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The time required to recover from cold-induced paralysis (chill-coma)
is a common measure of insect cold tolerance used to test central
questions in thermal biology and predict the effects of climate
change on insect populations. The onset of chill-coma in the fall
field cricket (Gryllus pennsylvanicus, Orthoptera: Gryllidae) is ac-
companied by a progressive drift of Na* and water from the
hemolymph to the gut, but the physiological mechanisms under-
lying recovery from chill-coma are not understood for any insect.
Using a combination of gravimetric methods and atomic absorp-
tion spectroscopy, we demonstrate that recovery from chill-coma
involves a reestablishment of hemolymph ion content and volume
driven by removal of Na* and water from the gut. Recovery is
associated with a transient elevation of metabolic rate, the time
span of which increases with increasing cold exposure duration and
closely matches the duration of complete osmotic recovery. Thus,
complete recovery from chill-coma is metabolically costly and
encompasses a longer period than is required for the recovery of
muscle potentials and movement. These findings provide evidence
that physiological mechanisms of hemolymph ion content and
volume regulation, such as ion-motive ATPase activity, are instru-
mental in chill-coma recovery and may underlie natural variation
in insect cold tolerance.

jonoregulation | metabolism | osmotic homeostasis | thermal limits |
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Temperature limits the geographic range of many terrestrial
ectotherms (1), and understanding the mechanisms that un-
derlie this limitation will allow predictions regarding species’
sensitivity to climate change (1, 2). At low temperatures, insects
enter chill-coma, a reversible state of paralysis (3). The time taken
to recover from this paralysis (chill-coma recovery time, CCR) is
one of the most common metrics of insect cold tolerance (4-22)
and has been used to develop and test theory in biogeography
(5-9), evolution (10), and climate change biology (11, 12). Variation
in CCR reflects variation in low temperature exposure in the
wild; for example, CCR is faster in individuals collected from
populations or species at higher altitudes or latitudes, suggesting
selection for faster recovery in cooler environments (4, 5). In
Drosophila melanogaster, CCR can be modified in laboratory ex-
periments through thermal acclimation (13, 14) and artificial
selection (e.g., 15-19).

Genomic and transcriptomic screens (18-23) have not identified
consistent candidate loci that might explain variation in CCR.
Although it is generally assumed that recovery of movement
requires a reversal of the processes that led to onset of chill-
coma, variation in CCR is not always accompanied by variation
in chill-coma onset temperature (14). Thus, despite more than a
decade of use as a metric of insect cold tolerance, the physio-
logical mechanisms that set CCR remain unknown.

The onset of chill-coma is caused by an inability to maintain
hemolymph osmotic homeostasis, leading to electrophysiological
failure of the neuromuscular system (24, 25). In the fall field
cricket (Gryllus pennsylvanicus), a cold-induced redistribution of
Na™ and water from the hemolymph to the gut during chill-coma
elevates hemolymph K* concentration, depolarizing muscle K*
equilibrium potentials (Ex) (25). Once the muscle depolarizes
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beyond a threshold membrane potential, contraction and/or
relaxation are no longer possible and the insect is paralyzed (26).

If recovery from chill-coma requires a reversal of the mecha-
nisms underlying chill-coma onset, CCR will be driven by the
reestablishment of muscle resting potential, which is largely de-
termined by Eg in insects (27, 28). We therefore predicted that
recovery of hemolymph K* homeostasis would coincide with the
recovery of movement of G. pennsylvanicus. Because ionic re-
covery would presumably depend on the action of metabolically
costly ion-motive ATPase activity, we hypothesized that we could
track the time-course of recovery by measuring whole-animal
metabolic rate. Here we show that chill-coma recovery is co-
incident with recovery of hemolymph K* concentration, resulting
in the restoration of muscle membrane potentials and the capacity
for movement. This recovery of K* is in turn dependent on an
energetically costly recovery of hemolymph water content fol-
lowing cold exposure that continues after the ability to move is
restored. Thus, chill-coma recovery as it is typically measured
represents a return to the electrophysiological conditions that
were lost during chill-coma, but the recovery of movement does
not indicate complete osmotic recovery. These findings allow us
to construct a conceptual model of chill-coma onset and recovery
and generate hypotheses of the mechanisms limiting insect thermal
tolerance in a changing climate.

Results and Discussion

Chill-Coma Recovery. We examined CCR in G. pennsylvanicus ex-
posed to 0 °C. The time required for crickets to recover movement
of the abdomen and legs increased exponentially with the duration
of exposure to 0 °C; after more than 12 h of cold exposure, re-
covery time reached a plateau at ca. 15 min (Fig. 14 and Table S1).
CCR is usually measured as the time taken for a coordinated
righting response. When this measure is used, recovery time also
increased exponentially with increasing exposure time but be-
came more variable after exposure to 0 °C for more than 24 h,
and some crickets did not recover within 3 h (Fig. 1B and Table S1).
This second, variable phase beyond 24 h corresponds with the
time-course over which G. pennsylvanicus begin to accumulate
irreversible chilling injury, which manifests as a permanent loss
of muscle control, and eventual death (25). Thus, the increase
in the mean and variance of CCR beyond 24 h of cold exposure
likely results from accumulated chilling injury that impairs co-
ordinated movement but does not affect the ability to move isolated
groups of muscles. Similar biphasic patterns have been observed in
chill-coma recovery of Drosophila exposed to varying temperatures
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Fig. 1. Time taken for female G. pennsylvanicus to recover movement after
exposure to 0 °C. (A) Time until the first abdominal contraction (O, solid black
line), foreleg ([J, dashed line) and hind leg movements (\/, dotted line) and
time until first movement detected during respirometry (@, gray line). (B) Time
taken for crickets to exhibit a coordinated righting response after exposure to
0 °C. X indicates individuals that did not right themselves within 180 min. The
relationship is exponential until 24 h at 0 °C, after which there is no significant
relationship, suggesting an additional effect from chilling injury.

(6, 29). We suggest that CCR (as a righting response) should be
measured following relatively mild cold exposures to avoid con-
founding recovery from chill-coma with time- or temperature-
dependent chilling injury.

Loss and Recovery of lon Concentration, lon Content, and Muscle
Equilibrium Potentials. We tracked ion and water content in he-
molymph, muscle, and the gut during recovery from a standardized
24-h cold exposure. As previously reported (25), exposure to 0 °C
for 24 h led to a decrease in hemolymph [Na*] (P = 0.017) but
did not alter muscle Na* equilibrium potentials (Eny; P = 0.582;
Fig. 2B), possibly due to a concurrent decrease in intracellular
Na* concentration (Fig. S1). Cold exposure decreased hemolymph
Na™ content and reduced hemolymph volume, which was accom-
panied by a similar increase in gut volume (Fig. 2 C and D). There
was a consequent increase in hemolymph [K*] (P- 0.024; Fig. 24),
and Ex depolarized to approximately —40 mV (P = 0.025; Fig. 2B).
Hemolymph K* content remained unchanged (Fig. 2C), so
depolarization of Eg is driven by the increase in [K*] in turn
caused by the loss of hemolymph volume to the gut.

We hypothesized that if chill-coma results from the loss of ion
homeostasis, then CCR should correspond to the reestablishment
of ion potentials necessary for muscle contraction. During recovery
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at 22 °C following 24 h at 0 °C, hemolymph [Na*] returned to
control levels within 5 min, whereas [K*] decreased to control
levels within 20 min (P = 0.008; Fig. 24). Recovery of muscle
Ex (P = 0.001; Fig. 2B) followed a similar time course, which
agreed closely with the mean time (ca. 15 min) required for crickets
to recover movement (Fig. 14). Taken together, these findings
support the hypothesis that chill-coma in G. pennsylvanicus is
caused by a lack of ion homeostasis, and recovery occurs when
K* homeostasis is restored. Unlike muscle, insect nervous tissue
is protected from transient alterations in hemolymph composition
by the blood-brain and blood-nerve barriers (30), which suggests
that this hemolymph-composition—driven loss of excitability may
primarily affect the muscle. However, declining temperatures do
increase extracellular [K*] of locust neurons in vitro, which would
lead to temperature-sensitive electrical silence of the nervous
system as well (31).

We observed a linear recovery of hemolymph volume and Na™
following cold exposure that closely followed the decreasing gut
water content (P < 0.001; Fig. 2 C and D), suggesting that re-
covery of hemolymph volume involves movement of water and
Na* from the gut back into the hemolymph. The exponential
decline in hemolymph [K*] is consistent with a linear increase
in hemolymph volume with a constant hemolymph K" content.
Thus, it appears that the reestablishment of K* homeostasis is
driven largely by the redistribution of water.

Water likely follows Na* redistribution from the gut lumen to
the hemocoel during recovery of hemolymph osmotic homeostasis.
The majority of Na* removed from the gut during recovery was
moved from the hindgut to the hemolymph, whereas K* accu-
mulated in the hindgut during recovery (Fig. S2). The hindgut
epithelium has high water permeability and ion-motive ATPase
activity and is a primary site of whole-animal Na* and water
balance in insects (32, 33). Isolated hindguts of the desert locust
Schistocerca gregaria (Orthoptera: Acrididae) can transport fluid
at 14 uL-h~" at 22 °C (33). If the hindgut of G. pennsylvanicus has
similar capacity, most of the water moved back to the hemo-
lymph during chill-coma recovery could be transported through
the hindgut. There is, however, variation in the mechanisms regu-
lating ion and water homeostasis among insect species, especially
related to the rich variety of diets (34), which may affect the exact
nature of ionoregulation during CCR across the insect phylogeny.

Recovery of Osmotic Homeostasis After Cold Exposure Is Metabolically
Costly. We used open-flow respirometry to measure CO, pro-
duction (VCOy) as a proxy for metabolic rate during recovery
from a range of exposures to 0 °C (1-24 h). Before cold exposure
and at rest, average VCO, of female G. pennsylvanicus was 2.01 +
0.13 mL CO,-h~.g™!. Following cold exposure, the timing of the
first movements recorded from an infrared activity detector was
consistent with recovery of muscle function recorded visually
(Fig. 14). Following complete osmotic recovery, VCO, at rest
was 22.9 + 2.8% (mean + SEM) lower than before cold exposure
(P < 0.001), indicating an overall reduction in metabolic rate for
several hours following cold exposure.

We detected a transient increase in VCO, during recovery from
chill-coma (Fig. 3). The duration of this metabolic “overshoot”
increased with cold exposure duration from ~21 min (after 1 h
at 0 °C) to 111 min following 24 h at 0 °C (P < 0.001; Fig. 4).
The volume of additional CO, emitted during this overshoot also
significantly correlated with cold exposure duration (P < 0.001).
Increased activity was detected by the infrared activity detector
during the metabolic overshoot (Fig. 3). This apparent increase
in activity is almost entirely due to active ventilation, because
crickets remained stationary but exhibited regular abdominal
contractions during this recovery overshoot period (Movie S1).
A similar metabolic overshoot following cold exposure was reported
in a tropical tenebrionid beetle (Alphitobius diaperinus) (35).
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Fig. 2. Hemolymph concentration (A), muscle equilibrium potential (B), and total hemolymph ion content (C) of Na* (black) and K* (gray) of female
G. pennsylvanicus during recovery at 22 °C following 24 h at 0 °C. (D) Hemolymph volume (Hll) and gut water content (CJ) during recovery from 24h at 0 °C.
All values are mean + SEM. Values from control (not cold-exposed) crickets are shown as solid (mean) and dashed (+ SEM) gray horizontal lines. Asterisks
denote a significant difference between control and 0-h time points (a significant effect of cold exposure), and black lines denote a significant relationship
between a parameter and recovery time at 22 °C (see Tables S2 and S3 for statistics).

The metabolic overshoot following cold exposure continues be-
yond the time taken for the crickets to regain movement. If this
overshoot reflects the metabolic cost of restoring osmotic balance
after exposure to cold, then the duration of the metabolic overshoot
should correspond with the time required for full recovery of he-
molymph Na* content. We used the observed rates of Na* flux
between the hemocoel and gut lumen of crickets during exposure to
and recovery from cold (Fig. 2C) to estimate the time taken for
complete recovery of hemolymph Na™ content as a function of cold
exposure duration. The estimated time required to recover hemo-
lymph Na* content (118 min after 24 h of cold exposure) was in
agreement with the duration of metabolic overshoot observed
during chill-coma recovery (Fig. 4). Although these recovery times
share a similar maximum, the exponents of these relationships differ
slightly, suggesting a metabolic cost to recovery (perhaps associated
with K* regulation) additional to the cost of hemolymph Na* re-
covery. Thus, the metabolic overshoot during chill-coma recovery
likely reflects the full cost of recovery of ion and water balance that
is not accounted for in typical measures of chill-coma recovery.

Conceptual Model of Chill-Coma Onset and Recovery. The current
conceptual model of chill-coma onset (24) posits that the rate of

20752 | www.pnas.org/cgi/doi/10.1073/pnas.1212788109

ion pumping decreases in the cold, whereas ion leak across mem-
branes is largely temperature-independent. Thus, chill-coma occurs
at a temperature at which the rate of ion pumping no longer out-
paces leak and muscle cells depolarize past an excitability threshold.
We propose that in G. pennsylvanicus, and likely many other
insects, the rates of ion transport and leak in the gut epithelia are
critical to chill-coma recovery through their effects on muscle
resting potential and present a conceptual model of chill-coma
onset and recovery during a typical cold exposure and recovery
(Fig. 5). According to our model, chill-coma onset is determined
by the temperature sensitivity of pumping rate and membrane
ion permeability, as well as the muscle excitability threshold. We
suggest that recovery of movement occurs when ion pumping
across the gut epithelia restores muscle resting potentials to the
excitability threshold (Fig. 5). CCR may therefore be dependent
on (i) the difference between rates of ion pumping and leak at
the recovery temperature (i.e., the absolute rate at which ion con-
centrations are restored), (ii) the rates at which water traverses
the hindgut epithelium during both cold exposure and recovery,
(iii) the excitability threshold of the muscle, and (iv) how far
muscle potentials have deviated from the excitability threshold
during chill-coma (dependent on the duration and temperature
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Fig. 3. An example measurement of metabolic rate (rate of CO, emission, black line, baselined values shown) and activity (gray line, arbitrary units) of a
G. pennsylvanicus female (A) before and (B) immediately upon removal from a 20-h exposure to 0 °C. The cricket was placed into the chamber ~2 min before
recording from the animal chamber began. Arrows indicate (1) the first detection of movement from the animal chamber and (2) the end of metabolic

overshoot (see Materials and Methods for details).

of cold exposure; Fig. 5). We hypothesize that both evolution
and phenotypic plasticity could cause variation in any of these
parameters, and that such variation (particularly variation influ-
encing the second and fourth processes) may not affect chill-coma
onset and chill-coma recovery equally, leading to a lack of cor-
relation between the parameters (14).

This conceptual model leads to strong hypotheses about the
mechanisms underlying variation in insect cold tolerance, for ex-
ample that variation in CCR may be driven by differences in ion-
motive ATPase activity, or transcellular and paracellular pathways
of water movement across gut epithelia. These findings provide
new avenues of study in the physiological and genetic basis of
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Fig. 4. The relationship between the duration of metabolic overshoot
during chill-coma recovery and exposure to 0 °C (@). The time for crickets
to complete the metabolic overshoot followed an exponential rise to a
maximum (black line). Dotted lines denote 95% confidence intervals of the
relationship between overshoot duration and cold exposure. Estimated
time to recovery of hemolymph Na* content (gray line) is calculated from
the observed rate of Na* flux between the gut lumen and hemocoel during
cold exposure and rewarming and strongly agreed with observed overshoot
durations.
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adaptive variation in insect cold tolerance that will improve
predictions of insect biogeography in a changing climate.

Materials and Methods

Animal Husbandry. Gryllus pennsylvanicus were maintained in a laboratory
colony as previously described (25). All experiments were completed on gravid
adult females, approximately 3 wk following final molt. Cold exposures
began between 1000 and 1400 hours to control for any diel patterns in
thermal tolerance.

Chill-Coma Recovery Time. A total of 60 crickets were placed individually
into 14-mL plastic tubes and cooled from 25 °C at 0.25 °C:min~" and held at
0 °C for 2-42 h. At 2-h intervals (first 24 h), and every 6 h thereafter, four
crickets were placed on their dorsum in a Petri dish at room temperature.
Times of four indices of chill-coma recovery were recorded: (i) first foreleg
movement, (ii) first hind leg movement, (iii) initiation of abdominal con-
tractions (active ventilation), and (iv) righting. Foreleg and hind leg move-
ment were identified as a coordinated directional movement of the limbs,
distinct from twitches of the limbs observed during rewarming. If crickets
had not righted within 3 h of removal from the cold, they were considered
to have incurred chilling injury that precluded recovery.
lon and Water Balance. Crickets were cooled from 25 °C at 0.25 °C:min~" and
held at 0 °C. After 24 h, 10 crickets were removed to 4 °C and immediately
dissected (t = 0; ~3 min per dissection), and 40 crickets were removed to 22 °C
and dissected after 5, 20, 60 and 120 min of recovery (n = 10 at each time
point). Control crickets were dissected directly from rearing conditions (25 °C).
Tissue collection and ion content analysis followed previously described
methods (25). Briefly, hemolymph was collected from incisions at the base
of each hind limb, and the thorax and abdomen were then opened dorsally
and any additional hemolymph was collected. Muscle tissue was collected
from the hind femurs and blotted gently to remove residual hemolymph.
Hemolymph volume was estimated gravimetrically because the inulin di-
lution method cannot be used when the heart does not function, as in
chill-coma. Instead, we corrected our estimates of hemolymph volume and
accounted for residual hemolymph content of muscle samples (4.14%, wt/vol)
by using the inulin dilution technique (36, 37) on crickets at room temperature
(Fig. S3). Foregut, midgut, and hindgut were ligated (to retain their con-
tents) at the junctions between the proventriculus and midgut, and midgut
and hindgut, before being removed. All tissue samples were placed into
preweighed 200-pL tubes. Tissue water content was determined gravimet-
rically from the mass before and after being dried at 70 °C for 48 h. A 200-pL
aliquot of nitric acid was added to the dried samples, which were digested
for 24 h at room temperature and kept at —20 °C for up to 3 wk before
analysis. Total tissue Na* and K* content were determined using atomic
absorption spectroscopy (iCE 3300; Thermo Scientific) by comparisons to
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Fig. 5. A conceptual model of the effects of temperature (gray line) on
muscle resting potential (black line) of a chill-susceptible insect during a
typical experimental cold exposure. I. At permissive temperatures muscle
resting potentials are maintained in a polarized state. Il. As temperature
declines linearly, muscle resting potentials are depolarized exponentially
until a threshold potential is reached beyond which the muscle cannot
undergo an action potential (the temperature at which this occurs is the
chill-coma onset temperature, or CT,in). The exponent of the relationship
between resting potential and time is dependent on the rate of temperature
decline, and the measured CT,;, is thereby dependent on the cooling rate.
lll. If temperature remains static below the CT,i,, continued Na* and water
flux to the gut further depolarizes muscle resting potential in a linear manner.
IV. When removed back to the permissive temperature, Na* and water
are relocated to the hemolymph, causing an exponential repolarization
of muscle Ex (and thus resting potential repolarization; Fig. 2B). The time
required for muscle resting potential to cross the threshold potential for
movement sets chill-coma recovery time (CCR).

standard curves. Muscle equilibrium potentials were calculated using the
Nernst equation (25).

Respirometry. CO, production and activity were recorded using flow-through
respirometry (38). Briefly, crickets were individually placed into a glass 11-cm®
chamber in a temperature-controlled cabinet (PTC1; Sable Systems In-
ternational). Activity was detected with an AD-1 infrared activity detector
and temperature by a 36 AWG type-T thermocouple held in place against
the outside of the glass near the cricket. Dry, CO,-free air was passed
through the chamber at 50 mL-min~" (mass flow valve; Sierra Instruments
and control unit MFC2; Sable Systems International). [CO,] and [H,O vapor]
were measured in the excurrent air (Li7000; LiCor). All data were recorded
via a UI2 interface and Expedata software (Sable Systems International),
and baseline recordings were made for 10 min before and after each run
using an empty chamber. [CO,] was corrected for dilution by water vapor
and converted to VCO, (mL-min~").

A total of 45 crickets were used to record VCO, during chill-coma recovery.
Before cold exposure, crickets were removed from their rearing conditions

1. Chen IC, Hill JK, Ohlemuller R, Roy DB, Thomas CD (2011) Rapid range shifts
of species associated with high levels of climate warming. Science 333(6045):
1024-1026.

2. Chown SL, et al. (2010) Adapting to climate change: A perspective from evolutionary
physiology. Clim Res 43:3-15.

3. Mellanby K (1939) Low temperature and insect activity. Proc R Soc Lond B Biol Sci 127:
473-487.
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and held for 2 h in the respirometry chamber before VCO, was measured
for 1 h at 22 °C. They were then transferred to a 14-mL plastic tube, which
was placed in a well in an aluminum block cooled by fluid circulating from
a Proline RP855 circulating bath (Lauda). The crickets were allowed 15 min
of equilibration at 22 °C before being cooled at 0.25 °C-min~" to 0 °C, where
they were held for 1-24 h. After cold exposure, each cricket was placed
upright in the respirometry chamber at 22 °C, and VCO, was recorded
during recovery. The time of the first movement of the cricket was recor-
ded from the activity trace. The duration of recording VCO, during re-
covery was modified based on preliminary observations of metabolic
overshoot: 4 h (1-2 h at 0 °C), 6 h (3-8 h at 0 °C), or 8 h (9-24 h at 0 °C). Six
control crickets were recorded twice in the respirometer without experi-
encing the cold exposure. Control crickets did not significantly reduce VCO,
between the first and second recording (P = 0.102) and showed no evidence
of a metabolic overshoot during the second recording.

Data Analysis. Statistical analyses were conducted with R (v. 2.13; ref. 39).
Linear and exponential models of the relationship between cold exposure
duration and chill-coma recovery times were fitted using the gnls() func-
tion in R and compared with the Akaike information criterion (AIC), where
AAIC > 2 indicated a better model.

To account for changes in both ion and water content during cold ex-
posure, ion data are expressed as both concentration and total tissue content.
Tissue water and ion content was significantly correlated with tissue dry mass
(P < 0.001), so analyses of water and ion content of the tissues (excluding
those of the hemolymph) were completed on residuals of a regression of
content and dry mass. lon concentrations, ion content, and water content
for each tissue were first compared between control conditions and im-
mediately following cold exposure using t tests followed by false discovery
rate (FDR) correction (40) using the p.adjust() function in R. The relation-
ship between time and water or ion content during chill-coma recovery
were then determined by fit to both linear and exponential models using
the gnls() function in R and models FDR corrected and compared with AIC
as above.

Crickets were excluded from the respirometry analyses if they died within
24 h of the experiment (n = 3) or displayed excessive activity during res-
pirometry (n = 7). Respirometry activity data were converted to absolute
difference sum (ADS) (41). A 10-min period with the lowest ADS slope,
indicating minimal activity, was used to calculate a mean VCO, for each
cricket before cold exposure (42). Mean VCO, following cold exposure was
estimated using the same method for only the final 25% of the recording
to ensure metabolic rate had stabilized following cold exposure. Pre- and
postcold exposure VCO, data were compared using the aov() function (with
mass as a covariate) to examine the effect of cold exposure on resting
metabolic rate. To estimate the time at which the transient rise in meta-
bolic rate during chill-coma recovery was completed, the point at which
metabolic rate crossed the mean metabolic rate postrecovery as determined
above was used. The total time required for the metabolic overshoot to
end was then determined from the point at which the cricket was removed
from the cold and placed in the respirometry chamber at 22 °C (Fig. 3).

The exponential loss of Na* content from the hemolymph as a function
of cold exposure duration was estimated using compiled Na* content data
from the present study and from a previous study of the same cricket pop-
ulation (25). The time required to restore Na* content was then estimated
using the slope of the linear regression of hemolymph Na™ content against
time (Fig. 2C), and these rates were used to estimate the time required
to restore hemolymph Na* content to control levels as a function of cold
exposure duration.
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