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KLEMFUSS, H. AND D. F. KRIPKE. Potassium, rubidium, and 4-aminopyridine effects on the circadian running 
rhythm in the hamster. PHARMACOL BIOCHEM BEHAV 47(3) 409-412, 1994.-The period of the circadian rhythm of 
wheel-running was shortened when golden hamsters were given supplemental dietary potassium or rubidium for two weeks. 
Treatment with 4-aminopyridine, a potassium channel blocker, significantly increased circadian period. These period changes 
(0.17 h for potassium treatment, 0.14 h for rubidium, and 0.07 h for 4-aminopyridine) support previous data indicating that 
potassium is a component of the mammalian biological clock mechanism. 

Potassium Rubidium 4-Aminopyridine Activity Channel blocker Circadian Rhythm 

POTASSIUM transport across membranes may be a compo- 
nent of endogenous biological clocks that generate circadian 
rhythms. In single cells, invertebrates, and mammals, potas- 
sium concentration has been shown to vary with a circadian 
period that can be synchronized by external stimuli such as 
dawn or dusk, but varies with an endogenous rhythm during 
constant environmental conditions (4,21,26,30,34). Transient 
disturbances of potassium flux, caused either by raising extra- 
cellular potassium concentrations or by altering membrane 
characteristics, produce lasting phase shifts of circadian 
rhythms in nonvertebrates (11,23,34) and in the rodent brain 
in vitro (9,13). Several models of circadian rhythm generation 
have led researchers to propose that potassium flux may be 
one of the "gears" of circadian clocks (1,6,27,30,33). If potas- 
sium is a critical component of mammalian timekeeping, then 
chronic changes in potassium concentrations or membrane 
transport might alter the period of circadian rhythms. 

Long-term manipulations of potassium transport, either by 
changing the concentration of potassium itself or by using 
agents such as rubidium and potassium channel blockers, al- 
tered the period of circadian rhythms in nonvertebrates in- 
cluding duckweed (20), the housefly (31), the cockroach (10), 
and the mollusc (24). In two previous reports, we noted that a 
diet high in potassium slightly shortened the circadian period 
of wheel-running (T) in hamsters maintained in constant dark- 

ness (DD), but in neither study was the difference statistically 
significant when data were analyzed using a semiautomated 
technique (17,19). Since these studies were published we have 
reanalyzed these data using visual scoring by a rater blind to 
treatment conditions. After combining the data sets from the 
two similar studies, high potassium diet shortened r signifi- 
cantly from 24.14 _+ 0.03 h (mean _+ SE) in 51 controls fed 
171 mmol potassium/kg of diet to 24.00 _+ 0.06 h in 50 ham- 
sters fed 1104 mmol potassium/kg of diet (p < .05). The 
duration of time that hamsters were predominantly active (c0 
was also measured visually. In this analysis ct shortened from 
12.9 _+ 0.4 h in controls to 11.7 _+ 0.3 h in hamsters fed the 
high potassium diet (p < .05). 

We have extended these studies using a new protocol to 
reexamine whether changes in potassium intake alter the pe- 
riod of the wheel-running rhythm in golden hamsters. Effects 
of the alkali metal rubidium and the nonspecific potassium 
channel blocking agent 4-aminopyridine (4AP) were also eval- 
uated in separate but similar experiments to examine rhythm 
effects of other treatments that alter potassium concentration 
and transport. 

In the first experiment, adult male Syrian golden hamsters 
weighing 110-120 g were maintained in group cages for several 
weeks under a light-dark 8 : 16 schedule (8 h of light per day). 
Hamsters were given a control diet containing 171 mmol po- 
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tass ium/kg (diet TD86299 from Teklad, Madison,  WI). Each 
hamster was then transferred to an individual cage containing 
a running wheel and housed in a ventilated light-tight cabinet. 
One week later, lights were turned o f f  for the remainder o f  
the experiment. In D D  animal care was accomplished using 
an infrared light source and viewer, so that no light was visible 
to hamsters at any time. Food and drinking water were avail- 
able ad lib. 

Fol lowing two weeks o f  adaptation to D D  conditions,  half  

o f  the hamsters were randomly assigned to receive a high po- 
tassium diet containing 1104 m m o l  potass ium/kg of  diet 
(TD85191).  The other half  continued on control diet. For the 
next two weeks in DD,  wheel-running activity was recorded 
every 5 min by a computer system. The period of  the circadian 
wheel-running rhythm was estimated for each hamster during 
days 4 to 14 after high potassium treatment using the onset 
periodogram method,  an automated procedure that estimates 
r based on the onset o f  activity (16). The duration of  the 
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FIG. 1. In these double-plotted actograms, the horizontal axis represents 48 h of wheel-running activity in constant darkness (DD); 
successive days are plotted vertically. (A) At the asterisk, control diet was replaced by high potassium diet following two weeks of DD. 
In this animal, circadian period shortened from 24.12 h to 23.95 h, indicated by the black lines on the left side of the plot. (B) 
Replacement of drinking water with 20 mM RbCI shortened the circadian period of this hamster from 24.12 h to 23.98 h. (C) Substitution 
of 4AP (0.21 mM) for water increased circadian period in this hamster from 24.05 h to 24.30 h. 
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wheel-running interval was visually estimated from actograms 
plotted from the same data. Statistical significance was evalu- 
ated using two-tailed unpaired t tests. 

The next two experiments followed similar protocols, ex- 
cept that a standard rodent diet (Teklad 4% rodent diet con- 
taining 249 mmol potassium/kg diet) was provided to all ham- 
sters. In experiment 2, drinking water was replaced with water 
containing 20 mM rubidium chloride in half of the running 
wheel cages after two weeks of adaptation to DD. Similarly, 
drinking water was replaced with 0.21 mM 4-aminopyridine 
in half of the cages after two weeks of DD in experiment 3. 
During days 4 to 14 of drug administration r and ct were 
measured as in the first experiment. 

Figure 1 illustrates effects of these three treatments on cir- 
cadian period. Potassium and rubidium treatments both sig- 
nificantly shortened the circadian period of wheel-running 
(Table 1). The potassium channel blocker 4AP had the oppo- 
site effect of lengthening r (p < .05). The magnitude of these 
effects is comparable to the period-lengthening effect of lith- 
ium previously described in hamsters (17). Similarly, rubidium 
and 4AP both influenced activity duration, but in opposite 
directions. Rubidium decreased ct from the control duration 
of 12.5 +_ 0.4 h to 11.4 _+ 0.3 h, while 4AP treatment in- 
creased c~ from 12.8 + 0.2 h to 13.5 _+ 0.2 h (mean + SE, 
p < .05 in each case). There were no significant effects on 
weight gain, fluid intake, or general health related to any of 
these treatments. 

These new results confirm reanalyses of our previous data, 
showing that potassium supplementation shortens circadian 
period. Potassium supplementation did not significantly af- 
fect a in this experiment (control ct 12.9 + 0.3 h vs. high 
potassium diet a 12.4 +__ 0.4 h). In the previous studies high 
potassium diet was provided for three weeks before activity 
duration was measured, so the present study may have ended 
before clear effects of potassium diet on ~ had sufficient time 
to develop. 

The suprachiasmatic nuclei, located in the inferior hypo- 
thalamus, contain the primary circadian pacemaker in mam- 
mals (25). Although the mammalian brain is generally resis- 
tant to alterations in dietary mineral intake, it has been 
reported that chronic elevation of dietary potassium intake 
increased brain potassium concentration and cellular uptake 
of radiolabelled potassium in the hypothalamus (5). The su- 
prachiasmatic nucleus may be especially sensitive to changes 
in blood composition, since this nucleus is one of the few 
brain regions labelled following systemic injection of fluores- 
cein, a dye which does not cross the blood-brain barrier (22). 
Therefore, it is possible that the high potassium diet shortened 

TABLE 1 
TREATMENT EFFECTS ON r 

K (Exp. 1) Rb (Exp. 2) 4AP (Exp. 3) 

Control 24.15 +_ 0.03 24.10 + 0.03 24.16 + 0.02 
(18) (17) (15) 

Treatment 23.98 + 0.04 23.94 _ 0.04 24.23 + 0.02 
(15) (12) (17) 

Significance p < .01 p < .01 p < .05 

Mean period of the wheel-running rhythm during days 4 to 14 
of treatment, in hours _+ SE, with the number of animals used in 
parentheses. Level of significance calculated by unpaired t test in 
each separate experiment. 

circadian period by altering potassium transport in the region 
of the brain controlling circadian rhythmicity. 

Since high potassium diet shortened r by about 10 rain, 
the onset of wheel-running activity was about 2 h earlier in 
potassium-treated hamsters than in controls after two weeks 
of DD. This result can be compared to a study in which ele- 
vated potassium (20 mM) was infused directly into the supra- 
chiasmatic nucleus of blind rats for two weeks. This treatment 
disrupted the overt circadian rhythm of drinking, but after 
the infusion stopped the phase of the drinking rhythm was 
advanced by about 4 h compared to the expected phase (32). 
Thus, high potassium, whether taken orally or infused directly 
into the brain, may advance the biological clock controlling 
circadian rhythms in rodents. 

Chronic treatment with rubidium and 4AP affected both r 
and a in these experiments. Rubidium ion equilibrates with 
and replaces potassium ion in most cellular compartments, 
but these alkali metal cations have different effects on ion 
channels and membrane-bound proteins such as Na+/K+AT - 
Pase (7,31). Interference with transport of the potassium ion 
may cause some of the central nervous system actions associ- 
ated with chronic rubidium treatment (12). In the present re- 
port, rubidium treatment resembled the high potassium diet, 
since both treatments shortened circadian period. Rubidium 
treatment has also been reported to shorten r in the cockroach 
(10), increase r in duckweed (20), and either increase or de- 
crease r in the housefly (31) and a plant (29). Other reported 
effects of rubidium treatment include a phase delay and short- 
ened duration of the light-synchronized wheel-running rhythm 
in hamsters (3), advance of the phase of the body temperature 
peak relative to motor activity in a woman treated with rubid- 
ium as an antidepressant (28), inhibition of the photoperiod- 
dependent regression of the hamster testes (3,8), and restora- 
tion of coherent activity rhythms in hamsters in which 
morning and evening components had "split" (14). Thus, ru- 
bidium affects various aspects of circadian rhythmicity in 
plants, invertebrates, and mammals, but no clear picture of 
its actions has yet emerged. 

The rhythm effects of potassium and rubidium were oppo- 
site to the effects of 4AP, which crosses the blood-brain bar- 
rier sufficiently to block potassium channels in the central 
nervous system (2). Another potassium channel blocker, tetra- 
ethylammonium, increased circadian period in the housefly 
(31) and in preliminary studies in hamsters (18), but shortened 
r in the duckweed (21), Tetraethylammonium and 4AP influ- 
ence several types of potassium channel, particularly at high 
doses (15), so these studies do not indicate which classes of 
potassium channel might be involved in altering circadian pe- 
riod and activity duration. 

Potassium transport in the suprachiasmatic nucleus may be 
a component of mammalian biological clocks, but it is not yet 
possible to infer whether potassium ion is a crucial "gear" of a 
clock, a"hand" connecting the clock mechanism to overt behav- 
ior, or part of the input pathway responsible for synchronizing 
the clock to stimuli such as light. Since chronic dietary potas- 
sium supplementation augmented the phase-advancing effects 
of light in hamsters (19), brain potassium might influence the 
action of light on circadian rhythms. The current results suggest 
that potassium also may have a role in determining the period 
of the circadian pacemaker in mammals. 

ACKNOWLEDGEMENTS 

This material is based on work supported by the Office of Re- 
search and Development, Medical Research Service, Department of 
Veterans Affairs and NIMH RSDA 2 K05 MH00117 (to D.F.K.). 



412 K L E M F U S S  A N D  KRIPKE 

REFERENCES 

1. Adamich, M.; Laris, P. C.; Sweeney, B. M. In vivo evidence for 
a circadian rhythm in membranes of Gonyaulax. Nature 261:583- 
585; 1976. 

2. Anden, N.-E.; Leander, S. Effects of 4-aminopyridine on the 
turnover of monoamines in the central nervous system of the rat. 
J. Neural Transm. 44:1-12; 1979. 

3. Bauer, T. T.; Klemfuss, H.; Kripke, D. F.; Pflug, B. Rubidium 
and potassium: Effects on circadian rhythms in hamsters. In: 
Gutenbrunner, C.; Hildebrandt, G.; Moog, R., eds. Chronobiol- 
ogy and chronomedicine: Basic research and applications. Frank- 
furt, Germany: Verlag Peter Lang; 1993:450-456. 

4. Bijak, M. Daily and seasonal variations in Na ÷, K ÷, Ca 2+ and 
Mg 2+ contents in cingulate cortex of the mouse brain. Folia Biol. 
(Krakow) 37:3; 1989. 

5. Bradbury, M. W. B.; Kleeman, C. R. Stability of the potassium 
content of cerebrospinal fluid and brain. Am. J. Physiol. 213: 
519-528; 1967. 

6. Burgoyne, R. D. A model for the molecular basis of circadian 
rhythms involving monovalent ion-mediated translational con- 
trol. FEBS Lett. 94:17-19; 1978. 

7. Dawson, C. M.; Croghan, P. C.; Scott, A. M.; Bangham, J. A. 
Potassium and rubidium permeability and potassium conduc- 
tance of the B-cell membrane in mouse islets of Langerhans. Q. 
J. Exp. Physiol. 71:205-222; 1986. 

8. Drennan, M. D.; Klemfuss, H.; Elliott, J. A.; Kylstra, T. A.; 
Kripke, D. F. Rubidium's anti-testicular regression effects depend 
on a light-dark cycle. In: Proceedings of the third meeting of the 
Society for Research on Biological Rhythms. 1992:106. 

9. Earnest, D. J.; Sladek, C. D. Circadian vasopressin release from 
perifused rat suprachiasmatic explants in vitro: Effects of acute 
stimulation. Brain Res. 422:398-402; 1987. 

10. Engelmann, W.; Casper, H. Effect of RbC1 on the circadian 
rhythm of locomotor activity in the cockroach Leucophaea mad- 
erae. J. Interdiscipl. Cycle Res. 15:17-22; 1984. 

11. Eskin, A. Phase shifting a circadian rhythm in the eye of Aplysia 
by high potassium pulses. J. Comp. Physiol. 80:353-376; 1972. 

12. Fieve, R. R.; Meltzer, H. L. Lithium prophylaxis and experimen- 
tal rubidium therapy in affective disorders. In: Iversen, L. L.; 
Iversen, S. D.; Snyder, S. H., eds. Handbook of psychopharma- 
cology 14. New York: Plenum Press; 1978:327-369. 

13. Gillette, M. U. Effects of ionic manipulation on the circadian 
rhythm of neuronal firing rate in the suprachiasmatic brain slice. 
Soc. Neurosci. Abstr. 13:51; 1987. 

14. Hallonquist, J. D.; Mrosovsky, N. Rubidium fuses split circadian 
rhythms in hamsters. Soc. Neurosci. Abstr. 15:726; 1989. 

15. Hille, B. Ionic channels of excitable membranes. Sunderland, 
MA: Sinauer; 1984:112-114. 

16. Klemfuss, H.; Clopton, P. Seeking tau: A comparison of six 
methods. J. Interdiscipl. Cycle Res. 24:1-16; 1993. 

17. Klemfuss, H.; Kripke, D. F. Potassium advances circadian activity 
rhythms: interaction with lithium. Brain Res. 492:300-304; 1989. 

18. Klemfuss, H.; Kripke, D. F. Potassium channel blockade length- 
ens the period of the hamster circadian wheel-running rhythm. 
Soc. Neurosci. Abstr. 15:492; 1989. 

19. Klemfuss, H.; Kripke, D. F. Light responsiveness of a circadian 
oscillator during lithium and potassium treatment. Annu. Rev. 
Chronopharmacol. 17:5-8; 1990. 

20. Kondo, T. The period of circadian rhythm in Lemna gibba G3 is 
influenced by the substitution of rubidium for potassium. Plant 
Cell. Physiol. 25:1313-1317; 1984. 

21. Kondo, T. Shortening of the period of the circadian rhythm by a 
K ÷ channel blocker, tetraethylammonium, in the duckweed Lemna 
gibbaG3. J. Biol. Rhythms 5:187-194; 1990. 

22. Martinez, J. L.; Koda, L. Penetration of fluorescein into the 
brain: A sex difference. Brain Res. 450:81-85; 1988. 

23. McMahon, D. G.; Block, G. D. The Bulla ocular circadian pace- 
maker I. Pacemaker neuron membrane potential controls phase 
through a calcium-dependent mechanism. J. Comp. Physiol. 161: 
335-346; 1987. 

24. McMahon, D. G.; Block, G. D. The Bulla ocular circadian pace- 
maker II. Chronic changes in membrane potential lengthen free 
running period. J. Comp. Physiol. 161:347-354; 1987. 

25. Moore, R. Y. Organization and function of a central nervous 
system circadian oscillator: The suprachiasmatic hypothalamic 
nucleus. Fed. Proc. 42:2783-9; 1983. 

26. Moore-Ede, M. C.; Brennan, M. F.; Ball, M. R. Circadian varia- 
tion of intercompartmental potassium fluxes in man. J. Appl. 
Physiol. 38:163-170; 1975. 

27. Njus, D.; Sulzman, F. M.; Hastings, J. W. Membrane model for 
the circadian clock. Nature 248:116-119; 1974. 

28. Pflug, B.; Kohler, W.; Carella, A. B.; Schmidt, K. P.; Demisch, 
L. Effect of rubidiumchloride on the circadian system in affective 
disorders. Annu. Rev. Chronopharmacol. 17:57-60; 1990. 

29. Rinnan, T.; Johnsson, A. Effects of alkali ions on the circa- 
dian leaf movements of oxalis regnelli. Physiol. Plant 66:139- 
143; 1986. 

30. Satter, R. L.; Galston, A. W. Potassium flux: A common feature 
of albizzia leaflet movement controlled by phytochrome or en- 
dogenous rhythm. Science 174:518-519; 1971. 

31. Schmid, H.; Engelmann, W. Effects of Li ÷, Rb ÷, and tetraethyl- 
ammoniumchloride on the locomotor activity rhythm of Musca 
domestica. J. Interdiscipl. Cycle Res. 18:83-102; 1987. 

32. Schwartz, W. J. Further evaluation of the tetrodotoxin-resistant 
circadian pacemaker in the suprachiasmatic nuclei. J. Biol. 
Rhythms 6:149-158; 1991. 

33. Schweiger, H. Circadian rhythms in unicellular organisms: An 
endeavor to explain the molecular mechanism. Int. Rev. Cytol. 
51:315-342; 1977. 

34. Sweeney, B. M. The potassium content of Gonyaulax polyedra 
and phase changes in the circadian rhythm of stimulated biolumi- 
nescence by short exposures to ethanol and valinomycin. Plant 
Physiol. 53:337-342; 1974. 


