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Short Abstract - Temporal dynamics of morphogen-driven
signaling events are critical for proper embryonic
development.  During  development, cells translate
extracellular bone morphogenetic protein (BMP) gradients,
often subject to noise, into graded intracellular tail-
phosphorylated SMAD (TP-SMAD) levels. Using modeling
and experimental approaches, we found that BMPs induce
TP-SMAD responses in neural precursor cells (NPCs) in a
concentration-dependent manner, which are semi-adaptive
within a specific intermediate range of BMP concentration.
These semi-adaptive TP-SMAD responses involve an
intrinsically-slow deactivation of BMP receptors, which
attenuates noise by prolonging SMAD deactivation time after
BMP withdrawal, but increases response time. Interestingly,
negative feedback on BMP receptors is also required for
semi-adaptation, which benefits both noise attenuation and
response time, and therefore balances the tradeoff seen with
slow BMP receptor deactivation. These results highlight the
rich dynamics of SMAD regulation in response to graded
BMP concentration, and elucidate general design principles
for balancing noise attenuation and activation speed in
signaling systems.
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I. BACKGROUND

Bone morphogenetic proteins (BMPs) play critical roles
in embryogenesis and tissue patterning. As
morphogens, BMPs regulate patterning by forming
concentration gradients within developing tissues [1] and
specify multiple cell fates in a concentration-dependent
manner. Central to BMP-induced intracellular signaling is
phosphorylation of SMAD transcription factors [2]. Tail-
phosphorylated SMADs (TP-SMADSs) are imported into
the nucleus to regulate transcription.

In neural precursor cells (NPCs) of the developing
cerebral cortex, steady-state TP-SMAD levels form a
dorsoventral gradient in vivo [3] and approximate
extracellular BMP concentrations in vitro [4], suggesting
that TP-SMAD is a direct and proportional readout of
extracellular BMP concentration. In addition to steady-
state responses, pulse-like responses to morphogens can be
critical for tissue development [5]. While BMPs can
generate this type of response at the level of SMADL1 [6],
the temporal dynamics of SMAD1 activation to graded
BMP signals is poorly understood.
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Il. RESULTS

We combined experimental and modeling approaches to
investigate the dynamics of SMAD1 activation in NPCs
responding to graded BMP signals. We showed that an
intermediate range of BMP concentration triggers semi-
adaptive SMAD1 responses, which differ from the non-
adaptive responses stimulated by higher or lower BMP
levels and accelerate cell responses.

Using sensitivity analysis, we found that BMP receptor
deactivation rate has pronounced effect in attenuating
fluctuations of BMP signals. In particular, slow receptor
deactivation rate benefits noise attenuation, but exhibits
the tradeoff of increasing response time. Interestingly,
BMP receptor inhibition through negative feedback, which
is required for the semi-adaptation, exhibits no such
tradeoff.

I1l. CONCLUSION

Our experimental observations and computational
analysis demonstrate unique dynamic features of cellular
responses to graded BMP signals. Our findings suggest a
general cell-intrinsic control mechanism for creating fast
adaptive responses with attenuated noise within a
morphogen gradient. Combination of slow morphogen
receptor deactivation rate with negative feedback can
optimize both activation speed and noise attenuation

property.
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