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ABSTRACT OF THE DISSERTATION

Redefining the morphogen hypothesis: a study on BMP and FGF signaling in the
developing telencephalon

By Ernest Siu Yin Fung
Doctor of Philosophy in Experimental Pathology
University of California, Irvine, 2014
Professor Edwin S. Monuki, Chair

Neural development is a highly orchestrated process, patterning of naïve tissue
into highly evolved structures with multiple cell types and functions is highly
complex and not fully understood. Conventional understanding of pattern
formation assumes extrinsic morphogen concentration to be the sole determining
factor. However, this perspective has been challenged recently, raising the
possibility of additional mechanisms at play.
In this dissertation, I address the process of patterning and neurodevelopment by
first understanding the morphogens involved in patterning the developing
telencephalon and their interactions, and secondly by studying the kinetics and
signaling pathway of these morphogens and how they implicate patterning and
border formation.
My studies demonstrated that BMP and FGF signaling pathways interact in a
mutually inhibitory fashion at both the population level and single cell level. I
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determined that BMP signaling exhibited fast activation and slow deactivation
kinetics, whereas FGF signaling displayed slow acting kinetics. Based on these
findings, I determined the advantages of such network design in tissue patterning
and robust border formation. I demonstrated that patterning is a dynamic process
that occurs over time. I introduced the notion of temporal integration in patterning
the developing telencephalon, challenging the canonical morphogen theory,
which states that gene expression and cell fate decisions are based on
morphogen concentration alone. Lastly, I discovered that a slow and integrative
system is robust to perturbations, where a transient disruption of signaling leads
to developmental delay with eventual catch up recovery.
Taken together, my findings have defined the interaction between BMPs and
FGFs in the developing telencephalon, demonstrated the advantages of different
signaling kinetics, and presented a novel mode of interaction between
morphogens that is likely to be a general phenomenon. I have demonstrated the
importance of studying patterning as a dynamic process, demonstrating the
importance of temporal integration, thereby redefining the current understanding
of patterning of naïve tissues by morphogens.
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CHAPTER 1: Introduction

The telencephalon is a transient embryonic structure that gives rise to key
mature brain structures including the cerebral cortex, hippocampus and basal
ganglia, responsible for higher cognitive functions such as learning, emotion,
cognition, and memory. The intricate processes that must occur to pattern and
differentiate a naïve tissue into such complex structures is not yet fully
understood.
The current understanding is that precise signals must converge at the right
amounts and times to ensure proper patterning of the central nervous system
(CNS). These signals in the form of morphogens originate from various signaling
centers established during development. Several morphogens and their signaling
centers have been identified in the developing telencephalon including: The roof
plate (Cheng et al., 2006; Monuki et al., 2001), which develops into the cortical
hem, a BMP and Wnt source (Grove and Fukuchi-Shimogori, 2003), the anterior
neural ridge (ANR), a rich FGF8 source (Shimogori et al., 2004), the ventral
midline, a Shh source (Rubenstein and Beachy, 1998), and FGF2, which is
expressed throughout the surrounding cortical areas. Morphogens secreted from
the signaling centers form a concentration gradient in surrounding tissue thereby
patterning the naïve tissue.
As morphogens are key to proper patterning, disruption or removal of morphogen
signaling has serious consequences. Studies reducing endogenous FGF8
reported cells adopting a more posterior identity (Toyoda et al., 2010). Roof plate
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ablation experiments resulted in the loss of midline structure choroid plexus and
holoproencephaly phenotypes (Cheng et al., 2006).
Though morphogen concentration plays a pivotal role in patterning and
specifying the differentiation of different cell types, the temporal aspect cannot be
neglected. Development is a dynamic process, therefore, cell fate and patterning
is not only concentration, but also time dependent. Recent studies in the neural
tube (Tozer et al., 2013) and stem cell differentiation (Dessaud et al., 2010; Liu et
al., 2013; Ribeiro et al., 2012) point to the phenomenon known as temporal
integration. Temporal integration is described as the integration of multiple
signals over time, resulting in a cellular response based on morphogen
concentration and time of exposure. These findings highlight both the
significance of time and the lack of understanding of the temporal dynamics
involved in tissue patterning.
These recent developments in our understanding of morphogen signaling prompt
us to address the following questions:

How do BMPs and FGFs interact to

pattern the telencephalon? What role does time and signaling kinetics play in this
interaction? What properties of this system allows for proper robust patterning?
Can these findings be applied to other biological systems? In this thesis, I hope
to add new insight to our current understanding of morphogen signaling by
studying the interactions between BMPs and FGFs in the developing
telencephalon.

2"

The developing telencephalon
The telencephalon is a key embryonic structure that gives rise to the cerebral
cortex, known for its complexity and responsible for higher cognitive functions
such as language, learning, memory, perception and consciousness. The entire
central nervous system (CNS), including the telencephalon, is derived from the
dorsomedial ectoderm. During neurulation, or the formation of the neural tube,
the ectoderm folds in on itself, forming the dorsal telencephalon (Monuki, 2007).
The neural tube closes at approximately e9.0. The dorsal midline forms upon
neural tube closure (Furuta et al., 1997). During development, the dorsal midline
region of the telencephalon invaginates to give rise to paired telencephalic
vesicles. These paired vesicles further develop into the neocortex. The medial
tissue becomes reorganized into three structures, the cortical hem, choroid
plaque and the choroid plexus epithelium (Cpe).

The neocortex
The neocortex is responsible for higher processes such as sensory perception,
language, spatial recognition, learning, motor commands and consciousness.
Given the sheer number of processes it is responsible for, it is no surprise that it
is comprised of 25% of the total number of neurons in the CNS. The neocortex
divided into four lobes (frontal, parietal, occipital and temporal), each with its
distinct function and six layers. The development of the neocortex is described to
occur in an inside-out manner. Progenitor cells line the ventricular surface, newly
differentiated neurons will migrate past established layers and form new layers of
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the developing cortex (Calegari et al., 2005). During development, transient
zones arise as the structure of the cortex forms. At e10.5, neural stem cells in the
ventricular zone (VZ) makeup the majority of the cortical anlage. At e11.5, CajalRetzius neurons, responsible for guiding cortical development generates a
preplate (PP) layer. At e12.5, intermediate progenitors differentiated from radial
glial cells in the VZ populate and form the sub-ventricular zone (SVZ). Post
mitotic neurons migrate into the middle of the PP forming a cortical plate (CP).
The CP divides the PP into a marginal zone (MZ) and a subplate (SP). The
intermediate zone (IZ) is defined as a neuronal migratory area.

Dorsal Midline
After the invagination of the dorsal midline during early telencephalon
differentiation, the medial tissues reorganize into three structures adjacent to the
cortex. The cortical hem, the most lateral structure immediately adjacent to the
cortex, is a highly restricted source of bone morphogenetic proteins, BMPs, and
Winglessint (Wnts) (Calegari et al., 2005). The Cpe, located between the cortical
hem and choroid plaque, develops into a secretary vasculature structure that
produces cerebrospinal fluid (Subramanian and Tole, 2009). The choroid plaque,
located in the most medial part of the dorsal midline, though it’s function is
unknown, can be distinguished as a thin neuroepithelium (Currle et al., 2005).
Together, these structures compose a functionally diverse and crucial part of the
developing telencephalon.
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Morphogen theory and patterning
Morphogens are described as molecules that govern the patterning of naïve
tissues into specified cell types within fully developed tissue. Morphogens are
produced from a defined localized source and forms a concentration gradient as
it spreads through surrounding tissue. Most morphogens are protein ligands that
bind to transmembrane receptors and initiate intracellular signal transduction
cascades to regulate the transcription of specific target genes. The graded
signals then act directly on cells in a concentration-dependent manner to specify
gene expression changes and cell fate selection. The concentration provides
cells with a position relative to the source (Ashe and Briscoe, 2006). Morphogen
information’s conversion into sharp borders was first described in 1969 using the
French Flag model (Wolpert, 1969). The model states that patterning of the naïve
tissue is based on threshold morphogen concentrations where different cell fates
are specified over a very small change in morphogen concentration.

Ultrasensitivity and sharp borders
As stated in the morphogen hypothesis, different cell fates are specified across a
very small change in morphogen concentration with sharp borders between.
Sharp borders between different cell fates are achieved largely due to the
phenomenon known as ultrasensitivity. Ultrasensitivity describes a “switch-like”,
all-or-none response that reaches maximal levels over a small increase of
stimulus, resulting in sigmoidal dose-response curves rather than hyperbolic
ones typical to Michaelis-Menton reactions (Lai et al., 2004; Melen et al., 2005;
Umulis et al., 2006). The degree of ultrasensitivity can be measured numerically
5"

by the Hill coefficient (nH). An nH>1 signifies an ultrasensitive response, and a
benchmark often used is the cooperative binding of oxygen to hemoglobin that
has a nH of ~3. Ultrasensitivity is often coupled with bistability (aka hysteresis) or
irreversibility, which maintain on-states after stimulus reduction or removal
(Angeli et al., 2004; Ferrell, 1999).

Cell intrinsic ultrasensitivity
Thus far, ultrasensitivity has been observed in vivo and recapitulated in silico, but
little is known at the dissociated cell level. Population level studies conducted on
dissociated cortical neural precursor cells (NPCs) by quantitative real-time PCR
(qRT-PCR) of BMP target gene Msh homeobox 1 (Msx1) revealed an
ultrasensitive response (nH = 2.4-3.8) to BMP4. This response was specific to a
subset of BMP target genes such as Msx1 and Msx2 but was not observed with
other DM genes such as TGFB Induced factor (TGIF). Further study revealed a
similar ultrasensitive response at the single cell level. Cortical NPCs studied
using immunocytochemistry (ICC) displayed signature all-or-none ultrasensitive
Msx1 expression patterns in response to increasing BMP4 doses.

More

importantly, the cell intrinsic ultrasensitivity observed was slow and required time
(days) to reach maximal levels (Hu et al., 2008).

Morphogens and signaling centers in telencephalon
The localized source of morphogen secretion is often described as a signaling
center. These signaling centers govern the patterning of developing tissues.
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Several morphogens and their signaling centers have been identified in the
developing telencephalon: The roof plate in early development is a critical source
of BMP signals (Cheng et al., 2006; Monuki et al., 2001). The cortical hem
formed from the roof plate has been identified as a BMP and Wnt source (Grove
and Fukuchi-Shimogori, 2003). BMP 2, 4, 5, 6, and 7 start to become expressed
after closure of the neural tube and are all expressed in the dorsal midline
thereafter with varying intensities (Hébert et al., 2002). The anterior neural ridge
(ANR) that appears before the closure of the neural tube is a rich Fibroblast
growth factor (FGF) 8 source (Shimogori et al., 2004). FGF2 is expressed
throughout the surrounding cortical areas. Sonic hedgehog (Shh), is expressed in
the ventral midline (Rubenstein and Beachy, 1998). The anti-hem, located at the
pallial-subpallial boundary expresses FGF7 and members of the EGF family:
TGF-alpha, Neuregulin 1, 3 (Takahashi and Liu, 2006).

Morphogen gradient and interaction
Successful

anterior-posterior,

dorsal-ventral

and

lateral-medial

patterning

depends on local concentration gradient of morphogens. Decapentaplegic (Dpp),
the first morphogen discovered, patterned the drosophila imaginal discs via a
concentration gradient (Ferguson and Anderson, 1992). The concentration of
BMPs expressed in the roof plate, and Shh expressed in the floor plate and
notochord of the spinal cord pattern the D-V axis of the spinal cord (Jessell,
2000). Fgf8 diffuses through the neocortical primordium from the ANR, forming a
concentration gradient, and regulates anterior to posterior patterning in the
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neocortex. Reducing endogenous Fgf8 resulted in cells adopting a more
posterior identity (Toyoda et al., 2010).
In the developing telencephalon, phospho-smad levels reflecting BMP activity
establishes a concentration gradient from the dorsal midline diffusing throughout
the surrounding cortex (Hu et al., 2008). Though indispensable, morphogen
concentration alone is not sufficient to pattern tissue leading to sharp borders.
Morphogens often interact with each other to achieve proper patterning. In the
developing telencephalon, FGF8 suppresses WNT expression in the cortical
hem, defining the anterior boundary of the WNT-rich hem. Fgf8 expression is in
turn suppressed by BMP signaling, which constrains the boundaries of the
anterior telecephalic FGF8 source (Shimogori et al., 2004). BMPs and FGFs
interact in a mutually inhibitory manner to pattern the cortex-dorsal midline border
(Srinivasan et al., 2014).

Noise in patterning and noise attenuation
Noise, described as internal or external fluctuations of input signal, has an
indispensable role in key cellular activities. It is present at all levels and
components, enabling the coordination of a large set of genes. On a population
level, noise permits a wide range of differentiation strategies from microbial to
multicellular organisms (Eldar and Elowitz, 2010). For example, genetic noise,
characterized by the distribution of protein levels in cells, timescale fluctuations.
Proteins are produced in bursts; their mean level expression is determined by
promoter activity and transcription, reflecting noise in the system.
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To maintain correct signal readout, signaling systems devise mechanisms to
attenuate noise. Averaging over space and time is an example of such
mechanisms. They prove to be a useful strategies in many systems, allowing
cells to interpret signals with better accuracy (Erdmann et al., 2009; He et al.,
2010). For example, spatial averaging is essential for cells to interpret the Bicoid
(Bcd) gradient; temporal averaging of Bcd levels improves spatial precision of
Hunchback boundary formation. “Signed activation time” (SAT) is a measure of
the system’s ability to attenuate noise. SAT combines the speed of deactivation
and activation in signal responses relative to the input. SAT has an inverse
relationship with the noise amplification rate; the larger the SAT the better the
system’s noise attenuation is (Wang et al., 2010). BMP signaling in the
developing telencephalon has a high SAT with fast activation and slow
deactivation. These properties favor the “on state” of the system and prove to be
a good buffer for input noise.
While noise is typically thought to strain signaling accuracy, several studies
demonstrate that noise improves signaling accuracy (Maamar et al., 2007;
Paulsson and Ehrenberg, 2000; To and Maheshri, 2010). Recent work on retinoic
acid (RA) signaling in the zebrafish hindbrain suggest that noise facilitates
sharpening of borders of gene expression in response to a single morphogen
(Zhang et al., 2012).

Two-morphogen signaling system
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Many studies on morphogen robustness have focused on single perturbations
(Lander et al., 2011), leading to spatial shifts of the smooth morphogen gradient
and

consequently

shifting

boundaries

of

gene

expression.

However,

development often encompasses multiple stochastic sources, resulting in a nonsmooth “salt-and-pepper” transition region of gene expression. Thus far, there
are no studies on how two-morphogen patterning systems deal with various
noise

(stochastic)

fluctuations

(eg.

spatial,

temporal,

extracellular

and

intracellular) simultaneously to refine the boundaries during development.
An advantage of a two-morphogen system is its ability to achieve two-way gene
switching. Two-way gene switching is the process by which the stronger of the
two signals turns the weaker off, ultimately leading to the formation of a sharp
and robust boundary. This overcomes the limitations of a one-morphogen system
that can only cause one-way gene switching in high morphogen concentration,
rendering it ineffective in low morphogen concentration. This effective noise
attenuation mechanism is likely to be in part responsible for sharp boundaries
formed from interactions of two morphogens in other developmental systems.
The efficiency of a two-morphogen system allows the organism to more
effectively buffer noise and fluctuations in extrinsic signals ensuring accurate
scaling. In summary, our two-morphogen system can serve as a model for other
systems to study noise attenuation and development.
BMPs and FGFs in the developing telencephalon interact in this mutually
inhibitory manner, where the naïve tissue compares BMP and FGF input signals
and toggles between two mutually exclusive sets of target genes (Srinivasan et
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al., 2014). More specifically, at low BMP concentrations, FGF decreased BMP
target gene expression. However, at high BMP concentrations, FGF had
negligible effects. This selective suppression of BMP targets at low BMP
concentrations increases the steepness of the sigmoidal dose-response curve
thereby increasing the degree of ultrasensitivity (Srinivasan et al., 2014).
Another interesting feature of this two-morphogen system is that multiple EC50
values can be generated for different target genes. For example, Msx2 EC50 (22
ng/ml BMP4) was significantly lower than that of Msx1 (32 ng/ml BMP4) in
dNPCs. EC50 values and border positions are generally inversely related, a lower
EC50 translates into a border further away from a morphogen source, leading to a
larger expression domain. This was the case in the developing telencephalon,
where the Msx2 expression domain at E10.5 extends ~100 µm farther than that
of Msx1 (Srinivasan et al., 2014). In confirmation, published images of the dorsal
telencephalon suggest that the Msx2 domain is indeed larger than the Msx1
domain (Grove et al., 1998)

Bone morphogenetic proteins
BMPs are part of the TGF-Beta transforming growth factor superfamily consisting
of nearly 30 growth and differentiation factors including but not limited to: TGFBetas, activins, inhibins, and BMPs. TGF-Beta signals are conveyed through
type I and type II receptor heterodimers, both with transmembrane serine-
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threonine kinase domains. Type I receptor family has 7 members, including
Activin-like kinases (ALKs) 1-7. Type II receptors include BMPRII, ActRIIA,
ActRIIB, and T-betaR II. TGF-Beta ligands bind to the extracellular domain of
type II receptors inducing a conformational change, resulting in phosphorylation
and activation of type I receptors. Activated type I receptors then phosphorylate
the appropriate smad" at the C-terminal SSXS domain and initiates intracellular
signaling cascade (Derynck and Zhang, 2003). BMP ligands have low affinity for
either receptor type alone, but bind with higher affinity when receptors are coexpressed (Liu et al., 1995). TGF-beta superfamily receptors are internalized
after ligand binding, and can be recycled to the plasma membrane or they can be
downregulated through endocytosis (Mellman, 1996).
Two type I BMP receptors are expressed in the telecephalon, BMPR1A and 1B.
BMPR1A activation can re-specify lateral cells to adopt medial fates, promoting
proliferation of neural progenitor cells, whereas BMPR1B inhibits progenitor cell
proliferation. BMPR1A is expressed uniformly throughout the telencephalon and
at a higher level than BMPR1B (Panchision et al., 2001). BMPR1B is not
expressed in the dorsal midline, so in the BMPR1A deficient (mutant) mice, all
BMP signaling is lost in the DM. BMPR1A deficient (mutants) still show target
gene induction in response to Bmp4, but levels are significantly reduced
compared with controls. This shows that BMPR1B can partially compensate for
loss of BMPR1A in the lateral telencephalon, but the response is markedly
dampened. Similarly, reduced BMP signaling leads to loss of the choroid plexus,
the most dorsal derivative of the developing telencephalon, without affecting the
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fates of more lateral cell types or the expression boundaries of more laterally
localized gene products (Hébert et al., 2002). Mice with BMPR1A knock out and
die at gastrulation (Mishina et al., 1995).
There are three types of smads: receptor activated smads (r-smads including
smad 1,2,3,5,8), co-mediator smad (smad4) and inhibitory smads (smad 6 and
7). A smad protein is generally comprised of a linker domain connecting the MH1
and MH2 domains followed by a SSXS c-terminal tail (Massagué, 2000). Cosmad 4 stabilizes interaction of r-smads with DNA, enhancing ligand-induced
transcription, but does not contain c-terminal SSXS domain. TGF-Beta and
activin predominantly activate r-smads 2 and 3 while BMPs activate r-smads 1,5
and 8. Once activated, r-smads associate with smad4. This complex system
undergoes nuclear translocation, binding to GC rich DNA sequences to specify
gene expression (Shi et al., 1998). Without ligand stimulation, r-smads localize in
the cytoplasm whereas smad4 is distributed throughout the nucleus and
cytoplasm. Inhibitory smads 6 and 7 regulate TGF-Beta signaling by providing
negative feedback. Smad6 binds smad4 (co-smad), therefore preventing smad4
from forming a complex with activated r-smads. Smad7 competes with other rsmads to bind to type I receptors, preventing their phosphorylation and
activation. Of the BMP activated r-smads, smad 1 and 5 are expressed in the
developing telencephalon and will be the focus of our studies (Lopez-Coviella et
al., 2006).
BMPs induce a wide array of genes in the developing dorsal telencephalon
including Transthyretin (Ttr), Inhibitor of DNA binding family (Id1 and 3), Msh
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homeobox family (Msx1, 2 and 3), TGFB-induced factor homeobox (TGIF) and
many others. The Msx gene family are immediate effectors of BMP signaling
(Suzuki et al., 1997) and play key roles in neural development. The Msx family
consists of three members (Msx1, 2 and 3), all of which are expressed in the
dorsal aspect of the neural tube from early stages of neurogenesis (Bach et al.,
2003)."Msx1 and 2 are expressed during embryogenesis in overlapping patterns
at many sites of epithelial-mesenchymal inductive interactions such as limb, tooth
buds, but also in roof plate and adjacent cells in dorsal neural tube and neural
crests (Davidson, 1995).
Msx1 is not yet expressed at e8.5 in the neuroectoderm of the prospective
telencephalic region, although the gene is expressed in the dorsal aspect of the
spinal cord. At e9.5, Msx1 expression is apparent in the dorsal midline, but the
transcript level is low. By contrast, high levels of Msx1 expression are present in
the surface ectoderm and underlying mesenchyme. At e10.5, localization of
Msx1 is observed in the dorsomedial telecephalon in a domain. Msx1 expression
extends to the anterior most dorsal roof of the telencephalon and throughout the
dorsal midline (Furuta et al., 1997). The Msx gene family encode homeodomain
transcription factors characterized as transcriptional repressors (Bendall and
Abate-Shen, 2000).
Msx1 expression does not follow BMP activity gradient in a linear fashion. Its
expression is confined to the midline at e10.5. Msx1 induction is well modeled as
a BMP gradient-to-threshold conversion in vivo (Houzelstein et al., 1997; Hu et
al., 2008). In NPCs, Msx1 is induced in an ultrasensitive manner with increasing
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Bmp4 concentration. This occurs in the context of Bmp4 driven gene expression,
consistent with a morphogen response. This is evidence for cell-intrinsic
properties that can contribute to border formation without requiring tissue-level
interactions. Msx1 induction by Bmp is rapid (15mins), reaching significant levels
in 2hrs and was stable for 5 days in the presence of Bmp4. This activation
seemed to be irreversible (Hu et al., 2008). Psmad increases were graded and
relatively homogeneous, whereas Msx1/2, were all-or-none. Results for isolated
and contact cells yielded similar curves, suggesting that this is indeed a cellintrinsic response." Although Msx1 is normally restricted to the DM, BMP4 can
induce Msx1 expression in dNPCs in an ultrasensitive fashion, implying that
Msx1 ultrasensitivity occurs downstream of psmad activation.
The functional redundancies of Msx1 and 2 further emphasize their importance.
Both Msx1 and 2 are expressed in the DM and play a role in cell death and
proliferation. Msx1 mutant mice result in hypoplastic brains, reduced forebrain
size,

underdeveloped

midline

structures,

hydrocephalus

and

other

neurodevelopmental defects. Msx2 mutants exhibited similar phenotypes with
smaller hypoplastic forebrains but do not share other Msx1 mutant defects
(Ramos and Robert, 2005).

Regulation of BMP signaling
Given the precision and importance of BMP signaling, it is no surprise that it is
regulated on multiple levels by a number of different mechanisms. As mentioned
above, activated BMPR is internalized over time and either recycled to the
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plasma membrane or downregulated through endocytosis. In response to BMP
activation, BMP target gene products can attenuate BMP signals by neutralizing
BMP or blocking its interaction with its receptor, forming a negative feedback
loop (Sun et al., 2013). Activated Smad1 can be phosphorylated at the linker
region connecting its two globular domains, forming double-phosphorylated
SMAD1 in the nucleus. Interestingly, linker phosphorylation in the nucleus has
two opposing effects: it promotes the transcriptional activity of SMAD1 and labels
the protein for degradation (Alarcón et al., 2009). BMP antagonists, peptides with
cystein-knot motifs, are expressed in various systems and act to antagonize and
modulate BMP signals during both mbryonic and postnatal development. They
are divided into three subfamilies based on size: the DAN family (eightmembered ring), twisted gastrulation (nine-membered ring) and chordin/noggin
(ten-membered ring) (Yanagita, 2005).
In addition to self-regulation, the BMP signaling pathway is mediated by other
morphogen signals such as FGF signals in the developing telencephalon.
Activation of receptor tyr kinases that signal through MAPK (FGF) leads to the
phosphorylation of linker region of smad1, inhibiting smad1 transcriptional
activity, thereby reducing BMP signaling leading to neural induction (Pera et al.,
2003). FGFs decreased BMP target gene levels at low BMP concentrations in
our studies, leading to enhanced ultrasensitivity (Srinivasan et al., 2014).

Fibroblast growth factor signaling
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The FGF family of signaling molecules plays a central role in embryogenesis in
vertebrates. There are 23 genes currently classified as part of the family. They
share a conserved core sequence including FGF receptor (FGFR) and heparin
binding domains (Ornitz and Itoh, 2001). FGFs are functionally diverse,
modulating cell proliferation, migration, differentiation and more. The importance
of FGFs in forebrain development is illustrated when FGF signaling is dampened
or blocked by inhibitors, a loss of telencephalon molecular marker expression
results (Shimamura and Rubenstein, 1997). Most FGFs are secreted proteins
that

bind

to

high-affinity

receptor

tyrosine

kinases.

Heparan

sulphate

proteoglycans are obligate co-factors in the activation of FGFRs. Activation of
FGFRs lead to activation of multiple signal transduction pathways including
RAS/MAPK, PLC-gamma, PI-3 kinase. Activation of Erk1/2 MAP kinases is
common to all FGFRs.
Of the 23 FGF family members, 10 are expressed in the developing CNS along
with FGF receptor 1-4 and their different splice variants. FGF2 and FGF15 are
expressed throughout the developing CNS, while FGF8 and FGF17 are highly
localized at the anterior neural ridge (ANR) and midline of the developing
telencephalon (Ford-Perriss et al., 2001). FGFR1 and 2 are both expressed
throughout the developing embryo whereas FGFR3 is largely confined to the
CNS and bone. Less is known about FGFR4; current studies indicate that it may
have low initial expression in the CNS and increases later in development. The
majority of FGFs will bind to all FGFR subtypes and splice variants with varying
efficiencies. Specific FGF-FGFR combinations show much higher activity. In the
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developing telencephalon, FGF2 is most active when paired with FGFR1b, 2c
and 3c; FGF8 is most compatible with FGFR3c.
Proper expression of FGFs at their appropriate levels is crucial to proper neural
development. FGF2 is expressed throughout the developing CNS, it is
associated with proliferation and required for differentiation. FGF8 from the ANR
patterns the brain both rostrally and caudally by providing key positional
information (Ford-Perriss et al., 2001). Additionally, FGF8 is required for cell
survival in the telencephalon (Storm et al., 2003). FGF KO mice are viable but
display serious defects in cerebral cortex. FGF8 null mice are embryonic lethal,
and FGF8 hypomorphs survive with severe telencephalic defects (Storm et al.,
2006).
FGF signaling activates a wide array of gene families; the Sprouty homolog
(SPRY) family is one such family, often used as readout of FGF signaling activity.
FGF8 and FGF2 both positively upregulate SPRY1 in dissociated midline and
cortical cells (Fukuchi-Shimogori and Grove, 2001; Storm et al., 2003).
Additionally, FGF8 has been shown to activate SPRY4. Inhibiting FGF signaling
leads to decreased SPRY1 expression in dissociated midline cells (Srinivasan et
al., 2014).

Signaling kinetics
The signaling kinetics of a system often provides a great deal of information on
the developmental timing, architecture and advantages of the system. In the
context of the developing telencephalon where BMPs and FGFs interact for
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proper patterning, BMP-mediated activation is rapid (minutes) (Hu et al., 2008),
while the hysteresis experiments using a BMPR inhibitor indicated that BMP
signaling deactivation is quite slow (hours). Interestingly, this seems to be a
general feature of TGF-beta signaling. Studies on activin also reveal rapid
activation and slow deactivation kinetics similar to that observed in BMP
signaling (Bourillot et al., 2002; Jullien and Gurdon, 2005). FGF signaling,
however, is significantly slower in the time scale of hours to days in the
developing telencephalon and many other systems (Choi et al., 2008).
The fast activation and slow deactivation of BMP signaling proves to be an
efficient noise attenuation mechanism, buffering fluctuations in the input signal
while efficiently maintaining the “on state”. Slow acting FGF serves as an
important mechanism to attenuate noise during border formation. Slow FGF will
lead to slow boundary refinement, but the boundary formed will have low levels
of noise and will be sharp and robust to temporal fluctuations.

Temporal Integration
Classical morphogen theory states that the specification of cell fate is based
solely on morphogen concentration (Meinhardt, 1978; Wolpert, 1969). Albeit, this
has facilitated the understanding of morphogen-mediated tissue patterning, it is
only applicable at steady state. Patterning by morphogen gradients during
development is a dynamic process (Kutejova et al., 2009); comprehending its
temporal dynamics is critical to understanding development in a spatiotemporal
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manner. Temporal integration is the integration of multiple signals over time
resulting in a cellular response based on morphogen concentration and time of
exposure. Little is known about temporal integration in CNS development. A
recent study in the dorsal neural tube discovered that an endogenous gradient of
BMP signaling specifies different neuron subtypes over time (Tozer et al., 2013).
Evidence from sonic hedgehog (shh) studies in the ventral neural tube suggests
that distinct neuronal subtype fates are specified by both shh concentration and
duration of signaling (Dessaud et al., 2010). However, stem cell studies such as
the differentiation of dopaminergic neurons with Wnt5b (Ribeiro et al., 2012) and
insulin-producing cells with insulin (Liu et al., 2013) describe shortened
differentiation

time

with

increased

morphogen,

activator

or

inhibitor

concentration.
The temporal integration in the telencephalon shares many similarities with the
Shh system, where morphogen concentration is not the sole determinant of cell
fate but duration of exposure is a contributing factor. This confirms that tissue
patterning is a dynamic process and must be studied as a function of time and
not at steady state. As time is an important component, the kinetics of each
morphogen involved will provide valuable information. Therefore, it is likely that
temporal integration is a general phenomenon that may be applicable to other
systems in tissue patterning and development. Taken together, these studies
suggest that the classical morphogen theory alone is not enough to account for
the patterning involved during development.
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Developmental delay and catch up
Developmental delay is a complex phenomenon that has proved to be difficult to
study, thus little is known about the subject. Studies that address this topic are
largely based on clinical work such as growth plate senescence (Lui et al., 2011),
deletion 9p syndrome (Sirisena et al., 2013), q27-q28.1 microdeletion and smithlemli-opitz syndrome (Lee et al., 2013). Non-clinical examples of developmental
delay with eventual recovery include the disruption of BMP signaling in the cleft
palate (Li et al., 2013) and the disruption of Lmx1a signaling in the cortical hem
(Chizhikov et al., 2010). These studies give limited insight on the subject, but are
not able to fully address this complex phenomenon.
Disruption of FGF signals resulting in delayed development, delayed boundary
refinement and expansion of gene expression reflects a system’s requirement for
the delicate balance of input signals. Interestingly, the developmental delay and
catch-up observed supports the notion of temporal integration. A disruption of
signaling is analogous to the introduction of stochastic noise resulting in delayed
boundary refinement. This marked delay is consistent with the temporal
integration model, where more time is required to reach a similar steady state
when the input signal is reduced.
The robustness of the two-morphogen system is reflected in the system’s ability
to catch-up from the developmental delay. The system’s ability to show initial
signs of catch-up with full recovery after disruption suggests that this system is
highly robust and is able to buffer the stochastic noise introduced. The
robustness of this system is likely due to it being a two-morphogen system with
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multiple genetic redundancies. The two-morphogen system provides efficient
noise attenuation by minimizing noise fluctuations from each individual system.
The slow FGF signals are advantageous because rather than competing with fast
BMP signals, it orchestrates and refines BMP signals over time. The genetic
redundancy is largely within the FGF system. Fgf8 and Fgf2 are both expressed
in the developing telencephalon (Cobos et al., 2001; Ford-Perriss et al., 2001)
and bind FGFR1c, 3c and 4 with different preferences. It is likely that these
genetic redundancies act as fail safes to minimize the impact of any loss of
signaling in the system. The mechanisms in place to ensure proper signaling
suggest that this two-morphogen signaling pathway is critical for normal
development.
The

importance

of

the

temporal

integration

is

demonstrated

by

the

developmental delay and catch-up caused by a transient disruption in one of two
morphogen signals. This reflects the robustness of the system in how it responds
to an external perturbation. This study has demonstrated that these findings are
not unique to the developing telencephalon, but is likely a general phenomenon
that is applicable to other morphogen patterning and development systems.
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CHAPTER 2: A BMP-FGF morphogen toggle switch drives the ultrasensitive
expression of multiple genes in the developing forebrain

From Srinivasan et al. (Febuary 13, 2014) PLoS Comput Biol 10(2).

Statement of contribution
In this study, I conceived experiments, designed experiments and performed
experiments related to FGF-mediated inhibition of BMP targets at single cell level. My
data contributes to Figures 2 and S7.
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ABSTRACT
Borders are important as they demarcate developing tissue into distinct functional
units. A key challenge is the discovery of mechanisms that can convert morphogen
gradients into tissue borders. While mechanisms that produce ultrasensitive cellular
responses provide a solution, how extracellular morphogens drive such mechanisms
remains poorly understood. Here we show how Bone Morphogenetic Protein (BMP)
and Fibroblast Growth Factor (FGF) pathways interact to generate ultrasensitivity and
borders in the dorsal telencephalon. BMP and FGF signaling manipulations in
explants produced border defects suggestive of cross inhibition within single cells,
which was confirmed in dissociated cultures. Using mathematical modeling, we
designed experiments that ruled out alternative cross inhibition mechanisms and
identified a cross-inhibitory positive feedback (CIPF) mechanism, or "toggle switch",
which acts upstream of transcriptional targets in dorsal telencephalic cells. CIPF
explained several cellular phenomena important for border formation such as
threshold tuning, ultrasensitivity, and hysteresis. CIPF explicitly links graded
morphogen signaling in the telencephalon to switch-like cellular responses and has
the ability to form multiple borders and scale pattern to size. These benefits may apply
to other developmental systems.
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AUTHOR SUMMARY
During development, morphogen gradients play a crucial role in transforming a uniform
field of cells into regions with distinct cell identities (marked by the expression of specific
genes). Finding mechanisms that convert morphogen gradients into sharp borders of
gene expression, however, remains a challenge. Cellular ultrasensitivity mechanisms
that convert a linear stimulus into an on-off target response offer a good solution for
making such borders. In this paper, we show how a cross-inhibitory positive feedback or
toggle switch mechanism driven by two extracellular morphogens – BMP and FGF produces ultrasensitivity in forebrain cells. Experiments with cells and explanted brain
tissue reveal that BMPs and FGFs cross inhibit each other's signaling pathway. Such
cross inhibition could occur through four possible mechanisms. By an iterative
combination of modeling and experiment, we show the toggle switch to be the
mechanism underlying cross inhibition, the ultrasensitive expression of multiple genes,
and hysteresis in forebrain cells. As the toggle switch explicitly links extracellular
morphogens to cellular ultrasensitivity, it provides a mechanism for making multiple
sharp borders that can also scale with tissue size – an important issue in pattern
formation. This might explain the abundance of BMP-FGF cross inhibition during
development.
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INTRODUCTION
The formation of borders between compartments and body parts is crucial for
embryonic development [1,2,3,4,5]. A challenge in understanding border
formation is the elucidation of mechanisms that convert shallow morphogen
gradients into sharp expression domains [3,6]. Such mechanisms fall into two
categories: those that involve cell-cell cooperation, such as cell sorting [2,5], and
those that do not and are therefore cell-intrinsic. Cell-intrinsic border-forming
mechanisms

amplify

small

fold-changes

in

extracellular

morphogen

concentration into large fold-changes in target gene expression [7]. Such ‘switchlike’ behavior, also known as ultrasensitivity, enables cells embedded in a
morphogen gradient to convert slight differences in morphogen concentration into
sharp gene expression domains.

Extensive studies in many systems [6], including the mammalian spinal cord [8]
and syncytial fly blastoderm [6,9], show that ultrasensitivity and border formation
can result from complex interactions between a morphogen and its downstream
transcription factor network, or within a transcriptional network alone. While such
morphogen-transcription networks have been explored, the interactions between
extracellular morphogens as a basis for ultrasensitivity has not been described,
even though such interactions are common in development [10].

One system patterned by interacting morphogens is the dorsal telencephalon
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[11], in which cell-intrinsic ultrasensitivity was proposed to mediate border
formation between the telencephalic dorsal midline (DM) and cerebral cortex
[12]. The DM - located between the cerebral cortices – develops from the roof
plate and adjacent tissues to form the choroid plaque, choroid plexus epithelium
(CPE), and cortical hem [13] along the mediolateral axis. These tissues produce
BMPs - including BMP4 - at high levels [14] to form an activity gradient of BMP
signaling [12,15], with BMP-dependent genes Msx1 and Ttr being expressed in
the CPE [15], where BMP activity is highest. Msx1 is a high-threshold BMP target
gene in many patterning systems [16,17], including the dorsal telencephalon
[12,13,14], while Ttr is induced specifically in the CPE at the onset of its definitive
differentiation (~embryonic day 11, or E11, in mice) and is stably expressed
thereafter [18].

Although Msx1 is restricted to the midline, BMP4 can induce Msx1 expression in
dissociated cortical precursor cells (CPCs) in an ultrasensitive fashion [12]. Both
in vivo and in vitro, Msx1 ultrasensitivity contrasts with graded changes in nuclear
phospho-Smad1, 5, or 8 (pSmad) levels (a direct readout of BMP signaling
intensity), within the same cells. This implies that Msx1 ultrasensitivity occurs
downstream of pSmad activation. The mechanism underlying this ultrasensitivity,
however, remains unknown.

Dorsal telencephalic cells responsive to BMP also respond to other morphogens,
such as FGFs (most notably FGF8) produced in the adjacent rostral midline (RM)
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and cortex [11,19,20,21,22,23]. FGF8 in the RM functions as a graded
morphogen [24], and in the chick dorsal forebrain negatively regulates BMP
target genes by inhibiting dorsal BMP4 expression [25,26]. In other systems,
FGFs inhibit BMP signaling through MAPK-mediated phosphorylation of Smads
[27,28].

We investigated the influence of FGFs on DM BMP target genes, and found that
ultrasensitivity requires cell-intrinsic interactions between the BMP and FGF
pathways. Using explants and dissociated cell cultures, we showed that the BMP
and FGF pathways mutually inhibit at the single cell level; Epidermal Growth
Factor (EGF) acts similarly to FGF. Next, we used modeling to identify
experiments that distinguish among different models of cross-inhibition. These
experiments identified a cross-inhibitory positive feedback (CIPF) mechanism, or
“toggle-switch”, between the BMP and FGF signaling pathways as the basis for
ultrasensitivity. We further show how this mechanism is capable of generating
multiple sharp borders simultaneously, among other potential advantages.

RESULTS
Exogenous BMP4 upregulates Ttr and Msx1 in midline and cortical cells,
respectively
To experimentally study Ttr and Msx1 regulation in the dorsal telencephalon, we
used two previously-characterized in vitro systems: a dorsal forebrain explant
system and dissociated cultures [12,15,29]. First, we treated dorsal forebrain
explants with BMP4. E9.5 explants cultured with BMP4 exhibited marked
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expansion of Ttr expression towards the RM (n=19/23 compared to 0/12 BSAtreated controls; Figure 1A,C). The Ttr induction was restricted to the midline,
with no expression seen laterally in the cortex. Sections revealed Ttr induction in
cells lining the ventricular surface (1-2 cell diameters deep), with the Ttrexpressing cells often bending inward towards the ventricle (Figure S1C); these
features are characteristic of endogenous CPE. Correspondingly, RT-qPCR
analysis revealed that CPE and DM marker gene Lmx1a was also upregulated
rostrally in BMP4-treated explants (Figure S1B). Similar findings were obtained
from E10.5 explants (n=14/18 BMP4-treated, n=0/6 BSA-treated), although
midline Ttr induction was more patchy (data not shown).

Interestingly, in response to exogenous BMP4, Msx1 was ectopically induced in
the cortex (n=5/5 compared to 0/4 BSA-treated explants; Figure 1B,D), but not
rostrally in the RM. Thus Msx1's ectopic induction to exogenous BMP4 differs
from Ttr's response, which ectopically expands rostrally towards the RM, but not
laterally into the cortex.

To determine whether these BMP4-mediated responses are cell-intrinsic, we
applied BMP4 to dissociated midline cells and CPCs. Midline cultures included
cells from dorsal and rostral regions, as both regions were clearly competent for
Ttr induction (Figure 1A,C). Both Ttr in midline cells and Msx1 in CPCs were
positively regulated by exogenous BMP4 in a concentration-dependent fashion.
In midline cultures, (mRNA) Ttr levels peaked at a BMP4 concentration of 16
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ng/ml (Figure 1E). In CPCs, (mRNA) Msx1 levels increased monotonically
(Figure1F), as reported previously [12,15]. These findings indicate that the Ttr
and Msx1 responses to BMP4 are cell-intrinsic.

FGF receptor inhibition mimics the effects of exogenous BMP4
The rostral expansion of Ttr in BMP4-treated explants suggests that a
suppressor of Ttr expression exists in the rostral midline. FGFs produced in the
RM, particularly FGF8, are candidates for mediating this suppression, as FGF8
has been shown to negatively influence the BMP pathway in the dorsal
telencephalon [25,26]. To test this idea, we treated explants with 100 nM
PD173074, a pan-FGF receptor (FGFR) inhibitor [30] (IC50=21.5 nM, Kd=45.2
nM). These explants displayed rostral Ttr expansion reminiscent of that seen in
BMP4-treated explants (n=4/6; Figure 1I); no such changes were seen in control
DMSO-treated explants (n=0/4; Figure 1G). Additionally, placing FGF8-soaked
beads adjacent to the endogenous CPE resulted in consistent Ttr suppression
(n=8/12 compared to 0/12 BSA-soaked controls; Figure S1D). These results
suggest that FGF8, and possibly other rostral FGFs, normally suppress CPE fate
and Ttr expression. In addition, the similarity between BMP4- and PD173074induced Ttr responses suggests that individual midline cells can respond
identically to either increased BMP or reduced FGF signaling. Restricted Ttr
induction towards the RM also supports a biphasic model for rostral FGF
functions in DM development – i.e. rostral FGFs first provide competency for DM
fates, then inhibit them [11] – as seen for FGFs in the chick midbrain DM [11,31].
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We then examined Msx1 expression in PD173074-treated explants. Ectopic
Msx1 induction was less extensive with PD173074 than with BMP4, but like
BMP4, PD173074 treatment led to ectopic Msx1 induction in the cortex but not
the midline (n=7/8; Figure 1H,J). In addition, ectopic Msx1 expression in cortical
regions overlapped with PD173074- and BMP4-treated explants (arrows, Figure
1D and J). These findings reveal an FGFR-mediated suppression of Msx1 in the
cortex, possibly mediated by FGFs expressed by cortical cells, such as FGF2
and FGF1 [20]. They also indicate that cortical cells can respond similarly to
either increased BMP or reduced FGF signaling.

To test if FGFR signaling regulates BMP target gene responses at the single cell
level, we treated dissociated midline cells or CPCs with PD173074. We found
that FGFR inhibition upregulated (mRNA) Ttr (Figure 1K) in midline cells and
Msx1 (Figure 1L) in CPCs. This indicated that FGFR signaling, presumably
activated by FGFs produced by the cultured cells themselves, inhibits the BMP
target genes. Next, we tested whether exogenous FGFs inhibit BMP target genes
in dissociated midline cells and CPCs. Given the explant results, FGF8 was used
in midline cultures, while CPCs were treated with FGF2. Increasing FGF8 led to
decreasing Ttr expression in midline cells (Figure 1M). Similarly, FGF2 resulted
in concentration-dependent Msx1 decreases in CPCs (Figure 1N). Thus, FGFmediated inhibition of BMP target genes is intrinsic to both midline and cortical
cells.
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To examine FGF-mediated inhibition at the single cell level, we performed
immunocytochemistry on CPCs using an anti-MSX1/2 antibody, as done
previously to demonstrate ultrasensitivity at the single CPC level in response to
BMP4 [12]. Msx1/2 expression in E12.5 CPCs was examined under three
conditions: 1) at low BMP4 concentrations (1.5 ng/ml) with and without FGF2 (10
ng/ml), 2) at mid-level BMP4 concentrations (16 ng/ml) with and without FGF2,
and 3) at mid-level BMP4 concentrations and FGF2 with and without PD173074
(100 nM). As expected, Msx1/2 positivity and expression levels in CPCs were
higher at 16 ng/ml than at 1.5 ng/ml BMP4 (Figure S7A). FGF2 addition led to
markedly decreased Msx1/2 expression at both BMP4 concentrations (Figures
2G, S7A), while PD173074 coapplication rescued Msx1/2 expression (Figures
2H, S7B), with increased expression levels (right-shift) in MSX1/2-positive cells
and fewer MSX1/2-negative cells in the presence of PD173074 (Figures 2H,
S7B). Thus, FGF-mediated suppression of BMP target responses in CPCs at the
population level, as determined by RT-qPCR, also occurs at the level of
individual CPCs.

BMP signaling downregulates FGF target responses
We next investigated whether BMP4 can inhibit FGF responses. We first
confirmed that FGF8 and FGF2 positively upregulate the FGF target gene,
(mRNA) Spry1 [22,32], in dissociated midline and cortical cells, respectively
(Figure 2A,D). Correspondingly, the FGFR inhibitors PD173074 and SU5402
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decreased endogenous Spry1 expression in midline cells (Figure S1E). When
BMP4 was administered, (mRNA) Spry1 levels were downregulated in a dosedependent fashion in both cell types (Figure 2B,E). Thus, BMP4 can
downregulate an FGF target gene in dissociated midline and cortical cells. We
also treated CPCs with the BMP receptor inhibitor LDN193189 [33] (IC50=5 nM).
The treatment resulted in dose-dependent decreases in (mRNA) Msx1 levels,
while (mRNA) Spry1 levels increased (Figure S1F). These results with
LDN193189 - the converse of those obtained with BMP4 – provide further
support that BMP signaling inhibits the FGF target gene Spry1.

As an additional test for BMP4 inhibition of the FGF pathway, we examined how
BMP4 affected FGF-stimulated cell proliferation [34,35]. FGF2 is a known
mitogen for CPCs in culture [20]. We found that FGF8 also acted as a
concentration-dependent mitogen for dissociated midline cells (Figure S1E).
When BMP4 was coapplied with FGF2 or FGF8, FGF-induced proliferation
decreased in a dose-dependent fashion in both cell types (Figure 2C,F). Thus,
BMP4 inhibits FGF-driven proliferation as well as Spry1 expression. Taken
together, the experimental data indicate that BMP and FGF signaling inhibit each
other's target responses, and that this mutual or cross inhibition is intrinsic to
both midline and cortical cells.

Models of BMP-FGF cross inhibition
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How might such BMP-FGF cross inhibition occur? One possibility is that FGF
directly inhibits Ttr and Msx1 and BMP4 directly inhibits Spry1 (Figure S2A).
Inhibition could also occur upstream at the level of signaling pathway
components or other genes that themselves regulate target responses (Figure
S2A). Such upstream inhibition might lead to feedforward and feedback loops
(e.g. Figure S2B) and complicated response dynamics. To investigate the
behaviors of such systems, we turned to mathematical modeling (Text S1 for
rationale and details). In our single cell models, signaling pathways are
represented by extracellular morphogens (FGF and BMP), intermediate signals
(FGF and BMP intermediates, or FI and BI), and target responses (FT and BT).
Inhibitory links between the pathways were then introduced, resulting in 81
possible configurations (Figure S3). Models were reduced to ordinary differential
equations, with interactions represented by Hill functions [36], then grouped by
similarity in their steady-state behaviors and topology (Figure S3, Numerical
Methods, Text S1 sections 2 and 3).

This grouping resulted in four classes of models described by generalized
equations (Table 1): two non-feedback classes, with FGF-to-BMP inhibition
occurring at or upstream of BT, one feedforward, and one feedback. We refer to
these classes as: 1) simple target inhibition (STI), 2) simple upstream inhibition
(SUI), 3) coherent feedforward (CFF), and 4) cross-inhibitory positive feedback
(CIPF). Representative models that captured the basic response dynamics of
each class are shown in Figure 3A (equations 1-4, and Text S1 for modeling
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rationale). For simplicity, and because our work focuses on BMP targets (BT),
interaction and nodes that have no influence on BT (e.g. FT) are omitted from
these depictions. Later, we will argue that the particular selections of inhibitory
connections in the representative models are likely to be well justified (see
Discussion).

Both CFF and CIPF are known motifs. CFF can provide for a "sign-sensitive
delay" that protects outputs against transient activation spikes [37]. CIPF, first
identified by Monod as the theory of double bluff [38], is also known as mutual
negative feedback [39], double negative feedback [40], or the "toggle switch"
motif [36]. It operates during cell fate specification in many developmental
systems (e.g [10]). In these systems, CIPF serves to compare two inputs,
ultimately turning on targets for the stronger one while turning off those for the
weaker input. Depending on the relative strengths of the inputs, CIPF can
therefore toggle between two mutually-exclusive sets of target genes.

The BMP-FGF cross inhibition models generate distinct responses
One way to compare the different models is to examine the dose-response
relationships between BMP and its targets (BT) in the presence or absence of a
fixed amount of FGF. Under these circumstances, three features of the BT
response are potentially informative: maximal levels, EC50 values, and sensitivity.
The sensitivity could be either linear (hyperbolic) or ultrasensitive (sigmoidal) to
varying degrees, as quantified by its apparent Hill coefficient, or nH. Changes in
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these response features were evaluated over a wide range of parameter space
and across different “contexts” in which different links within the models were
made nonlinear to different degrees (Figures 3B,C, S4, Text S1 sections 3 and 4,
Materials and Methods for curve fitting).

While CIPF and STI produced consistent response changes across contexts,
CFF and SUI produced more context dependent response changes (Figures
3B,C,E, S4B). Notably, only CFF and CIPF created or enhanced ultrasensitivity
(Figure 3B,C,E). CIPF always increased ultrasensitivity even with all links linear
and more so with non-linear inhibitory links (Figures 3B,E, S4B). With CFF and
CIPF parameters that increased ultrasensitivity, FGF decreased BT levels at low
BMP concentrations and had negligible effects on BT at high BMP
concentrations. Such selective BT suppression at low BMP concentrations
invariably resulted in more sigmoidal dose-response curves with higher EC50
values (Figures 3C, S4E). This was the invariant pattern by which ultrasensitivity
emerged or increased with CFF and CIPF in the presence of FGF.

Dependence of CPC ultrasensitivity on FGF signaling supports CFF or CIPF
To distinguish the models, we performed dissociated culture studies. In the
absence of FGF8, maximal Ttr expression in midline cells occurred at 16 ng/ml
BMP4 (Figure 1K). With FGF8 (8 ng/ml), maximal (mRNA) Ttr levels did not
change, but the EC50 increased to ~31 ng/ml BMP4 (Figure 4A). The effects
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argue against an STI model, but are consistent with SUI, CFF, or CIPF (Figure
3B,E).

We then evaluated Msx1 ultrasensitivity in dissociated CPCs. Our previous Msx1
studies utilized CPCs cultured with FGF2 and EGF [12]. Like FGF2, EGF
signaling had an inhibitory effect on Msx1 in CPCs: EGF downregulated (mRNA)
Msx1 levels, while the EGF receptor inhibitor PD153035 [41] (IC50=25 pM)
produced dose-dependent Msx1 upregulation (Figure S1G). Notably, EGF is
expressed in the antihem and may form a rostro-lateral to caudal-medial gradient
[42].

With FGF2 and EGF, Msx1 induction by BMP4 displayed ultrasensitivity (nH=3.7;
red curve in Figure 4B), as described previously [12]. In the absence of FGF2
and EGF, however, Msx1 induction followed an ideal hyperbolic curve (nH=1.0;
blue curve in Figure 4B). The dose-response curve with FGF2 and EGF differed
in four ways from those without them: 1) Msx1 mRNA levels were reduced at low
BMP4 concentrations, 2) maximal (mRNA) Msx1 levels at high BMP4
concentrations were unchanged, 3) the EC50 increased (1.5 to 8.3 ng/ml), and 4)
marked ultrasensitivity emerged. These characteristics precisely matched the
CFF (with nonlinear inhibitory links) and CIPF models (compare Figures 3C and
4B).

Presence of hysteresis implicates CIPF
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To further distinguish among models, we tested for a property of positive
feedback systems known as hysteresis, a form of cellular memory or bistability
[43,44]. Cells display hysteresis when their dose-response curves differ
depending on whether they start in an ‘on’ or ‘off’ state (e.g. whether CPCs start
with Msx1 highly expressed or not, Figure S4D). Importantly, hysteretic
responses, unlike irreversible ones [43], turn off after stimulus removal (Figure
S4D). We examined all four models for their ability to produce hysteresis or any
form of bistability.

The STI, SUI, and CFF models, unlike CIPF, yielded steady state solutions for BT
that were amenable to analysis. When tested mathematically, STI, SUI, and CFF
always produced identical on- and off-curves for BT. However, CIPF - which was
examined with simulations and monotone stability analysis [43] - produced
different on- and off-curves under certain conditions (Figures 3D, S4E, S5). Thus,
amongst the four cross inhibition models, only CIPF is capable of generating
hysteresis. It is possible to produce bistable responses with other motifs, such as
auto-regulatory feedback, but these are unlikely in this system (see Figure S4E
and Text S1 sections 5 and 6 for discussion on feedback and other models).

Further analysis showed that hysteresis occurs only if at least one of the CIPF
loop links was nonlinear, and both links were roughly matched in strength (Figure
S5B-D, Text S1 section 5). This requirement for a "balanced" CIPF loop can be
explained by considering cases in which FI or BI is far stronger than the other.
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When FI dominates, CIPF reduces to SUI, whereas when BI is too strong, CIPF
reduces to the BMP core pathway; and neither SUI nor the BMP core pathway
alone can generate hysteresis. A balanced CIPF loop was also required to
produce ultrasensitivity, and the magnitudes of increased sensitivity and
hysteresis (i.e. size of the hysteresis ‘window’) correlated strongly (Figure S5CE). Thus, a balanced nonlinear CIPF loop is required for hysteresis and
increased ultrasensitivity.

To test for hysteresis, CPCs were cultured for two hours with high BMP4 (64
ng/ml) to induce the Msx1 'on' state [12], or with BSA to maintain CPCs in the
Msx1 'off' state. After washing out the BMP4 or BSA thoroughly, media alone (no
BMP4) or BMP4 at different concentrations (4-64 ng/ml) was reapplied before
harvesting CPCs two days later (Figure 4C). In CPCs exposed to BSA, then low
BMP4, Msx1 expression remained low (Figure 4D, blue line). However, in CPCs
exposed to high BMP4, then no or low BMP4 after washout, (mRNA) Msx1 levels
remained high (Figure 4D, red line), as previously observed [12]. Since Msx1 did
not turn off after BMP4 removal, Msx1 appeared irreversible rather than
hysteretic. However, another explanation was persistent BMP signaling after
washout. Persistent signaling was possible, since slow dissociation of BMP and
other TGF-beta molecules from their receptors can lead to prolonged signaling
even after free extracellular ligand is removed [45,46,47].
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To address the possibility of persistent signaling, we modified the above
experiment in two ways. First, we cultured the cells for a longer period after
washout before harvesting (four days; Figure 4E). In CPCs treated with high
BMP4, then no or low BMP4 after washout (0-4 ng/ml), (mRNA) Msx1 did indeed
return to low baseline levels (Figure 4F, red line). Thus, Msx1 induction was not
irreversible. When comparing the CPCs initially treated with BSA (Msx1-off) or
high BMP4 (Msx1-on), (mRNA) Msx1 levels were higher in the Msx1-on CPCs
regardless of the BMP4 concentration that was reapplied after washout (compare
red and blue lines in Figure 4F). In other words, we observed hysteresis.

For the second modification, we repeated the two-day culture studies, but also
included the BMPR inhibitor LDN193189 during and after BMP4 washout to block
persistent BMP signaling (Figure 4G). In CPCs initially exposed to high BMP4,
LDN193189 caused (mRNA) Msx1 to return to low baseline levels when no or
low BMP4 was reapplied (0-4 ng/ml; Figure 4H, red line). Thus, persistent BMPR
signaling contributed to the maintained Msx1 expression observed initially
(Figure 4D, red line). As in the four-day cultures, there were two distinct curves
that depended on initial conditions - i.e. whether CPCs were initially Msx1-on or
Msx1-off (compare red and blue lines in Figure 4H). Thus, the response again
displayed hysteresis. Collectively, the two lines of evidence for hysteresis
strongly implicate CIPF as the mechanism underlying BMP-FGF cross inhibition
in CPCs.
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CIPF can generate multiple EC50 values for different target genes
Msx2, like Msx1, is a pSmad-dependent BMP target gene expressed in the
telencephalic DM [16,48]. In CPCs treated with increasing BMP4, but no FGF2 or
EGF, Msx2 expression was linearly sensitive and increased monotonically
(Figure 5A). With FGF2 and EGF, Msx2 induction by BMP4 was ultrasensitive to
a similar degree as Msx1. Msx2 expression was also hysteretic in two-day
washout studies in the presence of LDN193189 (Figure 5A).

While Msx2 and Msx1 responses were qualitatively similar, the Msx2 EC50 (22
ng/ml BMP4) was significantly lower than that of Msx1 (32 ng/ml BMP4) in the
same cells (Figure 5B). In traditional views of morphogen action, EC50 values and
border positions are inversely related – e.g. a lower EC50 shifts borders away
from a morphogen source, thus creating a larger expression domain for a
positively-regulated target gene. Published images of the dorsal telencephalon
suggest that the Msx2 domain is indeed larger than the Msx1 domain [48]. To
verify this, we stained adjacent sections from Msx1 (Msx1-nlacZ) embryos which
express nuclear lacZ in the Msx1 domain[49], with antibodies that detect lacZ or
MSX1/2 proteins. The results suggest that the E10.5 Msx2 expression domain
extends ~100 µm farther than that of Msx1 (8 sections from 2 embryos; Figure
S6A).

For morphogen thresholds ~1.5 fold apart (22 vs. 32 ng/ml BMP4 for Msx2 and
Msx1, respectively; Figure 5B) and separated by 100 µm, the length scale of an
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exponential

morphogen

gradient

(the

distance

over

which

morphogen

concentration falls by 1-e-1, or ~63%) would be ~270 µm. This value agrees well
with the dorsoventral pSmad gradient in the E10.5 dorsal telencephalon [15],
whose best-fit exponential curve had a length scale of ~290 µm (see Materials
and Methods). Thus, Msx1 and Msx2 EC50 values in vitro correlate well with their
expression borders in vivo.

How might CIPF produce different borders or EC50 values with the same BMP
and FGF gradients? We found that it is possible to produce two distinct EC50
values and borders, when BMP and FGF drive two different intracellular CIPF
loops with common elements. The two CIPF loops can differ in two ways: either
at the level of the CIPF loop - through differential regulation of the intermediates
(BI and FI) by BMP and FGF or differential loop inhibition between the
intermediates - or downstream of the CIPF loop. Our simulations show that the
first category produced BT responses with separate EC50 values (Figures 5C,
S6B-C, Text S1 section 7), while differences downstream of the CIPF loop did
not (Figures 5D, S6B,D).

DISCUSSION
A variety of mechanisms have been proposed to explain how shallow morphogen
gradients are converted into sharp borders of gene expression and cell fate. In
the dorsal telencephalon, previous work implicated cell-intrinsic BMP-driven
ultrasensitivity in this conversion [12]. Here we show that this form of
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ultrasensitivity arises from cross inhibition between BMP and FGF (and EGF)
signaling pathways. Such inhibition manifests as cross-inhibitory positive
feedback (CIPF), a mechanism characterized by ultrasensitivity (Figures 3-5, S4,
S5), hysteresis (Figures 3, 4, 5, S4, S5) and an ability to generate different
thresholds (EC50 values) within a gradient (Figures 5, S6).

The complete elimination of Msx1 and Msx2 ultrasensitivity in the absence of
FGF2 and EGF (Figures 4, 5) indicates that CIPF alone can account for Msx1
and Msx2 ultrasensitivity. In midline cells, however, FGF elimination caused a
left-shift of the bimodal Ttr induction by BMP4 without eliminating ultrasensitivity
(Figure 4A). Consistent with this, FGFR inhibition shifted the rostral Ttr boundary
in forebrain explains, without making a more diffuse boundary or extending
expression into the cortex (Figure 1). This implies that mechanisms in addition to
CIPF might contribute to sharp Ttr borders. The relatively late induction of Ttr in
vivo (two days after Msx genes) and its apparent irreversibility [18] suggest that
regulation of Ttr is more complex than Msx genes, which are direct and
immediate BMP targets. The differences between Ttr and Msx1 in the BMP4and FGFR inhibitor-treated explants also raise the possibility that Ttr and Msx1
are regulated by different FGFs (e.g. FGF8 and FGF2). Although changes in cell
composition after two days in culture may contribute to observed findings,
previous two-day cultures on more naïve E10.5 CPCs yielded similar
ultrasensitive Msx1 responses [12], and BMP2 (which has very similar effects to
BMP4 on CPCs) did not significantly alter cell type ratios in comparably-staged
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rat CPC cultures in the presence of FGF2 even after eight days [50,51]. While no
single parameter set from the simulations and parameter searches can be
considered representative, these modeling techniques enable investigation of
complex models such as CIPF and CFF that are not otherwise amenable to
analytical techniques, which can be sampled over large areas of parameter
space (Tables S1-S5 in Text S1) and cross-validated with other methods (Table
1).

Molecular basis for BMP-FGF CIPF in the forebrain
BMP-FGF cross inhibtion, particularly specification of mutually exclusive BMPand FGF-dependent cell fates, has been reported in diverse developmental
contexts (Table S6 in Text S1, e.g. [52]). The most well-studied molecular
mechanism proposed to explain FGF inhibition of BMP signaling has been the
ability of FGF-activated ERK to phosphorylate and trigger the degradation of
BMP-activated pSmads [27,28]. This mechanism, however, is unlikely to account
for CIPF in the forebrain for two reasons. First, there is no apparent pSmad
ultrasensitivity to BMP in CPCs. In vivo, pSmad1/5/8 immunoreactivity declines
gradually and smoothly with distance from the DM [15] while MSX1 and MSX2
borders are sharp (Figure S6, [16,48]). In CPCs in vitro, in the presence of FGF2
and EGF, nuclear pSmad levels exhibit a graded relationship to BMP4 dose
while Msx1 and Msx2 inductions are ultrasensitive (Figures 4, 5, [12]).
Ultrasensitivity must then be generated downstream of pSmad. Second, the
occurrence of Msx1 and Msx2 EC50 values at different BMP4 doses suggests a
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mechanism downstream of pSmad as well (Figure 5B). As Msx1 and Msx2 share
the pSmad activation pathway, the points of FGF inhibition into the BMP pathway
required for separate EC50 values (Figure 5C,D) probably lie downstream of
pSmad (e.g. a Smad-induced gene or Smad coactivator complex). Although less
is known about mechanisms underlying BMP inhibition of FGF signaling, the
smooth gradient of phospho-ERK in the developing cortex [24] suggests that this
inhibition may similarly occur downstream of ERK activation.

CIPF and pattern formation
Cross-inhibition (or cross-repression) is, of course, not new in developmental
biology (Table S7 in Text S1). Specifically, cross inhibition in the form of a toggle
switch (i.e. CIPF) is thought to underlie the generation of sharply-bounded
domains of mutually-exclusive cell fates in diverse contexts e.g. [53,54,55],
including the two well-studied systems of the Drosophila embryo and mammalian
spinal cord [8,9]. In these systems, patterning emerges from the collaboration
between transcription factor morphogens (Bicoid-Caudal in the syncytial
Drosophila embryo) or a single extracellular morphogen and a transcriptional
network (Sonic Hedgehog in the mammalian spinal cord) [6,8,9]. Both
architectures contain a toggle switch sub-motif similar to BMP-FGF CIPF, which
can generate ultrasensitivity, hysteresis (buffering noise), and multiple sharp
borders [6,8,9,56]. The Bicoid-Caudal system also reduces variation in border
position and scales borders to tissue size [6,9,56], which we reason below should
apply similarly to BMP-FGF CIPF.
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What is unique about BMP-FGF CIPF – compared to Shh, Bicoid-Caudal, and
other defined patterning systems – is that a cellular-level toggle switch is
explicitly driven by and dependent on multiple extracellular morphogens. BMPFGF CIPF therefore provides a direct and explicit link between tissue-level
patterning by antagonistic morphogens and cellular-level ultrasensitivity. Unlike
the antagonistic Bicoid-Caudal system, BMP-FGF CIPF occurs in a non-syncytial
system that may apply broadly to vertebrates, given the prevalence of BMP-FGF
cross-inhibition in vertebrate development (Table S6 in Text S1). Furthermore,
the current study defines new requirements for CIPF-mediated toggle switches
(nonlinearity and loop balance) that likely apply to the Drosophila embryo,
mammalian spinal cord, and other cross-inhibition systems belonging to the CIPF
class of models (Table S7 in Text S1).

In the dorsal telencephalon, DM rostral border position would be determined by
BMPs interacting with rostral FGF8 and related FGFs (Figures 6A, S1A).
Mediolaterally, the same BMPs would interact with FGF2 and FGF1 in the cortex,
and possibly with EGF from the antihem [42]. Along both axes, interactions
between opposing BMP and FGF/EGF gradients would determine cellular
ultrasensitivity thresholds and gene expression borders (Figure 6). These border
positions coincide with “equivalence” points – i.e. points at which BMP and FGF
signaling (or BI and FI) balance each other. The effects of BMP4 or FGFR
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inhibitors on forebrain explants (Figures 1, S1) can then be understood in terms
of shifts in equivalence points.

The ability of morphogen-driven CIPF to specify different equivalence points for
different target genes (Figures 5, S6B,C) provides a straightforward mechanism
for establishing multiple sharp borders, a general problem in morphogenmediated patterning [5]. So far, only a few solutions have been discovered for
making multiple borders, including the generation of sequential thresholds in
protein modification [57], a temporal overshoot mechanism [58], and timedependent changes in cell competence [4].

A second useful property of CIPF driven by opposing morphogen gradients
would be its ability to scale pattern to tissue size (Figure 6B). Pattern scaling is
important in development, as size variations naturally arise as functions of time,
genetic background, and environment [4]. As others have pointed out,
mechanisms that assign positional values based on the ratio between signals
emanating from opposing sources, rather than as a function of a single signal,
have an inherent tendency to scale [59,60], although not necessarily with
equivalent accuracy at every location. While no studies have investigated scaling
of pattern in the forebrain DM, the forebrain provides a promising avenue for
future studies. The forebrain grows rapidly during early development, and scaling
needs to occur on a spatiotemporal scale. Additionally, mouse and human
microcephaly and megalencephaly cases in which patterning appears to be
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maintained represent a potentially rich area for research into the toggle switch
mechanism and brain scaling.

Notably, for morphogen-driven CIPF to specify border positions, it is not
necessary for both morphogens to be graded. For example, a BMP gradient
superimposed on a uniform FGF field would also produce sharp boundaries at
locations corresponding to BMP-FGF equivalence points. This scenario may
apply to mediolateral borders in the dorsal telencephalon, where FGF2
production appears to be relatively uniform [20]. Referring to FGF as a
“morphogen” in this scenario departs from conventional usage (which presumes
a graded distribution), but perhaps in patterning systems driven by collaborations
between diffusible signals, such a departure is justified.
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MATERIALS AND METHODS
Ethics Statement
All animal studies were performed in accordance with protocol # 2001–2304
approved by the Institutional Animal Care and Use Committee (IACUC) of the
University of California, Irvine. All experiments were conducted in accordance
with protocol # 2001–1024 approved by the Institutional Biosafety Committee
(IBC) of the University of California, Irvine. All surgeries were performed on
euthanized animals with all efforts made to minimize suffering. Animals were
euthanized with carbon dioxide from compressed gas cannisters, with secondary
physical method of cervical dislocation to ensure euthanasia.
Mice
Noon of vaginal plug date was day 0.5; developmental stages were confirmed by
crown-rump measurement. CD1 mice (Charles River Laboratories, Wilmington,
MA) were used for wild-type studies. Msx1-nLacZ mice [49] were mated with
CD1 for expression analysis and were genotyped by Xgal staining of limb buds
[12].
Real-time semiquantitative RT-PCR
RNA preps, cDNA syntheses, PCR quality controls, experimental runs, and
statistical methods were performed as described previously [13]. Primers and
amplicons were verified by melting curve analysis, agarose gel electrophoresis,
and tested for amplification efficiency; amplicons were verified by sequencing.
cDNA samples were validated for reverse transcription (RT) reaction efficiency
and minimal genomic DNA contamination (cDNA/genomic target ratio >105) and
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run in duplicate or triplicate for 40 cycles; cyclophilin A (CYPA) and 18S
reference primers were included in runs (used for normalization to control for
variations between wells and cell populations), except for explant studies (CYPA
only). Mean, SEM, SD, and p values (two sample, two-tailed t-tests) were
calculated from cycle threshold (dCt) values (Ctgene

of interest

– Ctreference) and

plotted as normalized ddCt values (upregulation is positive and downregulation is
negative). In Figures 1, 2, 4, and 5, relative values were normalized to control.
Dissociated cell cultures
Midline cells and CPCs were isolated and dissociated from E12.5 CD1 dorsal
telencephalon as described previously [12], then plated at 50,000 cells/ml (unless
otherwise indicated) in defined media [61]. In previous studies [12], we observed
ultrasensitivity in E10.5 cells as well as E12.5 cells. As ultrasensitivity is higher in
E12.5 cells and border refinement remains ongoing and continues beyond E12.5,
this time point is more amenable and practical experimentally. Midline cultures, in
which contamination with cortical cells was likely, were analyzed exclusively for
midline-restricted genes (Ttr, Msx1, Spry1) to maintain specificity for midline
cells. After adhering overnight, human recombinant BMP4 (R&D Systems,
Minneapolis, MN), FGF8, FGF2, EGF (R&D Systems or Peprotech, New Jersey,
NJ), heparin (Sigma-Aldrich, St. Louis, MO), PD153035, SU5402 (Tocris
Bioscience, Ellisville, MO), PD173074 (Pfizer, New York, NY), and/or
LDN193189 (Stemgent, San Diego, CA) were added at indicated concentrations.
All RNA purifications (Bio-Rad, Hercules, CA) were done 48 hrs after initial BMP4
treatment except for the following experiments: 1) midline cells treated with FGF8
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(Figures 1, 2) were harvested 40 hrs after initial treatment, and 2) midline cells
treated with SU5402 or PD173074 (Figure S1) were harvested 12 hrs after initial
treatment. For washout experiments (Figures 4, 5), 64 ng/ml BMP4 was applied
for 2 hrs, then aspirated and washed three times with fresh media containing 20
ng/ml EGF, 10 ng/ml FGF2, and 2 ug/ml heparin, with or without BMP4 or
LDN193189; time points correspond to hours after initial BMP4 application.
Graphs represent the following numbers of independent cultures: Figures 1E
(n=3), 1F (n=6), 1L (n=3), 2A (n=2), 2B (n=2), 2D (n=2), 2E (n=3), 4A (n=3), 4B
(n=3), 4D (n=2), 4F (n=2), 4H (n=3), 5A(i) (n=3), 5A(ii) (n=3), 5B (n=4). Note:
Figures 4B, 5A, and 5B show independent separate experiments.
Explant cultures
Dissections were performed as described [12,13] in ice-cold L-15 with 2%
glucose. Dorsal forebrains from embryos were placed ventricular surface down
on the dull surface of 8µm pore polycarbonate membranes (Whatman, Clifton,
NJ) floating on DMEM/F-12 with 20% calf serum, sodium pyruvate, nonessential
amino acids, and penicillin/streptomycin. After 1 hr, 50 ng/ml BMP4 was added
for three days, or 100 nM PD173074 was added for two days (Figure 1). Explants
were processed for Ttr ISH or X-gal staining. For FGF8 bead studies (Figure S1),
heparin acrylic beads (Sigma) were soaked in 10µl of 100 ng/ml FGF8 or BSA,
rinsed briefly in PBS, and placed on explants using pulled flame-polished
microcapillary pipettes.
In situ hybridization, histology, and imaging
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These were performed and imaged as described previously [13]. Comparative
images and intensity measurements, tissue processing, assays, image
acquisition, and processing were performed in parallel on sections from
comparable

rostrocaudal

levels

with

identical

camera

settings

and

enhancements. Parallel image enhancements were limited to levels, brightness,
and

contrast

in

Photoshop.

Unless

indicated,

presented

images

are

representative of multiple sections from at least two embryos.
Proliferation assay
Proliferation studies were performed with a WST1 proliferation assay kit
(Clontech, Mountain View, CA). Cells were plated in 96 well plates at matched
densities from 25,000-50,000 cells/well. 24 hrs post-plating, BMP4, FGF2, FGF8,
and/or EGF at the indicated concentrations was added to media (Figure S1).
WST1 was added 36 hrs later at a 1:10 ratio, and spectrophotometer readings
taken 3 hrs post-WST1 addition.
Immunohistochemistry and Immunocytochemistry
Immunohistochemistry was performed as described [12]. Primary CPCs were
isolated at E12.5, plated in chambers containing FGF2, FGF2 + PD173074, and
no FGF media. BMP4 was added 24 hours after plating, and then cultured for 48
hours. Cells were fixed in 4% paraformaldehyde/PBS for 15 mins, permeabilized
with 0.3% Triton for 5 mins, and washed in PBS. Cells were blocked with 5%
BSA at room temperature for 1 hour, followed by primary antibody in 1% BSA
and incubated overnight at 4C. PBS washes were followed by secondary
antibody in 1% BSA for 2 hours at room temperature, Hoechst counterstaining,
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mounting with Vectashield. The following antibodies were used: anti-MSX1/2
(mouse monoclonal antibody against chick Msx1/2; 1:350 dilution; 4G1;
Developmental Studies Hybridoma Bank, University of Iowa), and secondary
(Alexa555 goat anti mouse); 1:500 dilution.
Curve fitting
For Figures 3, 5 and other modeling results, Hill coefficients (nH) and EC50
values were obtained by fitting the BT response to a Hill equation using the
Mathematica FindFit function. The maximal values were measured by computing
the BT response at an extremely high BMP dose to account for asymptotic
behavior. For Figure 3B, the plotted points were obtained by dividing the property
value (e.g. nH) of the BMP response in the presence of FGF with that in the
absence of FGF. 2000 parameter points were simulated, and for each point, all
three properties (maximal levels, EC50, and nH) were assessed for all four
models (STI, SUI, CFF, and CIPF).

In Figures 4 and 5, nH and EC50 values were obtained using the curve fitting
function of Deltagraph 6.0. The length scale of the pSmad gradient in the dorsal
telencephalon was based on previous data [15]. MS Excel software was used to
fit the data to an exponential curve with unknown backgound, c = Ae − λx + b ,
where c is the concentration in ng/ml, x the position in µm, λ (lambda) the length
€
scale, A the highest concentration without b, the background.

Numerical methods
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Each of the models was defined by a set of ordinary differential equations. The
form of these equations and their rationale is similar to previous modeling
approaches [4,10,36,62]. The equations for each model are described briefly, but
for modeling details and analysis, please see Text S1.

The four models shown in Figure 3 are represented by the following equations:
1. Simple Target Inhibition (STI) – FI inhibits BT:

dBI "
BMP %
= $kc1
' − KBI BI
dt # BMP + Ktb &
dFI "
FGF %
= $kc3
' − KFI FI
dt #
FGF + Ktf &
%
dBT "
Bn 3 %"
1
= $kc5 n 3 I n 3 '$
n1 ' − KBT BT
dt #
BI + Ktbt &# 1+ (kc2FI ) &
(1)

€

2. Simple Upstream Inhibition (SUI) – FI inhibits BI:

ˆ
dBI Ê
BMP ˆÊ
1
= Ákc1
˜Á
˜ - KBI BI
dt Ë BMP + Ktb ¯Ë1+ (kc2FI )n1 ¯
dFI Ê
FGF ˆ
= Ákc3
˜ - KFI FI
dt Ë
FGF + Ktf ¯
dBT Ê
Bn 3 ˆ
= Ákc5 n 3 I n 3 ˜ - KBT BT
dt Ë
BI + Ktbt ¯
(2)
3. Coherent Feedforward (CFF) – FI inhibits BT, BI inhibits FI:
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dBI Ê
BMP ˆ
= Ákc1
˜ - KBI BI
dt Ë BMP + Ktb ¯
ˆ
dFI Ê
FGF ˆÊ
1
= Ákc3
˜Á
n 2 ˜ - KFI FI
dt Ë
FGF + Ktf ¯Ë1+ (kc4 BI ) ¯

ˆ
dBT Ê
Bn 3 ˆÊ
1
= Ákc5 n 3 I n 3 ˜Á
˜ - KBT BT
dt Ë
BI + Ktbt ¯Ë 1+ (kc2FI )n1 ¯
(3)
4. Cross Inhibitory Positive Feedback (CIPF) – FI inhibits BI, BI inhibits FI:

ˆ
dBI Ê
BMP ˆÊ
1
= Ákc1
˜Á
n1 ˜ - KB I BI
dt Ë BMP + Ktb ¯Ë1+ (kc2FI ) ¯
ˆ
dFI Ê
FGF ˆÊ
1
= Ákc3
˜Á
˜ - KFI FI
dt Ë
FGF + Ktf ¯Ë1+ (kc4 BI )n 2 ¯
dBT Ê
BIn 3 ˆ
= Ákc
n 3 ˜ - KBT BT
dt Ë 5 BIn 3 + Ktbt
¯
(4)

Explanation of parameters:
kc1, kc3, kc5 – maximum rates of production (Moles/sec)
Ktb, Ktf, Ktbt – half saturation constants of activation (M)
kc2, kc4 – half saturation constants of inhibition (1/M)
KBI, KFI, KBT – degradation rates (1/s)
n1, n2, n3 – Hill coefficients
To reduce the number of parameters and simplify analysis, these equations were
non-dimensionalized (see Text S1 equations 7 – 10), which were then used for
modeling and simulations.
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Figure 1: BMP4 upregulates DM
genes,

while

FGFs

downregulate them. (A,C) Ttr in
situ hybridization of E9.5 explants
treated with or without BMP4 for
72 hrs. Rostral Ttr extension
(arrowhead in C) was observed in
BMP4-treated explants (n=19/23),
but not in BSA-treated controls
(n=0/7). (B,D) X-gal stains of
E10.5

Msx1-nlacZ

explants

treated with or without BMP4.
Ectopic

Msx1-nlacZ

induction

occurred in cortex (arrows), but
not along the midline (arrowhead
in D), in BMP4-treated explants
(n=5/5). Ectopic expression was
not

detected

controls

in

BSA-treated

(n=0/4).

(E,F)

Dissociated E12.5 midline cells
(E) or CPCs (F) assayed for Ttr or
Msx1 mRNA levels using RTqPCR. BMP4 upregulates Ttr in
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midline cells (peak at 16 ng/ml), and monotonically increases Msx1 in CPCs. (GJ) Ttr mRNA (G,I) and Msx1-nlacZ expression (H,J) in E10.5 explants treated
with or without the FGFR inhibitor, PD173704. Like BMP4, PD173704 leads to
rostral Ttr expression along the midline (arrowhead in I; n=4/6) compared to
controls (DMSO-treated; n=0/4), as well as Msx1-nlacZ induction in cortex
(arrows in J), but not the rostral midline (n=7/8). (K,L) Dissociated E12.5 midline
cells (K) or CPCs (L) assayed for Ttr or Msx1 mRNA levels by RT-qPCR.
PD173074 upregulates Ttr levels in midline cells (peak at 64 nM) and
monotonically increases Msx1 levels in CPCs. (M,N) Dissociated E12.5 midline
cells (M) or CPCs (N) treated with FGF8 or FGF2. FGF8 and FGF2 downregulate
Ttr and Msx1 mRNA levels, respectively, in a dose-dependent manner.
Abbreviations: di, diencephalon; cx, cortex. Scale bars: 0.5 mm. Error bars
represent s.e.m. See also Figure S1.
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Figure 2: BMP4 inhibits FGF target responses in midline cells and CPCs.
(A,B,D,E) RT-qPCR on dissociated E12.5 midline cells (A,B) or CPCs (D,E).
FGF8 (A) and FGF2 (D) monotonically increase (mRNA) Spry1 in midline cells
and CPCs, respectively. BMP4 downregulates (mRNA) Spry1 levels in a dosedependent fashion in midline cells (B) and CPCs (E). (C) Cell number (WST1)
assay on dissociated E12.5 midline cells treated with FGF8 at 16 ng/ml (blue) or
32 ng/ml (red). These two concentrations, but not 8 ng/ml, led to significant
midline cell proliferation (Figure S1E). BMP4 decreases FGF8-driven cell
proliferation in a dose-dependent fashion. (F) WST1 assay on dissociated E12.5
CPCs. FGF2 increases CPC number with increasing dosage, while BMP4 (64
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ng/ml)

suppresses

the

proliferative

effect

of

FGF2.

(G,H)

MSX1/2

immunocytochemistry of E12.5 CPCs. 10 ng/ml FGF2 reduces MSX1/2-positive
cell numbers and MSX1/2 levels per cell (G). The FGFR inhibitor PD173074 (100
nM) increases Msx1/2-expressing cells and expression levels in CPCs treated
with BMP4 (16 ng/ml) and FGF2 (10 ng/ml) (H). PD173074 reduces the
percentage of MSX1/2-negative cells (bar graph) and causes a general increase
(right shift) in Msx1/2 expression per cell. Scale bar: 25 um).
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Figure 3: Computational analysis distinguishes BMP-FGF cross inhibition
models. (A) Representative models of the four classes of BMP-FGF cross
inhibition (see text for details). (B) Changes in three BMP target (BT) response
properties (maximum levels, EC50, and nH) upon FGF addition under different
linearity contexts (in red: 1, all links linear; 2, BMP core pathway nonlinear; 3,
inhibitory links nonlinear; 4, all links nonlinear). Each point represents the relative
change upon FGF addition for a specific parameter set, and each graph
represents 2000 simulations, or 500 per context. (Top row) Maximum levels are
maintained with CFF (contexts 3 and 4) and CIPF (all contexts). STI and SUI
generally lead to reduced maximum levels. (Second row) Except for STI, EC50
values generally increase across models and contexts. (Third row) Only CFF and
CIPF increase nH upon FGF addition. Except for a few parameter sets, CIPF
consistently increases nH, even under all linear conditions. (C) Representative
BMP dose-response simulations with and without FGF (solid and dashed lines,
respectively) for context 1 (inhibitory strength 88%, nH=1) and context 3
(inhibitory strength 65%, nH=4). Upon FGF addition, CFF (context 3 only) and
CIPF lead to BT suppression at low BMP concentrations, while BT maximum
levels are maintained at high BMP concentrations. This leads to increased EC50
values and the emergence of ultrasensitivity. (D) BMP dose-response
simulations (inhibitory strength 76%, nH=4) with different initial conditions (BT
starts ‘off’ in blue or ‘on’ in red). Based on initial conditions, CIPF produces
different BT response curves, thus displaying hysteresis, while STI, SUI, and CFF
produce identical curves. (E) Summary of modeling results. Grid coloring
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indicates the presence (black), absence (white), or a less than 10% presence of
the property (grey) indicated on the left: e.g. BT maximum levels decrease with
the STI model in all contexts and is shown by black boxes for contexts 1, 2, 3,
and 4. See Table S4 in Text S1 for summary values, Tables S1, S2, and S3 in
Text S1 for parameter values. See also Figure S4.
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Figure 4: Threshold tuning, ultrasensitivity, and hysteresis experiments
implicate CIPF.
(A) Ttr responses of E12.5 midline cells to BMP4 with and without FGF8 (red and
blue lines, respectively; RT-qPCR). FGF8 shifts the (mRNA) Ttr peak from 16 to
32 ng/ml BMP4, but maximal (mRNA) Ttr levels and its apparent ultrasensitivity
are unchanged. (B) Msx1 responses of E12.5 CPCs to BMP4 with and without
FGF2 and EGF (red and blue lines, respectively, curve fit to a Hill equation; RTqPCR). Msx1 responds linearly to BMP4 (nH=1.0) in the absence of FGF2 and
EGF. With FGF2 and EGF, Msx1 induction becomes ultrasensitive (nH=3.7) due
to its selective suppression at low BMP4 concentrations, as predicted by the CFF
and CIPF models. (C-H) Washout paradigms and RT-qPCR results for the
hysteresis experiments with E12.5 CPCs. For G and H, BMP4 and the BMPR
inhibitor LDN193189 were coapplied following BMP4 washout. Msx1 mRNA
levels remain relatively high 2 days after BMP4 washout (D). However, after 4
days (F) or after 2 days in the presence of LDN193189 (H), CPCs initially treated
with BSA (blue lines) follow different Msx1 induction curves from those treated
initially with BMP4 (red lines), thus displaying hysteresis. Error bars represent
s.e.m.
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Figure 5: BMP-FGF CIPF leads to distinct Msx1 and Msx2 EC50 values. (A,B)
Msx2 responses in E12.5 CPCs with the same paradigms used for Msx1 in
Figure 3. (A, Left panel) Msx2 induction by BMP4 alone is linear (blue line,
nH=1.2). With FGF2 and EGF, Msx2 induction becomes ultrasensitive (red line,
nH=5.0) similar to Figure 3C. (A, Right panel) In the 2-day washout paradigm
with BMPR inhibitor LDN193189, CPCs treated initially with BSA (blue) follow a
different Msx2 induction curve compared with those treated initially with BMP4
(red), thus displaying hysteresis. (B) Msx1 (blue) and Msx2 (red) responses to
BMP4 in the same CPCs, with FGF2 and EGF present. Msx2 has a lower EC50
(22 ng/ml BMP4, nH=3.0) than Msx1 (32 ng/ml BMP4, nH=3.0). (C,D) CIPF
network changes that affect BT EC50 values. (C) Networks in which the balance
between BI and FI in the CIPF loop is different produce different EC50 values. (D)

77

Network changes downstream of the CIPF loop, such as BI-to-BT gains, do not
shift EC50 values. See also Figure S6.
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Figure 6: BMP-FGF CIPF in tissue patterning. Schematic of tissues with
opposing gradients of BMP (orange) and FGF (blue). Cells on the left experience
higher FGF signaling. Cells on the right experience higher BMP signaling. The
CIPF toggle switch turns on BMP target genes where BMP > FGF signaling and
turns them off where BMP < FGF signaling; forming a border at the BMP-FGF
signaling “equivalence point”. The right panels illustrate how CIPF can scale
patterns to changes in tissue size. Relative border position is maintained
regardless of tissue size as CIPF-dependent borders are determined by BMPFGF signaling ratio. See Figure S1A for dorsal forebrain schematic.
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Figure S1: Additional evidence for BMPs and GFs affecting DM gene
expression. (A) Forebrain schematic (dorsal view, anterior towards the top)

80

showing the DM region where BMP4 is produced (orange), which forms between
the two cortical hemispheres (green). FGF2 is produced in the cortex, whereas
FGF8 is produced in the rostral midline (blue). (B) RT-qPCR of the rostral and
dorsal halves of explants. DM-specific genes are upregulated in their
endogenous (dorsal) and ectopic domains (rostral) in BMP4-treated explants
compared to BSA-treated controls (n=4 each condition; see also Figure 1c) (C)
Sections of whole-mount explants shown in Figure 1C; ventricular surface down.
Compared to BSA-treated explants (control), BMP4-treated explants (50 ng/ml
BMP4 added daily for two days) induce Ttr ectopically in a 1-2 cell-thick layer that
bends toward the ventricle, thus resembling endogenous CPE. (D) In situ
hybridization (ISH), en face images of whole mount explants. Compared to
control (BSA-soaked) beads (red dashed lines, n=0/8 explants), FGF8-soaked
beads suppress endogenous Ttr expression (n=8/12 explants). (E) RT-qPCR and
WST1 assays, E12.5 midline cells. The FGFR inhibitors PD173704 (left) and
SU5402 (right) downregulate the FGF-target gene Spry1. 16 and 32 ng/ml FGF8
(no BMP4 present) increases midline cell numbers, while 8 ng/ml FGF8 had no
significant effect. (F) RT-qPCR, E12.5 CPCs. SU5402 increases (mRNA) Msx1
levels, whereas the BMPR inhibitor LDN-193189 reduces (mRNA) Msx1 levels
and increases (mRNA) Spry1 levels. (G) RT-qPCR, E12.5 CPCs. Like FGF, EGF
downregulates Msx1, and the EGFR inhibitor PD153035 increases (mRNA)
Msx1 levels. Error bars represent standard errors.
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Figure S2: Possible modes of BMP-FGF cross inhibition and behaviors of
different CIPF motifs. (A) Three possible ways in which FGFs can inhibit BMP
target responses: 1) inhibition directly at the measured target (red), 2) upstream
of the target at the level of intermediate messengers (blue), or 3) at the level of
second messengers (green). (B) One potential BMP-FGF interaction, which
generates a cross-inhibitory positive feedback (CIPF) loop. (C) Effect of FGF
addition on BMP target responses for some of the CIPF motifs shown in Figure
S3. See Figure 3 and associated text for description of simulations and contexts.
For all CIPF models, adding FGF led to an increase in sensitivity and EC50
values, due to suppressed target levels at low BMP concentrations and
maintained levels with high BMP. (D) An example of stoichiometric inhibition of
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BT. The figure shows the effect of increasing BMP concentration on the
concentrations of BT bound to FT and unbound BT.
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Figure S3: Classification of BMP-FGF cross inhibition models. (A) After
simplifying the BMP and FGF signaling pathways to BMP BI BT and FGF
FI FT, there are 81 potential models of cross inhibition between the two
pathways: 9 STI, 18 SUI, 18 CFF, and 36 CIPF. The boxed networks denote the
models that were chosen as representative models for the Figure 3. See Figure 3
and associated text for additional details. (B) Topologies of possible CFF (top
row) and CIPF sub-motifs (bottom row).
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Figure S4: Distinguishing amongst BMP-FGF cross inhibition models. (A)
The same four representative models shown in Figure 3. (B) Representative
BMP dose-response simulations with a nonlinear BMP core pathway (nH=10 for
BBI or BIBT) and with or without FGF (solid or dashed lines, respectively).
See Figure 3 and Table S2 in Text S1 for inhibitory link values and other details.
(C) BT responses with all links linear (context 1), but with increasing inhibitory
strengths (95, 97, and 98% represented by increasing line thickness). Other
parameters match those in Figure 3C. Increasing inhibitory strength leads to
increased ultrasensitivity with CIPF (nH = 2, 2.5, and 3), but not with CFF or the
other models, which remain linearly sensitive. (D) Schematics of different types
of memory; red and blue lines indicate responses that start either on or off,
respectively. From left to right – 1) no memory, in which responses do not
depend on starting condition; 2) hysteresis, in which responses depend on
starting condition, but can return to 0; and 3) irreversibility, in which the response,
once ‘on’, never returns to 0. (E) Comparison between CIPF (top row) and autoregulatory positive feedback (bottom row), with increasing feedback strength
from left to right. Increasing CIPF feedback strength increases its bistability
window, but never produces irreversibility, as BT can always returns to 0. Autoregulatory positive feedback can generate irreversibility, depending on feedback
strength.
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Figure S5: CIPF inhibitory links need to be balanced to produce
ultrasensitivity and hysteresis. (A) The CIPF loop with its parameters for
strength (p) and linearity (n). (B) Hysteresis, monotone systems analysis.
Hysteresis occurs (green dots) when CIPF inhibitory link strengths (left) or
nonlinearities (right) are roughly matched. (C) Hysteresis, simulation analysis
(varied across a wider fold range to those used for Figure 3). Hysteresis
simulations similarly require that link strengths or nonlinearities are roughly
matched. (D) Ultrasensitivity, simulation analysis (same parameters as those
used to examine hysteresis). Like hysteresis, ultrasensitivity increases mostly
occur when CIPF inhibition strengths or nonlinearities are roughly balanced. (E)
Comparison of ultrasensitivity and hysteresis increases (bistability window size)
for the parameter sets used in Figure 3B. Ultrasensitivity and hysteresis
increases are highly correlated (r=0.93 for context 3, r=0.92 for context 4).
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Figure S6: Ability of CIPF to generate different EC50 values and expression
domains. (A) Immunohistochemistry of adjacent coronal sections of E10.5
Msx1-nlacZ dorsal telencephalon. The Msx1 expression domain detected with
anti-lacZ antibody (left) is smaller than the Msx1+Msx2 expression domain
detected with an anti-MSX1/2 antibody (right) by ~200 µm (~100 µm per side).
Scale bar, 0.2 mm. (B) Parameter explorations of BT maximum level and EC50
values with two CIPF networks that are different only in terms of links or
degradation rates that influence BT, BI, or FI; a value of 1 indicates that the EC50
or maximum level is same for both networks. Changes to parameters that affect
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BT do not change EC50 values, while changes to parameters that affect BI and FI
in the CIPF loop can produce multiple EC50 values. (C,D) Continuation of Figure
5C,D: CIPF network changes that produce shifts in BT EC50 values. Simulated BT
response curves represent unchanged (blue) 'vs' modified (purple) CIPF
networks. (C) Networks in which the balance between BI and FI is changed shift
the EC50. These shifts occur upon changing the gain or strength of FI-to-BI
inhibition, BI-to-FI inhibition, or the degradation rate of BI. (D) Network changes
downstream of the CIPF loop, such as changes in BT degradation rates, do not
shift EC50 values.
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Figure S7: BMP4 activates and FGF2 inhibits Msx1/2 expression in CPCs at
the single cell level. MSX1/2 immunocytochemistry of E12.5 CPCs. (A) With
increased BMP4 concentration, more cells express Msx1/2. FGF2 (10 ng/ml)
markedly reduces Msx1/2 expression by BMP4 at 1.5 or 16 ng/ml. Scale bar: 0.1
mm. (B) The FGFR inhibitor PD173074 (100nM) increases Msx1/2 expression in
CPCs treated with BMP4 (16 ng/ml) and FGF2 (10 ng/ml). (C) Paradigm for the
immunocytochemistry single cell experiment. CPCs were plated and treated with
media containing FGF, PD + FGF, or no FGF for 24 hours, at which point BMP4
at 1.5 or 16 ng/ml was added. They were then cultured for 48 hours, fixed,
labeled for Msx1/2, then Hoechst counterstained.
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Table 1: Generalized equations for each class of models. cb – saturated BMP
signal, k3 – half maximal saturation constant for BT, n3 – Hill coefficient for BI
activation of BT. See also Figure S3 and Text S1 for derivations.
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ABSTRACT

In many developmental systems, morphogens produce signaling gradients that
are converted into switch-like (“ultrasensitive”) cellular responses to specify
distinct cell types. Can such a mechanism allow sharp boundaries to form
between cell types when facing both spatial and temporal stochastic fluctuations
in morphogens and signaling? In the dorsal telencephalon, mutually inhibitory
bone morphogenetic protein (BMP) and fibroblast growth factor (FGF) signaling
interact within cells resulting in an ultrasensitive BMP target response.
Characterization of BRE-gal reporter mice revealed a refinement and sharpening
of boundaries over time. Our modeling and experimental data suggests FGF
kinetics play an important role in the boundary refinement for BMP target genes.
Furthermore, primary cortical tissue cultures revealed BRE-gal expression levels
in the presence of high FGF concentrations reach a similar steady state as low
FGF concentrations in less time. Utilizing a novel in-vivo model in which FGF
signaling was disrupted, we observed an increased ruggedness of BMP signals
and development at the cortex-midline boundary with developmental catch-up
over time.

Computational analysis of stochastic models indicates that FGF

promotes noise attenuation and the temporal integration induced by FGF kinetics
enables robustness and efficiency of boundary refinement. Taken together, our
findings suggest a novel mechanism of temporal control of one morphogen to
refine and enhance the formation of spatial patterns induced by another
morphogen during development.
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INTRODUCTION

Neural development is a highly orchestrated process, patterning of naïve tissue
into highly evolved structures with multiple cell types and functions is highly
complex and not fully understood (Niswander et al., 2005;). Conventional
understanding of pattern formation assumes extrinsic morphogen concentration
to be the sole determining factor (Meinhardt, 1978; Wolpert et al., 1969).
However, this perspective has been challenged recently, raising the possibility of
additional mechanisms at play. Recent findings in the dorsal neural tube
demonstrate the significance of a temporal component in addition to morphogen
concentration, where different neuronal subtypes were specified by both time and
BMP signaling gradient (Tozer et al., 2013).
Signaling centers in the developing telencephalon including the roof plate,
a BMP source (Grove et al., 2003; Monuki 2007), the anterior neural ridge and
surrounding cortical areas, FGF sources (Shimogori et al., 2004), secrete
morphogens that pattern surrounding tissue over time (Cheng et al., 2006). Their
role and interaction in border formation and patterning has yet to be determined.
Evidence supporting pattern formation resulting from interaction of two or more
morphogens is found across many species and systems. BMPs’ interactions with
different

morphogens

yield

astonishingly

diverse

patterning

outcomes.

BMP/Nodal ratio organizes zebrafish embryonic axis (Xu et al., 2014). BMPs
interact with FGFs in neural crest cells to determine craniosynostosis (Komatsu
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et al., 2013). Hence, there are endless possibilities as to how BMPs and FGFs
may interact, leading to very different outcomes.
While the classical morphogen theory (Wolpert et al., 1969) facilitated the
understanding of conversion of morphogen information, it is only applicable at
steady state. Patterning by morphogen gradients during development is a
dynamic process (Kutejova et al., 2009) and the temporal dynamics of this is key
to understanding tissue patterning and development in a spatiotemporal
manner.Morphogen kinetics was studied in the developing fly wing to show the
cellular mechanism of Dpp and Wingless gradient formations (Pantazis et al.,
2007). Temporal integration is the integration of signals over time, where cellular
response is based on both morphogen gradient and time. Currently, temporal
integration in morphogen patterning is only described in the ventral neural tube
where sonic hedgehog (shh) specifies positional identities of distinct neuronal
subtypes based on shh concentration and duration of shh signaling (Dessaud et
al., 2010). However, multiple lines of evidence describing increased efficiency in
stem cell differentiation by adjusting morphogen, activator and inhibitor
concentration such as differentiation of dopaminergic neurons using Wnt5b
(Ribeiro et al., 2012) and insulin producing cells using insulin (Liu et al., 2013).
These studies suggest an alternative model to the classical morphogen theory
that relies solely on morphogen concentration.
Our studies focus on the formation of the cortex-dorsal midline border in the
developing telencephalon. BMP gradient originating from the roof plate is
required for proper patterning in the developing telencephalon (Cheng et al.,
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2006). Ultrasensitivity, described as a switch-like response where maximal
activation occurs over a small change of stimulus, is essential for the formation of
sharp boundaries between distinct cell fates. We have previously shown that
BMP-induced ultrasensitivity is intrinsic at the population, single cell and intact
tissue level (Hu et al., 2008). While BMP-induced ultrasensitivity is critical to
border formation, the underlying mechanism by which it is achieved is equally
important. Further studies revealed that cell-intrinsic ultrasensitivity was
dependent on FGF. We showed that BMPs and FGFs interacted in a mutually
inhibitory fashion (Srinivasan et al., 2013).
In order to achieve robust patterning, morphogens must overcome stochastic
effects (noise), including fluctuations in both extracellular and intracellular
environments over time. Interlinked fast and slow feedback loops can rapidly
respond to stimuli and resist noise in the upstream signaling system (Ferrell et
al., 2005). Noise attenuation by averaging over space and time proves to be a
useful strategy in many systems, allowing cells to interpret signals with better
accuracy (Erdmann et al., 2009; He et al., 2010). While noise is typically thought
to strain signaling accuracy; several studies demonstrate that noise improves
signaling accuracy, including induction of bimodality by noise in positive feedback
loops without bistability (To and Maheshri, 2010), determination of cell fate by
noise in gene expression (Maamar et al., 2007), stochastic resonance
(Wiesenfeld and Moss, 1995), stochastic synchronization (Zhou et al., 2005) and
stochastic focusing (Paulsson et al., 2000).
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Retinoic acid (RA) signaling in the zebrafish hindbrain demonstrates how noise
facilitates boundary sharpening in response to a single morphogen (Zhang et al.,
2012). Many studies on morphogen robustness have focused on single
perturbations (Lander, 2011), leading to spatial shifts of the smooth morphogen
gradient and consequently shifting boundaries of gene expression. However,
development often encompasses multiple stochastic sources, resulting in a nonsmooth “salt-and-pepper” transition region of gene expression. Thus far, there
are no studies on how two-morphogen patterning systems deal with various
noise

(stochastic)

fluctuations

(eg.

spatial,

temporal,

extracellular

and

intracellular) simultaneously to refine the boundaries during development.
In this study, we will investigate the integration of spatial and temporal noise
attenuation in the BMP-FGF signaling network to form a sharp and robust
boundary. We will demonstrate that perturbing FGF signaling transiently will lead
to a noisier boundary with loss of boundary sharpness and a global delay in
development. Initial ex vivo and in vitro studies established slow FGF kinetics to
be crucial in noise attenuation and boundary refinement. In vivo studies illustrate
sharpening of the cortex-midline boundary over time. Furthermore, temporal
integration was found to be critical to boundary formation. Finally, introduction of
stochastic noise by transiently perturbing FGF signaling in vivo demonstrated
loss of boundary sharpness and delayed development followed by catch up
recovery. Together, findings from this study reveal that tissue patterning is not
solely dependent on morphogen concentration, but involves a temporal control
mechanism described here.
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RESULTS

FGF-mediated suppression of rostral BMP border takes time
Initial characterization of BRE-gal reporter mice revealed expression patterns
similar to endogenous Msx1 in the developing telencephalon (Doan et al., 2013).
To determine change in expression over time, we examined X-gal stained whole
mount and telencephalic explants. We observed a temporal refinement in the
BRE-gal rostral domain whole mount embryos, with the domain shifting caudally
over days (Fig. 1A). When we measured the length of this rostral domain in
explants, we found that despite being cultured to matching end points, explants
dissected at e9.0 and e9.5 had significantly longer rostral domains compared to
explants dissected e10.0 and e10.5 (Fig. 1B). Interestingly, similar results were
found in Msx1nLacZ explants, where a lateral-medial shift was observed over
time. Previous studies have established the mutual inhibitory relationship
between BMP and FGF signaling (Srinivasan et al., 2013), as the rostral FGF
source is in the anterior neural ridge, we hypothesized that FGFs are likely
involved in this refinement process. Ectopic FGF8 applied to e9.0 BRE-gal
explants for 48hrs induced dose-dependent refinement of the rostral domain (Fig.
1C). On the contrary, pan-FGF receptor inhibitor PD173074 (PD) treatment for
48hrs prevented BRE-gal rostral domain refinement in both e10.0 and e10.5
explants (Fig. 1D and S1B). Taken together, these findings suggest that temporal
refinement is a general phenomenon across genes and axis’s and FGFs play an
important role in the temporal refinement of BMP target expression.

100#

FGF-mediated suppression of BMP target genes is slow and translation
dependent
To determine the interaction between BMPs and FGFs at the gene level, we
performed concentration response curve experiments over time on cortical
precursor cells (CPCs). Cortical precursor cells (CPCs) and the BRE-gal reporter
had been described to respond to BMP4 in an ultrasensitive manner (Hu et al.,
2008 and Doan et al., 2013). Ultrasensitivity is described as a switch-like (all or
none) phenomenon characterized by a sigmoidal curve (reference).In the
presence of FGFs, CPCs treated with increasing BMP4 displayed suppression of
BMP target genes (including BRE-gal reporter and Msx1, 2 endogenous genes)
over time at low BMP concentrations (Fig. 2B and Fig. S2A). Suppression of the
BMP target gene expression was first noticed at 24hrs post BMP4 treatment, and
ultrasensitivity was not observed until 48hrs after. When assayed as a timecourse, results showed that BMP target gene expression is suppressed over time
in sub-threshold BMP4 concentrations (Fig. 2C and Fig. S2B). To simulate the
dynamic process of BMP target gene expression in CPCs, we utilized a
stochastic single cell model employing stochastic ordinary differential equations
(see equations in Sec 1.1, SI). Simulation results based on this network
demonstrate the ultrasensitivity of BMP target gene expression, consistent with
experimental findings (Fig. 2D). To isolate the effects of FGFs on BMP target
genes, we cultured CPCs in the presence of FGFs. BMP target genes were
suppressed over time, on the time scale of days, in FGF-treated cultures
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compared to to control (Fig. 2E and Fig. S2C). To determine the reason for slow
suppression, translational inhibitor cycloheximide (CHX) was added to CPCs. In
the presence of CHX, FGF-mediated suppression of BMP target genes were
abolished (Fig. 2F and Fig. S2D). These findings suggest that FGF-mediated
suppression is slow at the gene level, taking days. This slow suppression is due
to a translational requirement.

Slow FGF improves noise attenuation of BMP target genes
Mathematical simulations were performed to investigate the effect of external
noise on BMP gene expression at the single-cell level. At steady state,
simulations with a fixed BMP amount predict a decrease in the variation of BI
when concentration of FGF is increased. Interestingly, slow FGF inhibition also
led to a decrease of BI variation regardless of whether noise arises in the BMP or
FGF concentration (Fig. 3A, B). Fluorescent distributions reflecting BMP target
gene expression were used to assay predictions made by simulations. CPCs
were cultured in varying FGF concentrations and stimulated with BMP. Results
reveal decreased variation with increasing FGF concentration (Fig. S3A).
Quantification fitted to simulation with Gaussian-distributed BMP and FGF shows
that experimental data confirms predictions made by simulation (Fig. S3B).
These finding suggests that the presence of slow FGF enables noise attenuation.

Varied FGF input supports notion of temporal integration
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Here, we aim to determine the change in time to steady state when FGF
concentration is manipulated. Mathematical simulations were performed to
estimate boundary formation time. The boundary formation time is estimated as
time needed for population BI to evolve from unimodal to bimodal at EC50 BMP
concentration. Based on the simulations, both slow FGF inhibition (Fig. 3C) and
reduced FGF (Fig. 3D) both predict a delay in boundary formation. Temporal
integration is defined as a change in duration of time to reach the same steady
state when input is varied. We predict that reducing the amount of FGF will delay
the inhibition effect in the simulation (Fig. 3E). Furthermore, this model predicts
that at higher FGF concentrations BMP target genes will reach the same steady
state faster compared to lower concentrations. To test this model, CPCs were
cultured in varying FGF concentrations. We found that in the absence of BMP,
the BRE-gal reporter displayed no signs of temporal integration (Fig. S3C).
However, in the presence of BMP, the BRE-gal reporter displays temporal
integration, where the same steady state is reached faster at high FGF
concentrations compared to low concentrations (Fig. 3F). These results suggest
that slow and low FGF result in similar delays in boundary formation and this
gene network displays temporal integration when both BMP and FGF signals are
present.

Slow acting FGF responsible for sharp robust boundary
To understand the spatial stochastic effects on boundary formation during
development, we developed a two-dimensional stochastic model based on
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stochastic partial differential equations to investigate the spatial BMP and FGF
signaling pathway and temporal-spatial boundary formation (see equations in
Sec 1.2, SI). BMPs and FGFs diffuse through surrounding naïve tissue forming a
crossed two-morphogen gradient as shown in illustration. During normal
development, a rough boundary is initially formed between BMP and FGF signals
(Fig. 4A, time=10). It then sharpens over time and quickly reaches a steady state
(Fig. 4A, time=100), which barely changes with more time (Fig. 4A, time=300).
When FGF signal is decreased by 70%, the initial boundary is much noisier (Fig.
4B, time=10), and it shows a delay in boundary sharpening (Fig. 4B, time=100),
resulting in a boundary that is less sharp at the steady state (Fig. 4B, time=300).
On the contrary, FGF action slowed by 100x initially results in a similar
development delay as low FGF (Fig. 4C, time=10, 100), but the boundary
eventually becomes sharp at steady state (Fig. 4C, time=300). Through
quantification of BMP target gene distribution, the dynamics of boundary
refinement corresponding to normal patterning, decreased FGF, and slow FGF is
displayed (Fig. 4A-C). Measurement of the boundary sharpness for each
treatment further demonstrates that slow FGF drives better boundary sharpening
than decreased FGF (Fig. 4D). To account for both effects of low FGF and slow
FGF, we decreased FGF production by 50%, and then varied the time scale of
FGF. Our results show that slow FGF is able to recover the roughness of
boundary induced by low FGF (Fig. S4B), resulting in a sharp boundary.
Furthermore, slow FGF also improves the robustness of the boundary against
the temporal noise fluctuation. Decreased FGF shows large variation of std(B1),
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indicating the boundary is sensitive to temporal noise, but slow FGF largely
reduces noise variation, providing better robustness (Fig. S4C).

Cortex-dorsal midline boundary refinement is slow, in the timescale of days
Thus far, basic characterization of FGF action ex vivo, in vitro and in silico have
demonstrated the involvement and importance of FGF signaling in creating a
sharp, robust boundary with good noise attenuation. These characteristics have
not yet been demonstrated at the tissue level. We studied the cortex-dorsal
midline boundary in e10.5 – e13.5 in coronal sections from BRE-gal reporter
mice. Steady growth in brain size and development of structures were observed
during development (Fig. 5A). Studying the cortex-midline boundary in detail
revealed boundary sharpening over time (Fig. 5B). The mosaic domain adjacent
to the boundary is wider containing a larger population of cells at an early age,
and decreases in size and cell number over time. Upon quantification, it was
evident that embryos at a younger age have a larger standard deviation in pixel
intensities of cells in the mosaic domain with many cells displaying low signal
intensity (Fig. 5C). Boundary profile quantification revealed an increase in
steepness in boundary profile over time, signifying the refinement and
sharpening of the boundary over time (Fig. 5D). Taken together, these results
point to the temporal aspect in development and boundary formation where the
cortex-midline boundary sharpens over time.

Slow FGF action is critical to robust boundary recovery
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We have shown that slow FGF action is critical to proper patterning of the
developing telencephalon through both in vivo and in silico studies. However,
there is little evidence on how this two-morphogen system responds to
perturbations. Spatial modeling allowed a transient perturbation in FGF signaling
to be introduced in a system with either fast or slow FGF action (Fig. 6A, B). In
our model, FGF starts to decrease at time=1, and is reduced to 50% at time =50.
FGF signaling starts to recover at time=150 and is fully recovered at time=200.
Steady state is shown at time=300. A two-morphogen system with fast acting
FGF recovers quickly from the transient perturbation in FGF signaling, but the
boundary at steady state is noisy (Fig. 6A). On the contrary, a two-morphogen
system with slow acting FGF takes time to recover from the perturbation, but the
boundary at steady state is sharp (Fig. 6B). However, although the spatial model
predicts the recovery of the boundary, an expansion of the BMP domain is
observed with slow FGF action. We also quantify BMP gene distribution to reflect
the sharpness of the boundary (Fig. 6C, D). In addition to understanding the
impact of slow FGF action on recovery after perturbation, we also studied the
noise at the boundary during the perturbation. Mathematical simulation of noise
levels at the cortex-midline during development showed that FGF perturbation
led to an initial increase in noise levels, and decrease in boundary sharpness
with eventual catch-up (Fig. 6E). These findings point to the two-morphogen
system with slow acting FGF’s ability to withstand perturbation and recover over
time.
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Perturbation of FGF signals lead to delayed refinement of cortex-midline
boundary
There are currently no models to transiently disrupt FGF signaling in vivo. In
order to better understand FGF’s role in patterning the cortex-midline boundary,
we established a novel model using PD173074, to introduce a transient
perturbation to FGF signaling in vivo. PD was injected into pregnant BRE-gal
mice at e9.5 via intra-peritoneal injections. Embryos were dissected at specified
end points post injection and characterized. Gross measurements revealed an
initial decrease in embryo crown rump and tail length in PD treated embryos
compared to control, with eventual catch-up. (Fig. S7A, B). At e11.5, two days
post-injection, a dose-dependent decrease in brain size was observed visually
with increasing doses of PD (Fig. 7A). In agreement with our model, a global
increase of blue X-gal staining, reflecting increased BRE-gal reporter activity,
was observed when FGF signaling was disrupted. At e11.5, an expansion of the
mosaic domain was observed at the cortex-midline boundary with increasing PD
doses (Fig. 7B, Fig. S7C). Quantification of the boundary profile revealed a
marked decrease in boundary sharpness by a decline in steepness of the profile
(Fig. 7C). Quantification of cell pixel intensity in the mosaic domain revealed a
global increase in number of cells and an increase of cells with low pixel intensity
present in PD-treated brains (Fig. 7D). Together, this suggests that development
is delayed both at the cortex-midline boundary and on a global scale due to a
disruption in FGF signaling. At e14.5, we observed a catch up in development
both at a global level (Fig. S7E) and in boundary sharpness (Fig. 7K).
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Additionally, in agreement with our spatial model predictions, an expansion of the
BRE-gal domain is observed as a result of FGF signal perturbation (Fig. 7E).
Upon quantification, we show that the area of the BRE-gal domain has expanded
(Fig. 7F) and the domain length on the meningeal surface is longer (Fig. 7G). At
e16.5, the PD-treated embryos displayed complete recovery globally and also at
the cortex-midline boundary (Fig. S7F, G). However, evidence of perturbation is
present in the hippocampal plate region (Fig. S7G).

Sharp boundary observed over time reflects developmental catch up at
cortex-midline boundary
Upon establishing and validating our model, we focused on studying the cortexmidline boundary. At e12.5, three days after injection, the effects of FGF
perturbation were more pronounced both at the cortex-midline boundary (Fig.
7H) and globally (Fig. S7D). A decrease in boundary profile steepness in PDtreated embryos reflects FGF signal perturbation (Fig. 7I). Quantification of cell
pixel intensity in the mosaic domain reveals both a larger number of BRE-gal
positive cells present and a larger standard deviation in pixel intensity in PDtreated embryos (Fig. 7J). Signs of catch-up recovery at the boundary were first
observed at e14.5, five days after injection. Global measurements of crown rump,
tail length and head size indicate a catch-up in the developmental delay caused
by FGF signal perturbation (Fig. S7A, E). Examination of the cortex-midline
boundary revealed no noticeable difference between PD-treated and control
embryos (Fig. 7K). Boundary profile and cell pixel intensity quantification also

108#

yielded similar results (Fig. 7L, M). Quantification of noise levels from in vivo
experiments confirms predictions made by the model. Indeed, there was initial
increase in noise at the cortex-midline boundary after perturbation and noise
levels eventually returned to normal levels (Fig. 7N). In summary, the schematic
shows that BMP target genes, standard deviation of BMP targets or noise, and
the inverse of sharpness all decrease over time in the presence of high FGF
concentrations (Fig. 7O). When FGF signaling is perturbed, there is a delay in
this decrease, but the system eventually catches up to a similar steady state
compared to control. Therefore these studies suggest that the introduction of
stochastic noise in the form of FGF signal perturbation is well buffered both in the
developing telencephalon and throughout the embryo reflected by an initial delay
in development followed by catch up recovery.
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DISCUSSION

BMP signals have been shown to play pivotal roles in patterning the CNS. This
study sheds light on how BMP and FGF signals interact, and provide multiple
lines of evidence suggesting that this interaction is critical to the proper
patterning of the dorsal telencephalon. We found that FGF suppressed BMP
signaling in cortical progenitor cells (CPCs) and telencephalic explants. This
suppression occurred in the timescale of days mediated by translation. This slow
FGF action displayed the ability to attenuate noise (variation in signal input) in
the BMP signaling pathway. The attenuation of noise is crucial to the formation of
a sharp and robust boundary. Furthermore, multiple lines of evidence from our
ex vivo, in vivo and in silico experiments reveal refinement of BRE-gal reporter
expression over time and space. Disruption of FGF signaling in vivo resulted in
the expansion of BRE-gal reporter expression as well as a delay in global and
cortex-midline

development,

confirming

FGF’s

role

in

refinement

and

suppression of BMP signaling. The system’s ability to recover from the
developmental delay with full catch-up is a reflection of the robustness of the
BMP and FGF signaling networks. More importantly, the global nature of the
temporal involvement, developmental delay, and catch-up suggests that these
phenomena are not limited to this system but are likely a general principle in
development.
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Slow FGF critical for noise attenuation, boundary formation and
developmental timing
BMP and FGF signals have been shown to interact in a vast number of
developmental systems including the limb bud, connective tissue, tooth, neural
induction, heart, angiogenesis and many more (Pajni-Underwood et al., 2007;
Zhao et al., 2007; Laurikkala et al., 2003; Marchal et al., 2009; Scharpfenecker et
al., 2007; Tirosh-Finkel et al., 2010). In this system, BMPs and FGFs interact in a
mutually inhibitory manner (Srinivasan et al., in preparation). BMPs signal
rapidly, in the time scale of minutes (Hu et al., 2008) whereas FGFs signals are
slower, in the time scale of hours to days (Choi et al., 2008) in many systems.
Multiple lines of evidence from experimental and mathematical modeling
experiments in our study reveal the slow kinetics of FGF signaling, in the time
scale of days. The refinement of BRE-gal reporter expression both in vivo and ex
vivo and the translation dependent suppression of BMP target genes highlight
this.

The discovery that FGF kinetics is on the time scale of days is in agreement with
findings across other systems. Typical signaling cascades are rapid, operating on
the time scale of minutes. FGF signaling here operating on the time scale of days
suggests that it’s unlikely to inhibit BMP signaling via typical signaling cascades.
The translational requirement of FGF mediated effects found from CHX
experiments confirms this. The translational aspect suggests that a molecular
mediator is required to inhibit BMP signaling. Although the identity of this
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mediator is unknown, we speculate that it will act downstream of Smad
activation, interacting with the pSmad complex, and binding directly to the DNA
to enhance or repress gene expression or interfering with the binding of BMP
signaling pathway components to the DNA. Mathematical simulations of a twomorphogen system shows that fast acting FGF will lead to expedited boundary
formation, but the boundary formed will have relatively high levels of noise and
will not be sharp. Conversely, slow acting FGF will lead to slow boundary
refinement, but the boundary formed will have low levels of noise and will be
sharp and robust to temporal noise fluctuation. Therefore, we propose that slow
acting FGF serves as a mechanism to attenuate noise from both BMP and FGF
signals, allowing progenitors to adopt correct cell fates ultimately leading to the
formation of a sharp and robust boundary.

Two morphogen signaling system proves to be superior
Noise is described as internal or external fluctuations of the signal. To maintain
correct signal readout, signaling systems devise mechanisms to attenuate noise.
Averaging of noise in time or space is one such mechanism. For example, spatial
averaging is essential for cells to interpret the Bicoid (Bcd) gradient (3, 19);
temporal averaging of Bcd levels improves spatial precision of Hunchback
boundary formation (20). While signaling noise is typically perceived as an
obstacle to proper signaling, recent work on retinoic acid (RA) signaling in the
zebrafish hindbrain suggest that noise may facilitate sharpening of borders of
gene expression in response to morphogens (32). In our study, six lines of
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evidence supporting FGF’s role in noise attenuation over time were discovered.
In silico and in vitro single cell experiments demonstrated FGF’s ability to
attenuate noise over time. More importantly, slow acting FGF displayed better
attenuation than fast acting FGF. This was confirmed in spatial modeling, where
noise levels were increased with less FGF present, but noise levels were
decreased when FGF action was slower. In vivo disruption of FGF signaling
yielded similar findings (where noise levels were increased) and boundary
refinement was reduced. This suggests that FGF signals likely serve as intrinsic
noise to attenuate noise from extrinsic signals such as fluctuations in BMP
signaling. Taken together, these findings all point to FGF’s role in noise
attenuation of the BMP signaling system.

Our study has demonstrated the advantages of a two-morphogen system where
two-way gene switching can be achieved. Two-way gene switching is where the
stronger of the two signals turns the weaker off, ultimately leading to the
formation of a sharp and robust boundary. This overcomes the limitations of a
one-morphogen system that can only cause one-way gene switching in high
morphogen concentration, therefore rendering it ineffective in low morphogen
concentration. This effective noise attenuation mechanism elucidated from our
study is likely to be in part responsible for sharp boundaries formed from
interactions of two morphogens in other developmental systems. In addition to
demonstrating the advantages of a two-morphogen system, our study also sheds
light on the importance of temporal control. Temporal control highlights the
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significance of time as a critical factor to noise attenuation. Our experiments
revealed a marked difference between fast and slow FGF action in noise
attenuation; slow being clearly superior. This suggests that in addition to
concentration, time also plays a crucial role in patterning. More importantly, noise
attenuation is crucial to biological scaling. Biological scaling requires that each
cell, compartment, and tissue to be scaled to the same precise proportions for a
living organism to function properly. The efficiency of a two-morphogen system
allows the organism to more effectively buffer noise and fluctuations in extrinsic
signals ensuring accurate scaling. In summary, our two-morphogen system can
serve as a model for other systems to study noise attenuation and development.

Temporal integration sheds new light on classical morphogen theory
Classical morphogen theory states that the specification of cell fate is based
solely on morphogen concentration (Wolpert et al., 1969). Albeit, this has
facilitated the understanding of morphogen-mediated tissue patterning, it is only
applicable at steady state. Patterning by morphogen gradients during
development is a dynamic process (Kutejova et al., 2009), comprehending its
temporal dynamics is critical to understanding development in a spatiotemporal
manner. Temporal integration is the integration of multiple signals over time
resulting in a cellular response based on morphogen concentration and time of
exposure. Little is known about temporal integration in CNS development.
Evidence from sonic hedgehog (shh) studies in the ventral neural tube suggests
that distinct neuronal subtype fates are specified by both shh concentration and
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duration of signaling (Dessaud et al., 2010). However, stem cell studies such as
the differentiation of dopaminergic neurons with Wnt5b (Ribeiro et al., 2012) and
insulin-producing cells with insulin (Liu et al., 2013) describe shortened
differentiation

time

with

increased

morphogen,

activator

and

inhibitor

concentration. Taken together, these studies suggest that the classical
morphogen theory alone is not enough to account for the patterning involved
during development. Our study provides six lines of evidence for temporal
integration in this two-morphogen system. Ex vivo, in vitro, in silico and in vivo
findings revealed a time-dependent refinement of BRE-gal reporter in the
developing telencephalon, and this refinement is largely due to FGF-mediated
effects. The temporal component was most apparent in single cell studies.
Mathematical simulations of slow acting FGF showed a similar effect to high FGF
concentration on boundary formation. Single cell experiments confirmed this,
demonstrating that BRE-gal expression levels in the presence of high FGF
concentrations reach the same steady state as low FGF concentrations in less
time. These findings on the temporal aspect of morphogen signaling provide
new insight on morphogen patterning. More importantly, we propose a novel
model to address key questions in tissue patterning and development.

The temporal control we discovered shares many similarities with the Shh
system, where morphogen concentration is not the sole determinant of cell fate
but duration of exposure is a contributing factor. This confirms that tissue
patterning is a dynamic process and must be studied as a function of time and
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not at steady state. As time is an important component, the kinetics of each
morphogen involved will provide valuable information. In this system, we found
that BMPs have fast activation and slow deactivation kinetics, whereas FGF has
slow activation and slow deactivation kinetics. Fast acting BMPs likely turn on
and maintain the on state in progenitor cells despite fluctuations in signal. Slow
acting FGFs suppresses weak BMP signals distant from the BMP source over
time, leading to boundary refinement. Evidence can be found in our in vivo
studies where transient perturbation of FGF signaling results in immediate
expansion of BRE-gal expression followed by eventual refinement to normal
levels due to restored FGF activity. Our findings suggests that temporal
integration is not unique to Shh signaling in the ventral neural tube, but is also
significant in the developing telencephalon. Therefore, it is likely that temporal
integration is a general phenomenon that may be applicable to other systems in
tissue patterning and development.

Disruption of orchestrated signaling result in global developmental delay
and catch up
Developmental delay is a complex phenomenon that has proved to be difficult to
study, thus little is known about the subject. Studies that address this topic are
largely based on clinical work studying growth plate senescence (Lui et al.,
2011), deletion 9p syndrome (Sirisena et al., 2013), q27-q28.1 microdeletion
(2013), smith-lemli-opitz syndrome (Lee et al., 2013) etc. Non-clinical examples
of developmental delay with eventual recovery include the disruption of BMP
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signaling in the cleft palate (Li et al., 2013) and the disruption of Lmx1a signaling
in the cortical hem (Chizhikov et al., 2010). These studies give limited insight to
the subject, but are not able to fully address this complex phenomenon. We
believe that our study plays a unique role in better understanding this through the
transient disruption of FGF signaling in this two-morphogen system. Current
models to disrupt FGF signaling include in utero electroporation to deliver RNAi
(Takahashi et al., 2002, Bai et al., 2003), small molecule tyrosine kinase and
multikinase inhibitors (Skaper et al., 2000, Liang et al., 2013), and compound
FGF receptor knock-out mice (Paek et al., 2009). Though each model had its
own unique advantage, none were suited for our purposes. So we developed a
novel in vivo model, injecting FGF receptor inhibitor into pregnant mice at the
time of neural tube closure. This created a pronounced global but transient
disruption of FGF signaling in the embryo, and allowed us to study its effects
extensively. We gathered multiple lines of evidence that all point to the disruption
of FGF signaling as the reason for the delay observed. Two days after injection,
we observed dose dependent developmental delay both globally in embryo size
and also locally at the cortex-midline boundary. A significant increase in noise
levels reflecting delayed noise attenuation was also observed. Complete catchup and recovery was observed five to seven days after initial perturbation. These
findings bring new insight to understanding developmental delay and also how
the system’s capacity to buffer external perturbations.
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Disruption of FGF signals resulting in delayed development, delayed boundary
refinement and expansion of BRE-gal expression reflects the system’s
requirement for the delicate balance of input signals. Interestingly, the
developmental delay and catch-up observed supports the notion of temporal
integration. A disruption of FGF signaling analogous to the introduction of
stochastic noise resulted in delayed boundary refinement. This marked delay is
consistent with our temporal integration model, where more time is required to
reach a similar steady state when FGF signal is reduced. The robustness of the
two-morphogen system is reflected in the system’s ability to catch-up from the
developmental delay. The system’s ability to show initial signs of catch-up in five
days and full recovery in seven after disruption suggests that this system is
highly robust and is able to buffer the stochastic noise introduced. The
robustness of this system is likely due to it being a two-morphogen system with
multiple genetic redundancies. The two-morphogen system provides efficient
noise attenuation by minimizing noise fluctuations from each individual system.
The slow FGF signals are advantageous because rather than competing with fast
BMP signals it orchestrates and refines BMP signals over time. The genetic
redundancy is largely within the FGF system. Fgf8 and Fgf2 are both expressed
in the developing telencephalon (Cobos et al., 2001; Ford-Perriss et al., 2001)
and bind FGFR1c, 3c and 4 with different preferences. It is likely that these
genetic redundancies act as fail safes to minimize the impact of any loss of
signaling in the system. The mechanisms in place to ensure proper signaling
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suggest that this two-morphogen signaling pathway is critical for normal
development.

More generally, our study has provided new insight into the integration of
morphogen information as a function of time as well as concentration. The
importance of the temporal integration is demonstrated by the developmental
delay and catch-up caused by a transient disruption in one of two morphogen
signals. The importance of this system is reflected in the robustness of the
system in how it responds to an external perturbation. This study has
demonstrated that these findings are not unique to the developing telencephalon,
but is likely a general phenomenon that is applicable to other morphogen
patterning and development systems.
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MATERIALS AND METHODS

Mice. BRE-nLacZ (BRE-gal) and Msx1nLacZ were used for studies. Breeding
colonies were established under IUACUC breeding guidelines. Noon vaginal plug
was designated as day 0.5 for timed pregnancies. Crown-rump length was
measured to verify embryonic ages. X-gal staining of embryonic tails determined
genotype of embryos.

Embryo whole mount staining. E9.0, E10.5, E12.5 embryos were dissected in
ice-cold L-15 solution with 2% glucose. Embryos were fixed in 4% PFA for 30
mins and X-gal stained for 6hrs at room temperature. Embryos were imaged on
Advanced Microscope Group (AMG) EVOS microscope.

Dorsal forebrain explants. E9.0, 9.5, 10.0, 10.5 explants were prepared in a
similar fashion. Embryos were dissected in ice-cold L-15 solution with 2%
glucose. Dorsal forebrains were dissected and then cultured ventricular-side
down on the dull surface of an 8µm pore polycarbonate membrane. (Whatman,
Clifton, NJ) Explants were cultured in DMEM/F12, 20% calf serum supplemented
with sodium pyruvate, on essential amino acids and penicillin-streptomycin at
37°C. Explants were fixed in 4% PFA for 30mins and X-gal stained for 6hrs at
room temperature. Inhibitors or growth factors were added directly to the explant
media when applicable. Explants were imaged on Advanced Microscope Group
(AMG) EVOS microscope. Rostral domain was quantified using ImageJ Software
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(U. S. National Institutes of Health, Bethesda, Maryland, USA) by measuring the
tip and base of the rostral domain.

Dissociated cortical precursor cell cultures. E12.5 embryos were dissected; skin
and mesenchymal layers were removed. Telencephalic vesicles were dissected
and incubated in 0.05% trypsin with 0.02% EDTA and 0.2% BSA in HBSS for
20mins at 37°C for dissociation. 1mg/mL soybean trypsin inhibitor (Sigma) in
HBSS was used to inhibit trypsin after dissociation. Tissue digest was pipetted up
and down to dissociate cells using P200 pipette. Cells were then washed once
with 0.2% BSA in HBSS and plated at 100,000 cells per well on laminin-coated
plates. Growth factors including 10ng/mL Fgf2 (R&D systems), 20ng/mL Egf
(R&D systems) and 2ug/mL heparin (Sigma) were added according to
experimental design.

Real-time qRT-PCR. RNA extraction was performed using Aurum total RNA mini
kit (Bio Rad), cDNA synthesis, primer validation, and statistical methods for realtime semi-quantitive RT-PCR was performed and quantified as described in Hu
et al., 2008. All cDNA samples were run in duplicate and cyclophilin A was used
to normalize.

Mice injections. Pregnant BRE-gal mice were injected with DMSO vehicle or panFGF receptor inhibitor PD173074 (Cayman) at E9.5. Intra-peritoneal injections
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were performed in the lower left abdominal region under antiseptic procedures in
compliance with IUACUC regulations.

Coronal sections. E10.5, 11.5, 12.5, E13.5, E14.5, E16.5 embryos were
dissected; heads were fixed in 4% PFA for 30mins, then incubated in 30%
sucrose overnight. Heads were frozen in optimal cutting temperature (OCT)
compound (Tissue-Tek) in liquid nitrogen the next morning. Heads were
sectioned coronally at 20-micron sections using the CM3050S cryostat (Leica).
Sections were X-gal stained at 37°C overnight, protected from light, and eosin
counterstained. Staining solution consisted of 94% X-gal rinse buffer, 1%
Ferricyanide, 1% Ferrocyanide, and 4% X-gal. Tissue was dehydrated twice in 3minute intervals under the following ethanol concnetrations: 50%, 75%, 95%, and
100%. Slides were incubated in xylene twice for 3 minutes, and then mounted in
permount in xylene.

Confocal microscopy. Confocal microscope (Nikon Eclipse Ti) was used to image
X-gal stained coronal sections. 4X, 10X, 20X and 40X objectives were used to
capture areas of interest. Images were acquired with NIS elements software.

BRE-gal border. Borders were drawn in 40X coronal section images to separate
solid and mosaic BRE-gal domain. Borders were drawn blind using Adobe
Photoshop CS6 software.
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Boundary profile. Image J Software (U. S. National Institutes of Health,
Bethesda, Maryland, USA) was used to measure pixel intensity across target
gene order. Plot profile module was used to assay pixel intensity along three
1000-pixel lines that were drawn across each section. The border was set
arbitrarily at the 600-pixel mark. Pixel intensity values were normalized and
plotted against pixel distances from the border.

Average cell pixel intensity. Average cell pixel intensity was measured using
Image J Software (U. S. National Institutes of Health, Bethesda, Maryland, USA)
to quantify pixel intensity of each individual cell outside of target gene border.
Pixel intensity values were normalized and plotted against pixel distances from
the border.

Flow cytometry. FluoReporter lacZ flow cytometry kit (Molecular probes) was
used. Cells were dissociated with trypsin into single cell suspension, pelletted,
and resuspended in L-15 supplemented with 2% glucose. Fluorescein di-β-Dgalactopyranoside (FDG) substrate was loaded into cells for 1min at 37°C.
Reaction was stopped with ice-cold stop solution containing phenylethyl-β-Dthiogalactopyranoside (PETG) to stop reaction and propidium iodide (PI) to
distinguish dead cells. Cells were incubated on ice for 1hr for substrate
development and then assayed on FACS Aria II machine for FDG fluorescent
distribution.
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Materials and Methods

1. Mathematical model

1.1 Single cell model
To simulate the dynamic process of BMP target gene expression in cortical
precursor cells, we use a stochastic model by incorporating the BMP and FGF
interactions. The stochastic effects exist in the activities of BMP and FGF
mediates including fluctuations in ligand, ligand-receptor binding, and synthesis.
The stochastic ordinary differential equations are employed in single cell model
to simulate the propagation of stochastic effects and their influences on activation
of BMP target gene expression.

The equations for the dynamics of BMP and FGF intermediates are given by

dB1
k1
[BMP]m1
dω (x,t)
=
− d B B1 + µ1
,
n1
m1
dt 1+ β1F1 1+ γ 1[BMP]
dt
dF1
k2
[FGF]m2
dψ (x,t)
=
− dF F1 + µ2
,
n2
m2
dt 1+ β 2 B1 1+ γ 2 [FGF]
dt
Here, B1 and F1 represent the BMP and FGF intermediate, respectively. k1 and
k2 are the maximum rates of BMP and FGF production, β1 and β 2 are the

reciprocals of EC50 for cross inhibitions by B1 and F1 , γ 1 and γ 2 are the half
saturation constants for BMP and FGF signaling pathway, dB and dF are the
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degradation rates of B1 and F1 , m1 ,n1 , m2 ,n2 are hill coefficients.
represent white noise with the amplitude µ1 , µ2 , respectively, i.e.,

where

is the Dirac function, and these are independent of each other, i.e.,
.

The equations for the BMP and FGF target genes are given by

dBT
(B1 )mB
= kB
− d BT BT ,
dt
γ B + (B1 )mB
dFT
(F1 )mF
= kF
− dFT FT ,
dt
γ F + (F1 )mF
Here, BT and FT

represent the BMP and FGF target gene expression,

d
respectively. γ B and γ F are the half saturation constants for B1 and F1 , BT and
dFT

are the degradation rates of BT and FT , mB , mF are hill coefficients.

1.2 Spatial model
To count the stochastic effects on the spatial gene expression, we develop
stochastic partial differential equations to model the spatial BMP and FGF
signaling pathway:
d[BMP]
∂WBMP (x,t)
= DBMP Δ[BMP] + VBMP (x,t) − k BMP [BMP] + µ BMP
,
dt
∂t ∂x
d[FGF]
∂WFGF (x,t)
= DFGF Δ[FGF] + VFGF (x,t) − kFGF [FGF] + µ FGF
,
dt
∂t ∂x
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Here, the computational domain size is 200 µ m × 50 µ m , DBMP and DFGF are

k
diffusion coefficients for BMP and FGF, k BMP and FGF are the degradation rates
of BMP and FGF concentrations, VBMP and VFGF are the BMP and FGF
production rate, chosen to be a constant in a fixed prior and posterior domains
and zero elsewhere, respectively. In our simulations, we take a smooth step
function:
VBMP = 0.01(tanh(

20 − x
x − 180
) + 1) / 2,VFGF = 0.01(tanh(
) + 1) / 2,
6
6
.

∂WBMP (x, t) ∂WFGF (x, t)
,
∂t∂x
∂t∂x
denote the space-time white noises in BMP and FGF

concentrations with small positive parameters

µ BMP , µ FGF , respectively.

1.3 Developmental delay model
To study the effect of developmental delay on the boundary refinement, we
develop a delay model for FGF intermediate by introducing a transient FGF
component.
dB1
k1
[BMP]m1
dω (x,t)
=
− d B B1 + µ1
,
n1
m1
dt 1+ β1FS 1+ γ 1[BMP]
dt
dF1
k2
[FGF]m2
dψ (x,t)
=
− dF F1 + µ2
,
n2
m2
dt 1+ β 2 B1 1+ γ 2 [FGF]
dt
dFS
= τ (F1 − FS ),
dt

Here,

FS is the transient FGF component and τ reflects the time scale.

1.4 Tables
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k1 , k2

β1 , β 2

m1 , m2

γ 1,γ 2

d B ,dF µ1 , µ2 k B , kF

m B , mF γ B , γ F

Values

5

5

3

2

0.5

2

Units

s −1µ M µ M −1

--

--

Paramet

d BT ,dFT DBMP , DFGF k BMP , kFGF µ BMP , µ FGF

Paramet
ers

0.08 0.5
--

s −1µ M --

ers
Values

0.2

Units

s −1

18

0.002

0.06
--

Table S1: parameters used in the mathematical simulations
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Fig 1. Refinement of BRE-gal expression during critical developmental
period
(A) BRE-gal whole mounts at embryonic ages: e9.0, e10.5 and e12.5 fixed and
X-gal stained. Arrow depicts anterior boundary of BRE-gal rostral domain. Note
apparent recession of anterior boundary over time. (B) BRE-gal telencephalic
explants dissected at specified ages cultured to matching end points, fixed and
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X-gal stained. Arrow depicts rostral domain boundary. Domain length quantified
as distance (mm) from tip to base where the rostral domain meets a horizontal
domain. Note recession of rostral domain over time (n = 7-10). (C) e9.0 BRE-gal
telencephalic explants treated with 100nM ectopic FGF8. Note recession of
rostral domain with FGF8 treatment (n = 7-11). (D) e10.0 BRE-gal telencephalic
explants treated with PD 173074. Note extension of rostral domain with
PD173074 treatment (n = 6-7). ***: p<0.001; by t test compared to VEH. Data are
mean ± s.e.m.
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Fig 2. FGF dependant suppression of BRE-gal reporter takes time and
requires translation
Dissociated cortical precursor cell cultures were dissected from e12.5 BRE-gal
reporter mice. Gene expression was assayed and normalized to Cyclophilin A
(n=4-6) (A) BMP dose response curve over time in the presence of FGF. Each
curve represents BRE-gal expression at specified time after BMP induction. Note
change in steepness of curves over time. (B) Time course at each BMP
concentration in the presence of FGF. Each curve represents BRE-gal
expression over time. Note change in expression levels after 24hrs. (C)
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Simulated time courses of BT expression according to BMP-FGF mutual inhibition
network. Simulated BMP dose response curves over time (Left panel). Simulated
BT expression over time with increasing BMP (Right panel). (D) Time course
comparing BRE-gal expression in the presence / absence of FGF with no BMP
stimulation. Note suppression of expression over time (n=3). (E) Time course
comparing BRE-gal expression in the presence of FGF with / without
Cycloheximide (CHX) treatment. Note lack of suppression over time (n=3). The
effects of FGF2 and CHX were statistically analyzed by two-way ANOVA and
Bonferroni’s post hoc test (p<0.05). *: p<0.05, **: p<0.01, ***: p<0.001. All data
are mean ± s.e.m.
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Fig 3. FGF signaling kinetics dictate noise attenuation and temporal
integration
(A-B) Standard deviation of simulated B1 concentration with different FGF level
and FGF inhibition time scale. The BMP concentration is prescribed to vary in
cells as a Gaussian distribution (A). The FGF concentration is varied (B). (C-D)
Simulated boundary formation time with varied FGF inhibition time scale (C) and
FGF amount (D). BMP is prescribed as a Gaussian distribution at EC50.
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Boundary formation time is defined as time to fit B1 population to bimodal
Gaussian outperforms that with unimodal Gaussian. Slow FGF inhibition and low
FGF amount both show a delay in boundary formation. (E) Simulated time
courses of B1 concentrations with increasing FGF according to model. (F) Time
course comparing BRE-gal expression in cortical precursor cultures with
increasing FGF in the presence of sub-threshold BMP activation (8ng/mL). Each
curve represents a specific FGF concentration (n=3). Note time to steady state
for different FGF concentrations. Data are mean ± s.e.m.
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Fig 4. Simulations of 2D spatial model of naïve tissue demonstrate different
effects of low and slow FGF on boundary sharpening.
(A-C) 2D spatial model simulating time course of border sharpening in normal
development (A), 70% decreased FGF (B), and 100 times slower FGF (C).
Cartoon of BMP-FGF morphogen gradient is provided for illustration and
distributions of BMP gene expression at each stage are plotted for (A-C). (D)
Measurement of the border sharpness for various treatments at time=300 reveals
slow FGF leads to better boundary refinement than low FGF
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Fig 5. BRE-gal mice studies reveal refinement and sharpening of cortexdorsal midline border at similar time scale as in vitro studies.
BRE-gal reporter mice embryos were harvested at specific ages, fixed and
sectioned coronally. (A) 4X images of dorsal telencephalon. Scale bar represents
1mm. Note size of brain and structures at each age. (B) 40X images of cortexmidline boundary. Scale bar represents 0.1mm. Arrows depict border drawn to
distinguish solid from mosaic BRE-gal domain. Note the change in mosaic
domain outside boundary. (C) Average pixel intensity of cells in the mosaic
domain at each age plotted as a distribution (n=3-5 embryos, n=26-34 cortices).
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Note the change in distribution and number of cells present at low intensity. Data
is plotted as mean ± SD (D) Plot profile representations of border gradients at
each specified age. Border is set arbitrarily at 0mm. Note change in steepness of
boundary profile with increasing age. Data is plotted as mean (n=3-5 embryos,
n=26-34 cortices).
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Fig 6. Spatial modeling of transient perturbation of FGF signals
(A-B) 2D spatial model simulating time course of border sharpening when FGF
signaling starts to decrease at Time=1, and is reduced to 50% at time =50. FGF
signaling starts to recover at time=150 and is fully recovered at time=200. Steady
state is shown at time-300. (A) Simulation results for fast acting FGF. (B)
Simulation results for slow acting FGF. (C-D) Distribution of gene expression for
each FGF kinetic is plotted. (E) Mathematic modeling simulates standard error
over time at cortex-midline boundary for wildtype and reduced FGF signaling
embryos.
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Fig 7. Delayed development from perturbation of FGF signaling in vivo
recovers over time
BRE-gal reporter mice embryos were treated with mild and moderate/severe
doses (15mg/kg, 20mg/kg respectively) of PD173074 via i.p. injection. All
injections were performed at e9.5 and embryos were harvested at specified
ages, fixed and sectioned coronally. Scale bar in 4X represents 1mm, 10X
represents 0.5mm, 20X represents 0.1mm and 40X represents 0.1mm. Arrows
depict border drawn to distinguish solid from mosaic BRE-gal domain. (n=4-7
embryos, n=12-34 cortices). (A) 4X images of brains injected with increasing
doses of PD173074 and harvested at e11.5. Arrow depicts mesenchymal zone.
(B) 40X images of cortex-midline border after vehicle and moderate PD173074
treatment harvested at e11.5. (C) Plot profile representations of boundary
gradients of e11.5 brains at each PD173074 treatment. Border is set arbitrarily at
0mm. Data is plotted as mean. (D) Average pixel intensity of cells in the mosaic
domain at each PD173074 treatment at e11.5 plotted as a distribution. Data is
plotted as mean ± SD. (E) 10X images of cortex-midline border after vehicle and
mild PD173074 injection at e14.5. Arrow depicts meningeal side of BRE-gal
domain. (F) Quantification of BRE-gal domain area. Data plotted as mean ± SD.
(G) Quantification of domain length for PD-treated compared to vehicle on both
ventricular and meningeal surfaces. Data plotted as mean ± SD. (H) 40X images
of vehicle and mild PD173074 treated embryos harvested at e12.5. (I) Plot profile
representation of boundary gradients at e12.5 brains at each PD173074
treatment. (J) Average pixel intensity of cells in the mosaic domain at e12.5
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plotted as a distribution. (K) 40X images of vehicle and mild PD173074 treated
embryos harvested at e14.5. (L) Plot profile representations of boundary
gradients of e14.5 brains at each PD173074 treatment. (M) Average pixel
intensity of cells in the mosaic domain at e14.5 plotted as a distribution. Percent
standard deviations of plot profile representations of boundary gradients in Fig. 7
were plotted as a function of distance. Boundary is set to 0mm. (N) Percent
standard deviation of embryos harvested at e11.5, e12.5 and e14.5. Data is
plotted as %SD. (n=4-7 embryos, n=12-34 cortices). (O) Schematic summarizes
the effects of varying FGF concentration on BMP target gene levels, noise and
boundary sharpness. *: p<0.05, ***: p<0.001
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Fig S1. Refinement of Msx1-nlacZ domain during critical developmental
period
(A) Msx1nLacZ telencephalic explants dissected at specified ages cultured to
matching end point, fixed and X-gal stained. Arrows depict Msx1nLacZ
expression. (n=4-11) (B) e10.5 Msx1nLacZ telencephalic explants treated with
PD173074. BRE-gal domain length is quantified as the distance (mm) from the
tip to the base of Msx1-nLacZ domain. *: p<0.05, by t test compared to VEH (n =
7). Data are mean ± s.e.m.
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Fig S2. FGF suppression of endogenous BMP target genes Msx1 and Msx2
takes time and requires translation
Dissociated cortical precursor cell cultures were dissected from e12.5 BRE-gal
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reporter mice. Gene expression was assayed and normalized to Cyclophilin A
(n=4-6). (A) BMP dose response curve over time in the presence of FGF. Each
curve represents Msx1,2 expression at specified time after BMP induction. Note
change in steepness of curves over time. (B) BMP time course at each BMP
concentration in the presence of FGF. Each curve represents Msx1, 2 expression
at specified BMP concentration. Note change in expression levels after 24hrs.
(C) Time course comparing endogenous Msx1,2 expression in the presence /
absence of FGF with no BMP stimulation. Note suppression of expression over
time (n=3) (D) Time course comparing endogenous Msx1,2 expression in the
presence of FGF with / without Cycloheximide (CHX) treatment. Note lack of
suppression over time (n=3). (E) Schematic of BMP-FGF mutual inhibition
network. The effects of FGF2 and CHX were statistically analyzed by two-way
ANOVA and Bonferroni’s post hoc test (p<0.05). **: p<0.01, ***: p<0.001. All data
are mean ± s.e.m.
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Fig S3. BRE-gal expression does not reach same steady state in absence of
BMP stimulation.
(A) Fluorescent BRE-gal activity from cortical precursor cells assayed by flow
cytometry plotted as a distribution. Each distribution represents a different FGF
amount. Treatments were overlaid. (B) Comparison of standard deviations of the
simulated B1 concentration with increasing FGF, modeling simulation (blue dash
curve) and quantifications of flow cytometry distribution (red solid curve), shows
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good agreement. (C) Time course comparing BRE-gal expression in the
presence of varying FGF concentration with no BMP stimulation. Each curve
represents a specific FGF concentration (n=3). Note steady states for each FGF
concentration. Data are mean ± s.e.m.
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Fig S4. Low FGF combined with slow FGF achieves sharp boundary and
boundary robustness.
(A) Spatial patterning of BMP-FGF gradient in the presence of noise in 2D spatial
model. (B) Steady states for fast FGF, slow FGF (10x), slower FGF (100x) in the
case of 50% decreased FGF. (C) Measurement of the border sharpness.The
error bar represents the standard error of the mean over time, reflecting how
robust the boundary against temporal noise fluctuation.
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Fig S7. Cortex-dorsal midline boundary becomes noisy in response to FGF
signaling perturbation.
BRE-gal reporter mice embryos were treated with mild and moderate/severe
doses (15mg/kg, 20mg/kg respectively) of PD173074 via i.p. injection. All
injections were performed at e9.5 and embryos were harvested at specified
ages, fixed and sectioned coronally. Scale bar in 4X represents 1mm, 20X
represents 0.1mm and 40X represents 0.1mm. Arrows depict border drawn to
distinguish solid from mosaic BRE-gal domain. (n=4-7 embryos, n=12-34
cortices). (A, B) Crown rump and tail length measurements of embryos at
specified ages of each treatment. Note global decrease in embryo size following
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PF173074 injection. Data plotted as mean (n=4-33) PD173074 treatment effects
were statistically analyzed by two-way ANOVA and Bonferroni’s post hoc test
(p<0.05). *: p<0.05, **: p<0.01 ***: p<0.001. (B) 40X image of cortex-midline
border after mild PD173074 treatment harvested at e11.5. (D) 4X images of
vehicle and mild PD173074 treated embryos harvested at e12.5. (E) 4X images
of vehicle and mild PD173074 treated embryos harvested at e14.5. (F, G) 4X and
20X images of vehicle and mild PD173074 treated embryos harvested at e16.5.
Triangles depict hippolcampal plate region.
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ABSTRACT
Temporal dynamics of morphogen driven signaling events are critical for proper
embryonic development. The bone morphogenetic proteins (BMP) specify cell
differentiation in developing tissues by forming a concentration gradient, cells
translate

this

extracellular

gradient

into

graded

intracellular

of

SMAD

phosphorylation, thus determining cell fates by transcription regulation. We found
that BMPs induced SMAD1 response in neuronal precursor cells in a dosedependent manner and BMP intensities within a specific range can trigger semiadaptive responses in SMAD1 phosphorylation, resulting in significant difference
between early and late responses. Using mathematical modeling, we
demonstrate that a negative feedback loop is responsible for producing such
semi-adaptive responses. Notably, we found that this negative feedback loop can
simultaneously accelerate responses with semi-adaptive dynamics and attenuate
external noise for a system that generates graded responses with graded
signals, but its strength has to be optimized to benefit both properties. Moreover,
the rate of nuclear degradation of phosphorylated SMAD1 can control the range
of adaptive responses and speed of the activation. These results highlight the
rich dynamics of the graded response of SMAD1, and elucidate important design
principles of signaling pathways for activation speed and noise attenuation in
graded signal and response systems in general.

158!

!

INTRODUCTION
The bone morphogenetic proteins (BMPs) are an important group of morphogens
that play pivotal roles in embryogenesis and specifying tissue architecture [1-3].
Dysregulation of BMP signaling is often associated with lethal or pathological
processes, such as disrupted body plan, cancer and bone defects [4-9]. As
morphogens, BMPs regulate patterning and tissue development by forming a
concentration gradients across developing tissues [1,10]. These gradients
specify multiple types of cells in a concentration dependent manner, thus
providing spatial clues for tissue development. Central to BMP induced
intracellular signaling is the activation of the SMAD transcription factor family [1113]. BMP activates SMADs 1, 5 and 8 by receptor-mediated phosphorylation at
C-terminal serine residues, forming tail-phosphorylated SMADs (TP-SMADs).
This phosphorylation induces nuclear import of activated SMADs and their
subsequent transcriptional activity [12,14].
Given the importance of SMADs in various cellular activities and their generally
constant intracellular concentration ([15,16], this study), tail phosphorylation of
SMAD is the key indicator and mediator of the BMP-induced cellular response.
Experiments showed that in neural precursor cells, steady state level of TPSMAD1 forms a gradient across dorsal-ventral axis of the developing
telencephalon in vivo [17], and is approximately proportional to graded BMP
signal intensities in vitro [18], suggesting the ability of TP-SMAD1 to interpret
morphogen gradients. In addition to steady state response, pulse-like temporal
response to morphogen gradient has been shown to be critical for tissue
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development [19]. Interestingly, certain BMP concentrations can give rise to this
type of response in terms of SMAD1 activation [16,20]. However, the temporal
dynamics of SMAD1 activation under graded BMP signals still remain unclear.
The signaling cascade from BMP to TP-SMAD is controlled by at least two
regulatory components. First, target genes of SMAD1 can attenuate BMP signals
by neutralizing BMP or blocking its interaction with its receptor, forming a
negative feedback loop [20-23]. Although there is evidence to show that negative
feedback helps to maintain homeostasis and attenuate noise [24-26], its role in
this type of graded signal-response system is not clear. Secondly, nuclear
SMAD1 can also be phosphorylated at the linker region connecting its two
globular domains, forming double-phosphorylated SMAD1 in the nucleus (DPSMAD1) [11,15]. Interestingly, linker phosphorylation in the nucleus has two
opposing effects: it promotes the transcriptional activity of SMAD1 and labels the
protein for degradation [27]. The function of this paradoxical regulation and how
these components work together to process BMP gradient signals still remain to
be elucidated.
Precise control of tissue development depends on the processing of the spatial
information encoded by morphogens, which are often subject to significant
fluctuations [28]. Therefore, to achieve accurate interpretation of BMP signals,
mechanisms that attenuate the noisy external signals are employed. Cells use
multiple extra- and intra-cellular interactions to control and mediate BMP
signaling [15,22], but it is unclear which of these regulatory components are
designed to attenuate external noise for the system.
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In summary, three questions need to be addressed in order to better understand
the BMP signaling network: 1) how do cells respond to graded BMP signals in
terms of dynamics of SMAD activation? 2) with respect to these responses, what
are the network components designed for in terms of cell physiology and how are
they designed? 3) how does the network attenuate the fluctuation of the graded
signals? To give insights into these questions, we combined experimental and
computational approaches to study the dynamic behaviors of SMAD1 activation
of neuron precursor cells in response to graded BMP signals. We show that a
specific range of BMP signal intensities can trigger a semi-adaptive response of
SMAD1, which differs from monotonic responses obtained with higher or lower
BMP signal intensities. This semi-adaptive type response may accelerate the
response of cells exposed intermediate signal intensity, so that the response
speed can be coordinated over a range of BMP concentrations. With a
mathematical model, we show that the negative feedback loop is responsible for
such semi-adaptive response, and the rate of DP-SMAD1 degradation plays a
critical role in specifying the range of semi-adaptive and accelerated responses.
Notably, the strength of the negative feedback shows a bi-phasic correlation
between attenuation of the noise on the external signal and acceleration of the
response. We propose that the negative feedback is designed for optimizing both
properties. In addition, we identified that the deactivation rate of BMP receptor is
critical for noise attenuation, and slow receptor deactivation rate is associated
with both slow deactivation of SMAD1 in response to BMP withdrawal and
significant attenuation of noise on the BMP signal. Taken together, our
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experimental and simulation results demonstrate dose-dependent dynamic
profiles in response to graded BMP signal intensities, and suggest critical design
principles of the regulatory system for graded BMP signaling. These findings are
useful for understating cell-intrinsic properties for dynamic tissue development
guided by morphogen gradient.

162!

!

RESULTS
Dose-dependent dynamic responses to graded BMP signals
To examine the dynamic behavior of graded BMP signaling, we built a dynamic
model based on current understanding of molecular interactions in the BMP
signaling pathway (Figure 1A). Full references supporting this network topology
are listed in Table 1. Detailed description on the assumptions and equations of
the model are included in Supplementary Text.
With this model, we ran simulations for a group of cells exposed to varying BMP
concentrations and examined the abundance of TP-SMAD1 in response to BMP
treatment. Time-course simulations showed that the temporal response to BMP
signal can have two distinct types. Intermediate concentrations of BMP gave rise
to a semi-adaptive response, which means that the early response of system is
significantly greater than its graded late response (i.e. an ‘over-shooting’
phenomena). In contrast, higher or lower BMP concentrations induced a
monotonic response (Figure 1B, left). In addition, the responses to BMP
treatment are generally rapid, but response to low dose of BMP is slower than
those of high or medium dose of BMP. To quantify the adaptive type of response,
we calculated the difference between the peak response and the steady state
response in each response domain (Figure 1B, right). Low range of responses
are monotonic, semi-adaptive responses appear in the region between average
and maximum responses, and the highest range of the responses do not exhibit
prominent adaptation.
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To demonstrate this does-dependent dynamic experimentally, we treated E12.5
dissociated neuronal precursor cells with three BMP concentrations (1.5ng/ml,
16ng/ml and 64ng/ml), and we measured TP-SMAD1 concentrations at various
time points.

The results match the simulation results qualitatively: a semi-

adaptive response was obtained with 16ng/ml BMP, and monotonic responses
were obtained with 1.5 ng/ml and 64 ng/ml BMP. 1.5 ng/ml BMP resulted in
slower response than the two higher doses (Figure 1B).

Negative feedback loop and controlled SMAD degradation regulate semiadaptive responses
We next show that the negative feedback is responsible for generating the semiadaptive responses. In Figure 2A, we plotted time-course simulations for a typical
semi-adaptive response. The decrease of TP-SMAD1 level is accompanied by
an increase of the SMAD1 target gene products that are involved in the negative
feedback (Figure 2A left, green and blue curves). When we knockout the target
genes by setting their production rate to 0, the semi-adaptive response
disappeared (Figure 2A right). For graded responses to graded BMP signal, the
adaptation also disappeared in the absence of the target genes (Figure 3B left).
Conversely, increasing the synthesis rate of the target genes resulted in larger
amplitude of pulses, and dampened oscillation (Figure 3B right).
One advantage of the semi-adaptive response is to accelerate the response of
the cell to external stimuli. We found that the presence of negative feedback
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resulted in shorter response time, which is defined as the time that the system
takes to reach half of its steady state, and this effect is most pronounced in the
range of responses which possess semi-adaptive behaviors (Figure 2C).
Notably, in the absence of the negative feedback loop, the response speed
increased with the above-average steady state response linearly (Figure 2C,
purple curve). In contrast, negative feedback gave rise to non-linear dependence
of speed on its relative response, making the cells respond higher levels of BMP
with similar speed, but exhibit a sharp decrease of the speed in the intermediate
range of the BMP concentrations (Figure 2D, red and green curves).
Changing other parameters in the negative feedback loop, such as the strength
of the receptor inhibition, has similar effects (Figure S2). In addition, sustained
oscillation can occur since the negative feedback is very strong (see next
section).
We next checked the effect of nuclear DP-SMAD1 degradation on the dynamics
of graded responses. Interestingly, the rate of DP-SMAD1 degradation is
important for regulating the range of adaptive responses. When the degradation
rate is low, only low range of the responses are adaptive (Figure 3A, first row);
increasing the degradation rate shifted the range of adaptive dynamics to
intermediate range of the responses (Figure 3A, second row, left); with very high
degradation rate, the adaptive behavior is compromised and the entire range of
responses are monotonic (Figure 3A, second row, right), and this is due to the
blockage of the negative feedback loop (not shown). Similar to its effect on the
range of adaptive responses, different degradation rates sped up the activation in
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specific ranges of responses: low degradation rate resulted in short activation
time in low range of responses and long activation time in high range of
responses (Figure 3B, purple and dark blue curves), whereas higher degradation
rate sped up the high range of responses and delayed the activation for low
range of responses (Figure 3B, orange and green curves), and very high
degradation rate gave rise to linear correlation between response and activation
time, which resembles the behavior in the absence of negative feedback (Figure
2D). These results suggest that the rate of DP-SMAD1 degradation must be
regulated in order to produce adaptive dynamics in specific range of the
responses, so that the acceleration of a subset of responses can be achieved.
This is consistent with the observation that nuclear linker-phosphorylation of
SMAD1 triggers proteosome-mediated degradation [27].

Strength of the negative feedback exhibits balance between activation
speed and noise-attenuation
We examined whether the negative feedback in BMP signaling pathway can
attenuate noise in the graded BMP signals. We ran simulations with fluctuating
BMP signal inputs and checked the relative variations of TP-SMAD1 at steady
states. We found that the presence of negative feedback reduced fluctuations of
intermediate responses moderately (Figure 4A and Figure 4B right, red and blue
curves). However, increasing strength of the negative feedback resulted in more
fluctuations in the high range of the responses (Figure 4B right, blue and black
curves).
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We next asked how the strength of the negative feedback is correlated with both
speed and stability of the response. Figure 4C shows some sample simulation
results with varying level of negative feedback strengths in the space of TPSMAD1 fluctuation and activation time. When comparing two extreme cases, the
strength of negative feedback in the cell is subject to trade-off between speed
and stability: in the absence of the negative feedback, the system has less
fluctuations but needs more time to be activated when compared with strong
negative feedback (Figure 4C, dark blue and dark red circles). However, our
results show that some intermediate strength of negative feedback can benefit
both activation speed and noise attenuation, and that the correlation between the
two properties have two distinct phases: TP-SMAD1 fluctuation has moderate
negative correlation with initial increase of feedback strength and strong positive
correlation with further increase of feedback strength. In contrast, the activation
time has strong negative correlation with initial increase of feedback strength and
moderate positive correlation with further increase of feedback strength (Figure
4C). These phenomena can be reproduced by varying other parameters in the
feedback loop and are robust to parameter perturbations (Figure S3).

This

suggests that some optimum strength of negative feedback can be designed for
rapid response without losing the ability to attenuate external fluctuations.

Receptor deactivation rate is critical for noise attenuation
We observed that the negative feedback loop has only moderate effect on noise
attenuation of TP-SMAD1, which shows small fluctuations even in the absence of
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the negative feedback as compared to the BMP input signal. This indicates that
the system may have good noise attenuation property regardless of the negative
feedback. Therefore, we determined which components in the system are most
critical for noise attenuation. To this end, we perturbed each parameter in the
model, and checked the effect of the perturbation on the fluctuation of TPSMAD1. Although perturbing any parameter involved in the negative feedback
loop resulted some changes in fluctuations of TP-SMAD1, the perturbation of the
BMP receptor deactivation rate (𝑞𝑅𝐴) had the most prominent effect on TPSMAD1 stability (Figure 5A), implying its critical role in noise attenuation. The
positive correlation of this rate with the fluctuation levels suggests that low
deactivation rate is good for noise attenuation. Our previous studies showed that
the ability of noise attenuation in a system is associated with a measurable
quantity called signed activation time (SAT), i.e. the difference between the
deactivation time of the system upon signal withdrawal and the activation time
upon the signal engagement [29,30]. This indicates that the receptor deactivation
rate might also have prominent correlation with the SAT. We did a similar
perturbation analysis on the variations of activation time and deactivation time.
Among all the parameters in the model, the receptor deactivation rate was the
parameter that had the most pronounced influence on activation time,
deactivation time, and their differences, indicating its importance in both
macroscopic dynamics and noise attenuation (Figure S4). To show that changing
the receptor deactivation rate can result in significant change in noise attenuation
property and system deactivation time, we increased the receptor deactivation
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rate by 10 fold, and simulations showed that increased receptor deactivation rate
sped up deactivation and compromised noise attenuation (Figure 5B and Figure
5C left two plots). The analysis also suggests that for a system that has good
noise attenuation property in facing fluctuating BMP signals, the deactivation time
of the system may be significantly slower than the activation time. Therefore, we
determined experimentally the deactivation time of this system upon BMP
withdrawal. Consistent with simulations, experimental results showed that the
abundance of TP-SMAD1 decreased with a much slower rate upon BMP
withdrawal than the rate at which the system activated upon BMP treatment
(Figure 5C right, and Figure 1B), suggesting that the system is intrinsically robust
to external BMP fluctuations. In addition, the receptor deactivation rate exhibits
speed-stability trade-off (Figure S5). However, the monotonic negative
correlation does not suggest a clear optimum range of the rate based on these
two properties directly. Nonetheless, the generally slow deactivation rate
indicates that the cells may use the receptor dynamics mainly for noise
attenuation, and use other strategies (e.g. negative feedback) to speed up the
responses.
In an earlier section, we mentioned that strong negative feedback may cause
more fluctuations. We found that when combined with relatively high rate of
receptor deactivation, strong negative feedback can give rise to sustained
oscillations (Figure S6). This is consistent with the roles of these two components
on noise attenuation.
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DISCUSSION
Our study revealed that regulatory components in BMP signaling pathway,
centered at TP-SMAD1, can give rise to graded responses with a variety of
temporal dynamics, including semi-adaptive response and monotonic response.
Previous computational work on TGF-β pathway demonstrated that regulated
receptor trafficking can generate an adaptive response [31]. Recent theoretical
work on NFκB signaling pathway suggest that three-state regulation on signaling
molecule IKK can also produce similar temporal dynamics [32]. These works
exemplify the importance of graded responses and their temporal dynamics in
general, but suggest that distinct mechanisms that can generate these behaviors.
While receptor trafficking might be critical for TGF-β signaling and balance of the
reaction rates in regulation cycle of IKK is important for temporal dynamics of the
NFκB pathway, our work highlights the importance of negative feedback and
regulated degradation in shaping the temporal response to BMP. It is possible
that a combination of these mechanisms exists in the wide range of signaling
pathways that are designed to generate adaptive responses.
It has been established that negative feedback can reduce fluctuations and help
to maintain homeostasis [24-26]. However, negative feedback is also responsible
for generating oscillatory behaviors, which give rise to temporal variations instead
of stability [33]. Our work reconciles these two behaviors by showing that the
noise-attenuation property of negative feedback can have two distinct phases.
Negative feedback loop with strengths in certain range can reduce fluctuations,
but excess negative feedback may cause more fluctuations or oscillations.
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Additionally, the effect on noise attenuation we observed is moderate due to the
way we quantify the relative fluctuations in the context of graded responses.
When one only considers the fluctuations at the ‘off-state’ in response to a
perturbed signal, negative feedback will have more pronounced effect on noiseattenuation.
We observed sustained oscillation of TP-SMAD1 with moderate amplitude in our
simulations with strong negative feedback and fast receptor deactivation.
Although sustained oscillation may be an important strategy for encoding
information in the cell [33,34], it is unlikely that the oscillation in our simulations is
physiologically relevant given the observed graded response of TP-SMAD1 in
vivo. Nonetheless, Schul et al. observed that BMP treatment can give rise to
long-term oscillation of SMAD1 target genes [35]. This could be a result of the
negative feedback via SMAD6, which inhibits the transcriptional activity of
SMAD1 [36], but this regulation is not included in our model (see Supplementary
Text). The dampened oscillation observed in our simulation is likely an indication
of the tradeoff between speeding up the response and avoiding fluctuation at
steady state.
Previous and the present studies show that the cellular response to BMP
treatment is generally rapid. It has been suggested that negative feedback loop
and enhanced degradation rate are two strategies for cells to accelerate the
response to external signals [24,37,38]. This may be an explanation for the
observed fast activation by BMP, and these strategies may be critical for timely
tissue development under influence of BMP. Interestingly, however, our
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simulations suggest that high degradation rate of certain intermediate
components may decrease the effect of negative feedback, making the response
less rapid. Therefore, the two combined regulatory components must be
optimized in order to achieve their function in a coherent manner.
We showed that the slow deactivation rate of the receptor kinase is important for
reducing fluctuations of the responses. Mechanistically, morphogen molecules
can have long duration of occupancy when binding to their receptors, resulting in
a ratchet effect. Gurdon and colleagues showed that this property of morphogenreceptor interaction makes the cells sensitive to increase of morphogens and
insensitive to decrease of morphogens [39-41].

This is consistent with our

results showing that the deactivation time is longer than the activation time, and
we showed that this could be a good strategy for noise attenuation.
Our model is based on the in vitro observations of TP-SMAD to graded BMP
treatment that are monotonic and semi-adaptive and we assumed that these
BMP concentrations are physiologically relevant. Future in vivo studies are
warranted to test this assumption. In addition, our model focused on how a
graded signal can be encoded to a graded response in an efficient and robust
way. Ultimately, the graded signal needs to be translated into cell differentiation
fates in an all-or-none manner across the domain, and the SMAD signals will be
further processed downstream, possibly involving more feedback loops, to
control gene expression [42]. How the dynamics of the intermediate signaling
molecules such us TP-SMAD1 can play a role in information processing
machinery for cell differentiation will be a subject of future studies.
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In conclusion, our experiments and mathematical models revealed that rich
dynamic behaviors of SMAD1 response could be induced by graded BMP signal.
Our model demonstrated the importance of negative feedback loop via BMP
receptor inhibition and regulated SMAD1 degradation in generating semiadaptive dynamics and accelerated the response. We showed that the strength
of negative feedback can be optimized to achieve both acceleration of responses
and attenuation of the fluctuations of external signals. In addition, the
deactivation rate of BMP receptor is the most critical parameter for minimize
external fluctuations and maintain the consistency of the cellular response. They
findings improve the understanding of cell-intrinsic dynamics in telencephalon
development, and suggest general mechanisms that can generate these novel
dynamic features of signal transduction in response to graded signal, and how
these mechanisms improve the efficiency and robustness of the information
processing machinery in a single cell and a cell population in a developing tissue
under morphogen gradient.
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MATERIALS AND METHODS
Mice
Breeding colonies were established under IUACUC breeding guidelines. Noon
vaginal plug was designated as day 0.5 for timed pregnancies. Crown-rump
length was measured to verify embryonic ages.

E12.5 dissociated neuronal precursor cell cultures
E12.5 embryos were dissected; skin and mesenchymal layers were removed.
Telencephalic vesicles were dissected and incubated in 0.05% trypsin with
0.02% EDTA and 0.2% BSA in HBSS for 20mins at 37°C for dissociation.
1mg/mL soybean trypsin inhibitor (Sigma) in HBSS was used to inhibit trypsin
after dissociation. Tissue digest was pipetted up and down to dissociate cells
using P200 pipette. Cells were then washed once with 0.2% BSA in HBSS and
plated at 100,000 cells per well on laminin-coated plates.

BMP activation experiments
dNPC cultures were plated on laminin-coated plates. 24hrs after plating, varying
amounts of BMP4 (R&D Systems) was added to the cultures. Protein was
extracted at specified time points after BMP stimulation. Western blots were used
to assay level of SMAD phosphorylation over time. Results were plotted as
percent of steady state activation at maximal BMP stimulation.
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BMP deactivation experiments
dCPC cultures were plated on laminin-coated plates. 24hrs after plating, varying
amounts of BMP4 (R&D Systems) was added to the cultures. Two hours after
BMP treatment, triple washout with fresh media was performed. Protein was
extracted at specified time points after washout. Western blots were used to
assay level of SMAD phosphorylation over time.

Protein extraction
Protein extraction was performed using RIPA lysis buffer supplemented with
protease inhibitor cocktail (Roche) and phosphatase inhibitor cocktail (Roche).
Lysis buffer was applied to cells; cell lysate was collected and incubated on ice
for 10mins. Lysate was centrifuged at 10,000g for 15mins and supernatant was
transferred and stored at -80°C for further analysis.

Western blot
Laemmli sample buffer (BioRad) was added to protein sample and ran on 7.5%
Mini-Protean TGX gel (BioRad) in Tris Glycine SDS buffer (BioRad). Sample was
transferred onto 0.45um nitrocellulose membrane (BioRad) in Tris Glycine
transfer buffer overnight. Primary antibodies used: b-actin (Cell Signaling),
Smad1 (Santa Cruz), pSmad 1,5,8 (Chemicon). Secondary antibodies used: IR
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Dye 680LT anti-rabbit IgG (Li-cor), IR Dye 800CW anti-mouse igG (Li-cor).
Membranes were scanned and quantified using Odyssey IR scanner (Li-cor).
Results were plotted as percent of steady state activation at maximal BMP
stimulation.

MATHEMATICAL MODELS
We used ordinary differential equations to describe the interactions of the
molecules involved in BMP signaling pathways (Figure S1). Based on a few
assumptions, we simplified the known interactions into a core regulatory network
(Supplementary Text). The influence diagram of the network is shown in Figure
1A. List of equations, parameter values and detailed description of assumptions
can be found in Supplementary Text. Parameter values are estimated to fit the
experimental observations in this study.
In each time course simulation for BMP induced activation, we first ran the
system to reach steady state, and we subsequently changed the value of
external BMP (at time 0 in our time course plots) to certain positive number and
continued the simulation. We ensured that steady state or sustained oscillation is
achieved before we stopped the simulation. For simulations of deactivation, we
first ran simulations of activation. After steady states are reached, BMP levels are
changed to 0 at time 0, and the simulations were continued.

Simulation of graded signal and response
176!

!

To ensure that all of our analyses are pertinent for interpreting observed graded
TP-SMAD1 responses and underlying BMP morphogen gradient, we ran many
simulations with varying BMP intensities in each set of simulations and made
sure that 1) a maximum steady-state response of TP-SMAD1 is significantly
different from its background level; 2) sufficient number of BMP intensities are
used such that at least one response can be put in a bin spanning one tenth of
the space between the minimum and maximum response, so we can analyze ten
separate bins (we refer to these bins as ‘response domains’), representing
graded responses with varying intensities and 3) sufficient maximum dose of
BMP is used so that we do not miss any distinct response obtained with high
BMP intensity. After a group of graded responses were obtained, we normalized
the trajectories with the highest steady state response in the group.

Simulation with fluctuating signals
To simulate the system with fluctuating BMP signal, we used temporal
perturbation on input parameter as previously described [29]. We made sure that
the coefficient of variance of the input signal is identical for all signal intensities
we used. To quantify the fluctuations of the output (TP-SMAD1), we define the
‘relative fluctuation’ as the ratio of the variation of TP-SMAD1 within a fixed time
period (1000 minutes) of the steady state to the maximum steady state response
in the absence of the noise for a group of cells giving graded responses to
graded BMP signals. The mean fluctuation of the responses is the average of
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relative fluctuations of the representative responses from 10 graded response
domains.

Sensitivity analysis
To screen for the parameters that has the most influence on relative fluctuations,
activation time and deactivation time, we perturbed each parameter and checked
the resulted change on the these quantities. In each perturbation, we first
increased a parameter by 50% and ran a set of simulations with graded BMP
signals, and then reduced the parameter by 50% and ran another set of
simulations. Subsequently, we computed the differences of the three quantities
between the two sets of simulations for each one of the ten response domains. A
positive change upon perturbation means the quantity increases with increasing
a particular parameter value.
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SUPPLEMENTARY TEXT
Mathematical modeling
We curated the known interactions in BMP signaling pathways from literature.
The network of these interactions is summarized in Figure S1. We simplified this
network to derive a minimal model that could capture the dynamics of the system
based on following assumptions:
1. Based on the observation that SMAD1 concentration does not change
significantly during BMP treatment even though BMP is known to trigger
degradation of linker phosphorylated SMAD1 ([1-3], this study), we assumed that
free SMAD1 concentration is in excess and can be treated as a constant.
Therefore, free SMAD1 is not included as a state variable in our differential
equations. In other words, we assumed that SMAD1 is always expressed at high
level, and the synthesis and degradation rates of SMAD1 are greater than the
reactions we considered.
2. Linker phosphorylation of SMAD1 can occur in cytoplasm under the influence
of growth factors such as EGF and FGF [2], but we excluded the consideration of
this reaction because we limited our scope to BMP-autonomous signaling. Also,
since

we

assumed

that

SMAD1

concentration

is

a

constant,

linker

phosphorylation in cytoplasm can be viewed as a constant as well: it does not
compete with tail phosphorylation for free SMAD1.
3. There is nuclear dephosphorylation of various forms of SMAD1 catalyzed by
nuclear phosphatases SCP1/2 and PPM1A [1,4]. We considered two of those
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dephosphorylation reactions, but we did not consider the amounts of the
phosphatases, free SMAD1 and linker phosphorylated SMAD1 explicitly. We
assumed that the phosphatase activity is a constant, and the change of nuclear
free SMAD1, and linker phosphorylated SMAD1 does not influence the dynamics
of the system significantly.
4. There has been some suggestions that BMP may influence the activity of
CDK8/9 and cytoplasmic phosphatase PPM1H [3,5]. We did not include these
influences in the presented model. However, our simulations results with these
influences did not show significant differences with the presented ones (not
shown).
5. We only considered target genes that are involved in the negative feedback
via BMP receptor. There are some other forms of negative feedback loops that
inluence the target gene expression [6]. We assumed that these feedback loops
do not affect the abundance of TP-SMAD1. Given the rich dynamics of TPSMAD1 and the possible interaction strengths of SMAD1 and target gene
promoters, the dynamics of SMAD1 target genes can be very versatile, and are
beyond the scope of this study.
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State variables:
RA: fraction of active BMP receptor kinase
RI: fraction of inactive BMP receptor kinase
TPC: tail phosphorylated SMAD1 in cytoplasm
TPN: tail phosphorylated SMAD1 in nucleus
DP: double-phosphorylated SMAD1 in nucleus
TG: SMAD1 target genes

Differential equations:
𝑑𝑅𝐴𝑑𝑥=𝑅𝐼·𝑝𝑅𝐴·𝐵𝑀𝑃·𝐻−𝑇𝐺, 𝑘𝑅𝐴, 𝑇𝐺,𝑛𝑅𝐴,𝑇𝐺−𝑞𝑅𝐴·𝑅𝐴
𝑑𝑇𝑃𝐶𝑑𝑥=𝑝𝑇𝑃𝐶·𝑅𝐴−𝑞𝑇𝑃𝐶·𝑇𝑃𝐶−𝑔𝑇𝑃𝐶·𝑇𝑃𝐶
𝑑𝑇𝑃𝑁𝑑𝑥=𝑔𝑇𝑃𝐶·𝑇𝑃𝐶+𝑚·𝐷𝑃−𝑞𝑇𝑃𝑁·𝑇𝑃𝑁−𝑙·𝑇𝑃𝑁
𝑑𝐷𝑃𝑑𝑥=𝑙·𝑇𝑃𝑁−𝑚·𝐷𝑃−𝑞𝐷𝑃·𝐷𝑃−𝑑𝐷𝑃·𝐷𝑃
𝑑𝑇𝐺𝑑𝑥=𝑐𝑇𝐺·𝐻+𝐷𝑃,𝑘𝑇𝐺,𝐷𝑃,𝑛𝑇𝐺,𝐷𝑃−𝑑𝑇𝐺·𝑇𝐺
Algebraic relations:
𝑅𝐴+𝑅𝐼=1
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𝑇𝑃𝑇=𝑇𝑃𝐶+𝑇𝑃𝑁+𝐷𝑃
𝐻+ is generalized Hill function for activation:
𝐻+𝑥,𝑘,𝑛=𝑥𝑘𝑛1+𝑥𝑘𝑛
𝐻− is generalized Hill function for inhibition:
𝐻−𝑥,𝑘,𝑛=11+𝑥𝑘𝑛

Parameters
!
Parameter

Description

bmp

Concentration of external BMP available for binding to receptor
kinase

Input signal

𝑝𝑅𝐴

Activation rate of BMP receptor kinase

7.5 (µM min )

𝑘𝑅𝐴, 𝑇𝐺

Inhibition coefficient for influence of target gene on BMP receptor
kinase

0.18 (µM)

𝑛𝑅𝐴,𝑇𝐺

Hill exponent for inluence of target gene on BMP receptor kinase

4

𝑞𝑅𝐴

Deactivation rate of BMP receptor kinase

0.006 (min )

𝑝𝑇𝑃𝐶

Tail phosphorylation rate of SMAD1 in cytoplasm

7.5 (µM min )

𝑞𝑇𝑃𝐶

Tail dephosphorylation rate of TP-SMAD1 in cytoplasm

0.015 (min )

𝑔𝑇𝑃𝐶

Nuclear transportation rate of TP-SMAD1

1.5 (min )

𝑚

Linker phosphorylation rate of TP-SMAD1 in nucleus

0.01 (min )

𝑙

Linker dephosphorylation rate of DP-SMAD1 in nucleus

0.075 (min )

𝑞𝑇𝑃𝑁

Tail dephosphorylation rate of TP-SMAD1 in nucleus

0.015 (min )

𝑞𝐷𝑃

Tail dephosphorylation rate of DP-SMAD1 in nucleus

0.015 (min )
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Basal value

-1

-1

-1

-1

-1

-1

-1

-1

-1

-1

-1

!
-1

𝑑𝐷𝑃

Degradation rate of DP-SMAD1 in nucleus

4 (min )

𝑐𝑇𝐺

Synthesis rate of SMAD1 target genes

0.03 (µM min )

𝑘𝑇𝐺,𝐷𝑃

Activation coefficient for influence of DP-SMAD1 on SMAD1 target
genes

1 (µM)

𝑛𝑇𝐺,𝐷𝑃

Hill exponent for influence of DP-SMAD1 on SMAD1 target genes

4

𝑑𝑇𝐺

Degradation rate of SMAD1 target genes

0.06 (min )

183!

-1

-1

!

TABLE
!
Table 1 Description of network components and their experimental
evidences
Label

Molecular interaction

Location

Evidence

1

BMP activates BMP receptor (BMPR)

Plasma membrane

[43-45]

2

BMPR activates SMAD1 by tail phosphorylation. PPM1H
dephosphorylates TP-SMAD1

Plasma
membrane/Cytoplasm

[46-48]

3

Tail-phosphorylated SMAD1 ( TP-SMAD1) is transported
into nucleus

Cytoplasm/nucleus

[46,49,50]

4

Nuclear TP-SMAD1 is phosphorylated at its linker
domain by CDK8/9

Nucleus

[51,52]

5

Nuclear TP-SMAD1 is dephosphorylated by
phosphatase SCP1/2 or PPM1A

Nucleus

[16,53]

6

Linker phosphorylated SMAD1 is labeled for proteasome
degradation

Nucleus

[51]

7

Nuclear DP-SMAD1 is dephosphorylated by
phosphatase SCP1/2

Nucleus

[16]

8

Double phosphorylated SMAD1 activate the transcription
of target genes

Nucleus

[51]

9

Gene targets of SMAD1 deactivate BMPR

Nucleus/cytoplasm/plas
ma membrane

[21,54]
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Figure 1. Dose-dependent dynamic responses to graded BMP signals. A)
Influence diagram for mathematical model of BMP signaling pathway. B) Left:
time course simulations for graded BMP signal and TP-SMAD1 response. Each
trajectory represents the dynamics of TP-SMAD1 under influence of a particular
dose of BMP. Simulations started in the absence of BMP. BMP was raised to the
amounts indicated by graded colors at time 0, and simulations were continued.
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Right: the difference between peak response and the steady state response in
each domain (bin) of responses. C) Left: time course simulations with three
doses of BMP. Right: Western blot analysis on TP-SMAD1 during the course of
BMP induced activation. Cells were treated with indicated concentrations of BMP
at time 0. Cells were lysed and analyzed at indicated time points.
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Figure 2. Effect of negative feedback loop on semi-adaptive response. A)
Time course simulation in the presence (left) and absence (right) of target genes
production (𝑐𝑇𝐺). Trajectories of BMP, target genes and TP-SMAD1 are plotted.
B) Comparison of open circuit (left), regular negative feedback loop (middle) and
strong negative feedback loop (right) on TP-SMAD1 dynamics. Time course
simulations were performed with graded doses of BMP. Trajectories of TP-
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SMAD1 is shown. C) Comparison of open circuit (purple), regular negative
feedback loop (green) and strong negative feedback loop (red) on relative
adaptive response of TP-SMAD1 (left) and activation time (right) in each domain
of responses. Rate of target genes production is varied to simulate different
negative feedback strengths.
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Figure 3. Effect of nuclear DP-SMAD1 degradation on semi-adaptive
response. A) Comparison of six values of nuclear DP-SMAD1 degradation rates
(𝑑𝐷𝑃) on TP-SMAD1 dynamics. Time course simulations were performed with
graded doses of BMP. Trajectories of TP-SMAD1 is shown. B) Comparison of six
values of nuclear DP-SMAD1 degradation rates (𝑑𝐷𝑃) on relative adaptive
response of TP-SMAD1 (left) and activation time (right) in each domain of
responses.
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Figure 4. Effect of negative feedback loop on attenuation of BMP
fluctuations. A) Comparison of open circuit (red and yellow curves) and
negative feedback loop (blue curve) on the temporal fluctuations of TP-SMAD1 in
response to fluctuating BMP signals. Left: trajectories of an example response
(blue), a response to the same dose of BMP in the absence of negative feedback
(red) and a similar level of response (yellow). Right: distributions of the
trajectories over a 1000 minutes time frame. B) Left three plots: sample
197!

!

trajectories of TP-SMAD1 from each domain of responses for open circuit,
regular negative feedback loop and strong negative feedback loop. Right plot:
fluctuations of each domain of responses for the three scenarios. C) Correlation
of negative feedback strength to activation time and fluctuation level of TPSMAD1. Each data point represents a group of graded TP-SMAD1 responses to
graded BMP signals. Activation time and fluctuation levels are averaged over the
entire range of responses.
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Figure 5. Slow deactivation rate of BMP receptor attenuates BMP noise. A)
Change of TP-SMAD1 fluctuations upon perturbation of parameters in the model.
Positive change means fluctuations increase with increasing parameter value.
Each subplot represents the change upon perturbation of one parameter. X-axis
in each subplot is relative response domains. B) Left and middle plots: sample
trajectories of steady state TP-SMAD1 from each domain of responses for slow
(left) and fast (middle) receptor deactivation. Right plot: fluctuations of each
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domain of responses for the two scenarios. C) Left and middle plots: sample
simulation trajectories of TP-SMAD1 upon withdrawal of three doses of BMP.
Simulations were performed with three doses of BMP to reach their steady
states. BMP levels were then set to 0 at time 0 and simulations were continued.
Right plot: Western blot analysis on TP-SMAD1 after BMP washout. Three
groups of cells were treated with three doses of BMP for two hours, and were
subsequently transferred to BMP-free media at time 0. Cells were lysed and
analyzed at indicated time points.
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Figure S1. Full Influence diagram for BMP signaling pathway.

Figure S2. Effect of negative feedback strength on adaptive response and
activation time. Comparison of open circuit (purple), regular negative feedback
loop (green) and strong negative feedback loop (red) on relative adaptive
response of TP-SMAD1 (left) and activation time (right) in each domain of
responses. Parameter 𝑘𝑅𝐴, 𝑇𝐺 (inhibition coefficient for influence of target gene
on BMP receptor kinase) is varied to simulate different negative feedback
strengths.
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Figure S3. Further analysis on correlation of negative feedback strength to
activation time and fluctuations. A) Correlation of negative feedback strength
to activation time and fluctuation level of TP-SMAD1. Parameter 𝑘𝑅𝐴,

𝑇𝐺

(inhibition coefficient for influence of target gene on BMP receptor kinase) is
varied to simulate different negative feedback strengths. Each data point
represents a group of graded TP-SMAD1 responses to graded BMP signals.
Activation time and fluctuation levels are averaged over the entire range of
responses. B) Correlation of negative feedback strength to activation time and
fluctuation level of TP-SMAD1. The basal parameter values in the model are
perturbed. Each parameter value is randomly drawn from the ±10% interval of
the basal value. Each curve represents one set of such perturbed parameters.
Rate of target genes production is varied to simulate different negative feedback
strengths. Each data point represents a group of graded TP-SMAD1 responses
to graded BMP signals. Activation time and fluctuation levels are averaged over
the entire range of responses.

202!

!

!

Figure S4. Change of activation time (A), deactivation time (B) and SAT (C)
upon perturbation of parameters in the model. Positive change means that
activation time, deactivation time or SAT increases with increasing parameter
value. Each subplot represents the change upon perturbation of one parameter.
X-axis in each subplot is relative response domains.
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Figure S5. Correlation of deactivation rate of BMP receptor to activation
time and fluctuation level of TP-SMAD1. Each data point represents a group of
graded TP-SMAD1 responses to graded BMP signals. Activation time and
fluctuation levels are averaged over the entire range of responses.
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Figure S6. Fast receptor deactivation and strong negative feedback induce
sustained TP-SMAD1 oscillation. Graded TP-SMAD1 responses are plotted for
regular receptor deactivation and regular negative feedback (upper left), regular
receptor deactivation and strong negative feedback (upper right), fast receptor
deactivation and regular negative feedback (lower left), and fast receptor
deactivation and strong negative feedback (lower right).
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Chapter 5: BMP4 acts as a dorsal telencephalic morphogen in a mouse
embryonic stem cell culture system

Contributors: Momoko Watanabe, Ernest S. Fung, Felicia B. Chan, Jessica S.
Wu, Margaret Coutts, and Edwin S. Monuki

Statement of contribution
In this study, I contributed to the design of the research. I conceived experiments,
designed experiments and performed experiments related to measuring BMP
signaling in ESC monolayer culture. My design and data contributed to Figure
S2.
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SUMMARY
The concept of a morphogen – a molecule that specifies two or more cell fates in
a concentration-dependent manner – is paradigmatic in developmental biology.
Much remains unknown, however, about how morphogens pattern the
developing vertebrate CNS, including the mouse dorsal telencephalic midline
(DTM). During the development of the DTM, Bone Morphogenetic Proteins
(BMPs) are candidate morphogens, and our previous work demonstrated that
BMP4 sufficiency to induce one DTM cell fate - that of choroid plexus epithelial
cells (CPECs) - in a mouse embryonic stem cell (mESC) culture system. Here we
used BMP4 in a modified mESC culture system to derive a second DTM fate, the
cortical hem (CH). Based on RT-qPCR and immunocytochemistry, CH and
CPEC markers were induced by BMP4 in a concentration-dependent manner
consistent with their spatial patterns in vivo. BMP4 concentrations that led to CH
fate also promoted markers for Cajal-Retzius neurons, which are known
derivatives of CH cells. Interestingly, single BMP4 administrations also sufficed
for appropriate temporal regulation of CH, CPEC, and cortical genes, with initially
broad and overlapping dose-response profiles that sharpened over time. BMP4
concentrations that yielded CH- or CPEC-enriched populations also had different
steady-state levels of phospho-SMAD1/5/8, suggesting that differences in BMP
signaling intensity underlie DTM fate choice. Surprisingly, inactivation of the
cortical selector gene Lhx2 did not affect DTM gene expression levels, doseresponse profiles, or timing in response to BMP4, although neural progenitor
genes were downregulated. These data indicate that BMP4 can act in vitro as a
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classic morphogen to orchestrate both spatial and temporal aspects of DTM fate
acquisition.
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INTRODUCTION
By definition, a morphogen is an instructive molecule that can specify two
or more cell fates in a concentration-dependent manner (Ashe and Briscoe,
2006). Morphogens often share other features including secretion from localized
signaling centers, resulting in concentration gradients within target tissues.
Morphogens also have ability to act directly on cells at both short- and longranges (Kicheva et al., 2008; Tabata and Takei, 2004; Grove and Monuki, in
press). Many such morphogens are now well known in invertebrate systems
(citations). In vertebrate CNS model systems, however, relatively a few examples
of classic morphogens are believed to exist: Sonic hedgehog (SHH) in the spinal
cord, retinoic acid (RA) in the hindbrain, and Fibroblast Growth Factors (FGFs) in
the rostral-most telencephalon (Ericson et al., 1997; Dessaud et al., 2007;
Stamataki et al., 2005; Schilling et al., 2012; Toyoda et al., 2010; cite). Despite
these studies, it has been a challenge to develop amenable in vitro systems that
homogenize positional information and enable formal testing for instructive
morphogen activity.
Here, we focus on the morphogenic role of BMPs in the murine dorsal
telencephalon, which consists of the dorsal telencephalic midline (DTM) and
bilateral cerebral cortex. The DTM contains three distinct structures that are
derived from neuroepithelium: the choroid plaque (CPQ), the choroid plexus
(CP), and the cortical hem (CH). The CPQ at the immediate midline between the
two hemispheres has no known function, whereas the CP is a distinctive papillary
tissue with CP epithelial cells (CPECs) that produce the cerebrospinal fluid (CSF)
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and form the blood-CSF barrier. The CH is a transient junctional tissue between
the CP and cerebral cortex, which functions as a hippocampal organizer
(Mangale et al., 2008). The CH is also an important source of Cajal-Retzius (CR)
neurons (Monuki et al., 2001; others), and may provide of the cells found in the
CP epithelium (Louvi et al., 2007) and hippocampus (Mangale et al., 2008; you
mean Kathy Millen’s paper? Yes.).
Previous studies have implicated BMPs as potential morphogens for these
DTM fates. BMPs are produced at high levels in the dorsal telencephalic roof
plate of the early neural tube (Furuta et al., 1997), and an intact roof plate is
required for the continuous BMP signaling gradient that characterizes the normal
dorsal telencephalon (Cheng et al., 2006). This endogenous gradient is also
evident from position- and orientation-dependent effects induced by BMP4soaked beads in explants (Hu et al., 2008). Moreover, an intact roof plate and
BMP receptors are required for CH and CPEC specification in mice (Cheng et al.,
2006; Currle et al., 2007; Hebert et al., 2002; also later paper from Hebert lab).
These studies demonstrate that the dorsal telencephalon possesses a BMP
signaling gradient, and that BMP sources and receptors are required for DTM
fates.
However, evidence for BMP sufficiency to specify DTM fates – the sine
qua non for a morphogen – is more limited. When applied to dissociated cortical
progenitors, exogenous BMP4 can modestly upregulate CPEC genes in a
concentration-dependent fashion, but does not cause CPEC respecification (Hu
et al., 2008). BMP4 also suffices to partially rescue CPEC fate in roof plate-
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ablated explants (Cheng et al., 2006) and to ectopically induce CPEC fate
towards the rostral midline in wild-type explants (Srinivasan et al., 2014). In
addition, BMP4 is sufficient to specify CPEC fate from mESC-derived neural
progenitors (Watanabe et al., 2012). These mESC-derived CPECs have
properties that are indistinguishable from primary CPECs, and, consistent with in
vivo and experimental studies (Thomas and Dziadek, 1993), CPEC competency
is restricted to early-stage neuroepithelial cells (NECs) rather than later-stage
neurogenic radial glia. Likewise, the critical period for CH fate (E8.5-10.5) maps
to the preneurogenic NEC period (Mangale et al., 2008). The mESC culture
system therefore provides an an ideal model system to examine to the
morphogen capacity of BMP4 sufficiency with regards to CH fate; if consistent
with in vivo development, CH cells should be specified at lower BMP4
concentrations than those required for CPEC fate.
In this paper, we utilize a modified mESC culture system to demonstrate
BMP4 concentration dependence for CH and CPEC fates in vitro, consistent with
in vivo development. In the modified system, previously-aggregated cells are
dissociated into monolayers to allow for uniform exposure to exogenous BMP4.
Importantly, single administrations of BMP4 also induce temporal patterns in CH
and CPEC gene expression that mimic development in vivo, including
sharpening of dose-response profiles over time. Thus, BMP4 alone can specify
not only spatial patterns of DTM fate, but also appropriate temporal patterns.
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RESULTS

BMP4 concentration-dependent induction of CH and CPEC fates in
dissociated cultures
We first sought to develop an in vitro ES cell culture system to examine
the morphogen capacity of BMP4 in the induction of CH and CPEC cell types.
We reasoned that if BMP4 could indeed act as a bona fide morphogen, a lower
BMP4 concentration should be required for CH than for CPEC induction based
on previous in vivo studies (Fig. 1A; citation). Using SFEBq aggregates, we
tested an extensive range of BMP4 concentrations, (0.1-512 ng/ml; Fig. 1B, M1)
and assayed the generation of cortical hem (CH) using gene expression of
specific marker genes. Specifically, a CH profile could be positive for Msx1 and
Lmx1a, but should be negative for Ttr, which is CPEC-specific. Confusingly,
however, we did not find a BMP4 concentration that could induce a CH-like
profile in the aggregate system (Fig. 1B). One explanation for this, we reasoned,
was that the aggregate system was suboptimal for careful concentration testing,
namely, that cells within aggregates did not receive the same concentration of
BMP4 versus cells on the outside of the aggregate.
We therefore developed a monolayer culture system to expose cells to
more uniform BMP4 concentration. In this system, after 5 days in vitro (DIV) of
neural induction, SFEBq aggregates were dissociated into single cells and plated
onto an adherent surface, then exposed to exogenous BMP4 at varying
concentrations (0.15-150 ng/ml) for an additional 5 DIV (Fig. 1C). Using two
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different mESC lines, we found that unlike the aggregate-only system, moderate
BMP4 concentrations (0.5-5 ng/ml for M2 and 1.5-5 ng/ml for M1 cells) induced a
more CH-like profile, with relatively high Wnt3a, Lmx1a, and Msx1 compared to
Ttr; this was particularly clear for the M2 line (Fig. 1D). In addition, at the highest
BMP4 concentrations, CH-specific Wnt3a was strongly suppressed, while the
CPEC markers Ttr and Msx1 were upregulated, consistent with a CPEC profile
(Fig. 1D). Lmx1a is transiently expressed in CPECs in vivo, which might reflect
its low expression level at the highest BMP4 concentrations (Fig. 1D). In the low
BMP4 range (<0.15 ng/ml for M2 and <0.5 ng/ml for M1), DTM markers were not
detectably induced; this range would be analogous to the lower BMP signaling
levels seen in the developing cortex (Fig. 1A). Thus, both CH and CPEC gene
expression profiles could be induced in a BMP4 concentration-dependent
manner in the monolayer system.
To confirm CH identity at the single cell level, immunocytochemical
analyses were performed. Based on the markers used, CH cells were expected
to express Lmx1a and Msx1, but not TTR::RFP. We found that, in the low BMP4
range (0 or 0.15 ng/ml), very few cells were positive for Msx1, Lmx1a, or
TTR::RFP after 7 DIV (5 DIV aggregate plus 2 DIV monolayer) or 10 DIV (5 DIV
aggregate plus 5 DIV monolayer; Fig. 2A-B,E-F,I), corresponding to the gene
profile of the cortex (Fig. 1C). At moderate BMP4 concentration (1.5 ng/ml),
Lmx1a/Msx1 double-positive cells were observed at 7 DIV (18.25 ± 5.85%) and
10 DIV (13.83 ± 1.23%), but few TTR::RFP-expressing cells were detected (Fig.
2C,G,I) analogous to the gene profile of the CH (Fig. 1C). In cultures with the
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highest BMP4 concentration (15 ng/ml), Lmx1a/Msx1 double-positive cells were
detected at 7 DIV (17.83 ± 8.14%), but not at 10 DIV, while TTR::RFP expression
displayed the converse pattern - low at 7 DIV (0.42 ± 0.42%), but prominent at 10
DIV (12.00 ± 6.46%) (Fig. 2D,H,I). The few TTR::RFP-expressing cells seen at
the moderate BMP4 concentration (1.5 ng/ml) were clearly distinct from the
Lmx1a/Msx1-expressing cohort (Fig. 2G). Thus, the 10 DIV cultures most clearly
distinguished the CH cells and CPECs, and further supported the BMP4
concentration dependence seen by the population RT-qPCR studies in Fig. 1
(1.5 ng/ml BMP4 for CH, 15 ng/ml BMP4 for CPEC). Interestingly, CPEC
induction at high BMP4 concentration (15 ng/ml), as seen at 10 DIV, was
preceded at 7 DIV by a more CH-like phenotype; this raises the possibility that
CPEC development involves an intermediate CH-like stage, a point that is further
addressed below.

Co-enrichment for CH and Cajal-Retzius (CR) markers at moderate BMP4
concentration
In addition to being a hippocampal organizer (Mangale et al., 2008), the
CH also generates CR neurons (Molyneaux et al., 2007). Reelin-expressing CR
cells have multiple origins in addition to the CH (Meyer, 2010; Molyneaux et al.,
2007), while p73 expression is restricted to CH-derived CR neurons, in which it
precedes Reelin expression (Meyer et al., 2002).
To determine whether CR neurons were generated in our system, we
examined p73 and Reelin expression and their temporal expression patterns in
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the mESC culture system over a longer time period (6-16 DIV). At 1.5 ng/ml
BMP4 - the concentration yielding maximal CH marker expression (Figs. 1,2) p73 and Reelin inductions were detected by 10 DIV (Fig. 2J). The p73
expression plateau was reached by 10 DIV, whereas the plateau for Reelin
expression was not reached until 12 DIV (Fig. 2J). Since CH genes in this system
were induced earlier (by 7 DIV; Fig. 2C,D,I), the p73 and Reelin patterns were
consistent with in vivo development of CH-derived CR cells (citation). In contrast,
at high BMP4 concentration (15 ng/ml), neither p73 nor Reelin expression
increased above baseline levels during the 6-16 DIV period (Fig. S2A).

Temporal regulation of DTM markers in a BMP4 dose-dependent fashion
We then focused on temporal aspects of DTM expression following a
single application of BMP4. M2 5-day SFEBq aggregates were dissociated and
plated with varying concentrations of BMP4 (0.15-15 ng/ml) and gene
expressions were examined after 1 to 5 DIV (6-10 DIV total). RT-qPCR assays
revealed genes expressed in CH, Wnt3a and Lmx1a, were induced quickly at
moderate and high BMP4 concentrations (0.15-15 ng/ml) within 1-2 DIV.
However, over time, these were maintained at moderate BMP4 (around 0.5-1.5
ng/ml) but suppressed at high BMP4 (>1.5 ng/ml) (Fig. 3A-B). These expression
patterns were in accordance with the immunochemical analyses (Fig. 2I), and
also consistent with Lmx1a expression in CPECs in vivo (citation). During
development, Lmx1a is expressed in early CPECs but not in adult CPECs
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(citation - Allen Brain Atlas). Hence, our culture system mimics some temporal
aspects of dynamic gene expressions in the DTM.
Different temporal patterns of gene expressions were observed for
Msx1, a downstream target of BMP signaling and for Ttr, a mature CPEC marker.
Msx1 was induced at moderate and high BMP4 (0.5-15 ng/ml), and maintained
early and later, consistent with being a positional determinant of high BMP
signaling (Fig. 3C). Msx1 also maintained in adult CPECs in vivo, unlike Lmx1a
(citation). Ttr generally induced at high BMP4 (5-15 ng/ml), increases slowly, and
maintained over time (Fig. 3D), consistent with Ttr being the last of these genes
induced in vivo development. Similar expression patterns for all four DTM
markers were observed in a separate mouse ESC line M1 (Fig S3). Thus, single
BMP4 dose is sufficient to generate the temporal patterning of DTM genes that
recapitulates in vivo development. Furthermore, our results suggest that
sharpening of DTM profiles can be partially intrinsic to this system (Fig. S2D) –
i.e. BMP4 dose is not fully dependent on positional cues in the intact tissue,
which is consistent with sharpening being related to cell-intrinsic ultrasensitivity
we have described previously (Hu et al., 2008; Srinivasan et al., 2014).
Differential steady-state levels of BMP signaling correlate with the two cell
fates
BMP signaling is known to proceed through phosphorylation of
SMAD1/5/8 (citation), leading us to wonder as to the dynamics of SMAD1/5/8
activation in our culture system. To examine the effects of moderate and high
BMP4 concentration on intracellular BMP signaling, we measured the levels of
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phospho-SMAD1/5/8, the direct effectors of BMP signaling, by Western blot. 5day SFEBq dissociated cells, treated with a moderate BMP4 concentration (1.5
ng/ml), showed about 50% of the maximum pSMAD1/5/8 activation level at 1240
min (a day), compared to those treated with a high BMP4 concentration (Fig.
S2B-C). The difference in pSMAD steady-states between BMP4 concentrations
that yielded CH or CPEC fates suggests that CH and CPEC fates were induced
at different thresholds of BMP signaling. After a day, CH gene expressions,
Lmx1a and Wnt3a, were both upregulated quickly at moderate and high BMP4
concentration first (Fig. 3A, B). Thus, at high BMP4 concentration, the
suppression of CH markers might be interpreted later through high pSMAD1/5/8
levels.

BMP4 regulates neural progenitor markers in a dose-dependent fashion
BMP signaling has been implicated in regulating cortical progenitors as well as its
morphogenic activities to specify DTM fates (Cheng et al., 2006). This is likely to
be important for regionalization of specific areas of the cerebral cortex.
Previously, roof plate ablation and removal of BMP signaling caused selective
disruption of cortical transcription factor expression and gradients (Cheng et al.,
2006). Mutant embryos exhibited reduced Lhx2 and Emx2 levels in dorsal cortex,
as well as flattening and subtle inversion of its normal high dorsal-to-low ventral
(DV) gradient. However, three transcription factors normally expressed in high
ventral-to-low dorsal (VD) gradients, Pax6, Foxg1, and Ngn2, were relatively
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unaffected in mutants, suggesting that BMP signaling can regulate dorsal cortical
patterning in a selective manner.
To discern how BMP4 can regulate cortical progenitor markers, we
examined our monolayer culture system with varying BMP4 concentration and
assayed gene expression via RT-qPCR of Lhx2, Emx2 (DV markers), Pax6,
Foxg1, and Ngn2 (VD markers) using two mouse ESC lines M2 and M1. These
analyses showed that DV markers, Lhx2 and Emx2, were upregulated in the
intermediate levels of BMP concentrations, but interestingly, with different timing
(Fig. 4A-B, F-G). The prominent activation of Lhx2 was earlier than Emx2 (Fig.
4A-B, F-G), consistent with the idea that Lhx2 being the upstream of other
cortical transcription factors (Mangale et al., 2008). At the concentrations that
Lhx2 and Emx2 were upregulated, there were mixed VD gene patterns. Pax6
was unaffected generally except at 10 DIV in M2 (Fig. 4C, H). Foxg1 was slightly
downregulated (Fig. 4D, I), and Ngn2 was upregulated (Fig. 4E, J). Generally,
high concentrations of BMP4 down-regulated all DV and VD markers, with
potential inconsistency in Foxg1 with later time points of M2. These results
support the hypothesis that BMP signaling selectively upregulates DV markers,
Lhx2 and Emx2, at intermediate concentrations and can account for the findings
in the roof plate ablated mutants. However, there were inconsistent effects on VD
genes that cannot alone explain the VD gene expression phenotypes in the roof
plate ablated mutants.
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Lhx2 inactivation does not facilitate BMP4-mediated DTM induction in
culture

We then studied the influence of the Lhx2 cortical selector gene on DTM
induction by BMP4. Lhx2 is expressed by cortical progenitor cells (hippocampal
and neocortical), but not in by CPECs or CH cells, and constitutive Lhx2 absence
results in excessive CH and CPEC fates. Lhx2 therefore acts as a genetic
suppressor of DTM fates in vivo (Monuki et al., 2001). This DTM fate suppression
is also seen in genetic mosaics, with Lhx2 null cells in the hippocampal
primordium adopting CH (but not CPEC) fate in cell-autonomous fashion
(Mangale et al., 2008). One possibility for the ectopic CH fate is increased BMP
signaling intensity in Lhx2 null cells, but pSMAD1/5/8 and BRE-gal studies in
Lhx2 mosaic embryos argue against this (Doan et al., 2013). Another possibility,
however, is that Lhx2 null cells are intrinsically biased to generate DTM fates
even at lower BMP concentration and signaling intensity.
We explored this possibility here by performing BMP4 dose-response
experiments after genetic inactivation of Lhx2 in cultured mESCs. Using M1 cells
(R26CreER/+Lhx2cKO/cKO; Fig. S4A; Watanabe et al., 2012), we developed a highlyefficient

and

dose-dependent

method

for

inactivating

Lhx2

using

4-

hydroxytamoxifen (4HT), with maximal inactivation achieved at and above 1 uM
4HT (Fig. S4B). After 4 DIV of SFEBq aggregation, 1 uM of 4HT was applied
(Fig. 5A). We tried different time points to inactivate Lhx2. Inactivation of Lhx2 at
early time points affected neural induction, which might indirectly influence
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induction of CPEC-competent NECs, while inactivation of Lhx2 at later time
points might past a critical time period for CPEC-competent NECs. At 4 DIV,
neural induction is completed and within the CPEC competent time window
(Watanabe et al., 2012). At 5 DIV (24 hours after 4HT addition), SFEBq
aggregates were dissociated, plated as monolayers with varying amounts of
BMP4 (0.15-150 ng/ml), then analyzed after 2 DIV (7 DIV total) or 5 DIV (10 DIV
total). In the cultures without BMP4, Lhx2 was effectively inactivated at the
genomic level (Fig. S4C) and reduced 96.47±2.92% at the mRNA level (Fig.
S4D). Interestingly, the DTM gene profiles at both 7 and 10 DIV were quite
similar between the control and 4HT-treated cells (solid and dashed lines,
respectively) with no evidence of a left-shift for the 4HT-treated cells (Fig. 5B,C).
We performed similar studies with earlier or later Lhx2 inactivation (before
SFEBq aggregation at -1 DIV and at 5 DIV) and saw no obvious effects of Lhx2
loss on the levels, timing, or concentration dependence of the DTM genes to
BMP4 (data not shown). Thus, Lhx2 inactivation did not influence BMP4mediated DTM induction in this mESC culture system.
Since BMP4 can also regulate DTM genes in primary cortical progenitors
(Hu et al., 2008), we also examined BMP4 concentration-response profiles in
primary cortical progenitors lacking Lhx2 (Emx1Cre/+;Lhx2cKO/sKO; Mangale et al.,
2008). In these E11.5 cells, Lhx2 mRNA levels were reduced 81.76±9.05% by
RT-qPCR (Fig. S4E) before plating. However, this Lhx2 reduction did not further
promote DTM gene expression at any BMP4 concentration (Fig. S4F). Thus,
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Lhx2 inactivation did not facilitate BMP4-mediated DTM induction in either the
primary cortical progenitor or mESC culture system.

Inactivation of Lhx2 downregulates expression of other neural progenitor
markers
Lhx2 is a selector gene that is required for cortical patterning and implicated to
be involved in early hierarchy events (Mangale et al., 2008; Monuki et al., 2001).
We observed BMP4 dose-dependency on regulation of neural progenitor
markers. (Fig. 4) We next asked if inactivation of Lhx2 influenced BMP4mediated regulation of neural progenitor markers in our monolayer culture
system.
These experiments revealed two consistent gene expression patterns by
RT-qPCR analyses. First, at no-intermediate BMP4 concentrations (0-1.5 ng/ml),
Lhx2 inactivation caused reductions for all of the other genes (Emx2 and VD
genes) at both 7 and 10 DIV (Fig. 6A-J). This supports the view that Lhx2
provides early hierarchy of cortical patterning. Second, at both 7 and 10 DIV,
Lhx2 inactivation has no effect on suppression of Emx2, Foxg1, or Ngn2, but,
interestingly, abrogated suppression of Pax6 at high BMP4 concentrations (Fig.
6A-J). Thus, Lhx2 was not required for BMP4-mediated suppression of Emx2,
Foxg1, or Ngn2, but was required for that of Pax6. This supports the idea that
Lhx2 is genetically linked with Pax6 (Tetreault et al., 2009). Together, these data
showed that Lhx2 inactivation reduces neural progenitor markers, but does not
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interfere with BMP4-mediated down-regulation of neural progenitor expressions
except Pax6.
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Discussion

In this study, two DTM fates, CH cells and CPECs, were converted from ESCderived early neural progenitors. BMP4 sufficiency and dose-dependency to
derive two fates were highlighted. Steady-state levels of BMP signaling differed
between cultures that yielded CH or CPEC majorities. Furthermore, this culture
system revealed that BMP4 regulation on in vitro DTM gene expression was
dynamic and time-dependent. BMP4 also regulated neural progenitor markers in
a dose-dependent manner, suggesting BMP signaling in establishment of the
cortical regionalization. These results support some of the first morphogenic
evidence for BMP4 in the vertebrate CNS.
Transcription factors represent a major intrinsic influence in the hierarchy
of telencephalic development, and Lhx2 has been shown to be an essential
selector gene for cortical development. Our results suggest that inactivation of
Lhx2 does not affect the levels, timing, or dose-response profiles of BMP4mediated DTM marker induction in vitro. On the other hand, inactivation of Lhx2
downregulated neural progenitor markers. Again, inactivation of Lhx2 did not
affect BMP4-mediated suppression of neural progenitor markers. These results
suggest Lhx2 as an early hierarchy of the cerebral cortical development but not a
direct player with BMP signaling.

BMP4 as a classic morphogen for deriving DTM fates from mouse ESCs
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Numerous proteins can be categorized as morphogens: BMPs, FGFs, WNTs,
SHH, EGFs, Activin, Nodal etc (citation). However, precise molecular
mechanisms of morphogenic activities are not fully understood, partially due to
the difficulties of experimentally manipulating exact morphogenic concentrations
in vivo (Kicheva et al., 2012).
Our new dissociated culture system overcomes this limitation, rendering it
relatively easy to control exogenous protein concentrations and time duration.
Using this system, we found that BMP4 induces dCH cells and dCPECs in a
dose-dependent manner. Consistent with in vivo studies, dCH-enriched cultures
are abundant for Cajal-Retzius (CR) markers. Moreover, temporal aspects of
BMP4 regulation on DTM markers were discovered: a broad BMP4 dose range
to a sharpened range over time for CH markers. We propose that BMP4 can
activate CH gene expressions at a broader range first, which can be refined
temporally at a cellular level. Differential phosho-SMAD1/5/8 steady-state levels
are observed for different BMP4 concentrations that yielded CH and CPEC
majorities at early time points when broad target gene expressions were
observed. There might be cross-gene regulation that interprets duration and
intensity of the signaling level by feedback mechanisms of target genes and
signaling effectors (Kicheva et al., 2012).
Our data sheds light on how borders are formed between different types of
tissue. This may help explain recent studies of SHH in the zebrafish spinal cord,
in which sorting mechanisms were involved in forming a sharp border (Xiong et
al., 2013). Assuming SHH morphogen gradient was noisy in vivo, it was
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demonstrated that ectopic cells in the boundary regions were induced in the area
of the adjacent tissue. Ectopic cells can somewhat self-sort to migrate the correct
tissue area to form a sharp border. On the contrary, we initially observed a higher
percentage of dCH cells in higher concentrations of BMP4, but later it was
downregulated, suggesting that cells may be able to re-specify to become a
different cell type to form a sharp border. Nonetheless, cell sorting can still occur
and single cell-tracking is required to directly answer this question. This study
does not examine at a single cell level: 1) how BMP4 concentrations or signaling
duration changes signaling levels, as suggested in BMP4 signaling duration in
spinal cord explants (Tozer et al., 2013), 2) how signaling intensity changes over
time and 3) how target gene expressions are controlled over time from other
factors. Further investigation should be carried out.

Intrinsic transcription factor Lhx2 and extrinsic BMP signaling
Lhx2, an intrinsic transcription factor critical for cortical specification is inactivated
to discern the interplay between intrinsic and extrinsic developmental programs.
When Lhx2 was inactivated, all other neural markers (Emx2, Pax6, Foxg1, and
Ngn2) were reduced (Fig. 6A-J), consistent with the idea that Lhx2 being the
upstream of all other transcription factors (Mangale et al., 2008). Furthermore,
Lhx2 inactivation did not interfere with BMP4-mediated down-regulation of other
neural markers, except Pax6 (Fig. 6C, H). This is consistent with the genetically
linked relationship between Lhx2 and Pax6 described previously (Hou et al.,
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2013; Mangale et al., 2008; Porter et al., 1997; Tetreault et al., 2009). (I cannot
find a paper from D. O’leary lab. Kroll paper does not have the microarray data.)
Together with in vivo BMP signaling influence in selective cortical
progenitor markers (Cheng et al., 2006), BMP signaling probably plays an
important role in regulating high dorsal-to-low ventral (DV) neural markers at low
concentrations. At higher concentrations, it probably acts on specification of DTM
and cell death (Furuta et al., 1997). This suggests dual BMP functions to
suppress Lhx2 expression at higher concentrations for DTM specification and to
promote at lower concentrations with other DV markers, presumably for
regionalization of the cerebral cortex.
In addition to Lhx2 interactions with other neural markers, our data also
suggest that inactivation of Lhx2 does not affect BMP4-mediated DTM marker
induction. It is perplexing since absence of Lhx2 promotes DTM fates in vivo.
During development, Lhx2 standard knockout mice show expanded DTM
domains that require BMP signaling (Fernandes et al., 2007; Mangale et al.,
2008; Monuki et al., 2001). At the same time, Lhx2 inactivation does not directly
influence BMP signaling itself. For example, when Lhx2 is ectopically inactivated
in the cerebral cortex, Lhx2-null patches do not upregulate pSMAD1/5/8 levels
and BMP responsive element (BRE)-reporter target genes (Doan et al., 2012),
although Lhx2-null patches become the CH (Mangale et al., 2008). Together with
our in vitro data, Lhx2 is to actively select for the cortical fate, but does not
directly interact with BMP signaling for specification. Further investigations will
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examine the level at which Lhx2 plays a role in cell selection for the cerebral
cortex as opposed to the DTM.

In vivo versus in vitro systems
The telencephalon is an excellent model for studying morphogenic activities,
including BMPs, FGFs, WNTs, SHH that are expressed in a localized manner in
the midline signaling centers (Monuki, 2007). Interestingly, morphogenic proteins
interact with each other. Also, antagonists to those signaling cascades are
common. Neuralin-1, a Chordin-related molecule, is expressed in the
telencephalon (Coffinier, 2001) and might contribute to establishing BMP
gradients. This is similar to Chordin/BMP opposing gradients in Xenopus
embryos (Plouhinec et al., 2011). In the dorso-ventral (DV) axis, BMPs and
WNTs are highly expressed in the roof plate as opposed to the floor plate
expressing SHH (Hoch et al., 2009). Null mutant mice for Gli3, a negative
regulator for SHH signaling, show a severely reduced neocortex size (Teil et al.,
1999). In the antero-posterior (AP) axis, FGFs are highly expressed in the
anterior neural ridge (ANR) as opposed to BMPs. FGF8 acts as a classic
diffusible morphogen to establish its concentration gradient and acts directly on
the neocortical primordium at a distance to specify area identity (Toyoda et al.,
2010). FGF8 is also shown to suppress WNT expression and reduction in BMP
signaling leads to ectopic FGF8 expression in the cortical primordium (Shimogori
et al., 2004). These findings suggest that FGF signaling might inhibit BMP
signaling and DTM induction. Therefore, multiple signaling gradients and players
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are involved in vivo. Several studies support the view that these complex
feedback mechanisms from different signaling gradients and players can
establish reliable and robust systems for precise patterning in vivo (Srinivasan et
al., 2014).
Because of its complex regulation, it is hard to study the direct effects of
BMP concentration alone in vivo. Our culture system, without positional
information, could be valuable for testing each factor. At the same time, this in
vitro system might not be able to recapitulate all in vivo mechanisms, which have
static tissue organization where extracellular components are organized and
tightly regulated. Since the in vivo system is more complex, this might explain
relatively large our experiment-to-experiment variability for dCH and dCPEC
induction efficiency. Also, this might also explain in vivo and in vitro differences in
Lhx2 inactivation for DTM specification.

Conclusion
Here, we have developed a new culture method, which allowed us to easily
control BMP4 morphogen concentrations and duration. Using this system, we
have demonstrated BMP4 morphogenic activities in the vertebrate CNS during
the formation of CH cells and CPECs from mESC-derived neural progenitors.
This provides new insight into the temporal mechanisms of the morphogen. This
work precipitates further investigation that will attempt to discern how the
signaling cascades downstream of morphogenic signaling is interpreted at the
intracellular level.
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MATERIALS AND METHODS

Mice
Mouse colonies and breeding were performed under Institutional Animal Care
and Use Committee guidelines. The noon of the vaginal plug date was
designated as day 0.5 for timed pregnancies. Crown-rump length was measured
to verify embryonic ages. Wild-type mice (CD1) were obtained from Charles
River Laboratories (Wilmington, MA) and Emx1Cre/+Lhx2cKO/sKO were derived, as
described (Mangale et al, 2008).

Mouse ESC line derivation and expansion
The lines M1 (R26CreER/+Lhx2cKO/cKO, C57BL/6J with minor CD1 background), M2
(Ttr::RFP hemizygous, mostly CD1 background with C57BL/6J and ICR), and M4
(R26CreER/+, C57BL/6J with minor CD1 background) were derived, cultured and
verified for pluripotency, chromosomal numbers and mycoplasma negativity as
described (Watanabe et al, 2012). The M2 line was derived by the UCI
Transgenic Mouse Facility using the 2i method (Li et al., 2008), cultured, and
verified as described (Watanabe et al., 2012). Prior to all experiments, mESCs
were cultured for at least two passages after thawing. Experiments were
conducted on cells between passage numbers 11 and 40.

Mouse ESC culture and differentiation
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Neural differentiation in “SFEBq” aggregates were performed as described
(Eiraku et al., 2008; Watanabe et al, 2012). For the “aggregate” method in this
manuscript, cells were maintained as aggregates for the entire culture period. At
5 days in vitro (DIV), differentiation media (Eiraku et al., 2008) was replaced with
fresh media containing 0.15-150 ng/ml BMP4 (R&D Systems, Minneapolis, MN)
for another 5 days. For the “monolayer” method, 5-day aggregates were
dissociated to single cells using TrypLE Express (Life Technologies, Carlsbad,
CA) and plated onto PDL/laminin-coated plates at 2.5-5 x 105 (M1) or 7-10 x 105
(M2) cells/cm2 with 0.15-150 ng/ml BMP4 in fresh differentiation media. BMP4
was applied only once in each experiment.

Primary cortical progenitor culture
For Emx1Cre/+Lhx2cKO/sKO studies (Mangale et al., 2008), E11.5 cortical progenitor
cells were dissected and cultured as described (Hu et al., 2008), except that
BMP4 was added during cell resuspension prior to plating.

RT-qPCR and immunostaining
RT-qPCR was performed as described (Currle et al., 2005; Hu et al., 2008) on
LightCycler® 480 System (Roche, Indianapolis, IN) using 18S normalization,
Excel for statistical tests (two-tailed t-tests assuming equal variance), and
KaleidaGraph for graphing. All primers and amplicons were validated as
described (Currle et al., 2005; Hu et al., 2008). Sequences are listed in
supplementary Table S1. All RT-qPCR studies are reported as means and
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standard errors (s.e.m.) for at least two biological replicates representing cultures
initiated on different days. Immunostaining was performed as described (Cheng
et al., 2006; Currle et al., 2005; Hu et al., 2008; Mangale et al., 2008; Watanabe
et al., 2012). Antibodies used: Lmx1 (Millipore AB10533, 1:2000, Billerica, MA),
Msx1/2 (DHSB 4G1, 1:100, Iowa City, IA), Alexa 488, 555, and 633-conjugated
secondary antibodies (Molecular Probes, Grand Island, NY, 1:100), and Hoechst
33342 (Molecular Probes).

Western blot
Protein extraction was performed using RIPA lysis buffer supplemented with
protease inhibitor and phosphatase inhibitor cocktails (Roche). Lysis buffer was
applied to cells, then cell lysates were collected and incubated on ice for 10 mins.
Lysates were centrifuged at 10,000 g for 15 min, and supernatant was
transferred and stored at -80C. Laemmli sample buffer (BioRad, Hercules, CA)
was added to samples and ran on 7.5% Mini-Protean TGX gel (BioRad) in Tris
Glycine SDS buffer (BioRad). Samples were transferred onto 0.45 um
nitrocellulose membranes (BioRad) in Tris Glycine transfer buffer overnight.
Primary antibodies used: beta-actin (Cell Signaling, Danvers, MA; 3700), SMAD1
(Santa Cruz Biotechnology, Santa Cruz, CA; sc7965), pSMAD1/5/8 (Millipore;
ab3848). Secondary antibodies used: IR Dye 680LT anti-rabbit IgG (LI-COR
Biosciences, Lincoln, NE), IR Dye 800CW anti-mouse IgG (LI-COR). Membranes
were scanned and quantified using Odyssey IR scanner (LI-COR Biosciences).
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Studies are reported as means and standard errors for at least three biological
replicates representing cultures initiated on different days.

Imaging
Epifluorescence and brightfield imaging and processing were performed as
described (Hu et al., 2008; Mangale et al., 2008; Watanabe et al., 2012).
Confocal images and Z-stacks were acquired using a Zeiss LSM510 confocal
microscope. Epifluorescence imaging was done by Nikon Eclipse Ti and
captured using Nikon NIS-Elements AR3.00 software. Epifluorescence imaging
on live cell aggregates was done by EVOS® fl Digital Fluorescence Microscope
(Life Technologies). All images were compiled in Adobe Photoshop, with image
adjustments restricted to brightness, contrast, and levels to the entire field. Any
images used for comparisons were acquired and processed in parallel using
identical settings and adjustments for presentation and quantification.

Cell quantification
Lmx1, Msx1, Ttr::RFP, and Hoechst were manually counted in Photoshop or
ImageJ from two biological replicates and four different confocal planes in a
blinded manner. Denominators included all Hoechst-stained cells. For blinded
scoring of immunostains, matched unprocessed confocal images (Zeiss LSM
510) were scored. 1000-2000 cells were counted for each condition.
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Figure 1. BMP4 dose-dependency for upregulating CH and CPEC markers.
(A) Dorsal and coronal views of the forebrain. The graph depicts relationship
between positional information of different cell types and BMP concentration. Yaxis shows arbitrary levels of BMPs and x-axis shows position of cells depending
on the amounts of BMP molecules (green circles). (B) RT-qPCR analyses of
DTM markers in the aggregate system, using M1 mouse ESC line. In this
system, BMP4 concentration for CH profile (Lmx1a+/Msx1+/Ttr-) was not
discovered. (C) Schematic of the monolayer (M) system to induce CH and
CPECs from mouse ESCs and DTM expression profile. (D) RT-qPCR of
dissociated 5-day M2 and M1 aggregates with a single application of BMP4 for
another 5 DIV. Three BMP4-dose ranges are found to preferentially regulate
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different genes, which correspond to in vivo expression profiles of cortex, CH,
and CPECs.
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Figure 2. BMP4 as a classic morphogen for deriving CH and CPEC fates.
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(A-H) Immunocytochemical analysis of dissociated 5-day M2 aggregates treated
with BMP4 for another 2 DIV (A-D) or 5 DIV (E-H). Lmx1 (green) and Msx1 (blue)
are initially highly upregulated with 1.5 ng/ml and 15 ng/ml BMP4 at 7 DIV, and
restricted to 1.5 ng/ml BMP4 culture at 10 DIV. Ttr::RFP takes time to upregulate
mainly in 15 ng/ml BMP4 culture and few in 1.5 ng/ml BMP4 culture.
Corresponding fields for Hoechst staining (white) are shown in A’-G’ for cell
density comparison. Blue arrowheads: Msx1 single positive, white arrowheads:
Msx1/Lmx1 double positive, yellow arrowheads: Msx1/Lmx1/Ttr triple positive,
pink arrowheads: Ttr single or Ttr/Msx1 double positive. Scale bar, 100 um. (I)
Quantification of DTM markers represented in A-H. Immuno-positive cells/total
cells (Hoechst). Because A-H are magnified selected fields, lower magnification
pictures are provided in Figure S2. (J) Enriched Cajal-Retzius (CR) markers from
CH-abundant cultures. M2 dissociated 5-day aggregates treated with 1.5 ng/ml
(RT-qPCR, normalized to no BMP4 control at each time point) demonstrated
increased levels of CR markers, p73 and Reelin, in a temporally sequential
manner.
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Figure 3. Temporal regulation of DTM markers by BMP4. (A-D) RT-qPCR of
dissociated 5-day M2 aggregates treated with BMP4 (0.15-15 ng/ml) for another
1-5 DIV. (A-B) CH markers, Wnt3a and Lmx1a, are increased quickly at
moderate-high BMP4 concentration (0.15-15ng/ml). However, CH markers are
maintained only at moderate BMP4 concentration (0.5-1.5 ng/ml for Wnt3a, 1.5-5
ng/ml for Lmx1a), while they are downregulated at high (> 5ng/ml) BMP4
concentration. (C) Msx1 is a direct target of BMP signaling and activated at
moderate-high BMP4 concentration (0.5-15 ng/ml) at early to late time points. (D)
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Ttr is a mature CPEC marker and activated only at high BMP4 concentration (>5
ng/ml) at later time points (after 8 DIV), consistent with Ttr being a mature lateonset CPEC marker in vivo. Similar results are obtained compared to those of
M1 (Fig. S4).
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Figure 4. BMP4 mediated-neural progenitor marker regulation in a dosedependent fashion. 5-day SFEBq aggregates are dissociated and plated in
monolayer with varying BMP4 (0.15-15 ng/ml for M2 and 0.15-150 ng/ml for M1)
for another 1-5 DIV (6 to 10 DIV total). Usually, at higher BMP4 concentration, all
neural progenitor expression is suppressed. Selectively, some neural progenitor

239$

markers are slightly upregulated in a temporal manner at lower concentration of
BMP4.
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Figure 5. No facilitation of BMP4-mediated DTM upregulation by Lhx2
inactivation. (A) Experimental design. All SFEBq aggregates are treated with
(dotted lines) or without (solid lines) 4HT (1 uM) at 4 DIV. After 24 hours, Lhx2 is
inactivated to about 95% (Fig. S5). 5-day SFEBq aggregates are then
dissociated to single cells in monolayer with fresh media containing varying
BMP4 concentrations (0.15-150 ng/ml) for another 2 DIV (B) or 5 DIV (C) for RTqPCR analyses. All data points are normalized to monolayer cultures without
BMP4 and 4HT. No significant gene expression change was detected, indicating
that Lhx2 absence does not facilitate BMP4-mediated DTM induction.
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Figure

6.

Downregulation

of

other

neural

progenitor

markers

by

inactivation of Lhx2. 1 uM of 4HT or vehicle is applied to 4-day SFEBq
aggregates and 5-day aggregates are dissociated with varying BMP4
concentrations (0.15-150 ng/ml). Gene expression is analyzed by RT-qPCR 2
DIV (A) or 5 DIV (B) later. At no-moderate BMP concentration (around 0-1.5
ng/ml), inactivation of Lhx2 reduces all neural progenitor markers, consistent with
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Lhx2 being an early hierarchy of telencephalic development. BMP4-mediated
suppression of neural progenitor markers is not influenced by Lhx2 inactivation
except Pax6 that is genetically linked with Lhx2. This indicates that Lhx2 does
not directly interact with BMP signaling.
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Figure S1. Lower magnification views of Figure 2A-H.
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Figure S2. A model for BMP gene activation and temporal refinement
depending on pSMAD1/5/8 intercellular-levels. (A) RT-qPCR analyses on 5day SFEBq dissociated aggregates in monolayer with 15 ng/ml BMP4 for
additional days (x axis). No upregulation of CR markers are observed, compared
to no BMP4 controls. (B) Western blot analysis of pSMAD1/5/8 levels in M2
monolayer culture, showing differential steady state activation levels at different
concentrations of BMP4. (C) Quantification of pSMAD1/5/8 levels with varying
BMP4 (1.5 or 64 ng/ml) of (B). 100% pSMAD levels are normalized to the
maximum pSMAD levels within the experiments. The steady-state pSMAD levels
for optimal concentrations of CH cells and CPEC cells differ. (D) A model for
BMP4 broad activation of target genes (e.g. Wnt3a) and refinement over time.
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Each circle represents one cell and the blue color indicates intensity of gene
expression. Over time (time with arrows), gene expressions are restricted to the
cells experiencing the moderate BMP signaling levels.
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Figure S3. Temporal regulation of DTM markers by BMP4. (A-D) RT-qPCR of
dissociated 5-day M1 aggregates treated with BMP4 (0.15-15 ng/ml) for another
1-5 DIV. Dynamic regulation of gene expression is revealed temporally. Similar
results are obtained compared to those of M2 (Fig. 3).
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Figure S4. Lhx2 inactivation by 4HT in a dose-dependent manner. (A)
Schematics for Lhx2 cKO loci (M1) and a control mESC line (M4).

Black

triangles are loxP sites and expected PCR products are shown. (B)
Recombination by Cre in a 4HT dose-dependent manner. We observed
saturated inactivation at 1uM of 4HT in genomic level. (C) Validation of genomic
Lhx2 inactivation for experiments shown in Fig. 5B-C. (D) Lhx2 inactivation at
mRNA level by RT-qPCR for Fig. 5B-C. (E) Lhx2 mRNA inactivation level in
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Emx1Cre/+Lhx2cKO/sKO mice at E11.5. (F) No facilitation of BMP4-mediated DTM
upregulation by Lhx2 absence in the primary cortical progenitor cultures.
Expression level is analyzed by RT-qPCR and normalized to no BMP4 control. wt
≥ 5 embryos, mt ≥ 2 embryos from 2 independent experiments.
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Chapter 6: Conclusions and future directions

Conclusions
The cerebral cortex, the outer most layer of the brain, responsible for higher
cognitive functions is generated from the naïve telencephalon. The process by
which this naïve tissue is patterned into the cerebral cortex is poorly understood.
Failure to properly pattern results in neurodevelopmental defects such as
holoproencephaly. Better understanding of neuropatterning will provide insight on
neurodevelopmental defects and possible remedies.
BMP and FGF signaling are central to the patterning of the developing
telencephalon. However, their function and role is not well understood. BMPs are
produced from the DM and form a concentration gradient in the developing
forebrain. It signals through BMP type I and II receptors, initiating signaling
cascade

through

downstream

smad

effectors

thereby

specifying

gene

expression. Similarly, FGFs produced in the ANR and surrounding cortical areas,
form a concentration gradient in the developing forebrain. FGFs signal through
the FGFR family, initiating a wide array of downstream pathways including the
PI-3 kinase, MAPKs, Jak/Stat and more.
Evidence supporting pattern formation resulting from interaction of two or more
morphogens is found across many species and systems. BMPs’ interactions with
different morphogens yield astonishingly diverse outcomes. BMP and FGF’s
interaction in the developing telencephalon is not yet defined. Understanding
their roles and interactions during development provides valuable insight to
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telencephalon patterning. Furthermore, due to the ubiquitous nature of BMPs and
FGFs, it is probable that the interactions defined here can shed new light onto
understanding tissue patterning in other developing systems.

Defining BMP FGF interactions
Evidence from multiple systems suggests that BMPs and FGFs may interact in a
mutually inhibitory manner, but this interaction remains poorly defined. To
address the question of how BMPs and FGFs may interact in the CNS, our
studies focused on the cortex-midline border. The cortex-midline border is ideal
as this is where BMPs from the DM and FGFs from the cortical areas intersect.
Thus, studying the formation of this border will provide valuable information
regarding how BMPs and FGFs interact.
Before studying the interaction itself, we first determined that our system
responds to both BMP and FGF input. Our results showed that BMP target gene
Msx1 and FGF target gene Spry1 in telencephalic cells were upregulated by
BMPs and FGFs respectively, confirming cell-intrinsic response to morphogens.
After demonstrating our systems’ competency to both BMPs and FGFs, we
proceeded to study their interactions both at the population and at the single cell
level. We determined that BMPs and FGFs inhibited each other’s target genes
both at the population and single cell level.
Mathematical modeling by my colleague determined that the mode of inhibition
between BMPs and FGFs is cross-inhibitory positive feedback (CIPF), where the
system compares two inputs turning on targets from the stronger input and turn
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off targets of the weaker input, ultimately switching between two distinct cell
fates. CIPF in a two-morphogen system provides key advantages to tissue
patterning: 1) ability to specify multiple EC50s for different target genes, thereby
able to create multiple borders for different target genes, 2) ability to scale and
pattern to tissue size, 3) opposing gradients allow the system to assign positional
values based on ratio of morphogen. These properties provide new insight into
tissue patterning and morphogen interaction across different systems.

Novel properties of BMP signaling pathway
Although the canonical BMP signaling pathway has been studied extensively,
key aspects of its signaling kinetics and regulation remain unclear. As BMPs are
central to so many developmental processes, gaining better perspective on it’s
signaling and regulation can help significantly improve our understanding of
development and patterning.
The morphogen hypothesis states that gene expression, ultimately determining
cell fates, is specified by morphogen concentration. The French Flag model
suggests that there are thresholds along a morphogen concentration gradient,
where there will be different gene expression levels leading to different cell fates.
Though this has been known for quite some time, the specifics of this in the BMP
signaling pathway have not yet been fully defined. In this study we examined the
differential steady states of phospho-smads (psmad), a BMP signaling
intermediate, in embryonic stem cells (ESC) and in dCPCs. We discovered that
different BMP concentrations in vitro led to different psmad steady states,
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confirming the existence of morphogen thresholds described by Wolpert in his
French Flag model. Similar findings in ESCs and dCPCs suggest that this is
likely a general phenomenon that is consistent across biological systems.
Studies on morphogen signaling often focus on the steady state and pay little
attention to the process of getting there. Signaling kinetics leading up to the
steady state can provide much insight and information about the network
architecture, so here we investigate the signaling kinetics in the BMP signaling
pathway. We measured psmad levels, downstream mediator of BMPR activation
and found that BMP signaling possess fast activation and slow deactivation
kinetics. Time to 50% activation was reached in a mere 9 minutes whereas time
to 50% deactivation required 1080 minutes, 100 times slower. Signed Activation
Time (SAT) is a novel parameter used to measure a system’s ability to attenuate
noise based on comparing speed of activation and deactivation. SAT has an
inverse relationship with the noise amplification rate, the larger the SAT the
better the system’s noise attenuation is. Based on our findings, the BMP
signaling pathway possesses a large SAT score, suggesting that it has a strong
ability to buffer noise. Fast activation kinetics combined with slow deactivation is
advantageous because it buffers the “on” state of BMP signaling, where small
fluctuations in input signal will not affect the output of the system.
To understand the architecture of the BMP signaling pathway, we not only
studied the activation but also the various feedback mechanisms activated by
BMP exposure. Combining in vitro studies in dCPCs and mathematical modeling,
we studied how this BMP signaling pathway was designed and which feedback
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mechanisms are responsible for the specific aspects of the system. We
discovered that the negative feedback loop, in the form of BMP target gene
products, accelerates responses with a semi-adaptive dynamic within a specific
input range and attenuates external noise. Interestingly, the rate of psmad
degradation must be regulated in order to produce adaptive dynamics in specific
range of the response so that the acceleration of a subset of responses can be
achieved. Additionally, the slow deactivation rate of BMPR is critical for noise
attenuation properties of the system. These findings improve the understanding
of cell-intrinsic dynamics in telencephalon development and suggest general
mechanisms that can generate these novel dynamic features of signal
transduction in response to graded signal. Additionally, they suggest how these
mechanisms can improve the efficiency and robustness of the conversion of
morphogen information.

Defining FGF inhibitory kinetics
Earlier in this study we defined the mutual inhibitory interaction between BMP
and FGF signaling. In the previous section, we addressed the temporal dynamics
of BMP signaling but have not addressed that of FGF signaling. Here, we define
the temporal dynamics of FGF signaling and their implications. A better
understanding of the temporal dynamics from both morphogens in a twomorphogen system will provide unique insight unto understanding tissue
patterning as a dynamic process.

256#

Experimental and mathematical modeling results in our studies reveal that FGF
signaling kinetics is slow, in the time scale of days. The discovery that FGF
kinetics is on the time scale of days is in agreement with published findings
across other systems. Typical signaling cascades are rapid, operating on the
time scale of minutes. FGF signaling here operating on the time scale of days
suggests that it’s unlikely to inhibit BMP signaling via typical signaling cascades.
The translational requirement of FGF mediated effects found from CHX
experiments confirmed this. The translational aspect suggests that a molecular
mediator is produced to inhibit BMP signaling. Although the identity of this
mediator is unknown, we speculate that it will act downstream of smad activation,
interacting with the psmad complex, and binding directly to the DNA to enhance
or repress gene expression or interfering with the binding of BMP signaling
pathway components to the DNA.
Mathematical simulations of a two-morphogen system shows that fast acting
FGF will lead to expedited boundary formation, but the boundary formed will
have relatively high levels of noise and will not be sharp. Conversely, slow acting
FGF will lead to slow boundary refinement, but the boundary formed will have
low levels of noise and will be sharp and robust to temporal noise fluctuation.
Therefore, we propose that slow acting FGF serves as a mechanism to attenuate
noise from both BMP and FGF signals, allowing progenitors to adopt correct cell
fates, ultimately leading to the formation of a sharp and robust boundary.
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Advantages of a two-morphogen signaling system
Typically when describing morphogen patterning, it is assumed that a single
morphogen is involved. But the reality is that there is increasing evidence
pointing to the involvement of more than one morphogen in the patterning of
different developing tissues. This challenged us to determine the advantages of a
two-morphogen signaling system compared to a single morphogen.
Our study has demonstrated the advantages of a two-morphogen system where
two-way gene switching can be achieved. Two-way gene switching is the
process by which the stronger of the two input signals turns the weaker input’s
gene expression off, specifying one of two cell fates, ultimately leading to the
formation of a sharp and robust boundary where the two inputs intersect. This
overcomes the limitations of a one-morphogen system that can only cause oneway gene switching in high morphogen concentration, therefore rendering it
ineffective in low morphogen concentration. This mechanism elucidated from our
study is likely to be in part responsible for sharp boundaries formed from
interactions of two morphogens in other developmental systems.
Additionally, noise attenuation is crucial to biological scaling. Biological scaling
requires each cell, compartment and tissue to be scaled to the same precise
proportions for a living organism to function properly. The efficiency of a twomorphogen system allows the organism to more effectively buffer noise and
fluctuations in extrinsic signals ensuring accurate scaling. In summary, our twomorphogen system can serve as a model for other systems to study noise
attenuation, cell fate decisions and border formation during development.
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Integrative aspects of FGF signaling
Classical morphogen theory states that the specification of cell fate is based
solely on morphogen concentration. Albeit, this has facilitated the understanding
of morphogen-mediated tissue patterning, it is only applicable at steady state.
Patterning by morphogen gradients during development is a dynamic process;
comprehending its temporal dynamics is critical to understanding development in
a spatiotemporal manner.
The temporal component we discovered in our system mentioned in the sections
above shares many similarities with the Shh system, where morphogen
concentration is not the sole determinant of cell fate, but duration of exposure is
a contributing factor. Temporal integration is the integration of multiple signals
over time resulting in a cellular response based on morphogen concentration and
time of exposure. Examples of this are found in Shh signaling in the neural tube
and are common to many stem cell differentiation protocols, but little is known
about temporal integration in CNS development.
Our study in the developing telencephalon revealed a time-dependent integration
of signals in the form of single cell gene expression changes leading to cell fate
decisions and cortex-midline border refinement. Mathematical simulations of slow
acting FGF showed a similar effect to high FGF concentration on boundary
formation. Single cell experiments confirmed this, demonstrating that BRE-gal
expression levels in the presence of high FGF concentrations reach the same
steady state as low FGF concentrations in less time. These findings reflect
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temporal integration in our two-morphogen signaling system and provide new
insight on patterning and development.
Temporal integration coupled with slow FGF signaling kinetics allows the system
to form robust borders that can buffer noise or perturbations during development.
In our study, we were able to show exactly this, where the introduction of a
transient perturbation in FGF signaling resulted in immediate expansion of BREgal expression followed by eventual refinement to normal levels due to restored
FGF activity. This suggests that temporal integration is not unique to Shh
signaling in the ventral neural tube but also plays a significant role in the
developing telencephalon. Therefore, it is likely that temporal integration is a
general phenomenon that may be applicable to other systems in tissue
patterning and development.

Developmental delay and catch up are emergent properties of a slow and
integrative signaling system
Developmental delay is a complex phenomenon that has proved to be difficult to
study, thus little is known about the subject. Studies that address this topic are
largely based on clinical work. Non-clinical examples of developmental delay with
eventual recovery are less prevalent. Together, these studies give limited insight
to the subject, but are not able to fully address this complex phenomenon.
Through a novel in vivo model we developed, we were able to emulate a global
transient disruption in FGF signaling in our two-morphogen signaling system. We
observed dose dependent developmental delay both globally with decreased
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embryo size and also locally with a less refined cortex-midline boundary. A
significant increase in noise levels reflecting delayed noise attenuation was also
observed. Complete catch-up and recovery at all levels was observed five to
seven days after initial perturbation. These findings bring new insight to
understanding developmental delay and the system’s capacity to buffer external
perturbations.
Disruption of FGF signals resulting in delayed development, delayed boundary
refinement and expansion of BRE-gal expression reflects the system’s
requirement for the delicate balance of input signals. Interestingly, the
developmental delay and catch-up observed supports the notion of temporal
integration. A disruption of FGF signaling is analogous to the introduction of
stochastic noise resulting in delayed boundary refinement. This marked delay is
consistent with our temporal integration model, where more time is required to
reach a similar steady state when FGF input is reduced. The robustness of the
two-morphogen system is reflected in the system’s ability to catch-up from the
developmental delay. The system’s ability to show initial signs of catch-up in five
days and full recovery in seven after disruption suggests that this system is
highly robust and is able to buffer the stochastic noise introduced. The
robustness of this system is likely due to it being a two-morphogen system with
multiple genetic redundancies. The two-morphogen system provides efficient
noise attenuation by minimizing noise fluctuations from each individual system.
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More generally, our study has provided new insight into the integration of
morphogen information as a function of time as well as concentration. The
importance of the temporal integration is demonstrated by the developmental
delay and catch-up caused by a transient disruption in one of two morphogen
signals. These findings challenge the canonical view of morphogen patterning
that focuses on steady states and introduces the importance of the dynamic
process of patterning as a general phenomenon to all developing systems.

Summary
In the pursuit of better understanding of neuro-development and patterning in
context of morphogen signaling, I studied the cortex-midline border and the
surrounding telencephalon extensively. My studies demonstrated that BMPs and
FGFs interact to pattern the developing telencephalon, and they interact in a
mutually inhibitory fashion. I demonstrated that BMPs in the developing
telencephalon pattern naïve tissue in agreement with the morphogen hypothesis,
where different BMP levels leads to different psmad steady states thereby
leading to specification of different cell fates. I discovered the fast activation and
slow deactivation kinetics of the BMP signaling pathway and revealed the noise
attenuation advantages such a system posses. I defined the slow FGF inhibitory
kinetics and denote its advantages in patterning and border formation. My
studies elucidated the advantages of a two-morphogen signaling system over a
single morphogen signaling system in patterning, scaling and development.
Furthermore, I challenged the traditional view of patterning that is focused
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primarily on steady state levels and demonstrated that patterning is a dynamic
process, introducing concepts in temporal integration. Lastly, my studies
discovered the emergent property of developmental delay with catch up as a
result of a slow and integrative two-morphogen signaling system.

Future directions

Genome-wide occupancy search
Our studies in the developing telencephalon demonstrated the slow FGFmediated kinetics and the translational requirement, both hinting at the existence
of a molecular mediator that exerts inhibitory FGF effects. Therefore, the
questions that remain are: What is the identity of this molecular mediator(s)?
Where does this mediator bind (on DNA)? How does this mediator exert
inhibitory FGF effects?
As stated in Appendix I, we have initiated a genome-wide approach, utilizing
ATAC-seq to search for transcription factors that may be involved. Sequencing of
libraries with the different treatments (NT, FGF, BMP, BMP/FGF) at t=0, 24 and
48 hrs revealed genome-wide DNA occupancy. Occupancy of target genes
based on the different treatments is consistent with previous studies and
literature. A list of genes is generated from sequencing of the libraries, reflecting
an increase or decrease in occupancy as a result of each treatment with
reference to NT.
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The advantage of a genome-wide approach is that the genes we investigate will
be unbiased and will cover the entire genome as opposed to a small subset of
genes. However, this also poses a challenge because of the sheer number of
genes that may show a change in expression as a result of our treatments.
Though an extensive gene list will be generated based on DNA occupancy, it
may not accurately reflect the transcriptosome. In order to increase the relevance
of this list and to narrow down possible targets, we will perform a RNA-seq
experiment. We will then cross reference the list of genes that are up regulated
or down regulated by each treatment to the list obtained from ATAC-seq to
eliminate genes that are irrelevant.
Though RNA-seq will help eliminate genes that are irrelevant, our studies will still
generate a large number of possible targets; therefore further sorting will be
necessary to prioritize targets for investigation. Further sorting can be based on
gene functionality, for example sorting for genes related to BMP signaling,
telencephalon development, neurodevelopment etc.
Concurrent to RNA-seq we will perform deep level sequencing (“foot printing”)
with our DNA libraries to determine the specific transcription factors that are
binding to genes of interest. As this is a genome-wide approach with a multitude
of genes involved, it is likely that multiple transcription factors will be present in
each treatment.
Once a list of possible factors involved is generated, we will perform pilot studies
to screen individual or groups of transcription factors based on the availability of
inhibitors. Perturbing groups of transcription factors or perturbing pathways that
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are upstream of individual factors will help expedite the screening process,
though it is expected that certain factors will require individual screening. Once
viable targets are identified, extensive studies to perturb or inhibit these
transcription factors will be designed, and effects of their inhibition on patterning
and development will be assayed.
We will work closely with the Mortazavi lab in this ongoing collaboration, utilizing
their expertise in genome-wide approaches and our expertise in forebrain
development to elucidate the molecular mediator implicated.

Determining mechanism for multiple border formation
One important feature of a two-morphogen signaling system is its ability to
establish multiple border locations for different target genes over time.
Traditionally, border location is determined solely by the EC50 value of a target
gene, reflecting the distance of the border from the morphogen source. In this
study, my colleague determined different EC50 values for BMP target genes Msx1
and Msx2. Upon further investigation, it was determined that in the developing
telencephalon, Msx2 has a larger domain than Msx1. These findings support the
idea that a two-morphogen signaling system is capable of establishing borders in
multiple locations.
Mathematical modeling suggests that a two-morphogen signaling system can
create multiple borders at different locations through differential regulation of
signaling intermediates, differential inhibition of signaling intermediates, or
downstream of the signaling pathways. Though mathematical modeling has
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provided different possibilities for the mechanism responsible, the question that
remains is: What is the mechanism that allows a two-morphogen signaling
system to establish multiple borders with different locations?
If the signaling components involved are common to all gene targets, it is likely
that the difference in regulation is at the gene level where there is a difference in
promoter sequence, thereby leading to a difference in transcription regulation by
the same set of transcription factors. Another possibility is that morphogen
signaling activates the same set of transcription factors, but different or additional
factors are involved in regulating specific genes. The presence of additional
transcription factors or modification of transcription factor complexes can lead to
differential regulation of gene expression.
Both scenarios can be addressed using genome-wide approaches. At the gene
level, ATAC-seq described above can compare genome occupancy between
different target genes and identify any differences present. These differences can
be enhanced or suppressed to determine their impact on EC50 values and border
location of each specific target gene. At the intermediate level, after ATAC-seq
determines the “foot prints” of the transcription factors directly interacting with
DNA, ChIP-seq can be employed to determine the complexes and interactions
these factors form. These differences can then be studied and manipulated to
alter EC50 values and border locations of specific target genes.
Findings from this study will challenge the traditional view of EC50 values and
border location determined solely by morphogen concentration. This will provide
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novel insight unto how multiple border locations can be specified with the same
input signal across different developmental systems.

Extension of FGF-perturbation studies
Our studies have demonstrated that a transient perturbation of FGF signaling
results in developmental delay with catch up. We studied the effects of this
perturbation up to 6 days after the injection. At 6 days after the perturbation, we
observed a full recovery in both global and forebrain development and cortexmidline border sharpness. However, evidence of the perturbation remains in the
form of BRE-gal positive cells along the hippocampal plate region and an
expansion of BRE-gal domain along the meningeal surface. Despite an apparent
catch up and recovery shortly after perturbation of FGF signaling, long-term
effects of such perturbation have not yet been studied. The questions that remain
include: Is there further recovery of development specifically in the hippocampal
and meningeal areas? Will FGF-perturbed embryos survive till birth? Will there
be any birth defects in FGF-perturbed embryos? Do FGF-perturbed mice display
cognitive defects after birth?
As a natural extension of the current study, we propose to initiate a follow up
study investigating long term effects of a transient perturbation of FGF signaling
demonstrated here. Our current study concludes at e16.5, 7 days after
introduction of FGF perturbation. The average length of mice gestational period
is 20 days, so I propose to study forebrain architecture and development at later
time points such as e18.5, at birth (p0), juvenile age (<p12) and at adulthood
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(>p25) to determine if full recovery is observed or if evidence of perturbation
remains.
Basic characterization of developmental milestones such as weight, surface
righting, negative geotaxis, cliff aversion, rooting, forelimb grasp, auditory startle
and others can determine whether transient FGF perturbation resulted in physical
birth or developmental defects.
The telencephalon develops into the cerebral cortex, responsible for many higher
cognitive functions, it would be interesting to determine whether any cognitive
deficits are present as a result of transient FGF perturbation. Extensive
behavioral testing can help determine any cognitive defects that may be present.
Some parameters that could be tested include: anxiety, learning, memory and
cognition, motor function, sleep-wake activity, addiction and more. Tests such as
the Morris Water Maze and Conditioned Avoidance can be used to test for
learning, memory and cognition. Tests such as grip strength and rotor rod test
can be used to assay for motor function. Tests such as Open Field Activity and
Elevated Plus Maze can be used to test anxiety. Some behavioral tests are
relatively simple to setup, more specialized tests can be done in collaboration
with labs from the Center for the Neurobiology of Learning and Memory and
Pharmacology and Toxicology.
The defects observed from behavioral testing can be traced to specific areas of
the brain where further experiments can be performed to identify the specific
defect in neurodevelopment.
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Perturbing BMP signaling
This study has challenged traditional views of tissue patterning by defining a twomorphogen signaling system with mutually inhibitory action, demonstrated
patterning as a dynamic process, demonstrated the importance of signaling
kinetics and introduced the concept of temporal integration. This study has
successfully demonstrated the effects of perturbing FGF signaling and its
importance in telencephalon development, but little has been done to study the
effects and implications of a similar perturbation in BMP signaling.
Roof plate ablation studies performed by my colleagues revealed that a complete
loss of BMP signaling during development is lethal, leading to a loss of DM
structures. However, a transient perturbation could result in a very different
outcome. The questions that remain are: Will a transient perturbation of BMP
signaling be lethal? What will be the impact of this perturbation on the
development of midline structures? How will this perturbation impact the cortexmidline border? Can the system recover from such a perturbation? What are
some of the advantages of BMP signaling kinetics?
Current models to disrupt BMP signaling available include roof plate ablation,
transgenic models knocking out components of BMP signaling and injection of
BMP signaling inhibitors. As mentioned before, roof plate ablation causes
irrecoverable defects and is not suitable for such a study as this. Though
transgenic models can produce knock out or hypomorphic phenotypes, recovery
of BMP signaling would be difficult. Therefore, I propose to establish a model that
utilizes a reversible chemical inhibitor of BMP signaling. I.p. injection protocols
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similar to that of FGF receptor inhibitor PD173074 can be used. This introduces a
transient disruption to BMP signaling and as the inhibitor is metabolized, a
recovery of BMP signaling will be observed.
The key to developing such a model is finding a suitable BMP signaling inhibitor
that is not embryonic lethal, is able to cross into the embryo sac and into the
developing brain and metabolizes over time, allowing for a recovery of BMP
signaling. Once a suitable candidate is found, effective doses must be
established by tittering the dose so that it is not embryonic lethal but shows
sufficient efficacy.
Once effective dosing has been established, brains must be extracted and
studied at various time points after injection. The forebrain will be studied
extensively for developmental defects. Midline structures and cell fates will be
investigated thoroughly to determine the impact of the perturbation. The cortexmidline border and its different properties will be studied to assay the impact on a
dampened BMP signal on border formation. Finally, we will determine whether
the system is able to recover from such a transient disruption.
Findings from this study will add to our knowledge of BMP signaling kinetics and
provide additional evidence on the advantages of this network. They will also
provide new insight on the importance of BMP signaling during the early stages
of development in the CNS and shed light on the importance of proper BMP
signals for proper cortex-midline border formation.
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Studying BMP/FGF interactions in other developing systems
BMPs and FGFs have been shown to be present in a vast number of
developmental systems. This study has defined the mode of interaction between
them in the developing telencephalon. However, literature suggests that the
same morphogens may interact differently in a different system. So to further
study BMP/FGF interactions, I propose to study these two morphogens in other
developmental systems such as in the retina and developing lens, olfactory bulb,
kidney and many more. The questions to ask include: Is the patterning of this
system dependent on BMP and FGF morphogen gradients? Do BMPs and FGFs
interact in this system? How do BMPs and FGFs interact?
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APPENDIX I: Investigating global genome occupancy

Contributors: Ernest Fung, Weihua Zeng, Arthur Lander, Edwin Monuki and Ali
Mortazavi.

Statement of contribution: In this study, I designed the research, and
performed experiments. Weihua Zeng analyzed data.

Weihua Zeng, Ali

Mortazavi, Edwin Monuki, Arthur Lander and I interpreted results.

Significance and rationale
Studies in dissociated cortical progenitors revealed that the reason for FGFmediated BMP inhibition to be slow is likely due to a translational requirement.
Since BMP target gene expression is affected by FGF action, it is likely that this
molecular mediator binds directly to DNA to assert its effects. To elucidate the
identity of this molecular mediator and to determine other FGF and BMPmediated effects, an unbiased genome-wide approach is employed.

Method and materials
“Assay for Transposase Accessible Chromatin (ATAC-seq)” method adapted and
modified from: Transposition of native chromatin for fast and sensitive
epigenomic profiling of open chromatin, DNA-binding proteins and nucleosome
position. (2013) Jason D Buenrostro, Paul G Giresi, Lisa C Zaba, Howard Y
Chang and William J Greenleaf. Nature Mthods. Doi10.1038/nmeth.2688
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Cell preparation
1. Aspirate media and wash with cold 1x PBS buffer.
2. Add 50uL of cold lysis buffer (10mM Tris-HCl, pH 7.4, 10mM NaCl, 3mM
MgCl2, 0.005% IGEPAL CA-630).
3. Gently pipette up and down to collect all cells; transfer supernatant to
1.5mL ependorff tube.
4. Spin down immediately at 500 x g for 10min, 4oC.
5. Discard the spernatant and immediately continue to transposition reaction.

Transposition reaction and purification
1. Make sure the cell pellet is set on ice
2. Prepare the transposition reaction mix (per sample):
a. 25uL 2x TD Buffer (Illumina Cat #FC-121-1030)
b. 2.5uL Tn5 Transposes (Illumina Cat #FC-121-1030)
c. 22.5uL Nuclease Free H2O
3. Gently pipette to resuspend nuclei in transposition reaction mix
4. Incubate treansposition reaction at 37oC for 30mins.
5. Immediately following transposition, purify products using a Qiagen PCR
purification kit.
6. Elute transposed DNA in 30uL of Elution Buffer (10mM Tris buffer pH8).
7. Purified DNA can be stored at -20oC.
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PCR Amplification
1. To amplify transposed DNA fragments, prepare the following PCR mix:
a. 30uL transposed DNA
b. 2.5uL 25uM customized Nextera PCR Primer 1
c. 2.5uL 25uM customized Nextera PCR primer 2 (barcode)
d. 35uL High-Fidelity 2x PCR Master Mix (includes SYBR Green I)
2. Amplify using the following cycle:
i. 72oC, 5min
ii. 98oC, 30sec
iii. 98oC, 10sec
iv. 63oC, 30sec
v. 72oC, 1min
vi. Repeat steps 3-5, 10 times
vii. Hold at 4oC
3. Purify amplified library using Qiagen PCR purification kit.
4. Elute the purified library in 30uL Elution Buffer (10mM Tris Buffer, pH8)

Purified library can then be checked for quality and sent to sequencing.
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Results

Table 1. Statistics of 24 hr sequence data

Table 2. Statistics of 48 hr sequence data
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Figure 1. 24hr time point cortical progenitor ATAC-seq samples on beta
actin locus
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Figure 2. 48hr time point cortical progenitor ATAC-seq samples on beta
actin locus
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Figure 3. Sequencing results on mouse Msx1 locus
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Figure 4. Sequencing results on mouse Spry1 locus
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Figure 5. Sequencing results on mouse Beta-actin locus
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Figure 6. Correlative coefficient of two biological replicates
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Figure 7. DHS with differential intensity
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Figure 8. DHS intensity clustering heatmap (K-mean set to 16)
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Table 3. GO term analysis of biological process of selected DHS with
higher intensity in Fgf vs NT (5969 DHS)

Table 4. GO term analysis of biological process of selected DHS with lower
intensity in Fgf vs NT (1375 DHS)
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Table 5. GO term analysis of biological process of selected DHS with
higher intensity in BMP vs NT (4544 DHS)

Table 6. GO term analysis of biological process of selected DHS with lower
intensity in BMP vs NT (3298 DHS)
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Table 7. GO term analysis of biological process of selected DHS with
higher intensity in Both vs NT (11449 DHS)

Table 8. GO term analysis of biological process of selected DHS with lower
intensity in Both vs NT (7607DHS)
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Table 9. GO term analysis of biological process of selected DHS with
higher intensity in BMP vs Fgf (9136 DHS)

Table 10. GO term analysis of biological process of selected DHS with
lower intensity in BMP vs Fgf (5122 DHS)
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APPENDIX II: Comb co-culture system

Contributors: Ernest Fung, Katrina Spencer, Grace Huynh, Elliot Hui and Edwin
Monuki.

Statement of contribution: In this study, I designed the research, and
performed experiments, analyzed data, and interpreted results.

Opportunity Grant, CCBS Retreat 2013
Ernest Fung (Monuki), Katrina Spencer (Hui)
Collaborators: Monuki lab (Pathology), Hui lab (Biomedical Engineering)

Measurement of in vitro tissue patterning in a two morphogen crossinhibitory system

The Monuki lab has recently demonstrated cell-intrinsic ultrasensitivity in cortical
progenitor cells dependent on the integration of BMP and FGF inputs in a
mutually inhibitory manner. In vivo studies of brain sections from BMP signaling
reporter (BRE-gal) mice suggest that this cross-inhibitory system is responsible
for the formation and refinement of the cortex-midline border. Explanted cortical
progenitor cells continue to exhibit this ultrasensitivity mechanism in culture,
however in vitro tissue patterning has not been observed due to the spatially
homogenous culture models. The Hui lab has developed a microfabricated
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platform for the creation of patterned co-cultures. Cells are organized into two
regions, with distances between cells from opposing populations ranging from 0
to 5000 micrometers. While previous data has suggested the presence of soluble
gradients in this device, to this point the system has never been combined with a
culture model containing a robust reporter system for paracrine signaling.
Furthermore, there is in general a lack of in vitro models for tissue
morphogenesis. If the formation of the cortex-midline boundary can be
recapitulated in vitro, this platform will serve as a rich experimental model for
understanding the dynamics of pattern formation in neural development, allowing
for much deeper experimental manipulation than in vivo models, such as
visualization of morphogen gradients, greater control of morphogen dose and
timing.

Significance and rationale
Border formation is a fundamental process during development and many
aspects of it are governed by morphogens. Morphogens are generally distributed
as a gradient throughout tissue and space. Thus the key question is how does
graded morphogen information get translated into sharp borders. The Monuki lab
focuses on studying the dorsal telencephalon that gives rise to the dorsal midline
and cerebral cortex. During development, the dorsal telencephalon differentiates
into the cerebral cortex and the dorsal midline with a sharp border in between
(Fig. 1A). Understanding the formation of this border will shed light on conversion
of morphogen information during border formation.
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The morphogens of interest in our system are bone morphogenetic
proteins (Bmps) that are produced in the dorsal midline (Monuki, 2007) and
fibroblast growth factors (Fgfs) that are produced throughout the developing
cortex (Shimogori et al., 2004). The schematic summarizes findings from
previous studies revealing mutual inhibition between Bmp and Fgf signaling (Fig.
1B) (Srinivasan et al., in submission). It is believed that this mutual inhibition
leads to the formation of sharp and robust borders. In vitro studies in dissociated
cortical progenitor cells (dCPCs) with confirmation from qPCR show that in the
presence of strong Fgf and weak Bmp signals, Bmp-target-gene Msx1’s
expression is present in few cells (Fig. 1C). On the contrary, in the presence of
strong Bmp and weak Fgf signals, Msx1 expression is strong in many cells (Fig.
1D) (Hu et al., 2008)
This mutual inhibition model has been the basis of many studies focused
on understanding the mechanism by which sharp and robust borders are formed
from graded morphogen input. In vitro studies with dCPCs cultured in similar
strength Fgf and Bmp input showed a mosaic pattern of Msx1 expression but
showed no organization or patterning (Fig. 2A). BRE-gal reporter mice that act to
report Bmp activity via LacZ expression were used for in vivo studies (Doan et
al., 2012). Coronal sections revealed the formation of a border where Bmp and
Fgf gradients intersect (Fig. 2B). Intra-peritoneal injection of pan-Fgf receptor
inhibitor PD173074 at e9.5 and harvested 3 days later revealed significant
reduction in border refinement in treated embryos compared to vehicle (Fig. 2B).
It is apparent visually that there is an increase in length of the mosaic domain.

289$

Quantification shows that in the presence of PD173074 the gradient of the border
is less robust, reflecting a border that is less sharp (Fig. 2C). BRE-gal explant
studies further confirm the significant involvement of FGFs in this system. e9.0
telencephalic explants cultured for 48hrs in the presence of ectopic Fgf8 showed
an induced refinement of the rostral BRE-gal domain compared to vehicle (Fig.
2D). Similarly, e10.0 explants cultured for 48hrs cultured in the presence of panFgf inhibitor PD170374 prevented the refinement of the BRE-gal rostral domain
(Fig. 2E). Together these results suggest that Fgfs play a significant role in the
formation and refinement of a sharp and robust cortex-dorsal midline border in
the developing telencephalon.
Although much has been learned from studying Bmp and Fgf interactions
both in vitro and in vivo, we have not been able to visualize and measure the
morphogen gradients. The ability to visualize and measure the morphogen
gradients and to recapitulate the cortex-dorsal midline border will provide a
unique perspective to study the mechanism by which graded morphogen input is
translates into sharp borders. In a traditional culture system, we are unable to
recapitulate a border similar to that of the cortex-dorsal midline border in vitro.

Proposed solution (Comb Co-culture system)
The Hui Lab has developed a reconfigurable culture system composed of two
silicon interlocking pieces, called combs. Each comb has four sides, one of
which is etched in the shape of uniform finger-like projections. The projections
from each comb are capable of locking tightly together (“contact”), being in close
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proximity but separated by 80 microns (“gap”), or completely separated so that
each comb can be handled independently (Fig. 3A). After the surface of a comb
is modified to mimic tissue culture plastic and coated with the appropriate matrix
required for cell growth, it is seeded with cells and interlocked with a comb
covered in another cell type to initiate co-culture. Cells along the edges of fingers
of opposite combs can directly interact with each other through membrane bound
receptors and ligands when the combs are in contact mode. In contrast, signaling
via diffusible factors between the two populations is permitted in gap mode. By
far, the most beneficial quality of the reconfigurable comb system is its ability to
allow easy patterning of two cell populations within the same well while
maintaining them in two separate compartments that can be dynamically
manipulated. Unlike other co-culture systems, this precise patterning can
facilitate the establishment of well-controlled soluble factor gradients and make it
possible to study tissue patterning by morphogen gradients in vitro.

Experimental plan
To create a platform that enables us to not only visualize, measure, and
modulate morphogen gradients, but also be able to recapitulate the cortex-dorsal
midline border in vitro, we will integrate the biological system from the Monuki lab
and the comb co-culture system from the Hui lab.
1. Developing in vitro tissue model; Human lung fibroblast cells from the
Hui lab express FgF-2. Primary dCPCs harvested from BRE-gal reporter mice
will be cultured on one comb and primary lung fibroblast cells (Hui lab) that
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express FgF-2 will cover the other. Each cell type will be cultured till confluency
apart initially in their respective culture conditions and then will be co-cultured in
the dCPC media to study the effects of Fgf on dCPCs (Figure 4). The BRE-gal
dCPCs will be cultured in the presence of a high Bmp concentration to model
cells in proximity to the dorsal midline that are exposed to strong Bmp signals. A
collagen gel will be poured on top of the combs to restrict the morphogens within
the gel and to minimize convective transport.
2. Recapitulate BRE-gal border, manipulate Fgf gradient and assay
response; BRE-gal border will be recapitulated in vitro by culturing Bmp activated
dCPC cells in conjunction with the Fgf2 expressing lung fibroblasts. The border is
expected to form closer to the back of the dCPC comb where the concentration
of Fgf is expected to be lower. The pair comb system will be fixed in 4% PFA and
X-gal stained for 24-48hrs to visualize BRE-gal border. The location (Fig. 4 (1))
and sharpness (Fig. 4 (2)) of the border in different Fgf gradients will be
measured and compared to the border formed in the presence of the pan-Fgf
receptor inhibitor PD173074 and in the absence of Fgf2 secreting fibroblasts.
The collagen gel density will also be manipulated to tune Fgf2 gradient. The
location, sharpness, and robustness of these border characteristics can be
measured from images using the plot profile module in NIH ImageJ software.
3. Visualize and measure Fgf gradient; Fluorescent microscopy will be
used to visualize the Fgf gradient (Fig. 4 (3)) from the FGF-2 expressing
fibroblasts in the collagen gel and attached to cell surface receptors via Fgf2
primary antibodies and fluorescent secondary antibodies. A 2D fluorescent image
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of the pair-comb system will be generated and the Fgf gradient will be measured
using plot profile module in NIH ImageJ software. A time course will be
performed to study the development of the Fgf2 gradient over time. Initial studies
will include 12, 24, 48 and 72hr time points. Alternatively, a cell line similar to
that from the Brand lab expressing Fgf8-eGPF (Yu et al., 2009) will be created or
obtained. Live fluorescent time-lapse imaging will be performed to visualize Fgf
gradient over time.

Future directions
One of the challenges with in vivo systems is that we are unable to freely
visualize and manipulate morphogen gradients and study the implications of such
manipulations; the establishment of this new in vitro system will enable numerous
potentials for the Monuki lab. One such potential is impacting the border by
disrupting Fgf signaling and then restoring the Fgf signal to observe its recovery.
With the establishment of this novel culturing system, this platform can be
utilized to study other morphogen gradient systems such as the Decapentaplegic
(Dpp) morphogen gradient in fruit fly and the Sonic Hedgehog (Shh) gradient in
the developing neural tube. Similarly receptor-ligand interactions that regulate
tissue patterning (Notch/Delta) maybe also be studied by using the comb
platform in contact mode. This new system can significantly further our ability to
study morphogen signaling across systems and species.
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Figure 1. Bmp-Fgf mutual inhibition signaling pathway in the developing
telencephalon. (A) Schematic of developing dorsal telencephalon. The cortex –
dorsal midline border is highlighted. (B) Bmp-Fgf mutually inhibitory signaling
pathway schematic (C) dCPCs cultured in strong FGF and weak Bmp signal (D)
dCPCs cultured in strong Bmp and weak Fgf signal
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Figure 3. (A) Silicon reconfigurable culture devices in separated, contact, and
gap (80 micron of separation) mode. The box on the right demonstrates how the
combs seeded with cells interlock. Cells are shown in light blue and green. (B)
and (C) are images of combs in gap mode and contact mode, respectfully. (D)
Cell seeded combs can be easily cultured in 12-well plates using the appropriate
media. (Hui & Bhatia, 2007)
$

296$

Figure 4. In vitro model of BRE-gal border formation via comb co-culture. A
comb covered with Fgf-expressing fibroblasts will be placed in contact with a
comb covered with dCPCs transfected with the BRE-gal reporter for BMP
signaling, overlayed with collagen, and co-cultured in media containing a high
concentration of BMP. An Fgf gradient stemming from the fibroblast comb will
develop and activation of the BMP signaling BRE-gal reporter will occur only at
low Fgf concentrations. The location (1) and sharpness (2) of the BRE-gal
reporter border, as well as properties of the Fgf concentration gradient (3) will be
measured.
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Methods and Materials
Mice.&Breeding$colonies$were$established$under$IUACUC$breeding$guidelines.$Noon$
vaginal$ plug$ was$ designated$ as$ day$ 0.5$ for$ timed$ pregnancies.$ CrownHrump$ length$
was$measured$to$verify$embryonic$ages.$$
Comb&treatment.&Silicon$combs$coated$with$polyHdHlysine$and$laminin$for$at$least$4$
hours$before$seeding.$“Male”$and$“female”$combs$were$coated$in$separate$chambers.$$$
E12.5& dissociated& cortical& precursor& cell& cultures& (dCPCs).& E12.5$ embryos$ were$
dissected;$skin$and$mesenchymal$layers$were$removed.$Telencephalic$vesicles$were$
dissected$and$incubated$in$0.05%$trypsin$with$0.02%$EDTA$and$0.2%$BSA$in$HBSS$
for$ 20mins$ at$ 37°C$ for$ dissociation.$ 1mg/mL$ soybean$ trypsin$ inhibitor$ (Sigma)$ in$
HBSS$ was$ used$ to$ inhibit$ trypsin$ after$ dissociation.$ Tissue$ digest$ was$ pipetted$ up$
and$down$to$dissociate$cells$using$P200$pipette.$Cells$were$then$washed$once$with$
0.2%$BSA$in$HBSS$and$plated$on$treated$combs.$$
Seeding.&$dCPCs$are$seeded$at$the$density$of$1$million$cells$per$comb.$FGF$expressing$
fibroblasts$are$seeded$two$days$prior$to$experiment$and$grown$to$confluency.$$
Co=culture& combs.& Combs$ are$ combined$ 24hrs$ after$ seeding.$ “Female”$ combs$ with$
the$appropriate$treatments$(empty,$dCPC$control$or$FGF$expressing$fibroblasts)$are$
combined$with$“male”$combs$seeded$with$dCPCs.$Comb$pair$is$then$placed$in$BMP4$
treated$ Temple’s$ media.$ Combs$ are$ cultured$ for$ 48hrs$ thereafter,$ fixed$ in$ 4%$ PFA$
for$ 5mins,$ and$ immunocytochemistry$ using$ antiHMsx1$ antibody$ or$ XHgal$ staining$
was$performed.$$
$
$
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Results
Co=culture&with&FGF&expressing&fibroblasts&affected&BMP&activity.&
XHgal$ stained$ cells$ reflect$ BMP$ activity.$ CoHculture$ of$ dCPCs$ with$ FGF$ expressing$
fibroblasts$ show$ dose$ dependent$ decrease$ in$ XHgal$ staining$ in$ proximity$ of$
fibroblasts.$Density$scatter$plot$suggests$that$BREHgal$expressing$cells$may$be$selfH
organizing$in$the$presence$of$strong$FGF$signals.$

$
Figure 5. Cell location and density scatter plots reflecting brightfield comb
images.
Msx1 expression reflects presence of FGFs
Strong and consistent Msx1 expression was observed throughout control coculture combs. An overall decrease in Msx1 expression was observed in
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fibroblast co-culture combs. This decrease in Msx1 expression increased as
proximity to fibroblasts decreased.

Figure 6. Fluorescent images of Msx1 staining in control versus FGF
expressing fibroblasts co-culture combs.
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APPENDIX III: Potential FGF mediators

Contributors: Ernest Fung

Statement of contribution: In this study, I designed the research, and
performed experiments, analyzed data, and interpreted results.

Significance and rationale:
Studies in the developing telencephalon revealed mutual inhibition between BMP
and FGF signaling. The time and translational requirement suggests a pathway
or molecular mediator that mediates this mutual inhibition. Unbiased genomewide approaches such as micro-array studies, ATAC-seq and RNA-seq are
employed to determine this mediator. Potential mediators are tested using
various inhibitors to assess their relevance.

Specificity protein 1 (Sp1)
Sp1 is a transcription factor with 3 zinc finger domains that bind to consensus
GGG GGG GGG sequences. Sp1 implicated in the expression of many genes
and is involved in many cellular processes such as cell growth, differentiation,
apoptosis, chromatin remodeling and more. Sp1 was induced by FGF signals in
our micro-array studies.
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Mithramycin A
Mithramycin A is an anti-tumor antibiotic that binds DNA. It has been shown to
have high affinity to GC rich DNA motifs. It is not a specific drug, but a “dirty”
drug, affecting all GC rich motifs. Many studies have shown that Sp1 and
Mithramycin A bind competitively and Mithramycin A displaces Sp1 family
transcription factors.

Materials and methods
Mice. Breeding colonies were established under IUACUC breeding guidelines.
Noon vaginal plug was designated as day 0.5 for timed pregnancies. Crownrump length was measured to verify embryonic ages.
E12.5 dissociated cortical precursor cell cultures (dCPCs). E12.5 embryos were
dissected; skin and mesenchymal layers were removed. Telencephalic vesicles
were dissected and incubated in 0.05% trypsin with 0.02% EDTA and 0.2% BSA
in HBSS for 20mins at 37°C for dissociation. 1mg/mL soybean trypsin inhibitor
(Sigma) in HBSS was used to inhibit trypsin after dissociation. Tissue digest was
pipetted up and down to dissociate cells using P200 pipette. Cells were then
washed once with 0.2% BSA in HBSS and plated on laminin treated wells in.
FGF was added to the media.
MithramycinA. Mithramycin A and other inhibitors were applied to cells 24hrs
after plating. 100nM and 200nM of Mithramycin A was added directly to culture
media. BMP4 was added at the same time inhibitors were added. RNA was
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extracted from cells at 48hr after Mithramycin treatment and gene expression
was assayed using qRT-PCR.
Real-time qRT-PCR. RNA extraction was performed using Aurum total RNA mini
kit (Bio Rad), cDNA synthesis, primer validation, and statistical methods for realtime semi-quantitive RT-PCR was performed and quantified as described in Hu
et al., 2008. All cDNA samples were run in duplicate and cyclophilin A was used
to normalize.
3T3 BMP luciferase reporter cells. 3T3 cells containing BMP luciferase construct
was obtained from Thomas Maynard lab, George Washington University. Cells
were cultured in low growth factor media (DMEM, P/S, 5% charcoal stripped calf
serum). 3T3 cells were split and grown to 80%-90% confluency. Cells were
treated with or without BMP, FGF and Mithramycin A. Luciferase assay was
performed to assay BMP reporter activity at specified time after treatment.
Luciferase assay. Promega Dual luciferase kit (PR-E1910) was used. Luciferase
activity is measured and normalized to Renilla luciferase as internal control.
BioTek Synergy HT plate reader was used to determine chemiluminesence.
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Results
dCPC Mithramycin A Treatment
Pilot studies with different inhibitor combinations showed cell viability of each
inhibitor and combination over time. BRE-gal expression data shows that
Mithramycin A has similar effects as FGFR inhibitor suggesting that FGFmediated effects may be blocked by inhibiting Sp1 using Mithramycin A.

Figure 1. Brightfield images of dCPCs one day after inhibitor treatment
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Figure 2. Brightfield images of dCPCs three days after inhibitor treatment

Figure 3. BRE-gal expression 48hrs after inhibitor treatment
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3T3 BMP luciferase reporter cells
Pilot studies with different inhibitor combinations showed cell viability of each
inhibitor and combination over time. Addition of BMP4 increases luciferase
activity, proving that the system is functional. Inhibition of FGF signaling
significantly increases luciferase activity, suggesting that FGF activity inhibits
BMP activity. Luciferase data shows that Mithramycin A has similar effects as
FGFR inhibitor suggesting that FGF-mediated effects may be blocked by
inhibiting Sp1 using Mithramycin A. Mithramycin A also shows dose dependent
effects on luciferase activity.

Figure 4. 3T3 BMP luciferase reporter cells one day after inhibitor treatment
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Figure 5. 3T3 BMP luciferase reporter cells two days after inhibitor
treatment

Figure 6. 3T3 BMP luciferase reporter cells three days after inhibitor
treatment
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Figure 7. Luciferase activity of 3T3 BMP luciferase reporter cells with
different inhibitor treatment

Akt (Protein kinase B)
Akt is a serine/threonine protein kinase involved in regulating glucose
metabolism, proliferation, apoptosis and more. It is downstream of PI-3 kinase
that is activated by many growth factors. There are multiple lines of evidence
suggesting that Akt is activated by FGF signals and interacts with BMP signaling.

Akt Inhibitor VIII
Akt Inhibitor VIII is a cell permeable small molecule inhibitor that selectively
inhibits Akt1/2 activity via the pleckstrin homology (PH) domain. The IC50 of
Ak1/2 is 58nM and 210nM respectively.
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Materials and methods
Mice. Breeding colonies were established under IUACUC breeding guidelines.
Noon vaginal plug was designated as day 0.5 for timed pregnancies. Crownrump length was measured to verify embryonic ages.
E12.5 dissociated cortical precursor cell cultures (dCPCs). E12.5 embryos were
dissected; skin and mesenchymal layers were removed. Telencephalic vesicles
were dissected and incubated in 0.05% trypsin with 0.02% EDTA and 0.2% BSA
in HBSS for 20mins at 37°C for dissociation. 1mg/mL soybean trypsin inhibitor
(Sigma) in HBSS was used to inhibit trypsin after dissociation. Tissue digest was
pipetted up and down to dissociate cells using P200 pipette. Cells were then
washed once with 0.2% BSA in HBSS and plated on laminin treated wells.
Akt Inhibitor VIII. Akt inhibitor VIII was applied to cells 24hrs after plating. 50nM
and 5uM doses were added directly to culture media. RNA was extracted from
cells at specified times after Akt inhibitor treatment and gene expression was
assayed using qRT-PCR.
Real-time qRT-PCR. RNA extraction was performed using Aurum total RNA mini
kit (Bio Rad), cDNA synthesis, primer validation, and statistical methods for realtime semi-quantitive RT-PCR was performed and quantified as described in Hu
et al., 2008. All cDNA samples were run in duplicate and cyclophilin A was used
to normalize.
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Results
dCPCs treated with Akt Inhibitor VIII in the presence of FGF showed higher
Msx1/2 expression. This is consistent with the abolishment of FGF-mediated
suppression of BMP target gene expression. However, these pilot studies are
inconclusive. Further experiments must be conducted to verify whether inhibition
of Akt activity indeed blocks FGF-mediated inhibition of BMP target gene
expression.

Figure 8. Msx1/2 gene expression over time with FGF, Akt Inhibitor VIII
treatment.
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