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Summary
Epidermal stem cells are of major importance for tissue homeostasis, wound repair, tumor initiation,
and gene therapy. Here we describe an in vivo regeneration assay to test for the ability of keratinocyte
progenitors to maintain an epidermis over the long term in vivo. Limiting dilution analysis of
epidermal repopulating units in this in vivo regeneration assay at sequential time points allows the
frequency of short term (transit amplifying cell) and long term (stem cell) repopulating cells to be
quantified.
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1. Introduction
In vivo assessment of epidermal stem cell function and frequency has been well recognized as
an important goal [1–3]. We have developed and used a long term repopulating assay to test
for sustained tissue regeneration and maintenance in vivo. This may be considered the most
rigorous definition of an epidermal stem cell. For this assay dissociated keratinocytes
regenerate a differentiated epidermis on top of dermal fibroblasts seeded on the subcutaneous
fascia of immunodeficient mice. GFP negative keratinocytes serve to ensure the production of
an intact differentiated epidermis despite variations in the numbers of GFP positive cells in the
test population. For the test population, a range of dilutions of GFP positive keratinocytes is
used. Mixtures of test keratinocytes (GFP positive) are seeded into chambers along with a
constant number of GFP negative keratinocytes, and the presence of GFP positive epidermal
repopulating units is assessed 2 to 30 weeks after epidermal regeneration (Fig. 1). At each
assessment the epidermis is scored as positive or negative, for the presence or absence of a
cluster of GFP positive cells. By seeding a range of doses of GFP positive keratinocytes in this
repopulating assay and waiting until all transit amplifying cells and their progeny have
differentiated and been lost from the epidermis, limiting dilution analysis allows the frequency
of cells with long-term repopulating ability in a given population to be quantified [3].

Table 1 is presented as an example of how this type of assay can be used to compare the
frequency of stem cells in various populations of keratinocytes. As seen in Table 1,
keratinocytes that rapidly adhere to collagen were implanted at a range of doses. At the highest
dose of 240,000 keratinocytes, all chambers were positive for GFP positive repopulating units
at all time points. At the lowest doses, of 1,900 and 7,500 keratinocytes, no chambers had GFP
positive repopulating units at any time point. At intermediate doses, (e.g. 60,000 keratinocytes),
it can be seen that, while at early time points (3 weeks) 9 of 10 chambers contained GFP positive
repopulating units, at later time points (e.g., 9 weeks) only 5 of the 10 chambers remained
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positive. At sequential time points the repopulating frequency decreases until only long-term
repopulating cells remain and the repopulating unit frequency remains constant thereafter.
Using Poisson distribution statistics the calculated frequency of repopulating units corresponds
to the derived cell dose at which 37% of the tests yield a negative response (L-Calc software
v1.1, www.stemcell.com). For the study in Table 1, we relied on previous work that found that
the stem cell frequency of total unsorted cells at 9 weeks was 1 in 30,000 keratinocytes [3]. As
can be seen for the dose of 30,000 total unsorted keratinocytes at 9 weeks (Table 1), 4 out of
10 chambers are negative, consistent with Poisson statistic predictions. For each population of
cells to be tested (for example, rapidly adherent cells, not-rapidly-adherent cells, unsorted cells)
the doses to be used experimentally will depend on the expected long term repopulating unit
frequency.

Phenotypic analysis of hematopoietic stem cells in in vivo transplantation assays has allowed
separation of long-term repopulating cells from cells detected in colony forming assays [4–
11]. These types of studies have defined a hierarchy of hematopoietic stem cell phenotypes
(see [12] Figure 1). Primitive progenitors that represent the closest stem cell descendents which
can be prospectively isolated from the true stem cell by flow cytometry, are still multipotent,
yet already have a decline in self-renewal capacity, underscoring long-term repopulating ability
as the sine qua non of a stem cell [13,14]. These progenitors produce distinct highly
proliferative colonies, which can differentiate into specific lineages, but unlike a true stem cell
are unable to repopulate all hematopoietic lineages for the life of the animal. Thus in vivo
transplantation assays have long been the gold standard for the study of hematopoietic stem
cells, and after almost 20 years remain so [15].

One important question regarding functional assays for stem cells is what duration of
repopulation distinguishes the true epidermal stem cell from a short-term repopulating cell. In
the epidermis, the short-term repopulating cells are termed transit amplifying cells. Cell cycle
duration has been estimated to be 4 to 5 days and transit amplifying cells go through
approximately 3 divisions [16], before terminally differentiating. Our initial studies showed
that there is no further decline in repopulating cell frequency after 7 weeks, indicating that at
this point transit amplifying cells and their progeny have differentiated and been lost from the
epidermis, and we are assaying the true long term repopulating epidermal stem cell [3,17].
Thus in all subsequent epidermal stem cell studies we have selected an endpoint of 9 weeks or
later to ensure the study of stem cells rather than short term repopulating transit amplifying
cells.

As noted in similar hematopoietic transplantation assays [18], estimates of stem cell frequency
are most certainly underestimates since the detection efficiency of the assay procedure is not
known, but is almost certain to be less than 1. In recognition of this we term the GFP positive
clusters of cells repopulation units rather than epidermal stem cell units. This does not
undermine the value of comparing the relative frequency of progenitor cells in different cell
populations. While this assay estimates that 1 in 10,000 basal cells is a truly primitive epidermal
stem cell, similar to stem cell frequencies in other tissues [11,18,19], previous work on the
epidermis showed that 1 in 10 basal cells was a colony forming stem cell (for review, see
[20]). However, more recently it has been shown that colony forming cells do not all represent
stem cells [1,17,20]. These findings lead us to believe that stem cell frequency is significantly
less than previously thought [20–23]. Using the in vivo transplantation assay described here
multiple studies have reported that the frequency of epidermal stem cells in young and in
neonatal murine epidermis is approximately 1 in 10,000 basal cells [3,17,24] strengthening the
argument that the frequency of epidermal stem cells is similar to that of other somatic stem
cell populations.
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In this chapter we describe a method to determine the frequency of short and long term
repopulating epidermal progenitors in vivo using limiting dilution analysis. First, primary
keratinocytes are isolated from GFP positive and GFP negative neonatal murine epidermis.
Then fibroblasts are isolated from the GFP negative skin. Next, a range of doses of GFP positive
test keratinocytes are prepared and left on ice, while silicone chambers are implanted onto the
fascia of NODSCID mice. Fibroblasts and then keratinocytes are seeded into the chambers.
The regenerated epidermis is imaged over time and analyzed for presence or absence of GFP
positive repopulating units. Analysis of the positive and negative results is performed using
Poisson statistics for limiting dilution analysis, and allows a quantitative analysis of the
repopulating unit frequency. The strengths of this assay are the long term functional nature of
the repopulation carried out in vivo, which allows for the distinction between true long term
repopulating stem cells and short term repopulating (transit amplifying) cells, and the ability
to quantify the number of long term repopulating epidermal stem cells.

2. Materials
2.1 Tissue and Reagents

1. C57BL/6-TgN(ACTbEGFP)1Osb mice (Jackson Laboratories)

2. NODSCID mice (Jackson Laboratories)

3. Ketamine (100 mg/mL)

4. Aceprozamine Maleate (10 mg/mL; Henry Schein)

5. Sulfatrim (Actavis)

6. Forceps, fine-tip scissors, #15 disposable scalpels

7. Tegaderm and Coban (3M)

8. Forane (Baxter)

9. CNT-07 complete medium (Cell-N-Tech)

10. Hibiclens (Regent Medical)

11. HBSS-CMF (Invitrogen)

12. HBSS-CMF with 5x PSA (Penicillin, Streptomycin & Amphotericin; Invitrogen)

13. 0.05% trypsin-EDTA (Invitrogen)

14. TNS (Trypsin Neutralizing Solution: HBSS-CMF + 5% chelexed FBS) (see
Subheading 2.2)

15. Dispase (25 U/ml in HBSS-CMF; BD Biosciences)

16. 1% Collagenase Type 1A (Sigma; C9891) (see Subheading 2.2)

17. Hemacytometer (Fisher)

18. Trypan blue (Sigma)

19. UV lamp (Long wave UV (365 nm) filter; Spectroline)

20. Silicone chambers (6-mm internal diameter; Renner GmbH, Germany;
http://www.renner-gmbh.de)

21. Epifluorescence stereomicroscope (Stemi SV; Carl Zeiss, Inc.) with UV 488 nm filter

22. L-calc software (Stemsoft; www.stemsoft.com)
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2.2 Reagent Preparation
1. Prepare chelexed FBS by mixing 100 g of Chelex 100 resin (200–400 mesh; Bio-Rad)

with 500 mL FBS and stir at room temperature for 1 hour. Let settle and filter (0.2
uM).

2. Prepare a 1% (1 mg/mL) solution of Collagenase Type 1A (Sigma #C9891) in HBSS-
CMF. Alilquot and store at −20° C. Use within 6 months.

3. Methods
3.1 Primary Isolation of Neonatal Murine Keratinocytes

1. Using the long-wave UV lamp to determine whether pups are GFP positive, collect
3 to 4 day-old GFP positive and 3 to 4 day-old GFP negative neonates. (see Note 1)

2. Humanely euthanize neonates as per an approved IACUC protocol.

3. Using forceps, pinch skin and make a small incision with fine-tip scissors.

4. Remove truncal skin from neonates and place in CNT-07 medium at 4° C.

5. Scrape and remove the subcutaneous fat and wash once (1–2 minutes) in 10%
Hibiclens and then twice in HBSS with 5x PSA (1–2 minutes).

6. Place skin, epidermis up, in a 35 mm dish with 3 mL dispase, and incubate 24 hours
at 4° C, or 2.5 hours at 37° C.

7. Remove skin carefully from dispase and gently peel epidermis from dermis. To collect
the dermal fibroblasts proceed to Subheading 3.2.

8. Place the epidermis in 2 mL of pre-warmed 0.05% trypsin-EDTA and incubate for
20 minutes at 37° C followed by gentle tapping and shaking to encourage keratinocyte
separation from the stratum corneum.

9. Neutralize the trypsin with 6 mL TNS, then separate the keratinocytes from the
stratum corneum by centrifugation at 500 rpm for 10 minutes. Remove the supernatant
and resuspend the cell pellet in CNT-07 medium.

10. Using the hemacytometer and trypan-blue, count the cells and determine the
percentage of dead cells; approximately 3 to 4 million keratinocytes are usually
recovered from each neonatal murine epidermis. (see Note 2)

11. Centrifuge at 500 rpm for 5 minutes and resuspend the GFP positive and GFP negative
keratinocyte populations in CNT-07 medium in the appropriate volume. (see
Subheading 3.4) Keep cells on ice while chambers are implanted.

3.2 Primary Isolation of Neonatal Murine Dermal Fibroblasts
1. Following dispase treatment and removal of the epidermis (Subheading 3.1), place

the dermis in 2 mL of pre-warmed 0.05% trypsin and incubate for 25 minutes at 37°
followed by 2 seconds of vortexing.

2. Neutralize trypsin with 6 mL TNS and place dermis in empty 100 mm dish.

1Pups that are 3 to 4 days old are optimal for the isolation of both follicular and interfollicular neonatal keratinocytes because separation
of the epidermis from the dermis is easier and more complete than at later time points.
23.5 to 4 million keratinocytes can routinely be recovered from one day 4 neonatal skin, and less than 10% of the cells should be dead.
Less recovery could be due to the following factors: subcutaneous fat incompletely removed resulting in only a partial epidermal-dermal
separation; trypsin not adequately pre-warmed; keratinocytes not adequately separated from stratum corneum; keratinocytes not
completely resuspended (still clumped) and lost during filtration
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3. Using 2 #15 scalpels, cut dermis into 2 mm3 pieces; transfer pieces to 0.25% – 0.5%
collagenase (dilute from 1% stock in HBSS-CMF; add 0.3 mM CaCl2 ) Incubate for
1 hour at 37° C; after slight vortexing a homogeneous cell slurry should be obtained.

4. Add 6 mL of HBSS-CMF and centrifuge at 1000 rpm for 20 minutes. Remove the
supernatant and resuspend the cell pellet in CNT-07 medium.

5. After resuspension, strain cells through 100 uM cell strainer to remove debris and any
non-dissociated tissue still remaining.

6. Using the hemacytometer and trypan-blue, count the cells and determine the
percentage of dead cells; approximately 5 to 7 million fibroblasts should be recovered
from each pup dermis. (see Note 3)

7. Centrifuge at 1000 rpm for 10 minutes and resuspend in the appropriate volume of
CNT-07 medium. (see Subheading 3.4) Keep cells on ice while chambers are
implanted.

3.3 Chamber Implantation
1. Once the cells have been prepared at the appropriate dilutions and are stored on ice,

the chambers can be implanted in preparation for cell transplantation. (see Note 5)

2. Anesthetize host NODSCID mice by intramuscular injection of ketamine /
aceprozamine (100mg/kg ketamine / 10mg/kg acepromazine, usually 0.03–0.05ml of
1mg/ml ketamine / 0.1 mg/ml aceprozamine). The mouse should be fully sedated by
5 to 10 minutes as verified by testing the foot pad reflex. Sedation lasts 1 to 2 hours,
providing ample time to implant the chamber and allow the cells to settle and adhere.

3. Using forceps pinch the dorsal skin in the midline just posterior to the shoulder blades
and cut just below the forceps to excise a small ellipse of tissue approximately 5 mm
in length.

4. Fold a sterilized chamber in half and clasp with forceps. Pinch up the skin on the
anterior side of the excised site and insert folded chamber with forceps. Hold skin and
inserted side of the chamber while using the forceps to bring the posterior side of the
excised site around the rest of the chamber. (see Note 6)

5. To prevent the chamber from moving around on the fascia, wrap the upper body of
the mouse with Coban. Cut a small hole in the Coban first to allow the top of the
chamber to be exposed.

6. Cells should be pipetted directly onto the muscle fascia in a total volume of 50 to 70
uL. Fibroblasts are added first, and then 5 to 10 minutes later the keratinocytes are
added. (see Subheading 3.4) Place Tegaderm over the chamber and adhere to the
Coban.

7. Deliver Sulfatrim (200 mg sulfamethoxazole and 40 mg trimethoprim/200 mL water;
protect from light) and carefully monitor the Coban and Tegaderm daily until the
implantation has stabilized.

35 to 7 million fibroblasts can routinely be recovered from one day 4 neonatal skin, and less than 10% of the cells should be dead. Less
recovery could be due to the following factors: dermis not adequately digested by collagenase (see Note 4); fibroblasts not completely
resuspended (still clumped) and lost during filtration.
5The prepared cells are viable on ice for several hours, and the number of conditions per experiment will be determined by the number
of chambers that can be implanted during that time.
6The optimal fit of the chambers depends on the initial size of the ellipse of skin that is excised. If the excision is too large the chamber
will have to be sutured in place (use 5.0 absorbable sutures). However, if the initial excision site is too small and/or chamber insertion
takes many attempts, the host skin will be irritated and the mice tend to disrupt the chambers. The Coban should be tight but not tight
enough to restrict breathing.
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8. The Tegaderm should be replaced when necessary for 1 to 2 weeks after chamber
implantation, after which time the chamber can be left open to the air.

3.4 Cell Transplantation
1. Resuspend the GFP negative fibroblasts and keratinocytes at concentrations of 108

cells/mL. In order to ensure formation of a regenerated skin a minimum of 2 x 106

fibroblasts and 2 x 106 keratinocytes should be used, and these doses should be kept
constant for each dilution of test keratinocytes.

2. The doses of test keratinocytes will depend on the expected stem cell frequency. For
initial limiting dilution studies choose dilutions that range many orders of magnitude
such as 106, 104, 103, and 102. For 106 test keratinocytes, a dilution which should
yield all positive responses, resuspend the GFP positive keratinocytes at a
concentration of 50 x 106 cells/mL so that 20 uL equals 106 cells. Continue serially
diluting the cells at concentrations that yield the desired test keratinocyte number in
a 20 uL volume. Keep cells on ice while the chambers are being implanted.

3. Seed 20 uL of GFP negative fibroblasts into the chamber first, wait 5 · 10 minutes for
the cells to settle and adhere, then add 20 uL of GFP negative keratinocytes and 20
uL of GFP positive keratinocytes at the appropriate dilution.

3.5 Epifluorescence Imaging and Limiting Dilution Analysis
1. Regenerated epidermis can be imaged 1 to 2 weeks after chamber implantation and

as desired after that. (see Note 7)

2. For imaging, anesthetize mice (see Subheading 3.3) and place 100 – 200 uL of sterile
PBS on top of the regenerated skin and scab.

3. After 20 minutes, gently dab away the remaining PBS and soaked scab with sterile
kimwipes being careful not to disrupt the regenerated epidermis.

4. Place the mouse under the microscope and capture both bright-field and fluorescence
images. It is important to place each mouse in the same orientation and to use the
same exposure times for sequential observations. (see Figure 1C)

5. For limiting dilution analysis the regenerated epidermis is scored as positive if at least
one GFP-positive epidermal cell cluster is detected.

6. Use the L-Calc software to perform statistical analysis per the manufacturer’s
instructions, and determine the repopulating unit frequency. (see Table 1)

7. The regenerated skin can be excised for immunohistochemical analysis at the end of
the imaging period. (see Figure 1D)
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Figure 1.
Limiting dilution analysis for the determination of short term (TA) and long term (stem)
repopulating cell frequency. (A) Diagram of the 6 mm diameter silicone chamber implanted
onto the dorsal fascia of a NODSCID mouse into which the keratinocyte and fibroblast
populations are seeded. (B) Schematic of epidermal layers where GFP positive units derived
from short term repopulating cells (TA cells) disappear after 3 to 5 weeks (top row) or GFP
positive cells derived from long term repopulating cells (stem cells) persist for 9 to 30 weeks.
(C) Maintenance of GFP positive repopulating units up to 14 weeks. Top panels show bright-
field images of regenerated skin, middle panels show epifluorescence images taken at the same
time, and bottom panels show an overlay of the GFP positive repopulating units on the
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regenerated skin. (D) Hematoxylin and eosin staining of regenerated skin in cross section (10x,
20x). d: dermis, e: epidermis, hf: hair follicle.

Strachan and Ghadially Page 9

Methods Mol Biol. Author manuscript; available in PMC 2010 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Strachan and Ghadially Page 10
Ta

bl
e 

1

Fr
eq

ue
nc

y 
of

 re
po

pu
la

tin
g 

un
its

 in
 ra

pi
dl

y 
ad

he
re

nt
, n

ot
 ra

pi
dl

y 
ad

he
re

nt
, a

nd
 u

ns
or

te
d 

m
ur

in
e 

ke
ra

tin
oc

yt
es

 o
ve

r t
im

e.
1

N
um

be
r 

of
 G

FP
+ 

ce
lls

2
3 

w
ee

ks
5 

w
ee

ks
7 

w
ee

ks
9 

w
ee

ks

R
ap

id
ly

 A
dh

er
en

t C
el

ls

1,
90

0
0/

1
0/

1
0/

1
0/

1
7,

50
0

0/
7

0/
7

0/
7

0/
7

30
,0

00
5/

9
4/

9
4/

9
4/

9
60

,0
00

9/
10

8/
10

5/
10

5/
10

12
0,

00
0

8/
10

7/
10

7/
10

7/
10

24
0,

00
0

5/
5

5/
5

5/
5

5/
5

R
ep

op
ul

at
in

g 
U

ni
t F

re
qu

en
cy

1 
in

 4
7,

50
1

1 
in

 6
3,

65
7

1 
in

 8
1,

63
5

1 
in

 8
1,

63
5

(±
 S

ta
nd

ar
d 

Er
ro

r)
(3

7,
47

6–
60

,2
09

)
(5

0,
23

6–
80

,6
65

)
(6

4,
15

1–
10

3,
88

4)
(6

4,
15

1–
10

3,
88

4)
(9

5%
 C

on
fid

en
ce

 In
te

rv
al

)
(2

9,
84

8–
75

,5
96

)
(4

0,
02

1–
10

1,
25

3)
(5

0,
90

0–
13

0,
92

9)
(5

0,
90

0–
13

0,
92

9)

N
ot

 r
ap

id
ly

 A
dh

er
en

t C
el

ls

7,
50

0
0/

3
0/

3
0/

3
0/

3
30

,0
00

8/
9

6/
9

5/
9

5/
9

60
,0

00
9/

10
9/

10
8/

10
8/

10
12

0,
00

0
7/

7
7/

7
7/

7
7/

7
24

0,
00

0
5/

5
5/

5
5/

5
5/

5

R
ep

op
ul

at
in

g 
U

ni
t F

re
qu

en
cy

1 
in

 2
1,

09
4

1 
in

 2
7,

63
0

1 
in

 3
6,

19
6

1 
in

 3
6,

19
6

(±
 S

ta
nd

ar
d 

Er
ro

r)
(1

5,
88

8–
28

,0
06

)
(2

1,
14

7–
36

,1
00

)
(2

7,
96

2–
46

,8
56

)
(2

7,
96

2–
46

,8
56

)
(9

5%
 C

on
fid

en
ce

 In
te

rv
al

)
(1

2,
10

3–
36

,7
65

)
(1

6,
36

0–
46

,6
64

)
(2

1,
82

5–
60

,0
31

)
(2

1,
82

5–
60

,0
31

)

U
ns

or
te

d 
C

el
ls

30
,0

00
8/

10
7/

10
6/

10
6/

10

R
ep

op
ul

at
in

g 
U

ni
t F

re
qu

en
cy

1 
in

 1
8,

64
0

1 
in

 2
4,

91
8

1 
in

 3
2,

74
1

1 
in

 3
2,

74
1

(±
 S

ta
nd

ar
d 

Er
ro

r)
(1

2,
58

3–
27

,6
13

)
(1

6,
68

3–
37

,2
18

)
(2

1,
45

5–
49

,9
64

)
(2

1,
45

5–
49

,9
64

)
(9

5%
 C

on
fid

en
ce

 In
te

rv
al

)
(8

,6
29

–4
0,

62
7)

(1
1,

35
0–

54
,7

04
)

(1
4,

29
9–

74
,9

69
)

(1
4,

29
9–

74
,9

69
)

1 A
da

pt
ed

 fr
om

 [1
7]

2 A
dd

ed
 to

 c
ha

m
be

r w
ith

 2
 m

ill
io

n 
G

FP
-n

eg
at

iv
e 

ce
lls

.

Methods Mol Biol. Author manuscript; available in PMC 2010 January 1.


