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the length of stride. It is significant that oxygen consump-
tion levels and stride frequencies are relatively constant in
Notomys at speeds above 3 km per h, the speed at which
the gait changes from a walk to a quadrupedal bound.
Similar patterns have been obtained during bipedal
locomotion in the red kangaroo, this being attributed to
storage of energy in elastic elementsé. Our data also
suggest a possible large storage component but in con-
trast to the kangaroo, occurring during quadrupedal
locomotion. The observation that oxygen consumption
stabilizes during quadrupedal running has also been made
in Notomys cevvinius”. Although our results are qualitative-
ly similar at low and intermediate speeds, we do not find
prolonged steady state oxygen consumption levels at
higher speeds in the smaller N. alexis and find no evidence
of a further change in the rate of oxygen consumption as
reported in this work.

Given the differences in resting metabolic parameters
between eutherians and marsupials, are there differences
in aerobic capacity or heat storage between the rodent
and the marsupial? If we assume that the platean of
oxygen consumption at high speds represents the maxi-

mal oxygen uptake rate (max VOz), the ratio max V02

to standard I}O2 for Notomys is approximately 5.3. We
cannot suggest that Aniechinomys was running at maximal
rates of oxygen uptake as the animals are known to run
at greater speeds than those at which we could induce

in our experiments, however, the ratio of max VO, to

Specialia

585

standard VOz at the highest measured oxygen consump-
tion levels is 7.0 for the lighter animal and 7.1 for the
heavier. It appears therefore that the scope for aerobic
metabolism is not lower in the marsupial species. The
mean resting body temperature for N. alexis was 37.8°C
and for A. spenceri 36.4°C. Both groups of animals were

-run at 2 km h-*! for 10 min, a speed which produced

oxygen consumption rates of close to 7 ml O, g-* h-1in
both species. Mean heat storage in N. alexis was 0.0399
Mjoule (kg h—') and in 4. spenceri 0.0405 MJoule (kg h—1).
This represents mean values of 28.3 and 29.39%, respectively
of the total heat production at these speeds; values in-
significantly different at the 59, level of confidence. It
appears therefore that the lower resting body temperatures
in the marsupial confers no advantage in actual heat
stored.

Conclusions. We conclude that the apparent specializa-
tion of long hind limbs in N. alexis results in no marked
differences from predicted eutherian locomotory pat-
terns at low running speeds. However, energy demands
for locomotion plateau at higher speeds and its appears
that elastic storage may become significant. A similar
limb specialization occurs in Angechinomys but we could
not induce steady state running at speeds above 2 km
h-1. This difference in maximum voluntary steady state
speed, together with the observation that at low speeds
the marsupial expends more energy in locomotion than
the rodent, provides, even within the limitations of a
treadmill experiment, an interesting comparison.

Slow Current Changes Underlying Square Shaped Potential Waves in Warmed Aplysia Neurones

M. Gora

Département de Biophysique des Neuromembrames, C.N.R.S., Institut de Newvophysiologie et Psychophysiologie, 31,
Chemin Joseph-Aiguier, F—13274 Mavseille Cedex 2 (Framce), 28 November 1975.

Summary. On warming, the regularly firing L,; neurone of 4plysia turns into a bursting-type neurone. The bursts of
spikes are produced by slow square waves which can also be obtained at room temperature by adding TTX or Co++,
Experiments with slow ramp voltage clamp show that warming induces a negative slope (or negative resistance)
on the current-voltage characteristic and very slow current variations (z = 10 to 50 sec) in response to potential
changes. The square waves are explained by these two phenomena.

CrarazonNiTis! and ARvVANITAKI? reported that a
regularly firing Aplysia neurone, denoted ‘Gen’?® or L, %
generates bursts of spikes when temperature is raised
above 25°C. High frequency bursts are due to slow cyclic
potential changes such as in the ‘Br’ or R, bursting
neurones of Aplysia®. Moreover, voltage clamp experi-
ments indicated that steady current-voltage relations in
bursting neurones have a negative slope usually called
negative resistance (NR)®-3, and undoubtedly slow po-
tential waves are due to the instability caused by the
NR9-12, The present work provides additional evidence
for a relationship between steady NR and slow potential
changes; also it shows that a slow regenerating mechanism
is needed.

Malevials and methods. The experiments were performed
on the firing cell — ‘Gen’ or L,; — of the parietovisceral
ganglion of Aplysia fasciata. The ganglion was isolated and
pinned in a plexiglass chamber continuously perfused
with artificial sea water. Two independent glass micro-
electrodes filled with 2.5 M KCl were inserted in the cell
for respectively recording and current injection. The
electrical circuit for current or voltage clamping has been
already described!®. To determine i-V relations, a sym-
metrical triangular ramp pulse was applied to the control
amplifier input. The slopes of the positive or negative

potential ramps were (+) 0.8 to 3 mV/sec and the poten-
tial investigated ranged from —70 mV to 0 mV, The i-V
relations obtained with the slow depolarizing ramps can
be considered as the steady i-V characteristics of the mem-
branell, '

Slow permanent records were made on a Philips pen
recorder. The temperature was controlled with a thermo-

1 N. Cuavrazoxirrs, J. Physiol., Paris 53, 289 (1961).

2 A. Arvanttaki, C. r. Acad. Sci., Paris 255, 1523 (1962).

8 A. Arvanrragr and N. CrALAzonITIS, J. Physiol., Paris 50, 122
(1958).

' W. Frazier, E. Kanpry, I. KurrErManN, R. Wazir: and R.
CocgesHALL, J. Neurophysiol. 30, 1288 (1967).

® A. Arvanttagr and N. Crarazonirs, C. . Acad. Sci., Paris 240,
462 (1955).

¢ M. Gora and G. RomEv, J. Physiol., Paris 67, 277 A (1973).

" H. WacuteL and W. A. WiLsowN, Neurobiology of Imveriebrates
(Ed. J. Savankr; Akademiai Kiadd, Budapest 1973), p. 59.

8 R. Eckert and H. D. Lux, Brain Res. 83, 486 (1975).

® W. A, WiLson and H. WacsTEL, Science 786, 932 (1974).

10 M. Goua, Pfliigers Arch. 352, 17 (1974).

U M. Gora, Symposium on Snail Brain (Ed. J. SALANKI; Hung. A
cad. Sci., Tihany 1975), in press.

2 T. G. Smrrh, J. L. BARKeR and H. GAINER, Nature, Lond. 253,
450 (1975).

13 M. Gora and G. Romey, Piliigers Arch, 327, 105 (1971).



586

electric unit using a Peltier element and measured with a
small thermistor placed near the ganglion.

Results. At room temperature (20-22°C) the L,;
neurone is continuously firing at a relatively high fre-
quency (1.5 to 4 spikes/sec; Figure 1, B,). The frequency
decreases with cooling and the spiking stops when the
temperature is lower than 15°C. During warming above
22°C, the spikes group in pairs and around 25°C the cell
generates high frequency discharges separated by long
lasting silent periods (Figure 1, B,). At higher temperature
(28 to 35°C) the spikes are reduced and very often dis-
appear, and the membrane potential alternately passes
from a depolarized level (—10 to —20 mV) to a hyper-
polarized level (—40 to —50 mV; Figure 1, B;). These
square waves look like the paroxysmal depolarization
induced by pentylenetetrazol in molluscan neurones?4,

At low temperature (12-18°C) the i-V relations ob-
tained with slow potential ramps of positive slope ex-
hibit both anomalous and delayed rectifications, separat-
ed by a flattened region with low slope conductance (be-
tween —40 and —20mV; Figure 1 A;). On warming the
L,, neurone above 20°C, a negative slope appears and in-
creases with temperature (Figure 1, A, and Aj). The
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Fig. 1. Current-voltage relations and electrical activity of cell Ly,.
A) i-V characteristics of Ly, at 3 different temperatures, obtained by
applying slow potential ramps (the sweeping direction is indicated
by arrows). Ramp slopes: A;:2.8 mV/sec; A, and A;:2.1 mV/sec.
Calibrations: vertical 20 nA, horizontal 25 mV. Outward currents are
positive and inward currents negative. The horizontal and vertical
lines are, respectively, zero current baseline and zero potential level.
B) Spontaneous activity during warming. The cell is firing regularly
at 19°C, displays bursts of spikes at 26°C and square shaped slow
waves at 30°C. Calibrations: vertical 50 mV, horizontal: 2 sec. C)
Spontaneous square wave in L, bathed in TTX 2x10~% M for 10
min. Calibrations: vertical: 50 mV; horizontal: 10 sec. D) current time
recording (lower trace) in response to applied potential ramps of
positive, then negative slope (upper trace). Cell L;; bathed in artificial
sea water containing TTX 2x10-% M. Note the long tail current
(r = 35 sec) after the repolarizing ramp.

Specialia

EXPERIENTIA 32/5

threshold of NR induced by high temperature ranges
between —35 and —40 mV. The NR exists in steady-
state since with long lasting command potentials ranging
from —35to —15 mV the steady current flows inwardly.

In addition to the induced NR, warming a L;; neurone
leads to current hysteresis, i.e. the current intensity
depends on the potential change direction: the i-V
characteristic obtained with a slow repolarizing ramp is
still N-shaped, but is shifted towards positive current
compared to the i1-V characteristic obtained with a
depolarizing ramp (Figure 1, A, and A;). Even at the
slowest rate which can be nsed (0.35 mV/sec), the current
depends on the potential sweeping direction.

The current hysteresis is conspicuous above 17°C and
increases with temperature. A similar current hysteresis
was already observed in bursting neurones of A plysia10 11,
In L;;, the hysteresis is due to a very slowly developing
outward current (v = 10 to 40 sec) at command potentials
less negative than —35 mV. Conversely, repolarizing the
membrane beyond —35 mV leads to a slowly decreasing
current (v = 10 to 50 sec; Figure 1, D).

Without any external influence, the electrical behaviour
of the neurone depends on the potential of its operating
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Fig. 2. Slow waves in cell L;;. A) Pen recording of spontaneous
activity of cell L;; bathed in artificial sea water (ASW). Temperature
22°C. With a 5.7 nA inward current (indicated by upward deflection
of top trace) the cell generates irregular bursts of spikes. B) Cell L,;
in ASW containing TTX 2x 1075 M. The cell is silent with a low
resting potential (—20 mV). A small inward current (arrow) induces
long square waves. Temperature 22°C. C) Spontaneous slow potential
waves in L;; bathed in artificial sea water deprived of Ca** and
containing 20 m# Cot*. Temperature 25°C. Small spikes are
elicited on the upstroke of the square wave. Vertical calibration: A:
5mV; B and C: 12.5mV. Horizontal calibration: A) 7 sec; B) 60 sec;
C) 20 sec. In all records, the spike amplitude is strongly attenuated
by response time of the pen recorder,
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120 Fig. 3. Steady inward current
in warmed L;;. A} Inward current
versus membrane potential (lower
diagram) at - different tempera-
tures. The inward current is
measured as indicated in top dia-
gram. B) Maximum steady inward
current (@), and slope conductance
(A) versus 1/T (T = absolute
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point, defined by the intersection of the ¢ = 0 axis with
the i-V characteristic. At low temperature, the operating
point potential ranges between —25 and —35 mV, what-
ever the potential slope sign may be. Above 20°C both
NR and current hysteresis lead to the definition of two
operating points, corresponding to the characteristics
obtained from either a depolarized or a hyperpolarized
state. At 22°C, these two points are on the right-hand
positive branch of the characteristic and their potentials
are between —15 and —25 mV. Above 25°C, the en-
hanced current hysteresis can bring the entire NR into
the positive current region and consequently the cor-
responding operating point passes to the left-hand branch,
at about —40 mV. At 30°C, the two operating points are
respectively at —15 and —45 mV and the NR is situated
below—depolarizing ramp—or above —repolarizing ramp—
the 4+ = 0 axis. Thus, when the membrane is previously
hyperpolarized, it tends to be depolarized by the low
potential level ( —15 mV) of its operating point; converse-
ly, when the membrane is depolarized, it tends to be
hyperpolarized by the high potential level (—45mV) of the
corresponding operating point. The square waves cor-
respond to the spontaneous potential transitions from the
one operating point to the other, according to a mechanism
similar to the one proposed for bursting neurones of
molluscs 1% 11, All the necessary elements for this mechani-
sm — steady NR and current hysteresis — already exist at
25°C. Therefore, it is very likely that the square waves at
30°C represent the generator potential underlying the
burst of spikes at 25°C, spikes which have been blocked
at higher temperature.

The current hysteresis must be large enough to shift the
entire NR into the outward current region and to create a
high potential operating point. If this condition is not
fulfilled, the i-V characteristic of the depolarized mem-
brane has a low potential operating point, such as for a
hyperpolarized membrane. At room temperature (20—
22°C) NR and hysteresis are already present but the cell
fires regularly. The high frequency firing is thus due to the
low potential ( —20 mV) of the two operating points: the
membrane potential tends to reach the operating point
level and the cell fires when the potential reaches the
spike threshold (—35 mV). However, with a constant
injected inward current {of a few nA), one of the operating
points may pass to the left-hand branch of the character-
istic and the cell generates bursts of spikes (Figure 2, A).
The generator potential of the burst is revealed when the
spike mechanism is blocked with TTX (2 x 103 M ; Figure
1, C) or with Co*+ (substituted for Ca++). In both cases
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the spikes are strongly reduced or even suppressed and
the neurone is silent with a low resting membrane po-
tential (—20 mV). Upon injection of a constant inward
current — 4, — the neurone displays long square potential
waves (similar to those shown by warmed cells) (Figures
2, B and C). NR amplitude is reduced by TTX or Co++
but the current hysteresis is not altered. Consequently,
the potentials of the two operating points (under the
action of a current 4,) are very slightly modified and cor-
respond well to the bottom and the top of the square waves.

With artificial sea water containing both TTX (2 X 10-3
M) and Cot+ (20 mM — Cat++ = 0), NR is completely
suppressed and the cell is depolarized at about —20 mV,
but the current hysteresis subsists. These results show that
the steady NR is due to a permanent flow of Na++ and
Cat+ ions and that these ions do not interfere with the
slow current inducing the hysteresis.

The relation between steady inward current and po-
tential was evaluated taking the leakage current into
account as indicated in Figure 3, A. These relations are
shown with different temperatures in Figure 3, A. The
inward current appears at about —45 mV and is maximum
at —20 mV. Due to the outward flow of the slow current,
occuring at low potential, the null current points in Figure
3, A are not indicative of the reversal potential of the
inward cuttént. The peak inward current increases with
temperature but the leakage current is also enhanced
(Figure 3, B). Consequently, the induction of NR by the
inward current is counterbalanced by the increased out-
ward flow of the leakage current. Since the ability of the
cell to generate slow potential waves depends on NR am-
plitude, it follows that the generation of square waves by
Ly, is optimal at 29°C (Figure 3, C). This result is com-
parable with the experiments of CmarazoniTis® and
SALANKI et al.¥® who showed that burst generation in Ry,
(or in the corresponding Helix neurones) disappears at low
and high temperature.

The results obtained on the warmed L,, cell strengthen
the model set up for bursting neurones® 1! and for
pentylenetetrazole-induced square waves'?. They show
that two elements are essential for the generation of slow
waves: a steady negative resistance and a slow regenerat-
ing current.
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