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velocity in cartesian coordinates with accuracy greater than 0.1 mm and 1.3 mm s-1,
respectively.

Jerk was estimated by applying a fourth-order Savitsky±Golay ®lter on a 250-ms
window of velocity data. This ®lter is equivalent to taking the second derivative at the
window's centre of the continuous least-squares best-®t fourth-order polynomial. This
fourth-order polynomial ®t is a low-pass ®lter with a cutoff frequency of 6.83 Hz. Power
spectra of mean subtracted velocity pro®les of very fast 10-cm reaching movements show
that 99.9% of the power is below 6 Hz.

We assessed motion state transition ef®ciency using cumulative squared jerk to
characterize the ef®ciency of recovery after perturbation offset. To accomplish this, we
compared the amount of jerk that occurred between two different motion states within the
same movement, with the jerk that would occur for a maximally smooth transition
between those two states in the elapsed time. The minimum jerk trajectory between two
motion states (state = [position, velocity, acceleration]) is given by a ®fth-order
polynomial in time:
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Where position is represented by x(t), t is time and tf is the ®nal time. Cks are parameters
that depend on the boundary motion states and on the time between them, tf. They can be
found by solving the boundary conditions on the motion state.

Once the coef®cients are determined the cumulative squared jerk can be computed by
simply integrating the squared jerk pro®le.
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State-dependent learning is a phenomenon in which the retrieval
of newly acquired information is possible only if the subject is in
the same sensory context and physiological state as during the
encoding phase1. In spite of extensive behavioural and phar-
macological characterization2, no cellular counterpart of this
phenomenon has been reported. Here we describe a neuronal
analogue of state-dependent learning in which cortical neurons
show an acetylcholine-dependent expression of an acetylcholine-
induced functional plasticity. This was demonstrated on neurons
of rat somatosensory `barrel' cortex, whose tunings to the tem-
poral frequency of whisker de¯ections were modi®ed by cellular
conditioning. Pairing whisker stimulation with acetylcholine
applied iontophoretically yielded selective lasting modi®cation
of responses, the expression of which depended on the presence of
exogenous acetylcholine. Administration of acetylcholine during
testing revealed frequency-speci®c changes in response that were
not expressed when tested without acetylcholine or when the
muscarinic antagonist, atropine, was applied concomitantly. Our
results suggest that both acquisition and recall can be controlled
by the cortical release of acetylcholine.

The ascending cholinergic system3 has long been considered to be
a candidate for mediating behavioural control of neuronal plasticity4±9.
This hypothesis is supported by behavioural and neurophysiological
studies in the auditory10±13 and somatosensory systems14±18.
Whereas these studies demonstrated the permissive role of
acetylcholine (ACh) during the induction of cortical plasticity10±14,
they did not address the possibility that ACh is also involved in the
expression of the induced modi®cations. To examine this potential
role of ACh, single- (n = 99) and multi-unit (n = 85) activities were
recorded extracellularly from the barrel ®eld19 of anaesthetized adult
rats, using a multi-electrode array composed of one or two tungsten-
in-glass electrodes and one combined electrode for recording and
iontophoresis of ACh. Temporal-frequency tuning curves (TFTCs)
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were obtained by mechanically de¯ecting the principal vibrissa at
four different frequencies between 2 and 11 Hz (in a few cases 14 Hz
was also applied), covering the frequency range predominantly used
by the animal while exploring its environment20. Typically, TFTCs of
barrel cortex neurons show decreased spike counts and increased
latencies with increasing frequencies21. The TFTC was determined
again during ACh iontophoresis, and then pairing occurred. Pairing
consisted of repetitive whisker de¯ection at one ®xed frequency (5, 8
or 11 Hz) accompanied by ACh iontophoresis. After pairing, the
TFTC was determined, once without ACh and once during applica-
tion of ACh, thereby restoring the physiological conditions under
which the pairing was carried out.

Pairing caused frequency-speci®c modi®cation of the TFTCs that
was expressed exclusively under ACh application. Three examples of
signi®cant increments in response, induced by pairing and revealed
with ACh, are depicted in Fig. 1 (Fig. 1a±c, two-tailed Kolmogorov±
Smirnov, P , 0.0005 compared with control). The principal
whisker for each cell was stimulated at 5 (Fig. 1a), 8 (Fig. 1b) or

11 Hz (Fig. 1c) during pairing. The potentiation of the response was
maximal for the conditioned frequency in each case and affected
both the phasic (due to each whisker de¯ection) and tonic (due to
the entire train of de¯ections) components of the response. The
summed response (phasic + tonic per stimulus cycle) is referred to
herein as `responsiveness'. No change was expressed when the
responses were recorded without ACh (Fig. 1a±c, Kolmogorov±
Smirnov test, P . 0.1). The modi®cations could be reversed by a
second pairing using a different stimulation frequency. A new
frequency-speci®c enhancement in response after a second pairing
is shown in Fig. 1d. Usually, the second pairing resulted also in a
signi®cant reduction of response to the initially paired frequency
(11 Hz, Fig. 1d) (see Supplementary Information). When the
extinction of the effect was analysed by repeatedly testing the
TFTC without and with ACh, the response modi®cation was still
statistically signi®cant at least 45 min after the pairing but only
under ACh (four out of four cells, two-tailed Kolmogorov±
Smirnov, P , 0.0005). The consistent lack of expression without
ACh, during periods that were interleaved with successful expression
with ACh, excludes the possibility that the observed effects corre-
spond to a delayed expression of cholinergic-induced plasticity22

(see Supplementary Information).
Overall, 33% (39 out of 119) of the single- and multi-units

recorded with the combined electrode showed a statistically sig-
ni®cant TFTC modi®cation when tested with ACh after pairing. In
contrast, when measured without ACh, TFTC changes were
observed in fewer cases (21%, 25 out of 119; x2 test, P , 0.05).
This difference was also valid for single units: 30% showed a
modi®ed TFTC (17 out of 57) when tested with ACh, whereas
only 14% (8 out of 57) were modi®ed when measured without ACh
(x2 test, P , 0.05). Most of the changes expressed with ACh were
response potentiations speci®c to the paired frequency (76%).
Consistent with studies in the auditory cortex10, most of the effects
observed during testing without ACh were decreases in responsive-
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Figure 1 Plasticity of cortical responses expressed during ACh application in four different

units. Peri-stimulus time histograms of responses before (blue) and after (red) pairing are

superimposed. The activity preceding the stimulus onset (dashed lines) corresponds to the

cell's tonic activation during the stimulus train. Yellow shading indicates the paired
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paired frequency when tested with ACh (Kolmogorov±Smirnov, P , 0.0005), but not

when tested without ACh (P . 0.1) (a±c). d, Reversal of the potentiation induced by a ®rst

conditioning at 11 Hz (green shading, P , 0.0005), by a second pairing at 5 Hz (yellow

shading, P , 0.0005). No change was revealed when testing without ACh (P . 0.9).
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ness (87.5%). The overlap between the populations of cells display-
ing signi®cant TFTC changes after pairing with and without ACh
was small: only 3 out of the 22 modi®ed single units showed effects
in both conditions.

We tested whether ACh application is required during pairing in
order to induce TFTC changes by repeating the pairing protocol
without ACh. In most cases (17 out of 19), whisker stimulation
without ACh induced no changes in the TFTC. Additional evidence
supporting the permissive role of ACh in the induced plasticity was
obtained from cells recorded simultaneously with a tungsten-in-
glass electrode other than the combined electrode used for
iontophoresis. Only 7% of the units (3 out of 45) recorded with
tungsten-in-glass electrodes (that is, units that were probably
beyond the maximal distance from the ejection site where ACh is
still effective in modifying neuronal ®ring activity (S. H. et al.,
unpublished data)) were modi®ed after pairing when tested with
ACh, even though they were activated by the stimulus. In contrast,
33% (39 out of 119) of the cells simultaneously recorded by the
combined electrode were signi®cantly modi®ed (x2 test, P , 0.002),
con®rming that the modi®cations are observed preferentially within
the region of ACh application.

Part of the response modi®cations described here may have
resulted from the presence of ACh during the second and fourth
TFTCs of the protocol and not from the pairing. To isolate the effect
of the ®xed-frequency pairing, the population of cells submitted to
pairing was compared with a control population for which the four
TFTCs were applied with no conditioning period in between (the
time interval between the second and the third TFTCs was kept the
same as for the original protocol). Responses were quanti®ed by a
weighted ratio between the response to stimulation at a given
frequency and the averaged response to all other frequencies (see
Methods). Figure 2 shows the cumulative distributions of changes

in weighted ratio observed in each condition. Consistent with other
studies23,24, and independently of the pairing, the response
variability was larger (two-tailed F-test, P , 0.001) when tested
with ACh (Fig. 2a, dashed line) than without ACh (Fig. 2a, solid
line), whereas the mean was unchanged (two-tailed Mann-Whitney
U-test, P . 0.46). However, the introduction of the ®xed-frequency
pairing induced an additional effect: the relative strength of the
response to the paired frequency was signi®cantly potentiated
(Fig. 2b, compare solid and dashed curves, one-tailed Mann±
Whitney U-test, P , 0.001), whereas the variability was unchanged
(two-tailed F-test, P . 0.37). These potentiations were speci®c for
the paired frequency, as the distribution of changes for unpaired
frequencies (Fig. 2b, dotted line) was indistinguishable from the
control distribution (Fig. 2b, dashed line, two-tailed Mann±
Whitney U-test, P . 0.1), and signi®cantly different from the
distribution of changes at the paired frequency (Fig. 2b, solid line,
two-tailed Mann±Whitney U-test, P , 0.0001).

Statistically, the entire population was potentiated by ®xed-
frequency pairings. However, when each unit was analysed
separately, only a subpopulation exhibited signi®cant modi®ca-
tions. We examined the dependency of these modi®cations on the
frequency of the paired stimulus (Fig. 3). The signi®cant potentia-
tions observed during testing with ACh were maximal for the paired
frequency (Fig. 3a±c) and differed from changes at other frequen-
cies (Fig. 3d±f; analysis of variance (ANOVA), F(1,43) = 5.45, 6.68
and 6.43 for 5, 8 and 11 Hz, respectively, P , 0.05). On average, the
TFTCs' reorganization after pairing was such that paired and
unpaired frequencies showed, respectively, relative gains and
losses in response (Fig. 3g, right box; ANOVA, F(1,43) = 12.07,
P , 0.005). No signi®cant reorganization of the TFTCs was
observed when testing without ACh (Fig. 3g, left box; ANOVA,
F(1,43) = 0.45, P . 0.5).
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The ACh-dependent expression of the enhancement in response
to the paired frequency was blocked by the muscarinic antagonist,
atropine. Figure 4 shows an example of a signi®cant frequency-
speci®c potentiation (Fig. 4a, 8 Hz, red line; Kolmogorov±Smirnov,
P , 10-7) that is absent when atropine and ACh are iontophoresed
together during testing (Fig. 4a, green line; Kolmogorov±Smirnov,
P . 0.89). Two minutes after the end of atropine application, a
signi®cantly enhanced response to the paired frequency was
recovered with ACh (Fig. 4a, orange line; Kolmogorov±Smirnov,
P , 10-7). Overall, the muscarinic nature of the effect has been
con®rmed in all the cells showing an ACh-dependent expression of
plasticity and tested with atropine (®ve out of ®ve cells; Fig. 4b).

The temporal response properties of populations of auditory
cortical cells can be modi®ed after extensive periods of tone
presentations at a given repetition rate paired with stimulation of
the nucleus basalis13. We have shown that single units of the
somatosensory barrel cortex can show a rapidly induced ACh-
dependent plasticity of temporal response properties. Furthermore,
we have shown that the expression of ACh-induced modi®cations is
also regulated by increased cortical ACh. The altered responsiveness
to a speci®c stimulus frequency, which was associated with
increased ACh levels, was expressed only in the presence of ACh.
The requisite for a similarity between the acquisition and the recall
conditions is analogous to a `̀ state-dependent learning''1,2Ða
phenomenon in which newly acquired information may become
available for retrieval only if the endogenous state of the brain and
the sensory context present at the time of the original encoding
episode are reinstated at the time of testing. In our anaesthetized
animals, the increased cholinergic levels were induced by exogenous
applications; however, in the awake animal, endogenous activation
of the cholinergic system probably provides the required levels of
cortical ACh for both memory formation5,8 and recall25. M

Methods
Animal preparation and electrophysiology

Experiments were carried out on adult Wistar albino rats (300625 g) obtained from the
Animal Breeding Unit of The Weizmann Institute of Science. Maintenance, manipulations
and surgery were according to institutional animal welfare guidelines. Experimental
procedures were similar to those used previously26,27. Brie¯y, anaesthetized rats (urethane,
1.5 g kg-1) were mounted in a modi®ed stereotaxic device28 which allows free access to the
somatosensory cortex and to vibrissae. The right postero-medial barrel sub®eld was
exposed, the dura removed and neural activity recorded with a multi-electrode array
composed of two tungsten-in-glass electrodes and a combined electrode29 composed of a
tungsten core surrounded by six micropipettes. The pipettes were ®lled with acetylcholine
chloride (1 M, pH 4.5), atropine sulphate (0.1 M, pH 4.5) and NaCl (3 M) for current
balance. In most cases, the tungsten-in-glass and combined electrodes were lowered
independently into different barrels. Data from units recorded by the combined electrodes
(n = 132) and the tungsten-in-glass electrodes (n = 52) were analysed separately.

Vibrissae stimulation and protocol

Whiskers were stimulated by a linear electromagnetic vibrator (pulses of 10 ms, 5-ms rise
time and 5-ms fall time, 160 mm at ,5 mm from the snout). Temporal frequency tuning
curves (TFTCs) were obtained by de¯ecting the principal vibrissa at different frequencies
in the following order: 2, 5, 8, 11 and in a few cases 14 Hz; 45 s interval; (14), 11, 8, 5, 2 Hz,
with interblock intervals of 10 s. Stimuli were applied at each frequency in blocks of 12
consecutive trains of 4 s + 1 s intertrain interval each. Before pairing, the TFTC was
determined ®rst without and then during ACh iontophoresis. Pairing consisted of 24
trains of stimulation (each of 4 s + 1 s intertrain interval) of the vibrissa at one ®xed
temporal frequency (5, 8 or 11 Hz) accompanied with ACh iontophoresis (20±80 nA).
After pairing, the TFTC was determined without ACh and once again with ACh. In some
experiments (n = 16 cells), two additional TFTCs were determined, one during combined
iontophoresis of ACh and atropine (60 nA) and another during ACh application alone.
For 53 cells out of 119 only one pairing was applied. For the other recordings, the pairing
was repeated several times at the same or different frequencies.

Data analysis

To keep the initial state comparable among cells, only the ®rst paired frequency was
considered for statistical tests. The effect was assessed systematically on the test period
immediately after the last pairing at that frequency. The relative strength of the response to
a given frequency was quanti®ed by the weighted ratio (WR) = (Rf ± AvgR) / (Rf + AvgR),
where Rf is the response to stimulation at a given frequency (spike count over 60 ms from
the stimulus onset) and AvgR is the averaged response to stimulation at all other
frequencies. This ratio, which takes values from ±1 to +1, was calculated for each of the 24

trains of stimuli, with Rf and AvgR values computed from corresponding trains across
frequencies presented during the same TFTC. To assess the effect of conditioning, the 24
values obtained from TFTCs before and after pairing were statistically compared (two-
tailed Kolmogorov-Smirnov, signi®cance level P , 0.01). The comparison was performed
independently for the TFTCs obtained without and with ACh, for each frequency. To
assess the frequency speci®city of the effect, cells were grouped as a function of the paired
frequency (5, 8 or 11 Hz), and the differences in weighted ratios were averaged across cells
(see Fig. 3d±f). This analysis was done on all cells showing a statistically signi®cant change
in weighted ratio values for any of the tested frequencies (paired and non-paired), thus
avoiding any bias towards the paired frequency. The weighted values were statistically
compared using multi-factor ANOVA with repeated measures.
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In the brain and heart, rapidly inactivating (A-type) voltage-gated
potassium (Kv) currents operate at subthreshold membrane
potentials to control the excitability of neurons and cardiac
myocytes1,2. Although pore-forming a-subunits of the Kv4, or
Shal-related, channel family form A-type currents in heterologous
cells3, these differ signi®cantly from native A-type currents. Here
we describe three Kv channel-interacting proteins (KChIPs) that
bind to the cytoplasmic amino termini of Kv4 a-subunits. We ®nd
that expression of KChIP and Kv4 together reconstitutes several
features of native A-type currents by modulating the density,
inactivation kinetics and rate of recovery from inactivation of Kv4
channels in heterologous cells. All three KChIPs co-localize and
co-immunoprecipitate with brain Kv4 a-subunits, and are thus
integral components of native Kv4 channel complexes. The

KChIPs have four EF-hand-like domains and bind calcium ions.
As the activity and density of neuronal A-type currents tightly
control responses to excitatory synaptic inputs, these KChIPs may
regulate A-type currents, and hence neuronal excitability, in
response to changes in intracellular calcium.

A-type Kv currents formed by Kv4-family a-subunits control
excitatory responses in neuronal cell bodies and dendrites1,3±7 and
contribute to repolarization following action potentials in cardiac
myocytes2. Here we used the yeast two-hybrid (YTH) system8 to
identify proteins that modulate Kv4 channels. We constructed a
YTH bait corresponding to the intracellular amino terminus
(amino acids 1±180) of the rat Kv4.3 subunit and screened an
oligo dT-primed library of rat midbrain complementary DNA to
identify proteins that interacted with it. Many proteins that strongly
interacted with the Kv4.3 N-terminal bait also interacted with the
N-terminal 180 amino acids of Kv4.2, but not with Kv1.1 or other,
unrelated baits (Fig. 1a). Among the Kv4-speci®c interactors were
two new members of a previously described gene family (see below),
here termed KChIP1 and KChIP2. Library screening and database
mining identi®ed mouse and human orthologues of these genes, as
well as expressed sequence tags (ESTs) encoding a previously
identi®ed member of this family (KChIP3). Northern blot analysis
of rat (KChIP1 and KChIP2) or mouse (KChIP3) tissues revealed
that KChIP1 is predominantly expressed in brain, KChIP2 is
expressed in heart, brain and lung, and KChIP3 is highly expressed
in brain with lower expression in testes (Fig. 1b).

The KChIP1, 2 and 3 cDNAs encode 216-, 252- and 256-amino-
acid polypeptides, respectively, which have distinct N termini but
share ,70% amino-acid identity throughout a carboxy-terminal
185-amino-acid `core' domain containing four EF-hand-like motifs
(Fig. 2). Although these KChIPs have around 40% amino-acid
similarity to neuronal calcium sensor-1 (NCS-1) and are members
of the recoverin/NCS subfamily of calcium-binding proteins9 (Fig.
2), other members of this subfamily (such as hippocalcin) did not
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Figure 1 YTH interaction and tissue expression of KChIPs1±3. a, Growth on the seventh

day on a Trp-Leu-His synthetic dropout plate (with 10 mM 3-AT) demonstrating the

speci®c interaction of KChIPs1-3 with Kv4 a-subunits. KChIP1, KChIP2, KChIP3 and

hippocalcin are in the `®sh' con®guration (columns); N-terminal domains of Kv4.3, Kv4.2,

Kv1.1 and hippocalcin are in the `bait' con®guration (rows). Control 1 and control 2 are

two interacting ®sh/bait pairs, respectively, unrelated to K+ channels or the KChIPs.

b, Northern blots (Clontech) showing the expression of KChIP mRNAs across rat (KChIP1

and KChIP2) and mouse (KChIP3) tissues.

Figure 2 Sequence alignment of human KChIPs with members of the recoverin family of

Ca2+-sensing proteins. The alignment was performed using CLUSTALW21. Residues

identical to the consensus are shaded black and conservative substitutions are shaded

grey. X marks position 1 of the 12-amino-acid consensus EF-hand motif, as de®ned in

PROSITE22. X, Y, Z and -X, -Y, -Z denote EF-hand Ca2+-binding residues. Like all members

of the recoverin family, the KChIP EF1 diverges signi®cantly from the EF-hand consensus

and contains a Cys-Pro motif. HIP, human hippocalcin; NCS1, rat neuronal calcium

sensor-1.


