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The orientation of the mitotic spindle determines the relative size
and position of the daughter cells and influences the asymmetric
inheritance of localized cell fate determinants. The onset of mam-
malian neurogenesis, for example, coincides with changes in spindle
orientation. To address the functional implications of this and related
phenomena, precise methods for determining the orientation of
the mitotic spindle in complex tissues are needed. Here, we present
methodology for the analysis of spindle orientation in 3D. Our
method allows statistical analysis and modeling of spindle orien-
tation and involves two parameters for horizontal and vertical bias
that can unambiguously describe the distribution of spindle ori-
entations in an experimental sample. We find that 3D analysis leads
to systematically different results from 2D analysis and, surprisingly,
truly random spindle orientations do not result in equal numbers of
horizontal and vertical orientations. We show that our method can
describe the distribution of spindle orientation angles under different
biological conditions. As an example of biological application we
demonstrate that the adapter protein Inscuteable (minsc) can actively
promote vertical spindle orientation in apical progenitors during
mouse neurogenesis.

Controlling the orientation of mitotic spindles is an important
aspect of tissue development and homeostasis. The position
of the mitotic spindle is regulated by pulling forces acting between
the spindle poles and cortical microtubule attachment sites (1, 2).
The spindle position determines the cleavage plane and thereby
influences the size and position of the newly forming daughter
cells (3, 4). A defined spatial organization of newly generated
cells is crucial for creating complex 3D structures such as tubes,
ducts, and vessels (5, 6). Multicellular organisms therefore use
spindle orientation for various purposes, for example to regulate
planar expansion and tissue stratification in epithelia.

In stem cells, spindle orientation can regulate the ratio between
proliferating and differentiating divisions (7). Because the main-
tenance of stem cell populations often depends on contact with a
signaling niche, spindle orientation determines whether daughter
cells maintain niche contact and stem cell fate or lose contact and
differentiate. Alternatively, spindle orientation can ensure the
reliable inheritance of localized cell-fate determinants by the
correct daughter cells in stem cell populations that are regulated
by cell-intrinsic signals. The early development of the mamma-
lian neocortex, for example, starts with symmetric divisions of
neural progenitor cells to expand the progenitor pool. At later
stages, asymmetric divisions of the same progenitor cells gener-
ate both self-renewing daughter cells and also cells that give rise
to transit-amplifying cells or neurons (8-13). The precise control
of spindle orientation is vital for determining the different cell
fate decisions during the course of cortical development (14-16).

Here, we describe a mathematical method for the analysis of
spindle orientation that takes into account the 3D structure of
the dividing cell and the variability of the reference plane and its
effect on angle determination. We identify and quantify potential
sources of error that can occur when mitotic figures are analyzed
in 2D. Currently, terms such as “randomized spindle orientation”
are not unambiguously defined, but this would be necessary to
describe mutant phenotypes in a way that allows mechanistic
interpretation. We therefore establish a mathematical definition
of randomness for spindle orientation in 3D and use this to
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calculate the expected frequencies for various spindle orien-
tation angles. We establish statistics allowing us to determine
how far experimental data deviate from true randomness and
introduce two parameters called Ay, and A, that describe the de-
gree of horizontal and vertical spindle enrichment, respectively,
in an experimental dataset. Finally, we apply our method to
biological data from mice overexpressing the mouse Inscuteable
(mlInsc) gene and show that these data are consistent with a role
of mInsc in promoting vertical spindle orientations during mouse
corticogenesis but not with simply inhibiting horizontal orientation.

Results

Calculation of Spindle Orientation Angles in 3D. To facilitate the
measurement of spindle orientation in three dimensions, we
developed an algorithm that allows the calculation of spindle
angles from confocal image stacks (15). The angle of the mitotic
spindle is typically determined relative to a reference surface, for
example the ventricular surface in the mouse cortex. In reality, the
reference surface is usually uneven and therefore an optimal ref-
erence plane needs to be calculated from the experimental data.
We address this problem by defining five points (P; ... P,,n =5) on
the uneven reference surface in the 3D-image stack (Fig. 1), which
are then used to determine the best-fitting plane by orthogonal
distance regression (Supporting Information). The spindle axis is
defined by the x,y,z-coordinates of the two centrosomes (C; and
C,) and spindle orientation « is calculated as the angle between
the spindle axis and the best-fitting plane. An R script for spindle
angle determination and variance estimation together with a file
containing example measurement raw data are provided in
Supporting Information (Dataset S1 and R Script S2).

Significance

During development, three-dimensional tissues with defined
architecture are generated from one single cell. To achieve this,
cells divide with specific orientations to ensure correct place-
ment of their daughter cells. Because the direction of cell di-
vision is determined by the orientation of the mitotic spindle
apparatus, precise methodology for determining spindle ori-
entation in three-dimensional tissues is crucial to understanding
developmental processes. Here, we describe a method for the
analysis of spindle orientation in three dimensions. We use
mathematical modeling to demonstrate that our method can
avoid systematic errors that are intrinsic to conventional 2D
analysis of the process. Using experimental data from the
developing mouse brain, we show that our method can dis-
tinguish between mechanistically different models for spindle
orientation.
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Fig. 1. Calculation of the spindle orientation angle. (A) Example of a 3D
reconstructed mitotic cell. N-cadherin (red) and y-tubulin (red) mark the cell
border and the centrosomes, respectively. PH3 (green) marks mitotic DNA
(DAPI, blue); the gray spheres are the reference points used for angle de-
termination. (B) Diagram of a mitotic cell for calculating the spindle orien-
tation angle a. C; and G, define the positions of the two centrosomes of the
spindle apparatus (blue). The five points P; ... Ps mark the reference surface
and are used to determine an optimal reference plane. n is the normal
vector of this best-fitting plane. The angle ¢ describes the orientation of the
cleavage plane that is orthogonal to the spindle axis.

Systematic Errors in 2D Analysis of Spindle Orientation. So far, spindle
or cleavage plane orientations were mostly analyzed in two
dimensions using thin tissue sections stained for centrosomes
or DNA and cell cortex markers. Spindle orientation angles are
reported as the angle between a line connecting the two cen-
trosomes and another line approximating the basement mem-
brane, luminal surface, or any other reference structure. Our
mathematical analysis reveals that this 2D approach will only lead
to correct numbers if the line connecting the two centrosomes is
exactly parallel to the plane of tissue sectioning and the reference

surface is orthogonal to the sectioning plane. Any horizontal or
vertical rotation results in incorrect angle determination, that is,
the apparent angle ' is different from the true angle « of spindle
orientation (Fig. 24). The size of the error (¢ = @’ — a) depends
both on the spindle orientation angle (@) as well as on the out-of-
plane rotation angles (§ and (), and therefore oblique spindles are
most strongly affected (Fig. 2, Materials and Methods gives details).
Under laboratory conditions, the forward and backward tilting (€,
Fig. 2B) is usually small because the sample can be oriented in such
a way that the section plane is perpendicular to the reference plane
(e.g., the ventricular surface in brain sections). The left and right
tilting (, Fig. 2C), however, cannot be reduced even by the most
careful sample preparation and will lead to an overestimation of
the spindle angle that contributes most to measurement errors.

In addition to these measurement errors, 2D analysis is also
influenced by a selection bias. In a coronal brain section, for
example, spindle orientations can be correctly determined for all
cells in which both centrosomes lie within the sectioning plane.
As a result, all cells with vertical spindle orientation will be in-
cluded in the analysis. Cells with a horizontal spindle orientation,
however, will only be included when both centrosomes lie in
parallel to the sectioning plane. All cells with spindles that are
rotated out of this plane are disregarded, leading to a systematic
error in the measurements.

Thus, the analysis of spindle orientation in 2D will systemati-
cally overestimate spindle orientation angles, especially for obli-
que orientations. In addition, the arbitrary and not strictly defined
selection of cells whose spindles are more or less parallel to the
sectioning plane further contributes systematic errors during
spindle analysis in 2D.

Random Spindle Orientation in 3D. The mitotic spindle is oriented
by directional pulling forces that act more strongly on one of the
two centrosomes because astral microtubules preferentially attach

Fig. 2. Deviations of apparent spindle orientations owing to out-of-plane rotation. (4) Increasing out-of-plane rotation (¢) around the z axis leads to an increase
of the apparent spindle orientation angle «’ if the structure is analyzed as a 2D projection (e.g., maximum intensity projection of a confocal stack). The true
spindle orientation angle is @ = 40° in all panels. The tissue sectioning plane is the xz-plane. (B) Deviation ¢ owing to rotation & around the x axis. (C) Deviation ¢
owing to rotation ¢ around the z axis. The deviation ¢ is the difference between the apparent (') and the true (a) spindle orientation angle ¢ = o’ — a.
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to discrete sites at the cell cortex (17, 18). Key components of the
spindle orientation machinery were identified via their mutant
phenotype. When these components are missing, the mitotic
spindle is not actively oriented and assumes a random orien-
tation instead. So far, however, there is no accurate definition for
what constitutes a randomly oriented mitotic spindle. In addition,
statistical tools that can determine whether experimental data
represent random or nonrandom spindle orientation are missing.

We set out to develop a method for describing spindle ori-
entation in mathematical terms. To provide an unambiguous
description of random spindle orientation, we approximate the
mitotic cell by a sphere and elongate the spindle axis so that it
intersects with the surface of the sphere. This defines two points
on the surface of the sphere that unambiguously define a specific
orientation of the spindle axis. If and only if the density of these
points is identical within every area element of the sphere, then
the spindles are oriented randomly. Mathematically, this means
that the probability of any spindle orientation angle is pro-
portional to the sphere surface area at this angle (Fig. 34). Using
this definition, we can determine the distribution function de-
scribing random spindle orientation in three dimensions (Materials
and Methods gives mathematical equations). Grouping spindle
orientation angles into the three commonly reported categories
(i.e., horizontal, oblique, and vertical) gives the expected per-
centages listed in Table 1 if spindle orientation occurs randomly.

Very surprisingly and somewhat counterintuitively, however,
a truly random orientation of mitotic spindles does not result
in equal numbers of horizontal, oblique, and vertical spindles.
In fact, our calculations show that 50% of the random spindles
are between 0° and 30° from the reference plane, but only
around 13% of them are between 60° and 90° (Table 1).
Clearly, these calculations disqualify the commonly used repre-
sentation of spindle orientation where spindle angles are binned
into specific intervals from 0° to 90° and randomness is thought
to result in equal distribution among those bins. In fact, an equal
frequency of horizontal, oblique, and vertical spindles means that
a nonrandom, active mechanism is in place to achieve this.
However, a predominance of horizontally oriented spindles
(about 50%) can be explained by true stochasticity and no fur-
ther active spindle orientation mechanism needs to be postu-
lated. Our model is robust with respect to cell shape because
qualitatively similar numbers are calculated assuming a cuboi-
dal cell shape (Fig. 3 and Table S1). In fact, the 3D shape of
the cell has less influence on the expected random distribution
than analyzing a 2D projection of the cell (e.g., compare 3D
sphere with 2D circle in Fig. 3B).

In one special case, however, 2D random spindle orientations
can occur: When the spindle is aligned along one axis (by planar
cell polarity, for example) and at the same time other localiza-
tion mechanisms are abolished, then all possible spindle ori-
entations are restricted to one particular 2D plane within the
3D cell. Under these special circumstances, a 2D random dis-
tribution would be observed (i.e., all angles occur with equal
frequency) (Table S2).

Taken together, however, our calculations indicate that in all
other cases mitotic spindle orientation needs to be analyzed in
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3D because 2D analysis is error-prone and can lead to incorrect
mechanistic conclusions.

Modeling of Spindle Orientation. Experimentally obtained data for
spindle orientation are typically displayed as percentages of
spindles falling into specific intervals, such as 0° through 30°, 30°
through 60°, and 60° through 90°. Because this approach reduces
the information content and results in the misinterpretations
listed above, we set out to develop a better way to describe and
interpret such data. Our goal was to fit the data to a mathemat-
ical model that would allow their interpretation in a mechanisti-
cally meaningful way. For this, we started by modeling random
spindle distribution in a 3D sphere. We then extended the model
so that it can generate distributions with horizontal and vertical
enrichment. The levels of horizontal and vertical enrichment are
quantified by the parameters A;, and A, respectively (Fig. 4,
Materials and Methods gives details). For any experimental dis-
tribution of spindle orientation angles, the parameters A, and A,
are determined by minimizing the difference between the mod-
eled distribution and the experimental data. Because we exclude
effects of planar cell polarity, we can assume rotational symmetry
around the z axis. The resulting enrichment parameters A, and A,
allow us to unambiguously describe the distribution of experi-
mental spindle orientation angles (Fig. 5 and Fig. S1). We pro-
pose to use these quantitative parameters for describing spindle
distributions in addition to vague terms such as “randomization”
or “horizontal enrichment.” In Supporting Information we provide
an R script that can be used to calculate those values for any
experimental dataset (R Script S3). In addition to those values, the
script returns the Kolmogorov-Smirnov test statistics Dgg de-
scribing the quality of the fit.

Thus, our method can be used to fit any experimental data set
to a model for spindle orientation and to describe this data set
in a biologically meaningful manner.

Biological Applications. Our method provides tools to describe
experimental data for spindle orientation in an improved man-
ner. To test whether it allows us to draw conclusions on potential
mechanisms for spindle orientation, we tested it using a dataset
obtained from Protein Phosphatase 4c (PP4c) (16) and mlInsc
(15) mutant mice.

During early mouse brain development, apical progenitors un-
dergo proliferative divisions with predominantly horizontal spindle
orientations. As neurogenesis ensues, however, these divisions
become asymmetric and at the same time the relative fraction of
oblique and vertical spindle orientations increases (10, 11, 13, 19).

Mitotic spindles are oriented by pulling forces acting on astral
microtubules that connect the spindle poles to the cell cortex and
attach to specific cortical sites (1, 2, 17). The genes PP4c and
mlnsc have been assigned distinct roles in this process. PP4c acts
by controlling the interaction of astral microtubules with cortical
attachment sites via the microtubule binding protein Ndell (16).
Hence, interfering with PP4c function should lead to the uncou-
pling of the spindle from the cell cortex and thereby randomize
spindle orientation. To test this hypothesis, we modeled the
distribution of spindle angles from mitotic radial glial cells after

Fig. 3. Random spindle orientation for different
shapes. (A) Surface areas containing horizontal (red,
0°-30°), oblique (blue, 30°-60°), and vertical (green,
60°-90°) spindle orientation angles. The probability
of an angle in each category is proportional to the
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surface area. (B) Cumulative distributions of random
spindle orientation angles assuming different shapes
of the mitotic cell.
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Table 1. Probabilities for random spindle orientation angles in
a 3D sphere

Term Horizontal Oblique Vertical
Range y -y 0°-30° 30°-60° 60°-90°
Probability P, % 50.0 36.6 134
Range y -y 0°-15° 15°-30° 30°-45° 45°-60° 60°-75° 75°-90°

Probability P, %  25.9 241 20.7 15.9 10.0 34

PP4c knock-down. Indeed, PP4c knock-down led to spindle ran-
domization, and coexpression of nonphosphorylatable Ndell
restored horizontal spindle orientations (Fig. S1). Thus, the
experimental data are consistent with the postulated mechanism
by which PP4c is proposed to act.

mlnsc, in contrast, is thought to act specifically by promoting
nonplanar spindle orientation. An original model for mInsc
proposed that it connects the nuclear mitotic apparatus protein
(NuMA)-Leu-Gly-Asn repeat-enriched protein (LGN) complex
to the apically localized Par-3/Par-6/aPKC complex (20). The
NuMA-LGN complex is located around the cell equator and is
instructive for orienting the mitotic spindle horizontally (21-23).
More recent biochemical and structural analyses, however, have
demonstrated that mInsc and NuMA are mutually exclusive in-
teraction partners of LGN and that mlnsc is able to displace
NuMA from its LGN binding site (24, 25). This competitive in-
teraction for LGN has led to an alternative model where mlnsc
exerts its effect on spindle orientation by titrating NuMA binding
sites on LGN and prevents tethering of the spindle to the cell
cortex leading to a randomization of spindle orientation (26, 27).

Previous qualitative descriptions of spindle orientation data
cannot distinguish between randomization and vertical pref-
erence in experimental data. We therefore used our modeling
approach to ask whether mInsc blocks the machinery for hor-
izontal spindle orientation and shifts the distribution of spindle
orientations to a more random-like distribution or whether
mlnsc actively promotes vertical spindle orientation during mouse
corticogenesis. We modeled the distribution of spindle angles for
apical progenitors from wild-type, mInsc knock-out, and mInsc
overexpressing mice (15) and determined the enrichment param-
eters A, and A,. Fig. 5 4 and B show the distributions of spindle
angles of wild-type and mlInsc knock-out apical progenitors at
embryonic day 13.5. Both distributions exhibit an enrichment of
horizontal spindle orientations and the enrichment is increased
in the mInsc knock-out (A, = 1.49 versus A, = 0.54 in wild type).
These observations are in agreement with a titration role of
mlInsc. More LGN binding sites are available for NuMA in the
mlnsc knock-out, leading to increased horizontal spindle locali-
zation. However, mild ectopic expression of mInsc causes a shift
of the distribution beyond randomization toward vertical spindle
orientations (Fig. 5C). A competitive model alone cannot ex-
plain this result, because complete titration of LGN binding sites
should cause random spindle distributions. Thus, our data show
that mInsc can actively lead to a reorientation of mitotic spindles
toward more vertical orientations in apical progenitors (A, =
0.29) rather than simply randomizing spindle orientations.

Discussion

In this study, we present a unique approach to analyze spindle
orientation in 3D. Spindle orientation is usually measured relative
to a reference plane, but in real biological samples the surfaces
that serve as reference are uneven and curved. Because the exact
choice of the reference plane has a strong influence on angle
measurement, we determine the accuracy of measurements by
calculating the variance of both the reference plane and the
angle. We demonstrate that 2D analysis of spindle orientation
leads to systematic errors because out-of-plane rotations of the
spindle axis relative to the sectioning plane result in incorrect
assignments of spindle orientation angles. We show that 2D analysis
can lead to incorrect mechanistic conclusions because random
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spindle distributions differ significantly when measured in 2D or
3D. Surprisingly, we demonstrate that random spindle orienta-
tion does not result in equal probabilities for any spindle ori-
entation. In fact, only about 13% of the spindle angles are
between 60° to 90°, whereas about 50% of all angles are in the
range between 0° through 30° relative to the reference surface
when mitotic spindles are randomly distributed in 3D. The devi-
ations from the real probabilities are strongest for horizontal
and vertical spindle orientations, leading to underestimation and
overestimation, respectively (Table S2). Most importantly, these
deviations can lead to wrong conclusions about whether spindle
positions are randomized or actively oriented, which is a pre-
requisite for identifying active spindle localization processes.

Currently, data for spindle orientation are typically represented
as the percentage of cells that fall within particular intervals.
We describe an alternative way that uses two parameters to quantify
horizontal and vertical enrichment, A;, and A,. For a random spindle
orientation, both of these values are zero. Positive values for
each of them can be interpreted as forces acting to orient the mi-
totic spindle in parallel or perpendicularly to the reference plane.

We demonstrate the usefulness of our model by investigating
the role of mInsc in spindle orientation during mouse neuro-
genesis. It has been proposed that lateral localization of LGN
recruits NuMA to establish a preferentially horizontal orien-
tation of the mitotic spindle. In this model, mInsc titrates the
NuMA binding sites on LGN and thereby inhibits the machinery
for horizontal spindle orientation to increase the frequency of
oblique spindles (24, 25). Once all binding sites on LGN are
occupied by mlnsc, spindle orientation should be random. In
support of this hypothesis, horizontal mitotic spindles are enriched
during the early stages of neurogenesis when mInsc expression
is low (28). More importantly, the enrichment of horizontally
oriented mitotic spindles persists during the later neurogenic
stages of neurogenesis in mInsc knock-out mice, whereas it is
less pronounced in wild-type mice.

However, our analysis indicates that overexpression of mlnsc
leads to an enrichment of vertical spindle orientations and not only
to a decrease of horizontal orientations. Whereas the horizontal
enrichment parameter A, becomes zero, the vertical enrichment
parameter A, significantly increases (i.e., the fraction of oblique and
vertical spindle orientations is higher than what would be expected
for a random distribution). Hence, mInsc not only blocks NuMA
binding sites on LGN but, in addition, provides instructive cues for
more vertical spindle orientation. Thus, our analysis method allows
interpreting biological data in a mechanistically meaningful manner.

In apical progenitors, the instructive role of mlnsc for vertical
orientations might only come into play once all binding sites of
LGN are saturated. It is possible that under physiological conditions
mlnsc does not reach this expression level during mouse neuro-
genesis, and the amount of asymmetric divisions achieved by low-
ering Ay, is sufficient for proper development. The situation might
be different in other tissues: A bimodal distribution of spindle
angles has been observed in the developing mouse skin (29),
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Fig. 4. Modeling of horizontal (A) and vertical (B) enrichment. Cumulative
distributions of spindle orientation angles modeled with different A.
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Fig. 5. minsc can promote an enrichment of vertical spindle orientations. Cumulative distributions of spindle orientation angles determined from mitotic
radial glial cells at E13.5. (A) Wild-type cells exhibit horizontal enrichment of spindle orientations. (B) minsc knock-out leads to an increased enrichment of
horizontal angles compared with wild type. (C) Expression of a conditional knock-in minsc causes vertical enrichment of spindle angles. The blue line indicates

the random distribution; the 95% confidence interval is shaded in pink. Data were obtained from ref. 15.

indicative of two separate, active mechanisms. mInsc might cause
vertical spindle orientations while NuMA-LGN interactions are ac-
tive as well.

Taken together, our mathematical modeling of different bi-
ological phenotypes allowed us to quantify horizontal (mInsc
knock-out) and vertical (mInsc knock-in) enrichment and to
distinguish active from random (PP4c knock-down) spindle ori-
entation mechanisms.

In addition to helping the mechanistic interpretation of ex-
perimental data, our modeling approach allows the transfer of
concepts from statistical mechanics and information theory to
problems in spindle orientation analysis. For a given condition,
the parameters A, and A, describe the “macrostate” of spindle
orientation that corresponds to the set of all individual mitotic
spindle orientations (“microstate”). This situation has an analogy
in statistical thermodynamics where the temperature (macrostate)
relates to the stochastic kinetics of microscopic particles (microstate)
in a similar manner. The analogy can be taken further and even
extended to differential entropy: In information theory the differ-
ential entropy /4 of a given probability density function is defined as

text, our model allows us to mathematically quantify the emer-
gence of positional order in the developing mammalian brain.

Materials and Methods

Calculation of the Spindle Orientation Angle. The angle ¢ between the vector ¢
connecting the centrosomes (C;, C,) and the normal vector n of the best-fitting
plane (Supporting Information) is calculated using the scalar product

¢ = arccosi [11

llelllin(l

The angle ¢ describes the orientation of the cleavage plane, which is or-
thogonal to the spindle axis. The angle a of spindle orientation is calculated
as a = 90° — ¢.

To estimate the variability of the best-fitting plane, we repeat the analysis
taking all possible combinations of only four out of the five points within the
reference surface (i.e., we calculate n normal vectors n;...n, of best-fitting
planes using all n combinations of points). We follow the definitions used in
ref. 32 and determine the circular variance V of n;...n,

1 n
v=1—H72n,-
ni=1

59
h=— /p(x)lnp(x)dx. and the angular SD s=v/2V (for small V).
. To estimate the potential effect of the unevenness of the reference surface
—00

Applying & to the multivariate normal distribution N (0,K) with
zero means 0 and the (diagonal) covariance matrix K, we get as
shown in refs. 30 and 31

h(N(0,K)) = %m ((2ne)3detK)

and we can express 4 as a function of A;, and A, (for simplicity, we
ignore the fact that the normal distributions are “wrapped” around
a unit sphere)
h=tIn (2re)’62626%) = — 24, — A +11n(2 e)’
=3 me) o, 0,07 | = v =M+ In(27e)”.
Therefore, the entropy difference Ak of any distribution com-
pared with the random distribution (1, = 4, = 0) is

Ah=— (2/1V +/1h),

This equation quantifies the decrease of entropy that is caused
by active spindle orientation and, hence, the gain of order in the
system. It is tempting to speculate that this increase of order inside
the cell physically manifests itself in the developing biological
structures arising from oriented cell divisions. In a broader con-
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on spindle angle determination, we take each of the n normal vectors n,...n,
and calculate ¢...¢, according to Eq. 1. We transform the angles ¢; to unit

vectors in a 2D plane by
r = Cos ¢;
"7\ sing;

and use r; to determine the circular variance V and the angular SD s of the
spindle angles.

Systematic Errors in 2D Analyses Owing to Out-of-Plane Rotation. We define
the deviation ¢ between the apparent angle o’ and the true angle « of spindle
orientation as € = a’ — a. Under ideal conditions, the vector ¢ connecting the
two centrosomes is exactly parallel to the tissue sectioning plane (i.e., ¢, = 0),
and the angle a of spindle orientation is given by

Cz

a=a'=arctan—.

X
If the vector connecting the two centrosomes is not exactly parallel but
rotated around the x axis by & degrees out of the sectioning plane (c, = 0),
the resulting vector ¢’ is given by

1 0 0 Cx Cx
¢=|0 cos¢ —siné | | ¢ |=|—¢Csiné |.
0 siné cosé C; C;COSE
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Hence, the apparent angle of spindle orientation «’ using 2D analysis is

’

[« C, COs sina cos
o' =arctan—=arctan = € arctan ¢
& x cosa

leading to a systematic underestimation of the angle (¢'< a, Fig. 2B).

If the vector connecting the two centrosomes is rotated around the z axis
by ¢ degrees out of the sectioning plane (¢, = 0), the resulting vector ¢’ is given
by

cos{ -sin{ 0 Cx CxCos¢
c¢=|sin{ cos¢ O ¢ | = &«sing
0 0 1 C; C;

Hence, the apparent angle of spindle orientation a’ using 2D analysis is

. G sina
a' =arctan =arctan ,
Cx COS ¢ cosacos(

leading to a systematic overestimation of the angle (¢’ > «, Fig. 2Q).

Determination of the Random Distribution of Spindle Orientations in 3D. The
probability of any spindle orientation angle is proportional to the sphere
surface area at this angle. The circumference C of a sphere (with a radius of 1)
at an angle a from its equator is C=2zcosa. Hence, the surface area A,
between the angles -y and y (with 0° <y < 90°) is

74
A, = / 2z cosada=4rnsiny
*.ll/

and the fraction f,, of the area within -y and y (A,) to the total surface area
of the sphere (Agp- = 4r) is

Arsiny .
f, = T:sm y.
If spindles are statistically distributed, the probability P (or fraction) of
spindle orientation angles falling into the range between y4 and y, (0° <
w1 < w2 <90°) is P=f,, — f,, =siny, — siny;.
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Modeling of Spindle Orientation Distribution as Deviation from Random
Distribution. Let AV(0,K) define a multivariate normal distribution with
zero means 0 and unity covariance matrix K

=0 =1 0 0
0=(u=0| K= 0 oz=1 0
#z=0 0 0 o2=1

Let the vector z ~ A/(0,K) have three independent, (u = 0, %= 1)-normally
distributed components z,, z,, z,. By normalizing z we get a vector ¢ = /|||
with the components ¢, ¢,, ¢, that is randomly distributed on a unit sphere
(33) and that represents a randomly oriented spindle axis.

By decreasing the SD o, of the (0, nzz)—normally distributed component of
z we obtain models of horizontal enrichment. We introduce the parameter
M = —In 6, to quantify the extent of horizontal enrichment (A, > 0) relative
to the random distribution (A, = 0, Fig. 4A).

Models of vertical enrichment can analogously be obtained by decreasing
the SDs o, and ¢,. Because we exclude effects of planar cell polarity on
spindle orientation in our models, we can assume rotational symmetry
around the z axis and therefore o, = 6,. We introduce the parameter A, =-In
ox = -In ¢, to quantify the extent of vertical enrichment (2, > 0) relative to
the random distribution (A, = 0, Fig. 4B).

Interestingly, increasing o, instead of decreasing o, and o, results in
identical distributions (if A, = —A,). Hence, both parameters could be used to
describe the same distribution. To unambiguously distinguish horizontal and
vertical enrichment, however, we restrict our modeling parameters to A, > 0 for
horizontal and X, > 0 for vertical enrichment.
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