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More on the need for circadian, circaseptan and circannual optimization of  cyclosporine therapy 
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Summary. Cyclosporine chronotherapy of pancreas-allotransplanted rats revealed, beyond a circadian stage-depen- 
dence of equal daily doses, further gain in graft function from doses varying from day to day with an about 7-day 
periodicity, the first highest dose being given on the 3rd or 5th day after surgery. 
Key words. Pancreatic allograft; cyclosporine chronotherapy; circadian; circaseptan; circannual. 

Introduction 

Certain rat kidneys allografted across a major histo- 
compatibility barrier function for 7 or 8 days when un- 
treated. Slower rejections of hearts and kidneys allo- 
grafted across lesser immunologic barriers tend to occur 
at multiples of an about 7-day period s' ' '  14. A circaseptan 
(about 7-day) bioperiodicity in rejection was found for 
human kidney transplants 5,12. The question arises as to 
whether, in the case of treatment with an immunosup- 
pressant agent such as cyclosporine (Cs), circaseptan 
rhythms could be exploited to optimize the prolongation 
of graft function. In this case, one has to determine the 
particular postoperative day at which the highest Cs dose 
should be administered. Early results with the use of a 
segmental pancreatic transplantation model in rats 13, 
suggested the importance of both circadian and circasep- 
tan rhythms in scheduling Cs treatment. These results 
prompted the consideration of additional animals for 
further investigation. Results from all animals are 
presented herein and are discussed in the broader scope 
of a series of chronobiologic studies, all aimed at the 
optimization of Cs timing in transplantation. 

Materials and methods 

Segmental pancreatic transplantation was performed on 
Ma Lewis (RT@) recipients with ACI (RT-1 a) donor 
rats, from 23 May to 29 August 1983, and again from 16 
April to 16 May 1984. In both stages of this study, a total 
of 169 14-27-week-old male Ma Lewis rats were singly 
housed in cages measuring 26 x 16 x 17 cm. Rats (which 
did not have pneumonia and had no other obvious ill- 
ness) were used as recipients. Recipients and donors were 
placed in 3 sound-dampened rooms kept on staggered 
regimens of 12 h of light (L) alternating with 12 h of 
darkness (D) (LD12:12), maintained at 24 + I~ and 

50% humidity. All animals were standardized under 
these conditions for at least 2 weeks before study. After 
this time, animals are synchronized to their new LD regi- 
men, which permits the experimenter to treat at any circa- 
dian stage, conveniently during working hours. De- 
ionized water and Purina Rat- Chow were available ad 
libitum. At 7=14 days prior to surgery, all recipients were 
made diabetic by a single i.v. injection of 50 mg/kg b.wt 
streptozotocin (Upjohn). All rats with a serum glucose 
over 400 mg % received a segmental pancreas transplant 
from an ACI (RT-1 a) rat standardized on the same 
lighting regimen. 

The ACI rat was anesthetized by means of an intraperi- 
toneal injection of Nembutal (50 mg/kg b.wt) and a seg- 
mental pancreas transplantation was completed as de- 
scribed earlier1% Cs was administered daily, starting on 
the day of surgery. Different animals were treated at one 
or another of 6 different circadian stages, 4 h apart. The 
timepoints, expressed as hours after light onset (HALO), 
were 02, 06, 10, 14, 18 and 22 HALO. A given animal was 
treated at the same circadian stage each day. A circasep- 
tan-equal dose (homeostatic) group (H) received equal 
daily doses of 3.5 mg/kg Cs. Seven circaseptan-sinusoidal 
groups (S) received Cs at 1 of 6 circadian stages in a 7-day 
cyclically-varying schedule, the first largest dose being 
administered either on the day of surgery or on the 2nd, 
3rd, 4th, 5th, 6th or 7th day after surgery. The average 
daily group-S doses equalled that of group H, with 
maximal departure of-4- 1 mg/kg. A control group (C) 
included untreated rats and rats receiving the vehicle only 
(intr'alipid-ethanol solution). 
Serum glucose was measured every ~ 1-2 days. The day 
of graft rejection was defined as the first of at least 3 
consecutive days of hyperglycemia ( >  200 rag%) and 
confirmed in most cases by laparotomy and graft histol- 
ogy, ~ Exclusion criteria were technical surgical problems, 
respiratory arrest during anesthesia, thrombosis, hemor- 
rhage and recurrent infection. A separate group of recip- 
ients of segmental pancreatic isografts (from Ma Lewis to 
Ma Lewis rats) maintained normoglycemia for > 200 
days. 
Data on pancreatic graft function following Cs treatment 
at the same six circadian stages were also available from a 
different study (Cavallini, unpublished results) per- 
formed in December 1982. This experiment was similarly 
designed and used equal daily doses of Cs. Apart from 
the fact that a dose of 2.5 (instead of 3.5) mg/ml was used 
on slightly younger animals (2.5- to 3-month-old Lewis 
rats), all experimental conditions were kept the same, as 
far as possible. 

Results 

Among the recipients accepted for evaluation in the main 
study (from May 1983 to May 1984), the mean number of 
days (and standard deviation) elapsed until pancreas re- 
jection in 11 controls (C), 19 rats receiving equal (H) and 
49 rats receiving 7-day sinusoidally (S)-varying doses of 
Cs are 6.0 4- 1.4, 8~8 • 4.0, and 11.5 + 4.2, respectively. 
As compared to the average rejection time of group H, 



Experientia 42 (1986), Birkh/iuser Verlag, CH-4010 Basel/Switzerland 21 

the control rats have a 31% shorter duration of graft 
function (t = 6.50; p < 0.01), whereas the rats receiving 
sinusoidal Cs schedules have a 30 % prolongation of graft 
function (t = 4.41; p < 0.01). 
A circadian stage-dependent effect of Cs in rats receiving 
equal daily doses is suggested by single cosinor analysis 9 
(p = 0.077). Longest times to rejection occur ~ 20 h 
4 rain after light onset (SE = 1 h 36 rain). This result is in 
agreement with the 1982 data, using a constant dose of 
2.5 mg/kg Cs in younger animals. Since the mean graft 
function of rats receiving equal daily doses of Cs does not 
differ significantly between the 1982 and 1983/84 studies, 
despite the difference of daily doses in the two studies, as 
shown by Student's t-test, rejection times from both 
studies are pooled. By so doing, the circadian rhythm in 
the Cs effect is shown to be highly significant (p = 0.006). 
This result is in keeping with the optimal circadian stage 
of Cs administration in the middle of the dark span for 
heart allografts 4. 
The longest graft function occurs for the circaseptan Cs 
schedules with the first highest dose administered either 
on the 3rd or 5th day after surgery (12.6-4-4.6 days). 
When compared to the average rejection time of rats in 
group H, the prolongation of graft function is statisti- 
cally significant (A = 3.9 days; t = 2.76; p < 0.001). Since 
a larger number of rats (n = 14) receive the circaseptan 
Cs schedule with the first highest dose administered on 
the 5th day after surgery, this group is also compared to 
group H and found to have a statistically significantly 
longer graft function (A = 3.7 days; t = 2.76; p < 0.05). 
By comparison with rejection times noted in rats of group 
H pooled over the 1982 and 1983/84 studies, circaseptan 
schedules of Cs administration prolong graft function by 
2.7 days (t = 3.04; p < 0.01). When considered alone, the 
circaseptan schedule with the highest Cs dose adminis- 
tered on the 5th day after surgery is also shown to pro- 
long graft function (A = 3.7 days; t = 2.92; p < 0.01) 
(fig. 1). It is noteworthy that a similar cireaseptan timing 
is also found to be optimal for cisplatin administration 
with respect to reduced nephrotoxicityL 
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Figure 1. Comparison of segmental pancreatic graft function in diabetic 
male Ma Lewis (RT-1 l) recipient rats - from donor ACI rats (RT-1 a) - 
receiving no treatment or vehicle, equal daily Cs doses or the same weekly 
dose administered according to an optimal circaseptan-sinusoidal sched- 
ule, with the first highest dose given on the 5th day after surgery. 

Discussion 

Prolongation of graft function by 2.7 and 3.7 days may 
not look impressive. It must be kept in mind, however, 
that the purpose of these studies is to investigate means to 
optimize treatment timing. Minimal doses of  Cs are to be 
used that merely suffice to enable the detection of any 
statistically significant differences in duration of graft 
function promptly, cost-effectively and, what is most im- 
portant, as humanely as possible. The Cs doses are se- 
lected to allow for the detection of differences as a func- 
tion of schedules without undue prolongation of the 
study, and indeed do so. 
The documentation of circadian and circaseptan optimi- 
zation can be complemented by the role of circannual 
rhythms found in islet rather than segmental pancreas 
transplantation across a minor immunologic barrier in 
male Lewis donors and male Fischer recipients. Graft 
function averages 54.3 (SD = 1.0) days in a study started 
on 24 March 1982 and 9.0 (SD = 2.5) days in a study 
started on 23 June 1983. The difference is statistically 
significant (p < 0.001). Circannual variation in response 
to Cs is also seen in data on heart allografts 3 and is shown 
for comparison with pancreatic islet aUografts in figure 2. 
In both studies, the results in summer are associated with 
a much shorter graft function than those in winter. 
Circannual changes remain to be mapped by longer and 
denser sampling. There is already extensive evidence in 
different fields of biology and medicine, however, to 
show that circannual rhythms are ubiquitous t~ 
With the advent of implantable programmable pumps, 
automatic Cs chronotherapy with multiple frequencies 
becomes possible for the scheduling of chronotherapy. 
Elsewhere, we have summarized tests of  the effects of 
timing Cs administration on nephrectomized dogs bear- 
ing an aUografted kidneyZ. Doses of 1.5 mg/kg Cs per day 
were given via a programmed implanted Medtronic 
pump (Minneapolis, Minnesota, USA) at a continuous 
injection rate or with one of six sinusoidally varying 
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Figure 2, Circannual variation in immunosuppressive effect of cyclo- 
sporine in a study with heart as well as pancreatic islet transplant in rats 
V, vehicle; Cs, cyclosporine. 
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Figure 3. In dogs kept in light from 06.00 to 18.00 h, 
treated at 08.30 and at 20.30 h with a single daily oral 
dose of 12.5 mg/kg cyclosporine, in the absence of a 
pharmacokinetic difference, the evening dose is over 
twice as effective as the morning dose in prolonging kid- 
ney allograft function (arrow corresponds to functioning 
graft at time of summary, while bar corresponds to death 
from rejection). 

rates, simulating a circadian rhythm. Each sinusoidal 
schedule involved eight different steps of 3 h each, the 
total dose/day being equal to that in dogs infused at a 
constant rate. (Checks at the time of replenishing Cs, of 
the reservoir of all but two pumps, revealed that the 
intended volume was injected within about 6 %. Two of 
the pumps grossly ( ~  50%) underinfused.) With both 
the constant and the sinusoidal rate, Cs, on the average, 
prolongs graft function with statistical significance. 
Moreover, some sinusoidal infusion schedules were bet- 
ter than others. The fit of a 24-h cosine function demon- 
strated a statistically significant circadian rhythm in re- 
sponse to sinusoidal Cs treatment (whether or not data 
from a single underinfused dog were included). The op- 
timal schedule of Cs administration is also found to cor- 
respond to higher rates in the middle of the dark span. 
Chronotherapy by sinusoidal and/or other timed sched- 
ules with multiple frequencies can be readily imple- 
mented by an approach including, with the use of a pro- 
grammable implantable pump, marker rhythmometry 
with results analyzed by cosinor (and related procedures, 
in conjunction with diagnostic regression tests) for a va- 
riety of drugs 6'7' 15. Most recently, results with the modern 
drug administration device also served to optimize the 
circadian timing of a conventional treatment mode: the 
oral administration of cyclosporine (fig. 3). 
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