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Feedback-mediated neuronal
competition for survival cues
regulates innervation of a target

tissue
Yang Li and Marc Fivaz*

Summary

Proper wiring of the nervous system requires tight
control of the number of nerve terminals that innervate a
target tissue. Recent work by Deppmann et al.,"’ now
suggests that this is achieved by feedback-mediated
neuronal competition for target-derived survival cues.
The authors’ model is inspired by the theory for pattern
formation based on self-activation and lateral inhibition,
proposed by Meinhardt and Gierer more than 30 years
ago.?  BioEssays 30:929-933, 2008. © 2008 Wiley
Periodicals, Inc.

Feedback loops in pattern formation
Animal development involves the formation of elaborate
patterns that must be generated with exquisite precision, in a
process that is resistant to noise. The signaling network
underlying developmental patterning must therefore be
precisely controlled to avoid dangerous errors. Positive and
negative feedback loops have emerged as an important
regulatory mechanism that ensures both precision and
robustness in developmental signaling.®

Feedback in biological systems is an evolutionarily con-
served regulatory mechanism that controls the dynamic
behavior of signaling networks. By shaping the response to
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external inputs in time and space, feedback—both positive and
negative loops—can generate complex cellular and physio-
logical outcomes, such as Ca®* oscillations, circadian
rhythms,® cell polarization,®” cell fate decisions®® and
patterning.® 1 A feedback loop can be defined as the ability of
a system to adjust its output by monitoring itself. A negative
feedback loop occurs when, for example, a signal induces the
expression of its own inhibitor. Negative feedback brings a
system back to equilibrium in response to external changes
and thus generally regulates cellular homeostasis.'" In
contrast, a positive feedback loop occurs when a signal
induces more of itself and drives the system away from
equilibrium. Positive feedback amplifies the original perturba-
tion and can, under the right circumstances, convert graded
inputs into a switch-like, all-or-none response.t'"

A ubiquitous network motif in pattern formation consists of a
local positive feedback loop coupled to a long-range inhibitory
signal. Since its original theoretical description in 1972 by
Meinhardt and Gierer,® self-activation and lateral inhibition
has been proposed to underlie pattern formation in various
developmental systems, including embryo segmentation,'®
cell fate induction™® and single cell polarization.”” The
simplest molecular representation of this network consists of
a self-amplifying activator that regulates the production of its
diffusible long-range antagonist. Such a mechanism can
generate stable patterns in a field of cells, or at the single
cell level if the spread of self-amplification is spatially
restricted. This model is at first sight counterintuitive. Why
doesn’t the system inhibit itself, given that the source of
positive feedback is also the center of inhibition? The answer
to that apparent paradox came again from theoretical
modeling. The rate of production of the activator must be
non-linear or cooperative in nature in order to “out-compete”
locally the long-range inhibitory effect."? This criterion is met
if two or more elements of the positive feedback circuit need to
co-operate to fulfill their functions. (A classical example of
cooperativity in calcium signaling is the inositol 1,4,5-tris-
phosphate (IP3) receptor, which requires three molecules of
IP3 for activation.(") A central feature of this network is the
ability to create stable patterns from random fluctuations, a
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property that is thought to underlie the self-organizing proper-
ties of many cells and tissues.

Feedback-mediated neuronal competition for
survival cues

The combination of local positive feedback and lateral
inhibition has been proposed to regulate various steps in the
development of the nervous system, from the specification of
neuronal cell fates"® to synapse elimination at the neuro-
muscular junction.“5> In a recent issue of Science, Deppmann
et al.,"" now propose that a similar design underlies neuronal
competition during target field innervation. Seminal work in the
1950s revealed that the amount of neuronal innervation that a
targettissue receives depends on the amount of trophic factors
that it secretes.("® The neurotrophin factor hypothesis'”)
further stipulates that developing neurons are overproduced,
and compete for limiting quantities of target-derived survival
cues. The classical target-derived growth factor NGF (Nerve
Growth Factor) promotes survival, maturation and target
innervation of sympathetic and sensory neurons of the
peripheral nervous system (PNS).('®=2) NGF exerts its
functions by engaging its receptor tyrosine kinase TrkA on
the distal axon. The NGF—TrkA complex is endocytosed and
trafficked retrogradely from the periphery to the cell body
where it activates an NGF-dependent transcriptional program
that promotes cell survival and growth via the Ras—MAPK and
PI3K—Akt signaling pathways.®® Based on experimental and
modeling data, the authors suggest that survival of sympa-
thetic neurons is a highly competitive process, mediated by a
local (autocrine) positive feedback loop coupled to a long-
range (paracrine) apoptotic signal triggered by target-derived
NGF signaling.

The starting point of their work is a genome-wide
expression profile analysis of sympathetic neurons isolated
from newly born mice with an intact or disrupted NGF locus
(NGF"). Because NGF is indispensable for neuronal
survival, the authors used a NGF~/~ Bax ™/~ mouse line
deficient in apoptosis, a method pioneered by Snider and
colleagues to maintain neuronal survival in the absence of
NGF®® Interestingly, several pro-survival genes including
brain-derived neurotrophic factor (BDNF), TrkA and the
neurotrophin receptor p75 were downregulated in NGF~/~
Bax '~ animals. Consistent with these in vivo results, TrkA
expression levels and downstream signaling were significantly
reduced in cultured sympathetic neurons that had been
deprived of NGF for a day or two. Furthermore, the duration
of prosurvival signaling, as defined by the time after NGF
deprivation the pathway remains active, increased as a
function of NGF exposure and neuron maturity. These
observations led the authors to propose that sustained
prosurvival signaling is controlled by a positive feedback loop
whereby NGF induces the expression of its own receptor TrkA.
As their microarray analysis suggests, multiple interconnected

feedbacks loops may be involved in shaping the NGF-
dependent prosurvival response, as indicated by reduced
expression of other neurotrophins and neurotrophin receptors
(i.e. BDNF and p75) in the NGF~~ Bax~~ mouse. Further
amplification could also result from previously described
feedbacks and crosstalks in the Ras—MAPK and PI3K—-Akt
signaling modules. 2429

To test the idea that feedback regulation in NGF signaling
shapes the prosurvival response and confers competitive
advantage, Deppmann et al., turned to mathematical model-
ing. Their model is based on two differential equations
describing (1) the relative magnitude of trophic signaling
(defined as the amount of NGF-bound TrkA) sensed by a single
neuron and (2) the concentration of NGF available for each
neuron at the target (assuming that the rate of NGF production
is constant). The results of these simulations can be graphi-
cally represented as the strength of trophic signaling (i.e.
concentration of NGF-bound TrkA) per unit time for each
individual modeled neuron (Fig. 1). The authors considered
neurons dead if their trophic signaling fell under 10% of the
maximal value. To probe the role of the NGF—TrkA feedback in
neuronal competition, three different scenarios were envi-
sioned. Simulations in which both TrkA expression (i.e.
signaling strength) and signaling duration were constant and
independent of NGF (i.e. no feedback) led to no apparent
competition. All modeled neurons survived and reached the
same steady state in trophic signaling. Next, either TrkA
expression or signal duration was allowed to change in
response to NGF. Neurons reached a trophic signaling steady
state more quickly than in the absence of feedback, but
competition also failed to occur. In other words, a positive
feedback loop whereby NGF-bound TrkA stimulates produc-
tion of TrkA is not sufficient to elicit competition among
neurons. Finally, both expression levels and signaling duration
of TrkA were allowed to vary upon exposure to NGF, as the
experiments suggest (the authors modeled increased signal-
ing duration by a NGF-dependent decrease in TrkA degrada-
tion). In this paradigm, simulations led to a very interesting
outcome. Some neurons reached a high trophic state and
survived, while others died (Fig. 1, blue traces). The bimodal
nature of these simulations indicates that neurons compete for
a limiting amount of NGF One interpretation of these
simulations is that subtle neuron-to-neuron differences in the
initial strength of EGF—-TrkA signaling triggers the positive
feedback in a subset of cells that consume the available pool of
NGF by increasing both the production of TrkA (signaling
strength) and duration of signaling.

Lateral inhibition by apoptotic cues

Although neuronal competition occurs in this last simulation
scenario, it is relatively slow and is characterized by the
presence of a number of intermediate trophic states (Fig. 1,
blue traces). This prompted the authors to investigate whether
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Figure 1. Computer simulations of neuronal competition and
survival. Shown are simulation results of the trophic signaling
strength of 100 individual neurons as a function of time in the
absence (blue traces) or presence (red traces). Figure
reproduced with permission of the authors.

amechanism based on lateral inhibition would promote further
competition. Such a mechanism has been previously pro-
posed to underlie synapse elimination at the neuromuscular
junction during innervation of a muscle fiber by motor
axons."® One clue as to what this antagonistic signal may
be came from the microarray data. The neurotrophin receptor
p75 and the neurotrophin BDNF were two of the top three
genes whose expressions were downregulated in the NGF /'~

Bax '~ mouse. Interestingly, p75 is a member of the tumor

necrosis factor receptor family and can directly induce neuro-
nal cell death by apoptosis,®® which is important for the
normal development of the central and peripheral nervous
system.®"32 Fyrthermore, BDNF and NT-4, another member
of the neurotrophin family, can promote apoptosis of sym-
pathetic neurons through the receptor p75.%'%® Deppmann
et al., went on to test whether high trophic signaling promotes
apoptosis in neurons with low trophic signaling via a p75-
mediated pathway. In agreement with the Meinhardt and
Gierer postulate, the putative proapoptotic cue would have to
meet several criteria. It should (1) be produced by neurons with
strong trophic signaling and (2) kill neurons with low trophic
signaling. (3) Neurons with strong trophic signaling should be
protected from the apoptotic cue. (4) Apoptotic signaling
should be delayed with respect to the increase of TrkA
expression upon target innervation. Previous knowledge on
p75-induced apoptosis has well as an additional series of
experiments performed by the authors indicate that BDNF and
NT-4 satisfy these requirements. Perhaps the most-compel-
ling arguments are that (1) BDNF and NT-4 induce apoptosis of
sympathetic neurons in the presence of low concentrations of
NGF, but (2) strong NGF—TrkA signaling blocks p75-mediated
apoptosis of sympathetic neurons."*¥ (3) BDNF and NT-4 do
not trigger apoptosis of p75~'~ neurons and (4) BDNF and
NT-4 expression levels are controlled by NGF"

To evaluate the impact of apoptosis on neuronal competi-
tion, the authors turned again to computational modeling. They
introduced a series of terms to their original set of equations to
describe apoptotic signals (BDNF and NT-4) and their
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receptors (p75), based on the premise that the apoptotic cue
increases with exposure to NGF and has no effect on neurons
with high NGF-TrkA signaling. The resulting simulations
showed now a clear bistable behavior (Fig. 1, red traces).
Neurons that did not gain a competitive advantage died
ten times more quickly than in the absence of apoptotic cues,
while the surviving ones reached a steady state in trophic
signaling much faster. It is worth noting that the apoptotic cue
speeds up competition, but does not change the final outcome
ofthese simulations. More or less 50% of the cells end up dying
with or without paracrine apoptotic signaling (Fig. 1). Atestable
prediction of this model is that immediately following target
innervation (i.e. right after birth) the number of sympathetic
neurons in p75~'~ mice should be higher than in control
littermates whereas, in adult animals, once the competition
process has been completed, the number of neurons should
be identical. As predicted by the model, the number of
sympathetic neurons in the superior cervical ganglia tran-
siently increases after birth in the p75~' ~ mouse and is back to
normal in the adult animal.(”

Future prospects

In conclusion, the authors’ model stipulates that minute
differences in the amount of target-derived NGF signaling
sensed by individual axons (due for example to local variations
of NGF concentration or TrkA expression) are amplified
through a transcription-dependent feedback loop that pro-
vides survival advantage. Competition is further strengthened
by feedback-dependent expression of apoptotic cues which
selectively kill neighboring neurons with low NGF-TrkA
retrograde signaling (Fig. 2). This simple model allows for
tight control of the number of innervating axons that synapse
on the target tissue, even in a scenario in which all neurons
arrive simultaneously at the target and are virtually equivalent
in their initial responsiveness to NGF, assuming that there is
sufficient stochastic fluctuations NGF—TrkA signaling to quick
start the positive feedback.

Although Deppmann et al.,(") did not show direct evidence
for competitive elimination of innervating axons, their model is
in agreement with recent data indicating that developmental
axon pruning of sympathetic neurons projecting to the eye is
mediated by BDNF—p75-dependent axon degeneration.®®
Imaging of axon terminals as they reach their target will be
required in order to directly assess the contribution of the
NGF-TrkA-positive feedback loop to neuronal competition.
Selective disruption of this feedback circuit will necessitate
the identification of the signaling components that mediate
transcriptional feedback in NGF signaling. In this regard,
the transcription factor Krupple-like factor 7 (KLF 7), which
regulates expression of TrkA®® and whose expression is
controlled by NGF appears to be a promising candidate.
Another important unresolved issue concerns the mecha-
nisms by which strong NGF—TrkA signaling confers resistance

to the apoptotic cues. According to the Gierer and Meinhardt
postulate, positive feedback and cooperativity in NGF—TrkA
signaling would be sufficient to override the apoptotic signal.
Interestingly, activation of the MAPK Erk by NGF is ultra-
sensitive,®”) suggesting that non-linearity in the MAPK path-
way in addition to the NGF—TrkA feedback loop could provide
the basis for the resistance to p75-mediated cell death.

References

1. Deppmann CD, Mihalas S, Sharma N, Lonze BE, Niebur E, Ginty DD.
2008. A model for neuronal competition during development. Science
320:369-373.

2. Gierer A, Meinhardt H. 1972. A theory of biological pattern formation.
Kybernetik 12:30-39.

3. Freeman M. 2000. Feedback control of intercellular signalling in
development. Nature 408:313-319.

4. Lewis RS. 2001. Calcium signaling mechanisms in T lymphocytes. Annu
Rev Immunol 19:497-521.

5. Ueda HR, Hagiwara M, Kitano H. 2001. Robust oscillations within the
interlocked feedback model of Drosophila circadian rhythm. J Theor Biol
210:401-406.

6. Ridley AJ, Schwartz MA, Burridge K, Firtel RA, Ginsberg MH, et al. 2003.
Cell migration: integrating signals from front to back. Science 302:1704—
1709.

7. Kimmel AR, Firtel RA. 2004. Breaking symmetries: regulation of
Dictyostelium development through chemoattractant and morphogen
signal-response. Curr Opin Genet Dev 14:540-549.

8. Brandman O, Ferrell JE Jr, Li R, Meyer T. 2005. Interlinked fast and slow
positive feedback loops drive reliable cell decisions. Science 310:496—
498.

9. Xiong W, Ferrell JE Jr. 2003. A positive-feedback-based bistable
‘memory module’ that governs a cell fate decision. Nature 426:460-465.

10. Meinhardt H, Gierer A. 2000. Pattern formation by local self-activation
and lateral inhibition. Bioessays 22:753-760.

11. Ferrell JE Jr. 2002. Self-perpetuating states in signal transduction:
positive feedback, double-negative feedback and bistability. Curr Opin
Cell Biol 14:140-148.

12. Moos M Jr, Wang S, Krinks M. 1995. Anti-dorsalizing morphogenetic
protein is a novel TGF-beta homolog expressed in the Spemann
organizer. Development 121:4293-4301.

13. Pi H, Chien CT. 2007. Getting the edge: neural precursor selection. J
Biomed Sci 14:467-473.

14. Meyer T, Holowka D, Stryer L. 1988. Highly cooperative opening of
calcium channels by inositol 1,4,5-trisphosphate. Science 240:653—-656.

15. Sanes JR, Lichtman JW. 1999. Development of the vertebrate neuro-
muscular junction. Annu Rev Neurosci 22:389-442.

16. Cowan WM. 2001. Viktor Hamburger and Rita Levi-Montalcini: the path to
the discovery of nerve growth factor. Annu Rev Neurosci 24:551-600.

17. Levi-Montalcini R. 1987. The nerve growth factor 35 years later. Science
237:1154-1162.

18. Campenot RB. 1982. Development of sympathetic neurons in compart-
mentalized cultures. II. Local control of neurite survival by nerve growth
factor. Dev Biol 93:13-21.

19. Ruit KG, Osborne PA, Schmidt RE, Johnson EM Jr, Snider WD. 1990.
Nerve growth factor regulates sympathetic ganglion cell morphology and
survival in the adult mouse. J Neurosci 10:2412-2419.

20. Zhou FQ, Zhou J, Dedhar S, Wu YH, Snider WD. 2004. NGF-induced
axon growth is mediated by localized inactivation of GSK-3beta and
functions of the microtubule plus end binding protein APC. Neuron
42:897-912.

21. Wickramasinghe SR, Alvania RS, Ramanan N, Wood JN, Mandai K, Ginty
DD. 2008. Serum response factor mediates NGF-dependent target
innervation by embryonic DRG sensory neurons. Neuron 58:532-545.

22. Huang EJ, Reichardt LF. 2001. Neurotrophins: roles in neuronal
development and function. Annu Rev Neurosci 24:677-736.

932 BioEssays 30.10



What the papers say

23.

24.

25.

26.

27.

28.

29.

30.

Patel TD, Jackman A, Rice FL, Kucera J, Snider WD. 2000. Development
of sensory neurons in the absence of NGF/TrkA signaling in vivo. Neuron
25:345-357.

Reynolds AR, Tischer C, Verveer PJ, Rocks O, Bastiaens PI. 2003. EGFR
activation coupled to inhibition of tyrosine phosphatases causes lateral
signal propagation. Nat Cell Biol 5:447-453.

Margarit SM, Sondermann H, Hall BE, Nagar B, Hoelz A, et al. 2003.
Structural evidence for feedback activation by Ras.GTP of the Ras-
specific nucleotide exchange factor SOS. Cell 112:685-695.

Bhalla US, Ram PT, lyengar R. 2002. MAP kinase phosphatase as a
locus of flexibility in a mitogen-activated protein kinase signaling
network. Science 297:1018—-1023.

Weiner OD, Neilsen PO, Prestwich GD, Kirschner MW, Cantley LC,
Bourne HR. 2002. A PtdinsP(3)- and Rho GTPase-mediated positive
feedback loop regulates neutrophil polarity. Nat Cell Biol 4:509-513.
Sasaki AT, Janetopoulos C, Lee S, Charest PG, Takeda K, et al. 2007. G
protein-independent Ras/PI3K/F-actin circuit regulates basic cell motility.
J Cell Biol 178:185-191.

Fivaz M, Bandara S, Inoue T, Meyer T. 2008. Robust neuronal symmetry
breaking by Ras-triggered local positive feedback. Curr Biol 18:44-50.
Frade JM, Barde YA. 1998. Nerve growth factor: two receptors, multiple
functions. Bioessays 20:137-145.

31.

32.

33.

34.

35.

36.

37.

Bamiji SX, Majdan M, Pozniak CD, Belliveau DJ, Aloyz R, et al. 1998. The
p75 neurotrophin receptor mediates neuronal apoptosis and is essential
for naturally occurring sympathetic neuron death. J Cell Biol 140:911-923.
Casademunt E, Carter BD, Benzel |, Frade JM, Dechant G, Barde YA.
1999. The zinc finger protein NRIF interacts with the neurotrophin
receptor p75(NTR) and participates in programmed cell death. EMBO J
18:6050-6061.

Yeiser EC, Rutkoski NJ, Naito A, Inoue J, Carter BD. 2004. Neurotrophin
signaling through the p75 receptor is deficient in traf6-/- mice. J Neurosci
24:10521-10529.

Miller FD, Mathew TC, Toma JG. 1991. Regulation of nerve growth factor
receptor gene expression by nerve growth factor in the developing
peripheral nervous system. J Cell Biol 112:303-312.

Singh KK, Park KJ, Hong EJ, Kramer BM, Greenberg ME, et al. 2008.
Developmental axon pruning mediated by BDNF-p75NTR-dependent
axon degeneration. Nat Neurosci 11:649-658.

Lei L, Ma L, Nef S, Thai T, Parada LF. 2001. mKIf7, a potential
transcriptional regulator of TrkA nerve growth factor receptor expression
in sensory and sympathetic neurons. Development 128:1147-1158.
Santos SD, Verveer PJ, Bastiaens PI. 2007. Growth factor-induced MAPK
network topology shapes Erk response determining PC-12 cell fate. Nat
Cell Biol 9:324-330.

BioEssays 30.10 0933



