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on to increase expression of Delta-like ligand 4, here and so forth termed as Delta. Delta is a transmembrane 
ligand which binds to the transmembrane receptor, Notch of its neighbouring cell. Upon ligand binding, Notch 
becomes activated and undergoes proteolytic cleavage. �e cleaved intracellular domain of Notch (NICD) can 
translocate to the nucleus to modulate gene expression. �e cascade of signaling events ultimately culminates 
in down regulation of VEGFR and Delta6�8. �e aforementioned signalling activities are depicted in Fig.�1. As a 
result, a high Delta cell which has low Notch acitivity will have a low Delta, high Notch cell as its neighbour. Tip 
cells are characterized by a high Delta, low Notch expression while stalk cells are de�ned by a low Delta, high 
Notch expression. Lateral inhibition thus prevents the neighbours of a tip cell from attaining the same tip cell 
fate. Such regulation is of marked importance. If all cells become tip cells, the blood vessel will fall apart. On the 
other hand, if all cells become stalk cells, the blood vessel can only grow in diameter and not in length9. Lateral 
inhibition thus tunes the proportion of tip and stalk cells for optimal growth and cohesion of the blood vessel.

Classical lateral inhibition models predict a salt-and-pepper pattern in which tip cells are separated by one 
stalk cell as illustrated in Fig.�2A10,11. However, other angiogenic patterns where tip cells are separated by more 
than one stalk cell have been observed both in vitro and in vivo. �e existence of two and three stalk cells spaced 

Figure 1. Schematic of Delta-Notch Lateral Inhibition. Tumour cells secrete angiogenic factors such as vascular 
endothelial growth factor (VEGF). VEGF binds to VEGF-receptor (VEGFR) on the surfaces of endothelial cells 
leading to the activation of VEGFR. Activated VEGFR causes upregulation of transmembrane ligand, Delta. 
Delta ligand binds to the transmembrane receptor, Notch of its neighbouring cell. Upon Delta ligand binding, 
Notch of the neighbouring cell becomes activated and inhibits VEGFR and Delta expression.

Figure 2. Lateral Inhibition Models. (A) Classical Delta-Notch lateral inhibition models describe the following 
reactions: Delta of one cell binds to Notch of the neighbouring cell, and Notch inhibits Delta expression 
within the same cell. Computational models of classical Delta-Notch lateral inhibition yield the salt-and-
pepper pattern where tip cells are separated exactly by one stalk cell. (B) Schematic of lateral inhibition model 
with intracellular Notch heterogeneity. (C) Schematic of lateral inhibition model with intracellular Notch 
heterogeneity and tension-dependent rate of Delta-Notch binding. In lateral inhibition model with intracellular 
Notch heterogeneity and tension-dependent rate of Delta-Notch binding, rate constants are a function of the 
adherent Delta-Notch pairs.
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Next, we examine how patterning is a�ected by intracellular di�usion by varying the value of W. Since the 
Notch-le� levels and the Notch-right levels are identical in the zero-cell spacing and the one-cell spacing, param-
eter space for zero-cell spacing and one-cell spacing is independent of di�usion. �e same is not true for the 
two-cell spacing pattern. We plot the parameter regimes where the two-cell spacing can be identi�ed under a 
range of W in Fig.�4. Intriguingly, we observe that as long as di�usion remains �nite, it is always possible to have 
a stable steady state solution for two-cell spacing. More details can be found in the Supplementary Information.

Even though we observe more tip-stalk patterns a�er we consider intracellular Notch heterogeneity, some cell 
spacings are never observed such as the three-cell spacing. We illustrate why below.

�e equations for N1 and N3 in the three-cell spacing case at steady state is as follows:

� � � �k N k D N0 ( )(1 ) (1)d f1 2 1

k N k D N0 ( )(1 ) (2)d f3 2 3� � � �
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Figure 3. Delta and Notch Levels in Lateral Inhibition with Intracellular Notch Heterogeneity. Delta levels (A), 
Notch-le� levels (B) and Notch-right levels (C) plotted against cell number for zero-cell spacing at h � 0, W � 0, 
b0 � 0.5, K � 1, kf0 � 0.1 and kd � 1. (D) Parameter space of K vs kf0 where zero-cell spacing is observed at h � 0, 
W � 0, b0 � 0.8 and kd � 0.1. Delta levels (E), Notch-le� levels (F) and Notch-right levels (G) plotted against cell 
number for one-cell spacing at h � 0, W � 0, b0 � 0.8, K � 0.01, kf0 � 0.1 and kd � 1. (H) Parameter space of K vs 
kf0 where one-cell spacing is observed at h � 0, W � 0, b0 � 0.8 and kd � 0.1. Delta levels (I), Notch-le� levels (J) 
and Notch-right levels (K) plotted against cell number for two-cell spacing at h � 0, W � 0, b0 � 0.8, K � 0.01, 
kf0 � 0.3 and kd � 1. (L) Parameter space of K vs kf0 where two-cell spacing is observed at h � 0, W � 0, b0 � 0.8 
and kd � 0.1. For cell 2, 3, 5 and 6, the Notch-le� levels and Notch-right levels are di�erent.
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building blocks besides the cannonical high Delta low-Notch tip cell and the low Delta-high Notch stalk cell to 
create larger spacings patterns. It has been reported that in human umbilical vein endothelial cells (HUVECs), the 
levels of Delta are 7 times more in CD34 expressing cells (CD34�) compared with CD34 negative (CD34�) cells. 
CD34� cells also exhibit similar morphology and properties which are characteristic of tip cells. �erefore, CD34 
have been hypothesized as a marker for tip cells32.

In our current work, we used CD34 and Delta as markers for tip cells in immuno-staining experiment. We 
observed that cells with high(low) Delta levels also show high(low) levels of CD34 (Fig.�8A,B). Further analysis 
found that when each pixel in Delta staining is compared against the corresponding CD34 pixel intensity, a high 
correlation of 0.847 is obtained (Supplementary Fig.�2). �e high correlation between CD34 and Delta supports 
the hypothesis that both CD34 and Delta can be used as markers for tip cells. We also observed that �uorescence 
intensities vary greatly amongst the cells. Strikingly, there are cells that are more brightly stained than others 
using Delta and CD34 antibody. Since Delta and CD34 are tip cell markers, cells that stain most strongly for these 
antibodies are very likely the tip cells. Furthermore, if we quantify the �uorescence intensities of the cells based 
on their position from the tip cell, we found that depending on their positions, cells exhibit signi�cantly di�erent 
�uorescence. �is is even so if we compare �uorescence intensities of cells one-cell position away from the tip cell 
and cells that are two-cell position away from the tip cell as shown in Fig.�8E,F. Fluorescence intensities of cells 
one cell away from the tip cell exhibit signi�cantly higher �uorescence intensities than cells two cells away from 
the tip cell. �is observation thus suggests that we can distinguish at least three di�erent cell types that occur dur-
ing sprouting angiogenesis. �e �rst cell type is the cell that is stained most intensely for Delta and CD34 which 
we designate as the tip cell. �e second cell type, the stalk cell which stains the weakest for Delta and CD34. Lastly, 
an intermediate cell type that exhibits moderate staining. Since the validity of the model hinges on the presence 
of the intermediate cell, the identi�cation of the hybrid cell thus lends evidence and weight to the legitimacy of 
the model.

In addition, we observe large cell spacings such as six-cell spacing in many of the stained images. An example 
is shown in Fig.�8G. Such large cell spacings implicate that tension modulation of rate constants is insu�cient to 
supplement the classical lateral inhibition model to recapitulate the di�erent spacings in nature. Observation of 
the three-cell spacing scenario also renders lateral inhibition with intracellular Notch heterogeneity inadequate 
in reproducing the various tip-stalk spacings. Based on these experimental observations, we conclude that nature 
operates in the regime where W � � and h  0, and that both intracellular Notch heterogeneity and tension mod-
ulation of rate constants are necessary to reproduce the myriad of tip-stalk spacings observed.

Figure 5. Delta and Notch Levels in Lateral Inhibition with Tension Modulation of Rate Constants. Delta levels 
(A) and Notch levels (B) plotted against cell number for two-cell spacing at � � 30, h � 0.0052, W � �, b0 � 0.9, 
K � 0.1, kf0 � 3.719 and kd � 0.0225. Delta levels (C) and Notch levels (D) plotted against cell number for three-
cell spacing at � � 10, h � 0.0761, W � �, b0 � 0.9, K � 0.05, kf0 � 38.6324 and kd � 0.4021.
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Discussion
Lateral inhibition is a mechanism invoked in many organisms for cell fate selection. In angiogenesis, a similar cell 
fate selection is undertaken by endothelial cells. Lateral inhibition in angiogenesis results in endothelial cells taking 
on either the tip cell fate or the stalk cell fate. Classical lateral inhibition models produce the salt-and-pepper con�g-
uration where tip cells are separated exactly by one stalk cell. In vivo and in vitro experiments have however revealed 
a repertoire of spacing patterns not limited to the salt-and-pepper con�guration such as two and three stalk cells 
between the tip cells. Many mechanisms have been suggested to model such patterns. However, these mechanisms 
may not be applicable during sprouting angiogenesis since the sprouts formed are typically one-dimensional in 
nature which de�es Collier�s11 system, �lopodia rarely interact with lagging stalk cells in contrast with Cohen�s14 and 

Figure 6. Delta and Notch Levels in Lateral Inhibition with Intracellular Notch Heterogeneity and Tension 
Modulation of Rate Constants. Delta levels (A), Notch-le� levels (B) and Notch-right levels (C) plotted against 
cell number for zero-cell spacing at � � 10, h � 0.076, W � 0, b0 � 0.9, K � 0.1, kf0 � 40 and kd � 0.4. (D) 
Parameter space of K vs kf0 where zero-cell spacing is observed at � � 10, h � 0.076, W � 0, b0 � 0.9 and kd � 0.4. 
Delta levels (E), Notch-le� levels (F) and Notch-right levels (G) plotted against cell number for one-cell spacing 
at � � 10, h � 0.076, W � 0, b0 � 0.9, K � 0.07, kf0 � 40 and kd � 0.4. (H) Parameter space of K vs kf0 where one-
cell spacing is observed at � � 10, h � 0.076, W � 0, b0 � 0.9 and kd � 0.4. Delta levels (I), Notch-le� levels (J) 
and Notch-right levels (K) plotted against cell number for two-cell spacing at � � 10, h � 0.076, W � 0, b0 � 0.9, 
K � 0.01, kf0 � 40 and kd � 0.4. (L) Parameter space of K vs kf0 where two-cell spacing is observed at � � 10, 
h � 0.076, W � 0, b0 � 0.9 and kd � 0.4. Delta levels (M), Notch-le� levels (N) and Notch-right levels (O) plotted 
against cell number for three-cell spacing at � � 10, h � 0.076, W � 0, b0 � 0.9, K � 0.01, kf0 � 35 and kd � 0.4. (P) 
Parameter space of K vs kf0 where three-cell spacing is observed at � � 10, h � 0.076, W � 0, b0 � 0.9 and kd � 0.4.
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the Notch gradient term in Chen�s15 has not been observed. Hence, in this paper, we seek to uncover a ubiquitous 
lateral inhibition mechanism for recapitulating patterns observed during sprouting angiogenesis.

Classical lateral inhibition models are limited to the salt-and-pepper con�guration since only two cellular states 
are possible: a high Delta-low Notch state and a low Delta-high Notch state. In recent years, more mechanisms 
that regulate Delta- Notch signalling have been uncovered. �ese include cis-inhibition which have been shown to 
increase the stability of states but not the number of states33. Jagged has also been identi�ed as a crucial ligand in 
regulating Notch activity but Jagged expression appears to be limited; Notch and Delta are the only ligand-receptor 
pair expressed in capillaries34. As such, we look to ubiquitous and pervasive mechanisms in nature that are capable 
of expanding the number of states. Intracellular protein heterogeneity has been previously implicated in Drosophila 
bristle formation via the planar cell polarity mechanism35. To check that activated Notch can indeed be present in 
disparate levels within the cell, we perform immuno-staining of HUVECs with Notch antibody and image via con-
focal microscopy. �e representative z-slice of di�erent HUVECs is shown in Supplementary Fig.�3. As observed in 
Supplementary Fig.�3, di�erent regions of the cell do exhibit di�erent levels of �uorescence when immuno-stained 
with Notch antibody. Notably, if we are to divide the cell into a section with higher-Notch intensity and another 
section with lower-Notch intensity, the section with higher-Notch intensity is about 2 times more brightly stained 
than the section of the cell with lower-Notch intensity. To ensure that only activated Notch is considered, the cell 
membrane is excluded from the �uorescence measurements in all of the above analysis. We also ignore the top 3 
z-slices and bottom 3 z-slices which correspond to the top and bottom 0.6 �m which we take to be the membrane. 
�us, Notch can indeed be present in heterogeneous levels within the cell. It has also been shown that tension can 
modulate the Notch signalling pathway and Notch may actually act as a mechanosensitive sensor18,36. As such, we 
investigate if addition of intracellular Notch heterogeneity and tension-dependent rate of Delta-Notch binding 
into the classical lateral inhibition model may allow us to recover the various forms of patterning observed during 
sprouting angiogenesis. �e enhanced model with intracellular Notch heterogeneity and tension-dependent rate of 
Delta-Notch binding is capable of recapitulating the many forms of patterning observed such as the zero-cell spac-
ing, one-cell spacing, two-cell spacing as well as the three-cell spacing case under a wide range of parameter values.

In recent years, hybrid cells types of various kinds have been postulated and identified. These include the 
hybrid epithelial/mesenchymal phenotypes37,38 in which co-expression of epithelial and mesenchymal signatures 
is strongly correlated with poor survival amongst patients su�ering from breast cancer39. Such hybrid cell states 
are also observed in small cell lung cancer. In addition to the known neuroendocrine/epithelial state (NE) and the 

Figure 7. Summary of Tip-stalk Patterns Observed Under Di�erent Conditions of W and h. Summary of tip-
stalk patterns observed under di�erent conditions of W and h. When W � � and h � 0, the classical lateral 
inhibition model is recovered which yields exclusively the zero-cell spacing and the one-cell spacing. When 
W � � and h � 0, this corresponds to modi�ed lateral inhibition model with intracellular Notch heterogeneity. 
More tip-stalk patterns are observed such as the two-cell spacing but due to symmetry restraints, three-cell 
spacing is never observed. On the other hand, when W � � and h  0 which corresponds to modi�ed lateral 
inhibition model with tension dependent rate of Delta-Notch binding, two-cell spacing and three-cell spacing 
are observed. Unfortunately, these spacings occur under very narrow parameter ranges rendering its rarity. 
Lastly, when W � � and h  0, which is the case of enhanced lateral inhibition model with intracellular Notch 
heterogeneity and tension-dependent rate of Delta-Notch binding, we recover the one-cell spacing, two-cell 
spacing, three-cell spacing etc. at wide parameter ranges.
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Figure 8. Varying Fluorescent Levels are Exhibited by Cells Depending on �eir Position from the Tip Cells. 
HUVECs are immuno-stained using Delta or Dll4 antibody (red) (A), CD34 antibody (green) (B) and DAPI 
(blue) (C). (D) Overlay images of (A�C). Scale bar represents 40 �m. �e white arrow is pointing to a cell with 
a substantially brighter �uorescence as compared to its neighbours. Since Delta and CD34 are tip cell markers, 
the white arrow is pointing to a tip cell. �e red and blue arrows are pointing to cells one-cell and two-cells 
away from the tip cell respectively. Scale bar represents 40 �m. Normalized �uorescent intensities of the cells are 
plotted as a function of their position from the tip cell using Delta antibody (E) and CD34 antibody (F). For (E), 
n � 10, 12, and 12 for cells of position 0, 1 and 2 from tip cell respectively. For (F), n � 11, 25, and 16 for cells of 
position 0, 1 and 2 from tip cell respectively. Error bars denote standard deviation. p � 0.001 represented by ��� 
and p � 0.01 represented by ��. (G) HUVECs are immuno-stained with CD34 antibody (green), Phalloidin-
rhodamine (red) and DAPI (blue). White arrows are pointing to cells that have an intense �uorescence stain 
for CD34. Scale bar represents 100 �m. (H) Skeletonized image for (G) where red circles indicate tip cells and 
yellow circles represent intermediate cells and stalk cells. Physical connections between cells are represented by 
blue lines. �e red and purple dashed lines indicate the presence of three-cell and six-cell spacing respectively.
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�e �rst equation, Eq. (10) describes the rate of change of Delta, �D, in cell j at any time t. �e rate of change of 
Delta is a combination of e�ects arising from Delta�s decay, contributed by the �rst term on the right hand side of 
the equation, and inhibition from activated Notch contributed by the second term. kD represents the decay coef-
�cient for Delta, B0 denotes the maximum expression rate of Delta and k refers to Delta�s inhibitory coe�cient 
which is the concentration of activated Notch necessary to result in half maximal Delta expression. Since the 
inhibitory e�ect of activated Notch on Delta�s expression has been shown to follow the Hill dynamics, the Hill 
equation is used to model the interaction between activated Notch and Delta with a Hill coe�cient of 241.

Similarly, the second equation, Eq. (11) describes the rate of change of activated Notch, �N  in cell j which is a 
summation of e�ects brought about by decay (�rst term on the right hand side) as well as activation by Delta from 
neighbouring cells, �Dj � 1 and D�j�1. kN denotes the decay coe�cient of activated Notch while kF is the rate constant 
of the binding reaction between Delta and inactive Notch where �N 0 represents the total amount of activated and 
inactivated forms of Notch.

In nondimensional form, the system of equation reduces to the following:
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In general, a lower K and higher kf implies greater nonlinearity within the system of equations. A low K signi-
�es a low concentration of activated Notch necessary for maximal inhibition of Delta while a high kf indicates a 
low level of Delta necessary for activation of the neighbouring Notch receptor.

Lateral Inhibition Model with Intracellular Notch Heterogeneity. Modelling the above system of equations namely 
Eqs (12) and (13) on a one-dimensional grid of cells will obtain the salt-and-pepper steady state con�guration 
where tip cells are regularly spaced by one stalk cell. Inherent in this system of equations is the assumption that 
Notch levels are homogeneous throughout the cell. Notch is activated by Delta expressed on its neighbours and 
should the Delta levels of the neighbours di�er, the amount of Notch that is activated within di�erent parts of 
the cell may also be di�erent. As such, Notch protein may not necessarily be homogeneous throughout the cell. 
Intracellular heterogeneity has previously being implicated in Drosophila bristle formation via the planar cell 
polarity pathway35,42. In42, a negative feedback loop couples adjacent sides of neighbouring cells. If the negative 
feedback loop is su�ciently strong, individual cells willl polarize and exhibit disparate concentration of proteins 
along di�erent regions of the cell. Ultimately, this leads to an entire cell sheet possessing polarity. It is currently 
unknown how intracellular heterogeneity will a�ect patterning during sprouting angiogenesis. To include intra-
cellular heterogeneity of activated Notch levels into lateral inhibition, we modify the above system of equations 
to account for di�erential levels of activated Notch within the cell. For simplicity, we adopted a similar approach 
in42 and modelled each cell as having two sides where Nl,j and Nr,j represents fraction of activated Notch on the le� 
and right side of cell j respectively.

Notch is activated by Delta expressed on neighbouring cells. �us depending on the concentration of Delta in 
its neighbours, a cell may possess di�erent levels of activated Notch where the side of the cell with a higher Delta 
neighbour will have higher levels of activated Notch, or NICD. Delta is however inhibited by the overall levels of 
activated Notch within the cell and thus is unlikely to exhibit deviating levels intracellularly. Hence, in the follow-
ing modi�ed lateral inihibition model, we only consider intracellular Notch heterogeneity.

Figure�2B depicts the schematic for lateral inhibition a�er considering for intracellular Notch heterogeneity 
with the system of equations listed below.
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where W � FNotch/(L2kDN0) in which FNotch is the di�usion coe�cient of Notch and L is the length of the cell.
Like the classical lateral inhibition model, Eq. (14) describes how decay of Delta and Notch inhibition a�ects 

the rate of change of Delta. A slight di�erence exists between Eqs (14) and (12). In Eq. (14), Delta is inhibited by 
the average levels of Notch within the cell. �is is however unnecessary in Eq. (12) due to the assumption of Notch 
homogenity. At the same time, the original equation for Notch, Eq. (13) is split into two separate equations, one 
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