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Abstract

The input-output relation of a single neuron stands at the basis of every biologically oriented description of the brain.
This report shows that the input-output relation of cultured cortical neurons is non-linearly tuned by the input frequency.
Increasing the rate of stimulation results in the appearance of ordered temporal ®ring patterns, which are qualitatively
different for different input frequencies. The experimental results of this study lead to the conclusion that frequency
tuning of neuronal input-output relation arises from activity-dependent rates at the molecular level underlying the
mechanism of excitability itself. q 2001 Elsevier Science Ireland Ltd. All rights reserved.
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Within a time frame of several milliseconds a single corti-

cal neuron receives input from many other neurons. This

input is non-linearly scaled according to synaptic strength

and location, and integrated with other inputs that are

received during the same time frame. The sum is compared

to a threshold level. If above threshold, the nerve cell ®res

an action potential, which is received as a scaled input by

other neurons. Normally, the spikes have a constant ampli-

tude therefore a meaningful input must be represented by

the output frequency or its temporal pattern [2±4,6,8±10].

An important postulate of this simpli®ed picture is that, at

least at some level of neural processing, the frequency or

temporal pattern at which a signi®cant input excites a nerve

cell must be a parameter of the input-output relation of that

cell. Here, this postulate is put to an experimental test at the

single neuron level.

Cortical neurons were taken from rat newborns within

24 h from birth, following standard procedures that are in

accordance with institutional guidelines. Brie¯y, the cortex

tissue was digested with Trypsin and mechanically disso-

ciated. The neurons were plated on 35 mm culture dishes

that were pre-treated with poly-l-lysine. The cultures were

bathed in a minimum essential medium (MEM) supplemen-

ted with 5% horse serum, glutamine, glucose, and antibio-

tics, and kept in the incubator (378C, 5% CO2). Experiments

were performed on the fourth week after plating, allowing

complete maturation of the neurons. During electrophysio-

logical measurements the bath solution contained 140 mM

NaCl, 5 mM KCl, 2 mM MgCl2, 1 mM CaCl2, 20 mM

glucose, 10 mM N-[2-hydroxyethyl]piperazine-N 0-[2-etha-

nesulfonic acid] (HEPES), (pH 7.4), 0.005 mM bicuculin,

0.01 mM 6,7-dinitroquinoxaline-2,3-dione (DNQX) and

0.02 D(-)-2-amino-5-phosphonovaleric acid (APV). The

recording pipet was ®lled with 10 mM KCl, 140 mM K-

gluconate, 5 mM NaCl, 1 mM MgCl2, 2 mM CaCl2, 10 mM

HEPES, (pH 7.4), and 150 mg/ml Nystatin. The recordings

were performed on morphologically identi®ed pyramidal

cells. Axopatch 200A ampli®er (Axon Instruments, CA,

USA) was used for voltage recordings in the Nystatin-

induced perforated con®guration (The Axon Guide, Axon

Instruments, 1993). The membrane potential was free to

develop spontaneously; currents were injected only during

2 ms stimulation pulses.

A neuron is stimulated by a 128 s-long series of above-

threshold short current pulses. The input amplitude is set to

a minimal, just-above threshold level that evokes a single

action potential per stimulus when applied at a frequency of

1 Hz. By de®nition, under these conditions the neuron

responds in a 1:1 mode. What should one expects if the

stimulation amplitude and duration are kept ®xed, but the

stimulation rate is increased beyond 1 Hz (for which thresh-

old level was determined)? Theory of excitability in biolo-
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gical membranes predicts that as the input frequency

increases the neuron will start to fail responding to stimuli.

The reason being that stimulation to just-above threshold

level dictates dependencies of response upon the availability

of a small number of ionic channels. The expected randomly

distributed failures would then re¯ect the underlying

stochastic machinery of excitability (see Refs. [1,7]). The

®rst row of Fig. 1 shows that this is what happens when the

stimulation frequency is increased from 1 to 3 Hz. The

ordered 1:1 mode, which was de®ned at 1 Hz stimulation

rate, disappears, and the responses become randomly

distributed. This is seen as a gradual appearance of a

seemingly random walk in the plot of inter-spike-interval

(ISI) evolution (Fig. 1, second column), and as a homoge-

nous ®lling of the ®rst-return map at this frequency (Fig. 1,

fourth column). The ®rst-return map is constructed by plot-

ting each ISI, normalized to the stimulation cycle-length,

against the normalized ISI that preceded it. However, not

as predicted by the theory of excitable membranes, when the

input frequency is increased further, order emerges out of

the seemingly random response. In the case of the neuron of

Fig. 1, this emergent order is most evident at the 30 Hz

stimulation frequency (second row). Note the appearance

of an additional time interval in the plot of the ISI evolution,

and the well-de®ned pattern in the ®rst-return map. The

results of Fig. 1 suggest that the input-output relations of

a single neuron are non-linearly tuned by the input

frequency.

Fig. 2 demonstrates the same phenomenon in the

responses of two other pyramidal neurons, for several tested

input frequencies. The instantaneous ratio of input to output

frequency (depicted as Response Mode) was chosen as a

variable that re¯ects the order of the neuronal response.

At 1 Hz stimulation rate, the responses of all the cells are

1:1 (the `baseline' condition). As the stimulation frequency

is increased, the neuronal response qualitatively changes.

The distributions of the response modes, which are shown

at three different input frequencies (other then 1 Hz),

suggest that different neurons are tuned to respond orderly

at different ranges of frequencies. Overall, out of 14 neurons

that were put through the range of input frequencies as

described in Fig. 2, eight neurons demonstrated frequency

tuning of input-output relations; i.e., qualitatively different

®ring patterns were evoked as the input frequency was chan-

ged. Six out of fourteen neurons did not demonstrate

frequency tuning; instead, these neurons responded in a

1:1 mode or slowly adapted to the input (Fig. 3).

Frequency tuning of single neuron input-output relations
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Fig. 1. Voltage responses of a cortical neuron in a network to repetitive, just-above threshold current pulses. The network was bathed in a
mixture of synaptic blockers in order to eliminate spontaneous activation of the recorded neuron by other neurons. The neuron was
exposed to 128 s-long series of pulses. Each row in this ®gure presents the results obtained by a particular value of stimulation
frequency (fin), 3 Hz (®rst row) and 30 Hz (second row). A < 12 s-long exemplary response is shown on the left column (in this ®gure,
the average passive response was subtracted digitally). In the second column, all the interspike intervals (ISI, ms) are plotted according
to the order of their appearance (ISI index). The third column is an expanded section of the ®rst column. The ®rst-return plot of the
normalized ISI (�ISI� � ISIsec £ fin) is shown at the right column for each stimulation frequency. Note the disorganizing effect of increas-
ing fin from 1 to 3 Hz, and the organizing effect of further increasing fin from 3 to 30 Hz.



might be attributed to spatial factors, especially in light of the

complex structure of the neuron [5]. This possibility,

however, is not consistent with the relatively slow relaxation

towards a particular response mode. For example, the relaxa-

tion at 30 Hz (Fig. 1, second column second row) occurs at a

time scale, which is far beyond the milliseconds time scale of

conduction along the axo-dendritic tree [11]. An alternative

source for frequency tuning of single nerve cell input-output

relations, is the non-linearity at the level of ion channels, the

proteins that underlie the machinery of excitability itself.

This possibility is further supported by the results summar-

ized in Fig. 4 in which a comparison is made between action

potentials offrequency tuned (left panel) and slowly adapting

(middle panel) cells. Action potentials from frequency tuned

neurons are higher and shorter (84 ^ 8 mV, 5.2 ^ 1.1 ms,

eight neurons), compared to slowly adapting neurons (69 ^ 9

mV, 9.7 ^ 2.1 ms, six neurons). These differences are statis-

tically signi®cant (P , 0:01, two-tailed t-test). Judged from

the averaged resting potentials and initial membrane

responses to a stimulating pulse, the two groups of cells
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Fig. 3. Example of an adaptation process in a slowly adapting neuron (top) stimulated at 30 Hz. The left section shows the beginning of
the adaptation process; the right section shows the steady-state behavior. Bottom: An example of a frequency-tuned neuron under the
same stimulation protocol. Horizontal lines depict 260 mV.

Fig. 2. Histograms of normalized ISIs (depicted as response mode) at four stimulation frequencies (fin � 1, 3, 10 and 30 Hz) for two
different neurons. Counts are presented using logarithmic scale. Note the variability between neurons.



(frequency tuned and slowly adapting neurons) have similar

passive electrical properties (Fig. 4, right panel), suggesting

that the two groups of cells differ in their active electrical

properties.

In summary, this study shows that the input-output rela-

tions of a neuron are dynamic. These relations change as a

function of activity in a non-linear manner over a wide

range of time scales. As a result, neurons are capable of

actively generating history-determined complex ®ring

patterns from simple input patterns, a capability that is

usually attributed to networks of cells.

While these capabilities of single neurons might be

important for theories about the dynamics of single neurons

and neural networks, one must bear in mind the arti®cial

situation in which the above experiments were conducted;

the neurons are in cell culture, the stimulating input is

precise in terms of time and amplitude, and the synapses

are blocked. It remains to be seen how much of the single

neuron dynamics presented here is expressed at more

complicated situations.
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Fig. 4. A comparison between the action potential shapes of frequency tuned neurons (left) and slowly adapting neurons (middle). The
right panel shows the average initial passive response of slowly adapting (broken line, n � 6) and frequency tuned (continuous line,
n � 8) neurons to the stimulating current.


