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Cytonemes and the dispersion of morphogens

Thomas B. Kornberg
Cardiovascular Research Institute, University of California, San Francisco, CA 94158

Abstract

Filopodia are cellular protrusions that have been implicated in many types of mechanosensory

activities. Morphogens are signaling proteins that regulate the patterned development of embryos

and tissues. Both have long histories that date to the beginnings of cell and developmental biology

in the early 20th century, but recent findings tie specialized filopodia called cytonemes to

morphogen movement and morphogen signaling. This review explores the conceptual and

experimental background for a model of paracrine signaling in which the exchange of morphogens

between cells is directed to sites where cytonemes directly link cells that produce morphogens to

cells that receive and respond to them.
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Experimental manipulations have taught us that cells in animal embryos do not develop

autonomously as they progress through undifferentiated, pre-terminal states. Instead, cells

grow, take on fates and assume roles under the influence of the environment in the embryo.

Much remains to be learned about the cues that inform cells where they are and what they

should do. This review focuses on one aspect of the informational molecules that impart

positional information - what we know and how we conceptualize the mechanisms that

distribute them to their target fields. Recently published experiments suggest that some of

the core tenets that have long influenced this field require reevaluation. I begin with a brief

description of the general attributes of the contexts and systems within which the cues move

and operate.

Signaling centers and morphogen gradients

Perhaps the first experimental evidence for signaling centers whose specialized cells

produce the cues that induce their neighbors to adopt specific fates came from the work of

E.N. Browne, a student of E.B. Wilson 1, 2. Working with Hydra viridis, Browne discovered

that transplantation of tentacle and peristome base material into the middle of the body of a

host hydra induced a new head composed of both graft and host material (Figure 1).

Browne’s publication did not comment on the significance of this finding, but subsequent

studies by Mangold and Spemann demonstrated a similar type of inductive capacity in the

gastrula of newts. Transplantation of the dorsal blastopore lip of a Triton cristatus grastrula

into virtually any site in a Triton taeniatus host induced a second embryo to develop that

was composed of both donor and host cells, and these investigators developed the concept of

an “organizing center” to describe the special function of dorsal lip cells 3. The “inducer”
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molecule responsible for organizer activity proved to be elusive, and its identification

resisted significant and determined effort by many labs for many years. Nevertheless,

studies of other animals and other organ systems revealed the apparent universality of the

organizer concept – that the developmental fields that constitute these organ systems are

regulated by local signaling centers.

In the absence of an identified “inducer”, the mathematician A. Turing proposed the term

morphogen to describe a hypothetical diffusible molecule that specifies cell fate in a

concentration-dependent fashion, and Turing developed mathematics for a reaction-diffusion

system capable of forming a stable concentration gradient from an initially homogeneous

equilibrium 4. This hypothesis ascribed two properties to the inducer: the ability to elicit

concentration-dependent responses from target cells, and a mode of dispersal – diffusion -

that forms a concentration gradient of the morphogen. These two aspects of morphogen

inducers are functionally independent and will be considered separately.

Sixty-plus years after the Mangold and Spemann publication, identification of a morphogen

with the properties expected of an inducer emerged from genetic studies of Drosophila

embryogenesis (reviewed in 5). Nüsslein-Volhard’s lab showed that mutants defective for

the bicoid (bcd) gene, which encodes a homeodomain protein that can regulate transcription,

fail to develop embryos with anterior structures. In normal syncytial blastoderm embryos,

Bcd protein distributes in a monotonic concentration gradient with highest levels at the

anterior pole, and evidence of several types indicates that Bcd levels determine position-

specific expression of target genes in the anterior embryo and along the A–P axis. The

position at which target genes are expressed changes in response to experimentally

engineered decreases or increases in Bcd levels; the expression of reporter genes constructed

with varied numbers of Bcd binding sites show similar behaviors; and most tellingly,

perhaps, experiments conceptually similar to the earlier Hydra and amphibian ones show

that transplantation of Bcd mRNA to the posterior region of host embryos induces ectopic

anterior structures with the most anterior elements arising from the regions closest to the site

of injection (Figure 2). Demonstration that the anterior morphogen of the Drosophila

embryo is a protein was a watershed event that fully validated the concept of signaling

centers and gradients. The discovery and characterization of several other morphogen

gradient systems has followed.

In the Drosophila wing imaginal disc, for example, an organizing (signaling) center

produces and disseminates the TGF-β family member Decapentaplegic (Dpp) (Figure 3).

This signaling center is a stripe 3–4 cells wide that is situated just to the anterior side of the

A/P compartment border and runs the length of the disc’s A/P axis. Dpp disperses from the

signaling center across the disc and regulates target genes at both close range in Dpp-

expressing cells as well as at long range in cells as far as 150 μm away at the flanks of the

disc. Under conditions in which Dpp:GFP is over-expressed in the Dpp signaling center,

GFP fluorescence spreads outward toward the flanks of the disc forming monotonic

concentration gradients to either side 6. Ectopic expression of Dpp, either induced by an

ectopic compartment border (Figure 3) 7 or in somatic clones that make Dpp in certain

regions of the disc under Gal4-UAS control 8, elicits responses that are consistent with

Dpp’s role as a morphogen: wing duplications grow that are composed of both cells whose
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genetic constitution changed as well as neighboring cells that were induced to adopt new

fates and patterns. The morphology and patterns of the duplicated wings are remarkably

similar to normal wings (Figure 3).

Hedgehog (Hh), Wingless (Wg), epidermal growth factor (EGF) and fibroblast growth

factor (FGF) are other proteins that have been shown in various contexts to emanate from

localized sources and to elicit distinct responses at various distances from their source. The

list of these six morphogens - Bcd, Dpp, Hh, Wg, EGF and FGF - is evidence of the rapid

progress that has been made in recent years. But this list is also notable for its apparent

exclusivity – various combinations of the Dpp, Hh, Wg, EGF and FGF proteins regulate the

development of tissues and organs in all vertebrate and invertebrate systems that have been

studied, suggesting that these proteins may represent a universal vocabulary that mediates

positional information in metazoans.

The idea that patterning systems in different organs and body structures are functionally

homologous is not new. In 1971, a description of partial homeotic transformations induced

in a Drosophila Antennapedia mutant (AntpR) suggested that the patterning systems in

Drosophila legs and antennae are functionally related 9. The specific antennal regions that

were transformed to leg structures differed in individual AntpR mutant flies, but point-to-

point mapping revealed that the type of leg structure in any given region of the antenna of a

particular fly corresponded precisely to the homologous position of the antenna cells that

had transformed (Figure 4). This apparent homology can now be understood in terms of the

morphogens that pattern both organs. Although the two organs analyzed in the study of

AntpR are closely related developmentally and their inter-conversion was brought about by a

single genetic change, the widespread role of the known morphogens suggests that most

systems responsible for defining position and establishing patterns share components and

mechanisms.

Commonality of patterning mechanisms between organs of an animal and between distantly

related animals has interesting implications; one that is relevant to this discussion is the

manner by which morphogens disseminate. If every organ and developmental field in an

animal is regulated by local organizing centers, and if all cells determine their position in

their respective field by responding to a shared and limited set of morphogens, then the

mechanism that distributes these positional cues must also constrain them 10. Dispersal must

not only deliver the cues in a manner that informs the receiving cells of each cue’s identity

and quantity, but dispersion must also ensure that the cells respond only to the outputs of the

relevant local organizing centers.

Topologies of developmental fields

Two aspects of developmental fields that set restrictive parameters for the mechanisms that

disperse morphogens are the relative proximity of cells to a signaling center and the field’s

physical shape. The importance and significance of proximity and shape are evident in the

topography of the Drosophila wing disc and its A/P organizer, but the issues are pertinent to

other (and perhaps all) signaling contexts. The third instar wing disc is a flattened sac with

two closely apposed epithelial sheets composed of cells that have markedly different shapes.
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On one side are highly columnar cells (height, 30–45 μm; diameter, 0.5–2.2 μm), each of

which has an apical surface that faces a lumen and a basal surface that is juxtaposed to a

basal lamina/extra cellular matrix. On the other side of the lumen, which is ≤6 μm wide in

the area of the wing primordium, the peripodial layer is comprised of ellipsoidal squamous

cells (height, 5 μm; diameters, 15–22 μm and 45–55 μm). The cells of the A/P organizer

form a stripe on both the columnar and peripodial layers that connects at a point on the most

ventral edge of the disc. Although the stripe is continuous, the stripe’s columnar cells in the

late third instar disc are not directly across the disc lumen from its peripodial cells (Figure

5). As a consequence, many cells of both the columnar and peripodial epithelia are farther

from their respective A/P organizer (>100 μm) than they are from the A/P organizer center

of the apposing epithelial sheet. Therefore, the mechanisms that disperse morphogen

proteins to set up the A/P organizers (e.g. Hh), as well as the Dpp morphogen protein that

emanates from the A/P organizer must be constrained or targeted so they signal only to the

appropriate developmental field.

Hh, the signaling protein that sets up the wing disc A/P organizer, is produced by the

posterior compartment cells of both the columnar and peripodial layers. It moves across the

A/P compartment borders in each layer, and in the columnar layer forms a short

concentration gradient in nearby A compartment cells. Hh induces A/P organizers in both

layers. Although there have been reports suggesting that Hh signals apically 11, 12, the best

current evidence indicates that Hh is not released apically from producing cells in the P

compartment, but moves basolaterally to receiving cells 13, 14. Thus, Hh does not apparently

access the opposing layer. Experimental conditions have been described that result in cross-

lumenal Hh signaling by peripodial cells – for instance, over-expression in peripodial cells

of Hh-N, a mutant form of Hh that lacks the cholesterol that is normally covalently bound to

it’s C-terminus. Hh-N exits these cells, though not apparently by the normal mechanism that

releases lipidated Hh 15, and Hh-N that is freed of its normal constraints activates Hh target

gene expression in apposing cells of the columnar layer, leading to abnormalities 12. The key

point here is not the particular conditions that led to cross-lumenal signaling but the fact that

under normal conditions the disc system limits signaling in each layer.

In contrast to Hh, Dpp moves apically between columnar cells 16–19, and cross-lumenal

signaling might compromise the integrity of the Dpp gradients of the two layers. Wing disc

cells in the A and P compartments of both the columnar and peripodial layers are sensitive

to Dpp and the observed patterns of target gene expression are not consistent with signaling

between the two layers. Yet, in the 3rd instar wing disc, Dpp apparently moves >100 μm

across the plane of each epithelium from the A/P organizers to the flanks but does not signal

even the short (~6 μm) distance across the lumen to the apposing columnar layer. Supporting

evidence is provided by expression patterns in normal discs as well as the apparent lack of

signaling between layers in discs in which peripodial cells over-express Dpp 20.

The shape of the disc epithelia is a second important consideration. Although the cells that

make up the epithelia are arranged as single-layered sheets, and although Dpp signaling, for

example, extends across the disc, the epithelium has deep folds and the wing pouch region is

concave (Figure 6). For many cells, the shortest distance to the cells that express Dpp is less

than any path that follows the plane of the epithelium. The idea that distance across an
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epithelium is encoded by the relative concentration of a morphogen demands that

concentration decline with distance along the plane of the epithelium, and the mechanism

that disperses Dpp must therefore ensure that the contours of morphogen gradients are not

distorted by folds or other non-linear topological features.

Diffusion models for cell-cell signaling

Diffusion is a mode of dispersing signals that can be described as “random and indirect” - it

is a mechanism that involves export and release of signals into extracellular fluids for

transport to distant locations. The distinguishing feature is that released and disseminated

signals influence the activity of distant cells indirectly because the producing and receiving

cells do not contact each other. Endocrine cells are an example. They secrete protein

hormones into the bloodstream to modulate growth or activity of distant organs.

Dissemination of endocrine-derived signaling proteins is essentially unconstrained, and in a

human, for example, these proteins can distribute throughout the vasculature in less than a

minute. The level of released signaling proteins in the bloodstream is a function of rate of

secretion by the endocrine cells and the processes of uptake and degradation. Importantly,

target cells respond to levels of signaling proteins without regard to the source.

Long distance signaling appears to attract inflammatory cells of the immune system to sites

of injury and infection. Relevant chemoattractants include reactive oxygen species 21 and

chemokines, and in cell culture, neutrophils move up chemokine concentration gradients that

change only 1–2% across the diameter of the cell 22. Although soluble concentration

gradients of chemokines have not been directly observed in vivo, it is assumed that

chemokines disperse in a diffusion-limited fashion to form soluble gradients whose high-

points define destination sites for cells that respond to both absolute and temporal

differences. This mode of chemokine signaling is also indirect – the communicating cells are

not in contact. Nevertheless, direct contact-dependent signaling may play roles in chemokine

signaling as well. Chemokines also exist in surface-immobilized forms that contribute to

migration behaviors 23, 24, and neutrophils and other types of blood cells make cellular

extensions that appear to make long distance cell-cell contacts 25, 26. The relative roles and

importance of the soluble and tethered chemokines has not been resolved.

Diffusion is a mechanism that has also been proposed to move morphogen proteins from

producing to target cells. Diffusing morphogen might generate a concentration gradient

whose contours are determined by the properties of the morphogen, by the medium in which

the morphogen moves and by the interactions that the morphogen has with its environment.

Parameters that describe such morphogen movement were initially analyzed by Crick 27,

who broached the idea that the processes that generate morphogen gradients are governed by

the chemistry of their components and therefore can be described mathematically. Crick

calculated the time needed to set up gradients in embryonic fields and concluded that within

the known size ranges of embryos, aqueous diffusion may generate steady concentration

gradients in the time intervals of early animal development. His calculations were for small

molecules that have a molecular weight range of 300 – 500 daltons and that diffuse freely in

and out of cells, in cytoplasm and between cells.
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The morphogen activities in the systems that are now characterized have been identified

with signaling proteins, not small organic molecules, and contemporary analyses have

examined how such morphogen proteins might disperse to generate concentration gradients

that form if they are secreted to disperse broadly in extracellular fluid. The approach

inaugurated by Crick has been extended to these systems by numerous types of

mathematical treatments. These investigations have explored the parameters that must be

fulfilled in order to accurately model the experimentally-determined properties of signaling

proteins (reviewed in 28, 29). They consider features such as the size and shape of

morphogen proteins, interactions of the morphogens with nonreceptor surfaces, kinetics of

morphogen dissemination, volumes and distances that morphogens traverse, the paths they

can take, and the nature and binding characteristics of their receptors. The numerical

solutions show that not only are the distances between source cell and most remote target

cell covered in the time frame that the biology requires, but morphogen movement is likely

to be so rapid that barriers and efficient removal systems (“sinks”) must exist to sculpt the

observed concentration gradients. Thus, these studies show that elegant mathematical

models based on diffusion can describe observed morphogen behaviors, and experimental

observations of morphogen kinetics that conform to such calculations have been interpreted

to indicate diffusive movement 30–34.

However, correlation is not proof of mechanism and does not distinguish between

mechanisms, and these conclusions are based on a number of unproven assumptions. For

example, the calculations require a value for the path a morphogen can follow, but whereas

the total volume of a tissue can be calculated from direct measurements, the extracellular

volume is unknown. For purposes of calculations, values have been estimated as fraction of

tissue volume not accounted for from cells from electron micrographs, but we lack ways to

measure them directly. Similarly, values for geometric tortuosity (increases in diffusive path

lengths as a result of physical obstacles), for viscosity of intercellular fluid or for reversible

interactions with immobilized molecules cannot be tested. Most importantly, perhaps, all

diffusive models assume that morphogen protein disseminates in extracellular fluid after

release from producing cells, but as described below, experimental proof that morphogen

proteins move long distances while untethered to a cell is difficult to obtain.

A direct delivery model for morphogen dispersion

Direct delivery of morphogens at points of contact between producing and target cells is

conceptually distinct from diffusion-based mechanisms, all of which involve indirect

transfer. A direct signaling mechanism, in contrast, releases signals specifically where

producing and target cells contact each other and where uptake occurs. In essence, it

involves cell-to-cell transfers in a way that is conceptually similar to signaling at neuronal

synapses.

Neurons signal across distances and intervening cells by extending processes (axons and

dendrites) that terminate at synaptic junctions where neurotransmitters released by

presynaptic cells are taken up specifically and exclusively by postsynaptic cells. Neuronal

projections can extend long distances and can transmit signals by several different means.

One mode employs chemical neurotransmitters that are released by a presynaptic cell at a
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synapse and that bind to receptors present in the juxtaposed membrane of the postsynaptic

cell. These receptors initiate synaptic transmission by generating a wave of depolarization

that conveys information from the synapse, but the important point is not the specific

mechanism that conveys responses from the synapse, but that neurotransmitters transfer

between producing and target cells at cell-cell contacts that are pre-selected, regulated and

structured. The cell bodies of the communicating cells may be far apart, but exchanges of

signal are focused to a synaptic cleft whose composition and size (approximately 15–20 nm

across) are tightly controlled and may define a privileged environment. The process that

generates the synapse determines the identities of the communicating cells.

In addition to small molecule neurotransmitters, neuronal signals include neurotrophins that

promote survival and morphogenesis. Neurotrophins released from producing cells bind to

receptors of target neurons, and are taken up, packaged into endosomes and transported to

the neuronal cell body. Two other protein signals with roles at synapses are Hh and Wg,

which both play essential roles during neuronal development. Photoreceptor neurons in the

developing Drosophila retina synthesize Hh, package it in vesicles, and release it at axonal

termini where postsynaptic neurons require Hh for growth and differentiation (Fig. 2) 35, 36.

Wg is required at Drosophila glutamatergic neuromuscular junctions to establish normal

bouton number and morphology 37. Wg concentrates in vesicles at presynaptic boutons and

is secreted and taken up by the postsynaptic cell across the synaptic cleft 38. Thus, it appears

that the various types of neuronal signals move from pre- to postsynaptic cell by a similar

route.

The direct delivery model of signaling by non-neuronal cells posits that signaling proteins

such as Hh, Dpp, EFG, FGF and Wg transfer between these cells by mechanisms that share

key features with the one that transfers Wg at neuronal synapses – by release and uptake at

organized and regulated sites of cell-cell contact.

Cytonemes: specialized signaling filopodia

Filopodia are thin protrusions that extend from many types of cells. They have been

observed in many developmental contexts and have been given many names – microspikes,

pseudopods, thin filopodia 39, thick filopodia 40, gliopodia 41, myopodia 42, invadopodia 43,

podosomes 44, telopodes 45, tunneling nanotubes 46 and cytonemes 47. Although these

organelles have physical properties in common – all are constructed with tight parallel

bundles of actin filaments that assemble with actin-related and cytoskeletal proteins – but

they are not a constant size. Some have been measured as thin as 0.1 μm in diameter, others

0.3 μm; as short as 2 μm or extending more than 200 μm. And despite the more than one

hundred years since filopodia were first observed, their roles remained unproven because it

has not been possible to selectively remove or inactivate them without compromising the

integrity of the cells that make them. Therefore, the questions remain what exactly the

filopodia do and what the significance of the physical features that distinguish them in

different cell types might be.

Filopodia have been associated with many processes including cell migration 48–50, cell

adhesion 51, chemotaxis 52, force generation 53–55, wound healing 56–58, environmental
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sensing 26, antigen presentation 59, neuronal growth cone pathfinding 42, 60–68,

angiogenesis 69, 70, virus transmission 71 and embryonic development 40, 72, 73. Although

there are no experiments that clearly reveal the roles filopodia may have in these processes,

circumstantial evidence has suggested two types of functions: as chemosensory “antennae”

that probe the microenvironment of a cell, and as tethers that transmit mechanical tension

between cells. In systems that support real time observation, some have dynamic and

complex behaviors that are thought to reflect a sensory role. The growth cones of developing

axons of nerve cells, for example, have many filopodia that grow and retract rapidly,

appearing to search the surrounding space for guidance cues. Filopodia extending from the

dendrites of neurons have lifetimes that range from minutes to hours and have tips that

appear to make transient contacts with axons 74. Some of the contacts are more stable than

others, leading to the idea that their behavior reflects an active process that discriminates

between possible targets.

Filopodia with similar characteristics have been observed in non-neuronal cells; indeed,

descriptions of filopodia made by primary mesenchyme cells of the sea urchin blastula were

the first to note their dynamic nature 75. The intriguing behaviors of these filopodia led to

the idea that they play active roles as sensors of patterning information. Although direct

evidence for the function of these filopodia is still lacking today, data from subsequent

studies are consistent with both structural 76 and sensory roles 39. Most interesting and

relevant to this discussion are parallels that were drawn between the “thin filopodia” of the

primary mesenchyme cells and the filopodia of neuronal growth cones 39. These types of

filopodia have similar diameters and extension and retraction rates, and for both, observed

responses to perturbations are consistent with anthropomorphic depictions as sensory

implements that extend the reach of cells into surrounding space.

Cytonemes were first noted as long, actin-based filopodia that extend from the apical surface

of wing imaginal disc cells that express cytoplasmic GFP 47. These fluorescent tendrils were

visible where they extend over a non-fluorescent background and the cytoneme name was

coined to denote their cytoplasmic content and “thread-like” appearance, and to distinguish

them for their specialized role in signaling. They were estimated to be ≤200 nm diameter,

and in the wing pouch primordium they orient uniformly toward the anterior/posterior (A/P)

compartment boundary. As noted above, cells at the A/P compartment boundary express

Dpp, and diffusion models for its dispersion assume that Dpp is secreted and finds receptors

on target cells by a random walk either through or around intervening cells. The presence of

long filopodia that extend from wing disc “receiving” cells to Dpp-expressing cells at the

compartment border (Fig. 7) suggested an alternative possibility – that physical contacts are

sites at which Dpp transfers to its targets 47. This mechanism of direct delivery is similar, at

least in concept, to neurotransmitter release and uptake.

Defining a cytoneme

As noted above, filopodia have been christened with various names in the many contexts in

which they have been studied, and the term cytoneme was coined to denote the filopodia

that mediate exchange and transport of signaling proteins. Although the roles of cytonemes

in signaling are now established (as described in the following sections), it is not yet clear
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how many different forms of filopodia exist or in which specific contexts the cytoneme

designation is appropriate. Filopodia are associated with many processes, including invasion

(invadopodia), force generation, neuronal targeting (growth cone filopodia, dendritic spines,

gliopodia and myopodia), cell adhesion (podosomes), antigen presentation, wound healing,

virus transfer, Notch and growth factor signaling, and embryonic development. Studies in

Drosophila have shown that there are cytonemes that send signaling proteins and cytonemes

that receive signaling proteins, and that cytonemes involved in Dpp, Hh, EGF and FGF

signaling can be distinguished by composition, location and behavior. We anticipate that as

better methods are developed, we will be better equipped to identify filopodia components,

to resolve the different types of filopodia, and to learn how composition and structure

correlate with function. The many cytoneme subtypes already recognized in Drosophila

suggests that these filopodia are a diverse family of organelles, and it may be that the current

nomenclature will prove to be inadequate.

Cytonemes of the wing imaginal disc

Cytonemes extend over both the apical and basal surfaces of the polarized columnar

epithelial cells in 3rd instar wing discs (Fig. 7). Like many actin-based structures, the apical

cytonemes do not survive standard chemical fixation protocols, and even with expression of

membrane-tethered GFP, their detection is challenging. Cytonemes can be detected that

extend over several adjacent cells along the apical surface of the columnar epithelium, but

only with methods that overcome their low fluorescence and rapid quenching, and when

discs are flattened to bring the cytoneme shafts into focus. Strict conditions of gentle

handling are critical, however, as the cytonemes fragment under excessive force. Short

apical cytonemes and basal cytonemes are less challenging to detect, although they are

visible only where they extend over non-fluorescent cells.

There are cytonemes on the apical surface that orient toward the middle of the disc from

wing pouch cells of both the A and P compartments, and the longest ones reach >80 μm

from the far edges of the primordium to the compartment border. They therefore span the

entire developmental field of the wing primordium. They appear to track along the surface,

following its convoluted contours. On average, they are approximately 20 μm in length,

extending across more than ten cells (cell diameters range from 0.5–2.2 μm). Wing pouch

cells also extend apical cytonemes toward the dorsal/ventral compartment border;

cytonemes of this type are short, have been observed rarely, and have not been

characterized. Cells of the notum primordium make apical cytonemes that are approximately

2–13 μm long; their orientations lack apparent directional bias, appearing almost random.

Apical cytonemes have not been detected emanating from the cells of the hinge primordium

except under conditions that express Dpp ubiquitously 77.

Basal cytonemes in the wing pouch orient laterally, extending either toward the middle of

the disc or toward the flanks; there are also basal cytonemes that cross the A/P border from

either the A or P side 13, 14, 78. Basal cytoneme lengths range from 4–30 μm, and average 12

μm 79. They are marked and stabilized by over-expressed Ihog (Interference

hedgehog) 13, 14. Ihog functions as a Hh co-receptor in Hh receiving cells 80, 81, and

although its role in cells that produce Hh have not been defined, under conditions of Ihog
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over-expression, cytonemes in P compartment cells are stable to chemical fixation, enabling

fine structure EM analysis 13.

The Dpp receptor Thickveins (Tkv) concentrates in motile puncta that populate apical

cytonemes 77. In wing discs with reduced levels of Dpp (e.g. dppts), cytonemes are abnormal

and not uniformly oriented toward the A/P compartment border as they are in normal discs,

and in discs with uniform over-expression of Dpp (e.g. hs-dpp), the long cytonemes that

orient toward the A/P border in normal discs are absent and only short cytonemes are

present. These cytonemes have Tkv-containing puncta and lack apparent directional bias.

The changes to the patterns of apical cytonemes appear to be specific to ubiquitous over-

expression of Dpp because they were not observed under similar conditions of Hh, FGF or

EGF over-expression 79. Thus, the distribution of apical cytonemes in the wing pouch under

normal conditions, the localization of Tkv to these cytonemes, and the dependence of the

long cytonemes on normal Dpp expression implicate apical cytonemes in Dpp dispersion.

Their properties and responses are consistent with the idea that they convey Dpp from the

cells that express it at the A/P signaling center to outlying cells of the A and P

compartments.

Basal cytonemes have a different role – trafficking Hh. Hh is present and can be seen

moving along basal cytonemes, but Hh does not localize to them immediately following its

synthesis (reviewed in 82). Rather, it arrives at basal cytonemes via a roundabout

intracellular pathway that was discovered by the Guerrero lab 14 (and reviewed in15). This

pathway “recycles” Hh, placing newly synthesized Hh in the apical membrane prior to

capture in endocytic vesicles that move it to the basolateral compartment. Export to A

compartment cells is either along basal cytonemes that extend from Hh-producing cells in

the P compartment 13, 14, or along basal A compartment cytonemes that extend from Hh-

receiving cells 13, 78, 83. These A compartment basal cytonemes are required for the gradient

of Hh on the anterior side of the compartment border and for normal signaling 13, 78.

Tracheal cytonemes

The wing disc in the 3rd instar larva attaches to a branch of the tracheal system (the

transverse connective), forming a functional association that enables wing disc-produced

signals to regulate tracheal development locally 84, 85. In response to FGF (Branchless/FGF)

produced by the wing disc, a tube grows out from the transverse connective approximately

10–16 hours into the 3rd instar period 86. This tube is called the Air Sac Primordium (ASP)

because it matures to form the dorsal air sacs of the adult fly. The 3rd instar ASP takes up

FGF and Dpp from the disc, requiring both to develop normally 87. Uptake is mediated by

cytonemes that directly contact signal-producing disc cells 87. These contacts can be marked

with GRASP fluorescence (GFP Reconstitution Across Synaptic Partner), a method that was

developed to image membrane contacts at neuronal synapses 88, 89. Dpp and FGF uptake is

by one of two types of ASP cytonemes – cytonemes that are populated with motile puncta

containing Tkv and that contact Dpp-expressing disc cells, or that are populated with motile

puncta containing the FGF receptor (FGFR) and that contact FGF-expressing disc cells 79.

Tkv-containing cytonemes that contact Dpp-expressing disc cells take up Dpp, but FGFR-
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containing cytonemes that contact FGF-expressing disc cells do not take up Dpp 87.

Cytonemes containing both receptors have not been observed.

The ASP is a powerful system for studies of cytoneme-mediated paracrine signaling, in part

because the methods to prepare samples for imaging are less demanding than the methods

required to image apical disc cytonemes, and because there are genetic tools that can be used

to target the ASP independently of the wing disc. By taking advantage of these attributes, it

was shown that ASPs with defective cytonemes do not activate Dpp or FGF signal

transduction and are unable to take up Dpp from discs that express Dpp 87. This study

established that signaling from the disc to the ASP requires ASP cytonemes and that normal

disc cells that produce Dpp normally do not signal to ASP cells that do not contact the disc

with cytonemes. Dpp signaling is therefore contact-dependent.

Cytonemes in other contexts

Cytonemes have been characterized most extensively in the wing disc and ASP, two

epithelial tissues of the 3rd instar larva. These cytonemes were studied in unfixed specimens

in which fluorescent tags marked either the cytoneme membrane (e.g., CD8:GFP,

CD8:Cherry or Cherry-CAAX) or selected cytoneme components (e.g., receptors (Tkv:GFP/

Cherry, FGFR:GFP/Cherry), an actin binding protein (Diaphanous:GFP (Dia:GFP)), cell

adhesion proteins (Neuroglian:GFP (Nrg:GFP), Capricious:GFP (Caps:GFP)) 77, 79, 87. The

low fluorescence conferred by these tags in the thin, ~200 nm diameter cytonemes sets strict

signal to noise limits for detection. The wing disc and ASP satisfy these conditions: they

have low background fluorescence, and fluorescent tags that are expressed in subsets of cells

are visible in cytonemes that extend over non-fluorescent cells. Cytonemes have also been

observed in other contexts that meet these parameters.

The 3rd instar eye imaginal disc has low background fluorescence similar to the wing disc,

and cytonemes marked with CD8:GFP have been observed extending from the apical

surface of some columnar cells 79. The columnar layer of the 3rd instar eye disc is

subdivided by a morphogenetic furrow (MF) that passes from anterior to posterior. Whereas

cells in the wake of the MF organize into ommatidial clusters and divide one time or not at

all, cells posterior to the MF divide logarithmically. No long apical cytonemes have been

observed emanating from cells anterior to the MF, but posterior to the MF, cells extend two

types of cytonemes – either orienting toward the MF or toward the centrally located

“equator” that is perpendicular to the MF. The EGF receptor concentrates in motile puncta

in the MF-directed cytonemes but is not present in the cytonemes directed to the equator. In

the presence of dominant-negative EGFR, the long MF-directed cytonemes were absent, but

with uniform, over-expressed EGF ligand, the only eye disc cytonemes detected are short

and lack a directional bias. These characteristics are consistent with the idea that the MF-

directed cytonemes mediate EGF signaling; cells posterior to the MF require EGFR for

proliferation 90, 91.

The cells that generate the abdomen of the adult fly are another context in which cytonemes

have been characterized. Whereas the integument of the fly head and thoracic segments are

produced by imaginal discs that grow in the embryo and larva, the abdominal integument is
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made by small nests of histoblasts that initiate mitotic cycling only after the larval periods

conclude. Each hemi-segment in the dorsal abdomen has an anterior and posterior histoblast

nest, and the nests initiate rapid divisions at metamorphosis to populate the A and P

compartments of the adult abdomen, respectively. Hh expressed in cells from the P

compartment nests signals to cells in the adjacent A compartment nest, and because the

histoblasts are situated immediately underneath the pupal case, the process can be imaged

live through a “window” cut out of the pupal cuticle 92, 93. P compartment histoblasts extend

basal cytonemes that appear to ferry Hh to adjacent A compartment cells 13. These

cytonemes are dynamic, with lifetimes averaging ~11 minutes, growing and retracting at

rates (~5 μm/minute) similar to filopodia in other contexts 39, 94. They are up to 40 μm long

(~9 cell diameters) and their presence and length distribution correlates with the dispersion

of Hh and with Hh signaling in the A compartment cells. These cytonemes contain Hh and

Ihog.

There are numerous other contexts in which signaling-associated filopodia appear to orient

with respect to the local signaling landscape. Such filopodia appear to mediate Hh transport

in Drosophila ovary germline stem cells 95 and larval lymph glands 96, 97, to mediate Notch-

dependent lateral inhibition in the wing disc 98, and to deliver EGF in the leg disc 99. They

may be involved in dorsal closure 73, development of neuromuscular junctions 42, 66 and the

CNS 41. In spider embryos, filopodia have been associated with Dpp signaling 100, and in

earwigs with the ovarian stem cell niche 101. In vertebrate systems, they have been observed

in embryos 39, 72, 75, 102, cultured cells 44, 103–106, telocytes 45, mast cells 107, B

lymphocytes 108, neutrophils 109, zebrafish melanophores 110, 111, and in the chick limb

bud 112.

Cytoneme attributes

Cytonemes are complex and diverse organelles whose diaphanous nature has impeded

efforts to understand their structure and function. However, recent improvements in

fluorescent protein design, light microscopy, and techniques for genetic manipulation have

made it possible to glean aspects of their appearance, behavior and role in systems that are

favorably endowed for optical and genetic analysis. The following summarizes these

attributes.

Cytoneme structure and composition

Cytonemes are predominantly linear, with diameters estimated at 100–200 nm and lengths

between 2–150 μm 13, 47, 79, 112. The cytoneme core is composed of actin filaments that can

be marked with actin:fluorescent protein (FP) chimeras 13, 77, 85 and with actin-binding

protein:FPs (e.g. moesin:FP 13, 113 and Dia:FP 87). Dia is a member of the formin family 114,

proteins that are involved in actin polymerization and that associate with the growing end of

actin filaments. A constitutively active form of Dia linked to FP 115 concentrates at the tips

of ASP cytonemes and cytonemes do not extend normally in the absence of dia function 87.

The Rho family member Vav localizes to wing disc basal cytonemes 77, and Capping

protein, SCAR and Pico are actin-binding proteins that have been implicated in cytoneme

function by genetic loss-of-function studies 13; they presumably also locate to cytonemes.
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Other constituents include signaling protein receptors (e.g. Tkv 77, 79, Btl 79, 85, Ptc 78,

FGFR 104), signaling proteins (e.g. Dpp 79, Hh 13, 14, 83), and components of signaling

pathways (e.g. Ihog, Brother of Ihog (Boi), DmWif, Dallylike (Dlp), Dispatched

(Disp) 13, 83, and Delta 98). Two features of these constituents are noteworthy. First,

expression of FP-linked Tkv, Btl, Ptc, Dpp, Hh, Ihog, Boi, and Dlp mark motile puncta in

cytonemes. The size and appearance of the puncta in the Hh-containing basal cytonemes of

the wing disc suggest that they may be exovesicles 13. The identity and nature of the puncta

in cytonemes that receive signaling proteins is not known, but they move at speeds similar to

rates of myosin-linked actin motors 78, and their motility and composition suggest that they

may be vehicles that transport signaling proteins between a cytoneme tip and the cell body.

Second, cytonemes do not all have the same constituents. For instance, the wing disc’s

apical cytonemes contain components of the Dpp pathway (i.e. Tkv) 77, the basal cytonemes

contain components of the Hh pathway (i.e. Hh, Ihog, Dally, Dlp, Shf/DmWif1, Disp and

Ptc) 13, 14, 78, 83, and in the ASP, cytonemes contain either Btl or Tkv, but not both 79. It may

be that every signaling pathway has a dedicated set of cytonemes that mediate trafficking

between specific signaling cells.

Cytoneme tips

The appearance and physical characteristics of cytoneme tips suggest that they are

specialized regions. Whereas the shafts of cytonemes marked with either membrane-tethered

FP or constituent protein:FP have a uniform diameter when viewed with fluorescence optics,

cytoneme tips are brighter and appear to be wider 13, 85, 87. The tips of ASP cytonemes

concentrate over-expressed DiaAct:GFP, Nrg:GFP and Caps:GFP, and the only cytonemes

that take up Dpp are those whose tips contact disc cells 87. GRASP fluorescence at

cytoneme tips indicates that these contacts are relatively stable (GFP folding is not

instantaneous) and close (the GRASP constructs extend approximately 15 nm from the

juxtaposed cells) 87. The idea that cytoneme tips are sites where signals transfer between

cells is also supported by the fact that cytonemes that lack normal Caps function do not

make GRASP-marked contacts and do not take up signaling proteins, and by the absence of

signaling in the cells that have contact-defective cytonemes 78, 87. Tips of the wing disc

basal cytonemes implicated in Hh signaling also appear to be directly involved with the

transfer of signals between cells. Vesicles that may carry Hh emanate from the tips of these

cytonemes 13.

Cytoneme plasticity

The cardinal feature of cytonemes is their presence linking cells that produce signaling

proteins to cells that receive them. There are many examples. Cells in the wing blade

primordium direct Tkv-containing cytonemes toward the Dpp-producing cells at the A/P

compartment border 77. At the late 3rd instar stage, cells in the medial part of the ASP direct

Tkv-containing cytonemes toward nearby Dpp-producing cells of the wing disc 79. Cells at

the tip of the ASP direct Btl-containing cytonemes toward wing disc cells that express

FGF 79, 85. Cells in the eye disc direct EGFR-containing cytonemes toward EGF-producing

cells of the MF 77. Hh-producing cells in the wing disc and in posterior histoblast nest

project cytonemes to anterior Hh-receiving cells 13, 14, 83. Cytonemes implicated in Hh

signaling extend between Hh-producing cap cells and Hh-dependent escort cells in the
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ovarian germ cell niche 95. And there are more examples in the Drosophila leg 99 and wing

discs 98, 116, 117, chick limb bud 112, and zebrafish vasculature 69.

Tissue growth and morphogenesis changes spatial relationships between signal producing

and signal receiving cells, and if cytonemes mediate signal exchange, the distributions of

cytonemes are expected to change accordingly. Cytoneme plasticity has been observed in

contexts in which signaling protein is expressed ectopically – novel cytonemes project to the

cells at the ectopic sites 77, 79, 85. It is also evident in the ovarian germ cell niche where

cytonemes changed in conditions of reduced Hh signaling 95. Perhaps the most striking

evidence is provided by real-time imaging of the developing zebrafish vascular

endothelium 69 and Drosophila histoblast nests 13. Characterization of the histoblast

cytonemes showed that the area over which they distribute correlates precisely with location

of cells that activate Hh signal transduction, even as the number of signaling cells changes

and the distance between Hh producing and receiving cells increases 13. Thus, although

cytonemes present specialized tips at long distance that make stable contacts with target

cells, the dynamic nature of cytonemes accommodates changes in the signaling landscape,

indicating that the functional associations they make are temporally regulated.

Morphogen release and dispersion

Morphogens influence cells that are far from the cells that produce them, and the idea that

they move long distances to engage the cells they regulate has strong experimental support.

For example, Dpp regulates target genes in wing disc cells that are distant from cells that

express Dpp (reviewed in 118), and the Dpp receptor is required in the responding cells 119.

In discs with Dpp:GFP over-expressed in the normal domain of Dpp expression, GFP

fluorescence encompasses much of the territory that is regulated by Dpp 6, 17. Despite such

evidence, the state of Dpp that is in transit has been difficult to define. Although

biochemical (e.g. sensitivity to protease digestion and surface biotinylation 6),

histochemical 18 and immunohistochemical 17 assays show that a portion of the Dpp is

extracellular, the results do not distinguish whether the Dpp is in extracellular space, in or on

a cytoneme, or attached and exposed at the extracellular surface of a cell. The resolution of

these methods is not sufficient to differentiate between tethered and untethered forms

because the intercellular distances are small and cytonemes appear to track along cell

surfaces.

Routes of morphogen dispersion have also been studied by comparing steady state

distributions of Hh 11 and of Dpp signaling 33 in normal and genetically altered wing discs.

However, there are many steps involved in release, movement, uptake, and response, and

because the relative rates of these processes are unknown and we do not know which are

rate-limiting, models based on steady state distributions are inconclusive.

Morphogens have been characterized in cultured cell systems to investigate their subcellular

localization and secretion. Although there are many reports of morphogen accumulation in

culture medium, the constitutive, unregulated secretion in these cell culture systems may be

attributable to the artificial conditions of ex vivo culture. Paracrine signals are inactive

unless released, and it may be that cell culture systems lack the subcellular organization and
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processes that orchestrate and control secretion. This line of reasoning suggests that the

presence of morphogen protein in culture medium should not infer in vivo behavior.

Under conditions in which cytonemes and signaling proteins were simultaneously marked

and imaged in intact organs, all signaling protein that could be detected between the cell

body of a producing cell and a receiving cell was in or on a cytoneme 87. Although marked

protein may appear to be traveling untethered through extracellular space under conditions

in which cytonemes are not marked, the results with simultaneous marking are unambiguous

and show that it is not. It is possible that the available imaging methods lack sufficient

sensitivity to detect all the forms of in transit signaling proteins, but the experiments that

have been carried out identify only cytoneme-associated protein that is in transit. The

additional finding that cytoneme-mediated movement and uptake are required for signaling

shows that if signaling proteins disperse independently of cytonemes, they do not signal 87.

Morphogens without cytonemes?

If there is strong evidence for cytoneme-mediated, direct signaling in Drosophila imaginal

discs and histoblasts, the question arises whether there is compelling evidence for

morphogen distribution by diffusion in other contexts. Many gradient systems have been

characterized for which extracellular diffusion would appear to be an obvious and simple

mechanism to disperse the relevant signaling proteins. These include Nodal and Lefty

gradients in the zebrafish embryo 31, the Hh and Dpp gradients in Drosophila that were

described above, as well as several different morphogen gradient systems in the early

Drosophila embryo. Two of the gradient systems in the Drosophila embryo will be briefly

reviewed here; the issues are relevant to the other contexts.

The physical properties of the early Drosophila embryo may allow for constrained diffusion

of morphogens (discussed in 10). Internally, the embryo is a syncytium during the period

when, for example, the Bicoid (Bcd) protein distributes in a monotonic concentration

gradient and directs rostrocaudal axial patterning. Although Bcd may be restricted to the

cytoplasm of the embryo in which it is made, its movement within this single cell may be

unrestricted because there are no cell membranes that compartmentalize the embryo. The

spatial distribution of Bcd appears to be a product of two processes: one that disperses bcd

mRNA and may use microtubule-based motors 120, and another that moves Bcd protein in

the embryo 121. It is not known whether Bcd protein movement is active or passive, but an

active process would presumably also be conducted by molecular motors. Although there is

no evidence for the route that Bcd might take, it is difficult to conceive of a role for

cytonemes.

A different gradient system that does not involve Bcd sets up the dorsoventral axis of the

early Drosophila embryo. The dorsoventral gradient is manifested in the nuclear localization

of the Dorsal (Dl) protein, which is seen to be greatest at the ventral midline and to decline

dorsally 122, 123. Nuclear localization is triggered by activation of the Toll receptor whose

ligand, Spätzle (Spz), is generated by an extracellular proteolytic cascade 124, 125. Although

neither the spatial distributions of active Spz or activated Toll have been observed directly,

the assumption that they reflect the contours of the Dorsal nuclear gradient seems
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reasonable. The key question, however, is how the distribution of active Spz is generated.

The extracellular space that surrounds the embryo is a narrow rim of fluid that is bounded on

the outside by the waxy vitelline membrane and on the inside by the plasma membrane of

the embryo. Both membranes should be impermeable to proteins and are therefore likely to

constrain protein constituents in the perivitelline fluid. The current model for the

dorsoventral gradient posits that prior to fertilization, Spz distributes uniformly in the

perivitelline fluid, and that post-fertilization, processing specifically at the ventral midline

generates active Spz that diffuses dorsally to form a spatial concentration gradient. Elegant

molecular mechanisms that may generate the sharp gradients from initially broad

distributions have been proposed 126, but all current models are based on the unproven

assumption that Spz is free to diffuse within the perivitelline fluid. Now that many signaling

systems have been shown to be contact-dependent 13, 78, 83, 87, 104, 111, 112, it is imperative to

define the state of dispersing morphogens, despite the apparent simplicity of an extracellular

diffusion mechanism.

Synaptic signaling

The attributes of cytonemes and the cellular behaviors they imply may be novel for

epithelial cells, but they are not unique - neurons also have these properties. In essence,

cytonemes are asymmetric extensions that send or receive signals, akin to axons and

dendrites, the asymmetric extensions of neurons that send or receive signals. There is

evidence for cross-talk between neurons and potential target cells during development 66,

and neuronal connectivity exhibits plasticity, both during development for the elaboration of

neuronal networks and in the course of the functional lifetime of the neuron. Many neurons

are specific for a particular neurotransmitter and neurons package neurotransmitters, both

chemical and protein, into membrane-bound vesicles, and segregate proteins to axons and

dendrites (as do polarized epithelial cells). The point is that the remarkable properties of

cytonemes have been recognized previously in neurons, so the cell biology that underlies

cytoneme function is not likely to be novel. Indeed, it seems reasonable to recast the

argument and to suggest that not only is the capacity to send and receive signals via cellular

extensions not unique to neurons, but this capacity is an attribute of many, or perhaps most

(or all) cells. Direct signaling at a distance via cellular extensions must have predated the

invention of a neuron, and the underlying cell biology must have existed prior to their

evolution. In this context, neurons can be considered to have elaborated upon pre-existing

signaling functionalities for specialized purposes.

Given the functional homologies between cytonemes and neuronal extensions, it becomes

important to know how extensively attributes are shared between these organelles. For

example, the strength and presence of neuronal connections are activity-dependent in many

contexts; if the stability of cytonemes is similarly determined by signal traffic, then similar

mechanisms may explain their capacity to respond to changes in the landscape of signaling

protein sources and perhaps to generate concentration gradients of signaling proteins. In

other words, we would like to understand the extent to which the properties of neuronal

extensions are shared with cytonemes, and whether neuronal attributes such as potentiation

and desensitization underlie the observed patterns and functions of cytonemes.
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Direct signaling is a mechanism of movement that can deliver signaling proteins over long

distance and simultaneously limit them to selected destinations. By analogy, exogenous

application of neurotransmitters can evoke physiologically relevant responses from

specimens containing neurons, but in vivo, neurotransmitters are released only in regulated

settings so that their effects are spatially limited and precisely directed. The direct model for

long distance signaling by the Hh, Dpp, EFG and FGF signaling systems provides a similar

degree of targeting specificity.

Synaptic signaling also confers exquisite quantitative control, as both neurotransmitter

release and uptake can be precisely regulated. Neurotransmitters are packaged in synaptic

vesicles, and neurotransmitter release from these quantized packets is accomplished by

controlling exocytosis and fusion of the vesicles with the presynaptic membrane. Uptake of

neurotransmitter that is released into the synaptic cleft is also regulated - by the environment

of the synaptic cleft and by receptors in the postsynaptic membrane. It is tempting to

speculate that direct delivery of the morphogen signaling proteins that control growth and

patterning may have similar features. For example, Hh and EGF are lipid-modified proteins,

and their tight association with membranes tethers them to the cells that make them until

they are released. In wing disc cells, Hh is packaged into endocytic vesicles for transport

that move along cytonemes that contact Hh-receiving cells 13, 14. It is therefore possible that

the morphogen signaling systems may have the organizational attributes for quantized

release and uptake at synaptic contacts.

Pathfinding

The mechanism by which a cytoneme finds its target is not known. Two plausible models

are homing to a target by following an attractant gradient, or random searching by rapid

extension and retraction. Observations to date do not distinguish between these alternatives,

but imaging in sea urchin 40, Drosophila 13, 47 and chick 112 systems shows that cytonemes

actively and rapidly extend and retract. Moreover, the plasticity of cytonemes in response to

changes in the landscape of signaling protein sources suggests that historical associations do

not fix either cytoneme orientation or contact. These properties are consistent with a random

search mechanism and with the possibility that cytoneme orientation may not be dependent

upon extracellular attractants. The results of the GRASP studies that identify cytoneme

synapses suggest that functional contacts may be stabilized and therefore that the apparent

biased orientations of cytonemes may reflect the steady state rather than guided or informed

directionality. If the formation of a functional synapse stabilizes both signal-receiving and

signal-delivering cytonemes, the pathfinding process may be similar for both types.

Concluding remarks

At this point we know that there are several types of cytonemes, that signaling protein

receptors are present and move along cytonemes, that cytonemes have orientations and are

at sites that correlate with signaling, that cytonemes make direct contact with their target

cells, and that cytonemes can ferry signaling proteins between cells. There is much that we

don’t know. We don’t understand how cytonemes locate the cells they contact, where or

how signaling protein taken up by a cytoneme is internalized, how concentration gradients
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are generated or where signal transduction is initiated in the receiving cell. Nevertheless, the

properties of cytonemes – their presence at sites of signaling, their plasticity, their

trafficking of signal proteins and signal protein receptors, and their specificity – have

fundamental implications for the ways cells communicate.

Diffusion as a mechanism of dispersion has been central to the concept of inducers and

morphogens and has been explored extensively since Turing first developed mathematics for

a reaction-diffusion process that could distribute them in concentration gradients. Despite

many years of experiments and theoretical treatments 30, 32, 34, there is no direct proof for

extracellular diffusion of morphogen signaling proteins. By contrast, evidence for direct

delivery has now been obtained for Wg at the neuromuscular junction 38, for Hh in synaptic

termini of photoreceptor neurons 36, wing disc cells 13, 78 and abdominal histoblasts 13, and

for Dpp in the ASP 87. Moreover, the studies of signaling in the abdominal histoblasts and

wing disc show that formation of the Hh gradient is dependent on cytoneme-mediated

transport and uptake 13, 78. And in the zebrafish, interactions between pigment cells that

generate the longitudinal stripes, though consistent with Turing’s mathematical model 127,

are in fact dependent on cellular projections and direct cell-cell contacts 111. It remains for

future work to determine if direct delivery is the sole mechanism that moves signaling

proteins between cells.
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Figure 1. Developmental induction revealed by grafting experiments in Hydra
When grafted onto the middle of the body of a healthy green hydra, transplantation of a

white tentacle with peristome tissue at its base induces the host to produce ectopic tentacles.

(adapted from 1)
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Figure 2. Embryonic induction by Drosophila bicoid mRNA
bicoid mRNA is localized to the anterior pole in normal, wildtype Drosophila embryos, but

injection of bicoid mRNA into the posterior pole induces the embryo to develop with head

and thoracic structures closest to the site of injection. (adapted from 128)
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Figure 3. Induction in the Drosophila wing imaginal disc
The normal, wildtype wing disc (left) has an organizing center that expresses Dpp (red) in

response to signaling by Hh (blue), which originates in the Posterior (P) compartment.

Levels of Dpp and Hh across the disc are depicted in the graph below. A disc (middle) with

a clone in the P compartment that is deficient for engrailed function induces an ectopic

organizing center and a duplication that includes both engrailed mutant and normal cells.

Micrograph of wing with induced duplication and induced ectopic organizing center (right).

(adapted from 7)

Kornberg Page 27

Wiley Interdiscip Rev Dev Biol. Author manuscript; available in PMC 2015 November 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 4. Homeotic transformation of the Drosophila antenna
The antenna to leg transformation in AntpR mutants is incompletely penetrant such that

individual flies have mosaics patches of transformed tissue. There is a precise

correspondence between the location of the transformed patch and the type of leg structure

in antenna-leg chimeras. (adapted from 9)
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Figure 5. A/P organizing centers of the wing disc columnar and peripodial epithelia
Frontal (top) and transverse (bottom) depictions of a wing disc and the distribution of Dpp

from the organizing centers of each layer. The disc is a flattened sac and the Dpp organizing

centers are not juxtaposed.
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Figure 6. Topography of the 3rd instar wing disc
This transverse optical section shows the highly folded topography of the wing disc that

juxtaposes cells in space that are far apart within the columnar epithelial layer 129.
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Figure 7. Hh and Dpp are transported by cytonemes in the wing disc
Depictions of transverse sections of the wing disc columnar epithelium showing that (upper

drawing) basal cytonemes move Hh (blue) from the cells that make it in the posterior

compartment to anterior compartment cells across the compartment border (dashed line) that

activate Hh signal transduction and express Dpp (red). Dpp movement from the A/P

signaling center is via apical cytonemes (lower drawing).
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