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We investigated the role of the nitric oxide (NO)/cGMP pathway in setting thresholds for failure and recovery during hyperthermic stress
of the swimming central pattern generator of immobilized Xenopus tadpoles (stage 42). We recorded swimming motor patterns induced
by tail skin stimulation (TS) (1 ms current pulse) or by bath application of 50 �M NMDA. Swimming rhythm frequency increased in a
linear manner with increasing temperature. In the presence of the NO donor S-nitroso-N-acetylpenicillamine (SNAP), recovery from
hyperthermic failure was greatly slowed, often taking longer than the duration of the experiment. Pharmacological activation of the
NO/cGMP pathway using SNAP or 8-bromo-cGMP (1) decreased the duration of TS-evoked swim episodes; (2) decreased the temperature
threshold for hyperthermic circuit failure; (3) decreased the temperature at which the circuit recovered; and (4) increased the time taken
to recover. Pharmacological inhibition of the NO/cGMP pathway using the NO scavenger CPTIO, the nitric oxide synthase (NOS) inhibitor
L-NAME or the guanylyl cyclase inhibitor ODQ (1H-[1,2,4]oxadiazolo[4,3-a]quinoxalin-1-one) had the opposite effects. NMDA rhythms
were more resistant to hyperthermic failure than TS-evoked swim episodes, but the effects of SNAP on the temperature sensitivity of
swimming evoked by NMDA were similar to those on TS-evoked swimming, suggesting that drug effects occur on central pattern-
generating networks rather than sensory pathways. We conclude that the NO/cGMP pathway is involved in setting the threshold temper-
atures for hyperthermic failure and subsequent recovery of fictive swimming in tadpoles, and we suggest that this is part of a variable
response to prevent overexcitation during abiotic stress under different environmental conditions.

Introduction
Central neural circuits are vulnerable to extreme high tempera-
tures whether this results from intrinsic mechanisms, such as
fever, or from increases in ambient temperature that the organ-
ism cannot adequately compensate for either physiologically or
behaviorally. Protective mechanisms targeting vital motor ac-
tivities such as ventilation, predator evasion, and locomotion
out of regions of high temperature are clearly selectively advan-
tageous (Robertson, 2004). Long-term processes of acclimation
(Johnston and Temple, 2002) can modify neuronal properties
and change optimal temperature ranges (Behan-Martin et al.,
1993). More rapid processes requiring protein synthesis can be
activated by heat shock pretreatments (Robertson et al., 1996;
Kelty et al., 2002; Armstrong et al., 2006; Rodgers et al., 2007),
and in larval Drosophila the stress protein HSP70 has been shown
to have a role in protecting locomotion (Xiao et al., 2007), and
calcium dynamics at the neuromuscular junction (Klose et al.,
2008), from hyperthermia. Recently, the nitric oxide (NO)/

cGMP/protein kinase G pathway has been implicated in rapid
adaptation of the temperature sensitivity of motor circuits in
insects (Dawson-Scully et al., 2007), but it is not known whether
similar mechanisms are operational in vertebrates. The swim-
ming central pattern generator (CPG) in the spinal cord of Xeno-
pus tadpoles has a well described modulation by NO (McLean
and Sillar, 2002, 2004), and here we demonstrate that the NO/
cGMP pathway tunes the thermosensitivity of this system.

The CPG controlling tadpole swimming provides an excellent
model system for investigations of the operation and modulation
of neuronal circuits in the vertebrate spinal cord (Arshavsky et al.,
1993; Dale and Kuenzi, 1997; Sillar et al., 2008). The endogenous
release of NO from brainstem neurons has been described as
acting like a “brake” on swimming. It has two major effects on the
swim motor pattern: a decrease in the duration of swim episodes
elicited by stimulation of the skin and an increase in the period of
the swim cycle (McLean and Sillar, 2000). NO achieves this by
facilitating both glycinergic inhibition (increasing midcycle inhi-
bition amplitude and hence cycle period) and GABAergic inhibi-
tion (decreasing episode duration) (McLean and Sillar, 2002).
The facilitatory effect of NO on glycinergic inhibition is mediated
in a metamodulatory manner via the descending noradrenergic
neuromodulatory pathway (McLean and Sillar, 2004). Thus, the
duration and intensity of swimming activity is under a continu-
ous neuromodulatory control via NO, and the underlying mech-
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anisms are well understood, although the
environmental or behavioral contexts for
this control are unknown.

Variation in ambient temperature has
marked effects on swimming vigor (max-
imum velocity and distance traveled) of
Xenopus tadpoles, and the system can be
acclimated for optimal performance in
different environments (Wilson et al.,
2000). At the level of the spinal cord, in-
creases in temperature decrease the cycle
period of fictive swim motor patterns and
decrease the duration of tail-stimulated
swim episodes, until a critical temperature
at which regular swimming cannot be
evoked but spontaneous bouts of escape
activity occur (Sillar and Robertson,
2009). In the present study, we used stan-
dard pharmacological treatments to test
the hypothesis that the NO/cGMP path-
way modulates these measures of thermo-
sensitivity of the swimming CPG. Our
results indicate that the level of activa-
tion of the NO/cGMP pathway deter-
mines the response of the system to
temperature changes in ways that would
be predicted to reduce energy demand
at high temperatures.

Materials and Methods
Animals. Xenopus laevis larvae were obtained
from a breeding colony maintained in the
School of Biology at the University of St.
Andrews and staged according to features de-
fined by Nieuwkoop and Faber (1956). Stage
42 larvae were used for all experiments, which
were conducted in accordance with the UK
1986 Animals (Scientific Procedures) Act. To
ensure a steady supply of experimental ani-
mals, frogs were bred twice a week, and the
progeny were reared in enamel trays under
three temperature conditions: at room temper-
ature (�20°C), on a cooling surface (�17°C)
to slow development, and on a warming pad
(�23°C) to speed development.

Electrophysiology. Experimental tadpoles
were immobilized in 10 �M �-bungarotoxin
for 30 – 40 min and then transferred to the 5 ml
recording chamber which was perfused (�5 ml/min) with 100 ml of
recirculating saline (in mM: 115 NaCl, 2.5 KCl, 2.5 NaHCO3, 10 HEPES,
1 MgCl2, 4 CaCl2, pH 7.4 with NaOH). Using KOH-sharpened tungsten
needles, the flank skin was removed to uncover the lateral myotomes, and
the animal was stabilized with the dorsal surface uppermost (Fig. 1A).
Glass suction electrodes (�50 �m tip diameter) were placed over the
intermyotomal clefts to record from motoneurons in the ventral roots of
the spinal cord. The three electrodes helped to stabilize the preparation
and were used to characterize swimming rhythms. The recordings on the
left side were most usually made from the fourth or fifth and 11th or 12th
post-otic intermyotomal clefts, a separation of �1.5 mm (Fig. 1 A). This
enabled estimates of the propagation rate of information along the spinal
cord during motor activity. Contralateral activity was recorded with an
electrode positioned usually at the fifth to the eighth ventral root cleft.
Swimming rhythms were elicited either by brief electrical stimulation of
the tail [1 ms pulses normally delivered at 1.5� the threshold voltage, tail
skin stimulation (TS) swimming] (Fig. 1 B) or by bath application of 50
�M NMDA (NMDA swimming) (Fig. 1C) (Dale and Roberts, 1984).

Swim episode duration is influenced by the time since the previous swim,
and thus a standard 8 s period was allowed to elapse at the end of one
swim episode before the stimulus to start the next. This protocol likely
did not avoid all habituation, but it standardized it to enable comparison
between treatments and animals. Extracellularly recorded motor activity
was amplified using a differential AC amplifier (A-M Systems; Model
1700), digitized using a Digidata 1322A data acquisition system (Molec-
ular Devices) before viewing and storage using Axoscope 10.1 software
(Molecular Devices). Data analysis was also performed using DataView
v.6.1 (courtesy of W. J. Heitler, University of St. Andrews).

The temperature of the saline was increased using a heating element
wrapped around a glass section in the inlet tubing and was monitored
with a temperature probe (0.1°C resolution; VWR International) placed
adjacent to the tip of the tail at the point where circulating saline entered
the chamber. Repeatable temperature ramps from room temperature
(18 –22°C) to �38°C over a 6 min period were obtained by turning on the
heater. Turning it off allowed a passive, slower return to room tempera-
ture in 8 –10 min. The recovery period for swimming after turning off the
heater had two components: temperature, which declined exponentially

Figure 1. Extracellular recording of swimming motor patterns. A, Diagram of the preparation indicating a stage 42 tadpole,
immobilized with �-bungarotoxin, with the trunk skin removed to reveal the chevron-shaped myotomes. Extracellular suction
electrodes were placed over the ventral roots (VR) arising between the myotomes at three locations: two on the left side (VR L5 and
VR L12) and one on the right side (VR R7). Numbers indicate segment number which varied in different experiments. A stimulating
suction electrode (SE) was placed on the tail. B, Sample swim episode elicited by electrical stimulation of the tail (TS). C, Sample
swim sequence elicited by bath application of 50 �M NMDA. Note the slow rhythmic modulation (3–5 s period) characteristic of
NMDA-evoked rhythms.
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during the 8 –10 min interval, and time. In the majority of cases, the swim
motor pattern recovered within the period of temperature decline, but in
some cases, when drug treatments impaired recovery, swimming re-
turned after the temperature had returned to control levels.

Pharmacology. Drugs were added to the 100 ml saline reservoir in
sufficient quantities to make the final desired concentration. Unless oth-
erwise indicated, chemicals were obtained from Sigma-Aldrich. We used
NMDA (50 –100 �M) to activate fictive swimming motor patterns;
S-nitroso-N-acetylpenicillamine (SNAP; 100 –200 �M; supplied by Dr.

A. R. Butler, School of Chemistry, University of
St. Andrews) as an NO donor; 8-bromo cyclic
guanosine monophosphate (8-bromo-cGMP;
40 �M) a membrane-permeable cGMP analog
and activator of protein kinase G; 2-[-4-
carboxyphenyl]-4,4,5,5-tetramethylimida-
zoline-1-oxyl-3-oxide potassium salt (CPTIO;
100 �M) as an NO scavenger; N-nitro-L-
arginine methyl ester (L-NAME; 1–5 mM) to
inhibit NO synthase; and 1 H-[1,2,4]oxadia-
zolo[4,3-a]quinoxalin-1-one (ODQ; 10 –20
�M) to inhibit guanylyl cyclase. Drugs were dis-
solved in distilled water (NMDA, 8-bromo-
cGMP, CPTIO, L-NAME) or 0.01% dimethyl
sulfoxide (SNAP, ODQ) which has been shown
not to exert vehicle-mediated effects on this
preparation (McLean and Sillar, 2002). Drugs
were allowed at least 15 min to exert their ef-
fects before applying the temperature ramp,
with the exception of 8-bromo-cGMP which
was allowed at least 40 min.

Statistics. The results are based on recordings
from 133 successful experiments. Graphs were
prepared, and statistical comparisons were
performed using Sigmaplot v.11.0 (Systat Soft-
ware). Samples were tested for normality and
equal variance, and the appropriate parametric
or nonparametric tests were applied as follows:
when the data were distributed normally and
with equal variance, t tests were used to com-
pare two groups and ANOVAs followed by
Holm–Sidak pairwise comparisons to deter-
mine where the differences lie among multi-
ple groups. When the data were not normally
distributed or failed the equal variance test,
Mann–Whitney rank sum tests were used to
compare two groups, and Kruskal–Wallis one-
way ANOVAs on ranks followed by Dunn’s
pairwise comparisons to determine where the
differences lie among multiple groups. Param-
eter values are presented as mean � SE. Signif-
icance was assessed with p � 0.05.

Results
Swim motor pattern generation fails
during hyperthermia
As described previously (Sillar and
Robertson, 2009), during an increasing tem-
perature ramp, swim cycle frequency (1/
cycle period) increased, and episode dura-
tion decreased (Fig. 2A) before reaching an
upper temperature limit for pattern gen-
erator activity at which point TS-evoked
swimming failed (Fig. 2B, down arrow;
failure). Recovery occurred during the
subsequent return to room temperature
(Fig. 2B, down arrow; recovery). We
found that continuous swimming, in-
duced by superfusion of the preparation

with 50 �M NMDA, was similarly sensitive to temperature (Fig.
2C), though it had higher temperature thresholds for failure and
recovery (Fig. 2D,E). Failure temperature was 31.4 � 0.4°C
(mean � SE; n � 23) for TS swimming and 33.7 � 0.7°C (n � 17)
for NMDA swimming ( p � 0.004; t test), whereas recovery tem-
perature was 26.5 � 0.5°C for TS swimming and 30.3 � 0.9°C for
NMDA swimming ( p � 0.005; Mann–Whitney rank sum test).
The differences between failure and recovery temperatures were

Figure 2. Temperature sensitivity of swimming motor patterns. A, Sample traces from one ventral root showing that increasing
temperature increased swim frequency and reduced episode duration. Frequencies given are for the first 5 cycles in each sequence.
Timing of the tail stimulus is indicated by the artifacts that are lined up in these separate recordings. B, An increasing temperature
ramp from 20 to 36°C caused the TS-evoked motor pattern to fail. Recovery was observed soon after the temperature was allowed
to return toward room temperature. The inset shows the 2 s duration swim episode at time of circuit recovery (at 26°C). C, An
increasing temperature ramp from 19 to 34°C caused the NMDA-evoked motor pattern to fail. Recovery occurred rapidly after the
temperature started to return to room temperature. The timing of heater on and heater off is indicated by the electrical artifacts.
The delay between these points and the subsequent change in temperature was due to the distance between the heater in the
circulation system and the location of the temperature probe by the animal. D, NMDA-evoked motor patterns failed at higher
temperatures than TS-evoked motor patterns. E, NMDA-evoked motor patterns recovered at higher temperatures than TS-evoked
motor patterns. In D and E, data points indicate means � SE, and sample size is indicated parenthetically under the symbol.
Asterisks indicate significant differences ( p � 0.05).
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significant for both TS swimming ( p �
0.001; t test) and NMDA swimming ( p �
0.003; Mann–Whitney rank sum test).

NO hinders swim recovery after
hyperthermic failure
Under normal circumstances, the time
taken for the swimming pattern generator
to recover was between 3 and 5 min (TS
swimming � 4.9 � 0.4 min; NMDA
swimming � 3.5 � 0.5 min; p � 0.009,
t test; data not shown). In the presence of
the NO donor, SNAP (100 �M), swim-
ming motor patterns generally did not re-
cover during the time course of the return
to room temperature (recovery �15 min)
whether they were elicited by TS (Fig. 3A)
or NMDA (Fig. 3B). Nevertheless, of 12
preparations tested in the presence of
SNAP (3 NMDA and 9 TS) only one (TS)
did not recover within 35 min, at which
point the experiment was terminated.
After recovery, parameters of the motor
pattern in these preparations were not
quantifiably different from those of re-
covered preparations not treated with
SNAP.

The NO/cGMP pathway modulates the
temperature sensitivity of swimming
At high temperatures, the NMDA pat-
terns appeared more irregular and
harder to measure. Thus, to investigate
the NO/cGMP pathway more com-
pletely, we measured the thermosensi-
tivity of TS swimming in the presence of
8-bromo-cGMP and SNAP for pathway
activation and CPTIO, L-NAME, and
ODQ for pathway inhibition. The effects
of 8-bromo-cGMP and ODQ on the
swimming rhythm at room temperature have not previously
been described. Parameters of the swimming rhythm were
compared before and 10 –20 min after bath application of the
drugs. In within preparation comparisons, 8-bromo-cGMP
reduced episode duration to 0.49 � 0.04 (n � 5) times its
pretreatment value, whereas ODQ increased episode duration
to 2.0 � 0.49 (n � 5) times the pretreatment value (see also
Fig. 4 Ai). These effects were significantly different from each
other ( p � 0.008; Mann–Whitney rank sum test). In these
preparations, we found no consistent effect on swim cycle
frequency or motor burst duration (data not shown) but at-
tribute this to the inherent variability in these measures within
and between different swim episodes at this stage of develop-
ment and to low sample size.

Next, we tested NO/cGMP pathway-mediated effects on tem-
perature dependence of swim motor patterns. The relationship
between rhythm frequency and temperature is approximately
linear with a Q10 of �1.5 (Sillar and Robertson, 2009). There were
no overall differences in regression slopes (control value � 0.7
Hz/°C) among the different treatment groups ( p � 0.7; Kruskal–
Wallis one-way ANOVA) (Table 1), nor were there differences in
the regression intercepts (control value � �0.34 Hz; p � 0.7;
Kruskal–Wallis one-way ANOVA) (Table 1).

We measured swim episode durations at room temperature,
at 30°C on the increasing temperature ramp and at 30°C during
recovery, on the decreasing temperature ramp. At room temper-
ature, treatments that activated the NO/cGMP pathway led to
shorter episode durations, whereas treatments that inhibited the
pathway had longer episode durations (Fig. 4Ai). There was a
significant effect of treatment ( p � 0.02; Kruskal–Wallis one-
way ANOVA) with a pairwise difference between the NO donor
(SNAP) and the guanylyl cyclase inhibitor (ODQ) ( p � 0.05;
Dunn’s method). At higher temperatures before failure, this ef-
fect was exacerbated with no episodes recorded under 8-bromo-
cGMP treatment (zero duration), whereas preparations with
inhibitory treatments continued to produce 3– 4 s episode dura-
tions (Fig. 4Aii) ( p � 0.001; Kruskal–Wallis one-way ANOVA;
pairwise difference p � 0.05 between 8-bromo-cGMP and CPTIO
using Dunn’s method). With an average rhythm frequency at 30°C
�21 Hz, independent of treatment, these episode durations would
produce effective swim sequences of 63– 84 cycles. At 30°C on the
decreasing temperature ramp after failure (i.e., during recovery),
no swimming could be elicited in the presence of 8-bromo-
cGMP or SNAP and only a few cycles in untreated controls,
whereas in the presence of NO/cGMP pathway inhibitors there
was sufficient recovery to generate short sequences (�1 s) (Fig.

Figure 3. NO hinders motor pattern recovery from hyperthermic failure. A, Sample trace showing that in the presence of the NO
donor SNAP (50 �M) TS-evoked swim episodes do not recover during the 12 min after the point when the temperature starts to
decrease. Arrows above the trace indicate episodes expanded in Ai and Aii. Asterisks above the trace indicates artifacts and delays
associated with visual inspection of the stimulating electrode. Ai, TS-evoked swim episodes around the point of hyperthermic
failure (first 4 arrows in A). At 29°C, there is a short sequence of regular swimming activity. At 31°C, the swimming rhythm appears
irregular. At 33°C, there is residual motor activity but no clear evidence of rhythmicity. At 33.6°C, electrical activity in the ventral
root has failed. Aii, Tail stimulation during the decreasing temperature ramp (second 4 arrows in A) failed to evoke any electrical
activity from the ventral root. The tail was stimulated with three closely spaced shocks to maximize the chances of evoking
swimming activity. B, Sample trace showing that in the presence of the NO donor SNAP (50 �M), NMDA-evoked swimming motor
activity did not recover in the 13 min after the point when the temperature starts to decrease. The first two electrical artifacts are
associated with the heater being turned on then off. The third artifact is of unknown origin but was likely caused by static discharge
between the experimenter and the equipment.
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4Aiii) with an increased rhythm frequency (23–26 Hz; data not
shown). There was a significant effect of treatment ( p � 0.001;
Kruskal–Wallis one-way ANOVA), but no pairwise differences
were identified (Dunn’s method).

Drug treatments had strong effects on the temperature thresh-
olds for failure and recovery of TS swimming. We scored failure
when �5 swim cycles could be activated by stimulation (Fig.
3Aii). On recovery, however, the first TS swim episode duration
was usually 1 s (�20 cycles) or more (Fig. 2B, inset). The mean
episode duration �1 s for controls in Figure 4Aiii included some
individual durations of zero. Activation of the NO/cGMP pathway
decreased the temperature at which swim episodes could no longer
be elicited by stimulation of the tail from 31.7 � 0.5°C (n � 18,
controls) to 28.8 � 0.2°C (n � 5, 8-bromo-cGMP), whereas inhibi-
tion of the pathway increased this temperature to 33.4 � 0.5°C (n �
7, ODQ) (Fig. 4Bi) ( p � 0.001; ANOVA). Thus, there was a 4.6°C
difference in failure temperature between minimum (NO/cGMP
pathway activation) and maximum (pathway inhibition) values.
The measures of recovery temperature and time to recovery are not
independent of each other, because the temperature decreased with
the same exponential rate profile after turning off the heater. For
rapid recoveries, time increased and temperature decreased together
(i.e., both measures provide equivalent information on the rate of
recovery); however, for recoveries longer than �180 s, the rate of
decrease in temperature was greatly slowed, and the passage of time
became a more significant factor. Recovery temperature was 26.4 �
0.6°C in controls, 22.3 � 0.5°C with 8-bromo-cGMP and 29.9 �
0.7°C with ODQ to give a maximum difference between treatments
of 7.6°C (Fig. 4Bii) ( p � 0.001; ANOVA). The time taken to recover
was 292 � 29 s in controls, 531 � 50 s with 8-bromo-cGMP, and
190 � 14 s with ODQ to give a maximum difference between treat-
ments of 341 s or 5–6 min (Fig. 4Biii) ( p � 0.001; Kruskal–Wallis
one-way ANOVA). In summary, manipulation of the NO/cGMP
pathway had marked effects on the temperature dependence of
swim motor pattern generation in Xenopus tadpoles.

Discussion
We examined the contribution of the NO/cGMP pathway to de-
termine the thermosensitivity of the swimming CPG in post-
hatching Xenopus laevis larvae. Our main conclusion is that the
NO/cGMP pathway plays a role in tuning the thermosensitivity
of the swimming circuit by setting the thresholds for failure and
recovery, as well as by modulating the duration of swim episodes.
We show that the presence of an NO donor (SNAP) greatly hin-
dered the recovery from hyperthermic failure of the swim cir-
cuitry, regardless of whether the motor pattern was activated by

electrical stimulation of the tail skin or by superfusion with the glu-
tamate receptor agonist NMDA. This demonstrates that the effects
of NO on recovery from hyperthermia are mediated via actions at
the level of the central circuits and not the sensory pathways from the
skin to the spinal cord, though the latter may also be affected by NO
(Alpert et al., 2007). Using tail-stimulated swimming, we show that
activation of the NO/cGMP pathway renders most measures of cir-
cuit function more sensitive to hyperthermia, whereas inhibition of
the pathway has the opposite effect and reduces their thermosensi-
tivity. The measure that was not noticeably affected was the temper-
ature sensitivity of swim rhythm frequency. We suggest that the
functional role of this effect of the NO/cGMP pathway is to modu-
late excitability and energy consumption, dependent on previous
environmental conditions. Thus, increases in abiotic stressors acti-
vating the NO/cGMP pathway, such as hyperthermia or hypoxia,
would reduce locomotion and hence conserve energy, enabling the
organism to cope with these conditions more effectively.

The effects of extreme high temperature on neural processes can
be divided into two main types: those that have immediate conse-
quences as a result of the Q10 relationships of the rates of neural
phenomena such as the opening and closing of ion channels; and
those that have a temporal component reflecting an accumulating
disturbance such as gradual protein denaturation or the loss of ionic
equilibria (Robertson, 2004). The increase in swim cycle frequency
with increasing temperature is not surprising, because this is a well
established property of CPGs (Walker, 1975; Tryba and Ramirez,
2003) that is due to the reduction of conduction and synaptic delays
between elements in the circuit (Robertson, 2004). The profound
decrease in swim episode duration with increasing temperature
is not as easy to explain. At room temperature, the duration of
swim episodes in stage 42 larvae is determined partly by the
timing of activation of GABAergic inhibition (Reith and Sillar,
1999), which can prematurely terminate swimming. One possi-
bility is that increased temperature simply speeds up the pro-
cesses controlling this timing via Q10 relationships, i.e., in the
same way that the durations of action potentials and synaptic
potentials decrease with increasing temperature (Janssen, 1992).
Indeed, one of the prominent actions of NO is to decrease swim
episode duration by potentiating GABA transmission (McLean
and Sillar, 2002), and thus an associated hypothesis is that in-
creased temperature increases the production of NO by increas-
ing the enzymatic activity of NOS and that it is the action of NO
at GABAergic synapses that decreases episode duration. In this
scenario, it would have to be proposed that the action of NO to
decrease cycle frequency (via potentiation of glycinergic transmis-
sion) (McLean and Sillar, 2002) is more than counterbalanced by the
direct actions of temperature to increase cycle frequency. Moreover,
one would need to propose that any release of NO during the tem-
perature ramp is sufficient to affect episode duration but insufficient
to have the dramatic effect on recovery temperature and recovery
time that pharmacological activation of the NO/cGMP has. These
difficulties, and the observation that manipulation of the NO/cGMP
pathway had no effect on temperature sensitivity of the rhythm fre-
quency, lead us to believe that most of the temperature-induced
shortening of swim episodes is not mediated via NO.

Our experiments did not address the mechanisms underlying
hyperthermic failure and subsequent recovery of motor pattern gen-
eration in the spinal cord. Many different processes are likely to be
implicated, including the failure to generate action potentials, the
increased likelihood of conduction failure at axonal regions of low
safety factor, and the failure of synaptic transmission (Janssen, 1992;
Robertson, 2004). An important common feature of all of these pos-
sibilities is a dysregulation of ion homeostasis or conductance. Ac-

Table 1. Manipulation of the NO/cGMP pathway does not affect the temperature
sensitivity of swim cycle frequency

Regression
slope
(Hz/°C)

Regression
intercept
(Hz)

n Mean SE Mean SE

Control 18 0.72 0.07 �0.34 1.50
SNAP 5 0.57 0.16 0.46 3.53
cGMP 5 0.72 0.10 1.05 2.33
CPTIO 7 0.74 0.09 �1.45 2.09
L-NAME 9 0.62 0.04 2.13 0.80
ODQ 7 0.74 0.06 �0.69 1.20

Pharmacological activation (8-bromo-cGMP and SNAP) and inhibition (CPTIO, L-NAME, ODQ) of the NO/cGMP path-
way had no effect relative to control on the slope or the intercept of the linear regression fitted to the relationship
between increasing temperature and swim cycle frequency. Average rhythm frequency of sequences with 10 –50
swim cycles (fewer cycles at higher temperatures as episode durations decreased) were calculated at three to five
different temperatures during the increasing temperature ramp, and the data were fitted with a linear regression
using a least-squares procedure. See Materials and Methods for drug description.
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tion potential failure is predicted by the
Hodgkin–Huxley equations as K� cur-
rents overwhelm Na� currents at high
temperature (Chapman, 1967). Synaptic
failure at the Drosophila neuromuscular
junction results from a loss of the ability to
regulate intracellular Ca 2� concentra-
tions (Klose et al., 2008). Given these pre-
cedents and the time dependence of
recovery of the tadpole swim CPG, we be-
lieve it to be a reasonable supposition that
hyperthermic failure and recovery in this
system are closely related to loss and res-
toration of appropriate ion gradients.

NO has many and various important
roles to play in neural function and dys-
function (Guix et al., 2005; Garthwaite,
2008). The modulatory effects of NO on a
variety of neuronal circuits across differ-
ent phyla have been described. NO affects
rhythmic motor activity in jellyfish swim-
ming (Moroz et al., 2004), snail feeding
(Kobayashi et al., 2000), and cardiac activ-
ity (Taylor et al., 2003), crab stomatogas-
tric activity (Scholz et al., 2001; Stein et al.,
2005), locust oviposition (Newland and
Yates, 2007), and mouthpart movements
(Rast, 2001), frog respiration (Hedrick
and Morales, 1999), tadpole swimming
(McLean and Sillar, 2000), lamprey swim-
ming (Kyriakatos and El Manira, 2007),
and mammalian respiration (Pierrefiche
et al., 2007; Reeves et al., 2008). The mech-
anisms NO uses to exert its effects are less
well known, with a notable exception be-
ing in the tadpole spinal cord (McLean
and Sillar, 2002, 2004). Nevertheless, it re-
mains difficult to explain the effects of NO
on hyperthermic failure and recovery
through its described facilitatory effects
on glycinergic and GABAergic neuro-
transmission, and better understanding of
the mechanisms will require further
investigation.

Behavioral flexibility in the face of highly
variable environmental conditions is con-
sidered to be a primary role for neuromodu-
lation of CPGs (Dickinson, 2006). Despite
this awareness, and the often very detailed
knowledge of the cellular and synaptic
mechanisms underlying neuromodulator
action, the environmental contexts requir-
ing motor pattern changes are less well known. This may be simply
because the appropriate contexts have not been presented to the
animal or preparation. Thus, we know that, at these early stages of
Xenopus development, NO acts as a brake on swimming, but we do
not know the conditions appropriate for this. NO is known to be
released by, and mediate responses to, cellular stressors such as hyp-
oxia (Wingrove and O’Farrell, 1999; Reeves et al., 2008) and hyper-
thermia (Armstrong et al., 2009), and we can interpret our findings
as NO reducing the probability of swimming to conserve energy
during exposure to more stressful environments. NO makes the
swim CPG output less intense and causes it to cease functioning at a

lower temperature. These are modifications that would conserve
energy. Moreover, the modulation of spinal circuitry by NO is long
lasting (Kyriakatos and El Manira, 2007), befitting a response to a
changing environment.

The control animals in our study were variable, and their re-
sponses to hyperthermia fell along a continuum between those of
preparations treated with activators of NO/cGMP and those
treated with inhibitors. For example, we found that the tadpoles
from the breeding colony had markedly variable swim durations
(several seconds to several tens of minutes) before any manipu-
lations (see supplemental information and supplemental Fig.

Figure 4. Manipulation of the NO/cGMP pathway affects TS-evoked swim episodes during hyperthermia. A, Effects on episode dura-
tion. Ai, Activation of the NO/cGMP pathway with 8-bromo-cGMP (cGMP) and SNAP decreased episode duration at room temperature,
whereas downregulation of the pathway with CPTIO, L-NAME, and ODQ had the opposite effect. Aii, At 30°C during the increasing temper-
ature ramp, the effects of the drugs were exacerbated. Aiii, At 30°C during the decreasing temperature ramp after hyperthermic failure, the
effects of the drugs were exacerbated. Note that no swim episodes could be evoked at this time in the presence of 8-bromo-cGMP or SNAP.
Asterisksindicatesignificantdifferencebetweenthesedatapoints( p�0.05;Kruskal–Wallisone-wayANOVAfollowedbyDunn’smethod
for pairwise comparisons). B, Effects on hyperthermic failure and recovery of swim motor patterns. Bi, Activation of the NO/cGMP pathway
with 8-bromo-cGMP and SNAP decreased the failure temperature, whereas downregulation of the pathway with CPTIO, L-NAME, and ODQ
had the opposite effect. Bii, Activation of the NO/cGMP pathway decreased the recovery temperature, whereas downregulation of the
pathway had the opposite effect. Biii, Activation of the NO/cGMP pathway increased the time taken to recover from hyperthermic failure.
Downregulation of the pathway did not significantly decrease the recovery time compared with controls. Asterisks indicate significant
difference between these data points ( p � 0.05; ANOVA followed by Holm–Sidak for pairwise comparisons), and a bar above symbols
indicates no significant difference between these data points. See Materials and Methods for drug description. Data points indicate
means � SE, and sample size is indicated parenthetically under the symbol.
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S1, available at www.jneurosci.org as supplemental material).
Interestingly, the duration of swim episodes also correlates
with rearing temperature (see supplemental information and
supplemental Fig. S2, available at www.jneurosci.org as supple-
mental material). Cool-reared individuals swim for longer on
average than those reared under warm conditions. Swim dura-
tion is determined at least partly by levels of NO (McLean and
Sillar, 2000). We interpret the evident variability in swim dura-
tion as reflecting variable conditions in the rearing chambers
(e.g., temperature, oxygenation, crowding, lighting, etc. that were
not precisely controlled) and that short swim durations indicate
previous experience of a more stressful nature causing increased
levels of NO. Another source of variability, which may affect the
NO systems, is the dissection before recording which could, at
least in principle, lead to variable levels of iNOS activation and
hence alter the production of NO and episode duration. It is clear
that NO has a continuous role to play, because inhibition of the
NO/cGMP pathway has effects without previous pharmacologi-
cal activation (this paper) (McLean and Sillar, 2000).

We conclude that NO modifies the thermosensitivity of the
swim circuit in the spinal cord of Xenopus tadpoles, making it
more sensitive to hyperthermia. Thus, we describe here a possible
functional role for the well characterized effect of NO on the
swimming CPG in tadpoles and propose that the NO/cGMP
pathway may be involved more generally in tuning the CNS and
organismal responses to the abiotic environment.
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