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Intense synaptic activity may alter the response properties of neurons in highly interconnected networks. Here we investigate whether the
excitability and the intrinsic response properties of neurons in the spinal cord are affected by the increased synaptic conductance during
functional network activity. Scratch episodes were induced by mechanical stimulation in the isolated carapace–spinal cord preparation
from the adult turtle. Intracellular recordings revealed a dramatic increase in synaptic activity in interneurons and motoneurons during
scratch activity. Superimposed slow depolarizing waves were phase-related to the rhythmic bouts of spike activity in the hip flexor nerve.
The increase in synaptic conductance in interneurons and motoneurons varied with the scratch rhythm. During individual episodes, the
conductance shifted smoothly with the scratch rhythm from near-resting levels to levels two to four times higher. In slice experiments, we
found that even moderate increases in the conductance of motoneurons suppressed the slow afterhyperpolarization and the plateau
potentials. We conclude that the excitability and the intrinsic response properties of spinal neurons are periodically quenched by high
synaptic conductance during functional network activity.
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Introduction
The intrinsic response properties provided by voltage-gated ion
channels play an important role in the shaping of neuronal firing
patterns (Llinas, 1988). This role, however, is moderated by syn-
aptic conductance during network activity. The additional con-
ductance induced by synaptic activity is related to the number of
simultaneously active neurons, their firing frequencies, the syn-
aptic connectivity, and the strength of synaptic connections.
Consequently, the contribution of intrinsic response properties
of highly interconnected neurons in large-scale networks, such as
the cerebral cortex, is minimal during intense activity (Destexhe
et al., 2003), but it plays a crucial functional role in oligocellular
networks such as the stomatogastric ganglion (Nusbaum and
Beenhakker, 2002). It is not clear whether and when high-
conductance states are obligatory ingredients of functional activ-
ity in large-scale networks. Sparsely coded functional activity in
the cerebral cortex (Brecht et al., 2004) provides strong evidence
for low-conductance states in which the intrinsic response prop-
erties would have a prominent role. The aim of the present study
was therefore to investigate the conductance state in neurons
during functional activity in a large-scale network in which neu-
ronal response properties are thought to play a prominent role.

We used the isolated carapace–spinal cord preparation from
turtles. In this preparation, scratch-like network activity induced
by a sensory stimulus (Keifer and Stein, 1983) can be combined
with stable intracellular recording in voltage-clamp and current-
clamp modes (Alaburda and Hounsgaard, 2003). Scratching is
produced by a large-scale network involving several spinal seg-
ments (Mortin and Stein, 1989; Stein, 2005). Motoneurons and
interneurons in these segments express cell type-specific re-
sponse properties (Russo and Hounsgaard, 1999) modulated by
synaptic activity (Perrier et al., 2002; Alaburda and Hounsgaard,
2003). At the same time, scratch episodes in the spinal turtle in
vivo are associated with a considerable conductance increase in
motoneurons (Robertson and Stein, 1988). In the present study,
we find that the intrinsic response properties of motoneurons
and interneurons are quenched by increased synaptic conduc-
tance during rhythmic scratch network activity.

Materials and Methods
Integrated preparation. Red-eared turtles (Chrysemys scripta elegans; n �
16) placed on crushed ice 2 h before surgery to induce hypothermic
anesthesia (Melby and Altman, 1974) were killed by decapitation. Blood
was substituted by perfusion with a Ringer’s solution containing the
following (in mM): 120 NaCl, 5 KCl, 15 NaHCO3, 2 MgCl2, 3 CaCl2, and
20 glucose, saturated with 98% O2 and 2% CO2 to obtain pH 7.6. Trans-
verse cuts were made to isolate the carapace containing the D4 –D10
spinal cord segments (Alaburda and Hounsgaard, 2003). The hip flexor
nerves puboischiofemoralis internus and pars anteroventralis that inner-
vate the muscle were exposed and cut. The spinal cord was transected at
the D10 vertebral segment. The vertebral laminas and spinal cord were
removed 3–5 mm from the rostral end of the preparation. The caudal cut
end of the carapace was glued to a Plexiglas platform and mounted in a
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holder. A small Plexiglas slab was glued to the carapace at the rostral cut
edge and a plastic tube for perfusion of the spinal canal was installed.

Slice preparation. Transverse slices (1.5–2 mm thick) were obtained
from the lumbar enlargement of adult turtles (C. scripta elegans; n � 12)
anesthetized by intraperitoneal injection of 100 mg of sodium pentobar-
bitone and killed by decapitation.

All experiments were performed at room temperature (20 –22°C) in
Ringer’s solution. In slice experiments, ionotropic glutamate receptors
were blocked by 25 �M 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX)
and 50 �M DL-2-amino-5-phosphonopentanoic acid (DL-AP-5) added to
the Ringer’s solution.

The surgical procedures used for the integrated preparation and the
slice preparation complied with Danish legislation and were approved by
the controlling body under the Ministry of Justice.

Recordings. Intracellular recordings in current-clamp and voltage-
clamp modes were performed with an Axoclamp-2A amplifier (Axon
Instruments, Union City, CA). Glass pipettes were filled with a mixture
of 0.9 M potassium acetate and 0.1 M KCl. Voltage-clamp recordings were
performed in the discontinuous service mode at a sample rate of 5– 8
kHz, with a gain of 0.7–1.5 nA/mV and a low-pass filter of 0.1 kHz. In
some voltage-clamp experiments, action potentials were eliminated by
2-(triethylamino)-N-(2,6-dimethylphenyl) acetamide (QX-314; Sigma,
St. Louis, MO) added to the pipette solutions (0.2 M final concentration).
In the integrated preparation, intracellular recordings were obtained
from neurons in segment D10. The database consists of intracellular
recordings from 24 motoneurons obtained in the motor nucleus in the
ventral horn and 25 interneurons recorded in the intermediary zone and
the deep dorsal horn.

Recordings were accepted if neurons had a stable membrane potential
more negative than �50 mV. Data were sampled at 20 kHz with a 12-bit
analog-to-digital converter (Digidata 1200; Axon Instruments), dis-
played by means of Axoscope and Clampex software (Axon Instru-
ments), and stored on a hard disk for later analysis.

In the integrated preparation, hip flexor nerve activity was recorded
with a differential amplifier (Iso-DAM8; World Precision Instruments,
Sarasota, FL) using a suction pipette. The bandwidth was 100 Hz to 1
kHz.

Stimulation. Mechanical stimulation was performed with the fire-
polished tip of a bent glass rod mounted to the membrane of a loud-
speaker controlled with a function generator (Rosenberg, 1986). Stimuli
were applied ventrally in carapace marginal shields M8 –M9, which are
the receptive fields for pocket scratching and the transition zone between
the receptive fields for pocket and rostral scratching (Mortin et al., 1985).

Data analysis. In current-clamp mode, the amplitude of the slow spike
afterhyperpolarization (AHP) was measured 30 ms after the peak of the
action potential with the peak of the fast afterhyperpolarization as a
reference. The conductance of neurons was measured from the voltage
response to 150 ms hyperpolarizing current pulses applied at 0.5 Hz. To
reduce the influence of fast and slow fluctuations in membrane potential,
a reference potential was obtained by linear interpolation of the average
membrane potential 70 –20 ms before the pulse and the average mem-
brane potential 20 –70 ms after the pulse. The average membrane poten-
tial 80 –130 ms from the onset of the pulse was taken as the test potential.
The estimated conductance was then obtained by dividing the amplitude
of the current injected during the pulse with the difference between the
reference potential and the test potential. Double-referent phase analysis
(Stein and Daniels-McQueen, 2002) was performed on neurons that
fired more than two action potentials during the depolarizing waves of
scratch-like network activity.

In voltage-clamp mode, the conductance was derived from current
traces from at least three holding potentials [adopted from Borg-Graham
et al. (1998)]. The traces for analysis were aligned in time with the two
first bouts in nerve activity. Data were analyzed statistically by using a
two-populations (paired) t test (Origin software; Microcal Software,
Northampton, MA). Significance was accepted at p � 0.05. If not other-
wise specified, data are presented as means � SEM (this is for double-
referent data).

Drugs. In slice experiments, the following transmitter receptor ago-
nists and antagonists were bath-applied: CNQX (25 mM) and DL-AP-5

(50 mM) from Tocris Cookson (Bristol, UK), and glycine (300 – 400 �M),
muscimol hydrobromide (0.5–1.5 �M), and (�)-1-[2,5]-dimethoxy-4-
iodophenyl-2-aminopropane (DOI; 50 �M) from Sigma. QX-314 (0.2 M)
was added to the pipette solution to block action potentials.

Results
Figure 1 illustrates the typical pattern of changes in synaptic ac-
tivity (Fig. 1A) and input resistance (Fig. 1C) in current-clamp
recordings from spinal neurons during a scratch episode. Less
than 500 ms from the onset of a mechanical stimulus in the
receptive field on the carapace, the synaptic activity increased
dramatically and resulted in rapid fluctuations in membrane po-
tential, as illustrated in Figure 1A, insets. Superimposed on the
rapidly fluctuating membrane potential, slow waves of depolar-
ization reached the spike threshold in 29 of 41 cells (13 of 18
motoneurons and 16 of 23 interneurons). In each cell, these
waves had a characteristic phase relationship to the periodic
bouts of activity recorded in the ipsilateral hip flexor nerve (Fig.
1A). We calculated the double-referent phase to describe the start
and end phases of neuron firing relative to hip flexor nerve activ-
ity (Stein and Daniels-McQueen, 2002). In 11 of 13 motoneu-
rons, the start and end phase of activity was within the ON phase
of the hip flexor nerve (Fig. 1B). Some of these motoneurons,
especially with later start phase, may be the knee extensor mo-
toneurons, active during rostral scratching (Robertson and Stein,
1988). In interneurons (n � 9), the start and end phase relation-
ship ranged from phase-advanced neurons to phase-delayed neu-
rons with respect to hip flexor nerve activity (Fig. 1B).

The irregular firing frequency observed in motoneurons and
interneurons during scratch episodes may be a simple conse-
quence of the fluctuations in membrane potential but might also
be aided by an increase in neuron conductance caused by the
increased synaptic activity. We therefore estimated the change in
neuron conductance during scratch episodes from the voltage
change induced by hyperpolarizing current pulses, as illustrated
in Figure 1C. Not surprisingly, the average neuron conductance
was significantly increased during scratching in all cells tested
(68 � 11%; n � 49; motoneurons, 57 � 10%, n � 24; interneu-
rons, 79 � 21%, n � 25). In addition, however, a cyclic variation
in estimated input resistance was noticed during scratch episodes
(Fig. 1C). The peak conductance increased by 280 � 55% (n �
49) (motoneurons, 262 � 66%, n � 24; interneurons, 297 �
90%, n � 25). As qualitatively noticed in vivo (Robertson and
Stein, 1988), substantial increases in conductance were not al-
ways accompanied by significant changes in membrane potential
(Fig. 1C, arrows).

One source of variability in estimates of input resistance in
current clamp during scratch episodes is the fast and slow fluctu-
ations in membrane potential. To eliminate this factor and im-
prove the time resolution, the method introduced by Borg-
Graham et al. (1998) was adopted to derive the conductance
changes from voltage-clamp records during scratch episodes
(Fig. 2A). The current generated during scratch activity was re-
corded during at least three consecutive episodes, each at a dif-
ferent holding potential. In experiments in which the recording
electrode did not contain QX-314, holding potentials were kept
at levels more hyperpolarized than the spike threshold (�55 to
�130 mV). In this voltage range, turtle spinal neurons display
approximately linear current–voltage relationships at rest (Russo
and Hounsgaard, 1996a,b; Delgado-Lezama et al., 1997; Svirskis
and Hounsgaard, 1998). During scratch episodes, the conduc-
tance was derived from the linear relationship between the aver-
age current in 100 ms time segments at three different holding

Alaburda et al. • High-Conductance States in Spinal Neurons J. Neurosci., July 6, 2005 • 25(27):6316 – 6321 • 6317



potentials (see Materials and Methods). In
35 of 36 neurons tested (27 of 27 motoneu-
rons and 8 of 9 interneurons), the conduc-
tance during scratch episodes changed
rhythmically with the bouts of hip flexor
nerve activity from values near resting
conductance and reached peak values up
to 4 times higher. The mean and maxi-
mum conductance during scratching in-
creased by 35 � 8 and 79 � 13% (n � 36)
(motoneurons, 38 � 11 and 84 � 17%,
n � 27; interneurons, 24 � 7 and 61 �
12%, n � 9).

In a few experiments, individual inhib-
itory synaptic events could be discerned
during network activity. In the voltage-
clamp experiment in Figure 2A, we no-
ticed that when the membrane potential
was held at –35 mV, prominent transient
outward currents occurred during the
slow waves of net inward current as well as
during the intervening periods of net out-
ward current. These transients were re-
duced in amplitude at �55 mV and absent
at –75 mV, as highlighted in the insets.
Similarly, in the few cells in which individ-
ual inhibitory synaptic potentials could
unambiguously be resolved in current
clamp, the frequency of inhibitory synap-
tic potentials peaked during the depolariz-
ing waves of scratch episodes (Fig. 2B).

In theory (Bernander et al., 1991; Rapp
et al., 1992; Shadlen and Newsome, 1994)
and in experiments in neocortical neurons
(Destexhe and Pare, 1999; Destexhe et al.,
2003), synaptically induced fluctuations in
membrane potential and conductance of
the order of magnitude observed here have
dramatic effects on active and passive
postsynaptic integration. Spike afterhy-
perpolarizations and plateau potentials are
prominent and well investigated intrinsic
response properties in turtle motoneurons
(Hounsgaard et al., 1988; Russo and
Hounsgaard, 1999; Alaburda et al., 2002;
Stauffer et al., 2005). We investigated the
sensitivity of these properties to pharma-
cologically increased conductance in mo-
toneurons in transverse slices of the turtle
spinal cord. Figure 3A shows the response
to depolarizing current pulses before and
after application of 1.5 �M muscimol, a
selective GABAA receptor agonist. Musci-
mol increased the membrane conductance
by 80%. This increased the threshold for
spike generation and reduced the slow af-
terhyperpolarization. In all 15 motoneu-
rons investigated, the slow afterhyperpo-
larization 30 ms after action potentials was
significantly reduced in amplitude or abolished by the increased
membrane conductance (35–150%) induced by bath-applied
muscimol (0.5–1.5 �M; p � 0.0003; n � 10) or glycine (300 – 400
�M; p � 0.003; n � 5). In turtle motoneurons, the generation of

plateau potentials during depolarization is a latent property facil-
itated by activation of metabotropic glutamate 1, 5-HT2, and
muscarine receptors (Delgado-Lezama et al., 1997; Svirskis and
Hounsgaard, 1998; Perrier and Hounsgaard, 2003). We found

Figure 1. Synaptic activity and conductance increase during scratching. A, Increased synaptic activity during scratching,
highlighted in insets. B, Double-referent mean ON and OFF phases (with and without angular deviation) of motoneurons (left) and
interneurons (right) recorded. C, Increased conductance during scratching. Arrows mark decreased responses to hyperpolarizing
current pulses near the resting membrane potential. A–C are recordings from three different motoneurons. Stim, Stimulation.
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that the generation of plateau potentials in motoneurons was
abolished by even a moderate increase in membrane conductance
induced by application of muscimol or glycine. In the experiment
illustrated in Figure 3B, plateau potentials were activated by de-
polarization in the presence of the 5-HT2 agonist DOI (50 �M)
(Fig. 3Ba). Application of 1 �M muscimol led to a 22% increase in
membrane conductance and abolished the generation of plateau
potentials by the depolarizing pulse (Fig. 3Bb). The plateau po-
tentials were not restored by more intense depolarization (Fig.
3Bc) but fully recovered after removal of muscimol (Fig. 3Bd).
The generation of plateau potentials facilitated by DOI (50 �M)
was abolished or severely inhibited by an increase in conductance
of 10 –100% in seven motoneurons tested with muscimol (0.5
�M) and an increase in conductance of 20 – 60% in six motoneu-
rons tested with glycine (200 �M).

We noted that the threshold for action potentials in response
to depolarizing current pulses increased when the membrane
conductance of motoneurons was increased by application of
glycine or muscimol. We therefore tested whether this effect was
apparent during scratch episodes in the integrated preparation.
As illustrated by the recording from the motoneuron shown in
Figure 4, we found that the conductance increase during scratch-
ing reduced neuronal excitability. In this experiment, a 0.5 s de-
polarizing current pulse, adjusted in amplitude to evoke a single
action potential at rest, was repeated at 0.5 Hz. From the onset of
scratching, the response to the current pulse was reduced in am-
plitude and did not evoke spikes outside the firing period during
the depolarizing waves. In this cell, the intense synaptic activity
and the conductance gradually declined during a 5 s after the last
depolarizing wave. The decreased response to depolarizing cur-
rent pulses during scratch episodes was observed in 11 of 14
motoneurons tested.

Discussion
In this study, we find a phasic increase in neuron conductance in
motoneurons and interneurons during scratch-like network ac-
tivity induced by sensory stimulation in the isolated lumbar cara-
pace–spinal cord preparation from adult turtles. Our results sug-
gest that high-conductance states are produced by a balanced
increase in excitatory and inhibitory synaptic activity. During the
high-conductance state, neuronal firing is determined by synap-
tically induced fluctuations in membrane potential rather than
intrinsic response properties. In slice experiments, we demon-

Figure 2. Cyclic variation in neuron conductance and inhibition during scratching. A, Neuron
conductance calculated from current values at three different holding potentials (see Materials
and Methods). Note the cyclic variation in conductance with bouts of nerve activity. Insets,
Fragments of current traces in higher resolution. Fast outward current transients during a net
inward current at �35 mV are reduced and disappear at more hyperpolarized levels. B, Fast
hyperpolarizing transients during a depolarizing wave in an interneuron during scratching.
Stim, Stimulation.

Figure 3. Slow AHPs and plateau potentials quenched by a muscimol-induced conductance
increase. Aa, Response to a depolarizing current pulse in control (black) and in the presence of
muscimol (gray). Ab, Superimposed action potentials from Aa. Note the decrease in amplitude
of the slow AHP. B, Plateau potentials eliminated by conductance increase. Ba, Response to a
depolarizing current pulse in a motoneuron in the presence of DOI. Note accelerating firing and
afterdischarge. Bb, Absence of accelerating firing and afterdischarge after application of mus-
cimol. Bc, Even larger depolarizing current pulses unable to induce acceleration and afterdis-
charge. Bd, Acceleration and afterdischarge reappeared after washout of muscimol.

Figure 4. Excitability of spinal motoneurons reduced during scratching. The excitability was
tested by injecting depolarizing current pulses adjusted to elicit one action potential at rest.
Arrows mark action potential failures to stimuli (Stim) during scratching.
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strate that even a moderate increase in motoneuron conductance
reduces excitability and quenches the intrinsic response proper-
ties provided by slow afterhyperpolarizations and plateau poten-
tials. In agreement, we find a periodic reduction in neuron excit-
ability during scratch-like network activity.

The experimental conditions for estimating neuronal input
conductance during network activity are not ideal. The large in-
crease in synaptic activity introduces rapid fluctuations in mem-
brane potential in voltage recordings and in current during volt-
age clamp. In addition, the response to injected current pulses
during voltage recordings is superimposed on waves of depolar-
ization produced by the network activity. The fidelity of the volt-
age clamp in the single-electrode switch mode is limited (Wilson
and Goldner, 1975), and the degree of space clamp is modulated
by the changes in electrotonic length of the dendrites induced by
variation in synaptic activity. Without ignoring these reserva-
tions, however, the general agreement between the independent
estimates of conductance from voltage and current recordings
strongly supports the qualitative conclusion that periodic high-
conductance states occur in motoneurons and interneurons dur-
ing scratch episodes.

Our present techniques do not allow a quantitative evaluation
of the ratio between excitation and inhibition during network
activity. The finding that high-conductance states occur with
moderate changes in membrane potential (Fig. 2B) supports the
idea that these states are produced in spinal neurons by a bal-
anced increase in inhibition and excitation, as shown previously
for cortical neurons (Destexhe et al., 2003; Shu et al., 2003). The
implication is that the depolarizing waves during scratch network
activity, often associated with a large increase in conductance, are
produced by a general increase in synaptic activity and a change
in balance between excitation and inhibition. This is supported
by the intense inhibitory synaptic activity recorded during depo-
larizing waves (Fig. 2B) and fast outward current transients dur-
ing net inward current (Fig. 2A). A variation in the level of overall
synaptic activity, and therefore neuron conductance, during
scratch episodes is compatible with the in vivo finding that struc-
tured patterns of excitation and inhibition occur in a cell type-
specific manner during scratching (Robertson and Stein, 1988).

In analogy with neurons in invertebrate oligocellular net-
works, the intrinsic response properties of motoneurons and in-
terneurons in spinal motor networks are thought to shape firing
patterns during rhythmic motor activity (Kernell, 1999; Russo
and Hounsgaard, 1999; Grillner, 2003). As in previous experi-
ments (Alaburda and Hounsgaard, 2003), signs of bistability and
plateau potentials were not observed in motoneurons during
scratch episodes. In the present study, even prominent plateau
properties displayed by interneurons at rest were quenched dur-
ing scratching (data not shown) supposedly because of the in-
crease in synaptic conductance. In support, slow afterhyperpo-
larizations and plateau properties were severely affected in
motoneurons in slices by conductance increases smaller than ob-
served during network activity in the carapace–spinal cord
preparation.

The absence of plateau properties during depolarizing waves
suggests that intrinsic response properties of motoneurons and
interneurons play a less prominent role during scratching than
expected. However, the large increase in inhibitory and excitatory
synaptic activity, as reflected by the rapid fluctuations in mem-
brane potential and the increase in neuron conductance, may
provide mechanisms for gain control (Chance et al., 2002; Pres-
cott and De Koninck, 2003) and multiplicative synaptic integra-
tion (Rudolph and Destexhe, 2003). Likewise, the weight of prox-

imal and distal synapses will vary with the conductance because
of the change in electrotonic structure. It remains to be seen
whether spinal motor networks also support sparsely coded func-
tional activity in which intrinsic response properties would come
into play. Good candidates could be postural motor activity and
initiation of network activity from rest.

A preceding paper reported that activation of metabotropic
receptors enhanced the intrinsic response properties mediated by
L-type Ca 2� channels for tens of seconds after scratch network
activity (Alaburda and Hounsgaard, 2003). Here we have shown
that the same intrinsic response properties are attenuated by in-
creased conductance caused by activation of ionotropic receptors
during network activity. In this way, the signaling properties of
neurons may be changed by several parallel mechanisms on dif-
ferent time scales.
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