
 1 

 1 

 2 

 3 

Geometric analysis of chondrogenic self-organisation of embryonic limb bud cells in 4 

micromass culture. 5 

 6 

 7 

 8 

Draft Manuscript: Pattern formation in micromass culture 9 

 10 

 11 

Rebecca A Rolfe*1, Claire Shea*1 and Paula Murphy1 12 

 13 
1Department of Zoology, School of Natural Sciences, Trinity College Dublin, The University 14 

of Dublin, Ireland 15 

 16 

 17 

*Authors contributed equally to the work 18 

 19 

Correspondence: Department of Zoology, School of Natural Sciences, Trinity College 20 
Dublin, Dublin 2, Ireland.  21 

Phone: +353 1 896-3580  22 

Email: paula.murphy@tcd.ie 23 

 24 

 25 

 26 

Draft for re-submission following first review to 27 

 Cell and Tissue Research  28 

 29 

 30 

Keywords: Chondrogenesis, micromass culture, self-organisation, pattern formation, ArcGIS 31 

 32 

 33 

 34 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65



 2 

Abstract 35 

Spatial and temporal control of chondrogenesis generates precise, species-specific patterns of 36 

skeletal structures in the developing vertebrate limb. The pattern-template is laid down when 37 

mesenchymal cells at the core of the early limb-bud condense and undergo chondrogenic 38 

differentiation. Although the mechanisms involved in organising such complex patterns are not 39 

fully understood, the interplay between BMP and Wnt signal 40 

ing pathways is fundamental. Primary embryonic limb bud cells grown under high-density 41 

micromass culture conditions spontaneously create a simple cartilage nodule pattern, 42 

presenting a model to investigate pattern generation. We describe a novel analytical approach 43 

to quantify geometric properties and spatial relationships between chondrogenic 44 

condensations, utilizing the micromass model. We follow the emergence of pattern in live 45 

cultures with nodules forming at regular distances, growing and changing shape over time. 46 

Gene expression profiling supports rapid chondrogenesis and transition to hypertrophy, 47 

mimicking the process of endochondral ossification within the limb bud. Manipulating the 48 

signaling environment through addition of BMP or Wnt ligands, as well as the BMP pathway 49 

antagonist Noggin, altered the differentiation profile and nodule pattern. BMP2 addition 50 

increased chondrogenesis while WNT3A or Noggin had the opposite effect, but with distinct 51 

pattern outcomes. Titrating these pro- and anti-chondrogenic factors and examining the 52 

resulting patterns, supports the hypothesis that regularly spaced cartilage nodules formed by 53 

primary limb-bud cells in micromass culture is influenced by the balance of Wnt and BMP 54 

signaling under a Turing-like mechanism. This study demonstrates an approach for 55 

investigating the mechanisms governing chondrogenic spatial organization using simple 56 

micromass culture.  57 
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 69 

Introduction 70 

Micromass culture is a well-established approach for assaying chondrogenic potential, where 71 

cells are plated in a simple high-density, microdrop culture, that can induce cellular aggregation 72 

and chondrogenic differentiation, mimicking the process of mesenchymal condensation during 73 

skeletogenesis (reviewed in Bobick et al., 2009). A major advantage of this system is its 74 

simplicity, where chondrogenesis can be monitored temporally. It is a highly adaptable model 75 

that allows for testing of a variety of conditions including the application of soluble factors 76 

(Bobick et al., 2014; Francis-West et al., 1999; Mello and Tuan, 2006) and the effects of 77 

mechanical stimulation (Juhasz et al., 2014; Klumpers et al., 2015; Saha et al., 2017). A striking 78 

aspect of micromass cultures made from primary embryonic limb bud cells is the generation 79 

of a self-organised spatial pattern of chondrogenic nodules (Butterfield et al., 2017; Christley 80 

et al., 2007; Mello and Tuan, 1999; Raspopovic et al., 2014; Saha et al., 2017). This innate 81 

property is also demonstrated in the embryonically-derived cell line ATDC5 (derived from 82 

mouse embryonic teratocarcinoma) (Seemann et al., 2005); however, the cell line C3H10T12 83 

(derived from mouse embryonic sarcoma) fails to form distinct nodules, yet expresses 84 

chondrogenic marker genes (Takacs et al., 2013).  Thus, the capacity to spontaneously form 85 

regular, spatially-organised patterns of cartilage nodules is preserved in one of the 86 

embryonically derived cell lines and not the other. Although little is known about the 87 

mechanisms that underpin this self-assembly process, the micromass culture system provides 88 

a convenient opportunity for further investigation.  89 

In the developing limb, spatial and temporal control of chondrogenesis and condensation of 90 

chondrogenic cells generates precise, species-specific patterns of limb skeletal structures. The 91 

majority of cells within mesenchymal cell condensations at the core of the developing limb 92 

bud differentiate into transient cartilage (marked by activation of Sox9 and Col2a1 genes), later 93 

undergoing hypertrophy (marked by activation of Ihh and Col10a1 genes), followed by 94 

ossification to form the early bones (reviewed in Long and Ornitz, 2013). Cells at the joint 95 

interface however do not progress to hypertrophy but rather form the stable, permanent, 96 

articular cartilage of the future joint. The precise molecular mechanisms and physical cues that 97 

define these distinct, spatially appropriate differentiation programs, have not been fully 98 

elucidated. Recent work examining the effect of biophysical stimulation has shown that 99 

canonical Wnt signaling and BMP signaling are two major pathways involved in the distinctive 100 

differentiation of these two cartilage types within the rudiment (Ray et al., 2015; Rolfe et al., 101 

2018; Singh et al., 2018).  102 
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 4 

It is well-recognised that morphogen gradients are responsible for establishing proximo-distal 103 

and antero-posterior axes in the limb bud, and models incorporating Turing reaction-diffusion 104 

mechanisms have been proposed to explain the robust formation of skeletal elements in the 105 

limb skeleton (reviewed in Delgado and Torres, 2016; Glimm et al., 2020). Specifically, the 106 

interaction of BMP and Wnt signals has been proposed to regulate Sox9 expression and the 107 

formation of regularly-spaced digits within the digital plate in a Turing-like reaction-diffusion 108 

mechanism (Raspopovic et al., 2014). In this model, BMP and canonical Wnt signaling act as 109 

pro- and anti-chondrogenic factors to generate characteristic patterns within the digital plate, 110 

proposed to be reflected in the pattern generated in micromass cultures. This study further 111 

showed that both Sox9-positive (pre-cartilage) and -negative (non-cartilage) cells derived from 112 

embryonic limb buds are capable of establishing nodule patterns in micromass culture, 113 

demonstrating that the formation of cellular condensations is not based on pre-determined cell 114 

fate but on whole-culture dynamics, which could be influenced by concentration/diffusion of 115 

signaling molecules and mechanical characteristics within the culture.  116 

A robust method to quantitatively describe and assess condensation formation in micromass 117 

culture would therefore provide a means of examining proposed mechanisms that underlie 118 

pattern generation in vitro, allowing more comprehensive comparison of the patterns formed 119 

under different conditions.  Some studies have employed sophisticated modelling approaches 120 

to investigate chondrogenic pattern formation in micromass culture (Christley et al., 2007; 121 

Miura and Shiota, 2000a, b), others have measured periodicity and the shape and size of 122 

individual nodules (Butterfield et al., 2017; Duke et al., 1998) and more recently inter-123 

condensation distances (Bhat et al., 2019). In this study, we develop novel methods to 124 

systematically quantify the spatial pattern of chondrogenic condensations that form from 125 

embryonic limb bud-derived cells in an experimental setting. We examine the self-organising 126 

pattern as it emerges and changes over time and how it responds to changes in the signaling 127 

environment by addition of soluble factors. We demonstrate that modulation by treatment with 128 

BMP2 or WNT3A recombinant proteins results in opposing effects on the self-organisation 129 

pattern, with BMP resulting in more nodules that are closer together, while WNT3A reduces 130 

condensation formation. Furthermore, we demonstrate that titration of these pro- and anti-131 

chondrogenic signaling molecules adjusts the balance of condensation formation. This study 132 

expands our knowledge on the balance of signaling molecules involved and also presents an 133 

experimental method for quantifying biological spatial patterns in vitro.  134 

 135 

Materials and Methods 136 
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 5 

Embryonic limb micromass cell culture 137 

CD1 mice housed in the Bioresources Unit Trinity College Dublin were mated over-night. The 138 

morning of detection of vaginal plugs was designated as Embryonic day (E) 0.5 with collection 139 

of embryos on E10.5, E11.5 and E12.5 according to the regulations of the HPRA (Health 140 

Products Regulatory Authority), Ireland, by a licensed individual. Micromass cultures were set 141 

up as detailed in Saha et al. (2017), with minor adjustments. Micromass drops (15 μl) were 142 

plated at a density of 1-2 x107 cells per ml either directly on tissue-culture grade treated plastic 143 

dishes (Thermo Fisher/Nunc 176740 or 142485), or on 10 mm glass coverslips (Invitrogen 144 

12658116) pre-treated with 0.015M poly-D-ornithine (Sigma). Drop cultures adhered in an 145 

incubator (37°C and 5% CO2) before being flooding with 400 μl of growth medium 146 

(Dulbecco’s  F-12 Ham’s medium [DMEM/F12] [Sigma] plus 2 mM L-Glutamine [Life 147 

Technologies], 100 units/ml Penicillin/Streptomycin [Life Technologies], 50 μg/ml Ascorbic 148 

acid [Sigma] and 10% Fetal bovine serum [FBS; Sigma]) alone or supplemented with either 149 

human WNT3A (R&D Systems 5036-WN), human BMP2 (R&D Systems 355-BM) or human 150 

Noggin (R&D Systems 719-NG) for final concentrations between 10-200ng/ml. The medium 151 

was changed on alternate days by removing half the well volume and replacing it with an equal 152 

volume of fresh medium. Cultures were harvested every 12 hours or every 48hrs until 144hrs. 153 

 154 

Alcian Blue staining 155 

Micromass cultures were washed in Phosphate Buffered Saline (PBS), fixed in 4% 156 

Paraformaldehyde (PFA) in PBS for 30 mins, rinsed twice in PBS and stained with 1% Alcian 157 

Blue (8GX, Sigma A5268) in 0.1 M HCL for 30 mins at room temperature. Cultures were 158 

washed and mounted on glass slides or stored in PBS. Slides were photographed using an 159 

Olympus SZX12 microscope; images of whole micromass cultures were taken on an Olympus 160 

dissecting microscope. 161 

 162 

Image analysis and nodule geometries 163 

Images of Alcian Blue-stained micromass cultures were processed using ImageJ (Version 164 

1.51j8; National Institutes of Health, USA). Original files (Fig 1a) were cropped to define the 165 

region of interest (ROI) to a circle of 5 mm diameter which was centred over the micromass 166 

(Fig 1b). Images were ‘cleaned’ by encircling debris/ artefacts (not nodules) with the Freehand 167 

tool and filling the enclosed space with white (Fig 1c, red arrow). Cleaned images were split 168 

into component colour ‘channels’ (Fig 1d-d’’), the green channel was determined to have the 169 

best signal-to-noise ratio and so was used for further analysis (Fig 1d’). Images were converted 170 
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 6 

to an 8-bit black and white image by setting a minimum threshold, using the auto-threshold 171 

function as a guideline. This converted every pixel above the threshold in the greyscale green 172 

channel image to black, and every pixel below the threshold to white (Fig 1e). Treatment 173 

groups within an experiment had the same threshold value applied, but the appropriate 174 

threshold values were determined independently for each experiment, due to unavoidable 175 

variability in staining contrast or intensity, and in image capture. Any background noise was 176 

removed (Fig 1e, red arrowhead) and converged nodules were separated using the Despeckle 177 

and Watershed functions (Fig 1f, green arrowhead). At this stage, images were further cropped 178 

to a circular ROI with a 2-mm diameter, centred within the larger 5 mm region of interest. Both 179 

the 5 mm and 2 mm images were used for analysis.   180 

Nodules were counted and measured using the Analyse Particles function (Fig 1g), with a 181 

minimum particle size of 0.005 μm2.  The total nodule count was done using the 5-mm ROI.  182 

Manual counts of nodule number were compared to automated counts, to ensure accuracy of 183 

the method; no difference was found between manual and automated counts (data not shown). 184 

Other parameters, including the size of each detected nodule (in μm2), the area covered by 185 

nodules (%) and shape descriptors such as circularity and solidity were based on the 2-mm 186 

ROI.  Nodules touching the edge of the circular frame were excluded to prevent inaccurate size 187 

measurements. Exclusion of nodules at the edges could affect the measurements of nodule 188 

spacing and proximity slightly, but this was tested, and the difference was determined not to 189 

be significant. Automation of the procedure was performed by establishing command macros 190 

within ImageJ (Supplemental material 1). At earlier time points (i.e. <48hrs), cell 191 

condensations are very faint in appearance, even after Alcian Blue staining, and automated 192 

processing ensures that nodules are counted accurately by setting a threshold level. Automated 193 

watershedding, as described above, separates detected objects which overlap. When counting 194 

manually, these individual nodules were sometimes not easily distinguishable, especially at 195 

later time points (e.g. 144hrs), when nodules had grown and their edges appeared merged. 196 

Therefore, watershedding effectively separated nodules in an unbiased manner.   197 

The Analyse Particles function generated shape measures of circularity and solidity for each 198 

detected nodule.  Circularity is the measure of how close to a perfect circle a given shape is, as 199 

calculated by 4π times the shape area divided by the shape perimeter squared. A perfect circle 200 

has a circularity value of 1.0; as the shape becomes more elongated (ellipsoid), its circularity 201 

value decreases (Fig 1h). Solidity is an indicator of the convexity, or “smoothness”, of an 202 

object, as calculated by shape area divided by the convex hull area (Fig 1i). The convex area is 203 

the area of the smallest ellipse that can be drawn around the object, completely enclosing it. A 204 
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 7 

circle or ellipse has a solidity value of 1.0; if the shape has more concave features (is 205 

“rougher”), the solidity value decreases.  206 

To quantify nodule to nodule spatial relationships, the spacing and proximity of nodules were 207 

calculated (Fig 1j-k). To measure spacing, the distance between a given nodule’s centre point 208 

and the nearest centre point of another nodule was calculated for each nodule in each 209 

micromass (Fig 1j, red dots). ImageJ Analyse Particles function generated x and y co-ordinates 210 

of the centre point of each detected nodule, which were analysed using the spatial point pattern 211 

analysis package “Spatstat” in RStudio (v.1.1.463) (Fig 1g), To measure proximity a method 212 

was devised, based on Geographical Information Systems (GIS) analysis, where the distance 213 

between a point on the perimeter of a given nodule and the closest point on the perimeter of a 214 

distinct neighbouring nodule was calculated (Fig 1k, green dots) using ArcGIS software and 215 

Python programming (v.3.7.2)  (Fig 1k). Details of the script used for nodule spacing (nearest 216 

neighbour distances - centre-points) and nodule proximity (nearest neighbour distances – 217 

edges) are specified in detail in supplementary material 2.  218 

A minimum of 3 biological replicates were analysed in 3 independent experiments for cultures 219 

up to and including 48 hrs, and a minimum of 5 independent biological replicates in 220 

independent experiments for 48 hrs, 96 hrs and 144 hr cultures. Each experiment consisted of 221 

2-6 replicates in each group, that were processed for Alcian Blue staining and pattern analysis. 222 

SPSS statistics (IBM®, v.26) was used for statistical analysis.  In order to assess significance 223 

over time and between groups at each timepoint, one-way ANOVA was performed, followed 224 

by Tukey’s post hoc test with a 95% confidence interval. P values of ≤ 0.05 were considered 225 

significant.    226 

 227 

RNA extraction, cDNA synthesis, and real time quantitative gene expression analysis by 228 

Reverse Transcription-Polymerase Chain Reaction (RT-PCR) 229 

For RNA extraction, individual micromass cultures were treated with 100μl TRIzol reagent for 230 

2 mins. Following mechanical homogenisation of the cell-Trizol solution with a pipette tip, 231 

multiple micromass cultures (2-4 per growth condition) were pooled to increase RNA quantity 232 

for analysis. Day 0 control RNA was obtained from 10-30 μl of cell suspension added to TRIzol 233 

on the day of cell harvest. All samples were stored at -80°C until further processing. RNA was 234 

extracted with chloroform and purified with a TRIzol Purelink kit (Invitrogen) or an RNA 235 

miniprep kit (Qiagen) following manufacturers’ instructions. Typically, RNA was re-236 

suspended in 30 μl of nuclease-free water and quantified using the Qubit 2.0 Quantitation 237 

System (Invitrogen). 238 
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 8 

Primers were designed using Primer Express Software®, version 3.0 under default settings for 239 

TaqMan® quantification and purchased through Sigma (Sigma-Aldrich, Ireland), as listed in 240 

Table 1; Gapdh was used as the normaliser transcript. mRNA was reverse transcribed using a 241 

standard quantity of total RNA (100 ng) and High Capacity cDNA Reverse Transcription Kit 242 

(Applied Biosystems™: 4368814), diluted 1:5 with RNase free water. Real-time PCR 243 

quantification was performed using an ABI 7500 as described in Saha et al. (2017). Three 244 

technical replicates were processed within each qPCR assay. A minimum of 3 independent 245 

experimental replicates for all cultures up to and including 48 hrs, and a minimum of 5 246 

independent experimental replicates for Growth medium conditions and 2-5 independent 247 

experimental replicates for Bmp2 and WNT3A protein addition for 48 hr, 96 hr and 144 hr 248 

cultures were combined for analysis. 249 

 250 

Results 251 

Chondrogenesis and establishment of an organised pattern of cell condensations occurs 252 

rapidly in micromass cultures 253 

 254 

Primary limb bud cells obtained from E11.5 embryos grown in high density micromass cultures 255 

in Growth Medium (GM), show the first appearance of visible cell condensations by 24 hours 256 

(hrs) (Fig 2a). Tracking these condensations over time confirmed that they correspond to the 257 

site of future chondrogenic nodules, first clearly identifiable through Alcian Blue staining by 258 

48 hrs, becoming more distinct at 96 and 144 hrs (Fig 2a & b).  Molecular profiling of 259 

chondrogenesis using qRT-PCR to monitor expression of marker genes confirmed early 260 

chondrogenic differentiation (Supplementary Fig 1), in line with previous studies (Saha et al., 261 

2017). The chondrogenic marker Col2a1 was significantly upregulated by 96 hrs (14.7  4.4 262 

fold; 26.5  7 Fold at 144 hrs), with an earlier increasing trend in mean expression values from 263 

36 hrs (compared to E11.5 limb bud cells at time 0 [prepared for plating]). Expression of 264 

Col10a1, a marker of hypertrophy, increased significantly at 144 hrs (15.5  7.5 fold, p=0.034).  265 

These data represent 5-6 independent experiments with high levels of variation between 266 

experiments, particularly at 144 hrs. Although mean expression of Sox9 (early chondrogenic 267 

marker) and Ihh (pre-hypertrophic marker) increased over time, in the context of the large 268 

variation between experiments, neither reached significance at the 95% confidence level. 269 

Elevation of the mean expression level of Ihh, at 36 hrs (8.1  1.6 fold, p=0.07) aligns with 270 

previously reported data for a transient up-regulation already at day 1 of culture (Saha et al., 271 
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 9 

2017), and overall the trends align with rapid chondrogenic differentiation and progression to 272 

hypertrophy (Supplementary Fig. 1).   273 

The visible pattern of chondrogenesis was considerably different with cells obtained from 274 

earlier (E10.5) or later (E12.5) limbs buds (Supplementary Fig 2), corresponding to previous 275 

reports in the chick limb (Ahrens et al., 1977): Using E10.5 limb bud cells, nodules were 276 

significantly larger, while nodules were significantly smaller from E12.5 limb bud cells. While 277 

there was a higher average number of nodules formed from E11.5 limb buds, this was variable 278 

and not significant (Supplementary Fig 2). 279 

In order to describe the pattern of chondrogenic nodules in a systematic and quantitative way, 280 

we developed an automated, high-throughput process to capture features of the pattern: number 281 

of nodules, nodule size, area covered by nodules, circularity, solidity, spacing between nodule 282 

centres and proximity of nodule edges (Fig 1; Fig 2c-i). The number of nodules increased 283 

dramatically from 48 hrs to 96 hrs (6  1 [48 hrs] to 240.9  19.4 [96 hrs], p≤0.001), with no 284 

further increase to 144 hrs (Fig 2c). The average % area covered by nodules (in a 2mm ROI) 285 

significantly increased at 96 hrs, further increasing by 144 hrs (12.5  1.9% and 20.2  1.4%, 286 

respectively p≤0.001; Fig 2d). This increase in area coverage corresponds to increase in nodule 287 

size, particularly between 96 hrs and 144 hrs (Fig 2d, e). These descriptors reflect observed 288 

nodule formation (Fig 2a, b) with no new nodules forming but nodules expanding in size 289 

between 96 hrs and 144 hrs. Note that as adjacent nodules increase in size some form 290 

continuous lines of Alcian Blue staining (Fig 2a’’). 291 

Individual nodule shape was analysed to monitor the characteristics of nodule growth using 292 

circularity and solidity parameters. Circularity is a measure of how close to a perfect circle a 293 

given shape is (value of 1.0); the lower the value, the less circular the shape. The average 294 

nodule circularity score decreased from 48 hrs (0.98  0.01) to 96 hrs (0.82 0.01) with nodules 295 

becoming less circular as they mature and enlarge (Fig 2g). Solidity is an indicator of how 296 

smooth the outline is with lower values reflecting a “rougher” shape. Nodules became 297 

“rougher” during the period of nodule formation (between 2 and 4 days) but once all nodules 298 

are formed, they become smoother (between 96 and 144 hrs) (Fig 2h).  299 

For nodule-to-nodule relationships, while there is a dramatic drop in distances between 48 hrs 300 

and later timepoints, between 96 and 144 hrs there is no change in the distance between nodule 301 

centres (which corresponds to no new nodules being formed) and a decreasing trend in distance 302 

between nodule edges (although not significant, this reflets the increase in nodule size).  303 

Strikingly, the large variance in distance measurements at 48 hrs reduces at later time points 304 
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indicating that the pattern becomes more regular as it establishes, with constant distance 305 

between nodule centre points and edges. 306 

 307 

Manipulation of the signaling environment alters the pattern of chondrogenesis with 308 

BMP and Wnt signaling pathways acting as pro and anti-chondrogenic factors. 309 

We investigated the effect of altering the BMP and Wnt signaling environment on the 310 

establishment of the self-organised pattern of chondrogenic nodules in micromass cultures 311 

compared to growth medium. Upon addition of 100ng/ml BMP2 (bone morphogenetic protein 312 

2) protein, clearly identifiable Alcian Blue-positive chondrogenic nodules were observed by 313 

48 hrs, similar to GM conditions (Fig 3a,b). Treatment with 200ng/ml WNT3A protein resulted 314 

in a dramatic reduction in the formation of Alcian Blue-positive nodules across the entire 315 

timeframe examined (Fig 3c), with replicate experiments showing no or very few stained 316 

nodules at 96 and 144 hrs (Supplementary Fig 3).  317 

Geometric analysis of the nodule pattern showed an increase in the average number of nodules 318 

over time with added BMP2, with a temporal profile similar to GM conditions, but with an 319 

increase in the number of nodules formed under BMP2 treatment at 144 hrs (310.3 ± 23.5) 320 

compared to GM alone (220 ± 20.1, p≤0.01) (Fig 3d). There was also a significant increase in 321 

the area covered by nodules (Fig 3f), while the average size of nodules at 144 hrs did not 322 

increase (Fig 3e). The distance between nodule centre points and nodule edges was 323 

significantly reduced at 144 hrs with BMP2 treatment compared to GM (Fig 3h, i). Thus, at 324 

144 hrs, BMP2 treatment resulted in a larger number of distinct nodules, spaced closer together, 325 

which therefore cover a larger area, but are not individually larger in size.  326 

Contrastingly, with WNT3A addition there was a reduction in the number of nodules, nodule 327 

size and therefore area coverage (Fig 3d, e, f). The shape of the WNT3A treated nodules present 328 

at 96 hrs and 144 hrs were more circular than those in the GM or BMP2 groups (Fig 3g). A 329 

striking effect of WNT3A addition was the irregular spacing of the few nodules that formed 330 

(Supplementary Fig 3 represents the variability seen at 144 hrs with 200ng/ml WNT3A 331 

treatment across six experiments); therefore, due to enormous variation in the patterns 332 

produced in the +WNT3A cultures, inter-nodule relationship data are presented for GM and 333 

+BMP2 cultures only. (The variation in nodule spacing seen on the addition of WNT3A is 334 

explored further in the next section). Taken together, these data reveal that while addition of 335 

BMP2 increases nodule formation over 144 hrs, resulting in more nodules with centres and 336 

edges closer together, activation of canonical Wnt signalling significantly reduces the 337 

appearance of nodules and the pattern is more irregular. Analysis of these geometric descriptors 338 
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demonstrates that introduction of signalling molecules alters the chondrogeneic profile and 339 

pattern of cartilage condensations, with BMP and canonical-Wnt signalling acting as pro and 340 

anti-chondrogenic factors.  341 

qRT-PCR analysis showed that addition of BMP2 results in a profile of chondrogenic and 342 

hypertrophic marker expression over time similar to GM, for example, increase in expression 343 

of Col2a1 reaching significance at 96 hrs (14.9 ± 5.9 fold, p=0.002) and 144 hrs (15.1 ± 4.1 344 

fold, p=0.001) (Fig 3j; Supplementary Fig 4). Sox9 expression levels showed a significant 345 

increase at 48 hrs (2.6 ± 0.4 fold, p=0.02), whereas GM produced a more steady increasing 346 

trend over time (Supplementary Fig 4). Higher overall expression levels were observed for the 347 

pre-hypertrophic chondrocyte marker Ihh, in the presence of BMP2 with a significant increase 348 

compared to time 0 at 36 hrs (22.1 ± 5.2 fold, p=0.04; Supplementary Fig 4) and significant 349 

increase compared to GM at 24 hrs (20.1 ± 7 fold, p=0.018; Fig 3k). Expression of the 350 

hypertrophic maturation marker Col10a1 also demonstrated a similar profile to GM with 351 

increase over time, although with consistently higher mean levels (e.g., at 36 hrs 13.4 ± 5.4 352 

fold compared to 8.19 ± 5.9 fold; at 48 hrs, 11.2 ± 3.6 fold compared to 4.5 ± 2) (Supplementary 353 

Fig 4) consistent with increased Ihh expression and an earlier shift toward a hypertrophic 354 

chondrogenic phenotype.  355 

With addition of WNT3A the gene expression profile supports the nodule pattern analysis with 356 

consistently low levels of chondrogenic markers Sox9 and Col2a1; Col2a1 is already 357 

significantly downregulated at 12hrs compared to time 0 (Fig 3j and Supplementary Fig 4) and 358 

both Col2a1 and Sox9 are downregulated compared to GM and/or BMP2 conditions across the 359 

time profile. Markers of hypertrophic maturation (Ihh and Col10a1) in the presence of WNT3A 360 

show large variability across experiments (n=3) and, surprisingly, show transient up-regulation 361 

at 12 hrs (Ihh; Fig 3k) and 24 hrs (Col10a1; Supplementary Fig 4) compared to time 0. There 362 

were no significant differences compared to GM conditions for markers of hypertrophy, 363 

although the large variability should be noted.   364 

These results, taken together, suggest that the qualitative and quantitative profile of 365 

chondrogenesis in GM, with rapid chondrogenic differentiation once cells are plated in high 366 

density micromass cultures, is enhanced with addition of BMP signaling ligand. In contrast, 367 

activation of Wnt signaling prevents chondrogenic differentiation. 368 

 369 

Titration of the effects of BMP and Wnt: Adjustment of the equilibrium of signaling 370 

molecules alters the chondrogenic pattern in micromass culture. 371 
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 12 

In order to further investigate the opposing effects of BMP and Wnt on the chondrogenic 372 

pattern in micromass culture, we titrated the concentration of added BMP2 and WNT3A 373 

proteins, examining the resulting pattern of nodules after 144 hrs. For comparison, to further 374 

explore the mechanism, we additionally investigated the effect of adding the BMP pathway 375 

antagonist, Noggin (NOG). Fig 4a shows nodules formed as a proportion of the number of 376 

nodules formed in GM when the concentration of each additive is varied between 50-200ng/ml 377 

for WNT3A, 10-200ng/ml for Noggin and 10-100ng/ml for BMP2. Fig 4b-d shows the data 378 

for nodule size, area, spacing and proximity. Supplementary Table 1 shows the direction of 379 

change and level of significance for all parameters and comparison of all treatments with GM 380 

(Supplementary Table 1a), as well as intertreatment comparisons (Supplementary Table 1b). It 381 

is clear that as the concentration of added BMP2 increases the number of nodules increases, 382 

the size of individual nodules does not, while the spacing between nodules decreases. With 383 

addition of the lowest concentration of BMP2 (10ng/ml), there is already a significant increase 384 

in nodule number and significant decrease in spacing. The dose effect is not linear. 385 

The addition of WNT3A and Noggin both lead to progressively fewer nodules, reduced nodule 386 

size and increase in the spacing between nodules as increasing amounts of protein are added. 387 

Addition of the lowest doses of WNT3A (50ng/ml) and Noggin (10ng/ml) had little effect on 388 

any parameter while further increasing dosage of either showed reductions in nodule number 389 

and size and increase in spacing.  390 

To get an overview comparison of the effects, Fig 4e shows trend traces for the average values 391 

for several parameters across dosages. The opposing effects of both WNT3A and NOG 392 

compared to BMP2 are striking across parameters. Comparing WNT3A and NOG effects 393 

however we see that while they both reduce chondrogenesis, the effects are distinct. Decreases 394 

in nodule number, size and coverage are closer to linear for NOG than WNT3A (Fig 4e), for 395 

example as the NOG concentration was reduced there was a linear reduction in the extent of 396 

the difference in number, size and area coverage, with the intermediate concentration (50ng/ml) 397 

still showing significant differences to GM (Fig 4b-d, Supplementary Table 1a). While 398 

circularity increases with both additives, the effect is more dramatic with WNT3A. More 399 

strikingly, while both factors lead to increase in the spacing, the regular spacing between 400 

nodules that is characteristic of micromass patterns is more dramatically lost with the addition 401 

of WNT3A; this is reflected in the very large variance in spacing and proximity measurements 402 

upon addition of 100ng and 200ng/ml WNT3A (Fig 4c; Supplementary Fig 5), where regular 403 

spacing is lost. To further demonstrate the increased variability in nodule spacing across 404 

individual micromass cultures upon addition of WNT3A, Supplementary Fig 5 shows analysis 405 
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of individual replicates across experiments, compared to GM. Note that there is increased 406 

variability even at the lowest concentration of 50ng/ml even though this level of WNT3A 407 

treatment does not significantly reduce the number of nodules formed (Fig 4a). This indicates 408 

a difference in the mechanisms of interference with the pattern of chondrogenesis when BMP 409 

signaling is blocked (NOG) and canonical Wnt signaling is activated. 410 

 411 

Discussion: 412 

Micromass culture is a valuable tool for a variety of studies; from assaying chondrogenic 413 

potential and examining the effect of changing the molecular or mechanical environment on 414 

chondrogenic differentiation, to computational modelling of the pattern of nodules that form 415 

spontaneously within the culture (Bobick et al., 2014; Christley et al., 2007; Francis-West et 416 

al., 1999; Klumpers et al., 2015; Miura et al., 2000; Norrie et al., 2014; Raspopovic et al., 2014; 417 

Saha et al., 2017). The regular pattern of chondrogenic nodules that typically forms when 418 

primary embryonic limb bud cells are placed under micromass culture conditions is the result 419 

of whole culture dynamics (rather than pre-determination), where the foci of differentiating 420 

cells self-organise within the culture environment (Raspopovic et al., 2014) and where a Turing 421 

like reaction-diffusion mechanism has been proposed to underlie pattern generation (for 422 

example Christley et al., 2007). Chondrogenesis in micromass culture has been measured 423 

quantitatively using qRT-PCR analysis of marker genes, with rapid increase in both 424 

chondrogenic markers (e.g. Sox9 and Col2a1) and markers of hypertrophy (e.g. Ihh and 425 

Col10a1)(Saha et al., 2017), while the pattern of nodule formation is often described more 426 

qualitatively with limited use of quantitation. Here we present a novel approach that 427 

systematically captures characteristic aspects of the emerging patterns quantitatively. We use 428 

the analysis to profile the generation of discrete chondrogenic nodules over time. We show 429 

rapid formation of cellular condensations by 24 hrs in culture and, by tracing the elaboration 430 

of the pattern in live cultures, that these condensations become the Alcian Blue positive 431 

cartilage nodules detectable by 48 hrs.  We show that nodules form at regular distances from 432 

each other, grow in size becoming elongated and rougher, with the edges of adjacent nodules 433 

coming closer together over time. In parallel, monitoring the expression of marker genes 434 

showed profiles consistent with previous studies (Saha et al., 2017), while we noted high levels 435 

of variation between experiments. We further analysed the effect of changing the signaling 436 

environment on the pattern, with addition of pro-chondrogenic (BMP2) and anti-chondrogenic 437 

(WNT3A and NOG) factors. By titrating the concentration of added factors and comparing the 438 

effect of Wnt to the BMP antagonist Noggin, we demonstrate how pattern analysis can be used 439 
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to explore the mechanism(s) involved in pattern generation. We show that although Wnt and 440 

Noggin addition both decrease chondrogenesis and nodule number, the effects on the pattern 441 

are distinct, indicating that they affect the signaling balance in different ways.  442 

The ability of limb bud cells to spontaneously differentiate, forming regularly spaced nodules 443 

reflects an intrinsic capacity to self-organise into this relatively simple pattern and allows for 444 

the examination of the basis of such pattern generation. Analysis of the spatial pattern 445 

quantitatively is therefore of particular value. The methodology developed here was inspired 446 

by large-scale ecological data analysis that quantifies and classifies geographical areas and 447 

compares the spacing and proximity of specific parameters using Geographical Information 448 

Systems (GIS). We adapted ArcGIS software that is commonly used as a tool to identify spatio-449 

temporal patterns, including viral infections, disease outbreaks and spread (Cunze et al., 2018; 450 

Nyakarahuka et al., 2017; Olanrewaju and Adepoju, 2017), the ecological stability of plant 451 

species (Miao et al., 2016) and analysis of vacant land for reuse (Newman et al., 2017). In 452 

applying this methodology, we treated images of whole cultures (landscapes) as ‘maps’ and 453 

nodules as ‘islands’ to analyse the spatial relationships amongst them. Previous quantitative 454 

analysis of micromass cultures have counted nodules (Bhat et al., 2019; Duke et al., 1998; Saha 455 

et al., 2017), measured total chondrogenic area and nodule size (Butterfield et al., 2017), and 456 

distances between nodules by utilising binary image processing to quantify periodicity in 457 

chondrogenic patterns (Christley et al., 2007; Mello and Tuan, 1999; Miura et al., 2000). 458 

Similarly, we use binarisation of images to segregate chondrogenic and non-chondrogenic 459 

areas, however in contrast to our approach, previous studies utilised a skeletonisation function 460 

to identify the centre line of each chondrogenic area (described in Miura et al., 2000). Thus, 461 

while focusing on the average interval between nodules, parameters such as nodule size, shape, 462 

and nodule to nodule edge distances were not integrated. A benefit of our approach using 463 

ArcGIS, is that it examines multiple parameters including both nodule centres and edges and 464 

thus allows a richer examination of the relationship between nodules. For example, it revealed 465 

that while addition of increasing concentrations of BMP2 leads to nodules with centre points 466 

progressively closer together (Fig 4c), the proximity of nodule edges only significantly 467 

changed at the highest level of BMP2 treatment (Fig 4d).  The benefit of this approach therefore 468 

is that it captures greater detail in monitoring patterns over time and under different treatments; 469 

it enables an experimental approach to quantify biological spatial patterns generated in simple 470 

culture, results from which can be used in computational models to investigate more specific 471 

hypotheses regarding self-organisation and pattern formation in vivo.   472 

The effects of BMP and Wnt signaling are of prime interest for this study because of their 473 
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importance in the spatially appropriate control of cartilage differentiation at forming joints and 474 

digit patterning (Raspopovic et al., 2014). In a model proposed by Ray et al. (Ray et al., 2015), 475 

adjacent territories of BMP and Wnt signaling underlie the spatial distinction between transient 476 

cartilage that acts as a template for bone formation and stable cartilage formation at the joint. 477 

We have previously shown that when mechanical stimulation from movement is reduced in 478 

both chick and mouse models, the BMP active territory within the skeletal rudiment expands 479 

across the joint zone, accompanied by joint line reduction and rudiment fusions (Rolfe et al., 480 

2018; Singh et al., 2018). It is well established that BMP signaling enhances chondrogenesis 481 

in culture (Brady et al., 2014; Carlberg et al., 2001; Mendes et al., 2016; Saha et al., 2017) and, 482 

in vivo, overexpression of Bmp2 in the embryonic limb has been shown to induce formation of 483 

cartilage at the expense of articular cartilage (Duprez et al., 1996). The findings in the present 484 

study of increased chondrogenesis upon addition of BMP2 is therefore of no surprise. The 485 

importance of BMP signaling for nodule formation within the culture is further reinforced by 486 

the anti-chondrogenic effect of addition of the BMP antagonist Noggin. Although the influence 487 

of Wnt signaling on skeletogenesis is challenging to unravel, with the potential involvement of 488 

multiple Wnt ligands, Frizzled receptors and pathway modulators (Summerhurst et al., 2008), 489 

it has been shown that Wnt signaling activity is suppressed during initial chondrogenic 490 

differentiation, but is simultaneously active at the joint interzone, where cartilage formation is 491 

inhibited (Day et al., 2005; Guo et al., 2004; Rolfe et al., 2018; Singh et al., 2018; Spater et al., 492 

2006). Also, embryonic misexpression of canonical Wnt pathway ligands or overexpression of 493 

β-catenin has been shown to accelerate chondrocyte hypertrophy, induce gaps in cartilaginous 494 

rudiments and upregulate joint specific genes, suggestive of the formation of ectopic joints 495 

(Hartmann and Tabin, 2000, 2001; Rolfe et al., 2018). This is aligned with the finding here that 496 

addition of the canonical Wnt ligand, WNT3A resulted in an overall reduction in expression of 497 

chondrogenic genes and a widespread reduction of chondrogenic nodules.  Rudnicki and 498 

Brown (1997) also previously showed that expression of Wnt1 or Wnt7a using retroviral 499 

infection abolished nodule formation (Rudnicki and Brown, 1997). The more surprising and 500 

illuminating finding here is that addition of WNT3A not only reduced the number of nodules 501 

but also abolished regular distancing between nodules. 502 

A Turing mechanism involving interplay between BMP and Wnt signaling and Sox9 503 

expression has been proposed to regulate the repeated pattern of digit formation in the distal 504 

limb bud (Raspopovic et al., 2014). A key feature of Turing mechanisms is their ability to self-505 

regulate or modulate output patterns based on integration of signals (reviewed in Kondo and 506 

Miura, 2010). The regular spacing of nodule formation events in micromass cultures recalls 507 
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the spacing of digits in developing hand and footplates, and, is also speculated to be the result 508 

of such a Turing mechanism, with different parameters (Christley et al., 2007; Miura et al., 509 

2000; Miura and Shiota, 2000a; Raspopovic et al., 2014). The alteration and titration of the 510 

signaling environment in this study indicates that adjusting the signaling balance systemically 511 

can impact the regular spacing of nodule formation which could be a result of adjusting the 512 

parameters in such a Turing mechanism. A robust method to quantitatively describe and assess 513 

nodule formation in micromass culture, as presented here, therefore represents a way to inform 514 

testing of proposed Turing mechanisms in vitro, to elucidate the parameters involved in the 515 

phenomenal ability of these cells to self organise spatially. While it is unclear whether the 516 

mechanisms underpinning the periodic patterns in micromass culture and in digit formation in 517 

vivo are the same, our experimental results provide supportive evidence for relationships 518 

between the patterns.  519 

Titration of the concentration of added factors to the cultures was valuable in revealing more 520 

detail of the effects on the chondrogenic pattern. In all cases, as the concentration of added 521 

BMP2, WNT3A and NOG was reduced, the patterns became more similar to that observed in 522 

Growth Medium (GM) (Fig 4a), however the effect of increasing concentration of NOG was 523 

linear, whereas for BMP2 and WNT3A, lower augmentation levels had proportionally less 524 

effect on the pattern. Since Noggin is known to bind BMPs with high affinity (especially 2, 4 525 

and 7) (reviewed in Krause et al., 2011; Zimmerman et al., 1996), this response aligns with a 526 

mechanism of sequestration of active BMP under GM culture conditions. It is notable that 527 

while increase in the concentration of BMP2 and NOG in the culture media had clear pro- and 528 

anti-chondrogenic effects, a pattern of nodules still emerges, showing that changing the 529 

systemic concentration within these ranges does not abolish the ability to generate a self-530 

organised pattern. Under the proposed Turning mechanism, this suggests that it does prevent 531 

the establishment of reaction-diffusion dynamics. By contrast WNT3A systemic augmentation 532 

at 100ng and 200ng/ml abolishes the regular pattern as well as suppressing chondrogenesis. It 533 

is interesting to note that previous modelling predicted that if exposure to the activator (BMP 534 

in this scenario) is too short, the nodule size would be reduced and the pattern irregular 535 

(Christley et al., 2007). The distinct profile of effects of the two anti-chondrogenic factors, 536 

WNT3A and NOG, favours a more indirect interplay between Wnt and BMP with increase in 537 

the Wnt concentration disrupting the spatial pattern rather than reducing the frequency of 538 

differentiation foci (Fig 4c, d, e). Indirect interaction Between Wnt and BMP signaling is a 539 

feature of the reaction-diffusion model proposed by Raspopovic et al (Marcon et al., 2016; 540 

Raspopovic et al., 2014).  541 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65



 17 

It is interesting to compare the micromass pattern produced by limb bud cells derived at 542 

different developmental time points grown in GM (Supplementary Fig 2) to the effects of 543 

signaling molecule addition at E11.5. While addition of BMP2 led to larger nodules covering 544 

more area, reminiscent of cultures prepared from the earlier stage, E10.5 limb buds, addition 545 

of NOG and WNT3A led to formation of smaller nodules covering less area, reminiscent of 546 

cultures produced at the later timepoint of E12.5 (Supplementary Table 1 a; Supplementary 547 

Fig 2). It would be interesting to investigate the level of BMP and Wnt signaling active within 548 

the limb bud across E10.5- E12.5. One indirect means of assessing the level of canonical Wnt 549 

signaling would be measuring the activity of read-out genes within the limb buds of canonical 550 

Wnt reporter mice (for example: Ferrer-Vaquer et al., 2010; Maretto et al., 2003).  551 

While the micromass culture system has to date been valuable in assessing chondrogenesis, 552 

this study reveals greater potential for further insight if the pattern of chondrogenic output is 553 

analysed more comprehensively. Chondrogenic output is often measured by quantitative 554 

assessment of marker gene expression and while the use of qRT-PCR in this respect is valuable, 555 

we found high levels of variation between independent micromass experiments 556 

(Supplementary Fig 1 and (Saha et al., 2017)). The marker gene expression profile revealed 557 

here was in line with previous studies and reflected the chondorogenic output revealed by 558 

analysis of the pattern of nodules formed, however nodule pattern analysis gave a more 559 

consistent quantitative measure. Micromass assays can be used to assess a wide range of 560 

soluble and physical cues, enabling well-controlled investigation of the role of these varied 561 

cues in guiding tissue patterning and boundary formation in skeletal development. For 562 

example, the adjustment of substrate stiffness or other aspects of the physical environment, of 563 

oxygen tension (recapitulation of embryonic levels), or cytoskeletal mechanics, as well as 564 

further exploration of signaling molecules. The effect of creating local gradients of signaling 565 

molecules would be of particular interest especially in light of the debate about the relative 566 

importance of spatially graded molecular cues and self-organising mechanisms, and the 567 

interplay between them (Green and Sharpe, 2015). To date micromass culture has been used to 568 

investigate cellular response to the mechanical environment (Juhasz et al., 2014; Onodera et 569 

al., 2005; Saha et al., 2017), but combining this with manipulation of the signaling environment 570 

holds great potential for furthering our understand of how skeletal patterning is established and 571 

tissues organised with wide significance to the fields of synthetic biology and regenerative 572 

medicine.  573 

Conclusion: 574 

This study provides a description of the geometric self-organisation of chondrogenic 575 
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condensations formed from embryonic limb bud cells in micromass culture. It utilises a novel 576 

geographical approach in the examination of whole culture patterns of chondrogenesis over 577 

time and the impact of molecular manipulation on chondrogenic pattern formation. This 578 

analysis captures more quantitative information about nodule to nodule spatial relationships 579 

than previous approaches. Future application of the method, and the data it generates, could 580 

inform computational models to investigate more specific hypotheses regarding self-581 

organisation mechanisms and pattern formation in vivo.   582 
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 744 

Tables and figures: 745 

Table 1: Custom designed primer sequences used for qRT-PCR expression analysis. 746 

Gene  Ref Sequence  Fwd  Rv  
Col2a1  NM_0332263.3  AAGTCACTGAACAACCAGATTGAGA  AAGTGCGAGCAGGGTTCTTG  
Sox9  NM_011448.4  CGGCTCCAGCAAGAACAAG  TGCGCCCACACCATGA  
Col10a1  NM_009925.4  TGCAATCATGGAGCTCACAGA  CAGAGGAGTAGAGGCCGTTTGA  
Ihh  NM_010544.2  CCACCTTCAGTGATGTGCTTATTT  CGATGACCTGGAAAGCTCTCA  
Gapdh NM_008084 TGGCCTCCAAGGAGTAAGAAAC GGGATAGGGCCTCTCTTGCT 

 747 

Figure Legends  748 

 749 

Figure 1: Methodological pipeline used to analyse the self-organisation pattern of 750 

chondrogenic nodules. (a) Original image of whole micromass culture stained with Alcian 751 

Blue, (b) 5mm circular cropped region of interest (ROI), boxed region indicating debris, (c) 752 

image was ‘cleaned’ by encircling debris / artefacts and filling the enclosed space (red 753 

arrowhead (b-c)). (d-d’’) cleaned images split into component channels (d) Red, (d’) Green 754 

and (d’’) Blue. (e) Conversion of Green channel into binarised black (nodules) and white (space 755 

between nodules) image. Noise was removed (red arrowhead) and (f) converged nodules were 756 

separated (green arrowhead) with watershed function. (g) Encircling of each nodule (minimum 757 

particle size of 0.005 μm2) was performed with the analyse particles function. (h-k) illustration 758 

and formulae of how nodule shape and spatial relationship measurements were calculated, (h) 759 

circularity (i) solidity, with values closer to 1 indicating a more circular and more solid shape, 760 

(j) nodule spacing; illustrative example of the process measuring the distance from one 761 

nodule’s centre point (red dots) to the nearest centre point of another nodule and (k) nodule 762 

proximity; illustrative example of the process measuring the distance between a point on the 763 

perimeter of a given nodule (green dot) and the closest point on the perimeter of neighbouring 764 

nodule. Scale bar, 1mm 765 

 766 

Figure 2: Profile of chondrogenesis of primary E11.5 limb bud cells and establishment of 767 

geometric characteristics of chondrogenic nodules. (a-a’’) Tracking of individual 768 

condensations in the same micromass culture over time shows that cell condensations appear 769 

and grow with edges coming closer together. (a) coloured pinpoints trace the appearance of 770 

cell condensations on live images over the time frame indicated, (a’) overlay of images with 771 
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clustering of pinpoints, (a’’) clustered pinpoints overlaid on the same culture at 144 hrs, Alcian 772 

Blue stained and thresholded. (b) Chondrogenic profile of E11.5 limb bud micromass cultures 773 

stained with Alcian Blue showing appearance of chondrogenic nodules over time.  774 

Quantification of (c) nodule number, (d) % area covered by nodules, (e) average nodule size 775 

(x1000μm2); shape parameters (f) circularity and (g) solidity; and nodule to nodule spatial 776 

relationships (h) nodule spacing (μm) and (i) nodule proximity (μm).  Y-axes are the same for 777 

f & g, and h and i. Data is shown as mean ± SEM. # p≤0.01* p≤0.05, ** p≤0.001, *** p≤0.0001. 778 

Scale bar 1mm 779 

 780 

Figure 3: Profile of chondrogenesis in E11.5 mouse limb bud cell micromass cultures is 781 

altered following the addition of BMP and Wnt signaling molecules. (a) Micromass 782 

cultures in growth media (GM) or (b) in the presence of BMP2 (100ng/ml) or (c) WNT3A 783 

(200ng/ml) over time, stained with Alcian Blue. Scale bar 1mm. (d – i) Geometric analysis 784 

showing (d) nodule number, (e); average nodule size (μm2), (f) % area covered by nodules, (g) 785 

circularity and nodule to nodule spatial relationships (h) nodule spacing (μm) and (i) nodule 786 

proximity (μm). Changes in chondrogenic (Col2a1) (j) and hypertrophic (Ihh) (k) marker gene 787 

expression in micromass culture in growth media (GM) or in the presence of BMP2 (100ng/ml) 788 

or WNT3A (200ng/ml) over time. Expression level in each sample was normalised to Gapdh 789 

and shown relative to expression at 0 hours, set to 1. Data are mean ± SEM. Blue boxes: growth 790 

media, Orange boxes: +BMP2(100ng/ml) group, Yellow boxes: +WNT3A(200ng/ml) group. 791 

Black lines indicate significant difference across groups, yellow lines indicate significant 792 

difference within the WNT3A group. #p≤0.01 *p≤0.05, **p≤0.001, ***p≤0.0001 793 

 794 

Figure 4: Titration of chondrogenic signaling molecules adjusts the equilibrium in 795 

condensation organisation in micromass culture. (a) Proportion of chondrogenic nodules 796 

relative to GM at 144 hrs for WNT3A addition (yellow circles; conc. as indicated on left y axis; 797 

200ng/ml,100ng/ml and 50ng/ml), Noggin (grey circles; conc. as indicated on right y axis, 798 

100ng/ml, 50ng/ml and 10ng/ml) and BMP2 (orange circles; conc. as indicated on right y axis, 799 

100ng/ml, 50ng/ml and 10ng/ml) (b) % area covered by nodules and (b’) average nodule size 800 

(x1000μm2), (c) nodule spacing (μm), (d) nodule proximity (μm). Data are mean ± SEM. Blue 801 

boxes: growth media, Orange: BMP2 groups, Grey: NOG, Yellow: WNT3A groups. 802 

Concentrations of added BMP2, NOG and WNT3A for all graphs are shown against the x-axis 803 

of d. The y-axes on the right of c and d show an expanded scale needed to represent the data 804 

following addition of 200ng/ml WNT3A. (b-d) Black lines indicate significant difference 805 
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comparing additive with GM; orange, grey and yellow lines indicate significant difference 806 

within the BMP2, NOG and WNT3A treatment groups respectively *p≤0.05, **p≤0.001, 807 

***p≤0.0001. (e-e’’’’) profile plots of selected nodule geometric parameters (showing mean 808 

values) as BMP2, WNT3A, and Noggin signaling molecule concentrations increase. Upward 809 

trends are shown in red, downward trends in blue. Nodule spacing on addition of WNT3A is 810 

not shown but indicated as “irregular”, as shown by the large variability in the graphs (4c, d) 811 

and analysis of individual cultures (Supplementary Fig 5). 812 
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