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Submillisecond Precision of the Input–Output
Transformation Function Mediated by Fast Sodium
Dendritic Spikes in Basal Dendrites of CA1
Pyramidal Neurons
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The ability of cortical neurons to perform temporally accurate computations has been shown to be important for encoding of information
in the cortex; however, cortical neurons are expected to be imprecise temporal encoders because of the stochastic nature of synaptic
transmission and ion channel gating, dendritic filtering, and background synaptic noise. Here we show for the first time that fast local
spikes in basal dendrites can serve to improve the temporal precision of neuronal output. Integration of coactivated, spatially distributed
synaptic inputs produces temporally imprecise output action potentials within a time window of several milliseconds. In contrast,
integration of closely spaced basal inputs initiates local dendritic spikes that amplify and sharpen the summed somatic potential. In turn,
these fast basal spikes allow precise timing of output action potentials with submillisecond temporal jitter over a wide range of activation
intensities and background synaptic noise. Our findings indicate that fast spikes initiated in individual basal dendrites can serve as
precise “timers” of output action potentials in various network activity states and thus may contribute to temporal coding in the cortex.
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Introduction
Although the manner by which information is encoded by corti-
cal neurons is not known, there are two main theories that at-
tempt to address this question. The rate code theory postulates
that information is represented by the average firing rates of neu-
rons, whereas the temporal code theory claims that information
is conveyed by the precise timing of action potentials (Abeles,
1990; Bialek and Rieke, 1992; Rieke et al., 1997; Shadlen and
Newsome, 1998; Singer, 1999; deCharms and Zador, 2000). The
traditional view is that of the rate code. In recent years, however,
evidence has accumulated to support the notion that the brain
uses temporal coding as well. This has been demonstrated for
auditory information in the brain stem (Trussell, 1999). More-
over, studies have shown that the precise timing of output action
potentials can encode information in the hippocampus and neo-
cortex as well (Richmond and Optican, 1987; Richmond et al.,
1987; Softky and Koch, 1993; Hopfield, 1995; Vaadia et al., 1995;
Riehle et al., 1997; Roelfsema et al., 1997; Mechler et al., 1998;
Harris et al., 2002; Mehta et al., 2002).

The ability of single neurons to process and convey temporally
accurate information is determined by their ability to detect co-
incident synaptic activity on the one hand and reliably transform

this incoming synaptic activity into a temporally accurate output
pattern on the other hand. Accurate input coincidence detection
at the axo-somatic region is limited by passive attenuation of
high-frequency signals along the dendritic tree (Rall and Segev,
1987; Magee, 2000). Dendrites contain multiple active conduc-
tances, which have been suggested to interact locally and amplify
the response of synchronously activated neighboring inputs, a
phenomenon termed “cluster sensitivity” by Mel (for review, see
Magee et al., 1998; Mel, 1999; Hausser et al., 2000; Reyes, 2001;
Schiller and Schiller, 2001; Migliore and Shepherd, 2002). These
local dendritic interactions have been predicted to facilitate input
coincidence detection of neighboring inputs at the activated den-
dritic site (Softky, 1994); however, the experimental findings re-
ported in the literature regarding this possibility are contradic-
tory. Although Cash and Yuste (1999) found no evidence of input
coincidence detection in dendrites of CA1 pyramidal neurons,
Larkum et al. (1999) reported coincidence detection of inputs
arriving at different cortical layers, and Williams and Stuart
(2002) recently reported that dendritic calcium spikes can serve
as input coincidence detectors of large signals in apical dendrites
of layer 5 pyramidal neurons. Then again, in these studies the
impact of apical calcium spikes on the temporal accuracy of neu-
ronal output was not examined; the authors measured the exis-
tence and number of axonal action potentials but not their timing
or jitter.

Coincidence detection of input synaptic data is not sufficient
for performing reliable temporal coding. Rather, input informa-
tion must also be transformed into temporally precise output
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action potentials. The basic components of neurons, namely
ionic channels and synapses, are relatively unreliable and behave
stochastically, and the neuron is constantly bombarded by back-
ground synaptic activity. As a result, the process of action poten-
tial encoding is noisy, and repeated identical stimuli result in a
jitter of action potential timing (Lecar and Nossal, 1971a,b; Ber-
nander et al., 1991; Steinmetz et al., 2000). In general, both the
dynamics of cortical networks as well as the active properties of
single neurons were suggested to overcome these potential prob-
lems in neuronal output precision and contribute to precise ac-
tion potential timing (Softky and Koch, 1993; Shadlen and New-
some, 1994; Softky, 1994; Mainen and Sejnowski, 1995; Marsalek
et al., 1997; Stevens and Zador, 1998; Van Vreeswijk and Sompo-
linsky, 1998). Previous studies have shown that the accuracy of
output action potential timing can be significantly improved by
rapidly changing voltage swings at the soma (Mainen and
Sejnowski, 1995; Stevens and Zador, 1998). Various potential
mechanisms have been suggested to underlie these sharp voltage
transients, including involvement of active dendritic mecha-
nisms and synchronous synaptic input (Softky and Koch, 1993;
Softky, 1994; Mainen and Sejnowski, 1995).

In the present study, we report that fast local spikes in basal
dendrites can serve as efficient coincidence detectors of incoming
synaptic information and as temporally stable and precise output
action potential generators over a wide range of activation inten-
sities and background noise.

Materials and Methods
Slice preparation and electrophysiological recording. Hippocampal brain
slices 300 –350 �m thick were prepared from 17- to 40-d-old Wistar rats.
Whole-cell patch-clamp recordings were performed from visually iden-
tified CA1 pyramidal neurons using infrared-differential interference
contrast optics. The extracellular solution contained (in mM): 125 NaCl,
25 NaHCO3, 25 glucose, 3 KCl, 1.25 NaH2PO4, 2 CaCl2, 1 MgCl2, pH 7.4,
at 34 –35°C. Bicuculline methiodide (1 �M) was added to the extracellu-
lar solution in most experiments. The intracellular solution contained (in
mM): 115 K �-gluconate, 20 KCl, 2 Mg-ATP, 2 Na2-ATP, 10 Na2-
phosphocreatine, 0.3 GTP, 10 HEPES, 0.15 Calcium Green-1 (CG-1), or
0.2 Oregon Green 488 Bapta-1 (OGB-1), pH 7.2. The electrophysiologi-
cal recordings were performed using Multi-Clamp 700A (Axon Instru-
ments, Foster City, CA), and the data were acquired and analyzed using
PClamp 8.2 (Axon Instruments) and Igor (Wavemetrics, Lake Oswego,
OR) software. The average values are presented as average � SD, and
statistical analysis was performed using the Student’s t test.

Focal synaptic stimulation and calcium fluorescence imaging. Focal syn-
aptic stimulation was performed via a theta patch pipette located in close
proximity to the selected basal dendritic segment guided by the fluores-
cent image of the dendrite (Schiller et al., 2000). In these experiments, the
neurons were filled with the calcium-sensitive dye, and the basal den-
dritic tree was imaged with a confocal imaging system (Olympus Fluo-
view) mounted on an upright BX51WI Olympus microscope (Tokyo,
Japan) equipped with a 60� (Olympus, 0.9 numerical aperture) water
objective. Full images were obtained with a temporal resolution of 1 Hz,
and line scan images were obtained with a temporal resolution of 512 Hz.
Images were analyzed using Tiempo (Olympus) and Igor software. When
apical and basal inputs were paired, spikes and EPSPs were produced
either synaptically or by injected somatic waveforms. The injected cur-
rent waveforms were obtained by playing back the recorded voltage
waveforms in a model CA1 using the NEURON software (Hines and
Carnevale, 1997). Synaptic basal and apical EPSPs were evoked by mo-
nopolar synaptic stimulation to allow for distributed activation of inputs
and avoid focal synaptic stimulation. In all cases, distributed synaptic
activation met two criteria. First, a linear stimulus response curve was
observed. Second, no focal rise in dendritic calcium transient could be
identified. Despite compliance with these criteria, we could not rule out
that there was a small voltage contribution caused by focal interaction of

arbitrarily activated closely spaced inputs. Fast basal spikes were evoked
by focal synaptic stimulation of an identified basal branch.

Glutamate uncaging. For the uncaging experiments, caged glutamate
(�-ANB-caged L-glutamic acid) (Molecular Probes, Eugene, OR) was
photolyzed by a 361 nm UV–laser beam (Innova 300, Coherent, Palo
Alto, CA) using 1 msec shuttered pulses (UniBlitz shutter driver/timer,
Rochester, NY). After a stable whole-cell recording was established, the
recording chamber was perfused with extracellular solution (bubbled
with 95% O2/5% CO2) containing freshly prepared caged glutamate
compound (1 mM). The full width at half-maximum size of the photo-
lyzed spot was 6.5 � 3 �m in brain slices, as measured by caged fluores-
cein dextran (dextran DMNB-caged fluorescein; Molecular Probes).

Computer simulations. Computer simulations were performed using
the compartmental modeling package NEURON on a Pentium PC under
Windows XP (Hines and Carnevale, 1997). Simulations were performed
on a reconstructed CA1 pyramidal neuron containing 417 dendritic seg-
ments. In addition, a 400-�m-long axon, broken into seven compart-
ments, was appended to the soma. No special hillock morphology in the
axon was used. The neuron was reconstructed and courteously provided
by Dr. Guy Major (Princeton University, Princeton, NJ). The membrane
resistance (Rm), cytoplasmic resistance (Ri), and membrane capacitance
(Cm) were set to 16,000 �/cm 2, 150 �/cm, and 1 �F/cm2, respectively.
Other passive biophysical parameters of the model are as follows: Eleak �
�80 mV, ENa � 50 mV, EK � 87 mV, and ECa � 130 mV. The temperature
used in all experiments was 36°C.

Spines were accounted for by decreasing the Rm and increasing Cm by
a factor of 2, starting 100 �m from the soma in the apical tree and 20 �m
in the basal tree.

The parameters for the voltage-gated and synaptic conductances were
on the basis of published experimental and modeling work (Destexhe et
al., 1994; Colbert et al., 1997; Hoffman et al., 1997; Magee, 1998). The
membrane of basal dendrites in the model cell contained fast voltage-
gated sodium channels (200 pS/�m 2); voltage-gated calcium channels of
the L (6 pS/�m 2), T (3 pS/�m 2), Q, R, and N (2 pS/�m 2 each) subtypes;
voltage-gated potassium channels of the DR (5–10 pS/�m 2), and A (15
pS/�m 2) subtypes; H channels (15 pS/�m 2); and calcium activated po-
tassium channels (2 pS/�m 2). A modified Hodgkin-Huxley scheme was
used for voltage-gated conductances. The excitatory synaptic inputs were
composed of AMPA (1 � 0.2 nS) and NMDA (0.3 nS) conductances.
Inhibitory GABA-A conductance was 0.5 nS. The basal fast spike was
either produced by five closely spaced synaptic inputs or by a single input
with AMPA (3 nS) and NMDA (5 nS) conductances that were located at
150 –200 �m from the soma. Neuron files can be obtained from J.S.
(jackie@tx.technion.ac.il).

Results
To reveal the contribution of active dendritic conductances to the
kinetics and amplitude of summed synaptic potentials, we acti-
vated inputs clustered onto a dendritic compartment, where in-
teractions are expected to be maximal (Shepherd and Brayton,
1987; Mel, 1999). Closely spaced inputs innervating the same
basal dendrite were activated using two adjacent focal stimulating
electrodes (20 – 40 �m apart) (Fig. 1a). The dendritic location of
activated inputs was confirmed via concomitant calcium imaging
measurements, which showed that each of the two individual
EPSPs resulted in a small local dendritic [Ca 2�]i transient (size of
the activated dendritic segment was 3– 6 �m) in the stimulated
basal dendrite (Schiller et al., 2000). Addition of APV and CNQX
abolished altogether the EPSP and [Ca 2�]i transient (n � 3) (Fig.
2c). These findings eliminated the possibility of direct electrical
stimulation of the dendrite.

Comparison of the individual, small EPSPs evoked by each
electrode with the summed EPSP evoked by coincident activation
of both electrodes revealed that the summed EPSP was much
faster than expected (Fig. 1b). The rise time of the individual
small EPSPs could be fitted by a monoexponential function with
an average time constant of 3.02 � 1.19 msec (n � 25). In con-
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trast, the rising phase of summed EPSPs
showed a second fast regenerative compo-
nent that could be fitted with a time con-
stant of 0.31 � 0.13 msec (Fig. 1b) (n � 22;
p � 0.0001 as compared with the individ-
ual EPSPs).

Coincident activation of the two adja-
cent electrodes also resulted in supralinear
amplification of the summed potential
(Fig. 1b). The average peak amplitude of
the summed potential was 1.87 � 0.7
times larger than that of the arithmetic
sum of the two individual EPSPs (n � 12).
This result was even more pronounced for
the area under the curve, which was 2.52 �
1.09-fold larger than that expected from
the arithmetic sum. Supralinear amplifica-
tion was observed throughout the entire
length of basal dendrites aside from the
proximal 50 �m adjacent to the soma.

To determine the time window for coin-
cidence detection of the incoming neighbor-
ing basal inputs, the individual EPSPs were
activated with different time delays. Sharp-
ening and supralinear amplification of the
summed EPSP was highly dependent on the
time interval between the two activated in-
puts. It occurred reliably when this interval
was �3 msec and intermittently (25–50% of
trials) at time intervals of 3–5 msec (n � 4)
(Fig. 1c). When the time interval between the
activated inputs was �5 msec, individual
EPSPs summated linearly or sublinearly, and
the regenerative response was absent. It
should be noted that in our experimental
conditions each EPSP is a sum of several syn-
chronously activated inputs, and thus we probably overestimated
the time window required for coincidence detection. Taken together
these findings indicated that basal dendrites could serve as efficient
coincident detectors of synaptic inputs innervating the same den-
dritic compartment, by both sharpening and amplifying the
summed synaptic potentials as recorded at the soma.

The underlying mechanism responsible for sharpening and
supralinear amplification of coincidently activated EPSPs inner-
vating the same dendritic compartment was the initiation of local
spikes in basal dendrites (Fig. 2a). These local basal spikes were
observed both in the presence (n � 32) and absence (n � 6) of 1
�M extracellular bicuculline. Moreover, local spikes were re-
corded in three cases in which the recording pipette contained
150 �M EGTA instead of fluorescence calcium dyes. In contrast to
local dendritic NMDA spikes described previously in basal den-
drites of layer 5 neocortical pyramidal neurons (Schiller et al.,
2000), local spikes in basal dendrites of CA1 neurons were com-
posed of early fast and late slow components. Most spikes (27 of
38 spikes) were dominated by the early fast component. The
average peak amplitudes of the fast and slow components were
10.73 � 3.46 and 7.23 � 2.70 mV relative to the resting mem-
brane potential (n � 18); however, at times dendrites produced
spikes that were predominated by the slow component, as de-
scribed in layer 5 pyramidal neurons (n � 11).

Both the fast and slow components of local basal spikes were
eliminated by 15–20 mV hyperpolarization of the somatic mem-
brane potential (Fig. 2b) (n � 4) and bath application of the

NMDA-receptor blocker APV (100 �M) (Fig. 2c) (n � 6). More-
over, both hyperpolarization and APV linearized the intensity
response curves (Figs. 2d). In three of six experiments, fast basal
spikes could be reinitiated in the presence of APV by further
increasing the stimulus intensity (Fig. 2c). This spike was com-
pletely blocked by subsequent addition of 20 �M CNQX (Fig. 2c)
(n � 3).

A previous study reported that fast spikelets in CA1 pyramidal
neurons were mediated by direct axonal stimulation and axo-
axonal gap junctions between adjacent CA1 neurons (Schmitz et
al., 2001); however, this was not the case in the present study.
Both the fast and slow components of local basal spikes were
abolished by APV (100 �M) and CNQX (20 �M) (Fig. 2c) (n � 4),
and persisted in the presence of the gap junction blocker carben-
oxolone (Fig. 2e) (100 �M; n � 3). Moreover, local fast spikes
were recorded in three neurons in which the axon was cut, leaving
a small axonal stump of �25 �m, as measured by three-
dimensional confocal reconstruction of the cell. In addition,
laser-induced destruction of the activated basal branch elimi-
nated the spike altogether (n � 5). Hence, both the fast and slow
components resulted from local spikes in the activated basal den-
drite, rather than axonal spikelets mediated by axo-axonal gap
junctions.

We used calcium imaging experiments to define the extent of
spread of local basal spikes (Fig. 2f). Concomitant calcium imag-
ing revealed that basal dendritic spikes were associated with local
calcium transients, which were mostly confined to the activated

Figure 1. Rise time sharpening and supralinear amplitude amplification of the summed synaptic potential after coincident
activation of synaptic inputs innervating the same dendritic branch. a, Fluorescent image of a CA1 pyramidal neuron loaded with
OGB-1 (200 �M) via the somatic patch electrode. Two bipolar theta synaptic stimulating electrodes were placed in close proximity
to a basal dendrite. Scale bar, 40 �m. b, Traces showing the individual EPSPs evoked by each of the synaptic stimulating
electrodes, the summed synaptic potential during coincident activation of the two synaptic stimulating electrodes, and the
arithmetic sum of the two individual responses (bold line). Note the large supralinear amplification and sharpening of the
summed synaptic potential, as compared with the expected arithmetic sum response. c, Voltage traces obtained in response to
coincident activation of two closely spaced electrodes at various time delays (0 –20 msec). Black traces represent voltage re-
sponses to activation of the electrodes at time delays of 0 and 2 msec. Gray traces show the responses for activation at time delays
of 3, 5, 10, 15, and 20 msec. Note that, in this experiment, the time window for coincident detection was �3 msec.
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basal branch and extended only slightly beyond a branch point to
the mother or sister branches (n � 5) (Wei et al., 2001). Hence,
the propagation of local basal spikes was limited to a single den-
dritic branch, allowing for parallel nonlinear dendritic integra-
tion compartments.

To investigate the ionic mechanisms underlying both compo-
nents of local basal spikes, we used UV–laser-induced focal glu-
tamate uncaging on basal dendrites of CA1 hippocampal pyra-
midal neurons. Focal glutamate uncaging initiated local basal
spikes, which were also composed of early fast and late slow com-
ponents (Fig. 3a). The relative size of the late slow com-
ponent was larger than that recorded for synaptic stimulation.
This was probably caused by two main factors. First, glutamate
uncaging preferentially activated NMDA over AMPA receptors.
In addition, clearance of the uncaged glutamate is slower than
synaptically released glutamate (Schiller et al., 1998). Addition of
the sodium channel blocker TTX (1 �M) eliminated both spike

components (n � 5); however, after a fur-
ther increase in the laser intensity, spikes
composed solely of the slow component
were reinitiated in the presence of TTX, or
combination of TTX and the calcium
channel blocker cadmium (100 �M) (Fig.
3b) (n � 3). Similarly, addition of the
NMDA-receptor blocker APV (100 �M)
eliminated both spike components (Fig.
3c) (n � 3); however, after a further in-
crease in the laser intensity, isolated fast
sodium-dependent spikes were reinitiated
(n � 2). These findings indicated that the
two components of local CA1 basal spikes
were mediated by different ionic mecha-
nisms. The early fast component repre-
sented a local dendritic sodium spike,
whereas the later slow component repre-
sented a local dendritic NMDA spike sim-
ilar to the one described in basal dendrites
of layer 5 pyramidal neurons (Schiller et
al., 2000).

We next investigated the impact of fast
basal spikes on the temporal accuracy of
the neuronal output. On repeated identi-
cal trials, initiation of axonal action poten-
tials showed temporal variability. We
compared this temporal variability under
two experimental conditions: pairing of
distributed apical EPSPs with either dis-
tributed basal EPSPs or local basal spikes
(Fig. 4a) (for details, see Materials and
Methods). After repeated trials (n � 20) in
which distributed basal and apical EPSPs
were paired to produce axonal action po-
tentials with initiation reliability of 80%,
the average time delay for initiation was
7.73 � 1.90 msec, and the average jitter of
action potential timing was 1.65 � 1.02
msec (Fig. 4b,c) (n � 12 neurons; SD rep-
resents the variability in the different neu-
rons). Temporal jitter was defined as the
SD of the axonal action potential timing in
repeated identical trials (Mainen and Se-
jnowski, 1995). Fast basal spike initiation
markedly improved the temporal accuracy

of the output action potentials. When distributed apical EPSPs
were paired with local basal spikes to produce a similar axonal
action potential initiation reliability (80%), the average time de-
lay to the action potential decreased to 4.39 � 0.72 msec, and the
temporal jitter was reduced to 0.25 � 0.15 msec (Fig. 4b,c) (n �
14; p � 0.0001 as compared with pairing of distributed apical and
basal EPSPs).

The average timing and temporal jitter of axonal action po-
tentials evoked by pairing of distributed basal and apical EPSPs
depended on the activation intensity. Increasing the activation
intensity of the distributed apical EPSP (quantified by the initia-
tion reliability of axonal action potentials) decreased the time
delay and temporal jitter of axonal action potentials (Fig. 5).
When action potential initiation reliability increased from 20 to
100%, the average initiation timing decreased from 8.81 � 2.23
to 5.94 � 1.3 msec, and the temporal jitter decreased from 1.83 �
0.55 to 0.87 � 0.34 msec (n � 6; p � 0.01). This reduction

Figure 2. Synaptically evoked local spikes in basal dendrites of CA1 pyramidal neurons. a, Postsynaptic voltage responses were
evoked by focal synaptic stimulation of a basal dendrite at increasing stimulus intensities. Note the sharp threshold of initiation of
the local spike. b, Hyperpolarization of the membrane potential (from�64 to�80 mV) eliminated the fast and slow components
of the spike. Two representative traces evoked by the same stimulus intensity (2 stimuli at 50 Hz) at a resting membrane potential
of �64 and �80 mV (bold trace) are shown. c, The effect of the NMDA-receptor channel blocker APV (100 �M) on local dendritic
spikes evoked by focal synaptic stimulation to a basal dendrite. Voltage traces in control conditions and after application of APV are
shown for the same synaptic stimulus intensity (2 stimuli at 50 Hz). After significantly increasing the stimulus intensity (2-fold) in
the presence of APV, local fast spikes could be reinitiated (APV-strong). Note that APV abolished the slow component of the spike.
Consecutive addition of CNQX (10 �M) to the APV-containing bath solution eliminated altogether the voltage response
(CNQX�APV). d, Top panel presents the peak amplitudes of the postsynaptic voltage responses plotted as a function of the
synaptic stimulus intensities at resting membrane potential (F, �64 mV) and at hyperpolarized membrane potential (�, �80
mV). The data presented are from the same neuron as in a. Bottom panel shows the peak amplitudes of the postsynaptic responses
plotted as a function of the synaptic stimulus intensities under control conditions (F) and in the presence of the NMDA-receptor
blocker APV (�). The data presented are from the same neuron as in c. e, The effect of carbenoxolone (100 �M) on the local
dendritic spike. Black trace � control; gray trace in the presence of carbenoxolone. f, The spatial spread of calcium transients
evoked by a local basal spike. The cell was loaded with OGB-1 (200 �M) via the somatic patch electrode. Focal stimulation to a
distal basal branch (marked by the electrode drawing; scale bar, 25 �m) evoked a local basal spike composed of early fast and later
slow components. Calcium fluorescence imaging was performed in the line-scan mode. Slant line scans (512 Hz time resolution)
covering at least 30 �m of a basal branch at a single scan were performed. Calcium transients were analyzed off-line and
presented as 	F/F in percentage values. The calcium transients were measured from all regions of the dendritic basal branches
shown, but for simplicity, only calcium transients in representative locations are shown. Note the marked decline in calcium
transients along the activated basal branch, and the very small calcium transients evoked by local basal spikes in the mother and
sister dendritic branches.
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probably resulted from the fact that as the amplitude of summed
somatic EPSP increased, it reached the axonal threshold earlier
and with greater temporal reliability. In contrast, fast basal spikes
produced a fundamentally different behavior. Both the timing
and temporal jitter of the output axonal action potentials re-
mained constant over a wide range of activation intensities. In the
presence of local basal spikes, the average timing of axonal action
potential at initiation reliability values of 20 and 100% were 5.0 �
0.1 and 5.1 � 0.1 msec, and the corresponding temporal jitters
were 0.14 � 0.02 and 0.12 � 0.05 msec (n � 5) (Fig. 5). More-
over, in our experiments the temporal jitter obtained with fast
basal spikes was always smaller than that obtained with distrib-
uted EPSPs, despite the fact that, in some cases, at high enough
activation intensities the time delay of axonal action potentials
was smaller for distributed EPSPs (Fig. 5b, left outermost points
in top panel).

We next used computer simulations to examine the impact of
fast basal spikes on the timing and precision of the neuronal
output. In these simulations we compared the timing and tem-
poral jitter of output action potentials in conditions in which the
basal dendritic tree was either passive or active at different back-
ground synaptic noise. In this manner we were able to examine
directly the impact of fast basal spikes on the temporal precision
of output axonal action potentials. We constructed a detailed,
realistic model of a CA1 pyramidal neuron in which we were able

to reproduce the somatic appearance of action potentials, synap-
tic potentials, and fast basal spikes obtained in our experiments.
The neuron was activated by 100 – 800 excitatory inputs distrib-
uted randomly in both the basal and apical trees paired with five
inputs clustered spatially onto a single basal branch (Fig. 6a). The
various inputs were activated within a 1 msec time window. The
synaptic background activity noise in this model was produced by
an additional 0 –1500 inputs that were distributed randomly and
activated arbitrarily along the apical tree with a frequency of 10
Hz. Each of these inputs could be either excitatory or inhibitory,
with a probability of 0.7 and 0.3, respectively (Bernander et al.,
1991).

Our computer simulation data confirmed the experimental
findings. In contrast to the passive basal dendrites scenario in
which the timing and temporal jitter of output action potentials
were highly dependent on the number of activated synapses, in
the neuron containing active basal dendrites, fast basal spikes
preserved consistent and precise timing of output action poten-
tials regardless of the number of coactivated distributed apical
synapses (Fig. 6d).

In addition we examined in our simulations the effect of back-

Figure 3. The ionic mechanism of the fast and slow components of local spikes in basal
dendrites. A CA1 pyramidal neuron was filled with CG-1, and glutamate was uncaged via a UV
laser at distal basal dendrites. a, Single traces of excitatory, postsynaptic-like potentials
(EPSLPs) evoked by UV–laser-induced glutamate uncaging at increasing UV–laser intensities
(left panel). The inset in the frame represents the net spike calculated by subtraction of the just
subthreshold response from the just suprathreshold response. The peak EPSLP responses were
plotted as a function of the laser intensity (right panel). b, Single traces of EPSLPs recorded
under control conditions (black) and after the addition of TTX (1 �M) and cadmium (100 �M)
(gray traces). The black and smaller gray traces were evoked by similar laser intensity (12 mW),
whereas the larger gray trace was evoked by larger laser intensity (25 mW). Addition of TTX and
cadmium blocked at first the fast and slow components of the local basal spikes; however, after
further increasing the laser intensity (from 12 to 25 mW), reinitiation of the slow NMDA spike
occurred in the presence of TTX and cadmium. c, Single traces of EPSLPs recorded under control
conditions (black trace) and after the addition of the NMDA-receptor blocker APV (100 �M; gray
trace).

Figure 4. The effect of local fast basal spikes on the timing and temporal jitter of axonal
action potentials. a, Single representative voltage traces of a basal EPSP (gray) and a local basal
fast spike (black) that were coincidently activated with an apical EPSP. b, Single traces of 20
consecutive runs evoked by paired activation of a distributed apical EPSP with either a distrib-
uted basal EPSP (gray) or a local basal spike (black). The 20 consecutive stimulations were given
every 20 sec. The stimulus intensity of the apical electrode was set to a level in which 10 –20%
of the trials failed to initiate action potentials. c, The timing of the axonal action potentials was
monitored for each run and plotted in a time-delay histogram for the paired activation of
distributed apical and basal EPSPs (gray) and distributed apical EPSPs with a local fast basal
spike (black). The time delays were measured between the stimulation artifact and the peak of
the action potential.
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ground synaptic noise on the output temporal precision with and
without fast basal spikes. In the neuron with passive basal den-
drites, increasing the background synaptic noise by increasing the
number of arbitrarily activated apical inputs markedly impaired
the precision of output action potentials (Fig. 6d). In contrast,
fast basal spikes maintained submillisecond temporal jitter of
output action potentials, despite the growing background synap-
tic noise (Fig. 6d). Hence, the effect of the fast spike on the jitter of
axonal action potential timing is expected to be accentuated un-
der in vivo conditions, in which the ongoing background synaptic
activity is increased compared with the brain slice preparation
(Bernander et al., 1991; Arieli et al., 1996; Azouz and Gray, 1999;
Kamondi et al., 1998; Pare et al., 1998; Destexhe and Pare, 1999;
Ho and Destexhe, 2000).

Discussion
In this paper we describe fast local spikes in CA1 basal dendrites
that can transform coincidently activated input information into
temporally precise and stable output information over a wide
range of activation intensities and background synaptic noise. In
fact, this mechanism allows activated basal inputs to serve as
accurate and stable “timers” determining the temporal pattern of
the neuronal output. This cellular mechanism, together with ad-
ditional network mechanisms (Marsalek et al., 1997), can serve as
the substrate for accurate and reliable temporal coding of infor-
mation within the cortical network.

Previous studies described local dendritic spikes in apical den-
drites of neocortical and hippocampal pyramidal neurons and in
basal dendrites of layer 5 pyramidal neurons (Hausser et al., 2000;
Schiller and Schiller, 2001). In this study we show that basal den-
drites of CA1 neurons can also support initiation of local spikes,
consisting of an early large fast sodium spike and a late smaller
NMDA spike. Initiation of these spikes requires coincident clus-
tered activation of inputs innervating the same dendritic segment
[see modeling paper by Mel (1993)]. The number of clustered
inputs required to be coincidently activated for local spikes to
initiate in basal dendrites of CA1 neurons is still unknown. It
should be noted that Williams and Stuart (2002) estimated that
4 –30 apical inputs are needed for initiation of calcium spikes in
the distal apical dendrites of layer 5 pyramidal neurons.

Here we report that these local basal spikes markedly sharpen
the rising phase of EPSPs, as recorded at the soma, and as a result,
critically influence the precision and reliability of output axonal
action potentials. In contrast to the fast spikes described here,
apical calcium spikes and basal NMDA spikes are relatively slow
events and hence are unlikely to sharpen the rising phase of EPSPs
(Schiller et al., 1997, 2000; Larkum et al., 1999). Previously de-
scribed apical dendritic sodium spikes, which are sharp events
locally, have been shown to markedly attenuate and slow down as
they spread to the soma and did not contribute significantly to
the rising phase of EPSPs (Schwindt and Crill, 1995; Stuart et al.,
1997; Golding and Spruston, 1998); however, the reflection of
local spikes at the soma is a complicated function of the passive
filtering and active propagation of the signal toward the soma. It
is possible that under certain conditions fast local apical spikes
may also sharpen the rise time of somatic responses and contrib-
ute to output precision (Golding et al., 2002). Thus, the impact of

Figure 5. The impact of the activation intensity on the jitter and timing of output axonal
action potentials. a, Pairing of basal with apical EPSPs (top traces) was compared with pairing of
fast basal spikes with apical EPSPs (bottom traces). Pairing was performed at different stimu-
lation intensities of the apical inputs, yielding different reliability values of axonal action poten-
tial initiation (reliability was defined as the fraction of traces resulting in action potential initi-
ation). Consecutive successful runs resulting in action potential initiation are presented for two
reliability values (100% gray and 20% black). Traces that failed to initiate action potentials were
omitted. Arrowheads indicate the average timing of axonal action potentials in the two stimu-
lation intensities. b, Action potential timing (top panel) and jitter (bottom panel) are plotted as

4

a function of action potential reliability. The jitter was measured by the SD of action potential
timing in consecutive runs. Black dots represent pairing with fast basal spikes, and open circles
represent pairing with basal EPSPs. Note that the timing and jitter of axonal action potentials in
the case of the fast spike was independent of the activation intensity.

Ariav et al. • Dendritic Spikes Enable Submillisecond Output Precision J. Neurosci., August 27, 2003 • 23(21):7750 –7758 • 7755



fast dendritic spikes may be a general phenomenon and not lim-
ited only to basal dendrites of CA1 neurons.

We show that coincidence detection is facilitated by fast spik-
ing mechanisms in basal dendrites of CA1 pyramidal neurons.
These findings are in contrast to previous studies by Cash and
Yuste (1999), which reported linear or sublinear summation of
coincidently activated inputs in CA1 neurons, but are in line with
recently published studies on neocortical neurons (Larkum et al.,
1999; Oviedo and Reyes, 2002; Williams and Stuart, 2002). The
present results, as well as those by Williams and Stuart (2002),
confirm that to achieve coincidence detection at the input level,
closely spaced synapses have to be activated within a narrow time
window.

It should be noted that Williams and Stuart (2002) counted
the number of axonal action potentials evoked by apical calcium
spikes but did not measure their temporal jitter. Thus, the ques-
tion of output precision evoked by apical calcium spikes remains
open. In fact, in contrast to fast basal spikes, dendritic calcium
spikes in layer 5 neurons are probably imprecise output timers
because they contribute a late slow voltage component to the
somatic response (Softky, 1994; Schiller et al., 1997; Larkum et al.,
1999).

In this study we show experimentally for the first time an
active dendritic mechanism that can markedly improve the tem-
poral precision and stability of output axonal action potentials by
contributing large fast voltage transients at the soma.

Large, rapid fluctuations in somatic voltage have been recog-
nized in the past to contribute to precise axonal action potential
initiation (Mainen and Sejnowski, 1995). Various potential
mechanisms have been suggested to produce rapid somatic fluc-
tuations; among them were balanced excitation and inhibition
(Shadlen and Newsome, 1994; Mainen and Sejnowski, 1995),
synchronous activation of a large number of distributed inputs
(Stevens and Zador, 1998; Azouz and Gray, 2000) (Fig. 5), and
active dendritic mechanisms (Softky, 1994). Despite the fact that
three potential mechanisms can produce rapid fluctuations in
somatic voltage, they differ in their computational implications.
Local active dendritic mechanisms require coincidence detection
of closely spaced inputs. In contrast, balanced excitation and in-
hibition can result in rapid voltage fluctuations at the soma with-
out input coincidence detection (Shadlen and Newsome, 1994,
1998). Furthermore, synchronous activation of a large number of
distributed inputs (Stevens and Zador, 1998) differs from active
dendritic mechanisms, which only require activation of a small
number of clustered inputs.

The findings in this study show experimentally the feasibility
of the third mechanism in CA1 neurons in vitro. Fast basal spikes
are unique in their capability to preserve initiation of axonal
action potentials within the same narrow submillisecond time
window over a wide range of activation intensities and back-
ground synaptic noise. Although the temporal precision of ax-
onal action potentials can be improved by activating a large num-
ber of distributed inputs synchronously (Fig. 5), the timing of
action potentials is not constant and varies as a function of the
number of activated inputs.

It is not clear whether fast local dendritic spikes occur in vivo
and in what way they impact information processing in the hip-
pocampus. Initiation of local spikes in vivo is expected to occur
either if inputs carrying related information selectively innervate
the same dendritic segments (Archie and Mel, 2000; Poirazi and
Mel, 2001) or if the network activity is synchronized (Kamondi et
al., 1998; Helmchen et al., 1999). It is interesting to note that a
previous study has shown the appearance of sharp somatic

Figure 6. The effect of local fast basal spikes on the temporal jitter of axonal action poten-
tials: computer simulation data. a, A CA1 pyramidal neuron was reconstructed and the re-
sponses were simulated with the NEURON software. This panel shows the reconstructed neu-
ron, 20 of 100 – 800 randomly distributed apical inputs (open circles), and the basal inputs that
produced the fast spike (single open circle in basal region). The reconstructed neuron was kindly
provided by Dr. Guy Major. b, Single representative voltage traces of a basal EPSP (gray, left
panel) and a local basal fast spike (black, left panel) that were coincidently activated with an
apical EPSP (right panel). c, Top panel, Consecutive activation of randomly distributed apical
inputs paired with either randomly distributed basal inputs (gray) or a local basal spike (black)
to produce a reliability value of 80% in action potential initiation. Bottom panel, A time-delay
histogram is plotted for the paired activation of distributed apical and basal EPSPs (gray) and
distributed apical EPSPs with a local fast basal spike (black). d, The action potential jitter is
plotted as a function of action potential reliability values at different background synaptic noise
in two conditions: paired activation of distributed apical and basal EPSPs (gray) and distributed
apical EPSPs with a fast basal spike (black). To achieve different synaptic baseline noises, the
number of arbitrarily activated synapses was changed (circles, 1500; squares, 1000; triangles, 0
synapses). Note the constant low jitter in the case of the fast basal spike activation.
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events, termed fast prepotentials, in CA1 hippocampal pyramidal
neurons in vivo (Spencer and Kandel, 1968). Although the nature
of these fast prepotentials has not been clarified, and they have
been interpreted by some reports to represent gap junction-
mediated action potentials in neighboring cells (MacVicar and
Dudek, 1981; Valiante et al., 1995), they might well represent fast
dendritic spikes as described here. In addition, direct dendritic
recordings from apical dendrites of CA1 neurons in vivo have
shown the occurrence of “small amplitude fast spikes” (Kamondi
et al., 1998) that bear some similarities to the dendritic spikes that
we describe here.

Temporal coding is used by various brain regions (Richmond
and Optican, 1987; Vaadia et al., 1995; Riehle et al., 1997; Mechler
et al., 1998). Auditory brain stem centers and motor and visual
neocortical regions use temporal coding with millisecond or even
submillisecond precision. Temporal coding with longer time
scales has also been shown in the hippocampus in vivo (Harris et
al., 2002; Mehta et al., 2002). Further studies are required to
investigate whether the hippocampus also uses submillisecond
temporal coding of information in vivo, and the role of fast den-
dritic spikes in this type of information coding.
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