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Descalzo, V. F., L. G. Nowak, J. C. Brumberg, D. A. McCormick,
and M. V. Sanchez-Vives. Slow adaptation in fast-spiking neurons of
visual cortex. J Neurophysiol 93: 1111-1118, 2005. First published
September 22, 2004; doi:10.1152/jn.00658.2004. Fast-spiking (FS)
neurons are a class of inhibitory interneurons classically characterized as
having short-duration action potentials (<0.5 ms at half height) and
displaying little to no spike-frequency adaptation during short (<500 ms)
depolarizing current pulses. As a consequence, the resulting injected
current intensity versus firing frequency relationship is typically steep,
and they can achieve firing frequencies of =1 kHz. Here we have
investigated the properties of FS neurons discharges on a longer time
scale. Twenty second discharges were induced in electrophysiologically
identified FS neurons by means of current injection either with sinusoidal
current or with square pulses. We found that virtually all FS neurons
recorded in cortical slices do show spike-frequency adaptation but with a
slow time course (7 = 2-19 s). This slow time course has precluded the
observation of this property in previous studies that used shorter pulses.
Contrary to the classical view of FS neurons functional properties,
long-duration discharges were followed by a slow afterhyperpolarization
lasting =23 s. During this postadaptation period, the excitability of the
neurons was decreased on average for 16.7 = 6.8 s, therefore rendering
the cell less responsive to subsequent afferent inputs. Slow adaptation is
also reported here for FS neurons recorded in vivo. This longer time scale
of adaptation in FS neurons may be critical for balancing excitation and
inhibition as well as for the understanding of cortical network
computations.

INTRODUCTION

Fast-spiking (FS) neurons are an electrophysiologically de-
fined subtype of cortical neuron that corresponds to several
morphological subtypes of non-pyramidal cells in the hip-
pocampus and cortex (Kawaguchi and Kubota 1993, 1997,
McCormick et al. 1985; Tasker et al. 1996; Thomson et al.
1996). Classically, cortical neurons have been classified as FS
based on their short-duration action potentials (<<0.5 ms spike
width at half-amplitude), rapid rate of spike repolarization, lack
of spike-frequency adaptation, and a steep frequency versus
injected current relationship (McCormick et al. 1985; Nowak
et al. 2003). The lack of repetitive burst firing in FS neurons
differentiates this cell class from another type neuron, chatter-
ing cells, that display equally fast action potentials but generate
them in bursts (Brumberg et al. 2000; Gray and McCormick
1996; Nowak et al. 2003). FS neurons can discharge at high
rates, sometimes reaching 1 kHz, and they have a steep
frequency versus injected current relationship. These proper-
ties have been characterized in the cortex in vitro (Connors and
Gutnick 1990; Galarreta and Hestrin 2001; Kawaguchi 1993;
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Llinas et al. 1991; McCormick et al. 1985; Thomson et al.
1996) and in vivo (Azouz et al. 1997; Contreras and Palmer
2003; Mountcastle et al. 1969; Nowak et al. 2003; Nunez et al.
1993; Simons 1978). A significant point of agreement between
the in vivo and in vitro studies is that FS neurons can discharge
action potentials at high rates with little or no spike frequency
adaptation or attenuation in spike height. The basis for some of
these functional properties have been traced to the molecular
level, and they are attributable to the expression of specific
Na™ and K™ channels that are characterized by fast activation
and recovery from inactivation kinetics (Martina and Jonas
1997; Rudy and McBain 2001). The rising phase of Na™
channel activation in FS and regular-spiking neurons are gov-
erned by similar kinetics, but the rate in which the Na™
channels recover from inactivation is faster in FS neurons, thus
allowing them to generate subsequent action potentials sooner
(Martina and Jonas 1997). In a synergistic arrangement, FS
neurons express K™ channels of the Kv3 family that mediate a
very fast repolarization, therefore shortening the action poten-
tial duration and facilitating recovery from Na* channel inac-
tivation (Erisir et al. 1999; McBain and Fisahn 2001; Rudy and
McBain 2001; Rudy et al. 1999).

In the present report, we show that the presence or absence
of spike-frequency adaptation in FS neurons is dependent on
the length of time they are stimulated. For short-duration
stimuli (e.g., <500-ms depolarizing current pulses), FS neu-
rons show little or no spike-frequency adaptation. However, we
find that, although they do not show adaptation with short
pulses, FS neurons do display adaptation during long (~20 s)
periods of activation. Additionally, this prolonged activation
evokes a slow afterhyperpolarization (AHP) that decreases
excitability for tens of seconds. Slow adaptation and AHPs of
this time scale have been previously described for cortical
pyramidal neurons, the underlying current being a Na™-depen-
dent K* current (Constanti and Sim 1987; Kubota and Saito
1991; Safronov and Vogel 1996; Sanchez-Vives et al. 2000b;
Schwindt et al. 1989). This current has been implicated in vivo
as one of the cellular mechanisms that underlie the phenome-
non of contrast adaptation (Sanchez-Vives et al. 2000a,b). The
finding that slow frequency adaptation also occurs in FS
neurons may have important implications for understanding the
computations performed by the cortical network.

METHODS

In vitro experiments were performed on cortical slices from 2- to
6-mo-old ferrets of either sex that were deeply anesthetized with
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pentobarbital sodium (40 mg/kg) and decapitated. Their brains were
quickly removed and placed in ice-cold cutting solution (see follow-
ing text). Ferrets were cared for and used in accordance with all
appropriate regulatory guidelines. Four hundred-micrometer-thick
coronal slices of the primary visual cortex were cut on a vibratome. A
modification of the technique developed by Aghajanian and Rasmus-
sen (1989) was used to increase tissue viability. After preparation,
slices were placed in an interface-style recording chamber (Fine
Sciences Tools, Foster City, CA) and bathed in artificial cerebrospinal
fluid (ACSF) containing (in mM) 124 NaCl, 2.5 KCl, 2 MgSO,, 1.25
NaHPO,, 2 CaCl,, 26 NaHCO,, and 10 dextrose and was aerated with
95% 0,-5% CO, to a final pH of 7.4. Bath temperature was main-
tained at 34-35°C. Intracellular recordings were initiated after 2 h of
recovery. Sharp intracellular recording electrodes were formed on a
Sutter Instruments (Novato, CA) P-80 micropipette puller from me-
dium-walled glass and beveled on a Sutter Instruments beveller to
final resistances of 50—100 M(). Micropipettes were filled with 2 M
KAc. Recordings were digitized, acquired and analyzed using a
data-acquisition interface and software from Cambridge Electronic
Design (Cambridge, UK).

Intracellular recordings in vivo were obtained in the primary visual
cortex of cats following the methodology that we have previously
described (Sanchez-Vives et al., 2000a). In short, adult cats were
anesthetized with ketamine (12—-15 mg/kg im) and xylazine (1 mg/kg
im). The cat was then mounted in a stereotaxic frame and ventilated
with either a mixture of nitrous oxide and oxygen 2:1 with halothane
(1.5%), or with oxygen and isoflurane (2.5%). A craniotomy (3—4 mm
wide) was made overlying the representation of the area centralis of
area 17. During recording, anesthesia was maintained with 0.4—-1%
halothane or with 0.5-2% isoflurane. The heart rate, expiratory CO,
concentration, rectal temperature, and blood O, concentration were
monitored throughout the experiment and maintained at 150-180
bpm, 3-4%, 37-38°C, and >95%, respectively. The electroencepha-
logram (EEG) and the absence of reaction to noxious stimuli were
regularly checked to ensure an adequate depth of anesthesia. To
minimize pulsation arising from the heartbeat and respiration, a
cisternal drainage and a bilateral pneumothorax were performed, and
the animal was suspended by the rib cage to the stereotaxic frame.
After the recording session, the animal was given a lethal injection of
pentobarbital sodium. This protocol was approved by the Yale Uni-
versity Institutional Animal Care and Use Committees and conforms
to the guidelines recommended in Preparation and Maintenance of
Higher Mammals During Neuroscience Experiments, National Insti-
tutes of Health Publication No. 91-3207.

Intracellular recordings were obtained with identical micropi-
pettes to the ones used to record from the cortical slices. Data
recording and acquisition were made using the same methods as for
the in vitro data.

To identify neurons as FS we used 300- to 500-ms depolarizing
current pulses. Longer periods of firing were induced by sinusoidal
current injection at a frequency of 2 Hz for 20 s or by depolarizing
square pulses of 20 s. The instantaneous frequency was computed
as the inverse of the interspike interval. Responses to several
repetitions of the current injection were averaged, and they were
quantified as spikes per cycle for sinusoidal current injections or in
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spikes per second for the square pulse current injections (500-ms
bins). The slow spike frequency adaptation was measured as the
firing rate decay between the first and the last 500 ms of the 20 s
of stimulation. The decay time constant was determined by fitting
an exponential to the 40 values corresponding to the average
number of spikes per cycle (sinusoids) or to the mean frequency for
500-ms bins (square pulse; Fig. 1, E and G). To minimize the
effects of the synaptic noise in vivo, the adaptation strength in vivo
was determined from the amplitude at time 0 and 20 s given by the
exponential function. Postadaptation excitability change was as-
sayed by injecting depolarizing current pulses (120-300 ms). Data
are reported as means * SD.

RESULTS

Fifteen FS neurons recorded from slices of ferret visual
cortex were included in this study. To be included, the
neurons fulfilled the following criteria (McCormick et al.
1985; Nowak et al. 2003): short-duration action potentials
(0.35 = 0.06 ms), absence of burstiness, little or no spike-
frequency adaptation during <500-ms depolarizing pulses,
and a steep relationship of the intensity of current injection
versus the frequency of the discharge. Figure 1 (A-D)
illustrates all these properties. The lack of spike frequency
adaptation during 300-ms depolarizing pulses regardless of
current intensity is manifest in Fig. 1D. However, when in
the same neuron longer spike trains were induced by means
of a prolonged depolarizing pulse (20 s, Fig. 1, E and F) or
sinusoidal current injection (Fig. 1, G and H), a slow
spike-frequency adaptation was revealed. In both cases, the
adaptation time constant was 2 s and resulted in a 76%
decrease in the firing frequency for the square pulse and of
48% for the sinusoidal current injection.

In our in vitro population data, all the cells (n = 15)
showed some degree of slow adaptation after 20 s of
high-frequency firing. Slow frequency adaptation was stud-
ied in detail in 12 of 15 cells with sinusoidal current
injection at 2 Hz. The average decay in the number of spikes
per cycle was of 44.0 = 15.8%, and the average time
constant of this decay was 8.8 = 5.8 s (n = 12). Slow
frequency adaptation was also explored by injecting 20-s
duration pulses in 5 of 15 neurons (Fig. 1, E and F). The
average firing rate decay during 20-s depolarizing pulses
was 53.5 *= 30.7% (last 0.5 s with respect to the 1st 0.5 s)
and the time constant of the decay was 6.7 = 3.3 s.

A slow AHP of the membrane potential was observed
following the high-frequency discharge induced using either
protocol (Figs. 1, E and G, and Fig. 24). This slow AHP had
an amplitude that varied between 0.7 and 10 mV (5.5 = 2.7
mV) and was long-lasting, between 3 and 23 s (12.4 = 5.6 s;
n = 11 cells in which the characteristics of the protocol
allowed AHP quantification). A significant linear relationship

FIG. 1.

Slow frequency adaptation in a fast-spiking (FS) neuron recorded in vitro. A: spike-triggered average of the action potential (top). Bottom: the 1st

derivative shows the fast rate of depolarization and repolarization characteristic of FS neurons. B: the interspike interval (ISI) histogram reveals the lack of
burstiness and short ISIs. C: current intensity—firing frequency relationship. Each current intensity was applied twice and the responses have been averaged. The
SE is displayed in error bars, although in some cases, the SE is too small to be seen. D: instantaneous frequency (fop) and spike discharge (middle) in response
to the injection of 4 square current pulses of 300-ms duration and increasing intensity (bottom). Note that there is no spike-frequency adaptation but a slight
acceleration of the discharge during the duration of the current pulse. E: response of the same cell to the injection of a long duration (20 s) square pulse of 0.75
nA. The rate of discharge (fop) is represented in bins of 500 ms, and the voltage trace (middle) shows the action potential discharge. Note that spike frequency
adaptation develops slowly. F: expanded traces of the voltage recording showed in E, corresponding to the beginning (a), middle (b), and end (c) of the
long-duration (20 s) pulse. G: response of the same neuron to sinusoidal current (2-Hz, 1.1-nA peak-to-peak amplitude) injection for 20 s. The slow adaptation
of the number of spikes/cycle (top) had a time constant of 2.1 s. Afterhyperpolarization (AHP) amplitude: 8 mV; AHP duration: 10-14 s. H: expanded traces
of the voltage recording depicted in G, corresponding to the beginning (a) and end (b) of the 20-s sinusoidal injection.
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FIG. 2. AHP and decreased excitability following prolonged firing in a representative FS neuron recorded in vitro. A: slow AHP (4.6-mV amplitude) following
a spike discharge induced by 20 s of sinusoidal current injection (average of 2 trials). Hyperpolarizing pulses (—0.25 nA, 200 ms) were given to test changes
in input resistance. Note the decrease in input resistance following the current injection (compare traces a and b). The peristimulus time histographs (PSTH) plots
the mean frequency of the firing calculated with a bin width (0.5 s) equal to the sinewave period. The mean and SD for 2 trials are plotted. B: the response of
the neuron illustrated in A to the 1st (Ba, top trace) and last (Bb, top trace) cycles of the injected sinewave. Note the decrease in number of spikes/cycle. Below
the traces are the instantaneous spike discharge frequency and the injected current trace (Bc). C: the excitability before and after high-frequency firing (induced
as in A) was explored by injecting depolarizing pulses of 0.2 nA and 200-ms duration at 0.5 Hz. The /st 2 traces were obtained prior to the 20-s adaptation
protocol, the subsequent pulses correspond to 1.5, 3.5, 7.5, 11.5, and 15.5 s after the end of the high-frequency firing. Note that the excitability took >10 s to
recover. On average this neuron recovered to its preadapted stage in 22.7 * 8.2 s. D: scatter plot representing the amplitude of the AHP preceding the pulses
used to test the excitability of the cell (as in C) vs. the number of evoked action potentials. AHP was induced by high-frequency firing as in A. The linear
regression is significant with P < 0.0001. Prior high-frequency firing, the number of spikes evoked by the same 0.2-nA pulses was 9.5 * 1.3. E: neuronal
discharge for a sinusoidal current injection of low intensity (0.6-nA peak-to-peak amplitude), high intensity (0.9 nA), and low intensity. Mean frequency per cycle
(2 Hz) is represented in the PSTH. Note the slow adaptation during the high-frequency firing and long period of postadaptation (firing rate reduction). Bottom
trace: the current injection protocol, the frequency has been decreased for clarity. A—E: correspond to the same neuron. F: population histogram of the AHP
durations and time of decreased excitability in bins of 5 s.

(P < 0.01) was found between the duration of the AHP and the rons during the post-discharge period (Fig. 2, C and E). This
time constant of the preceding spike-frequency adaptation (not decrease in excitability was assessed in seven FS cells by
shown). The slow AHP decreased the excitability of the neu- injecting depolarizing current pulses (120—300 ms) before and
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following the cessation of the 20-s square pulse or 20 s of
sinusoidal current injection. The decrease in excitability lasted
for =23 s (16.7 £ 6.8 s). Figure 2D illustrates the linear
relationship between the decrease of the AHP and the recovery
of neuronal excitability. The distribution of the values of slow
AHP duration and the duration of decreased excitability fol-
lowing a 20 s discharge are represented in Fig. 2F.

Intracellular recordings in vivo

The effect of long-lasting current injection has been
studied in nine FS neurons recorded intracellularly in cat
area 17 in vivo. These cells were classified as FS according
to the criteria established by Nowak et al. (2003) (Fig. 3,
A-C). One of these neurons was previously reported in
Sanchez-Vives et al. (2000a). Action potentials were in-
duced by intracellular injection of 2 Hz sinusoidal current
during 20 s in eight of these nine neurons (Fig. 3, F and G).
As a result, 62.5% of the neurons (n = 5/8) showed slow
spike-frequency adaptation. Adaptation strength determined
as the firing rate for the last 0.5 s of current injection relative
to the firing rate for the first 0.5 s of current injection (see
METHODS) was of 29.7 = 14.0% (range: 10.2 —46.4%). In
these five neurons, the average time constant of the firing
rate decay was 5.6 = 4.7 s. No adaptation was observed in
the other three FS neurons.

Long-duration (20 s) square depolarizing pulses were in-
jected in three FS neurons (including one that did not receive
sinusoidal current injection; Fig. 3E). This type of stimulus
induced a larger amount of adaptation (40.5 = 18.8%). In two
of the recordings, a single exponential could be fitted to the
decay of the firing, the time constants being 2.1 and 5.0 s,
respectively.

In two of the six neurons in vivo that showed slow spike-
frequency adaptation, a significant reduction in firing rate
following the high-frequency firing was observed (note PSTH
in Fig. 3E). The membrane potential in the remainder cells
(n = 4/6) was subthreshold in between trials, and changes in
the firing following the high-frequency discharge could not be
assessed. A slow AHP that followed the high-frequency dis-
charge and may have mediated the reduction in discharge
during adaptation and after adaptation could be measured in
four of the neurons. The AHP amplitude was between 3 and 8
mV (mean = 5.6 = 2.7 mV) and the duration between 5 and
10 s (Fig. 3E, bottom). The number of FS neurons showing
slow AHPs may have been underestimated because the AHP
may have been precluded by the large amount of synaptic noise
typical of in vivo recordings. In none of the FS neurons that did
not exhibit spike-frequency adaptation was there an observable
AHP (n = 3).

DISCUSSION

FS neurons have been characterized electrophysiologically
classically as neurons with fast action potentials, the capability
to reach high (=1 kHz) firing frequencies, steep slopes in
discharge frequency versus current intensity relationship, and
little or no spike frequency adaptation in response to depolar-
izing current injection. These characteristics have been estab-
lished both with in vitro (Connors and Gutnick 1990; McCor-
mick et al. 1985) and in vivo studies (Nowak et al. 2003;
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Nunez et al. 1993). Here we describe, to our knowledge for the
first time, the existence of spike-frequency adaptation in these
classically defined FS neurons. In the present study, we dem-
onstrate that neurons with virtually no adaptation in response to
short (<0.5 s) depolarizing current pulses, do actually adapt
following long (tens of seconds) periods of activation. Both
20-s-long square depolarizing pulses and sinusoidal currents (2
Hz) have been used, and both evoked spike-frequency adapta-
tion. It is important to note that repetitive firing or prolonged
activation as utilized in this study may be more relevant to the
workings of the brain in vivo, where neurons discharge repet-
itively in response to external inputs or as part of internal
rhythms.

One of the interesting aspects of FS neurons is that they
constitute the only electrophysiological cell class unambigu-
ously linked to inhibitory neurons. Neurons with identical or
similar electrophysiological properties to those described here,
and which have previously been termed FS neurons, have been
associated with several subtypes of GABAergic non-pyramidal
neurons such as basket and chandelier cells (Azouz et al. 1997,
Kawaguchi and Kubota 1993, 1997; McCormick et al. 1985;
Thomson and Deuchars 1997); however, in this study, we did
not attempt to discern between these various morphological
types. It is likely that electrophysiological subtypes exist
within the FS category (e.g., see Nowak et al. 2003). For
example, one criteria used in some studies is the appearance of
an abrupt transition between no action potentials to full trains
of action potentials with small increases in the amplitude of
injected current pulses (e.g., Kawaguchi and Kubota 1993,
1997). This criteria, however, is not useful for the classifica-
tions of in vivo recordings because the presence of background
synaptic activity prevents the measurement of threshold behav-
iors. In this study we have used our quantitative criteria to
classify neurons as FS (McCormick et al. 1985; Nowak et al.
2003) with the understanding that this represents a heteroge-
neous population of cortical GABAergic neurons. In our hands
(Azouz et al. 1997, McCormick et al. 1985; Nowak et al.
2003), all of the cells that we have classified as FS neurons and
labeled with the same recording methods used here, have been
morphologically consistent with what is expected for parval-
bumin (+) cells (for a review, see Kawaguchi and Kubota
1997). Parvalbumin (+) cells have been reported to be =50%
(Gonchar and Burkhalter 1997) (-rat-) and even 74% (van
Brederode et al. 1990) (-monkey-) of the total number of
inhibitory cells. Therefore the slow adaptation that occurs in at
least part of the inhibitory cell population may have a large
impact in its associated networks’ global discharges.

FS neurons recorded in vitro showed slow frequency adap-
tation with a time constant in the range of seconds for both
sinewave current injections (8.8 *£ 5.8 s) and long (20 s)
depolarizing pulses (6.7 = 3.3 s). The reduction of the firing
was similar in response to both protocols with an average
reduction of ~50% after 20 s. In our previous study on putative
excitatory neurons (non-FS neurons; Sanchez-Vives et al.
2000b), we found a very similar reduction of the firing rate
(54.7%) at the end of 20 s of sinusoidal current injection. Both
adaptation strength and time constant (3.3 s) showed a large
heterogeneity between cells (see Fig. 2C in Sanchez-Vives et
al. 2000b) that could correspond to the inclusion of different
cell types such as pyramidal and spiny stellate cells. When
compared with the present data, we found that the average
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FIG. 3. Slow frequency adaptation in a FS neuron recorded in vivo. A: spike-triggered average of the action potential (fop). Bottom: the 1st derivative shows

the profile of fast depolarization and repolarization rate characteristic of FS neurons. B: interspike interval distribution. Note lack of burstiness and short ISIs.
C: intensity-frequency relationship (slope = 292 Hz/nA). D: voltage response (top) to the injection of 3 square current pulses of 300-ms duration and increasing
intensity. The instantaneous frequency of the spike discharge is displayed (middle). E: peristimulus histogram of the same cell to the injection of a long duration
(20 s) square pulse of 0.4 nA. The discharge rate is represented in bins of 500 ms, and the error bars correspond to the SE for 2 trials. Note that there is adaptation
during the 20 s of firing and a period of decreased spontaneous discharge following the 20-s pulse. The average membrane potential for the same 2 trials is
displayed below the PSTH. The voltage trace has been low-pass filtered to eliminate the action potentials and better show the slow AHP that follows the
high-frequency firing. F: response of the same neuron to sinusoidal current (2 Hz, 0.8-nA peak-to-peak amplitude) injection for 15 s. The histogram displays
the average number of spikes/cycle for 3 trials. Error bars represent SE. The time course of the decay did not allow fitting by an exponential curve. G: response
of the neuron illustrated in F to 2 cycles of the injected sinewave. Top, membrane voltage; middle, instantaneous spike discharge frequency; and bottom: the

injected current.

decay time constant is significantly faster for non-FS neurons
than for FS neurons (P < 0.0006). This difference may be due
to a relevant role in some of the non-FS neurons of adaptation
currents with faster time course such as calcium-dependent
potassium currents in non-FS cells (Madison and Nicoll 1984;
Pennefather et al. 1985; Schwindt et al. 1992; Vogalis et al.
2003).

Following long (20 s) discharges, FS neurons recorded in
vitro displayed a slow AHP that lasted =23 s. This AHP was
associated with a concurrent decrease in excitability of analo-
gous duration. Therefore the membrane event underlying the
slow adaptation in FS neurons appears to be a slow AHP that
lasts up to tens of seconds. Furthermore, we find a significant
correlation between the time constant of the spike frequency
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adaptation and the duration of the subsequent AHP, suggesting
that the same mechanism underlies both phenomena. In our
study on cortical non-FS neurons (Sanchez-Vives et al. 2000b),
we found a slow AHP of 12-75 s following long (20—-60 s)
discharges that also induced a long-lasting decrease of excit-
ability. In non-FS neurons, we demonstrated that this hyper-
polarization was due, at least in large part, to the activation of
a K current activated by Na™* (Sanchez-Vives et al. 2000b).
This current has been described in many other neurons (Bader
et al. 1985; Bischoff et al. 1998; Dryer et al. 1989; Egan et al.
1992; Foehring et al. 1989; Kim and McCormick 1998; Kubota
and Saito 1991; Safronov and Vogel 1996; Schwindt et al.
1989) as well as in heart cells (Kameyama et al. 1984; Luk and
Carmeliet 1990). The channels responsible for this current
have recently been cloned (Bhattacharjee et al. 2003; Yuan et
al. 2003). In the view of the similarity of adaptation and
post-adaptation time course, we suggest a Na™-dependent K™
current as a plausible candidate to underlie slow adaptation in
FS neurons as well. Other possibilities cannot be, however,
ruled out. A Na*/K* ATPase electrogenic pump (Gustafson
and Wigstrom 1983; Thomas 1972; Thompson and Prince
1986) would yield a similar time course and could contribute to
the slow hyperpolarization. This possibility was tested in
non-FS neurons (Sanchez-Vives et al. 2000b), where an in-
crease in conductance following activation of the neurons and
a lack of blockade by strophandidin argued against an impor-
tant contribution of a Na™/K™ ATPase electrogenic pump.

Although all neurons studied in vitro (15 of 15) displayed
slow adaptation, even if small, only 67% of the FS neurons
recorded in vivo did. In our in vivo studies, we gave long
duration (20 s) stimulus to nine neurons, six of which showed
a significant adaptation. Also, the strength of adaptation was
less in vivo (30% for the sinusoids, 40% for the pulse) than in
vitro (44% for the sinusoids, 53% for the pulse). One expla-
nation for this difference is that we more often used sinusoidal
current injections in the in vivo studies, and these are less
efficient than long square depolarizing pulses to induce adap-
tation. Another possibility is that ongoing activity in vivo may
have an effect on the steady state of adaptation (Castro-
Alamancos 2004): a fraction of Na*-dependent K* current
may be activated due to the presence of spontaneous activity in
vivo, such that neurons are already partially adapted in the
baseline condition. On the other hand, the lack of spontaneous
activity in slices would result in neurons that have not been
“pre-adapted.” This implies that FS neurons in vivo possess the
same slow conductance as they do in vitro, but the basal state
of their activation may be different in the two instances. Thus
a neuron’s ability to be in different states of adaptation sug-
gests a mechanism that may allow the neuron to integrate new
inputs while still tracking its firing history. Finally, it is
reasonable to suggest that adaptation in vitro may be more
prominent than in vivo owing to a decrease in efficiency for
meeting the metabolic demands of the neurons.

The slow adaptation of a whole population of inhibitory
neurons may have important consequences for the computa-
tional properties of the cortical network. Neurons in vivo
slowly adapt when they are stimulated for extended periods of
time, i.e., in response to sustained high contrast stimulation
(Albrecht et al. 1984; Carandini and Ferster 1997; Maffei et al.
1973; Movshon and Lennie 1979; Ohzawa et al. 1985;
Sanchez-Vives et al. 2000a) or as a result of long-lasting
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current injection (Sanchez-Vives et al. 2000a). Intrinsic mech-
anisms such as slow adaptation currents have an effect some-
what similar to recurrent inhibition in the sense that the spike
discharge is regulated by the neuron’s own previous activity.
The fact that both excitatory and inhibitory neurons share
similar mechanisms for slow adaptation probably contributes
to the excitatory/inhibitory balance within the cortical network
(Shu et al. 2003).
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