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Abstract 
 
In principle, there are two types of time regulation in humans as well as in other 
species: Cyclic time when the same phenomena occur with regular intervals, and 
linear time, when alterations occur along a straight line. Examples of the former 
are circadian and seasonal variations, while the latter time functions include 
periods of gestation, infancy, growth and adulthood, followed by senescence and 
death. For the former type of variations, a series of clock genes are operative, 
giving alternating stimulatory and inhibitory signals to cells.  
The interplay between external light through a master clock in the brain and 
cyclic changes in the body due to multiple peripheral cellular clocks in the 
organs has recently been elucidated. As example of a peripheral clock we have 
recently shown that the expression of clock genes in both mouse and human 
hematopoietic stem cells undergoes significant circadian variations. Both 
species and cell type characteristic variations are present, with evidence of  local 
as well as systemic regulation. Different patterns between nocturnal mice and 
diurnal humans are conformal with light induced systemic regulation. Clock 
functions in cells and their importance as transcription factors are now being 
explored in cell culture. Human mesenchymal stem cells lose their circadian 
variations of clock gene expression after some days in culture, but these can be 
reinduced with external cues as serum shock or cyclic AMP analogs and 
followed for several cycles. Therefore, these clocks seem to be dependent on 
continuous exposure to external cues.  
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Introduction 

 
Practically all functions in the body vary with time, with periodicities ranging 
from seconds to day and night, month and season. For a number of years it has 
been known that circadian rhythms are governed by cellular clocks through 
special clock genes. They are coding for proteins that mediate positive (Clock, 
Bmal1) and negative (Per1- 3, Cry1 and 2, Rev-erb α) regulatory signals in 
cells. It has been estimated that so-called clock controlled genes influence the 
transcription of about 10 percent of the genome in mammalian cells. Molecular 
clocks are active in most tissues and contribute to adjustment to the outer 
environment. At the same time it seems that such clock functions can both be 
systemic and local. Since time regulation is universal, both for coordinating 
cellular processes locally and for coordination of cells within a tissue as well 
homeostatic control in the whole body, the need for universal clock functions is 
obvious. Until recently, however, research on biological rhythms has mainly 
been descriptive, aiming at elucidating how and when different cell functions 
varied in time. Only during the last decade, a deeper understanding of cellular 
time regulation has been achieved. This adds to general knowledge about 
homeostatic mechanisms and how environmental light induces time variations 
through the eye and the nucleus suprachiasmaticus (For general review, see 1).  
 
In this chapter, some recently elucidated aspects of local time regulation in 
human cells will be presented and with particular emphasis on haematopoietic 
tissues and stem cells. The reason for pursuing this type of research is twofold. 
Firstly, since stem cells are of critical importance for regeneration and for 
maintaining equilibrium in any tissue, their variations will be quantitatively 
more important than those of functional end cells. Second, the bone marrow is a 
rapidly dividing tissue with a high cell turnover, which is known to be subject to 
strong circadian variations. At the same time this organ is not exposed to 
environmental light. Therefore, only secondary regulatory mechanisms related 
to time and light biology will be applying.  
 
 

Some basic mechanisms 
 

Basically, the mammalian cellular clock, including the human one, consists of a 
complex feedback mechanism, consisting of positive and negative regulators. 
This is achieved through an autoregulatory transcriptional / translational 
program occurring in a cyclic manner. The genes Per1-3 and Cry1 and 2 code 
for inhibitory proteins, while Clock and B-mal 1 code for proteins that form a 
heterodimer enhancing transcription. The pattern is further modified by Rev-erb 
α, acting inhibitory on this sequence. Thereby an efficient switch mechanism for 
inhibitory and stimulatory signals is given, not only as feedback to the clock 
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genes, but also to other genes downstream of their action (1-3). This mechanism 
was first elucidated in the master clock in the brain, the nucleus 
suprachiasmaticus, which coordinates circadian timing in mammals (3). This 
pattern developed relatively early in evolution and is similar in a wide variety of 
organisms from plants to humans (4).  
 
In the beginning, the main focus was on the results from studies of the central 
nervous system and the master clock. However, it was soon realized, that 
circadian oscillators were also operating in peripheral tissues (see e.g. 5,6). 
Surprisingly, the circadian oscillation of global gene expression was found to be 
highly variable between different tissues, e.g. between the liver and the heart (7). 
In addition, the different clock genes seem to be alternating differently in 
various peripheral tissues, and also with differences between species (1; see also 
later). The production of mutant mice for different clock genes has revealed that 
the circadian pattern can become obliterated, and also that there is a certain 
redundancy in the clock work (see e.g. 8). Thus, it was recently reported that the 
circadian variations are not obliterated in mice with a clock 0 mutation (9). 
Circadian expression of clock genes in human peripheral tissues has been 
observed both in the oral mucosa and the skin (10), as well as in hematopoietic 
stem and precursor cells (11). 
 
Cellular clocks seem to be of particular importance for regulation of cell cycling 
and timing of cell division in vivo, linking their actions to circadian variations of 
cell division which have earlier been observed in most tissues (see e.g. 12). 
 
 

Human light perception and the master clock 
 
For many years, only the visual functions of the eyes through rods and cones 
were known and characterized. However, there was increasing evidence for the 
existence of other types of photoreceptors in the retina, since light perception 
through the eyes also strongly influenced the circadian system. Later it has been 
shown that circadian, neuroendocrine and neurobehavioural responses in rodent, 
primates and humans are mediated through the eyes in the spectrum 446 to 484 
nm, which is predominantly the blue part of the spectrum. This newly 
discovered photosensory system is composed of a small population of widely 
dispersed retinal ganglion cells that are intrinsically responsive to light. They 
have connections to the suprachismatic nucleus and other non-visual centers in 
the brain. The light sensitive retinal ganglion cells contain melanopsin, a vitamin 
A photopigment that mediates the whole phototransduction cascade in the cells. 
In contrast, the conventional photoreceptors rods and cones were not required 
for circadian photoreception (13-15). There is so far no indication that cells in 
peripheral tissues of man respond directly to light, neither in vivo nor in vitro. 
On the other hand, it is known that several external factors may act more or less 
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indirectly as circadian cues, such as the timing of meals, certain chemicals and 
changes in the environmental temperature (1). 
 
The identification of both the regulatory circuit of cyclic timing in man and 
other mammals and the differences between the master clock and the peripheral 
clocks have given a deeper understanding of the physiological regulation of 
multiple functions in the body (16). In addition, this has led to a molecular 
understanding of human circadian rhythm disorders, which may be due to 
inheritable conditions affecting different parts of the central regulation of 
biological rhythms (17). These include conditions as seasonal affective 
disorders, non 24-h sleep-wake syndrome, delayed sleep phase syndrome, 
advanced sleep phase syndrome as well as morningness-eveningness preference 
within the normal range (17). 
 
 

Hematopoiesis and stem cells 
 
Rapidly proliferating tissues with a high cell turnover usually exhibit strong 
cyclic variations in their proliferative activity. Thus, cell cycling is coupled to 
both the circadian and seasonal timing of activity in tissues (see 1,12). For 
example, it has long been known that renewal of cells in actively proliferating 
tissues as the mucosal lining of the gastrointestinal tract, skin and hemopoiesis, 
occurs in rhythms (see 18). In hematopoiesis the cyclic variations both apply to 
the different types of peripheral blood cells (see e.g. 19), as well as in the bone 
marrow itself (20). These rhythms have been attributed to similar cyclic 
variations in various humoral regulators, and particular the cortisol rhythm. 
Thus, the circadian variations in serum cortisol and in circulating granulocytes 
are closely coordinated. In addition, both functions are markers for circadian 
variations of bone marrow proliferation (21). There are also circadian variations 
in the expression of various surface molecules leukocytes. For example, in rat 
blood lymphocytes several surface molecules change with day and night, 
including CD45 and CD5, indicating that the behaviour of the peripheral 
circulating cells may be varying according to an internal peripheral clock, as 
well (22). 
 
Multipotent stem cells are of critical importance in maintenance of equilibrium 
in the hematopoietic system. In mammals one single stem cell can have a 
progeny of one million more or less differentiated daughter cells within a week. 
Thus, minor variations in stem cell renewal and differentiation may play an 
important quantitative role. It has earlier been shown that in human bone 
marrow, there is a close correlation between circadian variations of DNA 
synthesis in the total bone marrow population and clonability of progenitor cells 
in vitro (23). Recently, we have shown that the various clock genes are 
expressed in hematopoetic stem cells (11). In mouse and human bone marrow 
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the expression level is cyclic with strong circadian variations (24,25). This 
occurs as a sequential process with alternation between the different types of 
clock genes.  
 
 

 
 
 
Figure 1. Circadian co-variation of DNA synthesis and clonogenicity by granulocyte-
macrophage- forming progenitor cells (CFU-GM) in bone marrow in 16 clinically 
healthy men. (From Smaaland et al; 23). 
 
 
While significant variations of Per-1, Per-2 and Cry-2 were seen which closely 
followed the cortison rhythm in peripheral blood, Cry-1 and Bmal-1 did not vary 
significantly. Contrary to precursor cells, most of the clock genes were not 
oscillating in a fully organized circadian manner in primitive mouse 
hematopoietic stem cells. This indicates that the circadian variations of murine  
clock gene expression in hematopoiesis are developmentally regulated, since 
significant variations were found both in whole bone marrow and in the liver, 
both representing mainly differentiating cells (24). This further emphasizes that 
peripheral clocks may be differently organized according to the cell type. On the 
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other hand, the close coordination between systemic cortisol levels and stem cell 
clock genes expression in humans indicates a significant systemic regulation 
mediated through the retina and the central master clock. 
 
Specialised accessory mesenchymal cells are important for maintenance of 
haematopoiesis locally in the bone marrow, both through cellular and humoral 
factors in the microenvironment. Such accessory cells as well as adipose cells 
are also derived from more primitive stem cells, which can be obtained by 
aspiration from the bone marrow in man. They can be cultured for prolonged 
periods as primary cells, but once established in vitro, the cells do not exhibit 
circadian clock gene variations. However, these can be reinduced by various 
stimuli, such as serum shock and various cyclic AMP analogs (Huang, T-s et al 
in preparation). Upon such stimulation, alternations between stimulatory and 
inhibitory clock genes can be followed over several circadian cycles. Similar to 
clock functions in several other peripheral tissues, mesenchymal stem cells seem 
to be dependent on central or external cues for maintenance. The finding further 
points in direction of the master clock as regulator of peripheral clock in human 
haematopoiesis. The recent observation that bone marrow engraftability by 
transplantation to irradiated recipient mice was subject to significant circadian 
variations further supports this concept (26). If applicable to man, this may also 
be used for optimisation of bone marrow transplantation.  
 
 

Human circadian and seasonal variations and disease 
 
The understanding of cellular clocks in the human CNS as well as in peripheral 
tissues may have clinical implications, for example by timing of medical 
treatment to periods where optimum effect and less side effects may be achieved 
(see e.g. 27,28). It is known that the occurrence of many different diseases in 
man may show circadian as well as seasonal variations. This includes infections, 
vascular diseases, the occurrence of genetic and malignant diseases, as well as 
the death rate in general (see e.g. 1). Such patterns may be due to the lighting 
conditions, where for example the occurrence of seasonal affective disorders 
show some variations with season as well as with latitude (28). Interestingly, 
chronic disturbance of the circadian rhythms may be associated with tumour 
progression in mice (29, 30). It has also been found that malignant lymphomas 
lack circadian variations in DNA synthesis (31). In addition, it has been reported 
that the expression of Per 1-3 genes is deregulated in breast cancers (32). Thus, 
the circadian clock pacemaker may act as a tumour suppressor, which upon 
perturbation facilitates malignant progression (33). Such findings provide 
further evidence for the fundamental importance of time keeping functions in 
normal human peripheral tissues. 
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Figure 2. Circadian variations of mRNA clock gene expression in human bone 
marrow stem cells (CD34+ Cells) as compared to the serum cortisol level. (From 
Tsinkalovsky et al; 25). 

 
 

 
Concluding remarks 

 
New light has in the recent years been shed on fundamental mechanisms 
underlying photoperiodism in mammals, including man. In particular, this 
applies to the circadian system, where a large body of evidence is available on 
genetic regulation of central as well as peripheral clocks, including their 
coordination. To some extent data on cyclic time keeping have already had 
clinical consequences. Foremost, such knowledge is important for a deeper 
understanding of homeostatic mechanisms. As has already been indicated 
elsewhere (34), we may be moving towards a molecular biological calendar in 
humans, leading to improved conditions for maintenance of health and 
prevention of different diseases. While old farm life had a balance between 
cycling and linear time, and people were more exposed to natural changes in 
lighting conditions, our present electronic society implies exposure to a 
multitude of different artificial cues. A deeper understanding of light and time 
regulation in man might give the opportunity to reduce noxious influences 
perturbing the normal time keeping.  
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