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Jersey Medical School, Newark, New Jersey, USA
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Abstract

The role for 1,25-dihydroxyvitamin D3 and/or calcium in hair follicle cycling is not clear despite 

their impact on keratinocyte differentiation. We found that calbindin-D9k null (knockout) pups 

generated from calbindin-D9k knockout females fed a vitamin D-deficient, low-calcium (0.47%) 

diet develop transient alopecia. The pups appear phenotypically normal until 13 days of age, after 

which the hair progressively sheds in a caudocephalic direction, resulting in truncal alopecia 

totalis by 20–23 days, with spontaneous recovery by 28 days. Histological studies showed 

markedly dystrophic hair follicles, loss of hair shafts with increased apoptosis, and hyperplastic 

epidermis during this time. Ha1 expression is lost during catagen in all mice but recovers more 

slowly in the knockout pups on the vitamin D-deficient, low-calcium diet. Keratin 1 expression is 

reduced throughout days 19–28. The expressions of involucrin, loricrin, and cathepsin L is initially 

increased by day 19 but subsequently falls below those of controls by day 23, as does that of 

desmoglein 3. Feeding the mothers a high-vitamin D/high-calcium (2%)/lactose (20%) diet lessens 

the phenotype, and knockout pups fostered to mothers fed a normal diet do not develop alopecia. 

Our results show that in calbindin-D9k knockout pups, a maternal vitamin D-deficient/low-calcium 

diet leads to transient noncicatricial alopecia.

INTRODUCTION

The skin has long been known as a target organ for 1,25-dihydroxyvitamin D3 

(1,25(OH)2D3) and calcium (Bikle, 2012). Although 1,25(OH)2D3 and calcium promote 

differentiation of keratinocytes, the current literature does not suggest a direct role for 

1,25(OH)2D3 and/or calcium in hair follicle (HF) cycling, unlike that of the vitamin D 

receptor (VDR) (Li et al., 1997; Sakai et al., 2001; Xie et al., 2002; Yoshizawa et al., 
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1997). CYP27B1-knockout (KO) mice, which do not synthesize 1,25(OH)2D3, develop 

rickets like VDR-KO mice, but unlike VDR-KO mice, CYP27B1-KO mice do not develop 

alopecia (Bikle et al., 2004; Bouillon et al., 2008; Dardenne et al., 2001; Panda et al., 

2001). Furthermore, a lactoseenriched, high-calcium rescue diet that normalizes serum 

calcium effectively rescues the skeletal phenotype of VDR-KO mice but does not prevent the 

alopecia (Amling et al., 1999; Li et al., 1998). Whether 1,25(OH)2D3 and/or calcium have 

any effect on HF cycling is, as yet, unresolved.

Calbindin-D9k is a vitamin D-inducible calcium-binding protein in mammalian intestine 

that is localized primarily in the cytoplasm of the absorptive cells, supporting the proposed 

role of calbindin in intestinal calcium absorption (Christakos et al., 1989). Although first 

identified in the intestine (Wasserman et al., 1968), calbindin-D9k is also expressed in 

the placenta, uterus, brain, and kidney (Bruns et al., 1985; Bruns et al., 1988; Christakos 

et al., 1989; Sooy et al., 2000; Thomasset et al., 1982; Wernyj et al., 1999). However, 

calbindin-D9k is not found in skin, although other calcium-binding proteins are (Jin et al., 

1997; Schelling et al., 1987). Therefore, it was a surprise to discover that in the absence of 

calbindin-D9k, maternal deprivation of vitamin D combined with low dietary calcium results 

in disruption of the HF cycle in preweaned pups, leading to transient alopecia.

RESULTS

Alopecia development in calbindin-D9k–KO pups generated from calbindin-D9k KO females 
fed a vitamin D-deficient, low-calcium diet

To verify the null mutation, different tissues (including intestine and kidney) from calbindin-

D9k–KO mice were analyzed by reverse transcriptase (RT) PCR and Western blotting. No 

signal for calbindin-D9k was detected in any tissue in mice homozygous for the targeted 

mutation (Benn et al., 2008). When fed a standard rodent chow diet, no overt phenotypic 

differences were observed between wild-type (WT) and calbindin-D9k–KO mice. They have 

similar fertility, growth rate, serum calcium level, and life expectancy (Benn et al., 2008; 

Kutuzova et al., 2006). However, a consistent, unexpected HF cycling defect was observed 

in calbindin-D9k–KO pups generated from calbindin-D9k–KO females fed a vitamin D-

deficient, low-calcium (0.47%) (D−/low-Ca) diet 3–4 weeks before mating and during the 

subsequent pregnancy and lactation. The pups appeared phenotypically normal until 13 days 

of age, after which the coat began to look ruffled and progressively shed in a caudocephalic 

direction. By postnatal days 20–23, there was nearly complete hair loss on their trunks, with 

sparing of the head and the base of the tail (Figure 1). This finding was observed with at 

least 12 different calbindin-D9k–KO mothers and their respective nursing neonates. All pups 

in the litter had similar alopecia. Spontaneous recovery began during the fourth week of age. 

After 28 days of age complete recovery of alopecia was observed whether the pups were 

fed the standard chow diet or if they were left with the mother (and thus able to eat the D−/

low-Ca diet). No subsequent loss of hair was observed. When wild-type mothers were fed 

a D−/low-Ca diet, a similar alopecia was observed, but unlike the calbindin-D9k–KO mice, 

the alopecia was not consistently observed. Alopecia was observed in 20% of the litters (n = 

10 different wild-type mothers fed a D−/low-Ca diet and their respective nursing neonates), 

suggesting that the absence of calbindin sensitizes the animal to the factors contributing to 
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alopecia. Pups from calbindin-D9k–KO mothers fed a vitamin D-replete diet (0.47% Ca; 

2,200 IU vitamin D2/kg) (D+/low-Ca) or a standard chow diet did not have alopecia (n = 

7–12 mothers and their respective pups/diet).

Calbindin-D9k–KO pups born to D−/low-Ca diet mothers maintain serum calcium but have 
undetectable 25(OH)D3 levels

No significant differences in serum calcium were noted at postnatal days 13–28 between 

pups born to vitamin D-deficient and those born to vitamin D-replete mothers (serum 

calcium level of calbindin-D9k–KO pups on postnatal days 13–28 born to vitamin D-

deficient mothers = 9.5 ± 0.1 mg/dl; serum calcium level of pups on postnatal days 13–18 

born to vitamin D-replete mothers = 9.4 ± 0.1 mg/dl; P > 0.5). However, 25(OH)D3 serum 

levels of pups born to D−/low-Ca mothers at postnatal days 13–28 were all less than 2.5 

ng/ml, compared with an average of 20.7 ± 1.4 ng/ml 25(OH)D3 levels in serum of pups at 

these ages from mothers fed a vitamin D-replete diet. Serum calcium and 25(OH)D3 levels 

of D−/low-Ca mothers were less than 8 mg/dl and less than 2.5 ng/ml, respectively.

KO pups born to D−/low-Ca diet mothers develop dystrophic HF and hyperplastic 
epidermis during late catagen but recover

In the skin of calbindin-D9k–KO pups from mothers fed a D−/low-Ca diet, during the late 

stages of catagen and early telogen (days 19–23) the HFs became markedly dystrophic, and 

the hair shafts were lost (Figure 2). Moreover, the epidermis became markedly hyperplastic 

(Figure 2). There was evidence of partial occlusion of the HF with inclusion cysts within 

the follicle proximal to the obstruction at the follicular outlet. No evidence of parakeratosis 

was observed, but some orthokeratotic hyperkeratosis was seen. There was no evidence of 

spongiosis or inflammation. These changes were not observed in pups from mothers with 

wild-type calbindin-D9k levels, regardless of diet.

Immunohistochemical evaluation of the skin from days 13–28 for markers of epidermal 

differentiation showed expression of keratin 1 (i.e., K1), involucrin, and loricrin throughout 

the abnormal utricles and thickened epidermis from days 19–23, with recovery by day 

28 (Figure 3). Keratin 6 (i.e., K6), a marker of inflammation, was minimally and not 

differentially expressed in either the control or diet-deficient pups (data not shown). Use 

of myeloperoxidase as a marker of inflammatory cells showed very few myeloperoxidase-

positive cells in either the controls or the D−/low-Ca KO pups (see Supplementary 

Figure S1 online). The negative control for these immunohistochemistry assays is shown 

Supplementary as Figure S2 online.

KO pups born to D−/low-Ca diet mothers show an altered pattern of apoptosis during the 
HF cycle

To determine whether a D−/low-Ca diet affects cell survival, we performed the TUNEL 

assay on skin sections from regularly and D−/low-Ca–fed mice at days 13, 19, 23, and 

28 (Figure 4 and Table 1). At day 13, in the regular diet group, TUNEL-positive cells 

were observed in the outer root sheath, central inner root sheath, and in the bulge region 

(Figure 4a and b). The D−/low-Ca diet increased the number of TUNEL-positive cells 

in the above areas and the proximal bulb (Figure 4a–c). At day 19, compared with day 
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13, more TUNEL-positive cells were seen in the bulge/isthmus, but few or none were 

seen in the central inner root sheath or proximal bulb, whereas numerous TUNEL-positive 

cells appeared in the epithelial strand (Figure 4c). In the D−/low-Ca diet-fed group, the 

morphology of the HFs was markedly distorted with a relative paucity of TUNEL-positive 

cells (Figure 4k). At day 23, very few TUNEL-positive cells were observed in the HFs of 

the regular-diet group (Figure 4c), although the numbers found in the different regions of 

the HFs of mice on the D−/low-Ca diet were increased (Figure 4l–m). At day 28, only 

scattered TUNEL-positive cells were found in the HFs in either the regular diet-fed group 

(Figure 4n–p) or the D−/low-Ca diet-fed group (Figure 4h). These results are similar to those 

previously reported (Lindner et al., 1997), at least with respect to late-stage anagen (day 13) 

and midcatagen (day 19) in the regular diet group, and suggest an earlier onset of catagen 

with respect to increased apoptosis in the D−/low-Ca group on day 13 not found again with 

recovery on day 28. No TUNEL-positive cells were seen in the dermal papilla at any stage.

Expression of epidermal differentiation markers was altered in KO pups born to D−/low-Ca 
diet mothers, as was that of cathepsin L and desmoglein 3

To quantify the expression of these epidermal markers, we used PCR of RNA from whole 

skin biopsy samples (Figure 5). The marker of hair shaft development, Ha1, was not 

expressed during catagen (days 19–23) in either the D−/low-Ca KO pups or the pups raised 

on a normal diet. However, the recovery of Ha1 expression was delayed in the D−/low-Ca 

KO pups on day 28. Involucrin expression was greater at day 13 than at other times of 

the cycle. Expression of involucrin in the D−/low-Ca KO pups was greater than that in the 

pups on the regular diet at day 19 but was reduced by day 23. The increase at day 19 may 

reflect the initial expression of involucrin in the hyperplastic epidermis and the dystrophic 

HFs that is decreased subsequently. These results are consistent with immunohistochemistry 

showing apparent reduction of involucrin in the epidermis between KO pups on the different 

diets on days 23 and 28. Loricrin, on the other hand, showed maximal expression on 

day 23 in the KO pups on the normal diet, far greater than the expression seen in the D−/

low-Ca KO pups, which had their peak expression at day 19. As for involucrin, the greater 

expression of loricrin in the D−/low-Ca KO pups on day 19 may reflect the expression 

of loricrin in the hyperplastic epidermis and dystrophic follicles. These results confirm the 

reduction in loricrin on day 23 in the KO pups on the D−/low-Ca diet apparent in the 

immunohistochemistry testing results. The expression of cathepsin L (Ctsl) was assessed, 

because its deletion is associated with periodic hair loss (Roth et al., 2000). Its expression 

in the D−/low-Ca diet-fed mice was substantially greater than in controls on day 19 but fell 

below the expression level in controls by day 23. Similarly, the expression of desmoglein 3 

(Dsg3) was assessed because it anchors the telogen hair in the follicle (Koch et al., 1998). 

Its expression in the D−/low-Ca diet-fed mice was comparable with that in controls on days 

13–19 but was reduced relative to controls on day 23. Immunohistochemistry staining of 

Ctsl and Dsg3 expression was consistent with the messenger RNA data, although Dsg3 

expression appeared to be greater at 19 days in the D−/low-Ca mice than in controls (see 

Supplementary Figure S3 online). Thus, neither Ctsl nor Dsg3 could explain the hair loss 

caused by the D−/low-Ca diet.
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KO pups born to D−/low-Ca diet mothers when fostered by mothers on a normal diet did 
not develop alopecia

When calbindin-D9k–KO females, fed the D−/low-Ca diet before mating and during 

pregnancy, were fed a D−/high-Ca (2%), high-lactose (20%) diet during lactation (from 

birth to postnatal day 28), a less severe phenotype was observed in the pups on days 19–23, 

when only partial alopecia was observed (Figure 6A). In addition, when the pups from 

calbindin-D9k–KO females fed the D−/low-Ca diet were fostered to mothers fed a diet 

containing vitamin D3 and calcium (1%), complete rescue of the alopecia phenotype was 

observed (Figure 6B). These findings suggest a maternal component for the HF cycling 

defect in the KO pups that is triggered by the effects of both low calcium and vitamin D3 

deficiency.

DISCUSSION

In this study we show that calbindin-D9k–KO pups generated from calbindin-D9k–KO 

females fed a D−/low-Ca diet develop transient alopecia during the first postnatal catagen. 

In contrast to VDR-KO mice, there is permanent recovery of HF cycling after weaning. 

Postmorphogenetic HF development involves catagen (regression; beginning at postnatal 

day 14–17 in the mouse and extending for about 3 days), followed by telogen (quiescence), 

exogen (shedding), and anagen (period of growth) generally around 4 weeks (Muller-Rover 

et al., 2001; Paus, 1998; Stenn and Paus, 2001). In our study the pups from calbindin-D9k–

KO mothers fed a D−/low-Ca diet had total truncal alopecia by postnatal day 20–23 but 

recovered by day 28. Histology of the affected skin throughout the postnatal time course 

indicated that the major defect was in the first postnatal catagen/telogen. During this period 

the mice on the D−/low-Ca diet showed increased apoptosis relative to their littermates on 

the regular diet. Cyclic alopecia has also been observed in other transgenic mice including 

Ctsl-KO mice, Dsg3-KO mice, in mice with deletion of the calcineurin gene specifically 

in keratinocytes, and in hematopoietic and endothelial cell-specific peroxisome proliferator-

activated receptor-γ KO mice (Koch et al., 1998; Mammucari et al., 2005; Roth et al., 2000; 

Wan et al., 2007). Ctsl is a ubiquitously expressed lysosomal cysteine protease that, when 

deleted, alters HF cycling with periodic loss of hair and epidermal hyperplasia. Although 

murine hair is not typically shed during telogen, Dsg3-null mice display telogenic hair loss 

and failure of adhesion between telogen club cells and the outer root sheath, indicating a 

role for Dsg3 (a cell-cell adhesion molecule) in anchoring the telogen hair to the outer root 

sheath of the follicle (Koch et al., 1998). In the calcineurin-KO mice, gene array studies 

showed that the expression of certain Notch-responsive genes involved in HF structure 

and/or adhesion are suppressed (Mammucari et al., 2005). In the Dsg3- and Ctsl-KO mice 

and in the mice with keratinocyte-specific calcineurin deletion, at least two complete cycles 

of hair loss and regrowth were noted. In our study and in mice with targeted deletion 

of peroxisome proliferator-activated receptor-γ (Wan et al., 2007), the defect is observed 

only in the first postnatal HF cycle. Moreover, we found a reduction in Ctsl and Dsg3 

expression only on day 23, after the loss of hair. For the alopecia observed in pups from 

both peroxisome proliferator-activated receptor-γ and calbindin-D9k–null mothers there is 

rescue of the phenotype after weaning and with foster mothers. This suggests a maternal 

component to the defect in HF cycling unlike in the alopecia observed in other KO 

Mady et al. Page 5

J Invest Dermatol. Author manuscript; available in PMC 2022 April 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



mice. In mice with targeted deletion of peroxisome proliferator-activated receptor-γ, it was 

suggested that the alopecia is caused by inflammatory lipids in the milk, which result in the 

accumulation of inflammatory lipids in the skin of the pups (Wan et al., 2007). However, 

we did not detect evidence of an inflammatory component. In our study, substituting a high-

calcium (2%), high-lactose diet for the D−/low-Ca diet during lactation (birth to postnatal 

day 28) resulted in a less severe phenotype in the pups. Also, pups from calbindin-D9k–KO 

mothers fed a 2,000-IU vitamin D2/kg, 0.47%-calcium diet or a chow diet did not develop 

alopecia.

One of the most pronounced effects of 1,25(OH)2D3 in the mammalian intestine is increased 

synthesis of the calcium binding protein calbindin-D9k (Christakos et al., 1989). It has 

recently been reported that prolactin, a lactogenic polypeptide hormone of the anterior 

pituitary, cooperates with 1,25(OH)2D3 in regulating calbindin-D9k in the intestine (Ajibade 

et al., 2010). Prolactin levels are markedly elevated during lactation, when there is increased 

calcium requirement for the neonate (Meites et al., 1972). In addition, it has been shown that 

intestinal calbindin-D9k is induced during late pregnancy and lactation (Van Cromphaut et 

al., 2003; Zhu et al., 1998). Although previous studies in calbindin-D9k–KO mice indicate 

that calbindin-D9k is not required for intestinal calcium absorption under nonpregnant, 

nonlactating conditions (Akhter et al., 2007; Benn et al., 2008), this study suggests that 

calbindin-D9k may be an important physiological mediator of intestinal calcium absorption 

during pregnancy and lactation at a time when calcium demands are increased.

Although pups from vitamin D-deprived or vitamin D-deficient mothers have been reported 

to be relatively protected with regard to calcium deficiency compared with their mothers 

(Boass et al., 1981; Halloran and DeLuca, 1979), pups nursed by vitamin D-deprived 

mothers fed a low calcium diet may have a more marked effect on normal homeostasis in 

the absence of calbindin-D9k, resulting in the consistent alopecia observed in the nursing 

neonates. Keratin 1, involucrin, and loricrin—early, middle, and late differentiation markers, 

respectively—showed decreased expression in the pups with alopecia except for involucrin 

and loricrin at day 19, when expression may have been increased relative to controls by 

the abnormal expression of these genes in the dystrophic follicles (utricles) and hyperplastic 

epidermis. Ha1, a late marker of HF differentiation, was as expected not expressed during 

catagen in either controls or the diet deficient pups. However, its re-expression by 28 days 

was reduced in the diet-deficient KO pups. These data are consistent with abnormalities in 

both epidermal and HF differentiation. K6, a marker of inflamed skin, and myeloperoxidase, 

a marker of inflammatory cells, were not increased in the epidermis of the pups with 

alopecia. The regulation of involucrin and loricrin by 1,25(OH)2D3 and calcium are 

consistent with our findings of decreased involucrin and loricrin expression in the skin 

of pups from vitamin D-deprived calbindin-D9k–null mothers fed a low-calcium diet. Mice 

deficient in CYP27B1 (which do not synthesize 1,25(OH)2D3) but raised on a high-calcium/

lactose (rescue) diet do not show alopecia (Bikle et al., 2004; Dardenne et al., 2001; Panda 

et al., 2001). Similarly, mice lacking the calcium-sensing receptor in the epidermis do 

not develop alopecia (Tu et al., 2012). Our findings indicate that to develop alopecia, the 

nutritional defect needs to occur during lactation. Previous studies have shown low serum 

levels of 25(OH)D3 in neonates during the suckling period compared with levels after 

weaning, suggesting impaired milk transfer of 25(OH)D3 (or its precursor) (Mendelsohn 
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and Haddad, 1975). Thus, the suckling period may be a particularly vulnerable time for 

pups regarding regulation of calcium homeostasis, and this may affect HF cycling. We 

(Oda et al., 2015) have recently evaluated the impact of the combined disruption of vitamin 

D and calcium signaling on wound healing, which like HF cycling requires activation of 

stem cells, their proliferation, migration, and differentiation. In those studies we found poor 

wound healing associated with a loss of HF stem cells and a failure of their activation in 

response to wounding in mice lacking the vitamin D receptor in their keratinocytes when 

fed a low-calcium diet. However, the nutritional defect in vitamin D and calcium in the 

calbindin-D9k–KO mothers may affect other factors transferred in the milk to the pup that 

not obviously involved in calcium homeostasis but affect signaling events in the HF, which 

contribute to the aberrant postnatal HF development. Clearly additional studies are required 

to determine the mechanism for this transient disruption of HF cycling.

HF cycling has been reported to be sensitive to many factors including nutritional, hormonal, 

and environmental factors (Paus, 1998; Stenn and Paus, 1999, 2001), which may be 

produced locally in the skin (Slominski et al., 2013). Our results show that, in the absence of 

calbindin-D9k, maternal deprivation of vitamin D combined with low dietary calcium intake 

consistently results in noncicatricial alopecia in nursing neonates, suggesting for the first 

time a role for calcium and possibly 1,25(OH)2D or other vitamin D metabolites such as 20 

hydroxyvitamin D (Slominski et al., 2014a; Slominski et al., 2014b) in postnatal HF cycling.

MATERIALS AND METHODS

Animals

Calbindin-D9k–KO mice were generated and genotyped as previously described by Lee et 

al. (2007), maintained on a chow diet ad libitum (Rodent Laboratory Chow 5001, Ralston 

Purina Co., St. Louis, MO, USA), with incandescent lighting on a 12-hour light, 12-hour 

dark cycle. KO mice were backcrossed with C57BL/6J mice for 8 or more generations. The 

Rutgers University New Jersey Medical School Animal Care and Use Committee approved 

all animal experiments conducted.

Experimental design

Calbindin-D9k–KO female mice were fed either a D− (0.47% calcium, 0.3% phosphate; 

Teklad diet TD 89123, Harlan Teklad, Madison, WI, USA) or a D+ diet (2,200 IU/kg 

vitamin D, 0.47% calcium, 0.3% phosphate; Teklad diet TD 07370, Harlan Teklad) for 3–4 

weeks before mating to a calbindin-D9k–KO male and during the subsequent pregnancy 

and lactation. Pups from these mice were compared with pups from calbindin-D9k–null 

parents fed a chow diet. To determine the effect of increased maternal calcium intake during 

lactation on alopecia of the pups, a diet containing 2% calcium and 20% lactose (without 

vitamin D; Teklad diet TD 97340, Harlan Teklad) was substituted for the D−/low-Ca diet 

from the day of birth of the pups. This diet was maintained throughout lactation. For foster 

mother experiments, pups from mothers fed a D−/low-Ca diet were fostered on the day of 

birth to mothers on a normal chow diet. Two pups were left with the original mother. (Foster 

pups and original pups were distinguished by ear punching).
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Immunohistochemistry

During the period of alopecia, skin samples from the affected skin were selected. Details of 

the procedure can be found in the Supplementary Materials online.

Apoptosis assay

Apoptotic cells in the sections were detected with the terminal TUNEL assay. Details of the 

procedure are found in the Supplementary Materials.

Serum calcium and 25OHD measurements

The serum concentration of calcium was determined by Sigma Diagnostic Reagents. The 

25OHD levels were determined by Heartland Laboratories.

PCR

Total RNA was isolated from mouse skin using RNA STAT-60 kit (Tel-Test “B”, Inc. 

Friendswood, TX, USA), and messenger RNA levels were determined by quantitative PCR 

as previously described (Oda et al., 2012; Tu et al., 2012). The primers used are tabulated in 

the Supplementary Materials and Supplementary Table S1 online.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations:

1,25(OH)2D3 1,25 dihydroxyvitamin D3

Ctsl cathepsin L

D−/low-Ca vitamin D-deficient/low-calcium

D+/low-Ca vitamin D-replete/low-calcium

Dsg3 desmoglein 3

HF hair follicle

KO knockout

VDR vitamin D receptor
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Figure 1. Development of alopecia.
In the absence of calbindin-D9k, maternal deprivation of vitamin D combined with low 

dietary calcium (0.47%) affects postnatal hair follicle development. (a) At postnatal day 23, 

pups nursed by calbindin-D9k–null mothers fed a D−/low-Ca diet have nearly complete hair 

loss over the trunk with sparing of the head and the base of the tail. (b) The progression of 

the hair cycling defect during lactation (days 13–28) and complete recovery by day 35. Scale 

bar = 1 cm. Ca, calcium; d, day; D−, vitamin D deficient.
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Figure 2. Epidermal morphology.
Hematoxylin and eosin-stained sections of the epidermis collected from pups (postnatal 

days 13–28) nursed by calbindin-D9k–knockout mothers fed a diet containing vitamin D 

and calcium (1%) (upper panels) or fed the De−/low-Ca diet (lower panels). By day 19 the 

follicles become markedly dystrophic, and the hair shafts are lost. This is associated with 

marked thickening and hyperplasia of the epidermis (red arrow). Scale bar = 20 μm. Ca, 

calcium; D, day; D−, vitamin D deficient.
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Figure 3. Immunohistochemistry for keratin 1, involucrin, and loricrin.
Representative samples of whole skin taken during days 13–28 from pups nursed by 

calbindin-D9k–knockout mothers on the regular diet (upper panels) or D−/low-Ca diet 

(lower panels) (see legend to Figure 2) were immunoreacted with antibodies for keratin 

1, involucrin, or loricrin. Higher magnifications of the immunohistochemistry results at 

19 days are also shown. The red arrows point to the epidermis. Scale bars = 20 μm. Ca, 

calcium; D, day; D−, vitamin D deficient; K1, keratin 1.
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Figure 4. Impact of a D−/low-Ca diet on apoptosis during the first hair follicle cycle.
Apoptotic cells in the hair follicles are detected using TUNEL staining (green) in mice 

raised on (a–g) a normal diet (ND) and (h–p) a D−/low-Ca diet (DD) at the indicated 

times. Cell nuclei were stained with propidium iodide (red). The TUNEL-positive cells are 

indicated by arrows. Some TUNEL-positive cells (as in eeg) appear yellow in sections with 

a higher ratio of red/green fluorescence. The arrow head in n indicates red blood cells inside 

a blood vessel. (a, b) ND, day 13. (h, j) DD, day 13. (a, h) Bulge/isthmus region. (b, i) 
Central inner root sheath region. (j) DD, hair bulb region. (c) ND, epithelial strand region, 

day 19. (k) DD, dystrophic hair follicle, day 19. (d) ND, day 23. (l–m) DD, day 23. (l) 
Central inner root sheath region. (m) hair bulb region. (e–g) ND, day 28. (n–p) DD, day 28. 

(e, n) Bulge/isthmus region. (f, o) Central inner root sheath region. (g, p) Hair bulb region. 

Scale bar = 50 μm. Table 1 shows results from at least five sections of each region. Ca, 

calcium; D, day; D−, vitamin D deficient.
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Figure 5. Messenger RNA levels of differentiation markers.
The messenger RNA levels for keratin 1, involucrin, loricrin, Ha1, cathepsin L, and 

desmoglein 3 were measured by quantitative real-time reverse transcriptase PCR in skin 

from pups nursed by calbindin-D9k–knockout mothers on a D−/low-Ca diet (red bar) or 

D+/Ca+ diet (blue bar) during days 13–28 (see Figure 2 legend). (n = 3 mice per time point). 

The data are expressed as percentage of L19, the messenger RNA for a 60S ribosomal 

protein used as a loading marker. Error bars include standard deviation. *P < 0.05, **P < 
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0.01. Ca, calcium; Ctsl, cathepsin L; D−, vitamin D deficient; D+, vitamin D replete; Dsg3, 

desmoglein 3; Inv, involucrin; K1, keratin 1; Lor, loricrin.
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Figure 6. Rescue of the alopecia phenotype.
(a) Feeding the calbindin-D9k–knockout mothers a vitamin D-deficient/high-calcium (2%), 

high-lactose (20%) diet during lactation (from birth to postnatal day 28) produced a less 

severe phenotype in the pups as shown by alopecia restricted to a patch on the back (pup 

at postnatal day 21). (b) Fostering pups to calbindin-D9k–knockout mothers fed a diet 

containing vitamin D and calcium (1%) immediately after birth resulted in the complete 

rescue of the alopecia phenotype (pups at postnatal day 21). Scale bar = 1 cm.
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