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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 (� � 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.

I N T R O D U C T I O N

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;

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.

M E T H O D S

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 MgSO4, 1.25
NaHPO4, 2 CaCl2, 26 NaHCO3, and 10 dextrose and was aerated with
95% O2-5% CO2 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 CO2

concentration, rectal temperature, and blood O2 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

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.

R E S U L T S

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. 2A). 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 (top) 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 (top) 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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