvae per treatment.

Calcium imaging
For assessment of potential acute temperature-dependent changes in Ca2+ spike activity in the embryonic spinal cord, the ventral

surfacewas exposed in stage 22-24 embryos grown at 22.5�C, themost common temperature inwhich embryos are grown in the lab.

Samples were incubated with 0.5 mM Fluo-4 acetoxymethyl ester (Fluo-4-AM, Molecular Probes), cell-permeant Ca2+-sensitive dye,

for 1 h at 23�C. Images were acquired at 0.2 Hz during 1 to 3, 30-min periods, using a Nikon Swept-field confocal microscope. Ca2+

transients were traced with the imaging software NIS Elements (Nikon). Ca2+ spikes were counted when transients reach their peak

within 5 s, and the peak amplitude is more than twice the standard deviation of the noise in fluorescence intensity. Acute changes in

temperature during imaging were implemented with a bipolar temperature controller (CL-100) and quick exchanged heated/cooled

platform (QE-1HC,Warner Instruments) in a randomorder. Ca2+ activity was imaged in ventral spinal cord from at least 3 embryos per

treatment.

For TRPM8 inhibition experiments, samples were incubated with 10 mM N-(3-Aminopropyl)-2-[(3-methylphenyl)methoxy]-N-(2-

thienylmethyl)benzamide hydrochloride (AMTB, Tocris) or 0.1%DMSO (vehicle control) for 20 min prior to imaging. For TRPM8 phar-

macological activation experiments, exposed ventral spinal cord from embryos was loaded with Fluo4-AM and imaged at 1 Hz for

approximately 30 s when 100 mM (-)-menthol (Selleckchem) was bath applied and imaged for another 60 s. Detection of [Ca2+]

changes in response to menthol was done by tracing with the imaging software NIS Elements (Nikon) as described above. Control

experiments consisted in adding 0.05% DMSO (vehicle) instead of (-)-menthol to the same sample.

Manipulation of spontaneous Ca2+ activity
Spontaneous Ca2+ activity in the developing spinal cord was modified using both pharmacological and genetic approaches. For

pharmacological manipulation of spontaneous Ca2+ activity, agarose beads impregnated with 1 mM veratridine (voltage-gated Na+

channel agonist, Sigma) or a cocktail of voltage-gated Ca2+ and Na+ channel blockers (VGCblock; 200 nM calcicludine (Calbiochem),

10 mM u-conotoxin–GVIA, 10 mM flunarizine, and 10 mg/ml tetrodotoxin (Sigma)) were implanted at stage 17-18. For genetic

manipulation of spontaneous Ca2+ activity, rNav2aab (Nav2a, 100 pg rNav2aa and 500 pg rNav2ab mRNA) was bilaterally injected

at the two-cell stage. Embryos were grown at room temperature until stage 35-36 when samples were collected and processed

for immunostainingwith anti-HB9 (Developmental Studies HybridomaBank) as described above in Immunostaining. Immunoreactive

cells were counted in at least 20 consecutive sections per larva, and from at least 4 larvae per treatment.

Luciferase Assay
Using the ECR Browser we found two potential activity-responsive elements (CRE-like and AP1) in the 50 regulatory region of the

human HB9 gene in the conserved M250 region, also known as region B. A wild-type or mutant 270 bp fragment containing these

activity-wild-type or mutated responsive elements, respectively, were sub-cloned and placed directly upstream of a gene coding for

the firefly luciferase. Firefly luciferase constructs along with the normalizing CMV enhancer-controlled renilla luciferase construct

were injected in two-cell stage wild-type and rNav2aab (Nav2a, coinjected with 100 pg rNav2aa and 500 pg rNav2ab mRNA)-over-

expressing embryos. Spinal cords from stage 24 embryos were dissected and incubated with drugs or vehicle for 8 h followed by

processing for luciferase assay reading [85]. Concentrations of drugs used were the following: 1 mM veratridine (voltage-gated Na+

channel agonist, Sigma); VGCblock: 20 nM calcicludine (Calbiochem), 1 mM u-conotoxin–GVIA, 1 mM flunarizine, and 1 mg/mL tetro-

dotoxin (Sigma). Samples were homogenized in 20 mL of passive lysis buffer (Dual-Luciferase Reporter Assay System, Promega).

Firefly and renilla luciferase activities were quantified using a Microbeta Trilux luminescence counter (Perkin-Elmer) after addition

of the LARII and Stop&Glow reagents, respectively (Dual-Luciferase Reporter Assay System, Promega). Firefly/renilla activity ratio

was then calculated for each sample from at least 5 spinal cords per treatment.

RT-PCR
RT-PCR was performed on cDNA synthesized (MMLV Reverse Transcriptase 1st-Strand cDNA Synthesis Kit, Epicenter) from stage

24 or 46 whole animal or spinal cord extracted mRNA (SV Total RNA Isolation System, Promega). Primers were designed to amplify

sequences for Xenopus laevis transient receptor potential cation channel subfamilyMmember 8 (trpm8) and ornithine decarboxylase

(odc, control). Primer sequences: X. laevis TRPM8 forward: GAGGATGTACACTTGCTGCG; reverse: TGCCTCTACTGCCATTTCCA.

X. laevisODC forward: GCCATTGTGAAGACTCTCTCCATT; reverse: ATCCGCTCGGGGGAAACTCC. Samples were run in triplicate.

In situ hybridization
Whole-mount in situ hybridization was performed by using digoxigenin (DIG)-UTP-labeled RNA probe [86, 87] on stage 24 embryos.

750 bp of SacI/ NcoI digestion of RT-PCR product of trpm8was used for the specific anti-sense and sense probes after cloning into

pGEMT-vector and transcribed in vitro. The labeled probes were detected with alkaline phosphatase (AP)-conjugated anti-DIG anti-

body (Fab fragments, Roche) and visualized with the BM-purple AP substrate. At least 5 embryos were processed for anti-sense and

sense probing.
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Western blot assays
Unfertilized eggs, stage 24 embryos or stage 40-41 larvae were snap-frozen for western blot assays. Samples (1-3 replicates per

treatment; 10 eggs per replicate, 8 stage 24 embryos per replicate, or 2 stage 40-41 larvae per replicate) were homogenized on

ice in homogenization buffer (25 mMHEPES (pH 7.4), 5 mM EDTA, protease inhibitors cocktail (Thermo Fisher Scientific) then centri-

fuged for 10min at 16,000 g, and pellet discarded. Supernatant was collected andmixed with 2x protein loading buffer (125mMTris-

HCl, pH 6.8, 4% SDS, 20% (w/v) glycerol, 0.005% Bromophenol Blue) then boiled for 2 min. Lysates were loaded on 8% SDS-page

gel and samples were transferred to PVDF membrane [88]. Immunoblotting was performed overnight with anti-TRPM8 rabbit poly-

clonal affinity-purified antibody (1:500-1:700 in 5%milk) raised against the peptide SDVDGTTYDFAHC, corresponding to the amino

acid residues 917-929 in the 3rd extracellular loop of human TRPM8 (Alomone Labs), which is conserved (11 out of 13 residues) in

Xenopus laevis TRPM8. This was followed by incubation with horseradish peroxidase (HRP)-conjugated secondary antibody (Jack-

son ImmunoResearch; 1:10,000) and visualized usingWestern Lightning Plus-ECL, Enhanced Chemiluminescence Substrate (Perkin

Elmer). For protein loading control, PVDF membranes were stripped in stripping buffer (0.2 M glycine-HCl buffer, pH 2.5, 0.05%

Tween) for 20 min then re-probed overnight with anti-b-tubulin mousemonoclonal antibody (1:50 in 5%milk, Developmental Studies

Hybridoma Bank), followed by HRP-conjugated secondary antibody (Jackson ImmunoResearch; 1:10,000) and visualized as

described above.

TRPM8 knockdown
Embryos were injected at the 2-cell stage with 2.5-5 pmol of a splicing-blocking morpholino oligonucleotide targeting exon2-intron-

exon3 of Xenopus laevis trpm8 pre-mRNA (TRPM8-sbMO), two non-overlapping xlTRPM8 translation-blocking morpholino (TRPM8-

tbMO1 and 2) or standard control morpholino (Control-MO, Gene Tools, LLC). TRPM8-sbMO: 50-TGACCCTCTATGTGCCTTAC

TATCT-30. Primer sequences for detecting TRPM8 knockdown: forward: 50-ACAAAGGGTGTCAGCAGTGT-30; reverse: 50-CTCC
GGTGACCTGGGATCTT-30. TRPM8-tbMO1: 50-ATGGTCTGACAGTCATTGTAAAGCT-30. TRPM8-tbMO2: 50-CTGCTGACACCCTTT

GTATCTCTAA-30. Control-MO: 50-CCTCTTACCTCAGTTACAATTTATA-30. Four to five h post-injection, embryos were grown at cold

(16�C and not 14.5�C to avoid morpholino binding to non-specific mRNA [89]) or warm (22.5�C) temperature until the stage required

for each experiment.

Efficiency of knockdown was assessed by RT-PCR or western blot assays (repeated 3x for each tbMO) when embryos were in-

jected with TRPM8-sbMO or TRPM8-tbMO, respectively. Overall gross development of TRPM8-MO-injected embryos was compa-

rable to Control-MO-injected siblings, albeit slightly delayed. Nevertheless, developmental stages used for each assay were always

equalized between control and experimental samples.

Transverse sections of stage 40 spinal cord from TRPM8-sbMO andControl-MO larvae were fixed in 4%PFA, phosphate-buffered

saline (pH 7.4) for 2 h at 4�C, dehydrated in 70%, then 90%, and finally 100% ethanol (5 min each), cleared in SafeClear for 10 min,

and embedded in paraffin for sectioning. Sections were immunostained with anti-HB9 (Developmental Studies Hybridoma Bank) and

imaged as described above in Immunostaining. Immunoreactive cells were counted in at least 20 consecutive sections per larva, and

from 5 larvae per treatment.

TRPM8 overexpression
Xenopus laevis trpm8 mRNA was in vitro transcribed (mMessage mMachine T7 kit, Ambion/Thermo Fisher Scientific) from the line-

arized cDNA template obtained from the construct pMO-trpm8, generous gift from the Julius lab [45]. Five hundred pg of trpm8

mRNA were injected per blastomere in 2-cell stage embryos. Bilaterally injected stage 26 embryos were processed for western

blot assays and unilaterally injected embryos for frozen transverse section immunostaining followed by confocal imaging as

described above.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis
Statistical tests were performed with GraphPad Prism statistical software (Version 8.0.2). Sample sizes were determined based on

previous studies [4, 5, 85, 88] and through power analysis, and indicated for each experiment in figure legends. Datasets were eval-

uated for normality using the Shapiro-Wilk test. For normally distributed data, mean ± SEM are reported, and datasets compared

using two-tailed unpaired or paired t tests, 1-way ANOVA, 2-way ANOVA, or repeated-measures mixed-effects analysis with post

hoc Tukey test depending on experimental design. For non-normally distributed data, geometric means are reported, and datasets

were either transformed for statistical comparison or compared using Wilcoxon matched-pairs signed rank test, Kolmogorov-

Smirnov two-tailed test, or Kruskal-Wallis test with Dunn’s multiple comparison depending on experimental design. Statistical tests

used for each experiment are indicated in corresponding figure legends. Differences were considered significant when p < 0.05.
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Figure S1. Xenopus laevis larvae follow the Temperature-Size Rule. Related to Figure 2. 
Larvae were raised in cold (14.5°C) or warm (22.5 and 26.5°C) temperatures until stage 40.
(A) Representative bright field images of larvae grown in different temperatures. Scale bar, 1 
mm. Graph shows anteroposterior larva length per growth temperature, mean±SEM, n=43-54 
larvae per condition, ****p<0.0001, 1-way ANOVA, post-hoc Tukey test.
(B) Immunostaining with HNK-1 (membrane glycoprotein) antibody of axons in whole mount 
larvae. Dashed rectangle indicates region imaged. D= Dorsal, V= Ventral; scale bar, 50 µm; blue 
lines indicate the distance measured between bundles of HNK-1-labeled axons. Graph shows 
distance between HNK-1+ bundles, mean±SEM, n=5 larvae per condition, *p<0.05, ***p<0.001 
for 14.5 compared to 26.5°C, 1-way ANOVA, post-hoc Tukey test.
(C) Graph shows width of axial musculature at the proctoderm, mean±SEM, N≥5 independent 
cohorts of larvae, n>20 larvae per condition per cohort, ****p<0.0001, 1-way ANOVA, post-hoc 
Tukey test.
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Figure S2. Validity of TRPM8 antibody and Ca2+ spike frequency dependence on TRPM8 in the ventral embryonic spinal cord. Relat-
ed to Figure 4.
(A-B, D-E) Two-cell stage embryos were bilaterally (A,D) or unilaterally (B,E) injected with 2.5 pmol TRPM8-tbMO2 (A), TRPM8-
tbMO1 (D,E) or Control-MO (A,D), or with 500 pg trpm8 mRNA (A,B) and allowed to develop at room temperature (22.5°C). 
(A,D) Stage 40 larva (A) or stage 24-26 embryos (A,D) were collected for Western blot assays. Shown are representative examples of 
one of 3 independent experiments. β-tubulin was used as a loading control.
(B) Immunostained transverse section of stage 26 spinal cord (outlined). D: dorsal, V: ventral; scale bar 20 μm. DAPI used as counter-
staining.
(C) Ca2+ imaging of the ventral spinal cord from stage 24 embryos was done in the same sample for 30-min intervals at 14.5°C and
26.5°C in the absence (vehicle, 0.1% DMSO) or presence of 10 μM AMTB, TRPM8 inhibitor. Scattered graph shows Ca2+ spike frequency
in individual spinal neurons and geometric mean (black lines) at both temperatures from N=3 embryos per condition (n of neurons
analyzed: 14.5°C DMSO, 77; 26.5°C DMSO, 65; 14.5°C AMTB, 76; 26.5°C AMTB, 102), ****p<0.0001, **p<0.01, comparison within
treatments Wilcoxon matched-pairs signed rank, two-tailed test; comparison between treatments Kruskal-Wallis test, Dunn’s multiple
comparisons.
(E) Ca2+ imaging of the ventral spinal cord from stage 24 embryos was done in the same sample for 30-min intervals at 14.5°C and
26.5°C. Scatter plots show changes in Ca2+ spike frequency (f) for the same ventral neuron and mean (black lines) at pairs of tempera-
ture in wild-type (WT) and TRPM8-tbMO1 containing cells from N=3 ventral spinal cords (n of neurons analyzed: WT, 30; TRPM8-tb-
MO1, 43). Teal circles represent neurons with higher spike frequency at 14.5°C, magenta circles represent neurons with higher spike
frequency at 26.5°C, black circles represent neurons with no change in spike frequency across temperatures, ***p<0.001, *p<0.05, ns:
not significant, comparison within treatments two-tailed paired t-test; comparison between treatments two-tailed unpaired t-test.
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Figure S3. Full size gels. Selections presented in Figure 4A,C,G and Figure S2A,D.
Dashed rectangles indicate sections used in figures. Procedures are indicated in Methods and Figure Legends.
(A-C) RT-PCR for trpm8 (A-C) and odc (C). Presented in Figure 4A (A,B) and 4G (C). +/-RT: presence or absence of reverse transcriptase, respectively.
(D-H) Western blot assays for TRPM8 and β-tubulin (as loading control). Presented in Figure 4C (D,E,G), Figure S2A (F,H) and Figure S2D (D). Bar 
graphs represent relative optical density (O.D.) measured with Image J (Gels analysis tool) of band between 100 and 150 kDa for membranes probed 
with anti-TRPM8 and band between 50 and 60 kDa for membranes probed with anti-β-tubulin. Dashed lines in graphs indicate 100% O.D.
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