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Abstract
Oscillatory processes in biological signal transduction have come under progressively increasing
scrutiny in terms of their functional significance and mechanisms of emergence and regulation.
Since oscillatory processes can be a by-product of rapid adaptation and can also easily emerge if
the feedbacks underlying adaptive processes are inadvertently artificially enhanced, one needs to
exercise caution in both claiming the existence of in vivo oscillations and in seeking to assign to
them a specific functional significance. Nevertheless, oscillations can be a powerful means of
encoding and transferring information both in time and in space, thus possessing important
potential advantages for evolutionary selection and stabilization. Thus periodicity in the cell
responses to diverse persistent external stimuli might become a more recognized and even
expected feature of signaling processes.

The how
The requirement of appropriate responses to cues in the extracellular environment imposes
important limitations in signal processing by intracellular biochemical networks. One such
limitation is the frequent need to adapt to persistent signaling inputs. Adaptation, widely
observed in biological processes, allows the cell to respond primarily to changes or
variations in the microenvironment rather than the persistent environmental inputs,
frequently a more physiologically important cue [1,2]. Adaptation can also allow the cell to
respond over a wider range of the signaling doses, i.e., to have a higher dynamical range.
However, the ability to adapt comes at a price [3]. If, as is frequently the case, adaptation is
mediated by a negative feedback regulation [4,5], one can show that the need to adapt fast
(mediated by strong negative feedback regulation processes) can lead to considerable
overshooting in the adaptation process and, if the feedback is sufficiently strong, to
oscillations (Fig. 1A). Oscillations can therefore be an emergent property of adaptive
systems, and therefore can frequently arise spontaneously, without a specific need for
periodicity in a regulatory process.

The availability of a mechanism to generate oscillations in ubiquitous biological processes
creates an opportunity for evolutionary selection to recruit this particular form of
biochemical kinetics for a variety of specific purposes, as addressed in this journal issue.
Evolutionary selection of the oscillatory response as a functionally significant and therefore
beneficial feature of a signaling output can also enhance its properties. Thus, although the
oscillations arising from negative feedback only are usually subject to a gradual dampening
of the amplitude of the response, emergence of additional (e.g., positive) feedback can
dramatically increase the persistence of the oscillations, effectively making them permanent,
subject only to regulatory or energy limitations [6,7]. Importantly, as discussed more in
detail below, oscillatory processes are essentially dynamic, thus further evolutionary
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tinkering might be needed to match their kinetic properties with those of the processes
regulated by the oscillations downstream in signaling networks. Nevertheless, from the
evolutionary standpoint, emergence of oscillatory processes is easily envisioned based on
the negative feedback mechanisms which in turn might have evolved to primarily regulate
adaptation.

The ease with which oscillations can emerge also should increase our caution about both the
natural tendency to ascribe functional significance to all observed oscillatory processes and
the possibility of inadvertent artifactual induction of oscillations in experimental analysis of
adaptive signaling systems. For instance, mathematical modeling strongly suggests that over
expression of the components of the signaling circuit that are parts of feedback loop at the
expense of the components that are not, can enhance the feedback loop activity and lead to
an increased probability of emergence of oscillatory responses (Fig. 1A). This might then
lead to observations of potentially artifactual oscillatory processes, as has been suggested to
be the case in the analysis of NF-kappaB signaling [8,9]. Whether an artifactual
augmentation of the oscillation propensity indeed takes place should be determined by
independent control experiments not involving genetic or other perturbations of the cell. For
instance, if the oscillatory responses are synchronized across the cell population,
biochemical methods can and have been used to detect them, e.g., common Western blots
[10–13]. If, on the other hand, the oscillations are asynchronous, and thus would be masked
in the average cell population response, one can resort to the analysis, such as flow
cytometry or immunocytochemistry, that would allow taking snapshots of responses of
single cells within a population at different times [14]. Considerable asynchronous
oscillatory activity would be expected to lead to high variance of cell responses within a
population at (almost) all time points (Fig. 1B), which can be easily either confirmed or
argued against by these techniques.

Even if there is a substantial degree of certainty about the natural occurrence of oscillatory
processes, their emergence as by-products of adaptive processes can mean that they have no
easily distinguished functionality, as is still the case, e.g., for the oscillatory dynamics of p53
activation by DNA damage [15,16] or glycolytic oscillations in yeast [17]. Of course,
proving absence of a functionality is frequently infinitely harder than proving its existence,
and therefore it can be safely predicted that the search for possible functional significance of
any oscillatory activity will persistently occupy a large set of interested researchers.

The why
If oscillations do naturally occur, they can present a wealth of possible functional
advantages over simple steady inputs into signaling events. One of the key potential benefits
provided by an oscillatory process is the possibility of entraining to another periodic
activity. A simple example is the entraining of circadian clocks to the night-day periodicity
[18]. Potentially more complex relationships might exist between e.g., the circadian
oscillations primarily entrained by natural changes in light luminosity and the oscillations in
the cell cycle or redox states of cells [19,20]. In this regard, it is of interest to investigate
whether the coincidence of the duration of cell cycle in fast growing mammalian cells and
the period of circadian clock (both approximately 24 hours) is merely coincidental.

Even if the interplay between different oscillatory events is not suspected, oscillations can
be a powerful way to transmit signals. Indeed, signaling processes are primarily about
transfer of information, and one can arguably encode considerably more information into an
oscillatory process than into a steady one. Indeed, the information can be present both in the
form of the average amplitude of the oscillations (their steady component) and the
oscillation frequency. Mathematically, this is evident from the analysis called Fourier
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transform [21,22], with the oscillation amplitude and frequency defining its first two
components for simple, sinusoid-like oscillations. For more complex oscillations, multiple
frequencies can be ‘hidden’ within the oscillatory time course, which can be revealed by
further terms of the Fourier transform and potentially decoded by the cells. All this is in
contrast with just a single piece of information (amplitude) characterizing the steady inputs.

Can cells decode different pieces of information embedded in the oscillatory inputs? The
answer is most likely ‘yes’. A simple example of how this can occur within a cell follows
below. Essentially, this example makes a very simple assumption: oscillatory signaling
inputs can impinge on either relatively fast or relatively slow biochemical processes (Fig. 2).
If the process controlled by the oscillatory input is slow compared to the oscillation period,
it will not be able to oscillate effectively, responding rather to the oscillation amplitude only.
If on the other hand the process controlled by the oscillatory input is fast and furthermore
responds only if the input has reached a certain threshold, the output would be less sensitive
to the exact oscillation amplitude (reacting only to whether it is above or below a threshold),
but extremely sensitive and responsive to the oscillation frequency, i.e., how many times the
threshold is exceeded over the signaling duration. By contrast, in decoding steady inputs, the
dynamical features of the downstream processes are not as important suggesting that the
responses of fast and slow downsteam processes can be very similar. As oscillatory inputs
can be coupled to many target processes, the same oscillation can thus be decoded in
different ways and can therefore be richer in the information content vs. more steady inputs.

Interestingly, the high information content of oscillatory inputs has been used in reverse
engineering of man-made systems, and more recently, in biological analyses, in unraveling
the dynamic properties, or even composition of signaling networks. In this situation,
although there might not be a natural oscillatory process occurring, the biological system of
interest may be stimulated by the artificially oscillatory inputs and the corresponding outputs
then assayed [22–28]. As a result, it can be established how the network of interest decodes
different frequencies and whether it may be essentially blind to signals in certain frequency
ranges. In this fashion, the architectures of natural signaling and metabolic networks have
been explored, and differential gene expression capabilities detected as a function of
different input frequencies.

It is of interest to hypothesize that the ability of cells to respond to oscillations only at
certain frequencies might serve as a way to couple them with the rest of the population of
similarly responsive cells. The resulting ‘resonance’ in responses might serve as a way to
establish collective behavior and a certain pass-key for cells to participate in this behavior.
Indeed, it has been recently observed that oscillations might mediate a quorum sensing-like
response in D. discoideum populations allowing cells to enhance the signaling at a resonance
frequency, selecting the area with the highest local cAMP concentration as the ‘resonance’
area, where ultimately most cells are attracted by chemotaxis [29]. Whether other
collectively oscillating multi-cellular ensembles are organized in a similar fashion, e.g., in
pancreatic islets of Langerhans [30], remains to be determined.

The where
Oscillatory processes can be distributed in space both within multi-cellular organisms and
within single cells. This can have interesting consequences for the control of signaling
events both in space and in time. A now classical example of such a process is the
establishment of somites in vertebrate embryos by the means of the fixation in space of the
results of oscillations in time in the Notch signaling pathway in differentiating tissue [31],
not unlike the way heart beats get registered and recorded in a spatially unfolding way in a
cardiogram. Speaking of the heart, there too, the pacemaker oscillations propagate through
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the tissue triggering waves of functional contraction [32]. However, it might be worth
examining less obvious but potentially no less exciting instances of functional uses of
spatially regulated oscillatory activities.

One such instance is in the control of the effective random search of the mating partner in
the default response of the yeast mating pathway. When unable to sense the gradient of the
pheromone secreted by the cells of the opposite mating type, but sensing the presence of the
pheromone in the immediate environment, yeast cells attempt to find the mating partner by
trying to grow several projections sequentially in random directions. This periodic
morphogenesis processes, that may ultimately leave a cell resembling a starfish, is
controlled by a periodic activation and expression of a MAPK molecule regulating a
multitude of the requisite genes [10]. The oscillation thus can control the duration of
sequential phases of cell growth, with the MAPK activity localized to each new projection in
preparation for a potential mating event.

Another instance of oscillatory inputs affecting spatial signaling patterns is the modulation
of localization of signaling molecules to different intracellular compartments. For instance,
the nuclear localization of the transcription factor NFAT is controlled by calcium mediated
input that can be oscillatory. The probability of NFAT localization to the nucleus is directly
affected by the frequency of the calcium oscillations [33]. Thus input frequency can be
translated into the initiation and extent of gene transcription in this and possibly other
pathways, through the spatial control of the transcription regulators [34].

Conclusions and Future Directions
Oscillatory processes in mammalian cells continue to hold fascination for most scientists
due to their essential dynamism and patent non-randomness. There is a natural, and, for the
most part, productive tendency to search for and ascribe meaning and significance to
oscillations, even if no evidence of their importance for cell function exists. Arguably,
oscillations can arise as, and, in many systems, continue to be mere by-products of the more
physiologically pressing need for the systems to adapt to persistent stimuli, even though, in
many cases, this by-product process can potentially be recruited to play important additional
information processing roles through evolutionary selection. As oscillatory signals can be
much more information rich versus their more steady counterparts, the evolutionary pressure
for selection and stabilization of initially accidental oscillatory responses can be very high.
As a result, there is currently a co-existence of oscillatory phenomena in which the
functionality of the oscillatory processes can be easily interpreted, with a set of pulsatile
processes that seems to hold no particular consequences for the cell or organism function.
Looking ahead, one can fully expect that more examples of oscillatory events in cell
signaling will be increasingly found. Interpreting them with appropriate caution, it would be
of interest to determine whether oscillations are indeed a hallmark of signaling events,
allowing cells to organize and coordinate a variety of processes on both intracellular and
intercellular levels, or whether they would remain curious but rare and potentially
inconsequential specimens in the inexhaustible boutique of biological processes.
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Figure 1.
(A) Schematic demonstrating that increased negative feedback, whether naturally or
artificially induced, increases the propensity of oscillations. Plots show the response to a
step input of a linear proportional-integral feedback system, thought to be commonly present
in signaling pathways. In each case, the response eventually settles on the target steady state
shown by the red line. As the strength of negative feedback is increased, the steady state is
reached more rapidly, but at the cost of overshoot and oscillations. (B) Schematic showing
how synchronous and asynchronous oscillations, though leading to similar average
responses, may be distinguished experimentally. The response dynamics of individual cells
are shown by the light red and light gray traces, leading to the same population-average
dynamics as shown in red and black. However, when the population is sampled at a single
time point(s) during the steady phase of the response (indicated by the green rectangle), the
variance of the asynchronous population tends to be much larger than that of a synchronous
population, enabling these possibilities to be distinguished by single-cell resolution
experimental techniques not relying on live cell probes.
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Figure 2.
Extraction of information from an oscillatory input. An example oscillatory input is shown
at the top. (Lower left) When the input impinges on a response element with slow kinetics,
only the amplitude of the input is extracted. This effect is revealed by the varying the
amplitude and frequency of the input. The response amplitude differs when the input
amplitude is varied (compare high vs. low amp.), but not when the input frequency is varied
(compare high vs. low freq.); (Lower right) When the input impinges on a response element
with rapid kinetics, especially with thresholding capability, the frequency is primarily
extracted. The resulting response amplitude is mostly held fixed, but the response tends to
oscillate at a frequency similar to that of the input.
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