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Splitting of the circadian activity rhythm in common marmosets (Callithrix j. jacchus; Primates) 
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Summary. Long- term recordings of  the free-running circadian activity rhythm in common marmosets ,  Callithrix 
j. jacchus, living under  constant  environmental  condit ions (LL 200 -  470 lx) provided evidence of  rhythm splitting in 
nonhuman  primates.  In two out  of  ten test animals two different types of  splitting occurred;  spontaneous persistent 
splitting and temporary  splitting. Neither a reduction of  the i l lumination intensity nor  the appl icat ion of  dark pulses 
had  any effect on the two activity components  of  the persistently split rhythm. 
Key words. Circadian rhythm;  activity; splitting; Primates;  Callithrix. 

In the continuing discussion about  whether one, two, or 
more, central nervous oscillators or pacemakers  regulate 
the numerous circadian rhythms of  the vertebrate organ- 
ism, two phenomena  are thought  to point  to the existence 
of  a two- or mult i -osci l lator  system; internal desynchro- 
nization and splitting. Spontaneous  and/or  forced inter- 
nal desynchronizat ion,  in which various circadian func- 
tions display different per iod lengths for a long time, has 
only been observed thus far in man  and in the diurnal  
squirrel monkey  (Saimiri sciureus). Splitting has been 
found in several diurnal  and nocturnal  rodents,  in tree 
shrews, and in certain species of  birds, reptiles and  fish- 
es 1. While  free-running under constant  environmental  
conditions,  individual  circadian rhythms dissociate 
(split) into two (or more) distinct components  which ei- 
ther continual ly or only temporar i ly  free-run with differ- 
ent spontaneous  periods. 
Splitting has been observed most  frequently in locomotor  
activity. In a few cases, however, it has been repor ted that  
along with the split t ing in the locomotor  activity splitting 
may  also occur in the free-running circadian rhythms of  
feeding, dr inking and electrical bra in  self-stimulation 2 as 
well as in the serum concentrat ion of  luteinizing hor- 
mone 3. Indicat ions of  splitting in the core temperature  
rhythm have only been observed in a few squirrel mon-  
keys 4. In these cases, however, the test animals had  been 
restrained in a chair  throughout  the whole of  a constant  
condit ions experiment (LL 600 lx; 28 _+ 1 ~ which last- 

ed less than three weeks. Therefore it is not  known 
whether splitting can occur in the activity rhythm as well, 
either in this diurnal  Cebid species or in other nonhuman 
primates.  We carried out  two long-term constant  condi- 
tions experiments to examine the possibili ty of  social 
entrainment,  and to test the effect of  estrogen appl icat ion 
on the circadian spontaneous period in free ranging com- 
mon marmosets  (Callithrix j. jacchus). During these ex- 
periments,  we found individual  cases of  temporary  and 
continuous splitting of  the free-running circadian activity 
rhythm. 
Dur ing  the experiments,  a total  of  10 adult  common 
marmosets  (2 males and 8 females) aged 2 8 years were 
kept  for 3 - 6  months in constant  light (LL) of  200-470 lx 
at an ambient  temperature  of  25 _+ 1 ~ and 60 _+ 5 % 
relative humidity.  The small diurnal  monkeys lived indi- 
vidually housed in wire mesh cages (75 x 105 x 95 cm) 
which were placed in isolat ion boxes with thick (10 cm) 
sound-at tenuat ing walls. The boxes were placed in the 
same room.  Food ,  consisting of  a protein-r ich rice-flake 
porr idge and mixed fruit, was provided ad l ibitum at 
irregular intervals once or twice per circadian cycle. 
The locomotory  activity of  the test animals was recorded 
by a PC-control led electroacoustic device. The vibrat ions 
(sounds in solids) of  the wire mesh of  the cage generated 
by the various activities of  the animals (e.g., moving 
around,  intense scratching, scent marking)  were picked 
up by a transducer-l ike special microphone (Merula 
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TVJ-XL, Holthausen)  that  is highly sensitive to substrate 
conducted sounds and insensitive to sounds propaga ted  
by air. The electrical signals of  the microphone were then 
used to trigger a series of  constant-frequency square 
wave pulses that  were added by electronic counters 
(Demel V224). The count was sampled at l -min  intervals 
by an Apple  II  § PC, totaled every 5 rain, and the sum 
was then stored on a disk. F o r  further analysis the data  
were transferred,  via the Kermi t  program,  to an IBM- 
compat ible  Olivetti PC M-24 with two f loppy disks, a 10 
MB hard disk, and a t tached plot ter  (HP 7475 A). The 
per iod length of  the free-running circadian activity 
rhythm was determined both  by per iodogram analysis of  
the consecutive 30-min values according to D6rrscheidt  
and Beck 5 and by eye-fitting regression lines to the dou- 
ble plots of  these data. F o r  further details see Erkert  et 
al.6, 7. 

Under  the experimental  condit ions used, all the mar-  
mosets displayed f lee-running circadian activity rhythms 
(CAR).  Their period lengths varied between 23.8 and 
22.8 h (Y = 23.2 _+ 0.3 h) and for 3 0 - 4 0  days experienced 
distinct after-effects o f  the preceding entrainment  to an 
LD 12:12 (cf. fig. 2 and Erkert  v). After  living in LL for 
about  40 and 75 days, respectively, a four-year-old male 
and an eight-year-old female showed splitting of  their 
CAR.  As can be seen from figure 1, the spontaneous 
period in the male lengthened from 23.3 h on LL-days 
1 -20 ,  to 23.9 h from days 40 to 56. Between the 30th and 
40th day of  constant  condit ions,  a very weak and slightly 
slower activity component  split f rom the end of  the main 
activity time. Final ly  two distinct weak activity compo- 
nents evolved which free-ran in ant iphase with identical 
per iod lengths of  24.6 h from days 85 to 115. 
In tree shrews and hamsters  it has been shown that  
changes in the constant  lighting condit ions and dark  
pulses during LL may induce changes in the mode of 
splitting, or  a re-fusion of  the split activity rhythm, and 
different phase responses of  the two split components ,  
respectively 8 - ~ ~. Therefore we tested the effect of  a re- 
duct ion of  the LL-intensi ty from 470 to 52 lx (from days 
83 to 117) and of  12-h dark  pulses (applied on days 61 
and 95 at  different circadian phases) on the male 's  split 
activity rhythm. However,  none of  these al terations in 
the environmental  condit ions resulted in a reunion or 
discernible phase shifts of  the two split activity compo- 
nents. F r o m  days 121 to 142 the male was re-united with 
his twin sister, who displayed an unsplit free-running 
C A R  of  23.2 h, obviously dominat ing throughout  this 
whole per iod of  social contact.  The male 's  activity 
rhythm shown thereafter,  when kept  isolated again from 
its par tner  for a few days, suggests that  the circadian 
periodic social contact,  which in the other test animals 
led to social entra inment  of  the free-running circadian 
rhythms, did not  result in a terminat ion of  splitting. 
In the female marmoset ,  a t emporary  splitting of  the 
free-running circadian activity rhythm occurred immedi-  
ately after an i.m. control  injection of  0.1 ml ricinus oil 
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Figure 1. Spontaneous splitting of" the free-running circadian activity 
rhythm in a four-year-old male common marmoset living in constant 
light of 470 lx (days J 83 and J 17 150) and of 52 lx (days 83-J 17). The 
plot starts on the sixth day of constant conditions. Black bars indicate 
12-h dark pulses applied at different circadian phases; white bars repre- 
sent failures of the recording device. To test the effect of circadian period- 
ic social contact on the split rhythm, from days 121-142 the male was 
reunited with its former female social-partner whose activity rhythm 
free-ran unsplit with a spontaneous period of 23.2 h. During this period 
the locomotor activity of both animals was recorded together. The black 
triangles mark the exact times of the respective changes in the environ- 
mental conditions. 



0 - 

Experientia 45 C 1989), Birkh/iuser Verlag, CH-4010 Basel/Switzerland Research Articles 

1 0 , -  

2O 

3 0 -  

4oi 

5 o i -  

i- 
6 0  

i_ 

7 0  i 

B 0 1 -  

gO " 

lOOi  

110  

1114 

120 

1 3 0  

~.50 

CALLITHRiX JACCHUS: FEMALE MO 

: ~  - -  - _ - 2 . . . . . _ . . ~  ~ = _ - L -  ~ _ = _ _  _ . . . . . .  _ - _ - , ~ "  . . , ~ I  

__- ~ _~.-- ~_ 

~ _ _ ~ , . - . - ~  _ - -  -_ - _--_ - - ~ - . , 2 ~ - - -  - - : - -  : ~  
~ . ~ _ e - _ - - ' - -  - - - - j _ - - ~  ~ . . t__ . ._ . . . ~_  - L _ ~ 

�9 ~ , . . . ~  _ - ~ ' -  ,,- ~ _,,~..~ 

oAYS I I I I I I 1 I I I I I I I I I 
9 15 21 3 g i5  21 3 h [CET] 

Figure 2. Temporary splitting of the free-running circadian activity 
rhythm in an eight-year-old female marmoset (LL 350 ix) treated with 
estradiol valerate dissolved in ricinus oil (black triangles) and with pure 
ricinus oil (open triangle) as control. 

applied 15 days after an i.m. injection of 2.5 mg/kg estra- 
diol valerate dissolved in ricinus oil (fig. 2, open and 
black triangles, respectively). Here the two split activity 
rhythms free-ran for about two weeks with different peri- 
od lengths; 23.] h, which coincides with the pre-split 
period of 23.0 h, and 24.4 h. Then they became synchro- 
nized again and exhibited a short spontaneous period of 
23.1 h. After a second application of estradiol valerate 
(5 mg/kg i.m. on day 139) the rhythm slowed down, and 
the activity time lengthened steadily. Since this marmoset 
had to be removed from the experiment in order to avoid 
risking its health, it cannot be ascertained whether this 
might have been the beginning of another period of split- 
ting or not. It also remains unclear whether or not the 
(first) period of splitting had been induced by the injec- 
tion of estradiol valerate, by its pure solvent used as a 
control, or by another unknown factor. In none of the 

five other (much younger) female marmosets, treated in 
this experiment similarly with estradiol valerate and rici- 
nus oil, did the free-running circadian activity rhythm 
show any indication of splitting. 
The ultimate causes, i.e. the physiological mechanisms 
underlying the splitting of free-running circadian 
rhythms are still unknown. Nowadays, however, this 
phenomenon is generally assumed to be based on a tem- 
poral uncoupling of two different circadian pacemakers 
or pacemaker systems which are located in the central 
nervous system and generate different spontaneous peri- 
ods 1. According to the basic hypotheses of Pittendrigh's 
two_oscillator_model12.13, these pacemakers are often 
termed morning (M) and evening or night (E or N) oscil- 
lators 9, 14, 1 s. In cases of temporary splitting, as observed 
here in the female marmoset, the two oscillators are 
thought to become uncoupled and to free-run with differ- 
ent period lengths until reaching their original phase rela- 
tionship, at which point they again couple. 
Persistent splitting, as shown by the male Callithrix, is 
also consistent with this two-oscillator hypothesis. It 
would occur when a stable mutual coupling is achieved at 
another distinct phase relation (mostly at 180 o) between 
the two oscillators. Compared to the unsplit circadian 
rhythm, such synchronized split rhythm components of- 
ten do free-run with a markedly altered common period 
length (cf. fig. 1). This observation led to the hypothesis 
that environmental factors influencing the spontaneous 
period of unsplit circadian rhythms (e.g. light and ambi- 
ent temperature) do this at least in part by modifying the 
coupling strength of the two circadian oscillators or oscil- 
lator systems. Correspondingly, the exogenous factors 
thus far proven to induce splitting i.e. a) relatively low 
light intensities in certain diurnal mammals such as tupa- 
ias and squirrels, or b) relatively high LL intensities in 
several nocturnal rodents such as hamsters, rats and 
mice, and c) testosterone application in starlings and rats 
have been thought to do this by a weakening of the 
mutual coupling of these oscillators l. 
The occurrence of spontaneous splitting of the free-run- 
ning activity rhythm, as observed in numerous hamsters 
and rats as well as in the male marmoset (fig. 1), may be 
explained in a similar way by assuming a spontaneous 
(endogenously induced) reduction in the coupling 
strength of the oscillatory control mechanisms involved. 
Whether estrogens, which thus far have not been shown 
to induce splitting, may have similar effects on the inter- 
nal coupling of the circadian pacemaker system cannot 
be deduced from the temporary splitting as observed in 
the female marmoset (fig. 2), because the causes of this 
episode of splitting are unclear. 
To explain a splitting of overt circadian rhythms one 
must not necessarily assume the existence of two or more 
central nervous pacemakers. As recently pointed out by 
Carpenter and Grossberg 16, several modes of splitting 
can be obtained by computer simulations based on a 
more physiologically oriented neural model of circadian 
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rhythms. This model starts by assuming the existence of 
one circadian pacemaker (the SCN) consisting of gated 
pacemaker circuits in which 'on-cells and off-cells excite 
themselves via positive feedback, inhibit each other via 
negative feedback, and are tonically aroused'. However, 
experimental data exclusively favoring this and/or other 
one-oscillator models 17-19 are still lacking. Results ob- 
tained from experimental manipulations of split activity 
rhythms in hamsters, such as differing phase responses of 
the two activity components to dark pulses 11, more like- 
ly support a two-oscillator or multi-oscillator hypothesis. 
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Summary. The study demonstrated a decreased level of glucocorticoid receptors (GR) in peripheral blood 
lymphocytes from hypercholesterolemic subjects, and an elevated level in patients with acute myocardial infarction. 
In the lymphocytes with a high G R  number, dexamethasone inhibited [3H]-thymidine and [3HI-acetate incorporation 
into DNA and cholesterol, respectively, in the same manner as in the control cells. On the other hand, a decreased 
GR number resulted in a less efficient dexamethasone inhibition of the incorporation of labeled compounds. These 
data showed that the sensitivity of lymphocytes to glucocorticoids changed only with a decrease of G R  level. 
Key words'. Glucocorticoid receptors; lymphocytes; hypercholesterolemia; acute myocardial infarction. 

The cellular receptor system provides for high efficiency 
and selective action of glucocorticoid hormones in target 
tissues. Opinions as to whether the response of somatic 
cells to hormone action depends on the number of recep- 
tors are contradictory 1-4. Human peripheral blood 
lympocytes are well-known target cells for glucocorti- 
coids. It has been demonstrated that glucocorticoids 
have a direct, specific inhibiting effect on metabolic pro- 
cesses in these cells 3. The aim of this work is to find out 
whether the number of lymphocyte glucocorticoid recep- 
tors (GR) on a cell determines its sensitivity to hormone 
action. 

Materials and methods 
Lymphocytes were separated from the blood of 40 55- 
year-old men: (1) normolipidemic healthy volunteers 
(Ch < 270 mg/dl, Tg < 200 mg/dl, HDL Ch > 35 rag/ 
dl); (2) normolipidemic patients with acute myocardial 

infarction (no more than 24 h since the onset of anginal 
attack and appearance of abnormal Q wave) (3) hyper- 
cholesterolemic subjects (Ch > 270 mg/dl, with coronary 
atherosclerosis angiographically verified). Patients with 
diabetes mellitus and other endocrine pathologies were 
excluded from the study. 
Fifteen ml of blood was drawn from the ulnar vein into 
dry test-tubes with EDTA (1 mg/ml) and separated over 
a Ficoll-Pague 5. The mononuclear cell layer was re- 
moved and suspended in medium 199. This cell suspen- 
sion was incubated in plastic tissue culture flasks at 37 ~ 
for 45 rain to remove monocytes. After this procedure 
differential cell counts showed that the number of mono- 
cytes or polymorphonuclear leukocytes was less than 3 % 
of the cells remaining after adherence. The lymphocytes 
were washed with phosphate buffer saline (PBS) pH 7.2 
and resuspended in medium 199 at a density of 5 - 6 x 10 6 
cells/ml. 


