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The cellular mechanisms of spike-frequency adaptation during
prolonged discharges and of the slow afterhyperpolarization
(AHP) that follows, as occur in vivo with contrast adaptation,
were investigated with intracellular recordings of cortical neu-
rons in slices of ferret primary visual cortex. Intracellular injec-
tion of 2 Hz sinusoidal or constant currents for 20 sec resulted
in a slow (t 5 1–10 sec) spike-frequency adaptation, the degree
of which varied widely among neurons. Reducing either [Ca21]o
or [Na1]o reduced the rate of spike-frequency adaptation. After
the prolonged discharge was a slow (12–75 sec) AHP that was
associated with an increase in membrane conductance and a
rightward shift in the discharge frequency versus injected cur-

rent relationship. The reversal potential of the slow AHP was
sensitive to changes in [K1]o , indicating that it was mediated by
a K1 current. Blockade of transmembrane Ca21 conductances
did not reduce the slow AHP. In contrast, reductions of [Na1]o
reduced the slow AHP, even in the presence of pronounced
Ca21 spikes. We suggest that the activation of Na1-activated
and Ca21-activated K1 currents plays an important role in
prolonged spike-frequency adaptation and therefore may con-
tribute to contrast adaptation and other forms of adaptation in
the visual system in vivo.
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Adaptation, the property of reduced neuronal activity in response
to repetitive or constant stimulation, is a common feature of
sensory responses. In the visual system, exposure to a high-
contrast stimulus results in adaptation on both the psychophysical
(Blakemore and Campbell, 1969; Lorenceau, 1987) and neuro-
physiological levels, a phenomenon that has a large cortical com-
ponent. It is characterized by a progressive decrease of neuronal
responses over seconds to the high-contrast stimulus and a re-
duced response to low-contrast stimuli that requires tens of sec-
onds to recover (Maffei et al., 1973; Movshon and Lennie, 1979;
Dean, 1983; Albrecht et al., 1984; Ohzawa et al., 1985; Saul and
Cynader, 1989; Sclar et al., 1989; Bonds, 1991; Allison et al.,
1993) (see companion paper, introductory remarks).

Recent intracellular recordings of cat primary visual cortical
neurons in vivo reveal that adaptation to a high-contrast stimulus
is associated with a hyperpolarization (Carandini and Ferster,
1997) that is proportional to the reduction of firing rate (Sanchez-
Vives et al., 2000), suggesting that intrinsic neuronal properties
may contribute to contrast adaptation. Indeed, the induction of
firing by intracellular current injection results in a long-lasting
hyperpolarization and a decrease in the response to visual stim-
uli, mimicking the adaptation induced by high-contrast visual
stimuli. Reciprocally, high-contrast visual stimulation leads to a

decrease in neuronal responsiveness to the intracellular injection
of current (Sanchez-Vives et al., 2000).

What might be the mechanisms underlying the generation of
such a hyperpolarization in cortical neurons? Previous investiga-
tions of cortical pyramidal cells have implicated Ca21 and/or
voltage-sensitive K1 currents such as IM and IAHP in spike-
frequency adaptation and hyperpolarization lasting from tens of
milliseconds to seconds (Madison and Nicoll, 1984; Pennefather
et al., 1985; Constanti and Sim, 1987; Schwindt et al., 1988, 1989,
1992, 1997; Avoli and Olivier, 1989; Storm, 1993; Sah, 1996;
Ahmed et al., 1998). In addition, after prolonged current injec-
tions (seconds or longer), long-lasting decreases in neuronal re-
sponsiveness and hyperpolarization have been attributed to the
activation of a Na1-activated K1 current (Foehring et al., 1989;
Schwindt et al., 1989; Kubota and Saito, 1991; Safronov and
Vogel, 1996; Kim and McCormick, 1998), or the activation of
electrogenic ionic pumps, such as the Na1/K1 ATPase (Gustafs-
son and Wigström, 1983; Thompson and Prince, 1986; Inoue and
Matsui, 1990).

In the present study, we examined in visual cortical neurons
maintained in vitro the presence, properties, and mechanisms for
spike-frequency adaptation and for generation of prolonged hy-
perpolarizations in response to neuronal activation similar to that
generated during typical visual adaptation protocols in vivo. Our
results show that the activation of Ca21, and particularly Na1

,

activated-K1 currents may be essential to contrast adaptation in
vivo.

A preliminary report of these results was presented in abstract
form (Sanchez-Vives et al., 1997).

MATERIALS AND METHODS
Ferrets were cared for and used in accordance with all appropriate
regulatory guidelines. For the preparation of slices, 2- to 4-month-old
ferrets of either sex were deeply anesthetized with sodium pentobarbital
(40 mg/kg) and killed by decapitation. The forebrain was rapidly re-
moved, and the hemispheres were separated with a midline incision.
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Four hundred-micrometer-thick coronal slices of the primary visual
cortex were cut on a vibratome (DSK Microslicer; Ted Pella, Redding,
CA). A modification of the technique developed by Aghajanian and
Rasmussen (1989) was used to increase tissue viability: during prepara-
tion of slices, the tissue was placed in a solution in which NaCl was
replaced with sucrose while maintaining an osmolarity of 307 mOsm.
After preparation, slices were placed in an interface-style recording
chamber (Fine Sciences Tools, Foster City, CA). Cortical slices were
superfused for the first 10 min with an equal mixture in volume of the
normal bathing medium and the sucrose-substituted solution. After this,
normal bathing medium was switched into the chamber throughout the
experiment. Bath temperature was maintained at 34–35°C.

Intracellular recordings were initiated after 2 hr of recovery. The
normal bathing medium contained (in mM): NaCl, 124; KCl, 2.5; MgSO4,
2; NaHPO4, 1.25; CaCl2, 2; NaHCO3, 26; and dextrose, 10, and was
aerated with 95% O2, 5% CO2 to a final pH of 7.4. In experiments that
required reduction of [Na 1]o, all or part of NaCl was replaced with
choline-Cl in equimolar concentrations. When NaCl was replaced with
choline-Cl, [NaHCO3]o was not changed, giving a solution containing at
least 26 mM [Na 1]o. Block of transmembrane Ca 21 currents was
achieved by replacing CaCl2 with either MnCl2 or CoCl2, and sodium
phosphate was omitted from the bathing medium to avoid precipitation.

Sharp intracellular recording electrodes were formed on a Sutter
Instruments (Novato, CA) P-80 micropipette puller from medium-walled
glass (1BF100; World Precision Instruments, Sarasota, FL) and beveled
on a Sutter Instruments beveller to final resistances of 50–100 MV.
Micropipettes were filled with either 2 M KAc and, in some cases, 2%
biocytin was added for intracellular labeling of recorded neurons.
Biocytin-filled neurons were visualized through standard avidin–biotin–
horseradish peroxidase reaction with diaminobenzidine (Horikawa and
Armstrong, 1988).

Drugs were obtained from Research Biochemicals (Natick, MA) or
Sigma (St. Louis, MO) and were applied either in the bath or locally via
pressure ejection from a micropipette (1–4 mm tip diameter) after being
dissolved in the bathing solution. After the micropipette was positioned
in proximity to a target cell in the slice, a brief pulse of pressure (10–250
msec; 200–350 kPa) was applied to the back of the microelectrode to
extrude 1–20 pl of solution per pulse.

Sinusoidal current injection was used to induce spikes (except when
mentioned). To mimic simple cell activation by sinusoidal drifting grat-
ings that we used in the accompanying in vivo investigation (Sanchez-
Vives et al., 2000), a low-high-low intensity pattern of current was used.
The duration of high-intensity current injection was always of 20 sec and

the frequency of 2 Hz. The low-intensity sinusoidal current injection was
replaced by negative or positive square pulses of 120–300 msec to
determine changes in input resistance or changes in firing frequency
after the high-current intensity injection. The response of cortical neu-
rons to sinusoidal current injection was quantified as spikes per cycle or
per second using Spike-2 software (Cambridge Electronic Design, Cam-
bridge, UK).

Ionic currents underlying the afterhyperpolarization (AHP) and af-
terdepolarization (ADP) were examined with the hybrid current–
voltage-clamp protocol in which the cell was induced to discharge pro-
longed trains of action potentials by intracellular injection of current in
the current-clamp recording mode. After current injection, the recording
was switched to the voltage-clamp mode and held at various membrane
potentials. Voltage clamp was achieved with an Axoclamp-2B amplifier
(Axon Instruments, Foster City, CA) through the use of discontinuous
single electrode voltage-clamp protocols in which the gain was 0.5–2.5
nA/mV and the switching frequency was 2–4 kHz. The output of the
headstage was continuously monitored to insure adequate settling in
between the current injection portions of the duty cycle. Data are
reported as mean 6 SD.

RESULTS
As reported in the companion paper (Sanchez-Vives et al., 2000),
presentation of a high (30–80%)-contrast sinewave drifting grat-
ing for 30–60 sec resulted in pronounced adaptation of action
potential discharge in primary visual cortical neurons in vivo (Fig.
1A). After adaptation to a high contrast, the return to a low-
contrast (5–20%) grating revealed a significantly reduced action
potential response (with respect to the preadaptation period) in
56% (22 of 39) of the cortical neurons. Recovery to preadaptation
firing rate was achieved after 5–82 sec (19.3 6 16.3 sec; n 5 22;
Fig. 1A).

Intracellular injection of sinusoidal current in vivo, which was
adjusted in frequency and amplitude to mimic the response of
visual cortical neurons to visual stimuli, also resulted in a long-
lasting (14.0 6 10.5 sec) postadaptation reduction of the action
potential discharge in 74% of the cells, in a very similar way to the
postadaptation observed after a high-contrast visual stimulus
(Fig. 1B). Furthermore, high-frequency firing evoked by current

Figure 1. Comparison of action potential adaptation generated in response to a visual stimulus in vivo, intracellular injection of sinusoidal current in
vivo, and intracellular injection of sinusoidal current in vitro. A, Presentation of an 80% contrast sinusoidal grating for a period of 1 min to this cortical
neuron resulted in a strong adaptation of action potential discharge. After return to the 20% contrast grating, the action potential discharge was strongly
suppressed and slowly recovered. B, Response of a cortical neuron to the intracellular injection of different amplitude sinusoidal currents in vivo.
Increasing the amplitude of the sinusoidal current from 0.15 to 1 nA peak-to-peak resulted in an increase in discharge rate as well as adaptation of action
potential discharge. Returning the amplitude of the current injection to control reveals a marked depression in action potential discharge rate, which
recovered slowly over the next minute. C, Similarly, the intracellular injection of sinusoidal currents of two distinct amplitudes (0.12 and 0.9 nA) into
cortical neurons in vitro results in adaptation of action potential discharge rate followed by a marked decrease in neuronal responsiveness to the lower
amplitude sinewave. The bottom part of the figure is a schematic representation of the protocol used for the current injections: low-high-low intensity,
and it does not correspond to the actual intensity or frequency. The frequency of the injected sinewave was always 2 Hz. Data in A and B were collected
using methods that are described in the companion paper (Sanchez-Vives et al., 2000).
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injection induced a decrease in neuronal responsiveness that was
sufficient to reduce the response to subsequent visual stimulation
(Sanchez-Vives et al., 2000, their Fig. 13). These observations
suggest that intrinsic mechanisms may play an important role in
the generation of contrast adaptation.

The possible intrinsic mechanisms that underlie contrast adap-
tation were therefore investigated with intracellular recording
techniques in visual cortical neurons maintained in slices in vitro.
Intracellular recordings were obtained from 173 neurons located
in layers 2/3 or 4 of coronal slices of the ferret visual cortex (area
17). A representative sample (n 5 24) of cortical neurons exhib-
ited an average resting membrane potential of 264.6 6 5.4 mV,

overshooting action potentials and an apparent input resistance
of 49.6 6 23.9 MV.

To mimic high-contrast visual stimulation and its consequence
on the response to low-contrast stimulation with in vitro tech-
niques, we injected a low-high-low intensity pattern of 2 Hz
sinusoidal currents in 24 cortical neurons. The first cycle of the
high-intensity current induced 7–15 action potentials (average of
14–30 Hz), whereas the lower intensity current evoked 3–6 spikes
(6–12 Hz).

Similarly to what was observed in vivo, adaptation of action
potential discharge took place during the injection of high (60.4
to 6 1.2 nA)-intensity current for 20 sec with time constants
of ,1–10 sec (Figs. 1C, 2). Returning the current amplitude to
the control level revealed a pronounced decrease in neuronal
excitability that persisted for 12–75 sec (Figs. 1C, 2A,B), similar
to cells that exhibit postadaptation suppression of action

Figure 2. The time course and strength of firing rate adaptation varies
widely between cortical neurons. A, Spikes per cycle versus time in
response to the injection of a low- and high-amplitude sinewave current.
During high-current intensity injection, the rate of action potential gen-
eration decreases with an exponential time constant of 3.87 sec. B,
Example of the raw recording and injected current corresponding to the
histogram shown in A. Spikes have been truncated. C, Plot of the rate of
the decay (fit by a single exponential) in 24 cortical neurons. The firing
rates have been normalized such that 100% corresponds to the firing rate
at the beginning of the high-intensity current injection. Notice the wide
variation in both the degree and time course of adaptation. Fast time
constants of decay (in the order of milliseconds) could not be measured
with this method, because only one value (spikes/cycle) every 0.5 sec was
used for the exponential fitting.

Figure 3. Thalamocortical neurons in the dorsal lateral geniculate nu-
cleus in vitro exhibit significantly less adaptation than cortical neurons. A,
B, Intracellular injection of sinusoidal current into a thalamocortical
neuron in the dLGN results in adaptation to ;80% with a time constant
of 8.43 sec. B, Raw recording and injected current corresponding to the
histogram shown in A. C, Comparison of the time courses and amplitudes
of adaptation during the high-intensity current injection in 11 thalamo-
cortical neurons. The decay in the number of spikes per cycle have been
normalized as in Figure 2C.
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potential activity (which we refer to as “postadapting” cells) in
vivo (Fig. 1A).

The retention of adaptation and the postadaptation decrease in
firing with simple sinewave current injection in vitro (Fig. 1C)
indicates that this preparation can be used to investigate the ionic
mechanisms of the general phenomenon of neuronal adaptation
during and after prolonged activation.

Cortical neurons vary in their amplitude and speed
of adaptation
The time constant of adaptation during the high-intensity current
injection was measured in 24 cortical cells by fitting a single
exponential function (Fig. 2A). The amplitude of adaptation was
estimated as the firing rate at the end of the current injection
relative to that at the beginning and expressed as a percentage
[100 3 (spikes per cycle at the end of high intensity)/(spikes per
cycle at the beginning of high intensity)]. Cortical neurons varied
widely in the rate and amplitude of adaptation during high-
amplitude sinusoidal current injection (Fig. 2C). Five of the 24
cells showed little or no decay in their firing rate, whereas several
other cells decreased their firing to ,40% of their initial dis-
charge. Between these extremes there was a continuum for both
the time course and amplitude of adaptation. The firing rate
decayed to an average of 54.7 6 26.5% of the initial value
(median, 50.0%; n 5 24). The mean value for the adaptation
decay time constant was 3.3 6 2.5 sec (n 5 19 cells exhibiting a
significant decay; median, 3.0 sec). This corresponds to a slow
adaptation of action potential discharge, which has to be distin-
guished from a faster and more commonly studied (Koike et al.,
1970; Stafstrom et al., 1984; Ahmed et al., 1998) type of adapta-
tion that displays time constant of the order of tens of
milliseconds.

The time constant of the decay and the rate of adaptation were
independent from the number of spikes in the first cycle. The
firing rate adaptation was not associated with any appreciable
change in action potential threshold. Thus, the injection of depo-
larizing ramps (180 msec at 5.5 nA/sec) revealed that the thresh-
old for action potential generation was the same before and after
the performance of the high-intensity adaptation protocol (n 5 6;
data not shown).

In the companion paper, we report that the adaptation of the

firing rate of dorsal lateral geniculate nucleus (dLGN) neurons
during high-contrast visual stimulation is considerably less than in
cortical cells (Sanchez-Vives et al., 2000). We examined here the
possibility that similar differences between cortical and dLGN
neurons may also be expressed in vitro with sinusoidal current
injection. Intracellular injection of sinusoidal current into 11
electrophysiologically identified thalamocortical cells in the
A-laminae of the LGNd (Pape and McCormick, 1995) demon-
strated an average reduction to only 77.3 6 11.5% (median,
77.8%; Fig. 3), with no cells decaying to .60%. LGN cells
therefore exhibited a significantly less pronounced amplitude of
adaptation than cortical neurons (t 5 2.68; p 5 0.011). The
average time constant of decay in dLGN neurons was 6.4 6 3.4
sec (median, 5.1), which is significantly slower than for cortical
neurons (t 5 2.83; p 5 0.008).

Properties of the postadaptation period: variability
between different neurons
In cortical cells, the adaptation period (20 sec of high-intensity
sinusoid) was followed in all cases by a long-lasting AHP (Fig.
2B), even if spike-frequency adaptation during the high-intensity
current injection was not apparent. This AHP was associated with
a reduction or suppression of the response to the low-intensity
sinusoidal current.

Protocols in which no low-intensity sinusoids followed the
high-intensity were used to study the AHP in isolation (see Fig.
5). This AHP had an average peak amplitude of 10.8 6 4.0 mV
(range, 4–16.8 mV; n 5 24) and a duration that varied between 12
and 75 sec (mean, 32.4 6 16.3 sec, median, 27 sec; n 5 24). For
lack of a better term we call this hyperpolarization a slow AHP,
but it should be stressed that it is considerably longer than the
slow AHP previously described in hippocampal neurons (,10
sec; for review, see Sah, 1996).

Significant correlations were found between the adaptation of
the firing rate during the high-intensity period and the duration
(r 5 0.51; p 5 0.01), amplitude (r 5 0.68; p , 0.001), and increase
in membrane conductance (r 5 0.64; p , 0.001) of the subsequent
slow AHP (Fig. 4A–C). These correlations suggest that spike-
frequency adaptation during the high-intensity current injection
and the AHP that follows share common signals or mechanisms
for their generation.

Figure 4. Relationship between adaptation strength during high-intensity current injection and slow AHP duration and peak amplitude and change in
input conductance during the slow AHP after high-intensity current injection. The percentage of reduction in the number of spikes during adaptation
is significantly correlated with the duration of the AHP (A; r 5 0.51; p 5 0.01), the peak amplitude of the AHP (B; r 5 0.68; p 5 0.0002), and the input
conductance at 20 sec during the AHP (C; r 5 0.64; p 5 0.0008). The input conductance has been normalized with respect to control (preadaptation)
value. We found changes in input conductance measured 20 sec after the AHP peak to better correlate with the adaptation of the firing than those
measured at the peak, probably because of a better isolation of the Na 1-dependent K 1 current at this time. Each data point represents a different cell.
Experimental protocol for induction of spike adaptation was similar to that of Figure 5.
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One possible explanation for the heterogeneity in adaptation
strength and AHP size is that they are differently expressed in
different morphological classes of neurons. Although this possi-
bility will need to be examined extensively in the future, we noted
that firing rate adaptation during high-intensity sinusoidal current
injection in morphologically identified layer 4 spiny stellate cells
(n 5 6), which averages 36.8 6 7.8%, was significantly stronger
( p , 0.0001, t test) than in morphologically identified layer 2/3
pyramidal neurons (n 5 7), for which the firing rate adapted only
to 89.1 6 8.7%. Likewise, the amplitude and duration of the AHP
after high-intensity current injection were both significantly larger
in spiny stellate cells: spiny stellate cells had an AHP amplitude
of 12.76 6 3.2 mV, versus 7.7 6 2.3 mV in layer 2/3 pyramidal
cells; the AHP lasted 37.1 6 15.4 sec in spiny stellate cells,
compared to 17.4 6 5.8 sec in layer 2/3 pyramids. These differ-
ences may be the consequence of differential distribution of
conductances between layers or cell types, of different mecha-
nisms for intracellular ion regulation and coupling to ionic chan-
nels, or of the morphological differences themselves.

Ionic basis for firing rate adaptation and slow AHP
The intracellular injection of high-amplitude sinewaves at 2 Hz
for 20 sec were used to examine the voltage and ion dependence
of the slow firing rate adaptation and of the subsequent slow AHP
and to uncover the underlying currents. Previous investigations
have emphasized the role of Ca21-activated K1 currents in
spike-frequency adaptation and AHP (for review, see Sah, 1996).
Here, block of transmembrane Ca21 currents by removing Ca21

from the bathing medium and replacing it with either Mn21 (n 5
11) or Co21 (n 5 2) not only did not block the slow AHP, but
actually lengthened it (Fig. 5B). In 11 cells studied with Mn21

substitution, the duration of the AHP increased from 19.9 6 8.0
sec in control to 48.0 6 14.5 sec in 0 mM [Ca21]o (paired t test;
t 5 7.14; p , 0.0001; Fig. 6D).

The consequences of 20 sec of high-intensity sinewave injec-
tions were also studied with the calcium chelator BAPTA (25–100
mM) in the recording electrode (n 5 5). The slow AHP was not
suppressed after the infusion of BAPTA into the neurons for

Figure 5. The slow AHP is reduced by lowering [Na 1]o but not [Ca 21]o in the bathing medium. A, Intracellular injection of sinusoidal current
results in the generation of a prolonged AHP that is associated with an increase in membrane conductance. The time course of the slow firing
adaptation during the 20 sec of sinusoidal current injection is shown in the scattergram below. The inset represents the expanded voltage during
the second of the 40 cycles of sinusoidal current injection. B, Replacement of Ca 21 in the bathing medium with Mn 21 not only does not abolish
the slow AHP, but actually enhances it. Note that Ca 21-dependent K 1 currents may be too fast to be visible with this time scale. The time course
of firing adaptation is also slowed (see scattergram). C, Reducing the extracellular concentration of Na 1 from 152 to 26 mM results in a substantial
reduction in the amplitude of the slow AHP as well as a marked decrease in the rate of spike-frequency adaptation. D, Washing in normal Na 1

enhances the AHP and adaptation. Note that in each case the amplitude of the sinusoidal current injection was adjusted to generate ;9 –11 action
potentials during the initial cycle of the sinusoidal current.
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5–40 min, and its duration was 43.6 6 15.0 sec, which is similar to
that obtained in 0 mM [Ca21]o.

The block of transmembrane Ca21 currents also resulted in a
substantial lengthening of the decay time constant of firing rate
adaptation during the injection of the high-intensity sine waves
(Figs. 5B, 6A,C; the intensity of the current injection was adjusted
to keep the initial firing rate similar to the control value). Figure
6 shows the effects of eliminating extracellular calcium in five
cells. The decay of the number of spikes per cycle during high-
intensity current injection was consistently slower in 0 mM

[Ca21]o (Fig. 6A). Accordingly, the exponential time constant of
the decay became longer in every case (Fig. 6C).

Once transmembrane Ca21 currents were blocked, [Na1]o was
reduced from 152 to 42–26 mM by substituting choline-Cl for
NaCl in the bathing medium. In low [Na1]o, action potentials
were still generated, although their amplitude was reduced and
their duration increased (Fig. 5C, inset). In these conditions the
size and duration of the AHP were reduced (Fig. 5C, top panel).
In parallel, the strength of the firing rate adaptation during
high-intensity current injection was decreased (Figs. 5C, bottom
panel, 7C). Returning [Na1]o to normal reinstated the slow AHP
as well as spike-frequency adaptation during the period of sinu-
soidal current injection (Fig. 5D). The reduction of the slow AHP
was not attributable to the action of choline on muscarinic recep-
tors because the block of the slow AHP in low [Na1]o was not
prevented by including the muscarinic antagonist scopolamine
(10 mM) in the bath (n 5 2).

In similarity to the effects of lowering [Na1]o in 0 mM [Ca21]o

solution, lowering [Na1]o in the presence of 2 mM [Ca21]o also
resulted in a block of the slow AHP. However, in these condi-
tions, the slow AHP was usually replaced by a pronounced slow

ADP (n 5 10; Figs. 7A, 8B). The slow ADP appeared to be a
Ca 21-dependent event because it was blocked after reduction of
[Ca 21]o to 0 mM (n 5 6). Figure 8, A and C, illustrates one
recording in which a slow AHP is visible in normal bath solution.
Lowering [Na1]o unveils a slow ADP (Fig. 8B), which disappears
almost completely after returning to normal sodium levels. How-
ever, after recovery, the slow AHP was followed by a slow ADP.
Block of transmembrane Ca21 currents with the bath application
of low [Ca21]o (0.5 mM) and elevated Mg21 (10 mM) resulted in
an increase in the amplitude and duration of the slow AHP and
a block of the slow ADP (Fig. 8D).

In the presence of 2 mM [Ca 21]o, the rate of adaptation of
action potential discharge also was markedly reduced after reduc-
tion of extracellular sodium concentration (Fig. 7B,C). In some
cases, reduction of [Na1]o while keeping 2 mM [Ca21]o even
resulted in an increase of firing rate, which reached a peak several
seconds after the beginning of the sinusoidal current injections
(Fig. 7B), presumably because of the same mechanisms that
generate the slow ADP.

The afterhyperpolarization is mediated by a K1 current
Two mechanisms could account for the sodium-dependent slow
AHP. The first one is the activation of a sodium-dependent
current, which should be associated with changes in membrane
conductance. The other is the activation of electrogenic ionic
pumps, such as the Na1/K1 ATPase, which should not be asso-
ciated with changes in conductance (Gustafsson and Wigström,
1983; Thompson and Prince, 1986). Whether or not the slow
afterhyperpolarization was associated with an increase in mem-
brane conductance was examined with a hybrid current–voltage
clamp mode in which cells were induced to generate prolonged

Figure 6. Blockage of Ca 21 currents
results in a slowing of firing rate adap-
tation and in an enhancement of AHP
duration. A, Spikes per cycle versus
time before and after block of Ca 21

currents through the substitution of
Ca 21 with 2 mM Mn 21. The number of
spikes per cycle have been normalized
with respect to the number in the first
cycle and averaged for five different
cells. The error bars represent the
SEM. A single exponential has been
fitted for both conditions. The average
time constant of the decay was 1.56 sec
in control and 13.78 sec in 0 mM
[Ca 21]o. B, Plot of the input resistance
during the AHP in 2.5 and 0 mM
[Ca 21]o. The changes in input resis-
tance have been averaged for the same
five cells as in A, the error bars repre-
senting the SEM. The decrease in input
resistance has a time course similar to
that of the AHP. In 0 mM [Ca 21]o , the
decrease in input resistance is less at
time 0 but larger afterwards with a
slower return to control value. C, D,
Bath application of medium containing
0 mM Ca 21 and 2 mM Mn 21 results in a
lengthening of the duration of the AHP
(D) as well as a lengthening of the time
constant of firing rate adaptation (C).
In both cases there was a statistically
significant difference ( p 5 0.002). Re-
sults from five different cells are shown.
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series of action potentials in current-clamp mode and then
voltage-clamped to various membrane potentials (Fig. 9). In Fig-
ure 9A–C, recordings were performed in 0 Ca21 and 2 mM Mn21

to isolate the slow AHP. The slow AHP after a sinusoidal current
injection is shown in current-clamp mode in Figure 9A. The
outward current underlying it was subsequently recorded in
voltage-clamp mode (Fig. 9B) and the conductance tested during
this period (Fig. 9C). The conductance thus measured in five cells
increased to 162.5 6 30.0% during the tail current with respect to
rest.

When in current-clamp mode, the intracellular injection of
hyperpolarizing current pulses also revealed that the slow AHP is
often associated with a substantial increase in membrane conduc-
tance (Figs. 5, 6B, 7D, 9A), even after compensation for the
change in membrane potential (n 5 7; data not shown). In normal
solution this increase in conductance lasted 10–20 sec, whereas in
low calcium the membrane conductance remained increased for
.30 sec (n 5 8; Fig. 6B). On the other hand, the slow afterde-
polarization after reduction of [Na1]o was associated with a
decrease in apparent input conductance in current-clamp record-
ings (n 5 10; Fig. 7D, 8B).

As a consequence, the change in apparent input resistance in
current clamp, 10 sec after the peak of the AHP with respect to
rest, showed different distributions between control (89.7 6
17.2%; n 5 23; Fig. 9D), low calcium (73.9 6 17.7%; n 5 5; Fig.
9E), and low sodium (121.2 6 20.8%; n 5 5; Fig. 9F). These
observations suggest that the variability of changes in conduc-
tance shown by neurons in control solution (Fig. 9D) may be
attributed to a differential distribution or density for the mem-
brane conductances sustaining the slow ADP and the slow AHP.

To determine the type of ionic channels that were opening
during the slow AHP, we measured the reversal potential of the
current underlying the slow AHP in either current-clamp or
voltage-clamp mode (Fig. 10). The average reversal potential of
the slow AHP current was determined to be 2108.9 6 12.4 mV in
2.5 mM [K1]o (n 5 10). Increasing [K1]o from 2.5 to 7.5 mM

resulted in a shift of the reversal potential to more depolarized
levels (average of 286.7 6 2.8 mV; n 5 3), giving a 45 mV/10-fold
change in [K1]o. This value is somewhat less than expected from
the Nernst equation (61 mV/10-fold change at 35° C). In the cell
shown in Figure 10, the reversal potential of the tail current after
20 sec of sinusoidal current injection was measured in both 2.5

Figure 7. Reducing [Na 1]o results in the block of the slow AHP and in the appearance of a slow ADP. A, The intracellular injection of sinusoidal
current (2 Hz) results in the generation of a slow AHP in normal solution, but of a slow ADP after the reduction of [Na 1]o from 152 to 42 mM. B, Plot
of spikes per cycle versus time for the two conditions represented in A reveals that reducing sodium concentration results in a marked decrease in the
strength of slow firing rate adaptation. C, Spikes per cycle versus time in control and low sodium. The number of spikes per cycle have been normalized
with respect to that in the first cycle and averaged for five different cells. The error bars represent the SEM. A single exponential has been fitted for both
conditions. The average time constant of the decay is 4.7 sec in control solution and very slow (several minutes) and almost linear in low sodium. D, Plot
of the apparent input resistance during the AHP (normal sodium) and ADP (low sodium). The changes in input resistance have been averaged for the
same five cells as in C. The apparent input resistance of the cell decreases during the AHP, but increases during the ADP.
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and 10 mM [K1]o after transmembrane Ca21 currents were
blocked by bathing the slices in 0.1 mM Ca21 and 1.9 mM Mn21.
The reversal potential of this tail current shifted from 2113 to
277 mV, a 36 mV change that is as predicted by the Nernst
equation.

We have not yet found any evidence to support a role for a
Na1/K1 ionic pump in the generation of the slow AHP. Local
application of strophanthidin in concentrations (200 mM in mi-
cropipette) exceeding those previously reported to block the
Na1/K1 pump in hippocampal pyramidal cells (Thompson and
Prince, 1986) or in the bath (10 mM) did not block the slow AHP
after repetitive firing in cortical neurons (n 5 7; data not shown).

The increase in conductance during the slow AHP recorded in
low or 0 mM [Ca21]o, and the reversal potential in different
potassium levels for the underlying current indicate that the slow
AHP and the slow firing rate adaptation are largely attributable
to the activation of a sodium-dependent potassium conductance.

Block of voltage-dependent Na1 currents abolishes
the slow AHP
The slow AHP generated by 40 cycles of sinewave current injec-
tions in 0 mM [Ca21]o was immediately abolished by block of fast
action potentials through either the local (10 mM) or bath (1 mM)
application of the Na1 channel blocker tetrodotoxin (TTX) (n 5
4; data not shown). However, the interpretation of this experi-
ment is complicated by the fact that tetrodotoxin blocks all action
potential generation in these cells. Therefore it changes the
trajectory of the membrane voltage, and it could reduce the influx
of Ca21 as well as Na1. To control for this possibility, we
recorded cells in the presence of the K1 channel blocker tetra-
ethylammonium (TEA) so that they generated robust Ca21-
mediated action potentials before and after the application of
TTX (Fig. 11A; n 5 5). Under these circumstances, the local

application of tetrodotoxin (10–20 mM in the micropipette) re-
sulted in a strong reduction in the amplitude of the slow AHP and
could be associated with the appearance of a slow ADP (Fig. 11A;
TEA 1 TTX). Similarly, the simultaneous bath application of
TEA (2–5 mM) and TTX (1–2 mM) resulted in an abolition of fast
Na1-dependent action potentials, the generation of repetitive
Ca 21 spikes, and the reduction or elimination of the slow AHP
(n 5 3; data not shown). These effects are similar to those that
occurred in low-sodium solution with normal calcium
concentration.

To further examine the possible role of TTX-sensitive currents
in the generation of the slow AHP, we examined the ionic
currents activated by subthreshold voltage steps before and after
the application of TTX (Fig. 11B). Stepping from a holding
potential of 275 mV to membrane potentials of up to 250 mV for
10 sec in 0 [Ca21]o and 2 mM [Mn21]o resulted in the activation
of a slow outward current that slowly deactivated after return to
275 mV (Fig. 11B). The local application of tetrodotoxin (10 mM)
resulted in a block of this slowly activating outward current (Fig.
11C; n 5 5). Subtracting the current traces obtained after the
application of TTX from those obtained before reveals traces that
are consistent with the generation of an inward current (blocked
by TTX) superimposed on the generation of a slowly developing
outward current. Plotting the amplitude of both the apparent
inward and outward currents versus the step potential reveals a
similar voltage dependence (Fig. 11D,E). The properties of the
apparent inward current, including its rapid activation with de-
polarization, its amplitude (0.1–1 nA at 265 to 250 mV), and its
block by tetrodotoxin are consistent with its mediation by the
persistent Na1 current (Stafstrom et al., 1985; Schwindt et al.,
1989) (for review, see Crill, 1996). The properties of the outward
current that follow the cessation of the depolarizing voltage step

Figure 8. Both a slow afterhyperpolarization and a slow afterdepolarization can follow the repetitive discharge of action potentials in cortical neurons.
A, Intracellular injection of sinusoidal current into this cortical neuron results in a slow AHP. B, Reducing [Na 1]o to 26 mM results in the replacement
of the slow AHP by a large and prolonged ADP. C, Returning to normal [Na 1]o reinstates the slow AHP, although it is now followed by a remnant ADP
that could activate action potentials (the cell was slightly depolarized after the first sinusoidal current injection by DC injection). D, Blocking
transmembrane Ca 21 currents through the bath application of 0.5 mM Ca 21 and 10 mM Mg 21 results in a block of the slow ADP, leaving a large, slow
AHP. For each of the four conditions the second cycle of the sinusoidal current injection is expanded to illustrate action potentials.
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are consistent with its mediation by a Na1-dependent K1 current
(Schwindt et al., 1989).

Functional effects of the slow AHP
During presentation of a high-contrast sinewave grating, cortical
neurons in vivo receive barrages of synaptic potentials that vary
from being “sinusoidal” for simple cells, to a more-or-less steady
depolarization for complex neurons (Sanchez-Vives et al., 2000).
Similarly, the intracellular injection of either sinusoidal (Fig. 12A,
lef t), constant (Fig. 12A, right; n 5 10) or “noisy” stimuli that lead
to a general depolarization of the cell (Nowak et al., 1997; Liu et
al., 1999) (data not shown) in vitro all resulted in substantial spike
adaptation and in the generation of a slow AHP.

Functionally, the slow AHP was associated with a marked
decrease in response of the neuron to the intracellular injection of
depolarizing current pulses (Fig. 12B,C; n 5 10), such that
current pulses that were able to generate a train of action poten-
tials before adaptation could become completely subthreshold or
generated only one action potential. As the AHP lessened, the

neuronal response slowly recovered, with an average recovery
time of 13.95 6 13.62 sec (n 5 10) in normal solution (Fig.
12B,C). This decrease in excitability presumably results from
both the hyperpolarization of the membrane potential as well as
the increase in membrane conductance associated with the slow
AHP.

Examination of the frequency versus current ( f–I) relationship
revealed that hyperpolarization of cortical neurons with the in-
tracellular injection of current resulted in a rightward shift of the
f–I curve (n 5 7; Fig. 13A). Similarly, the f–I relationship studied
before and after adaptation to prolonged sinusoidal current in-
jections showed a displacement to the right (n 5 6), even for slow
AHPs of relatively small amplitudes (the cell in Fig. 13B had an
AHP of only 4 mV). These results indicate that after adaptation,
the hyperpolarization of the membrane potential is sufficient to
result in a significant shift in the f–I relationship of cortical
neurons. This result is qualitatively similar to the rightward shift
in contrast–response functions for visual cortical neurons after

Figure 9. The slow AHP is associated with an increase in membrane conductance. A, Intracellular injection of sinusoidal current results in the
generation of a prolonged AHP (current clamp). B, In hybrid current and voltage clamp, the injection of a similar series of sinusoidal current is associated
with the generation of a prolonged outward current. C, The intracellular injection of hyperpolarizing voltage steps reveals that the outward current is
associated with a 46% increase in membrane conductance. D, Apparent input resistance measured 10 sec after the end of sinusoidal injection in normal
solution, expressed as a percentage of the resistance observed before the sinusoidal current injection. E, F, Change in apparent input resistance 10 sec
after current injection varies with recordings conditions. The decrease is larger on average in low calcium-containing medium (E) than in normal solution
(D). In low sodium (26 mM), there is an increase in apparent input resistance (F).
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contrast adaptation (Movshon and Lennie, 1979; Dean, 1983;
Albrecht et al., 1984; Ohzawa et al., 1985; Sclar et al., 1989;
Bonds, 1991).

DISCUSSION
Contrast adaptation is associated with a slow (t of seconds)
reduction (“fading”) in the perceived contrast during prolonged
viewing of a high-contrast stimulus (Blakemore et al., 1973;
Hammett et al., 1994) and a decrease in evoked discharge of
visual cortical neurons (Maffei et al., 1973; Vautin and Berkley,
1977; Albrecht et al., 1984; Ohzawa et al., 1985; Marlin et al.,
1988). Contrast adaptation is followed by a prolonged (tens of
seconds) period of reduced contrast sensitivity (Blakemore and
Campbell, 1969; Dealy and Tolhurst, 1974; Swift and Smith, 1982;
Georgeson and Harris, 1984; Lorenceau, 1987; Berkley, 1990;
Määtänen and Koenderink, 1991; Hammett et al., 1994) and
reduction in evoked discharge in visual cortical neurons (Maffei
et al., 1973; Movshon and Lennie, 1979; Dean, 1983; Albrecht et
al., 1984; Ohzawa et al., 1985; Saul and Cynader, 1989; Sclar et

al., 1989; Allison et al., 1993), which is associated with a mem-
brane hyperpolarization (Carandini and Ferster, 1997; Sanchez-
Vives et al., 2000) (but see, Ahmed et al., 1997).

Both components of contrast adaptation may result, at least in
part, from the intrinsic properties of cortical neurons; in other
words, the propensity of these cells to exhibit a slow spike-
frequency adaptation during prolonged stimulus presentation and
a long-lasting hyperpolarization after stimulus presentation
(Sanchez-Vives et al., 2000). Thalamocortical neurons in the
lateral geniculate nucleus exhibit significantly less slow spike-
frequency adaptation than cortical neurons (present study) and
significantly less contrast adaptation (Shou et al., 1996; Sanchez-
Vives et al., 2000). Our present results, obtained with in vitro
techniques, suggest that both slow adaptation and slow AHP in

Figure 10. The slow AHP is mediated by a K 1 current. A, Outward tail
currents were recorded after 20 sec of sinusoidal current injection in
current clamp while holding the cell at different holding potential (hybrid
current–voltage clamp) in 2.5 mM [K 1]o. B, Same protocol in 10 mM
[K 1]o. C, Amplitude of peak tail current after repetitive firing for 20 sec
as a function of holding potential. The slow AHP current exhibits a
reversal potential of 2113 mV in 2.5 mM [K 1]o. Increasing [K 1]o to 10
mM results in a shift in the reversal potential to 277 mV, indicating that
the slow AHP current is carried by K 1.

Figure 11. The slow AHP is not supported by the generation of Ca 21

spikes alone and is blocked by TTX. A, In the presence of TEA (4 mM in
the bath), intracellular injection of sinusoidal current results in the acti-
vation of fast Na 1 and slow Ca 21-mediated action potentials (lef t trace).
Block of voltage-gated Na 1 channels with local application of TTX (20
mM) results in an abolition of the slow AHP and in its replacement by a
slow afterdepolarization (right trace) despite the firing of Ca 21 spikes.
Expanded traces illustrate action potential features before and after
application of TTX. B, Depolarizing voltage steps (10 sec) are followed by
a slowly decaying outward current. C, Local application of TTX (10 mM)
blocks the slow outward tail current. D, The traces obtained after the
application of TTX (C) were subtracted from the ones obtained before
TTX application (B). These traces are consistent with the depolarization
activating a TTX-sensitive inward current and a slowly developing out-
ward current. The four vertical lines indicate the time at which the current
values were measured to build the I–V graph shown in E. E, I–V repre-
sentation of the putative inward and outward currents activated during
and after depolarizing voltage steps exhibit a very similar voltage depen-
dence. The apparent input resistance of the cell in B–E was 38 MV, which
is normal for cortical pyramidal cells (McCormick et al., 1985).
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cortical neurons are mediated largely through the activation of a
Na1-activated K1 current.

Ionic basis of the slow AHP and slow firing
rate adaptation
The prolonged activation of cortical neurons is followed by a slow
(12–75 sec) AHP that is most likely mediated by a K1 conduc-
tance, because it is associated with an increase in conductance
(Fig. 9) and reversed at the expected reversal potential of K1 in
2.5 mM [K1]o and was sensitive to changes in [K1]o (Fig. 10).
Although the activation of a Na1/K1 ionic pump may contribute
to this slow AHP (Thomas, 1972; Glynn and Karlish, 1975;
Gustafsson and Wigström, 1983; Thompson and Prince, 1986), it
is not a major contributor, because we could reverse the slow
AHP with hyperpolarization and application of the Na1/K1

pump blocker strophanthidin did not prevent the occurrence of
the slow AHP.

Previous studies have emphasized the importance of Ca21-
sensitive K1 currents in both the generation of spike-frequency
adaptation and slow AHPs in many different types of neurons
(Madison and Nicoll, 1984; Pennefather et al., 1985; Constanti
and Sim, 1987; Llinás and Lopez-Barneo, 1988; Schwindt et al.,
1988, 1992; Avoli and Olivier, 1989; Sah, 1996; Pineda et al.,
1998). In the present study, we found that the block of transmem-
brane Ca21 currents resulted in a slowing of the rate of firing rate
adaptation, indicating a role for Ca21-activated K1 currents in
the slow spike-frequency adaptation (Figs. 5, 6).

However, after block of transmembrane Ca21 currents, the
amplitude of the AHP that follows these prolonged trains of
action potentials did not change, and its duration actually in-
creased (Figs. 5, 6). This prolonged AHP, as well as the remain-
ing spike-frequency adaptation, were reduced after reduction of
[Na1]o (Fig. 5, 7). This suggests that both the slowest component
of firing rate adaptation and the slow AHP are mediated by a
Na1-activated K1 current (IK(Na)).

Several investigations have demonstrated prolonged afterhy-
perpolarizations after repetitive action potential generation that
may be mediated by Na1-activated K1 currents (Constanti and
Sim, 1987; Schwindt et al., 1989; Kubota and Saito, 1991; Sa-
fronov and Vogel, 1996; Kim and McCormick, 1998). The possi-
bility that these currents are residual Ca21-activated K1 currents
that are activated by Na1-dependent intracellular Ca21 release
(Lowe et al., 1976) has been controlled for by chelating intracel-
lular Ca21 with appropriate buffers (Schwindt et al., 1989;
present study).

Na1-dependent K1 channels were first recorded in heart cells
(Kameyama et al., 1984) and later in a variety of different neu-
rons, including pyramidal cells from the rodent primary visual
cortex (Egan et al., 1992a). In both whole-cell and excised mem-
brane patches, these large conductance K1 channels are activated
by increases in [Na1]i in the range of 10–20 mM (Egan et al.,
1992b; Dryer, 1994; Koh et al., 1994; Safronov and Vogel, 1996;
Bischoff et al., 1998). Intracellular levels of Na1 in neurons are

Figure 12. The slow AHP leads to a prolonged decrease in neuronal responsiveness. A, The AHP evoked by the injection of a sinusoidal current for
20 sec is compared with the AHP induced by a square pulse of 20 sec duration (top trace). In both cases, the depolarizing intensity is 0.5 nA (bottom
trace). The sinusoidal injection was 20.5 to 0.5 nA at 2 Hz. Both the total number of spikes and the frequency were higher with a square pulse as the
hyperpolarizing part of the sinusoids prevented firing (middle trace). B, Intracellular injection of a depolarizing current pulse every 2 sec was used to test
the excitability of this neuron. The intracellular injection of a sinusoidal current results in a prolonged AHP, which is associated with a marked decrease
in the number of action potentials generated in response to each depolarizing current pulse. C, Examples of neuronal responses to the depolarizing
current pulses at the times indicated after the end of sinusoidal current injection. Control data were obtained just before injection of the sinusoidal
current.
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4–16 mM (Grafe et al., 1982; Galvan et al., 1984), whereas pro-
longed discharge of action potential results in increases in [Na1]i

on the order of only a few millimolar concentration (Bergman,
1970; Grafe et al., 1982). These results predict, therefore, that
IK(Na) would only be weakly activated by prolonged neuronal
activity. Nevertheless, significant activation of Na1-activated K1

channels is likely to occur with low increases of [Na1]i if addi-
tional factors are taken into account. First, increases in [Na1]i

may be tightly localized in the submembrane space (e.g., axon
hillock) and may locally reach levels high enough to strongly
activate Na1-dependent K1 channels (Koh et al., 1994). Second,
the sensitivity of Na1-activated K1 to increases in [Na1]i may be
under the regulation of intracellular factors and therefore larger
in intact cells than in cell-free membrane patches (Haimann et al.,
1992; Rodrigo, 1993).

Ionic basis of the slow ADP
In addition to the generation of AHPs after prolonged activation
of cortical neurons, we also observed, in low Na1 and occasion-
ally in control conditions, a prolonged ADP that was associated
with an apparent decrease in membrane conductance (Figs. 7, 8).
This ADP was abolished by block of transmembrane Ca21 cur-
rents and therefore presumably is activated by increases in intra-
cellular calcium, in similarity to the ADP described by Schwindt
et al. (1988). Hippocampal and cortical pyramidal cells possess
Ca 21-activated nonselective cation conductances that are
strongly voltage-dependent and that may generate prolonged
ADPs (Friedman et al., 1992; Haj-Dahmane and Andrade, 1998).
The voltage-dependent nature of this afterdepolarizing current
may allow it to generate an apparent decrease in membrane
conductance when neurons are injected with constant current
pulses in current-clamp recording mode (Haj-Dahmane and An-
drade, 1998). However, we cannot rule out other possible under-
lying mechanisms, such as the closure of a K1 channel.

The increased duration of the slow AHP after block of calcium
influx suggests that the slow ADP participates in membrane
potential repolarization in normal conditions. On a long time

scale, the membrane potential and firing rate of cortical neurons
appears to be under the influence of at least three separate slow
ionic currents: a Ca21-activated K1 current, a Na1-activated K1

current, and a current generating the slow ADP.
Although the adaptation we observed in vitro was very similar

to that observed in vivo (Sanchez-Vives et al., 2000), the ampli-
tude in vitro of both the adaptation and the slow AHP was larger.
This difference may be explained by differences in the cell types
examined (in vitro was limited to layers 2/3 and 4 neurons), the
lack of spontaneous activity in vitro, or differences in the presence
of modulatory neurotransmitters (Foehring et al., 1989).

Cellular mechanisms of contrast adaptation
A simple cellular model for the phenomenon of contrast adapta-
tion can be proposed: presentation of a high-contrast stimulus
results in the increased activation of synaptic and action poten-
tials in cortical neurons, resulting in an increase in intracellular
concentration of sodium and calcium ions, which then leads to the
activation of calcium- and sodium-dependent potassium currents.
The activation of these outward currents has two main conse-
quences: a decrease in firing rate during high-contrast stimula-
tion, such that the same stimulus produces less activity within a
few seconds of presentation (perhaps the neuronal basis for the
“fading” effect), and the production of a long-lasting hyperpolar-
ization after high-contrast stimulation, such that more contrast is
required to bring the neurons membrane potential to firing
threshold (perhaps the neuronal basis for the decreased contrast
sensitivity).

This simple model, however, does not explain the small part of
contrast adaptation that is specific to the properties of the adapt-
ing stimulus (e.g., spatial frequency; Movshon et al., 1979; Al-
brecht et al., 1984; Saul and Cynader, 1989; Carandini et al.,
1997). We hypothesize that the intrinsically generated hyperpo-
larization might account for the large, general decrease in neu-
ronal responsiveness, whereas decreases in the activity of presyn-
aptic neurons that are strongly activated by the adapting stimulus
might provide the stimulus specific aspect of contrast adaptation.

Figure 13. Shifts of the frequency versus current ( f–I ) relationship with different membrane potentials (A) and during the slow AHP (B). A,
Frequency versus intensity curves at three different membrane potentials. Membrane potential was maintained at different values by means of
intracellular injection of DC. Firing was induced by 300 msec depolarizing pulses of intensities indicated. The sigmoidal functions are the result of fitting
a Boltzmann equation to the data. Error bars correspond to the SD for three to eight repetitions of the current pulse. Points without an error bar
exhibited an SD of zero. The inset on the right shows the response to a 0.5 nA pulse at the three different membrane potentials. B, f–I plot for different
amplitude of sinusoidal current injections in a neuron before (solid dots) and after (open dots) injection of a high-intensity (6 1.2 nA) sinusoidal current
for 20 sec. Frequency is the average frequency of discharge in the five cycles before high intensity and the five cycles after it. Note that the f–I relationship
is shifted to the right along the current axis after adaptation.
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This model of contrast adaptation does not exclude the partic-
ipation of synaptic mechanisms. In addition, because neurons are
highly connected, changes produced by intrinsic membrane prop-
erties in some neurons can be propagated as changes in synaptic
drive in other neurons. Synaptic interactions also are likely to
lead to the amplification (Douglas and Martin, 1991) of the
changes that were initiated by intrinsic membrane properties.

In conclusion, we suggest that the membrane potential of
cortical neurons is constantly being adjusted through the activa-
tion of Na1- and Ca21-dependent K1 currents, in an effort to
regulate neuronal excitability. This regulation of neuronal excit-
ability will have numerous important consequences on cortical
processing, including alterations in the spatial and temporal dy-
namics of receptive field properties (Barlow, 1990, 1997; Gilbert,
1998). These potential and important effects remain to be
explored.
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microprobe. Pflügers Arch 400:274–279.

Georgeson MA, Harris MG (1984) Spatial selectivity of contrast adap-
tation: model and data. Vision Res 24:729–741.

Gilbert CD (1998) Adult cortical dynamics. Physiol Rev 78:467–485.
Glynn IM, Karlish SJD (1975) The sodium pump. Annu Rev Physiol

37:13–55.
Grafe P, Rimpel J, Reddy MM, Bruggencate G (1982) Changes of

intracellular sodium and potassium ion concentrations in frog spinal
motoneurons induced by repetitive synaptic stimulation. Neuroscience
7:2113–3220.

Gustafsson B, Wigström H (1983) Hyperpolarization following long-
lasting tetanic activation of hippocampal pyramidal cells. Brain Res
275:159–163.

Haimann C, Magistretti J, Pozzi B (1992) Sodium-activated potassium
current in sensory neurons: a comparison of cell-attached and cell-free
single-channel activities. Pflügers Arch 422:287–294.
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