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ABSTRACT
Intravital microscopy in live mice has shown that the elimination of epithelial 

cells during hair follicle regression involves supra-basal cell differentiation and basal 
cell apoptosis through synergistic action of TGF-β (transforming growth factor) 
and mesenchymal-epithelial interactions. In this process the basal epithelial cells 
are not internally committed to death and the mesenchymal dermal papilla (DP) 
plays essential role in death induction. Because the DP cells are not necessary for 
completion of the cycle but only for its initiation it is still an open question what is the 
mechanism leading to the propagation of apoptosis towards the regenerative stem cell 
population. Here, we use a quantitative analysis of the length of hair follicles during 
their regression cycle. The data are consistent with a propagation mechanism driven 
by apoptotic cells inducing apoptosis in their neighboring cells. The observation that 
the apoptosis slows down as the apoptotic front approaches the stem cells at the end 
of the follicle is consistent with a gradient of a pro-survival signal sent by these stem 
cells. An experiment that can falsify this mechanism is proposed.

INTRODUCTION

Adult stem cells together with their supporting 
cells form stem cell niches which maintain the 
functionality of renewable tissue in different organs 
[1]. Stem cell niches have been identified in organs 
like the colon [2], the breast [3], the skin [4], the hair 
follicles [5], and the bone marrow [6]. Revealing the 
stem cell niche self-renewal dynamics is important not 
only for understanding tissue homeostasis, but also for 
understanding of initiation of cancer [7]. Furthermore the 
different stem-cell niche architecture in different organs 
may lead to a different rate of aging and susceptibility to 
cancer [8]. During the past decade significant advances 

were made in understanding stem cell niches thanks to 
the development of organoid cultures [9] and intravital 
microscopy [10].

Hair maintenance in mammals is governed by 
complex interactions between cells in and around the 
hair follicles [11]. Functional hair follicles cycle between 
growth (anagen, 3–5 years in humans), regression 
(catagen ~10 days in humans), and quiescence (telogen 
~3 months in humans) [12]. At the beginning of telogen 
the hair falls off and after ~3 months new growth phase 
starts. In mice the phases are shorter, anagen lasts 1–3 
weeks, catagen ~2 days, and telogen ~2 weeks [13]. 
During the regression phase most cells die, but a small 
set of stem cells don’t, and they replenish the follicle 
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during growth. Recently [14] it was shown that extrinsic 
factors control cell apoptosis during that phase, but it is 
still an open question what is the origin of this signal. 
In addition, it is not understood why the apoptosis 
propagates along the follicle length rather than all cells 
dying simultaneously. The same study implicated the 
mesenchymal dermal papilla (DP) cells at the bottom of 
the follicle in the regression initiation through the release 
of a pro-apoptotic signal. This signal, associated with 
the transforming growth factor (TGF-β) can establish a 
spatial gradient along the hair follicle length inducing 
programmed cell death in the epithelial cell population. 
If such spatial signal is the sole cause of apoptosis it 
will lead to simultaneous apoptosis of all cells (with a 
rate proportional to the local concentration of TGF-β), 
which is in contradiction with the observations. During 
the regression phase, the DP cells follow the regressing 
cells until they reach the stem cell population in the 
hair follicle bulge. However, it was shown that while 
essential for initiating regression, the DP cells are not 
necessary for completion of the regression phase [14]. 
This suggests that only the DP signal released at the onset 
of the cycle is essential for regression and while the DP 
cells might continue releasing the signal until the end of 
the cycle it is not the only signal driving the apoptotic 
propagation. At the end of the cycle few stem cells remain 
viable in contact with the dermal papilla. This means 
that in addition to the apoptosis initiating DP signal(s), 
another mechanism is needed to explain the observed 
apoptotic propagation. In this paper we measured the 
length of hair follicles during catagen. The follicles were 
at different catagen stages and we obtained the follicle 
size distribution, which is consistent with a power law 
distribution. We also observed that, within a 12-hour 

period, shorter hair follicles regressed less than longer hair 
follicles, suggesting that the apoptotic propagation slows 
down as the dying cells approach the regenerative stem 
cell pool. Here we propose a quantitative model according 
to which apoptotic cells release local signal priming their 
neighboring cells for apoptosis and the stem cells release a 
pro-survival signal setting a spatial gradient. This model is 
consistent with the experimentally measured distribution 
as well as with hair follicle regression deceleration.

RESULTS

Short follicles regress slower than longer ones 
and basal epithelial cells don’t die until all cells 
before them are dead

A previous study [14] showed that the DP cells 
while needed for the initiation of the regression cycle are 
not necessary for its completion. To study the kinetics 
of follicle regression intravital microscopy was used in 
live mice to image 51 fluorescently labeled follicles and 
obtained the distribution of follicle lengths at two time 
points separated by 12 hours. The ordered-by-length 
set of imaged follicles is shown in Figure 1A. In Figure 
1B the length change dependence on the initial length 
is shown. From this data it is clear that the regression 
rate of short follicles is less than the regression rate of 
longer follicles. During the regression cycle the death 
rate decreases as the follicles become shorter. During the 
regression cycle follicles regress independently and thus 
one can quantify the regression kinetics of a single follicle 
from the observation of an ensemble of follicles at a given 
time. Because the regressing follicles are independent and 
with variable length the follicles have started regressing 

Figure 1:  (A) The length of 51 hair follicles was measured at two points of time separated by 12 hours. (B) The dependence of the follicle 
length change on the initial length.
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at independent earlier times. A useful statistical tool for 
understanding the data is the probability distribution of 
follicle lengths. This distribution tells us what percent of 
follicles fall within a given range of lengths. To obtain this 
distribution we plot the percent of follicles within a given 
length range. The distributions at the two time points 
separated by 12 hours are shown in Figure 2.

We tried to fit these distributions to various simple 
functions and we found that the best fit was obtained 
with power law distribution (see Materials and Methods 
for a discussion of the fitting and possible problems). 
The observation that the DP cells are not needed for 
the completion of the regression cycle means that the 
initiation signal once released leads to the progressive cell 
death. Previous studies showed that the epithelial cells at a 
particular position along the follicle don’t die until all cells 
closer to the DP cells are dead [14].

Apoptotic cell-cell communication can explain 
quantitatively the data

Here we introduce a mathematical model that can 
explain qualitatively the observed data. In this model 
the DP cells release an initiating signal, which primes 
the nearby epithelial cells for apoptosis. The dying cells 
release a local apoptotic factor which acts on the nearby 
cells and this cell death propagates further and further 
similar to the way fire propagates along a rope [15]. In 
this model the apoptosis will propagate with a constant 

speed and it does not explain why the observed speed 
of follicle regression decreases and why the dying cells 
do not affect the stem cell pool at the end of the follicle. 
To model these observations, we postulate that a pro-
survival signal is released by the stem cell pool which 
degrades as the distance from the stem cell pool increases. 
To see if this model is quantitatively consistent with the 
observations, we modeled the described processes by 
a reaction-diffusion type equation [16]. We model the 
density, n(x,t), of dead cells along the length, x of the hair 
follicle at time t. The equation describing our model is:
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where x is the length along the follicle, t is time, and D 
(D = 0.1 (mm2/h)) is a diffusion coefficient describing the 
processes of cell apoptosis and release of pro-apoptotic 
signal by dying cells. Here describes a pro-survival factor 
released by the stem cell pool at the end (x = L) of the 
follicle and k (k = 10−3(mm−1)) is constant describing 
how fast along the follicle the pro-survival factor falls 
off. This model has only two fitting parameters: the 
diffusion coefficient D and the function a(x). Again, on 
general grounds this function is expected to decrease 
exponentially away from its source (the stem cell pool). 
This equation has a wave propagating solution and is 
in the class of equations described by Kolmogorov, 
Petrovskii, and Piskunov [17]. In Figure 3A we show the 

Figure 2: Percent of follicles with length within a small range (the probability distribution function).
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fit of this model to the data from Figure 1A and in Figure 
3B the function a(x) is shown. Hair follicles regress 
slower and slower as they become shorter and shorter, 
approaching higher values of the pro-survival factor, 
modeled by a(x) and released by the regenerative stem 
cells. The system, as seen in Figure 3A, seems to be going 
towards an intermediate asymptotic regime [17]. The 
simulations start with a follicle of some particular length, 
and follows it deterministically. The assumption, when 
comparing to experiment, is that the experiment ’starts’ 
with a set of follicles of different length. In the simulation 
a follicle of 50% the original length corresponds to a point 
in time where half of it remains, which means that the 
experiment picked up that follicle later in its death cycle. 
So, there’s a direct connection in the simulation between 
follicle length and time. Also, the shorter the follicle when 
observing begins, the more slowly it shrinks, because 
it’s nearing the end of the cycle and the remainder is 
approaching the stem cells. To see what happens at a 
later time, we then take the distribution at the initial time 
and offset by some fixed t value. It is remarkable that we 
obtained the distribution observed experimentally.

Because of the putative pro-survival factor possibly 
released by the stem cells, the propagation of apoptosis 
along the follicle becomes slower and slower as one 
approaches the stem cells and it stops when it reaches 
them. In Figure 4 the propagation of the initial cell death 
along the follicle is shown. The data in this figure are 
from the numerical solutions of the model described by 
Equation 1.

The proposed model for the follicle regression 
cycle produces a power law distribution of follicle 
lengths. While the experimental data suggest a power 

law distribution, the follicles are within their biological 
lengths and mathematically it is impossible to have high 
confidence that the distribution is a power law. In the case 
of the model, we have many more data points and we are 
confident in the power law distribution. We observed a 
typical power law distribution generated by our model 
(Figure 5).

So far, we have shown that a simple deterministic 
model of cell-cell communications is consistent with the 
observations and that a model in which the apoptosis is 
induced by a spatially separated cellular compartment 
is not. The next question we asked was how sensitive to 
noise our results are. We introduced multiplicative noise in 
the reaction term drawn from a uniform distribution. The 
results were not sensitive to such noise and the dynamics 
was self-averaging.

DISCUSSION

In this paper we introduced a mathematical model 
of the hair follicle regression cycle that postulates that 
the regression is initiated by the dermal papilla, but 
that this signal affects only the cells adjacent to it. The 
subsequent regression propagates due to the death 
of cells, which induces apoptosis in their neighbors. 
This model is consistent with the observation that the 
dermal papilla is not necessary for the completion of the 
regression cycle. The mathematical model is based on a 
reaction-diffusion-type dynamics in which the reaction 
term strength, describing the cell-cell induced apoptosis, 
decreases towards the stem cells most likely due to the 
release by the stem cells of pro-survival diffusible factor, 
slowing down the effect of dying cells on their neighbors. 

Figure 3:  (A) Simulations of the reaction-diffusion model (solid lines) and measured follicle length (solid circles). (B) The function a(x) 
describing the pro-survival factor released by the regenerative stem cell pool. The inset shows a schematic of a hair follicle regressing slower as 
it gets shorter and closer to higher values of the pro-survival factor modeled with the function a(x) and released by the regenerative stem cells.
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Figure 4: Cell extinction slows down as the stem cells at the end of the follicle are approached in the mathematical 
model as observed in the set of measured hair follicles.

Figure 5: The power law probability distribution function of follicle sizes generated by our model.
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In the regression mechanism proposed here apoptotic 
cells induce apoptosis in their neighbors and this signal 
propagates forward along the hair follicle and our 
prediction is that ablation of cells ahead of the apoptotic 
propagation front will halt the follicle regression, while 
in a model where external diffusing signal causes the 
regression ablation is expected to have little effect on 
the regression cycle. Such experiments can falsify the 
mechanism proposed here.

In conclusion, hair follicle regression may be 
governed by cell-cell induced programmed cell death, 
which slows down as the stem cell compartment is 
approached and does not affect the stem cell compartment 
from which the growth phase is initiated. The class 
of models introduced here can be used to describe the 
renewal kinetics of other stem cell niches like the intestinal 
stem cell niche [18]. The generalization of the model to 
different geometries and topologies of different stem cell 
niches, as well as to the details of their stem cell renewal 
kinetics can address problems related disease states like 
cancer and aging [8].

MATERIALS AND METHODS

Experimental procedures and mice models

The intravital microscopy and all the experimental 
methods, procedures and mice have been described in 
detail elsewhere [14].

Mathematical modeling

The reaction-diffusion equation describing our 
model is an initial-value problem solved via Euler’s 
method for the time dependence, using a spatial 
discretization of n(x,t). We use two approaches to check 
the numerical calculations. The first is to replace Euler’s 
method with fourth-order Runge-Kutta integration, and/
or to compare the use of fourth-order vs. second-order 
evaluation of the Laplacian on the lattice. For sufficiently 
short time steps, the results from these methods are 
practically identical. The second check uses the fact that, 
when the signal a(x) is set to a constant, the solution 
becomes a time-independent shape that propagates with a 
velocity determined by the other parameters.

We wrote a separate code to produce such shapes, 
and confirmed that, when used as an initial condition for 
the code with damping, the shape propagates without 
change.
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