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Information is represented in the brain by the
electrical activity of neurons. A number of current
theories attempt to explain this neural code of
information and how it is used by the brain to
achieve perception, action, thought, and conscious-
ness.

INTRODUCTION

All theories about how the brain functions are
based on the idea that information is represented
by the electrical activity of neurons. The question of
how neurons represent information is therefore
fundamental to all branches of neuroscience.
What is the neural code of information, and how
is it used by the brain to achieve perception, action,
thought, and consciousness? In other words, which
aspects of a neuron’s electrical activity convey in-
formation about the environment and our mental
states?

It is common practice in many laboratories to
display the electrical activity from one or more
neurons in an animal while it looks at, hears, and
reacts to its environment. This neural activity
appears as a sequence of very brief events, known
as action potentials or spikes, separated by gaps of
variable duration (Figure 1). The intervals between
spikes can be as long as a few tenths of a second
or shorter than a hundredth of a second. The
spikes and the intervals between them convey
the neuron’s message. If we wish to decipher the
neural code, we need to know how to read these
messages.

Certain facts are well established. The only mes-
sage that one neuron can give another neuron in
another part of the brain about what it has com-
puted must be represented in the sequence of
spikes that are transmitted along its axon. The time-
scale for neural computations involved in per-
ception, thought, and action is too short to allow
gene expression, protein synthesis, and chemical

cascades to play a part in carrying information.
Spikes are the only items in the alphabet, but unlike
letters, there is only one kind. The spikes are all-or-
nothing events — size does not matter. The question
is how to read this sequence of spikes emitted by
neurons as a function of time.

In its broadest sense, temporal coding refers to
three types of problem. First and most obvious,
neurons must code information that changes as a
function of time. Stimuli come and go and change
their intensity; behavior — and the thought behind it
— is dynamic. Insofar as spikes code information,
they must code information that changes as a func-
tion of time. Second, there is a possibility that the
time structure of neural activity could be used to
represent information. That is, spike times and
intervals could expand the alphabet that the brain
uses to encode stimuli, sequences of actions, and
ideas. Third, neurons must ultimately code time
itself: how much has elapsed, when an expected
event is likely to occur, and so on. This article

100 ms

Figure 1. Neural spike trains. Neurons encode informa-
tion using electrical impulses known as action potentials
or spikes. A sequence of impulses is called a spike train.
Information processing in the brain occurs through the
interactions of neurons that communicate with one an-
other by transmitting spikes. A sequence of spikes like
this one was emitted by a neuron in the visual cortex in
response to a moving light. Notice the irregular intervals
between the spikes. This is a common feature of spike
trains in the cerebral cortex.
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examines the first two forms of temporal coding;
the coding of time itself is only just beginning to be
studied at the neural level.

A MENU OF TEMPORAL CODES

It makes sense to confine speculation about the
neural code to neurons whose role in perception
and behavior are known to at least some degree.
Although the properties of neurons in much of the
brain remain mysterious, the function of many
neurons has been elucidated in some detail, espe-
cially in the primary sensory and motor areas of the
brain. Thus far, this knowledge has rested on the
fact that neurons emit more spikes in less time
when a restricted set of conditions holds — such as
when light of a particular orientation is present in
a tiny region of the visual field and moving in a
particular direction. Put simply, the neurons that
we know the most about signal information by
changing the rate at which they emit spikes.

The spike ‘rate code’ is thus well established as
the vanguard neural code, and we will consider its
role in temporal coding in a moment. However,
there may be other ways to encode information in
spike trains in addition to spike rate. In principle,
these alternatives could expand the alphabet that
the brain uses to encode information. Table 1 looks
at the evidence for four putative neural codes: the
time-varying rate code, which uses spike rate to
code time-varying signals in the environment or
in the state of a calculation; the spike bar code and
the rate waveform code, which use time itself to
evoke information about objects; and the syn-
chrony code, which uses a pattern of spikes across
many neurons to encode information. Each of these
codes would promote a different scheme for encod-
ing information in trains of spikes. We will con-
sider each of them in turn, keeping in mind that
they are not mutually exclusive ideas.

It should be stated at the outset that many ideas
about temporal coding are just that: ideas. This is
an active area of research that is being updated

Table 1. Evidence for four candidate temporal codes

continually on the basis of new information
obtained at all levels of inquiry, from the channels
responsible for electrical activity in parts of the
neuron, up to recordings from intact brains in be-
having animals. Therefore, in addition to describ-
ing the ideas behind the putative temporal codes,
this article will try to evaluate the evidence in sup-
port of each code.

The evidence for a temporal code can be divided
broadly into four categories (see Table 1). First, the
code can be detected reliably from neurons upon
repeated exposure to the coded stimulus or upon
repeated actions or circumstances. Second, the
neural signal - its presence, absence, intensity or
quality - is associated with variation in an animal’s
perception or behavior. If a neural signal putatively
codes the color red, the animal should be less likely
to ‘report’ (via its behavioral response) that it has
seen red when the neural signal is absent or de-
graded. Third, when the signal is introduced to the
brain artificially through electrical microstimula-
tion, it causes an animal to act or perceive in ac-
cordance with the information thus encoded.
Fourth, the properties of neurons — synapses, pas-
sive and active electrical properties — must be
capable of preserving the coding scheme. If a pro-
posed code were to require that action potentials
occur within 1 ms of each other, we could reject the
code on the basis of the fact that neurons have
refractory periods of at least 1 ms before they can
fire a second action potential.

Note that the first three items require experi-
ments on the intact brain, although the first does
not require the animal actually to do anything.
The last item is informed by experiments that ad-
dress how neurons work, namely, the reliability
of their synapses and the way in which electric
current is gathered by the dendrites and converted
to action potentials at the initial segment of the
axon.

With these guidelines in mind, let us turn to the
four putative temporal codes and evaluate them
based on the four categories of evidence.

Code
Type of evidence Rate Spike bar Waveform Synchrony
Reproducibility of response v v v v
Correlation of response with behavior 4 v
Brain stimulation mimics inferred message v v ve
Biophysical plausibility v v v v

“Evidence comes from one experiment in peripheral nerve responsible for taste.
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Time-varying Rate Code

Neurons throughout the brain, spinal cord, and
peripheral nervous system alter their rate of spike
discharge to represent a change in intensity.
Examples include pressure at a spot of skin, con-
trast in a spot on the visual field, the salience of a
moving visual display, the proximity of an
intended eye movement to a place in the visual
field, and the force exerted by a muscle. The time-
varying rate code is thus the best-known example
of a temporal code. It is clearly the dominant
principle of activation in the peripheral nervous
system: the more spikes, the greater the intensity
of the stimulus or the greater the force of the muscle
contraction.

The rate code applies in the cortex as well, but
there is a catch. Because the spikes emitted by a
neuron occur at irregular intervals, the spike rate
cannot be discerned from the interval between two
spikes. From the point of view of a neuron that is
receiving the message about rate, it would need to
wait for several spikes to get a sense of their aver-
age rate. However, simple perceptual tests show
that the brain is capable of processing information
about changes in sensory stimuli that occur very
quickly, as fast as one or two spike intervals. Evi-
dence from neuroanatomy and neural recording

(a) Intensity

(b) Spikes from
one neuron

(c) Spikes from
100 neurons

(d) Spikes
per second
per neuron

in ensemble ——
100 ms

experiments suggests that the cortex solves this
problem by representing rate using several
neurons. Because the receiving neuron obtains
many samples of the same message, all with differ-
ent erratically spaced spikes, it can estimate the
spike rate by averaging across neurons in a short
period (Figure 2).

The time-varying ensemble spike rate is a simple
temporal code that allows the brain to keep track of
dynamic changes in the sensory environment. In
principle, it can be used to represent the intermedi-
ate stages of neural computations that underlie
changes in mental states, idea formation, decision-
making, and emotions.

Of the four categories of evidence described
above, all support a role for spike rate in the coding
of information.

1. Changes in spike rate are reliably reproduced in la-
boratory conditions when the same stimuli (or behav-
ior) can be presented repetitively.

2. Variability in the spike rate predicts sensitivity to
weak stimuli; for example, when monkeys make dif-
ficult judgments about sensory stimuli, their rate of
errors can be predicted by the variability in the spike
rate of appropriate neurons in the sensory cortex. In
parts of the association cortex, it is possible to know
which way an animal will decide about an ambiguous
stimulus by measuring the spike rate.

VAR

Figure 2. Time-varying rate code. How do neurons encode information that changes as a function of time? (a) A time-
varying signal is shown at the top of the figure. This could represent a changing light intensity, or a quantity used in a
calculation for directing atttention, say, to a bouncing ball. In this example, the signal intensity changes slowly at first
(left) but eventually the changes occur more rapidly. (b) A single neuron emits spikes more often when the intensity is
high, but the intervals between spikes preclude encoding the rapid changes in signal intensity. (c) If there are many
neurons that emit spikes in this fashion, then their average (d) provides a reasonable approximation to the signal. This
ensemble coding takes advantage of the presence of many neurons that encode the same information by changing their

rate of spike discharge.
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3. Electrically stimulating small groups of neurons (300
1000) to higher rates causes movements and, in a few
cases, apparent changes in perception. In one remark-
able example from the visual cortex, investigators
measured the spike rate from individual neurons
in association with visual stimuli. On the basis of
changes in spike rate, they deduced the message rep-
resented by that neuron and its neighbors. This deduc-
tion is really a hypothesis about the neural code. In
one of the few direct tests of this hypothesis, the in-
vestigators stimulated the neurons by passing small
amounts of alternating current through the electrode.
This stimulation caused animals to report perception
of the stimulus, consistent with the message the inves-
tigators had inferred from the spike rate.

4. There is ample evidence from biophysics that neurons
increase their rate of spike discharge when they re-
ceive more excitatory input. Exactly how neurons
achieve a stable rate of firing in response to synaptic
input is an active area of research. The source of vari-
ability in the spike discharge, hence the reliability of
the rate code, is also an active area of investigation.
As mentioned earlier, the variable spike discharge
seems to be a property of cortical neurons, which for
unknown reasons are much more variable in their
response than are neurons in subcortical structures.

In short, there is ample evidence that the brain
uses a time-varying rate code to mark the intensity
of a stimulus, action or variable in a computation.
The actual identity of a stimulus (e.g. its color,

Visual
stimulus

off I on I

location, direction of movement), the particular
action, or the fact that a variable is subtracted or
added is coded by the neuron’s location in the
brain, namely its connections to other neurons
and presumably its position in space in the cortex.
According to this view of temporal coding, the rich
set of symbols that the brain uses to encode infor-
mation derives mainly from wiring in the patterns
of neurons that can be activated under a variety of
conditions (through development and learning).
The rate code is just a way to represent the degree
of this activation — the amount of evidence for a
proposition that is represented by the identity of
the neuron or neural ensemble. This idea is some-
times referred to as a labeled-line or place code.

In contrast, we now turn to two putative neural
codes that use the pattern of spikes as a function of
time to encode different features of the environ-
ment. By using time to code something else, they
have the potential to achieve a much higher degree
of complexity than the rate code.

Spike Bar Code

The intervals between spikes in cortex tend to be
quite variable, but depending on one’s point of
view, this variability can be seen as a nuisance (as
above) or as a potential code. Figure 3 illustrates

=
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Figure 3. Spike bar code and rate waveform code. Spike activity from an idealized neuron occurs in association with
the appearance of two visual stimuli. Brackets identify patterns of spikes that could provide distinct labels for ‘tiger’
and ‘banana’ akin to a bar code used to identify merchandise in retail stores. This idea and other related spike interval
codes are improbable because specific spike patterns do not occur with any systematic regularity in the cortex. The
jagged trace below the spikes represents the ensemble spike rate that might be obtained by averaging the activity from
many neurons increasing and decreasing their rate of discharge in a manner similar to the spike train shown.
According to this scheme, the exact pattern of spikes from each neuron would not carry information; rather, each
neuron contributes to the average spike rate (as in Figure 2). The spike rate waveform has a different shape in
association with the tiger and banana. It has been suggested that this rate waveform could encode stimuli. Note that
both the spike bar code and the rate waveform codes would allow the same neuron to encode a variety of messages and

that both use time to encode stimuli that are not changing.
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a rather extreme idea for a temporal code, which
this author terms a ‘spike bar code’. The example
shows a neuron that emits a different pattern of
spikes when different pictures are presented to
vision. The particular pattern of intervals separat-
ing the spikes could in principle symbolize a com-
plex object. There are many possible patterns of
spikes that a neuron could emit in a 300 ms window
of time — roughly the amount of time between
successive scanning eye movements. Therefore,
the bar code could provide a rich alphabet for
coding information.

The spike bar code illustrates an intriguing idea,
but at present there is little evidence to support its
use in the brain (see Table 1).

1. There is no example of a neuron in the cortex that
emits the same pattern of spikes in association with a
particular stimulus or behavior. There are occasional
reports of patterns of spikes that seem to occur more
often than expected by chance in some parts of the
cortex, but not in association with a particular stimu-
lus or action, and the claim that the patterns do not
occur by chance has been contested.

2. Without clear evidence of specific patterns, it is im-
possible to test whether they predict errors in percep-
tion or variability in behavior.

3. To the minimal extent that anyone has tried to mimic
patterns of activity in the brain, the effort has not
yielded anything of interest.

4. The main evidence in favor of such a code is that it is
not ruled out by what we know about how neurons
generate action potentials.

In particular, neurons seem to be capable of emit-
ting action potentials with a precision of below 1 ms
in response to the same amount of current. The
argument then goes like this: if the intervals be-
tween spikes can be controlled so precisely, then
the brain must be using these intervals for coding.
Of course, we do not really know that the intervals
between spikes can be controlled precisely; we
know only that the source of imprecision is not
the part of the neuron that converts the current it
collects to an action potential.

Besides the lack of experimental evidence for the
spike bar code, there are two additional problems.
First, the signal would need to be deciphered by
neurons at the receiving end. It is hard to imagine a
mechanism that would allow a neuron to respond
selectively to a spike pattern that extends by more
than a few tens of milliseconds or a few spikes.
Second, it takes time to decode such a message. At
a minimum, it would take the length of the message
itself (about 300ms for the messages depicted in
Figure 2). It is hard to reconcile such a scheme
with the rapidity of sensory processing.

Rate Waveform Code

The rate waveform code is related to the bar code in
that it also uses the temporal changes in spike
production to encode information. In this case, it
is not the precise pattern of spikes and intervals but
rather the rate of spike production that codes infor-
mation. In the example in Figure 3, a benign stimu-
lus (the banana) causes the spike rate to rise and
then return to baseline, whereas in response to a
threatening stimulus (the tiger) the rate rises and
then falls below baseline before returning to base-
line (i.e. it has a positive and negative phase). The
spikes themselves occur more or less randomly, but
with greater or lesser frequency in accordance with
these rate waveforms. As noted earlier, this imp-
lies that many neurons undergo similar rate
fluctuations.

There is better evidence for the rate waveform
code than for the bar code.

1. In the visual cortex, some stimuli give rise to transient
increases in spike rate followed by a rapid return to
baseline, whereas others lead to more sustained re-
sponses. Usually, different neurons respond in these
modes, but there are examples of the same neuron
responding to one kind of stimulus with sustained
activity and to another more transiently. The best
example of a temporal code of this sort is found in
the taste system, where different tastes (e.g. sweet and
bitter) cause the same neuron to undergo different
patterns of rate change.

2. The second type of evidence is lacking, however. If
different waveforms connote different messages, then
one would like to witness a correlation between the
variation in response waveform and an animal’s per-
ception. Experiments of this type have not been tried
or have been unsuccessful.

3. The third type of evidence, manipulation of the code,
has been tried in the taste system of rats. When the
brainstem nucleus that receives taste information is
stimulated, rats respond as if they had tasted bitter
or sweet, depending on the pattern of firing rate
change induced by the stimulation. Experiments of
this type have not been tried in the cortex. The closest
example is a negative finding: changing the temporal
pattern of activity in the somatosensory cortex does
not interfere with a monkey’s ability to discriminate
flutter vibration frequency.

4. Because neurons can modulate their firing rate, there
are no obvious theoretical obstacles to the coding of
information with a rate waveform.

Although we do not yet know how a rate wave-
form would be decoded, it is in principle no more
difficult a problem than decoding any time-varying
function, as occurs in visual neurons that respond
to stimuli moving in a particular direction and
speed.
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Synchrony Code

The last item on the menu is the synchrony code.
This is a popular example of a code that would
exploit temporal and spatial relationships between
spikes to encode information (spatial in this context
refers to places in the brain). The idea is that simul-
taneous spikes from two or more neurons might
encode information. A natural candidate for the
kind of information to be encoded is the relation
between parts of objects or elements of movement.
That is, synchronous spikes could represent com-
binations of features that are themselves encoded
by single neurons or ensembles of neurons with
similar properties.

Like the spike bar code, the synchrony code
exploits the irregular intervals between spikes.
As illustrated in Figure 4, another implication of
irregularly spaced spikes is that the odds of any
two neurons emitting a spike at the same moment
(say, within 3 ms of each other) is a relatively rare
chance event. It has been suggested that under
particular circumstances, neurons can produce
synchronous spikes in excess of the rate expected
by chance. These synchronous spikes could consti-
tute a special code. In vision, for example, it has
been proposed that synchronous spikes are used to
bind together separate features of objects into co-
herent wholes (Figure 4) and even to promote the
representation of vision to conscious awareness.

Despite the enthusiasm for this code, there is
little evidence to support it.

1. There are many examples of pairs of neurons that emit
synchronous spikes reliably. Typically, these are
neurons that lie near each other in the brain and re-
ceive common synaptic input. There are also reports of
neurons that encode different visual features but tend
to respond synchronously when the two features are
bound to a common object.

2. The few attempts to correlate synchronous spikes with
behavior have failed to provide supporting evidence
for a synchrony code. For example, synchronous
spikes occur just as often whether a pair of features
represented by the neurons is bound to a single object
in the foreground or is split, with one feature in the
background.

3. Experiments in which synchrony has been mimicked
by means of stimulation have been performed in the
motor system, but there is no report of any experi-
ments in which sensory neurons have been stimulated
in and out of synchrony. This might be technically
difficult because stimulation always tends to syn-
chronize the neurons near the stimulating electrode.
On the other hand, some investigators have tried to
disrupt synchrony by imposing asynchronous flicker
to different component features of an object. This

Synchronized spikes

N
T

Neuron x

Figure 4. Synchrony code. Idealized responses from
three neurons to a visual scene consisting of bottles and
shapes. The three neurons respond to vertical contours
marked by the dashed ellipses. The ellipses are not part of
the scene. The spikes from each of the neurons exhibit
variable intervals. On three occasions, spikes from
neurons x and y occur within 3 ms of each other (arrows
and gray highlight). Using this criterion, there are no
synchronous spikes between neuron z and the other
neurons. It has been proposed that synchronous spikes
could encode information about the scene. For example,
the synchronous spikes could indicate that the contours
at the locations represented by x and y are part of the
same object, whereas the contours represented by
neurons y and z are not part of the same object. Despite
much enthusiasm for this idea, the experimental evi-
dence is weak.

seems to have no effect on perception and thus casts
doubt on the idea that synchronous discharge encodes
anything special.

4. Much of what we know about synaptic physiology
would indicate that synchronous spikes are more
effective than asynchronous spikes at inducing
a response from a postsynaptic neuron. However,
cortical neurons receive many hundreds of excitatory
inputs for every spike they emit. It is far from clear
how synchronous spikes that convey information are
to be distinguished from the rest of these spikes.
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CONCLUSION

The topic of temporal coding is fundamental to
basic and clinical neuroscience. The ability to read
the neural code will help neuroscientists under-
stand how the brain represents information and
uses it in novel computations that underlie thought
and behavior. Understanding the neural code may
one day provide the ability to use brain recordings
to control prosthetic devices in people who suffer
from spinal cord and nerve injury.

The evidence at hand favors the use of spike rate
to encode the intensity of values whose meaning is
given by the identity of the neuron or group of
neurons emitting spikes. This ensemble rate code
is a temporal code because it provides a means to
represent intensity (or magnitude) as a function
of time. The alternative codes use time to encode
meaning. These putative codes could expand the
brain’s ability to represent information in the same
way that the Morse code allows two symbols (dot
and dash) to encode all the letters of the alphabet
(or the computer binary character code, which
allows two numbers, 1 and 0, to encode all typo-
graphic symbols). There is some evidence for spike
timing codes in the peripheral nervous system and
in brainstem structures that are specialized for pro-
cessing sound, but the idea is largely unsupported
in the cerebral cortex.
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