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1 Introduction and Background

The Choroid plexus (CP) forms in the dorsal midline (DM) of the embryonic forebrain and
secretes the cerebrospinal fluid that fills the ventricles and bathes the central nervous system,
but little is known about the development of this important tissue [3]. We have found that
the anterior border of the CP extends into the rostral midline in the presence of excess Bone
Morphogenetic proteins (BMPs) in mouse forebrain explant cultures. The rostral midline
is a known signaling center during forebrain development that expresses Fibroblast growth
factors (FGFs), the Bmp antagonist Chordin, and Tolloid proteases [2, 3, 6, 7]. We therefore
examined the relationship between these rostral signals and BMPs during the formation of
the CP border in the rostrodorsal midline using computational and experimental approaches.
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Figure 1: Bmp-Fgf interactions. (A) Real-time gRT-PCR analysis, rostral portions of E9.5 explants with and without Bmp4.
(B) Scatterplots, real-time qRT-PCR data from all explants examined for Fgf, Fgf downstream signalling element Sprouty, and
Ttr. (C)Single cell model of Bmp-Fgf interactions. Fs and Bs are the Fgf and Bmp intracellular signalling elements

Experiments and previous studies provide evidence for two interacting mechanisms that
form and position the anterior CP border. First, we show that Bmps induce transthyretin
(Ttr) expression (the specific CP marker) while Fgfs inhibit it. This mutual inhibition inter-
action forms a positive feedback loop that could translate small spatial differences in BMP
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and FGF concentrations into a sharp border of cell responsiveness (Fig. 1). We hypothe-
size the presence of the second mechanism of facilitated transport (FT) in DM development
analogous to the mechanism observed in early Drosophila embryos, where it serves to con-
centrate BMPs towards their source [4, 5]. In the forebrain FT model, Chordin expressed
away from the DM diffuses, complexes with BMPs, then releases free BMPs primarily at
the DM upon cleavage by Tolloid-related proteases. The evidence for the presence of F'T
in the forebrain comes from studies showing expression of Bmp, Chordin, and Tolloids in
the required positions. Additionally, results from explant bead experiments and Chordin
mutant studies are consistent with model predictions. Taken together, we show through
mathematical modelling that the two mechanisms function in concert to generate a sharp
and robust anterior border of CP in the forebrain DM.

2 Methods

We model the BMP morphogen and its interaction with other proteins at two scales: ex-
tracellular and intracellular. The morphogenetic interactions between BMP, FGF, Chordin,
and Tolloid occur in extracellular space and are modelled as PDEs in one dimension (ap-
proximating the thin cortical sheet to a wire along the DM). The intracellular interactions
are modelled as ODEs and include the mutual antagonism of the BMP and FGF pathways.
The model output is the Ttr concentration along the DM. The kinetic, diffusion, and binding
parameters were taken from comparable studies in Drosophila and other mice models.

3 Results

We use modelling to study the interaction dynamics between the BMP-FGF positive feedback
loop and FT in CP border formation and positioning. First, modelling confirms earlier
studies of the FT model which show an effective localization of the Bmp ligand at the
source. Second we show that the positive feedback loop functions as a great sensitivity
detector in positioning the borders over small changes in protein concentrations. But, when
combined with the F'T mechanism the sensitivity of the border position to fluctuations in
BMP or FGF production becomes more robust (Fig. 2). We propose that the performance
objective [1] of such a system is robustness of the CP border position.
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Figure 2: Robustness mechanism. Red and white lines indicate the intracellular Bmp signalling strength with Bmp dosages
of 2x and 1x. (A) With robustness mechanism, (B) Without robustness mechanism. The X axis represents the dorsal midline
with a normalized length of 1. The Bmp source lies at 1 and the Fgf and Chordin sources are at 0. The Y-Axis shows signal
strength normalized to maximum extracellular Bmp concentration.
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