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Understanding the physiological mechanisms that limit animal thermal tolerance is
crucial in predicting how animals will respond to increasingly severe heat waves. Despite
their importance for understanding climate change impacts, these mechanisms underlying
the upper thermal tolerance limits of animals are largely unknown. It has been hypothe-
sized that the upper thermal tolerance in fish is limited by the thermal tolerance of the
brain and is ultimately caused by a global brain depolarization. In this study, we
developed methods for measuring the upper thermal limit (CT,,,,) in larval zebrafish
(Danio rerio) with simultaneous recordings of brain activity using GCaMP6s calcium
imaging in both free-swimming and agar-embedded fish. We discovered that during
warming, CT,,,, precedes, and is therefore not caused by, a global brain depolarization.
Instead, the CT,,,, coincides with a decline in spontaneous neural activity and a loss of
neural response to visual stimuli. By manipulating water oxygen levels both up and
down, we found that oxygen availability during heating affects locomotor-related neural
activity, the neural response to visual stimuli, and CT,,,. Our results suggest that the
mechanism limiting the upper thermal tolerance in zebrafish larvae is insufficient oxygen
availability causing impaired brain function.

heat stress | spreading depolarization | CTmax | thermal limit | calcium imaging

Heat waves are becoming more frequent and severe as climate change progresses (1, 2).
Ectothermic animals might be particularly vulnerable to extreme heat, as their biological
rates are directly affected by the ambient temperature (3—5). The range of temperatures an
ectotherm can tolerate is bounded at the upper end by an upper thermal limit. During
gradual heating, the critical thermal maximum (CT,,,,), that is, the temperature at which
their locomotor function is lost and their movement becomes disorganized, is commonly
used to describe the upper thermal limit (6-8). The thermal tolerance limits of aquatic
ectotherms correlate with the water temperature in geographical distributions (9), suggest-
ing that limits in thermal tolerance partly determine distribution ranges. Furthermore,
rapid water warming during heat waves can cause mass mortality in fishes (10). Knowledge
of the physiological dysfunction that limits thermal tolerance is therefore an important part
of understanding how ectotherms may respond to increasingly warmer temperatures and
in predicting ecosystem impacts. Several hypotheses about the limitations of thermal
tolerance have been proposed, but the causes of thermal limits remain debated (11-14).
Oxygen limitations have long been a focus in studies of thermal tolerance (15). The
oxygen- and capacity-limited thermal tolerance (OCLTT) hypothesis suggests that the
cardiorespiratory system in ectotherms is unable to compensate for the temperature-
induced increase in oxygen requirement, leading to tissue hypoxia and thus setting the
limits for thermal tolerance (16-18). A mismatch between oxygen delivery and the
increasing oxygen demand at high temperatures or near upper thermal limits has been
reported in invertebrates and fishes (19-22), while sufficient cardiorespiratory supply
of oxygen is maintained in a number of other ectotherms (23, 24). In addition,
experimental manipulation of oxygen availability during heat stress often fails to affect
thermal tolerance (25). These contrasting results from a considerable amount of
literature suggest that the OCLTT hypothesis can only partly explain thermal tolerance
limits and that these oxygen effects on thermal tolerance is species and context
dependent (12, 18, 24, 26, 27). Finally, the OCLTT hypothesis does not specify which
physiological or cellular mechanisms fail as a result of insufficient oxygen supply (26).
Another major hypothesis about limits of upper thermal tolerance is based on
temperature-induced neural dysfunction (28). Neural control of locomotion is a heat-
sensitive physiological mechanism that may become disrupted at high temperatures and
lead to impaired locomotion at CT,,,,. Temperature-induced neural dysfunction (i.e.,
altered neural activity) could consequently underlie upper thermal tolerance limits, either
via direct thermal effects on neurons (11, 12) or via indirect thermal effects from oxygen
limitation (20). Examples of severe heat-induced neural dysfunctions include spreading
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depolarizations in the brain of fruit flies (29), loss of rhythmic
neural activity in the digestive system of the Jonah crab (30),
and thermogenic seizures in vertebrates (31-33). However, few
studies have directly investigated how neural dysfunction
relates to measurements of thermal tolerance. In fruit flies,
spreading depolarizations measured in restrained flies occur at
similar temperatures as a heat-induced coma in freely moving
conspecifics (29). Similarly, local heating of the cerebellum
caused goldfish to lose equilibrium at similar temperatures as
during warming of the whole animal (11), and a study on
Atlantic cod found that cooling the brain marginally increased
CT a suggesting a causal link between brain function and
thermal tolerance (12). It has also been shown that the electri-
cal properties of brain and myocardial cells are affected by heat,
potentially causing the failure of multiple tissues at high tem-
peratures (14).

The relative importance of direct thermal effects on neural
function and oxygen effects has been subject to considerable
discussion in the literature on thermal limits (12, 26, 34-36).
The investigation of thermal limits in neural function has been
hindered by technical challenges. For example, it has not been
possible to record brain activity and measure CT,,, simulta-
neously during acute warming in freely moving animals.

In this study, we solved that challenge through a series of
five heat-ramping experiments on transparent larval zebrafish
(Danio rerio) expressing a genetically encoded calcium indicator
in neurons throughout the brain (37). This allowed simulta-
neous recording of neural activity, CT\,,, and cardiac activity,
and allowed us to study effects of oxygen availability during
heat ramping. We tested three main predictions: 1) if neural
dysfunction in the brain limits thermal tolerance, a neural dys-
function should coincide with, CT,,,; 2) a seizure or global
spreading depolarization is the neural mechanism that causes
CTas 3) neural dysfunction is caused by oxygen limitation,
and water oxygen manipulation similarly affects both neural
function and CT,, ..

RESULTS

CTmax Is Similar in Larval and Adult Zebrafish. In experiment 1,
we established a protocol for measuring CT . in 5-d-old zebra-
fish larvae. Activity was recorded in freely swimming larvae in a
custom-designed glass heating mantle placed under a camera (Fig. 1

A B

Camera

A and B). The larvae were either exposed to a water temperature
increasing from 28°C at a rate of 0.3°C/min (hereafter, “heat-
ramp fish”; 7z = 12) or maintained at 28 °C (control fish, 7 = 14).

To establish a protocol for measuring larval CT,,,, we
examined how the following activity measures were affected
during heat ramping compared with control trials: swimming
speed (S Appendix, Fig. S1A4), spiral swimming (S/ Appendix,
Fig. S1 B and C and Movie S1), loss of equilibrium (87
Appendix, Fig. S1 Cand D and Movie §2), and loss of response
(i.e., no escape to repeated touches to the trunk) (S7 Appendix,
Fig. S1E and Methods). There was no difference in swimming
speed between control and heat-ramp fish throughout the assay
(S Appendix, Table S1). Spiral swimming, loss of equilibrium
and loss of response occurred toward the end of the assay in
heat-ramp fish (87 Appendix, Fig. S1C) and were significantly
more prevalent than in control fish (87 Appendix, Fig. S1B, D
and £ and Tables S2 and S3). Yet, spiral swimming was not
systematically observed in heat-ramp fish, and loss of equilib-
rium was relatively unspecific, as it also occurred in control fish
held at normal temperature. On the other hand, all heat-ramp
fish eventually became unresponsive to repeated trunk stimula-
tion (loss of response), and all control fish maintained a func-
tional escape response throughout the assay (S/ Appendix, Fig.
S1E). We concluded that loss of response was a systematic and
specific measure of loss of function during warming and
therefore a suitable end point for determining larval CT .

Using the loss of response as the end point for CT,,,,,, we found
that 5-d-old heat-ramp fish reached CT ., at 41.4 & 0.1 °C (Fig.
10). We repeated the experiment with 9-d-old fish (» = 12) and
found that they reached CT,,,, at similar temperatures (41.3 =+
0.2°C; 5 d postfertilization [dpf]: 9 dpf: P = 0.7 (S] Appendix,
Table S3). This indicates that the loss-of-response criterion is stable
during larval development (Fig. 1C). Furthermore, adult zebrafish
(n = 15) tested using the loss-of-equilibrium protocol (8) reached
CT pax at similar temperatures (41.0 = 0.1°C) as those of larvae
(5 dpf: adult: 2= 0.07; 9 dpf: adult: P = 0.2) (Fig. 10).

Warming Causes Neural Dysfunctions Near the Upper Thermal
Limit. Neurons operate best within a certain thermal range (30,
38, 39). Therefore, we hypothesized that neural dysfunction
could explain the heat-induced locomotor impairments and
loss of response that we observed at the upper thermal limit of

the fish (Fig. 1Cand SI Appendix, Fig. S1E). To measure neural
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Fig. 1. The upper thermal limit in freely swimming zebrafish larvae and adults. (A and B) Schematic figure (A) and photo with top view (B) of the
experimental setup for CTmax measurement in freely swimming zebrafish larvae. (B) Larva initial position is indicated by a yellow, filled arrowhead and the
trajectory is represented in yellow during the following 30 s. The dashed black circle indicates the walls of the central chamber. The white arrowhead
indicates the position of a thermocouple. The white asterisk indicates the tube for bubbling. (C) CTax (temperature at loss of response for 5 and 9 d post-
fertilization [dpf] and loss of equilibrium for adults; see Methods) in 5-d-old (n = 12; black circles), 9-d-old (n = 12; dark gray circles), and adult fish (n = 15;
light gray circles) (S/ Appendix, Table S3). The bars and error bars indicate the group mean =+ SE.
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activity during heat ramping, 5-d-old larvae expressing the cal-
cium indicator GCaMP6s in most neurons throughout the
brain were mounted in agarose (restrained) in the heating man-
tle and placed under an epifluorescence microscope, in experi-
ment 2 (Fig. 2 Aand B).

Prominent neural activity could be observed in the medulla
of both heat-ramp (7 = 11) and control (z = 8) fish (Fig. 2 C
and D), which was quantified by calculating the frequency of
detected calcium peaks (Fig. 2F). These calcium peaks likely
correspond to attempted tail beats, as reported in previous
studies (40, 41). Medullar activity remained stable at 1.6 + 0.1
peaks/min in the control fish (time: P = 0.4; time%: P = 0.3)
(Fig. 2 C and F and SI Appendix, Table S4). Conversely, in
heat-ramp fish, the medullar activity more than doubled with
temperature, and reached 3.6 + 0.4 peaks/min prior to a sharp
decline below control levels before a large seizure-like brain-
wide depolarization occurred (time X heat ramp: P < 0.001;
time® X heat ramp: P < 0.001) (Fig. 2 D and F, SI Appendix,
Table S4). Plotting medullar activity across temperature con-
firmed this pattern (S7 Appendix, Fig. S2A), with a strong decrease

C 1207 control

A Epifluorescence

in medullar activity compared with the control, occurring at 39
to 41 °C.

During the massive depolarization in heat-ramp fish, the
telencephalon and the medulla, which were otherwise weakly
coactive (Fig. 2 Cand D), both displayed a prominent increase in
neural activity (Fig. 2D). The temporal aspect of the spreading
depolarization is illustrated in a laterally mounted fish in Fig. 2F
and Movie S3: it spread relatively slowly and reached the dorsal
brain regions 10 to 12 s after the onset in the ventral diencepha-
lon. The heat-induced, brain-wide depolarizations started at
40.5 + 0.4°C in agar-embedded fish (Fig. 2G), which is close to
the CT .« temperature recorded in freely swimming, age-matched
fish in experiment 1 (41.4 + 0.1 °C) (Fig. 1) Upon detection of
the brain-wide depolarization, the water temperature was rapidly
decreased to 28 °C and brain activity recovered 10 to 15 min after
the brain-wide depolarization (Fig. 2D).

Together, the results of this second experiment show that
several heat-induced neural dysfunctions occur near the upper
thermal limit of zebrafish larvae. First, neural activity in loco-
motor brain centers is strongly reduced. Second, a substantial
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Fig. 2. Embedded zebrafish larvae develop brain-wide depolarizations near the upper thermal limit. (A and B) Schematic overview (A) and image (B) of the

experimental setup for whole-brain neural activity measurement in agar-embedded, 5-d-old Tg(elavi3:GCaMP6s) zebrafish larva. (B) Raw fluorescence image
of the larva brain highlighting the telencephalon (dashed green lines) and medulla (dashed magenta lines). A, anterior; L, lateral. (C and D) Change in
fluorescence (% AF/Fy; left y-axis) in the telencephalon and medulla of a representative control larva (C) and a representative heat-ramp larva (D). The water
temperature (gray) was maintained at 28 °C throughout the recording (right y-axis in C) for the control fish and was increased during a heat-ramp treatment
(0.3°C/min) until a brain-wide depolarization was detected and then rapidly adjusted to 28°C until the end of the recording (right y-axis in D). Note the
return to holding temperature in heat-ramp fish and recovery of normal brain activity and calcium peaks 10 to 15 min after the brain-wide depolarization in
D. (E) Heat map illustrating the temporal spread of the depolarization throughout the brain in a representative heat-ramp fish mounted laterally (Methods).
D, dorsal. (F) Frequency of medulla calcium peaks in heat-ramp fish (n = 11; magenta line) during the 50 min preceding the brain-wide depolarization and
during the corresponding period in control fish (n = 8; magenta dashed line) (S/ Appendix, Table S4). The depolarization onset in heat-ramp fish is indicated
by a dashed vertical line. (G) Temperature at depolarization onset in heat-ramp fish (n = 11). (F and G) Data are presented with mean (solid line) and SE
(shaded area) in (F) and with a bar and error bars in (G).
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Fig. 3. CTnmax precedes the brain-wide depolarization in freely swimming zebrafish larvae. (A) Schematic overview of the experimental setup for calcium
imaging in freely swimming, 5-d-old Tg(elavIi3:GCaMPé6s) zebrafish larvae. (B) Top view of setup with color-coded time projection of a heat-ramp fish's
movements in the setup for 3 min (34 to 35°C). (C) Representative images of brain fluorescence in the same fish as in B, before (Left) and during (Right) the
brain-wide depolarization. (D) CTmax and depolarization-onset temperatures measured in heat-ramp fish (black circles; n = 7) (S/ Appendix, Table S5). The

bars and error bars indicate the mean and SE.

wave of depolarization propagates throughout the brain at tem-
peratures close to the upper thermal limit of freely swimming
conspecifics.

CTmax Precedes the Brain-Wide Depolarization. To test whether
a brain dysfunction (e.g., the observed global depolarization) limits
thermal tolerance, we sought to establish the relative timing of
CT o and the heat-induced neural dysfunctions observed in
experiment 2. To do so, we simultaneously measured CT,,,,, and
neural activity in freely swimming zebrafish during a heat ramp
using epifluorescence imaging in experiment 3 (Fig. 3 A4 and B).
CTax (40.9 + 0.2°C) preceded the brain-wide depolarization
(414 + 0.2°C) (Fig. 30) in all individuals, by 0.5 °C on average
(P = 0.004) (Fig. 3D and SI Appendix, Table S5). These results
from freely swimming fish show that brain-wide depolarizations
were not an artifact due to agarose embedding (Fig. 2). We
concluded that CT\,, is not preceded by the brain-wide depola-
rization but instead occurs during the period of reduced
medulla activity.

Cardiac Function Is Reduced Prior to the Brain-Wide
Depolarization. Next, we sought to test whether the activity of
the heart, which contains excitable cells like the neural tissue,
would also be altered at high temperatures. To test this
hypothesis, we simultaneously measured neural activity and
heart rate in larvae embedded laterally in experiment 4 (Fig. 4
A and B). The neural activity in the medulla displayed similar
dynamics as in experiment 2, with an increase from 28 to
34°C and a decrease at 37 °C (SI Appendix, Fig. S2B). The
heart rate increased with a Qi value (i.e., the rate of change
with a 10°C increase in temperature) of 1.5 (from 4.4 =+
0.1 Hz to 5.7 + 0.1 Hz) between 28 and 34 °C (P < 0.001)
(Fig. 4C and SI Appendix, Table S6). From 34 to 37 °C, the
heart rate decreased (Q;9 = 0.6) to 4.7 + 0.2 Hz (P < 0.001),
after which it remained stable in the period prior to the brain-
wide depolarization (P = 0.6) (Fig. 4C). The heart rate also
remained unchanged during the brain-wide depolarization

(Fig. 4 D and E).
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Altogether, no abrupt failure in cardiac activity (e.g., cardiac
arrest) was detected during the period prior to the brain-wide
depolarization, when CT,,, occurs. Yet, after an initial increase
in heart rate with temperature, the heart rate dropped under fur-
ther heating. This could be due to similar mechanisms that cause
the reduction in neural activity prior to CT . (SI Appendix,
Fig. S2). Furthermore, this decrease in heart rate before CT .
could result in insufficient oxygen and metabolic supply to tis-
sues including the brain, if the cardiac function does not match
the increased metabolic requirements at high temperatures.

Oxygen Availability Affects Neural Function and CTn.x. In
experiment 5, we tested the effect of oxygen availability on
thermal tolerance by exposing freely swimming larvae to a
water oxygen level of either 60% (hypoxic), 100% (normoxic),
or 150% (hyperoxic) air-saturated water. CT,,,, occurred at
39.1 + 0.1°C in the hypoxia treatment (7 = 24), 0.5 °C lower
than in normoxia (39.6 + 0.1 °C; » = 28; P = 0.007) (Fig. 54,
SI Appendix, Table S7). Conversely, CT ,,, occurred at 40.1 +
0.2°C in the hyperoxia treatment (72 = 21), 0.5 °C higher than
in normoxia (P = 0.025). This indicates that oxygen availability
affects thermal tolerance in larval zebrafish.

To test the effect of oxygen availability on neural activity, we
also applied the same treatments (60%, 100%, and 150% air-
saturated water) to agar-embedded larvae placed under an epifluor-
escence microscope. The brain-wide depolarization occurred at
40.2 + 0.3 °C in normoxia (7 = 12) and occurred at 2.5 °C lower
in hypoxia (37.7 £ 0.5°C; n = 14; P < 0.001) (Fig. 5B and S/
Appendix, Table S8). Conversely, the hyperoxia treatment (7 = 14)
increased the depolarization temperature by 1.3 °C compared with
normoxia (41.5 + 0.2°C; P = 0.003). Oxygen level did not
change the amplitude of the brain-wide depolarization (hypoxia:
normoxia: P = 0.3; normoxia: hyperoxia: P = 0.5); however, the
oxygen limitation significanty prolonged the recovery time after the
depolarization (hypoxia: normoxia: P < 0.001; normoxia: hyper-
oxia: P = 0.1) (8] Appendix, Fig. S3 A-C and Table S8). These
results indicate that oxygen availability strongly influences the onset
of the heat-induced brain-wide depolarization in larval zebrafish.
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Fig. 4. Heart rate before and during the brain-wide depolarization in embedded zebrafish larvae. (A, Top) Representative example of simultaneous
neural-activity and heart-rate imaging in a 5-d-old Tg(elavi3:GCaMPés) zebrafish larva embedded laterally in agar, using epifluorescence microscopy. The
brain is outlined with black dashed lines and the heart with a dashed gray square. (Bottom) The heart region (dashed yellow line) is shown in inverted
greyscale (A, anterior; D, dorsal) during a cardiac cycle. (B; Top) Change in brain fluorescence (%AF/Fo) in the same fish as in A, at 31 °C. Changes in brain fluo-
rescence are indicated by gray arrows. (Bottom) Change in luminosity within a region of interest in the heart during the same period, which is used to calcu-
late the heart rate. (C) Average heart rate in embedded heat-ramp fish (n = 9). The x-axis shows ranges of 1°C elevation during which the heart rate was
measured. The fifth temperature category (brain depolarization) corresponds to heart rate during the 60 s before and the 30 s after peak brain
depolarization. The sixth category corresponds to heart rate after fish were rapidly returned to holding temperature. Horizontal bars and error bars indicate
the mean and SE. The colored lines represent individual fish (S/ Appendix, Table S6). (D and E) Change in neural activity (D) and heart rate (E) during the
brain-wide depolarization (same period as brain depolarization in C). Gray lines represent individual fish and the thick black line represents the mean. All
traces are aligned with respect to the peak fluorescence (vertical dashed line).

To further examine the effect of oxygen availability on neural ~ The results can be explained by a causal link between heat-

activity, we compared the frequency of calcium peaks in the  impaired neural function and CT,,,,, whereby neural dysfunctions
medulla (Fig. 5C) between the different oxygen treatments. In at the upper thermal limit culminates in the larvae’s loss of
all groups, the medullar activity sharply decreased in the  response. An alternative explanation could be that neural function
minutes prior to the brain-wide depolarization (SI Appendix, s preserved at high temperatures under low oxygen conditions,
Fig. S3D), in line with our previous results (Fig. 2F). Neural but that the decreased neural activity in locomotor centers instead
activity in the medulla increased until 36 °C (Q;¢ = 1.8) in the  results from less frequent swimming attempts.

normoxia treatment (7 = 10), reaching a maximum frequency To discriminate between those two mechanisms, and to test
of 2.5 + 0.4 peaks/min. The frequency of calcium peaks  whether neural responsiveness is affected at high temperatures and
increased at a higher rate in the hyperoxia treatment (Q;o =  covary with thermal limits, we measured light-evoked responses in
1.9; n = 11) and reached a higher maximum frequency the optic tectum of the same fish used in experiment 5 during
of 3.3 + 0.3 peaks/min at 37°C. In the hypoxia treatment heating (Figs. 5 Band 6 A and B). The amplitude of light-evoked
(n = 12), contrarily, the frequency decreased with temperature ~ responses decreased with increasing temperature in all treatments

from the start of the trial at an accelerating rate (Q,¢ at 28 to (SI Appendix, Fig. S4 A and B). To compensate for interindividual
34°C = 0.8; Qo at 34 to 38°C = 0.02) (Fig. 5D and S/  variation in the light-evoked neural activity, we categorized the
Appendix, Table S9). This demonstrates that increased oxygen  individual response to the light flashes as response or no response
availability preserved neural activity in the locomotor center  (Methods, Fig. 6C, and SI Appendix, Fig. S4C). In normoxia

and that oxygen limitation reduced locomotor-related brain (n = 11), the optic tectum responses were initially recorded to
activity near the upper thermal limit of the fish larvae. 31% of the light flashes until 31 °C, after which the responsive-

Decreased or increased oxygen availability during heat ramping  ness gradually decreased with further heating (Fig. 6C). In hypoxia
resulted in depressed or improved neural activity in the medulla (n = 14), the proportion of neural responses decreased from 33%
and decreased or increased thermal limits, respectively (Fig. 5). from the start of the heat ramp. The hyperoxic treatment
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Fig. 5. Oxygen availability affects both CTmnax and onsets of neural dysfunctions. (A) Effect of oxygen availability on CTmax measured in freely swimming fish
(setup illustrated in Left panel) during heat ramping with water oxygen level of 60% (hypoxia; magenta circles; n = 24), 100% (normoxia; black circles; n = 28), or
150% (hyperoxia; cyan circles; n = 21) of air-saturated water (S/ Appendix, Table S7). (B) Brain-wide depolarization-onset temperatures measured in agar-
embedded, Tg(elavi3:GCaMP6s) 5-d-old fish (setup illustrated in Left panel) during heat ramping in hypoxia (n = 14), normoxia (n = 12), and hyperoxia (n = 14)
(SI Appendix, Table S8). It is important to bear in mind that CTnax (A) and neural (B) data were collected in freely swimming versus embedded larvae, respectively,
and that direct comparisons of these temperatures should be interpreted with caution. (C) Image outlining the medulla where the frequency of calcium peaks
was measured. A, anterior; L, lateral. (D) Frequency of medulla calcium peaks during heat ramping in hypoxia (n = 12), normoxia (n = 10), and hyperoxia (n = 11)
(S Appendix, Table S9). (A, B, D). Results for hypoxia (60%; magenta), normoxia (100%; black), and hyperoxia (150%; cyan) are presented with mean and SE (A and

B: bars and error bars; D: solid lines and shaded area). Temp, temperature.

(n = 13) increased the resilience of sensory response to heating by
5°C, as a responsiveness of 36% was maintained up to 36°C
before it decreased with further heating (S Appendix, Table S10).

Altogether, these results show that normal neural function is
reduced during heating before CT\,,y, during the period when
freely moving larvae experience locomotor impairments (S/
Appendix, Fig. S1C). Moreover, oxygen availability modulated
neural activity, the onset of a brain-wide depolarization, and
CT pmax suggesting that an oxygen- and heat-induced brain dys-
function sets the thermal limit of larvae zebrafish.

DISCUSSION

A massive, heat-induced, seizure-like global depolarization arose
in the larval brain at similar temperatures as CT,,,, occurred in
freely swimming fish. These brain depolarizations were four to
five times the magnitude of medulla locomotor calcium peaks
and lasted considerably longer (Fig. 2). This abnormally high
neural activity in response to heat stress is reminiscent of heat-
induced seizures (31-33) and of heat-induced spreading depolari-
zations (29), which are slow propagating waves of neuron and
glial cells’ depolarization (42). The temporal dynamic of the
events measured here is characteristic of the latter. First, the depo-
larizations spread slowly across the brain (Fig. 2F) at a speed
consistent with that reported for spreading depolarizations [2 to
9 mm/min (42, 43)] and slower than occurs with seizures
(44, 45). Second, the long postdepolarization recovery time with
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lowered neural activity (Fig. 2D) is consistent with that seen after
spreading depolarizations (42, 46). Overall, the temperatures at
which the brain-wide depolarizations occurred, as well as their
transient nature, made it a plausible event to explain the revers-
ible unresponsive behavioral state that we observed at CT 4y

If upper thermal tolerance in zebrafish larvae is caused by a
global depolarization shutting down central nervous system
function, the depolarization should coincide with CT,,,, mea-
sured in the same individual. Surprisingly, freely swimming lar-
val zebrafish reached CT,,,, before they developed a brain-wide
depolarization. This is in contrast with findings of a series of
studies on insects in which measures of upper thermal tolerance
matched the onset of spreading depolarization in the central
nervous system (29, 47). In these studies, upper thermal limits
and spreading depolarization onsets were measured in separate
individuals—freely moving flies and central nervous system
preparations, respectively. Using an approach similar to that in
experiments 1 and 2, we also found overlapping temperature
ranges for CT,,,, and brain-wide depolarization onset. Only
when measuring both parameters simultaneously in the same
individuals could we resolve the consistent difference between
these consecutive events (Fig. 3D) and determine that CT
precedes the depolarization by half a degree, leading us to the
conclusion that brain-wide depolarization is not the cause of
CT .y in larval zebrafish.

As the brain-wide depolarization occurred after CT\,,,, we
investigated if neural activity was altered in the period leading
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Fig. 6. Oxygen availability affects the sensory-response resilience to heating. (A) Mean fluorescence image of the brain (dashed gray line) of an agar-embedded,
Tg(elavI3:GCaMP6s) 5-d-old fish under an epifluorescence microscope (same setup as in Fig. 5B). A, anterior; L, lateral. (B) Representative light response to a
red-light flash specifically activating the optic tecti in the same fish as in A. (C) Percentage of responses to light flashes in the optic tectum during heat ramping
with water oxygen level of 60% (hypoxia; magenta circles; n = 14), 100% (normoxia; black circles; n = 11), or 150% (hyperoxia; cyan circles; n = 13) of air-saturated

water (Methods) (S Appendix, Table S10). Temp, temperature.

to the depolarization. We found that neural activity was
strongly reduced in locomotor brain regions during the warm-
est minutes preceding the depolarization (Figs. 2 Fand 5D and
SI Appendix, Fig. S3 D). Additionally, the neural responsiveness
to light stimuli decreased during heating (Fig. 6C). As both the
spontaneous brain activity and the brain response to visual
stimulation declined toward the upper thermal limit tempera-
tures, we suggest that gradual brain dysfunction, rather than
spreading depolarization, is the cause for CT .

While these results point to progressively deteriorating brain
function causing CT,,,,, they are insufficient to determine if
the physiological mechanism is through direct thermal effects
on neurons or if the impact is mediated by insufficient brain
tissue oxygenation. Therefore, we manipulated oxygen water
concentrations to test if oxygen availability alters CT ., and
neural function. We found that hyperoxia (150% air satura-
tion) increased both CT,,,, and neural thermal resilience dur-
ing heat ramping compared with hypoxia (60%) and normoxia
(100%). Neural activity in the locomotor brain center and
optic tectum response to visual stimuli were more resilient to
high temperature in hyperoxia than in hypoxia and normoxia,
demonstrating that the thermal impact on the brain is mediated
through tissue oxygenation. Furthermore, similar to the earlier
measurements in normoxia, neural activity was largely silenced
in the medulla during the very last minutes preceding the brain
depolarization, when fish reach their upper thermal limit
(Figs. 3D and 5D). This shows that impairment of the central
nervous function coincided with the temperatures where CT ..
occurs, further suggesting that neural impairment due to lack
of oxygen and/or accumulation of anaerobic metabolites
contributes to loss of locomotor function observed at the upper
thermal limit.

While we focused here on the effect of heat on neurons, glial
cells may possibly be a key cellular intermediate in linking
oxygen requirements and neural activity at high temperature.
Glial cells sense brain oxygen levels (48) and play a crucial role
in regulating cerebral blood flow, thereby providing adequate
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oxygen supply to the brain (49). Moreover, glial cells contrib-
ute to intracellular calcium rise in neurons (50), including in
conditions where oxygen is lacking (51). Finally, adrenergic
modulation of astrocyte activity after cortical spreading depolar-
ization accelerates the recovery of neural activity (52). In future
experiments in transgenic zebrafish lines, labeling glial cells
(53, 54) will help determine their contribution to heat-induced
spreading depolarization.

A few studies have found a positive effect of increased oxygen
availability on thermal tolerance. Hyperoxia (200%) improved the
upper thermal limit by 1.1 °C in the European perch (55) and by
0.4°C in the common triplefin (56). Increased aquatic oxygen
availability can extend the survival of several ectotherm species
(i.e., arthropods, chordates, echinoderms, mollusks, and fish) at
extreme temperatures (57, 58). However, hyperoxia did not
improve thermal tolerance for a large number of other fish species
(25), and only severely hypoxic conditions reduced the upper
thermal limit of the red drum and lumpfish (18). Taken together,
these studies suggest that oxygen limitation is not a general mech-
anism limiting thermal tolerance across all species and contexts.
Odur results emphasize that interspecific differences in neural-tissue
resilience to heating and oxygen deprivation, as well as cardiorespi-
ratory capacity, might be critical physiological factors explaining
these contrasting results between species and contexts.

Cardiac capacity has been suggested to limit thermal tolerance
in fish (59), and to test the resilience of the heart, we measured
heart rate during heat ramping. After the expected initial increase
in heart rate as temperature increased (22, 60), the heart rate
decreased and then it remained stable upon further heating and
through the brain depolarization (Fig. 4C and E). Similarly, a
decrease or plateau in heart rate with increasing temperatures has
been reported for salmonids (20) and European perch (55). We
also measured a simultaneous decrease in heart rate and neural
activity (Fig. 4C and SI Appendix, Fig. S2B), which could be
explained by shared temperature-induced dysfunctions in
excitable cells in the brain and myocardium (14, 61, 62). Brain
function appeared less resilient to high temperatures than the
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heart, since both spontaneous and sensory-evoked neural activity
were completely suppressed near CT,,,, while the heart kept
beating at a maintained rate.

Larval zebrafish mainly rely on cutaneous respiration at
28°C (63) and it is therefore unclear whether the decline in
heart rate at high temperatures would result in significant
oxygen limitation to the brain at that life stage. This could be
more suitably determined in older fish, in which cardiac
limitation could contribute to a mismatch between oxygen
delivery and tissue oxygen needs. Such a mismatch may cause
developing tissue hypoxia and accumulation of metabolites,
which can contribute to a loss of response observed at CT .

In conclusion, we show that the acute thermal limits of
larval zebrafish are not caused by a global brain depolariza-
tion but are instead likely caused by a drop in neural activity
and responsiveness preceding CT,,,. In accordance with
OCLTT predictions, oxygen availability constrains both
brain function and the whole-animal thermal limits during
heat ramping.

METHODS

Animals and Housing. Experiments were conducted on 5- to 9-d-old larvae
and 7- to 10-mo-old zebrafish (D. rerio). Transgenic zebrafish expressing the
calcium indicator GCaMPés in most neurons [Tg(elavi3:GCaMPé6s (37)] in the
nacre/mitfa background (64) were used in all experiments. Eggs were collected
in the moming and kept at a density of 1/mL in fish water (0.2 g of marine salt
and 0.04 L AquaSafe/L carbon-filtrated water). After hatching at 3 dpf, the larvae
were kept in small nursery tanks and, after 5 dpf, they were fed twice a day with
larval food (Tetramin, Tetra). Fish were maintained under standard laboratory
conditions (26.8 & 0.1 °C; 12/12-h light/dark cycle). All experimental procedures
performed on zebrafish were in accordance with the 2010/63/EU directive and
approved by the Norwegian Animal Research Authority (Food and Safety Author-
ity permit no. 8578).

Experimental Design. We describe in this article five experiments performed
on different fish: measuring CTpa in freely swimming zebrafish larvae
(experiment 1); recording brain activity during warming in agar-embedded
zebrafish larvae (experiment 2); simultaneous recording of CTyay and neural
events in freely swimming zebrafish larvae (experiment 3); simultaneous record-
ing of heart rate and brain activity during warming in agar-embedded larvae
(experiment 4); and recording of CT,, and neural function under oxygen
manipulation during warming (experiment 5).

Measurement of CTpmax- CTinax Measurements were used in experiments 1, 3,
and 5. All behavioral experiments were conducted in the afternoon, from 12 PM
to 7 PM.

CTmax setup. Laval zebrafish swam in the behavioral arena (i.e., the central
compartment) of a double-walled, glass heating-mantle made in the glass work-
shop at the Norwegian University of Science and Technology. The dimensions
were as follows: outer diameter, 42 mm; inner diameter, 29 mm; outer height,
32 mm; and inner height, 19 mm. The fish movement was recorded using a
webcam (Logitech 270, 720p) positioned above the arena. To enhance contrast,
the arena was placed above a background illumination light source. Two outlets
connected the glass heating mantle to a water bath. Adjustment of water tem-
perature of the arena was achieved by pumping water from an external heating
bath through the heating mantle. The heating rate in the arena was 0.3 °C/min
following the protocol described by Morgan et al. (8). The water temperature
inside the central chamber of the arena was recorded at 1 Hz using a thermocou-
ple (type K, Pico Technology) connected to a data logger (TC-08, Pico Technol-
ogy). All temperatures reported refer to that of the fish water inside the arena.
The water temperature remained homogeneous within the arena during
the heat ramp (the temperature difference between center and periphery was
0.13 + 0.01 °C), thanks to the constant homogenization via gentle air bubbling
and convection.

CTmax assay in larval zebrafish. The arena was filled with 3 mL of 28 °C water
supplied with air bubbling through a modified hypodermic needle fixed to the

8 of 10  https://doi.org/10.1073/pnas.2207052119

side wall of the compartment. At the beginning of a CT4 recording, a single
larva was carefully transferred to the arena. All individuals were given 15 min to
habituate to the arena before the recording started. The CT.y assay lasted up to
50 min, during which the temperature within the arena increased from 28 °C by
0.3 °C/min until the larva reached CT,.x. The temperature was kept constant at
28 °C for recordings of control fish. The fish behavior was recorded at 4 to 7 Hz
during four intervals: 28 to 29 °C, 31 to 32 °C, 34 to 35°C, and 37 °C to CTyax.
For control larvae, recordings of matching durations were taken at corresponding
time points. Methods commonly used to determine CTna in adult fish were
unsuitable for 5 dpf larvae zebrafish, since the loss-of-equilibrium criterion
(8) also occurred in control fish without heat ramp, and muscular spasms
(6) could not be reliably quantified due to the larvae's small size. Thus, CTyna
was determined as the temperature at which the animal became unresponsive
(11, 29, 65), which was defined as the first of three consecutive touches that did
not elicit an escape response (loss of response). In both the control and the heat-
ramp groups, the stimulations were applied to the larva's trunk throughout the
assay, using the tip of a capillary microloader (VWR International). In cases where
the fish did not escape a stimulation, a second stimulation was applied after a
minimum of 3 s. When a fish failed to respond to three consecutive stimulations
(CTina), it was transferred to 28 °C water and visually monitored. Fish that did
not recover normal locomotor activity were killed humanely and were not
included in the analysis. This happened in 6 of 92 larvae, similar to the mortality
rates reported in adult zebrafish in previous studies (8, 66).

CTmax assay in adult zebrafish. To compare CT,., throughout development,
16 adult Tg(elavi3:GCaMPés) zebrafish, aged 7 to 10 mo, were tested in the
CTimax Setup described by Morgan et al. (8). The fish were tested in groups of
eight fish in a rectangular acrylic tank (25-cm long, 20-cm wide, 18-cm deep)
filled with 9 L of water. Individual CT,;, was measured at the temperature of
loss of equilibrium determined as 2 s of inability to maintain postural stability
(8). The fish were removed immediately after the criterion was reached. All ani-
mals survived the test.

CTmax assay data analysis. The fish position was manually detected in MATLAB
(MathWorks 2018) at the temperature ranges 28 to 29 °C, 31 to 32°C, 34 to
35°C, and 37 to 38 °C and during the 1 °C increase preceding CTyay. The aver-
age speed was calculated during these intervals. Loss of equilibrium and spiral
swimming events were manually labeled by an experimenter during the 12 min
preceding CTna in heat ramp fish and during the corresponding period in con-
trol fish. Loss of equilibrium was recorded when the fish tilted to the side for at
least 1 s (Movie S2). A spiral swimming event was recorded when the fish
rapidly swam in a minimum of two consecutive circles with diameter less than
5 mm (Movie S1).

Brain Activity during Warming in Agar-Embedded Larvae. For the imag-
ing of neural activity in embedded fish in experiments 2, 4, and 5, a 5-d-old
larva was embedded at the bottom of the central glass compartment in 2%
low-gelling-temperature agarose (Merck). The agarose was carefully removed
around the eyes and mouth upon hardening and the arena was filled with 3 mL
of water. Calcium fluorescence was recorded with a custom-made epifluores-
cence microscope equipped with a x10 water-immersion objective (UMPLFLN,
Olympus), a set of green fluorescent protein emission-excitation filters (FGL400,
MD498, and MF525-9, Thorlabs) and a mounted blue light-emitting diode (LED)
controlled by a driver (MWWHL4, LEDD1B, Thorlabs). Images were collected at
5 Hz via a custom-written Python script using the Pymba wrapper for interfacing
with the camera (Mako G319B, Allied Vision).

Simultaneous Recording of CT,.x and Depolarization in Freely
Swimming Larvae. In experiment 3, calcium imaging in freely swimming fish
was used to record CT,, and brain-wide depolarization simultaneously in the
same individuals. The double-walled glass heating-mantle was placed under an
epifluorescence microscope (Axiolmager, ZEISS) equipped with a megapixel
camera (AxioCam 506, ZEISS) and Plan-NEOFLUAR 2 x1 objective. The larva was
swimming at the center of the arena, within a 13-mm diameter region delimited
with a nylon mesh, to match the limited field of view of the microscope (14 x
14 mm). Time lapse of fluorescent images was recorded at 5 Hz using the Zen
software (ZEN Lite Blue, ZEISS). Since the recordings were made in the dark, the
experimenter watched the live recording display of the recording on the
computer screen to visually guide the pokes to the fish trunk. The nylon mesh
created a small thermal gradient in the arena from the central part to the outer
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area outside the mesh. During the experimental trials, the temperature was
recorded outside the mesh to ensure a full view of the fish. The temperature
gradient was quantified in an additional experiment over six heat ramps by
recording the temperature in the arena center and outside the mesh near the
outer wall of the arena with two thermocouples at each location. The gradient
was accounted for to calculate the water temperature the fish was exposed to.

Cardiac Function and Brain Activity during Heat Ramping in
Agar-Embedded Larvae. In experiment 4, heart rate and neural activity were
simultaneously recorded at 20 Hz in laterally mounted larvae under an epifluor-
escence microscope (Axiolmager, ZEISS) equipped with a megapixel camera
(AxioCam 506, ZEISS). Recordings were corrected for drift when needed using
Fiji's Template matching plugin. Whole brain and heart regions of interest were
selected in Fiji. Fish whose heart was out of focus during more than two record-
ing intervals (n = 1 of 10 fish) and frames where movement artifacts could not
be corrected were not included. Heartbeat frequency during a recording interval
was calculated using MATLAB's continuous wavelet transform function (cwt).

Oxygen Effects on CTax and Neural Function during Warming. Due to
problems with data storage causing the loss of five recordings of neural activity
in the initial data collection in July 2020, we set up an additional round of
assays for experiment 5 in January 2021. The effect of the experimental period
was tested for in the statistical analyses (Statistical analyses).

CTmax assay with oxygen-level manipulation. The same CT,,, setup described
for experiment 1 was used to record the effect of oxygen manipulation on CTya
in experiment 5. The arena was intermittently bubbled with pure oxygen or pure
nitrogen to increase or decrease oxygen levels, respectively. The bubbling flow
rate was manually adjusted using tubing clamps. A fiber-optic oxygen probe
(OXROB10, Pyro Science) and a temperature probe (TSUB21, Pyro Science) con-
nected to an oxygen and temperature meter (FireSting-02, Pyro Science) were
placed in the chamber to monitor and record the oxygen levels during the assay.
The oxygen saturation level was displayed in real time using oxygen logger
software (Pyro oxygen logger, Pyro Science) and kept at 150% or 60% of air satura-
tion during the whole CT;,, assay by manually adjusting the bubbling intensity.
Recording neural activity with oxygen-level manipulation. The same
epifluorescence calcium imaging setup described for experiment 2 was used to
measure neural activity during heat ramping with oxygen manipulation. For the
control treatment, the water was bubbled with air through a modified hypoder-
mic needle and maintained at 100% oxygen of air saturation during the trials.
To decrease oxygen saturation, the water was bubbled with nitrogen, and to
increase the oxygen level, oxygen was gently blown on the surface. A bare fiber
microsensor (OXB430, Pyro Science) and a temperature probe (TDIP15, Pyro
Science) were placed in the chamber to monitor and record oxygen levels.
Oxygen levels were manually adjusted to either 150% or 60% of air-saturated
water for the high and low oxygen treatments, respectively. Additionally, the lar-
vae were visually stimulated using pulses of light (2 s long, every 30 s) using a
red LED equipped with a laser line filter (FL05635-10, central wavelength
635 nm, Thorlabs) positioned in front of the fish. The LED was connected to an
Arduino board (Arduino mini) and synchronized with the camera using custom-
written Python scripts.

Calcium-Imaging Data Analyses.

In agar-embedded fish. Calcium imaging recordings were corrected for slow
drift due to agarose expansion using the Fiji's (67) template-matching
plugin (Align slices in stack). The regions of interest corresponding to the
whole brain, the telencephalon, the optic tectum, and the medulla were manu-
ally segmented.

The raw calcium fluorescence signal was calculated by averaging all pixels
within a region. To reproducibly detect the brain-wide depolarization onset time
across fish, the whole-brain raw fluorescence signal was first processed to filter
out the calcium events using a second order Butterworth filter (low pass, 0.01-Hz
cutoff frequency). The average value and SD of the filtered trace's time derivative
were calculated during the 17 min preceding the approximate onset of the
depolarization. The depolarization onset was set when the time derivative
exceeded the average baseline value by more than 5 SDs.

For calcium peak detection, the fluorescence change was calculated in the
left and right medulla using a sliding window of the previous 2 min. Fish in
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which the signal was weak and noisy due to uneven mounting were not
included in the analysis. The calcium peaks were detected automatically using
the MATLAB function findpeaks and calcium peak frequency (peaks/min) was
then averaged across both medullae. For calculation of calcium peaks frequency
in laterally embedded fish during shorter recordings (S/ Appendix, Fig. S2B), the
raw fluorescence was measured in the medulla, and calcium peaks were visually
detected.

The peak depolarization amplitude (S/ Appendix, Fig. S3B) was determined
as the maximum returned by the findpeaks function after depolarization onset.
The recovery time (S/ Appendix, Fig. S3C) was the duration between peak
depolarization and the return to baseline value (0%AF/Fo), with %AF/FO =
(Ft — Fo)lFg x 100, where Fq is the averaged fluorescence during the 5 min
before the depolarization onset and Ft the fluorescence at time t. One fish from
the hyperoxic treatment was not included as the recordings ended before the
fluorescence reached baseline after the depolarization.

For light responses (Fig. 6 and SI Appendix, Fig. S4), the percentage change

in fluorescence in the optic tecti was calculated as %AF/Fy = (F; — Fo)lFg x 100,
where Fy is the averaged fluorescence during the 2 s before a stimulus and f; the
fluorescence at time t. The amplitude of the light response was then calculated
by averaging the %AF/F, during the 4 s after the stimulus onset. To account for
the interindividual variation in fluorescence, optic tectum responses were
calculated as binary outcomes. The optic tecti were categorized responsive
(response) if the light response amplitude exceeded 2 SDs above Fy, and
otherwise were categorized as not responsive (no response).
In freely moving fish. Measuring brain-wide fluorescence during the freely
swimming assay in experiment 2 was cumbersome due to the fish moving and
tilting. Thus, the depolarization-onset temperature was determined by two inves-
tigators who independently selected the time at which the fluorescence
increased abruptly in the brain. The final depolarization-onset value was
obtained by averaging both estimates (agreement between experimenters was,
on average, within 19 + 4 s out of 55 min).

Statistical Analyses. Data are reported as mean and SEM. All statistical analy-
ses were conducted in R, version 4.1.1 (68). We used ANOVAs on independent
measurements, and the assumptions of normality and homoscedasticity of resid-
ual variance were assessed visually using residual plots. Alternative models were
considered if assumptions were violated. For responses recorded as repeated
measures on individual fish, mixed models were created using the Imer function
from the Ime4 package, v.1.1-27.1, to account for fish identity as a random
effect. Data for experiment 5 were collected over two sampling periods and
experiment (1 or 2) was included as a fixed factor in the models to test the effect
of this. Akaike information criterion was used to consider interactions in models
with two or more predictor variables. Models are also presented with and with-
out data points that were considered extreme outliers (<Q1 —3 x interquartile
range or >Q3 + 3 x interquartile range). Summaries of all models are pre-
sented in S/ Appendix, Tables S1 through S10 with effect size of predictor varia-
bles (8), their SE, t and P values estimated by the respective models, and the R2
for the fixed effects. The significance of effects was considered with a P value cri-
terion of P < 0.05. For a detailed description of statistical analyses of all models,
see SI Appendix, SI Statistical Analyses.

Data, Materials, and Software Availability. All datasets from this study
and R code for the statistical analyses and figures have been deposited in
figshare (https://doi.org/10.6084/m9.figshare.19640805) (69).
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