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When whorls collide: the development of hair patterns in

frizzled 6 mutant mice

Yanshu Wang'#, Hao Chang'* and Jeremy Nathans'-234*

SUMMARY

Surface appendages such as bristles, feathers and hairs exhibit both long- and short-range order. In the frizzled 6 null (Fz6™")
mouse the orientations of the earliest born hair follicles are uncorrelated, but over time the follicles reorient to create patterns
that are characterized by a high degree of local order. By quantifying follicle orientations over time, in both living and fixed
tissues, we define the time course of local hair follicle refinement and the resulting evolution of a montage of competing
patterns in Fz67 skin. We observe an apparently local process that within one week can organize a field of many tens of
thousands of follicles, generating long-range order that extends over distances of more than one centimeter. Physical systems
that undergo an analogous ordering of vector components suggest potential mechanisms that might apply to the patterning of

hair follicles and related biological structures.
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INTRODUCTION

Macroscopic patterns based on the locations, sizes, shapes and
orientations of surface structures are ubiquitous in the animal
kingdom. Examples of patterned surface structures include
cuticular plates and bristles in invertebrates, and feathers, hairs,
scales and dermatoglyphs (fingerprints) in vertebrates. For
structures that are densely distributed over the body surface, there
is generally a precise relationship between the orientations of the
structures and the body axes, as well as a correlation between the
orientations of adjacent structures. The phenomenon of spatial
order within a two-dimensional array of biological structures is
referred to as tissue or planar cell polarity (PCP).

The developmental mechanisms responsible for generating
surface order have been an object of study for more than half a
century. Classic experiments in which a small region of insect
cuticle was rotated revealed a response that minimizes the local
discontinuity in bristle orientation by rotating nearby bristles
(Wigglesworth, 1940; Locke, 1959; Lawrence, 1966). More
recently, genetic analyses in Drosophila have revealed two
signaling systems — one mediated by the fat (ff) and dachsous (ds)
genes, and the second mediated by the frizzled (fz), starry night
[stan; also known as flamingo (fimi)] and Van Gogh (Vang) genes —
that control the orientation of cuticular structures (Lawrence et al.,
2007; Simons and Mlodzik, 2008; Axelrod, 2009). Homologs of
these genes are present in vertebrates and are required for a wide
variety of polarized morphological processes, including axon
guidance in the brain and spinal cord, neural tube closure,
motoneuron migration in the hindbrain, and the orientation of inner
ear sensory neurons, motile cilia, hair follicles and cell division
axes (Kibar et al., 2001; Murdoch et al., 2001; Wang et al., 2002;
Wang et al., 2006a; Wang et al., 2006b; Wang et al., 2006¢; Curtin
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et al., 2003; Lyuksyutova et al., 2003; Montcouquiol et al., 2003;
Guo et al., 2004; Tissir et al., 2005; Saburi et al., 2008; Zhou et al.,
2008; Qu et al., 2010; Song et al., 2010; Tissir et al., 2010).

In mammals, null mutations in frizzled 6 (Fz6, Fzd6) or Celsrl
(a stan homolog) produce a phenotype in utero of hair follicle
orientations that appear to be randomized (Wang et al., 2006a;
Ravni et al., 2009). However, during the first postnatal week, the
follicles reorient, resulting in the development of large-scale
patterns (Guo et al., 2004; Wang et al., 2006a; Ravni et al., 2009).
During the same time window, an analogous, but more subtle,
reorientation of follicles occurs in wild-type (WT) mice, leading to
greater uniformity in follicle orientations (Wang et al., 2006a).
These observations imply the existence of two temporally and
mechanistically distinct follicle alignment processes. The first
process acts early, is dependent on Fz6 and Celsrl, and in the WT
produces a field in which the follicle vectors are roughly aligned to
the body axes. The second process acts later, is independent of Fz6
and Celsrl, and refines follicle orientations in a manner that
minimizes local differences in orientation. The second process
appears to be the mammalian analog of the bristle realignment
program revealed by the insect cuticle rotation experiments noted
above.

The present paper focuses on the spatial and temporal dynamics
of the hair follicle reorientation process. Our analysis of follicle
orientations in Fz67~ mice during late gestation and the first
postnatal week, in both living and fixed tissues, reveals an
apparently local alignment process that generates macroscopic
patterns de novo. These patterns compete with each other, expand
over time, and eventually generate long-range order over distances
of more than one centimeter.

MATERIALS AND METHODS

Mouse lines and husbandry

The Fz67, VangI2"”"" and K17-GFP lines were maintained and genotyped
as previously described (Wang et al., 2006a; Wang et al., 2006b).

Preparation and imaging of mouse skin flat mounts

To visualize follicles using K17-GFP (before P0), skins were dissected and
fixed as described below for postnatal skins, and then imaged on a Zeiss
510 confocal microscope. To visualize follicles using the endogenous
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melanin pigment (after P0), the dorsal skin was dissected free of underlying
connective tissue, flattened by fixing its cut edges to a flat Sylguard surface
with insect pins, fixed overnight in 4% paraformaldehyde in PBS,
dehydrated through a graded alcohol series, and then transferred to a glass
dish for clarification in benzyl benzoate:benzyl alcohol (BBBA). For long-
term storage, skins were placed in ethanol at —20°C. Two imaging methods
were used. Low-resolution images were obtained by scanning each BBBA-
clarified skin on a flatbed scanner at 12,800 dpi. Although flatbed scanning
can produce high-resolution images of thin objects, such as photographic
negatives, this method produces images of mouse skin with a resolution
that is only about half the diameter of a hair follicle. Higher resolution
images were obtained with a Zeiss dissecting microscope. For each skin, a
montage of the head and back was manually assembled from ~30 grayscale
images.

Imaging hair follicles in living mice

Early postnatal mice were immobilized without anesthesia by placing
them ventral side down on a Petri plate and taping three limbs to the
surface. The fourth limb was taped to a gently sloping wedge (to
compensate for the proximal-to-distal narrowing of the paw), and
covered with glycerol to clarify the superficial layers of skin and convert
the optically rough surface into a relatively smooth glycerol-air
interface. Images were collected on a Zeiss fluorescence dissecting
microscope, and the follicle angles were scored by manually adjusting
overlaid arrows in Adobe Photoshop.

Measuring interfollicle angular differences

Sixty-three evenly spaced vectors arranged in a rectilinear 6X9 grid
(encompassing an area of 2X2.5 mm) were overlaid on each flat-mount
skin image in Adobe Illustrator. The 6X9 grid spacing closely
approximates the spatial density of the subset of most mature follicles for
which the orientations can be scored at PO. Each vector was then moved
to the location of the closest scorable follicle and manually rotated to
match the orientation of the shaft of that follicle. To maintain a constant
spatial scale of vector comparisons across skin samples, the same 6X9
grid was used to score skin images across all ages examined, even though
(1) the number of mature follicles rapidly increases with age so that for
progressively older skins the 63 vectors sample a progressively smaller
fraction of the scorable follicles within the grid area, and (2) the early
postnatal mice are growing rapidly so that the constant grid size
represents a progressively smaller fraction of the body surface area with
age. For each grid of 63 vectors, the angular differences between all pairs
of nearest-neighbor vectors were calculated.

Fig. 1. Hair follicle orientations on the back and
on the dorsal surface of the feet in late
embryonic and neonatal wild-type, Fz67~ and
Vangl2'PP mice. Follicles in z-stacked confocal
images of skin flat-mounts are visualized by the
fluorescence of a K77-GFP transgene (green).

(A-l) Images of back skin are oriented with anterior
to the left and posterior to the right, as indicated in
E. Red arrows in B and D indicate follicle
orientations for the guard hairs in the wild-type
(WT) and Fz6™~ images A and C. (J-L) Images of
dorsal foot skin are oriented with proximal to the
left and distal to the right. Scale bars: 400 um in
A-l; 100 um in J-L.

dorsal foot

Visualizing large-scale hair patterns

A standard, rectilinear 20X44 grid of evenly spaced vectors was overlaid
on the skin montage and each vector was manually rotated to match the
orientations of the follicles in its immediate neighborhood. Singularities
(crosses or whorls) were scored by visual inspection.

RESULTS

Local refinement of hair follicle orientations in
early postnatal development

Previous work identified multiple phenotypes in mouse embryos
homozygous for the Looptail (Lp) allele of the PCP gene van gogh-
like 2 (Vangl2), including an open neural tube and misorientation
of inner ear sensory neurons. To visualize and compare hair follicle
phenotypes in late gestation WT, Fz67~ and Vangl2""™? fetuses, we
used a keratin 17-green fluorescent protein (K17-GFP) transgene
to visualize follicle orientations in flat-mounts of skin between
embryonic day (E) 16 and E18 (Fig. 1A-F). We observed a sparse
population of early developing guard hair follicles on the back that
have roughly parallel orientations in WT fetuses, uncorrelated
orientations in Fz6~~ fetuses, and orientations that are roughly
perpendicular to the skin surface in Vangl2"”? fetuses. These
observations are consistent with previous analyses of transverse
sections through Vangl2"”" skin (Devenport and Fuchs, 2008); the
same study also reported perpendicularly oriented prenatal follicles
in mice homozygous for the Crsh allele of Celsrl. The distinctive
patterns of WT, Fz6~~ and Vangl2""""? follicle orientations were
seen at postnatal day (P) 0 on the back and on the dorsal surface of
the feet (Fig. 1G-L). The failure of Vangl2"*'? follicles to orient
within the plane of the skin does not appear to be a consequence of
the mild growth retardation that characterizes these fetuses, as
Vangl2"""' follicles at E18 and PO, which are similar in size to WT
and Fz6~~ follicles at E16, remained oriented perpendicular to the
skin surface (compare Fig. 1A,C,E]).

These observations suggest that there are at least two different
classes or severities of follicle misorientation associated with
defects in PCP signaling: follicle orientations that are (1)
uncorrelated and oblique to the skin surface (Fz6” and CelsrI ™)
(Ravni et al., 2009) or (2) vertically oriented (CelsrI¢*""s" and
VangI2"?''?). If we suppose that the CelsrI“*" and Vangi2™



Hair patterning in mice

RESEARCH ARTICLE 4093

A A Fig. 2. Progressive decrease in orientation
A Fz6 - (WT) Fz6 9. 2. Prog ase in orlentation
— = = differences between neighboring follicles in
R DRENNPL RS It postnatal Fz6*~ (WT) and Fz67~ mouse back skin.
. :‘ - =_ 7|30 Ly :“ L2 30 (A) At the indicated ages, 2.0 mmX2.5 mm regions
- * - A . .
PO - Lt team 20 e e e ' 20 were scored for the orientations of a sample of 63
ot “‘ S~ |10 . - e N T follicles that were closest to the points of a 7x9 grid.
N AR : “ ~ = | o ® .“: N - 0—““"“" " For each image, the vector maplshows the orientations
"t -] 40 e . ] 40 of the shafts of the sampled follicles. For each vector
P RTare N S e E e map, the difference in orientation between each
P1l- e 30 I 301 sampled follicle and the four sampled follicles located
oA 2 NN immediately above, below, left and right is plotted on
SN I [ SAS ey | 104 the adjacent histograms. Vector maps for PO-P4 skins
R B Vowm A e olljlplnlﬂll.mh.u are oriented with anterior to the left and posterior to
.. afiy 44 | 40 o oen o=t | 4D the right. (B) P5 Fz6™ vector maps (top) and
A T R T corresponding skin flat-mount images (bottom) are
o T Ay ,,4;’{4,\»: . . .
P2l-z222..°.% 20 re e | 20 oriented anterior up and posterior down. All vector
e e . 10 Ay ey~ 10 maps are shown at the same scale. Scale bars: 500 um.
oA A ow AT L AR g B E
MEAE AP A 0 e Ty =t O'ILHF'II'I"I'
wrwwwt | 40 T one = - 404
o R i -'n“::‘r'
e A 304 AT 30-
P3r,'rgr;», 20 :‘v'~~rwp 204
X o T Ao AT a Sy
A BT IR MM T
L A A 0 LR Tl TN, ) Oih.ll Il']
JE . - At bare 401 number of
ToleTIIoT a0 ST 0w 1| 30{=nearest
P4| .- ------| 20 «t 4wy 7 r.-|20] neighbor
e NP SRR pairs
LR I R 10 :\a\"’\" 10+
- e X re a7 0 R L B A 0
0 90 180 0 90 180

angular difference between pairs of nearest neighbor vectors

Fz6

404 number of
304 = nearest
neighbor
pairs

0

fl ™
4 "\ "hiﬂ'
\\i\u t\\gét“;
RN b2
\.‘T“‘{."\\&‘l

missense alleles (Kibar et al., 2001; Murdoch et al., 2001; Curtin
et al., 2003) confer a more severe phenotype because they code for
dominant-negative proteins, then one interpretation of the diversity
of follicle orientation phenotypes is that the vertical phenotype
corresponds to a complete loss of Fz or Celsr function, whereas the
uncorrelated and oblique phenotype corresponds to a partial loss of
Fz or Celsr function. If correct, this hypothesis implies partial
redundancy of Fz6 and Celsrl with other Fz and Celsr family
members, respectively.

In a previous study, we described a progressive refinement of
hair follicle orientations during early postnatal development (Wang
et al., 2006a), and we inferred, but did not quantify, the age-

90 180

dependent decrease in the differential orientations of neighboring
follicles. In Fig. 2, we quantify this parameter. At daily intervals,
WT and Fz6~ back skins were flat mounted, 63 follicles from the
center of the back were sampled using the vertices of a 7X9
rectangular grid (encompassing an area of 2.0X2.5 mm), and the
follicle orientations measured. The histograms show differences
between follicle angles for all pairwise comparisons of adjacent
grid points. As shown in Fig. 2A, at younger ages, the follicles that
are mature enough to permit an accurate measurement of their
orientations are often some distance from the nearest grid points;
thus, the distances between scored follicles is more variable at this
time point. In Fig. 2B, two regions of Fz6~~ skin at P5 are shown
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to illustrate the degree of nearest-neighbor alignment in regions that
are either centered on, or distant from, a whorl (the left and right
panels, respectively). Fig. 2 shows that both WT and Fz6” skin
exhibit a progressive narrowing of angular differences between
nearby follicles during the first postnatal week.

Live imaging of hair follicle reorientation

Our previous analyses of hair follicle orientation in Fz6 /" mice
relied on longitudinal comparisons between different mice, with
images collected post-mortem from intact mice or dissected skin
(Guo et al., 2004; Wang et al., 2006a). Ideally, one would image
the same follicles over time in a living mouse. However, live
imaging of skin faces a series of technical challenges including: (1)
immobilizing the region to be imaged without distorting the skin
and (2) imaging inside the skin at optical wavelengths. We have
attempted to solve these problems by imaging the feet of
unanesthetized postnatal mice. The dorsal surface of the foot
appears to be the most favorable site for live imaging of hair

Fig. 3. Live imaging of Fz67;K17-GFP
follicles on the mouse dorsal foot between
P3 and P7. (A) Vector maps with ten
representative follicles highlighted and
numbered. Proximal (P) is to the left and distal
(D) is to the right. (B) Polar plot of the
orientations of the numbered follicles. Follicles
1-4, 8 and 10 were too immature and/or not
sufficiently angled with respect to the skin
surface to score at P3; this time point is
represented by the central circle on the polar
plot. (C) Live foot at P7 showing K17-GFP
fluorescence in follicles. This image
corresponds to the adjacent P7 vector map.
Scale bar: 500 um.
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follicles because the foot can be secured to a fixed surface so that
it is not subject to movement artifacts, and because, in contrast to
the skin on the head and torso, the skin on the foot is relatively taut
in early postnatal life. We also found that it is possible to
simultaneously increase the optical clarity of the skin and create a
relatively smooth air-tissue surface by applying a few drops of
100% glycerol, a method that is simple and non-toxic. To improve
the visualization of individual follicles we worked with black
Fz67:K17-GFP mice, so that each hair shaft is seen as a black line
within a fluorescent follicle (Fig. 3C).

Images were collected daily from three Fz6~~;K17-GFP mice
between P3 and P7, and individual follicle orientations were
measured and represented as vectors (Fig. 3 and see Figs S1 and
S2 in the supplementary material). At P3, only a small minority of
follicles is sufficiently mature that their orientations can be reliably
scored with the live-imaging protocol outlined above. By contrast,
imaging of fixed and dissected K/7-GFP skin using confocal
microscopy permits the orientations of less mature follicles to be
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scored (Fig. 1J,K). Fig. 3 shows that between P3 and P7, follicle
orientations on the Fz6~~ foot change by as much as 90°, with the
majority of follicles showing changes between 0 and 45°. For most
follicles, changes in orientation over the 4-day period of
observation proceeded monotonically (Fig. 3B). By P7, the central
whorl on each foot, which is a characteristic of all Fz6” mice, was
readily apparent (Fig. 3A,C).

Follicle bending near the center of a whorl

In previous work, we noted that Fz67 hair follicles show, on
average, more bending than their WT counterparts (Wang et al.,
2006a). The bending could arise from a differential mobility of the
follicle shaft, which is the region closest to the epidermis, versus
the follicle bulb, which is the region furthest from the epidermis.
As the invagination point of each follicle at the epidermis appears
to be fixed in a regular lattice at the start of follicle development
(Sick et al., 2006), any movement of the follicle shaft must consist
of a rotation about the point of epidermal insertion. Since the
orientation of the hair shaft beyond the skin surface matches the
orientation of the follicle shaft rather than that of the follicle bulb,
it follows that the reorientation of the shaft is the critical parameter
in determining the hair pattern.

Fig. 4 illustrates an extreme example of the differential
orientations of follicle bulbs and shafts. For this example, we have
chosen a whorl from the P8 Fz67", VangI2"""* back skin shown in
Fig. 6 (Fz67~ and Fz6~", Vangl2""" mice show very similar hair
patterning phenotypes). Fig. 4A shows the center of a whorl at
three focal planes: near the base of the dermis, at the level of the
follicle bulbs; in the center of the dermis, at the midpoint of the
follicle shafts; and at the epidermal surface, where the hair emerges
from the skin. For a subset of follicles in the images reproduced on
the right-hand side of Fig. 4A, the orientations of the bulb and the
shaft are delineated by red and green arrows, respectively. It is
apparent that many follicles near the center of the whorl have a
very pronounced bend. A sample of 60 follicles near the center of
the whorl had an average bulb versus shaft difference of ~140°
(Fig. 4B). By contrast, for a sample of 60 follicles far from the
whorl, the average bulb versus shaft difference was ~20°. We note
that if each Fz6~ follicle were to reorient by the most efficient
path from its initial orientation (which appears to be approximately
random) to its final orientation, then the mean rotation would be
~90°, with a range of 0-180°. If the angular difference between
bulb and shaft reflects the extent of rotation of each follicle — as
would be the case if, for example, the shaft rotated to the full extent
required to create the hair pattern while the bulb rotated less — then
the comparison in Fig. 4 suggests that follicles near the center of a
whorl reorient more than the average follicle. These considerations
suggest that the follicles near the center of the whorl in Fig. 4 might
have rotated, on average, more than 90°, perhaps because
interactions between neighboring follicles produced an ever tighter
spiraling of vector orientations towards the center of the whorl.

Large-scale individual-specific hair patterns in
Fz67~ mice

A striking feature of the Fz67 phenotype is the interindividual
variability in the hair patterns on the head and back (Guo et al.,
2004). To systematically assess this variability, we constructed
‘vector maps’ of Fz6” skins between P5 and P8 by aligning the
orientations of vectors located at the vertices of a grid, so that each
vector matches the average local follicle orientation (Fig. 5). Prior to
PS5, large variations in the orientations of neighboring follicles make
it difficult to assess the average orientation (Fig. 2).

B 20 20
o 164 folliclesfarfroma | ;4| follicles ina whorl
(S whorl or cross |, (above)
g 0
ik 8
E= 4 4
geo I|||..r , ol a1
180 0 60 120 180

angular d|fference between bulb and shaft

Fig. 4. Bending of hair follicles near the center of a whorl. The
whorl is from the back of the P8 Fz67Vangl2*"* mouse skin shown in
Fig. 6. (A) The center of the whorl is shown at three focal planes: the
plane deepest within the dermis (base) shows the follicle bulbs and the
plane at the epidermal surface (surface) shows the shafts as they
emerge from the skin. The same three panels are reproduced on the
right with the vectors for bulb (red) and shaft (green) orientations
shown for 14 follicles. (B) Histograms showing bulb versus shaft angle
differences for follicles from the whorl shown in A (right), and from a
region of the same skin located far from a whorl or cross (left). Scale
bar: 100 um.

As expected, the vector map of a WT mouse at P5 shows a
nearly parallel arrangement of follicles oriented from nose to tail
(Fig. 5, upper left). Small deviations from this pattern occur around
the ears and in the center of the head, where follicles at the anterior
diverge from the midline and follicles at the posterior converge
towards the midline. Despite their interindividual diversity,
different Fz67 (and Fz6~; Vangl2*'") vector maps at P6, P7 and
P8 exhibit a number of common attributes (Figs 5 and 6). First,
near the midline, territories of vectors spanning ~20% of the
anterior-posterior (A-P) body length are arranged in alternating
patterns, such that territories characterized by A-to-P vector
orientations alternate with territories characterized by P-to-A vector
orientations. Careful inspection of the individual vector maps in
Fig. 5 reveals that both P7 skins have five such territories; arrows
to the left of the P7 vector maps show the polarities and A-P
locations of these territories. Second, points of extreme
discontinuity in follicle orientation — referred to hereafter as
‘singularities’ — show limited variety, as described below.
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Fig. 5. Global patterns of follicle orientation

in WT and Fz67 mouse back skin at P5-P7.
Vector maps were constructed by sampling

average follicle orientations at each point on the

vector grid. For each skin, anterior is at the

locations of the eyes, and the two round openings

mark the locations of the ears. Images are shown
for three singularities (A-C), corresponding to the

bottom. The two narrow openings mark the

boxed regions in the adjacent vector map. For the
two P7 vector maps, the large arrows to the left

represent the anterior-posterior locations and
alternating polarities of the five territories of

roughly parallel follicles. Scale bar: 2 um.
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By P8, Fz6” hair patterning appears to be
that follicle angles closely conformed to the surrounding pattern,

earlier. At this age, the spatial scale of the precisely ordered vector
field extended from less than 100 um to greater than 1 cm (Fig. 6).
mice has predicted a ‘competition’ between adjacent regions, with
the progressive incorporation of less organized vector fields into

with little evidence of the uncorrelated orientations present 1 week
Computer modeling of the follicle refinement process in Fz67~

minimal, then the singularity will look like the example shown in

(Fig. 5B and Fig. 6B-E). If the circumferential component is
Fig. 5C.

Progressive loss of singu

thereby

The second general class of singularity arises from a radially

follicles at the border are aligned similarly but are roughly
converging or diverging vector field. If there is also a

Where two territories with opposing follicle orientations meet, the
follicles from both territories progressively reorient so that
perpendicular to those within the center of each territory,

eliminating sharp discontinuities in the vector field (Fig. 6A). In
many cases, this pattern proceeds in one direction over part of the
border and then in the reverse direction over the remainder of the
border (Fig. 5A; Fig. 6A,F-I). The result is a singularity in the
circumferential component, then the singularity develops as a whorl

Singularities: crosses and whorls

form of a cross.
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Fig. 6. Short- and long-range order in a
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the patterns embodied in better-organized fields (Wang et al., DISCUSSION

2006a). To test this prediction, we measured the number of = The observations and analyses described here define the time
distinct pattern elements by counting the singularities (crosses  course of local hair follicle refinement and the resulting
and whorls) in a set of ten Fz67~ skins between P5 and P8 (Fig.  evolution of the montage of competing patterns in Fz6~~ mice.
7). In keeping with the prediction of the model, the number of ~ The long range and high precision of Fz6” follicle patterns are
singularities declined progressively, at a rate of about two per day ~ remarkable given how rapidly they develop: at P2, the follicles
(Fig. 7). By the method of least squares, the straight line of best  on the back exhibit little or no local order, whereas 5 days later
fit to the data plotted in Fig. 7 yields a slope of —1.90 singularities  they have organized into a complex pattern with nearly
per day, with a P-value of 0.0075 relative to the null hypothesis  crystalline precision. This reorganization is all the more striking
of zero slope. The 95% confidence interval places the slope  because it involves the movement of thousands of large
between —0.67 and —3.14. multicellular structures.

< Cross
o whorl
P5 —

Fig. 7. Progressive decrease in the number of singularities
with age in Fz67 mouse back skin. The locations of
singularities (crosses and whorls) are shown for ten back skins.
The number of singularities per back skin is plotted as a function
of age.
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Fig. 8. Physical model of mutual repulsion as a follicle alignment
mechanism. Electrically conducting (e.g. copper) rods are suspended
from a conducting plate by ball-and-socket joints; the figure shows only
one row from the two-dimensional array. (A) In the initial configuration,
the rods are randomly oriented. (B) Electrifying the system aligns the
rods because this configuration minimizes electrostatic repulsion
between neighbors.

Relationship to the local alignment of insect
surface structures

The follicle reorientation phenomena described here bear a
striking resemblance to the local reorientation of bristles in
insects following surgical manipulations of the cuticle (Locke et
al., 1959; Lawrence, 1966). They also resemble, in their final
appearance, the globally misaligned, but locally aligned, wing
and thoracic hairs seen in typical PCP mutants in Drosophila.
The dichotomy between the local alignment and the global
misalignment that produce whorl or whorl-like patterns led
Wong and Adler (Wong and Adler, 1993) to explicitly suggest
the existence of distinct local and global orienting systems.
Candidate components of the local system in Drosophila include
the septate junction proteins Gliotactin and Coracle (Venema et
al., 2004). Mutations in the corresponding genes (G/i and cora)
disrupt wing hair alignment in a manner that is independent of,
and additive with, the patterning defects caused by fz mutations.
Moreover, the types of hair misorientations seen in G/i and cora
mutants are distinct from those seen in PCP mutants in that local
parallelism is disrupted in G/i and cora mutants with little or no
mispatterning on a larger scale. The CelsrI”~ and Fz6~ hair
follicle phenotypes conform to the general hypothesis set out by
Wong and Adler, in that mutation of either gene impairs only the
early-acting global orientation system but does not affect the
later-acting local alignment system (Guo et al., 2004; Wang et
al., 2006a; Ravni et al., 2009). How the further division of the
global (i.e. PCP) mechanism into separate stan/fz/Vang and ds/ft
pathways relates to the global/local dichotomy is not clear.

The local refinement program for hair follicles
At present the cell biological basis of local hair follicle
alignment is unknown. A critical constraint for any alignment
mechanism is the absence of direct contact between follicles:
each follicle is separated from its neighbors by an intervening
layer of dermis.

As one approach to evaluating potential mechanisms of follicle
alignment, it might be useful to consider analogous physical systems.
For example, one could model the alignment process with a two-

dimensional array of rods joined by ball-and socket joints to the
underside of a horizontal plate (Fig. 8A; only one dimension is
shown here). To model the Fz6~ phenotype, we suppose that the
initial orientation of each rod is randomized, and we then ask
whether there is a physical method for aligning the rods. One
method, which requires that the entire system be electrically
conducting, simply involves electrifying the apparatus (Fig. 8B). If
we ignore effects at the edges of the array, then it follows by
symmetry that mutual repulsion among the rods produces a
minimum energy state in which all rods are perpendicular to the
horizontal plate. A more sophisticated version of this model could
incorporate the constraint that hair follicles are not generally oriented
at right angles to the epidermis. In this case, the angle between each
rod and the horizontal plate would be fixed, permitting only free
rotation about an axis perpendicular to the plate.

The physical model described above suggests that the
realignment mechanism might be based on repulsion between
neighboring follicles. Such a mechanism would be inherently local
and would promote follicle alignment at all locations within the
global pattern. How might mutual repulsion among spatially
separated follicles occur? One class of possible mechanisms — by
analogy to the mechanism that produces the regularly spaced arrays
of hair follicle buds within the epidermis (Sick et al., 2006) —
would rely on the production by each follicle of a chemical
concentration gradient that repels its neighbors. The principal
challenges with such a scenario are to devise a mechanism that (1)
allows each follicle to sense the repellent produced by its neighbors
without desensitization from its own repellant, and (2) moves each
follicle in a directional manner, i.e. away from the repellent. A
completely different biological mechanism that also embodies the
repulsion concept consists of a process by which each follicle
organizes the surrounding dermal cells and/or extracellular matrix
so that the effective diameter of the follicle (i.e. its zone of
exclusion for neighboring follicles) increases with time.

Models involving attraction rather than repulsion are also
possible. For example, if the space between follicles is uniformly
filled with a diffusible chemoattractant that is inactivated or taken
up when it encounters a follicle, then each follicle will tend to
reorient toward the highest concentration of the attractant, which
will correspond to the direction of the interfollicular region furthest
from a neighboring follicle. The resulting reorienting movements
will lead to more uniform interfollicle distances along the length of
the follicle shafts, which is the same outcome predicted for the
mutual repulsion model.

Regardless of whether or not the particular biological
mechanisms described above correspond to that actually used in
vivo, the ‘alignment by follicle repulsion’ and ‘alignment by
interfollicle chemoattractant’ models might represent useful
frameworks for investigating the process of follicle reorientation
and pattern formation.

Singularities and the role of competition among
large-scale patterns

A progressive expansion of more organized patterns into
territories occupied by less organized patterns is one of the
central predictions of the local consensus model for follicle
alignment described by Wang et al. (Wang et al., 2006a). One
obvious consequence of this competition is a decline in the
number of pattern elements over time, a phenomenon confirmed
here for Fz67~ follicle patterns during the first postnatal week.
A less obvious consequence is the stabilization of a small
number of singularities — either whorls or crosses — that mark
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points where the vector fields of adjacent and highly organized
patterns meet but cannot be made locally smooth. Singularities
similar to the ones observed in Fz6~ hair patterns are a normal
feature of hair patterning in many mammals. For example,
whorls are present on the human scalp, between the eyes of
horses and cattle, and on the chest adjacent to the front legs in
many mammals (Guo et al., 2004).

In the physical sciences, large-scale spatial patterns that evolve
under the influence of local forces have been studied in a variety
of fields, including hydrodynamics, galactic astrophysics and
meteorology (Ball, 1999). They have also been studied
computationally, especially in the context of cellular automata
(Wolfram, 2002). In considering the mechanisms that produce
biological patterns of the type described here, it might be useful to
explore the origins and stabilities of analogous patterns in physical
systems.
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