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amphiphilic polymers. Recently, an easy preparation
protocol of the pattern film from most polymers
dissolved in chloroform was developed. Films were
fabricated by the addition of a copolymer (CAP) of
dodecylacrylamide and w-carboxyhexylacrylamide to
polymer solution (Nishikawa et al., 2003). Preparation
of a honeycomb-patterned film of cellulose nitrate was
reported (Govor and Parisi, 2002), but it was difficult
to transform it into the corresponding film of regener-
ated cellulose. Thus, the patterned film would not be sui-
ted for the aforementioned applications. An objective of
this study was to prepare a patterned film of cellulose,
but not cellulose derivatives.

The other patterns, such as stripe and ladder, were
also prepared from the solution of volatile organic sol-
vent (Karthaus et al., 1999; Maruyama et al., 1998).
However, cellulose itself is not dissolved in such sol-
vents. Therefore, we prepared patterned films from cel-
lulose acetate in chloroform solution, and then the
resulting films were readily converted to cellulose-based
patterned films by saponification.

In this communication, we show two methods for
preparing honeycomb-patterned films as well as a new
preparation method for stripe-patterned film.

2. Materials

Cellulose triacetate (CTA) with the degree of substi-
tution of 2.87 and the degree of polymerization of about
290 was kindly supplied by Daicel Chemical, Osaka,
Japan. The CTA was dissolved in chloroform, and an
insoluble fraction was removed by filtration. The filtrate
was evaporated to give a chloroform-dissolved CTA for
the following film preparations.

3. Production methods

3.1. Preparation of honeycomb-patterned film by the
direct method

In general, the formation of honeycomb pattern is
explained as follows. When moist air is blown on the
polymer solution, of which the solvent is volatile and
water-immiscible, water in the atmosphere condenses
and forms microspheres at the air-polymer solution
interface due to the decreased temperature resulting from
rapid evaporation of the solvent. When using a water-
insoluble polymer and an organic solvent, the polymer
is adsorbed to the interface between water and polymer
solution, and covers the water microspheres. The water
microspheres are prevented from collapsing and fusing
to each other by the intervening polymer layers. Surface
currents due to the convection of the solution and airflow
force the water microsphere into a hexagonal close-
packed array (Stenzel, 2002). This is the self-organization

process. After a complete evaporation of the solvents,
the honeycomb pattern appears on a solid substrate.
Such patterned films are easily prepared from CAP,
and the pore size could be regulated by varying the
preparation conditions, such as polymer concentration,
solution volume, and humidity (Nishikawa et al., 2003).
Furthermore, most polymers dissolved in chloroform
can be fabricated to the film by the addition of CAP.

First, we were successful in preparing a honeycomb-
patterned film from CTA with CAP. However, no
patterned film with uniform pores was obtained. After
several attempts, we could prepare it solely from CTA
without CAP. The fabrication method is as follows.
CTA/chloroform solution (5 mg/ml) was cast on a petri
dish (diameter, 9 cm). Moist air was blown on the
spread-out polymer solution from a horn-type nozzle.
As the solvent gradually evaporated, CTA precipitated
as the patterned film. A scanning electron micrograph
of the film observed on a Hitachi S-800 is shown in Fig.
1. An average diameter of the patterned film was approx-
imate 3 pm, but the pore size was not uniform. In addi-
tion, because CTA was too sensitive to temperature and
humidity variations to prepare it reproducibly, an aggre-
gation of water microspheres occurred and a three dimen-
sional multiplayer was often formed. Thus, it was likely to
be difficult to reproducibly prepare honeycomb-pat-
terned microporous films having regular arrays.

3.2. Preparation of honeycomb-patterned film by the
transcription method

We developed another method for preparing the
honeycomb-patterned cellulose film with uniform pore
size. That was the transcription method. A mixture of
Polycaprolactone and CAP (10:1) in chloroform gave
a well-organized honeycomb pattern with the direct
method, and its pore size was also regulated by afore-
mentioned variations (Nishikawa et al., 2003). This
polymer blend film was used as a first template.

Fig. 1. A scanning electron micrograph of a honeycomb-patterned
CTA film prepared by the direct method.
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Fig. 2. Scanning electron micrographs of a honeycomb-patterned CTA film prepared by the transcription method.

Poly(dimethyl siloxane) (PDMS) manufactured by
Dow Corning Corporation was poured onto the film,
and cured with a curing agent for 48 h at room temper-
ature to give a second template after peeling the first
template from the second. The PDMS film exhibited
the opposite morphology to that of the first template.
Its spheres corresponded to the micropores of the hon-
eycomb pattern regularly arrayed on the film. The con-
vex-type of honeycomb pattern was formed, and deep
valleys were also formed at the apecies of the hexagons
between interfaces of spheres. This result suggests that
PDMS effectively penetrates into micropores of the film
before curing.

The second template was placed and gently pressed
on 0.1 ml of CTA/chloroform solution (5 mg/ml) cast
on a glass plate. After evaporating the chloroform,
CTA film was peeled from the template to yield a honey-
comb-patterned film with well-organized hexagonal
micropores, as shown in Fig. 2. Because of the micro-
pores, the surface texture of the supporting material
for SEM was observed at the bottom. This indicates that
this film can be utilized as a separation membrane. In
addition, a structural characteristic of the patterned film
fabricated by the transcription method was the presence
of pillars at every apex of the hexagons, and the pillars
were connected with thin walls. Atomic force micro-
scopic observations showed that the wall and pillar
heights were 1.42 pm and 2.80 um, respectively. The
pores look like real cells of honeycomb. This is evidence
for CTA penetrating the valleys formed between micro-
spheres of PDMS.

When pressure at the press of second template was
low, the resulting film had no micropores because the sur-
face toward the glass plate was covered with CTA. In
addition, when CTA/chloroform solution was cast on
the second template film followed by evaporation of chlo-
roform, this procedure also resulted in a fine honeycomb-
patterned wall, but no micropores. Therefore, these films
cannot be used for the aforementioned application.

The patterned CTA films were saponified with sodium
methoxide overnight. The FT-IR spectrum of the result-
ing film using Biorad FTS-50A showed that the carbonyl
band at about 1700 cm™" disappeared and the hydroxyl

band due to the regeneration of cellulose increased (data
not shown). This suggested that a complete saponifica-
tion was carried out. The morphology of the film did
not change during saponification. Clearly, the honey-
comb-patterned cellulose film has been fabricated.

3.3. Preparation of stripe-patterned film

When a diluted polymer solution is dropped on a
glass plate, the edge of solution moves to the center of
the liquid during evaporation of the solvent, resulting
in a local gelation of polymer at the edge of the solution
on the substrate. By continuous exposure of polymer
solution to atmosphere for evaporation of the solvents,
the gelation occurred successively, resulting in the for-
mation of ordered mesocopic polymer arrays, such as
dots, stripes or ladder patterns (Karthaus et al., 1999;
Maruyama et al., 1998).

The stripe-patterned film from CTA/chloroform solu-
tion (5 mg/ml) was fabricated by the following proce-
dure. The solution was put between two glass plates.
The upper-side glass was pulled horizontally at a speed
of 5mm/min using a motor. The morphology of the
resulting film is shown in Fig. 3. Stripes arrayed at a
constant space can be observed. In this study, a relation

Fig. 3. A scanning electron micrograph of a stripe-patterned CTA
film.
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between glass moving speed and pattern morphology
formed has not been investigated in detail yet.

4, Conclusion

In conclusion, two types of patterned cellulose films
were prepared from the corresponding patterned CTA
films. The honeycomb-patterned film with well-orga-
nized pores was fabricated by the transcription method.
Although this transcription method seems to be more
tedious and complicated than the direct method, the
method has several advantages over the direct method.
(1) The patterned PDMS film can be used repeatedly.
(2) Preparation conditions, temperature and humidity,
do not affect the porous structure of the resulting film,
whereas the morphology of the film fabricated by the di-
rect method was too sensitive to the conditions. There-
fore, the patterned film can be reproducibly fabricated.
(3) Solutions of most polymers, not only in chloroform
but also in other solvents, can be used. Therefore, this
method can be widely utilized for preparing such films.

A honeycomb pattern was made as a cell culture
matrix and as a membrane separation substrate. These
methods for preparing patterned arrays due to self-orga-
nization are also anticipated as an alternative to litho-
graphy for fabricating scaffolds of nano-materials. It is
very significant that such materials are produced from
cellulose, the “green polymer”.
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Fig. 4. Distributions of static allometries for FW/BS allometries and relative mating success of three
male phenotype classes. (A) Distributions of individual males with +FW/-BM, wild type, and ~FW/+BM
phenotypes included in the experiment (extreme phenotypes are represented by cartoons). Solid circles
denote novel phenotype classes; open circles denote wild-type controls. (B) Mating success of each
phenotype class. Columns indicate percentage of recaptured females that mated with males in each class
and are shown with 95% confidence intervals based on a bimodal distribution. Numbers in the columns
indicate the number of males recaptured in each group. Data from replicate trials are indicated by similar

shading (shared between panels).

have documented strong stabilizing selection
on male wing loading.

Our findings indicate that it is not internal
developmental constraints, but rather exter-
nal natural selection, that is the primary
force shaping the short-term evolution of
morphological allometries in insects. How-
ever, the surprising bias in the morphological
basis of how the allometry evolved suggests
that development may strongly influence
how individual traits respond to selection
on their scaling relationships.
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Hair graying is the most obvious sign of aging in humans, yet its mechanism is
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and progenitor cells in aging of multiple organ
systems has been suggested in mice defective
in DNA damage repair and telomere mainte-
nance (3), but melanocytes may be unique in
that the oxidative chemistry of melanin
biosynthesis can be cytotoxic (4). This led to
the suggestion that differentiated, pigmented
melanocytes (rather than their unpigmented
progenitors) are specifically targeted in hair
graying (5, 6). The recent discovery of
unpigmented melanocyte stem cells, distinctly
located within the hair follicle (7), creates an
opportunity to determine whether the process
of hair graying arises specifically from
changes in differentiated melanocytes or the
stem-cell pool that provides them.

Stem cells are maintained in the niche
microenvironment (8). Hair follicles contain a
well-demarcated structure for the stem-cell
niche (within the lower permanent portion),
whereas differentiated melanocytes reside in
the hair bulb (at the base of the transient
portion of the hair follicle) (Fig. 1A) (7, 9).
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Hair follicles are constantly renewing, with
alternating phases of growth (anagen), regres-
sion (catagen), and rest (telogen) (fig. S1).
Taking advantage of the spatial segregation of
the stem versus differentiated cell compart-
ments (7), we used melanocyte-targeted (Dct)
lacZ transgenic mice (7, 10, 11) to examine
the impact of aging on these melanocyte
compartments.

Among hair graying models, the melano-
cyte lineage in Bcl2™/~ (12) and Mitf ¥ (13)
mice show relatively selective hair graying
compared with mouse models of syndromic
premature aging, which affect numerous cell
lineages (14, 15). Hair graying in the Bcl2=/~
background has been suggested to arise by
chemical cytotoxity of melanin synthesis
(5, 12, 16, 17). Distribution and morphology
of melanoblasts among Bcl2~/~, Bel2-+, and
Bel2+/+ mice were normal during early
development (fig. S2, a to h). Be/2™/~ mice
gray after the first hair molting (Fig. 1, B and
C) with white hairs. Histologically, differ-
entiated melanocytes were almost completely
absent in Bel27/~ pelage (body hair) or
whisker follicles (Fig. 1, E and G) compared
with Bcl2-+ (Fig. 1, D, F, and H) or Bel2+/+
(18) follicles at postnatal day 39 (P39).
Albino background did not protect against
melanocyte loss in Bcl2™/~ mice (Fig. 1I),
suggesting that melanin synthesis is un-
necessary for this melanocyte disappearance.
In addition, Bci2~/~ follicles in the second
hair cycle lack both differentiated melano-
cytes in the hair bulb and undifferentiated
Dct-lacZ* melanoblasts in the stem-cell
niche (located at the bulge area in pelage fol-
licles) (Fig. 1, D and E, and fig. S2, i and j),
suggesting that Bc/2 might be important for
survival of melanocyte stem cells.

Looking earlier at P6.5, when hair follicle
morphogenesis is almost complete, Bcl2~/~
follicles appear normal (Fig. 2B). In contrast,
Bcl27/~ follicles at P8.5 showed sudden,
nearly complete loss of melanoblasts in the
niche (bulge area, Fig. 2D), whereas the
number of melanocytes in the hair bulb did
not show significant differences between
Bcl27+ and Bcel2~/~ mice (Fig. 2E). In both
pelage and whisker follicles from Bel2=/~
animals, disappearance of niche melano-
blasts begins at stage 6 of hair follicle mor-
phogenesis [standardized hair follicle stages
based on (/9)], and by stage 8 they are gone
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Fig. 1. Differentiated
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melanocytes are lost in
the hair bulb of Bcl-2
deficient mice. (A) Hair
follicle structure. Mela-
nocyte stem cells (blue
dots) are in the lower
permanent portion (light
blue): the bulge (Bg)
area in petage follicles
and the lower enlarge-
ment (LE} in whisker
follicles. APM, arrector
pili muscle (Figure 1A
legend in SOM). (B}
Appearance of Bcl2™/~
mouse at P58. (C) Hair
graying of whiskers in
Bcl2™/~ mouse at
P39. (D and E) Distri-
bution of lacZ* cells
(melanocytes) in P39
Bel2-+ and Bcl2™/~
mice carrying the Dct-
lacZ transgene. Pig-
mented melanocytes in
the bulb (Bb) [arrows in
(D)] and lacZ*+ melano-
blasts in the Bg [arrow-
head in (D), the inset
shows the magnified
view] are completely
lost in Bcl2~/~ follicles
(E). Double arrows indi-
cate the level of Bb or
Bg. Magnification is
100x. (F to I) Whole-
mount lacZ staining of
the bulb of whisker fol-
licles from Bcl2/+ and
Bcl27'~ in black and
white (albino: Tyre-2/-2)
backgrounds at P40.
Loss of Dct-lacZ+
melanocytes was de-
tected in the bulb of
Bcl2=/~ whisker fol-
licles regardless of al-
bino background.

Bel2 -+

(fig. S2, k to n). At this stage, niche melano-
blasts undergo a morphologic change from
a dendritic shape into a slender, oval
shape with shrinkage to maximal nuclear/
cytoplasmic ratio upon entry into the dormant
state (Fig. 2, F and G). This change in mor-
phology was seen cyclically at corresponding
stages of subsequent cycles (/8). Apoptosis of
melanocyte stem cells was observed at the
same stage on the albino or black background
(Tyre-%%-2)y in both pelage and whisker hair
follicles (Fig. 2, H to M). The same pattern of
cell loss was detected by using Dct-lacZ, KIT
(c-Kit) (KIT), or microphthalmia-associated
transcription factor (MITF) as markers (fig. S3
and Fig. 3, A and B). On the other hand,
melanocytes in the epidermis and dermis
of hairless skin (e.g., tail and soles) sur-
vived throughout the hair regeneration cycle
(fig. S2, o and p). These findings indicate
that BCL2 selectively protects melanocyte
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stem cells at the time of their transition into
the dormant state in the niche and could
potentially be responsible for certain forms
of human presenile hair graying, although
no direct supporting evidence has been re-
ported thus far.

In contrast to Bel2~/~, the Mitf Vit (13)
graying mouse model exhibited a gradual
decrease of melanocyte stem cells rather than
abrupt loss (figs. S4 and S6). This strain con-
tains a mild hypomorphic mutation in Mitf,
the melanocyte master transcriptional regula-
tor [(20, 21) and references therein]. At early
to mid-anagen of the third hair cycle, lacZ+
cells left in the niche of Mitf/** pelage
follicles and Mitf#+ whisker follicles often
produced melanin pigment and exhibited a
bipolar or dendritic morphology (Fig. 3, C
and D, and fig. S4, j and s). These pigmented
cells are unusual because the niche of wild-
type controls contains only unpigmented mel-
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anocyte stem cells. We provisionally use the
term ectopic pigmentation or differentiation
for this reproducibly observed population be-
cause it is uncertain by which pathway these
cells became pigmented, although they were
absent in age-matched controls whose niche
melanoblasts remain undifferentiated (Fig. 3E
and fig. S4u).

Physiologic (senile) aging in mice also
produces hair graying (fig S5), which could be
caused by loss of melanocyte stem cells. In-
deed during physiologic aging, niche melano-
blasts (lacZ*) were lost in a gradual and
progressive fashion (Fig. 3, F and G). More-
over, whole-mount cross sections of 8-month-
old follicles revealed pigment-containing
melanocytes within the stem-cell niche in
addition to their scattered distribution in the
outer root sheath below the niche in whisk-
er follicles (Fig. 3, H and [, and fig. S5, k to
n). The appearance of these pigmented
melanocytes in the niche is reminiscent of
pigmented niche melanocytes observed
during the accelerated graying of Mitf-vit
mutants. Quantitative analysis revealed that
the presence of these cells was accompanied
by simultaneous loss of the typical unpig-
mented Dct-lacZ+ melanoblasts in the niche

and correlated closely with aging (Fig. 3, F
and G). Thus, self-maintenance of melano-
cyte stem cells is essentially complete in
young animals but becomes defective with
aging.

We also analyzed the distribution of
melanoblasts in aging human hair follicles
with the use of MITF immunostaining (Fig.
4). MITF+ small unpigmented melanoblasts
were found in the outer root sheath prefer-
entially around the bulge area where the
arrector pili muscle attaches below the level
of the sebaceous gland (Fig. 4, A to C),
similar to previously described amelanotic
melanocytes (22, 23) that express PMEL17
(24, 25), a transcriptional target of MITF
(26). These cells have been suggested to be a
reservoir population for differentiated mela-
nocytes (23) and exhibit very similar mor-
phology to melanocyte stem cells in mice.
Whereas MITF+ immature melanoblasts
were abundant in follicles from 20- to 30-
year-old subjects (2 to 3% of the total basal
keratinocytes in the bulge area), they were
absent from most hair follicles of 70- to 90-
year-old subjects (Fig. 4J). MITF+ melano-
cytes in the uppermost area (infundibulum)
of the outer root sheath did not decrease

y‘f)

[

Call Number

P8.5 Bel2H/+

significantly with aging, thus serving as a
control population in these studies (fig. S7).

Follicles from intermediate-aged individu-
als (40 to 60 years old) revealed intermediate
loss of bulge melanoblasts (Fig. 4, C and J).
Bulge melanoblasts were found more in
pigmented follicles than in gray follicles
(18), as shown recently with PMEL 17+ bulge
melanoblasts of middle-aged individuals (27).
In addition, as with aged or Mitf* mouse
follicles, ectopically pigmented MITF+ cells
were occasionally observed in the bulge area
or just below. These cells closely resembled
the dendritic melanocytes described by
Narisawa ef al. in the bulge area of human
follicles (28). The ectopically pigmented or
differentitated melanocytes were seen exclu-
sively in middle-aged follicles but did not
accumulate in the bulge area, suggesting that
they are not self-maintaining.

Our results demonstrate that Bc/2 is
selectively critical for maintenance of mela-
nocyte stem cells, specifically for entry into
the dormant state. Bc/2 was previously
shown to modulate hematopoietic stem-cell
pool size (29). Different lineages might use
distinct antiapoptotic mechanisms to resist
the specific stress signals for dormancy.
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Fig. 2. Loss of Bcl27/~ melanocyte stem cells upon entry into the
dormant state. (A to D) Distribution of Dct-lacZ+ melanoblasts (arrows)
in the Bg (top double arrow) of pelage follicles at P6.5 and P8.5. Whereas
Bb melanocytes appear largely unchanged {bottom double arrow), bulge
melanoblasts are lost in Bcl2~/~ follicles at P8.5 [compare (D) with (C)]
but not at P6.5 [compare (B} with (A)]. (E) Comparison of the total
number per field of Dct-lacZ+ melanoblasts in the butb versus in the bulge
plus subbulge of Bcl2~/~ and Bcl2~/+ pelage follicles at P8.5 on 7-um
sections (magnified 100x). KIT expression matches Dct-lacZ+ in bulge
melanoblasts [stage 6 (F) and stage 8 (G)] of Bcl2+/+ animals
{magnification, 630x). Cell size is diminished from stage 6 to stage 8.

Terminal deoxynucleotidyl transferase—-mediated deoxyuridine tri-
phosphate nick end labeling (TUNEL), lacZ, and 4',6-diamidino-2-
phenylindole (DAPI) staining of stage 7 skin from P6.5 Bcl2—/~ (H) and
P6.5 Bcl2+/~ (1) mice. Arrowheads show apoptotic inner root sheath
keratinocytes. The inset area, marked with the arrow in (H), shows an
apoptotic melanoblast. The top inset on the right shows the merged view
for TUNEL (green) and DAP! (blue). The bottom inset shows the merged
view for TUNEL (green) and LacZ (red). Distribution of Dct-lacZ+
melanoblasts in the niche: Bg of pelage hair follicles (J and K) and LE
(double arrow) of whisker hair follicles [(L and M), double arrows] from
P8.0 mice with white backgrounds (Tyre-47<-2).
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Fig. 3. Effect of aging
and Mitf mutation on
melanocyte stem cells.
(A and B) Coincident
expression of Dct-lacZ,
KIT, and MITF in hair
follicle melanoblasts or
melanocytes {magnifi-
cation, 200x). (See fig,
S3 for more details.) {C}
Ectopically pigmented
melanoblasts (lacZ™,
blue) in the bulge region
(arrow) of 3.5-month-
old Mitfvitvit follicles.

REPORTS

Although melanin biosynthesis has been ele-
gantly shown to be cytotoxic in the context
of a certain genetic mutation (6), stem-cell
disappearance in Bc/2 null mice does not
require melanogenesis. Bcl2 is a transcrip-
tional target of MITF (30), but Bcl2 does not
appear to fully account for melanocyte loss
in the context of the weakly hypomorphic
Mitfvivit allele.

Our data suggest a previously unknown
pathophysiologic explanation for hair graying.
Loss of melanocyte stem cells can be observed
and temporally precedes the loss of dif-

(D) Magnified view of  F —e-1acZ+ pigment- G 18M-220 ferentiated melanocytes in the hair matrix.
pigmented bulge mela- 30 0 Thus, incomplete maintenance of melanocyte
noblasts. (E) Absence of o-lacZ+ ploments | ¢ [Tl ST
pigment in lacZ+ bulge §25 ———%,_, pig pe stem cells appears to cause physiologic hair
melanoblasts of age- E20 7 graying through loss of the differentiated
matched Mitft/+ fol- 25 \‘\ g progeny with aging. This is associated with
licles. (F) Quantitation % © g a T ectopic melanocyte pigmentation or differ-
of niche melanocytes  © e \ 3 entiation within the niche. Possible expla-
(lacz"), either un- 8 “r 2 nations include premature differentiation or
igmented (classical e 1 O P e
Etem cells, blue) or 0 l—u - . — o activation of a senescence program [which

ectopically pigmented
{green), in LE of whisker
follicles (positions a2
and a3) (see fig. S1i for
positions). (G) Number
of unpigmented niche
melanoblasts