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The development and maintenance of the many different
cell types in metazoan organisms requires robust and
diverse intercellular communication mechanisms. Rela-
tively few such signaling pathways have been identified,
leading to the question of how such a broad diversity of
output is generated from relatively simple signals. Recent
studies have revealed complex mechanisms integrating
temporal and spatial information to generate diversity in
signaling pathway output. We review some general prin-
ciples of signaling pathways, focusing on transcriptional
outputs in Drosophila. We consider the role of spatial and
temporal aspects of different transduction pathways and
then discuss how recently developed tools and approaches
are helping to dissect the complex mechanisms linking
pathway stimulation to output.

Signaling pathways have complex effects on cellular
output

The development and homeostasis of multicellular organ-
isms requires the coordinated activity of many different
cell types. Dependable mechanisms allowing communica-
tion between cells within and between tissues are required
to ensure the correct assignment of cell types during
development and repair. Strikingly, although hundreds
of cell types exist, relatively few signaling pathways have
been identified [1], raising the question of how such a
limited number of pathways can provide sufficient infor-
mation to produce and maintain the diversity of cell types
present in metazoans.

One aspect of signaling pathway function is that stimu-
lation of a given pathway does not have a predefined
outcome. This is illustrated by countless examples
throughout development where activation of one pathway
can lead to proliferation, senescence, differentiation (into
multiple cell types), morphological changes, or cell death,
with little obvious difference between signaling inputs in
each case. However, despite this repertoire of responses,
the correct outcome is invariably achieved.

Elucidating the mechanisms responsible for this vari-
ability has proved to be far from simple, partly due to the
complexity of the transduction mechanisms used by sig-
naling pathways. Furthermore, signaling pathways do not
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act in isolation, with different pathways sharing compo-
nents and an increasing number of interactions being
identified between components of different pathways. Fi-
nally, although activation of a signaling pathway has
historically been considered as a binary switch, it is now
clear that the dynamics of signaling pathway activation
and transduction play important roles in determining
signaling outcome. After reviewing some general princi-
ples of signal transduction, we describe here the impor-
tance of understanding signaling dynamics and context to
tease apart the complex mechanisms leading to the selec-
tion of appropriate signaling outputs.

Signaling context and cellular history generate diversity
in outputs

One of the purposes of intercellular signaling systems is to
produce different transcriptional profiles in different cell
types. The simplest way to achieve this, in theory, would be
to induce each cell type with a different signaling pathway,
each regulating different target genes. However, the dis-
crepancy between the number of cell types and the number
of signaling pathways indicates that this mechanism can-
not explain the diversity of cell types identified. Signaling
through different pathways does however lead to diverse
transcriptional responses, such that the differential use of
these pathways goes some way towards generating differ-
ent cell types. The basic mechanism by which this occurs is
relatively simple, with different signaling pathways regu-
lating different transcription factors [1] (Figure 1, Table 1).
For example, the BMP (bone morphogenetic protein) path-
way regulates Mad, and the JNK (Jun N-terminal kinase)
pathway regulates Jun and Fos.

Given that the differences in the transcriptional outputs
between signaling pathways are insufficient to produce all
of the diversity of responses, other mechanisms must exist
that further diversify the outputs from signaling path-
ways. One way in which this occurs is via the combined
effects of multiple signals, which generally produce non-
additive effects compared to activation of the pathways in
isolation [2—4]. Therefore, the signaling context in which
pathway activation occurs can lead to regulation of a
subset of genes distinct from activation of each pathway
alone (Figure 1). For example, correct expression of the
pax2 gene in the Drosophila eye requires direct inputs from
Su(H) and Pnt, that are downstream of the Notch and
EGFR (epidermal growth factor receptor) pathways, re-
spectively, neither of which is sufficient alone [5].
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Figure 1. Signaling pathways produce distinct transcriptional outputs. Signaling pathways can produce distinct transcriptional outputs by binding to the regulatory
sequences of different genes. Oval shapes labeled 1 and 2 represent transcription factors regulated downstream of signals A and B, respectively, and their effects on three
classes of genes (blue lines) are illustrated. Arrows indicate gene activation and crosses represent the lack of activation. In some cases a single signal may be sufficient; in
the first two examples, binding of transcription factor 1 or 2 is sufficient to activate the top or bottom target gene respectively. In other cases combinatorial inputs may be
required for activation; in the third example, both transcription factors must be bound for activation of the middle gene. This leads to diversity of signaling outputs

depending on the signaling contexts in which a pathway is activated.

Another way in which context can alter the output of
signaling pathways is through the presence or absence of
specific transcription factors. This is predetermined by the
history of the cell, including previous signaling events, and
provides a transcriptional background in which a signal is
received. Therefore, integration of signaling pathway tran-
scription factors with context-specific transcription factors
can alter the response (Figure 2).

One example of this is the interaction between Notch
and EGFR signaling pathways in different cell types with-
in the developing wing disc. Notch and EGFR pathways
have an antagonistic relationship in the wing pouch, with
EGFR promoting wing vein formation and Notch inhibit-
ing it [6-12]. EGFR activity in the vein tissue stimulates
expression of Delta [6], which activates Notch signaling in
the neighboring intervein tissues. Notch, in turn, inhibits
the expression of EGFR components including argos and
rhomboid in the intervein tissues [6,12]. This leads to
exclusive activity of the two pathways in their respective
tissues and is essential for correct patterning of the wing
veins. However, a recent investigation into the role of
Notch signaling in the adult muscle progenitor cells

(AMPs) in the wing disc identified a different interaction
between these pathways, with Notch signaling activating
argos and the two pathways playing cooperative roles in
maintaining the undifferentiated state of the cells [13].
How, then, could Notch inhibit argos in intervein cells and
activate it in AMPs? Further investigation into the regu-
lation of argos by Notch in these two contexts demonstrat-
ed that different enhancer sequences are used in each
tissue. One mediates direct activation of argos by Su(H)
in the AMPs, whereas the other mediates its indirect
repression via HLHmp [14], a direct target of Notch sig-
naling in the wing pouch. These results suggest that
enhancers are selected based on the expression of tissue-
specific transcription factors that modulate enhancer ac-
cessibility. In cultured cells derived from the AMPs, ex-
pression of the transcription factor Twist is required for
Su(H) binding to the relevant argos enhancer, and over-
expression of Twist in the wing pouch can convert the
regulation of argos downstream of Notch from repression
to activation [14,15]. A similar factor (Vvl) was identified
that may play a role analogous to that of Twist in regulat-
ing enhancer activity in the wing pouch [14].

Table 1. Key components of Drosophila canonical signaling pathways

Hormone receptors e.g., EcR
Notch Notch
JAK STAT Domeless
RTK EGFR
FGFR (breathless)
InR
PVR
Torso
ALK
Sev
Hh Patched
TGFB (BMP) Thickveins, Saxophone, Baboon, punt
Hippo Fat
NF-xB Toll
JNK Eiger
Whnt Fz, Fz2, Fz3

458

e.g., Ecdysone

Delta, Serrate Su(H)

Upd, Upd2, Upd3 STAT92E

Spitz, Kerren, Gurken, Vein Pointed, Yan, Cic
Branchless, Heartless, Thisbe, Pyramus Pointed,Yan
Dilp1-Dilp7 Pointed, Yan, Foxo
Pvf1-3 Pointed,Yan

Trunk, PTTH Pointed,Yan

Jelly belly Pointed,Yan

Boss Pointed,Yan

Hh Ci

Dpp, Gbb Mad, Medea, Smox
Dachsous Yorkie

Spatzle Dorsal

Wengen Jun, Fos

Wg, Wnt1-10 Armadillo, Pan (TCF)
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Figure 2. Signaling pathway output depends on context. Circles represent the transcriptional potential of cells, which is initially unrestricted (white circle). As cells
experience signaling events, the transcriptional potential becomes partially restricted (gray shading), providing a contextual background in which subsequent signaling is
interpreted (i.e., the history of the cell). Signaling pathways then act on this limited set of accessible genes to further define the transcriptional profile (signals A, B, or A+ B
lead to profiles 1, 2, or 3 respectively). As illustrated in Figure 1, different signaling pathways or combinations of pathways will lead to distinct but possibly overlapping

transcriptional profiles (red, blue, and green shading).

It is clear that differential regulation of transcription
factors by signaling pathways can only explain a small
subset of the observed range of outputs. Therefore, to
improve our understanding of signaling output we must
consider both the pathway used and the context in which
the signal is received, including both the activity of other
signaling pathways and the presence of other transcription
factors.

Complexity of signaling mechanisms
Given that a large determinant of signaling output appears
to be the context of signaling, rather than the properties of
the signaling pathway itself, this raises the question of
what the functional differences between pathways are and
why different pathways are used in different situations.
One possibility is that the different signaling mechanisms
used by each pathway enable different modes of signaling
rather than different signaling outputs per se (Figure 3).

The simplest pathways involve hormone receptors that
function as transcription factors; they are activated upon
binding of ligands that can enter the cell with no require-
ment for signal transduction machinery [16,17]. This
mechanism provides direct regulation of gene expression
but offers little control over signaling range or output
diversity. In many cases the purpose of a signal is to alter
gene expression in a small number of localized cells, re-
quiring a limited signaling range and therefore more com-
plex pathway organization. In addition, by limiting range
of signaling, the same pathway can be used simultaneously
to regulate multiple events in different locations, therefore
reducing the number of pathways required.

Notch is one example of a pathway allowing a highly
restricted range of signal transmission [18-21]. In this
case, both the ligand (Delta or Serrate in Drosophila)

and the receptor (Notch) are membrane-bound, limiting
the range to immediately neighboring cells. Following
ligand binding, the intracellular domain of Notch is cleaved
and travels to the nucleus where it interacts with a tran-
scription factor of the CSL family [Su(H) in Drosophila] to
regulate gene expression. This simple signal transduction
mechanism provides tight spatial control over pathway
activation while maintaining a close link between pathway
stimulation and transcriptional effects. This mode of sig-
naling therefore allows a compromise between directly
affecting transcription and providing more control over
the signaling event by including potentially regulatable
events such as ligand presentation, receptor cleavage,
internalization, and trafficking.

Other pathways such as JAK/STAT (Janus kinase/
signal transducer and activator of transcription) have an
additional step in signal transduction. Ligand-mediated
receptor activation leads to recruitment of JAK. Activated
JAK phosphorylates the transcription factor STAT, which
regulates transcription [22-24]. This additional step
allows the possibility of alternative outputs because JAK
may phosphorylate targets other than STAT. Further-
more, additional regulation of the pathway can occur by
altering the expression or activity of JAK. As pathway
transduction mechanisms become more complex the oppor-
tunities for output diversification increase, as do the pos-
sible mechanisms of crosstalk between pathways. Other
pathways, including Hh and BMP, are also reminiscent of
this mode of signaling, with relatively simple transduction
cascades [25,26].

RTK (receptor tyrosine kinase) and Wnt pathways have
a further increase in complexity [27-29]. In the case of
RTKs, the transmembrane tyrosine kinases regulate com-
plex cascades of signal transduction components that
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Figure 3. Four classes of signaling pathways with different transduction mechanisms. Signaling pathways can be broadly classified based on the complexity of their signal
transduction mechanisms. Hormone pathways are relatively simple, with few components. A ligand (green) interacts with a receptor (orange) that also functions as a
transcription factor, thereby generating a direct link between the signal and a transcriptional effect. The Notch pathway illustrates a more complex class of signaling, with
the receptor (orange) and transcription factor (pink) acting as separate components. The JAK/STAT (Janus kinase/signal transducer and activator of transcription) pathway
has a further increase in complexity, with the recruitment of a signal transduction component (purple) between the receptor and transcription factor. Regulation of this
transduction component by phosphorylation generates an additional level at which cross-regulation with other pathways can occur. Finally, RTKs (receptor tyrosine
kinases) are the most complex class of signaling pathways, with multiple parallel transduction pathways. Many of these pathways are likely ineffective in a given context
(gray arrows), and productive responses (black arrows) are defined by the components present (history of the cell) and inputs from other pathways (crosstalk). As signaling
pathway complexity increases, opportunities for crosstalk with other pathways increase, as well leading to potentially new outputs.

include many other kinases. These pathways therefore
have many opportunities for crosstalk and integration with
other pathways. Furthermore, the branching cascade of
transduction pathways can result in many different out-
puts, whether regulating different transcription factors or
directly altering effector proteins via phosphorylation. It is
therefore unlikely that each transduction pathway is used
for every signaling event. Instead, only a subset of network
components are likely to be expressed and activated in
each context, resulting in defined outcomes depending on
the history of the cell and the signaling status of other
pathways. In addition, the presence of seemingly redun-
dant components in complex signal transduction networks
allows different modes of information processing and thus
further response diversity. For example, a recent study
demonstrated that the apparently redundant NFAT1 and
NFAT4 transcription factors respond differently to
changes in ligand dynamics, leading to different effects
on pathway output [30]. RTK pathways likely provide not
only the greatest range of possible outputs but also the
greatest potential for integration of other signals to regu-
late those outputs. Given the likelihood that most trans-
duction pathways downstream of RTKs are ineffective in
each context, it is possible that crosstalk between trans-
duction networks will profoundly affect the outputs of
signaling by regulating the selection of these pathways.
For each of the different pathway structures described
above, crosstalk is likely to occur at different levels
(Figure 4). For example, because all pathways eventually
regulate transcription factors, integration of these tran-
scriptional regulatory signals can occur at the enhancer
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level for all pathway types. However, the more complex
pathways such as RTKs have the additional potential to
regulate directly components of other pathways via phos-
phorylation. In addition, recent studies have demonstrated
that pathway components, including ligands, are often
targets of other signaling pathways [2,4,13]. This raises
the further possibility that sequential crosstalk may occur
whereby activation of a primary pathway leads to produc-
tion of a ligand, or a central component, for a secondary
pathway and hence a second signaling event. When con-
sidering systems where sequential pathway regulation
may occur, it is important to be aware of the limitations
of current approaches used to investigate signaling sys-
tems. For example, the majority of in vivo assays used to
study signaling pathways are performed on populations of
cells and have low temporal resolution [31]. Therefore, care
must be taken when assessing whether signals are acting
on the same cells or different cells, and whether pathways
are activated simultaneously or sequentially.

Aside from differences in the opportunity for pathway
crosstalk, it is also likely that the different mechanisms of
stimulation make pathways suitable for different roles.
Indeed, the lack of spatial restriction on hormone signal-
ing pathways makes them well suited for regulating
organism-wide responses such as the control of develop-
mental timing. For example, the ecdysone pathway is used
to signal particular stages of development such as larval
molting and initiation of pupation [32]. Although they do
not have spatial resolution in isolation, hormone path-
ways can integrate spatial information from other path-
ways to generate appropriate responses both in space and
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Figure 4. Mechanisms of crosstalk. Depending on the category of pathways used,
communication between pathways can occur at different levels. (A) Integration of
transcription factors (blue, red, and purple shapes) at the enhancer level (all
pathways). (B) Direct crosstalk between components of the transduction
machinery can lead to activation of different transcription factors (TF) and/or the
use of different transduction pathways (black arrows represent active transduction
pathways, gray arrows represent inactive transduction pathways). This is more
likely with increased pathway complexity. (C) Sequential activation of pathways
(possible for all pathways). Note that sequential activation of pathways can be
difficult to distinguish from simultaneous signaling, depending on the assays and
tools used to monitor pathway activity.

time [33-35]. By contrast, the structure of the Notch
pathway results in an extremely restricted range of sig-
naling that is limited to adjacent cells. This makes the
Notch pathway ideal for generating differences between
neighboring cells, such as those emerging during lateral
inhibition, dorsal-ventral boundary formation in the wing
disc, or asymmetric division of neuroblasts [18]. RTK, Hh,
and Wnt pathways have an increased range of signaling
that is determined by the ligand. This can result in signal-
ing over large distances, exemplified by the Wg morphogen
gradient in the wing disc, which extends many cell dia-
meters from the signal-producing cells [36]. Finally, the
JAK/STAT pathway offers multiple possibilities for sig-
naling range. Two of the ligands in Drosophila (Upd and
Upd3) interact with the extracellular matrix, limiting
diffusion and resulting in short-range signals. Upd2,
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however, is able to signal over larger distances [37], sug-
gesting that this pathway may be suitable for signaling
over both short and long ranges. Interestingly, in adult
flies, Upd2 has been proposed to act as a leptin-like
hormone produced from the fat body and to regulate the
activity of GABAergic neurons in the brain [38].

The profound differences in signaling pathway struc-
ture suggest that they may have different potential for
integrating contextual information to generate output di-
versity, and may be best suited to very different roles in
terms of spatial and temporal information transfer.

Dynamics of signaling

In addition to the context of signaling, the intensity, dura-
tion, and fluctuation of signaling pathway stimulation are
important in determining the eventual output from the
downstream transduction network. Improving our under-
standing of how these differences in input are converted
into distinct outputs will be essential to unraveling the
mechanisms of cell fate decisions.

One example of differential use of ligand concentration
is with respect to morphogen gradients. In the classic view,
a ligand is produced from a localized source and then
diffuses away to form a gradient with high ligand levels
near the source and lower levels further away. For exam-
ple, the Spétzle ligand forms a gradient across the dorsal-
ventral axis of the Drosophila embryo, resulting in graded
translocation of the transcription factor Dorsal to the
nuclei of responding cells. This gradient results in the
induction of multiple different cell types depending on
the level of pathway activation [36,39]. The mechanism
of this patterning process relies at least partly on the
presence of high- or low-affinity Dorsal binding sites at
target genes. Thus, genes with low-affinity sites will be
bound only when nuclear Dorsal is high, and genes with
high-affinity sites will be regulated over a broader range
[40—42]. Similar morphogen-based mechanisms are used
in vertebrate systems such as dorsal-ventral patterning in
zebrafish and patterning of the mammalian brain [43—45].

The topology of the signaling network is crucial for
understanding how ligand dynamics affect signaling out-
puts. The presence of network motifs such as feed-forward
and feedback loops enable a signaling pathway to respond
selectively to particular aspects of a dynamic signal, and
therefore affect the response. The properties of network
motifs have been reviewed elsewhere [46-48], and we will
therefore only describe a few general examples and discuss
how they may affect the encoding of signaling dynamics.

A common network motif is a feedback loop where a
downstream component of a pathway activates (positive
feedback) or represses (negative feedback) an upstream
component. Positive feedback can be used to control the
response of a pathway to different stimulation durations by
locking the system into either an on- or off-state following a
transient signal [49,50]. Positive feedback is also involved
in the interpretation of signal strength such as in morpho-
gen gradients by converting graded stimulation into all-or-
none responses [39,51,52]. Negative feedback, by contrast,
can cause a change in the dynamics of signaling because
activation of the pathway subsequently leads to repression
of the same pathway. This may have several different
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effects depending on the kinetics of the feedback loop. For
example, negative feedback can speed up responses, in-
crease input dynamic range, or filter out noisy signals
[46,53,54]. The presence of such motifs may mean that
continuous stimulation causes a short pulse of pathway
activity followed by a sustained attenuation of the signal or
multiple pulses of activity [55-58].

A second type of network motif is the feed-forward loop.
In this case, an upstream component regulates a down-
stream component by two parallel routes. These routes
may act in the same manner (both activatory or both
repressive), forming a coherent feed-forward loop, or in-
stead activate and repress the downstream component
respectively, forming an incoherent feed-forward loop. Co-
herent feed-forward loops may lead to a delay in activation
or deactivation, allowing modification of the length of
response to a transient signal. By contrast, incoherent
feed-forward loops may cause a pulse of activation or
repression, depending on which route is fastest, allowing
a transient response to a sustained signal [46,59-61].

Although usually considered within transduction net-
works, motifs such as feed-forward loops have also been
identified at the transcriptional level following signaling
pathway activity. For example, as described earlier in this
Review, the Notch and EGFR pathways have a cooperative
role in the AMPs associated with the developing wing disc
[13]. However, activation of Notch in cultured cells derived
from the AMPs resulted in transcription of both egfir and
the EGFR pathway inhibitor argos, forming an incoherent
feed-forward loop [13]. Interestingly, these two targets
were activated with different dynamics [62], with a tran-
sient increase in argos, and a more sustained activation of
egfr. In this case, it is possible that the initial response to
Notch signaling is a pulse of EGFR repression followed by a
more sustained activation, therefore only leading to EGFR
pathway stimulation if the Notch signal is sustained.

Although the temporal aspects of stimulation and infor-
mation processing have profound effects on the outcome of
signaling, these processes are poorly understood. This is
partly due to the limited set of suitable tools to study
signaling dynamics, and new approaches will be necessary
to further our knowledge of the dynamic nature of signal-
ing pathways.

Analysis of signaling dynamics in cultured cells
The majority of previous in vivo investigations into the
function of signaling pathways have relied on tools and
readouts with low temporal resolution [31]. For example,
pathways have been activated using methods such as heat-
shock induction or the Gal4/UAS system. Therefore, the
exact time at which pathway activity is initiated is un-
known, and could be several hours following the initial
treatment. Furthermore, stimulation of one signaling
pathway often results in the secondary activation of other
pathways via crosstalk. Therefore, the outputs measured
following these stimulations are likely to include both
primary and secondary effects, and these cannot be easily
distinguished.

To distinguish between primary and secondary effects,
methods for signaling pathway activation with higher
temporal resolution are required. Several methods have
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been developed for this purpose, including the use of
chemicals or small molecules to regulate specific pathways,
and genetically encoded optogenetic tools [31,63]. Howev-
er, such systems are generally only applicable in cultured
cells. For example, several studies have activated the
Notch signaling pathway via chelation of calcium ions from
the culture media using chemicals such as EDTA (ethyle-
nediaminetetraacetic acid) [13,62,64—67]. This method
provides extremely high temporal resolution of pathway
activation. Similarly, purified ligands are available for
some pathways (e.g., insulin, EGF, Hh), which can be used
in a similar manner.

Optogenetic tools can also be used to provide high
temporal resolution of signaling pathway stimulation
[68,69]. One study used an optogenetic switch based on
the Phy—PIF system to regulate signaling through the Ras
pathway [70]. The system consists of two components that
dimerize when stimulated with red light, but dissociate in
the presence of far-red light. The system was designed such
that one component (Phy) was localized to the cell mem-
brane and the other (PIF) fused to a RasGEF, which is able
to activate Ras when membrane-localized. Therefore stim-
ulation with red or far-red light could be used to control
activation of the Ras protein. In combination with a blue
fluorescent reporter protein fused to the downstream ki-
nase Erk, stringent temporal control of pathway activity
and measurement of output were possible.

Early studies showed that different RTK ligands cause
different signaling outputs from the Ras transduction
cascade in PC-12 cells [71-73]. Stimulation with nerve
growth factor (NGF) resulted in differentiation, whereas
EGF caused proliferation and these differences were
linked to sustained or transient activity of the down-
stream MAPK, respectively. Further studies suggested
that this difference was caused by the use of different
network motifs, with EGF activating a negative feedback
loop involving MAPK, and NGF activating of a positive
feedback loop [57]. Using optogenetic tools, Toettcher
et al. demonstrated that the Ras/Erk module responds
quantitatively to a wide range of stimulation intensities
and dynamics [70]. In addition, proteomic analysis was
used to identify downstream components that respond
only to transient or sustained stimulation. Strikingly, the
STAT3 transcription factor was induced non-autono-
mously only by sustained pathway activation, indicating
that sustained MAPK activation leads to crosstalk with
the JAK/STAT pathway, whereas transient stimulation
does not.

Another study treated cultured cells with variable in-
tensity, duration, and periodicity of ligand exposure to
study dynamic multiplexing within the insulin signaling
network [58]. By measuring four different outputs within
the transduction network (phosphorylation states of Akt,
S6k, and Gsk3pB, and transcription of G6Pase), different
downstream components were found to respond to differ-
ent aspects of the initial stimulation. For example, tran-
sient or sustained stimulations with insulin resulted in
transient or sustained phosphorylation-induced activation
of Akt, but two of the downstream components selectively
responded to transient (S6k) or sustained (G6Pase) stimu-
lations. Furthermore, these selective responses could be



explained by the kinetics of the molecules involved and the
network structure including feed-forward loops.

The above examples illustrate some of the methods that
have been developed to allow the study of signaling path-
way dynamics. However, the generation of a broader
toolkit will be necessary to allow deeper understanding
of these systems in a wider range of contexts.

Future study of signaling pathway organization
Studies of signaling dynamics in cultured cells have dem-
onstrated the importance of considering temporal varia-
tions in ligand levels. However, current tools are
insufficient to perform similar assays in vivo. For example,
the current tools for pathway activation (e.g., Gal4/UAS or
heat-shock) generally result in a delay of several hours
between initiation of treatment and onset of the signal. In
addition, these tools allow little control over levels of
induction or signal termination, and are therefore inap-
propriate for fine-scale temporal pathway control. Similar
to the tools for pathway activation, the tools used as read-
outs of pathway activity in vivo also have low temporal
resolution. For example, a GFP reporter protein is likely to
persist for some time after transcription has ceased, and
therefore is not an accurate representation of pathway
activity. To overcome this problem, unstable fluorescent
reporters have been developed [74,75], but these have the
disadvantage that expression levels are low and therefore
sensitivity is low. An alternative method to improve tem-
poral readout is to analyze the rate of change of fluores-
cence from fast-folding, highly stable reporters, as has been
done in bacterial systems [76,77].

To further our knowledge of signaling dynamics, it will
be important to develop tools for the manipulation and
readout of pathway activity with high temporal resolution
and high sensitivity. Furthermore, given the large reper-
toire of outputs from signaling pathways and crosstalk
between them, a wide range of reporters, that can be
multiplexed to simultaneously analyze multiple pathways
while avoiding differences in context, are needed.

Concluding remarks and future directions

Signaling pathways can produce a wide range of different
outputs from apparently similar signals, but the mecha-
nisms regulating this are poorly understood. To under-
stand this process, several factors must be considered —
including the signaling pathway used, the status of other
signaling pathways, the context in which a signal is
interpreted, the temporal dynamics of the signal, and
how those dynamics are processed by the transduction
machinery.

Gaining a better understanding of how signaling path-
ways use context and dynamic information to determine
output is necessary to determine the complex mechanisms
underlying development and human diseases. Therefore,
new tools and approaches must be developed that will
allow multiplexed manipulation and monitoring of signal-
ing pathways with high temporal and spatial resolution.
The recent development of tools such as optogenetics has
begun to enable such studies, but further innovation will be
necessary to allow similar approaches to be performed
in vivo.
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