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ABSTRACT
To demonstrate whether nutritional lithium deficiency is associ-

ated with behavioral changes, male Sprague-Dawley rats were placed
on a lithium-deficient diet (Li content <.01 ppm). A lithium-deprived
group, receiving drinking water containing 31 uM NaCl, were compared to a control group receiving drinking water containing 31 UM
LiCl. Growth and general appearance were the same in both groups.
However, lithium-deficient animals demonstrated decreased aggression in social interactions with other rats and also in response to handling. The phase of wheel-running activity was delayed by 0.8 h and
exhibited decreased amplitude (p < .05). Other behaviors, including
acquisition and retention of a passive avoidance response, were unaffected by lithium deprivation.
Index Entries: Lithium; lithium deficiency; aggression; circadian rhythms; passive avoidance.

INTRODUCTION
It has recently been recognized that lithium functions as an essential

trace element in several mammalian species, and it has also been sug-

gested to have physiological roles in humans. In goats, for example,
lithium deficiency was associated with a decreasedlife-span, reproductive abnormalities, such as decreased success of first insemination, a

decreased conception rate, and a significantly increased abortion rate (1).
Lithium-deficient goats also gave birth to more female kids, and their
*Author to whom all correspondence and reprint requests should be addressed.
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birth weights were 9% lower than those of control goats. Lithium deficiency furthermore reduced the activity of enzymes of the citrate cycle,

glycolysis, and nitrogen metabolism, and liver monoamineoxidase(1). In

rats, deleterious effects on reproduction and lactation of dams main-

tained on a low-lithium diet have been reported (2,3). Based on this and
similar evidence, lithium (0.1 mg/kg) has been added to the recom-

mended formulation of the American Institute of Nutrition RodentDiet,

AIN-93 (4).

The lithium content of human diets is variable. The elementis normally present in trace amounts in both food and water, but the daily

intake depends greatly on dietary sources and local water supplies. In
one report, eggs contain 9.0 mg Li/kg dry matter, whereas beanscontain
<0.2 mg Li/kg (1). Lithium in drinking water varies at least tenfold in

the United States, and more in other countries (5). Differences in bioavail-

ability or individual metabolism maylead to further variation in lithium
concentration between individuals within the same community.
Behavioral effects of lithium deficiency have been suggested by
studies in humans and animals.Statistically significant inverse associa-

tions have been reported between lithium concentrations in drinking
water and the rate of homicide, suicide, rape and other violent crimes,

mental hospital admissions, and arrests for drug use (6,7). In a recent

study with former drug users, low supplementary dosesoflithium (400
ug lithium/d) significantly improved scores in a mood scale test ques-

tionnaire compared to controls given placebo (8). Experiments with mice
showed that animals maintained on a diet deficient in lithium (6.6 ng
Li/g) showed depressed lever-press active avoidance behavior compared

to animals receiving a control diet (9). These data support the idea that

trace levels of lithium mayinfluence brain and behavior.
In view of apparent effects of lithium deficiency on human and

rodent behavior, we examinedthe effects of chronic lithium deprivation
on specific behaviors in rats. Since the epidemiological data suggested

that low lithium was associated with increased violence, we examined

effects of chronic lithium deprivation. on intraspecies aggression as well
as response to handling. Passive avoidance responding wasinvestigated

to provide a test of learning and retention that would berelatively unaffected byalterations in alertness or motor stimulation. We also examined
effects of lithium deprivation on biological rhythms of locomotoractivity, since rhythms have been implicated in mood disorders, and pharmacological doses of lithium have dramatic effects on the pattern and
timing of wheel-running behavior (10).

MATERIALS AND METHODS
Male Sprague-Dawley rats initially weighing 200-225 g were purchased from Harlan,Inc. (San Diego, CA) and housed in shoe-box cages
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in groups ofthree, with lights on from 6:00 AM to 6:00 pM. After 1 wk, 21

rats were started on a lithium-free diet (Rat Diet, AIN-76, Lithium Deficient #F2978, Bio-Serv, Frenchtown, NJ), which contained <1 nmol/g

(<.01 ppm) lithium by assay. Nineof the rats were given a drinking solu-

tion consisting of deionized water with 1.3 mg LiCl added to each liter

(31 uM Li) to approximate normal trace intake of lithium (1,5). The
remaining 12 rats were given deionized water containing 31 pmol

NaCl/L. Rats continued to receive lithium-free diet and the same drinking solutions until the end of the experiment.
Passive Avoidance

Each rat was tested for acquisition and retention of a passive avoidance response. The apparatusconsisted of an illuminated white Plexiglas
chamber (10 x 4.5 x 7.25 in.) and a dark chamber(14 x 4.5 x 7.25 in.), separated by a black removable partition. In both chambers, the floor was

madeofstainless-steel rods about 1 cm apart. The rodson theblack side

only were connected to a shock generator and timer. For acquisition and
retention trials, each rat was placed in the illuminated compartmentfacing the partition. When at least 15 s had passed and the rat was facing
in the direction of the partition, the partition was removed and a timer

was automatically started. As soon as the rat had completely entered the
dark side (not necessarily including histail), the partition was replaced

and the timer stopped. An AC-scrambled shock (0.3 mA for 3 s) was

delivered, and 15 s later, the rat was removed and replaced in his home
cage. When the rat remained in the illuminated side for 300 s after the

partition was removed, the rat was removed and no shock was adminis-

tered. The rat was considered to have learned the avoidance response.

Acquisition trials were run at weeks4, 5, 6, and 7 of the experiment. Rats

were tested for retention of the passive avoidance response using the
same procedure, except that no shock was administered. Retention trials

were carried out at weeks 12, 15, 18, 22, and 26 of the experiment.

Wheel-Running Activity and Resident-IntruderTest
During weeks 8-10, rats were moved from the vivarium to the lab-

oratory and separated into three groups, each consisting of three animals
receiving trace lithium in the water and four rats receiving trace sodium
in water. Each week, one group of seven was tested in wheel-running

cages. The other two groups were reserved for the resident~intruder
aggression test.
Rats were placed in Lafayette Instruments (Lafayette, IN) Model

86041 wheel-running cages with a 14-in. diameter wheel and 10 x 6 x 5
in. rest cage. Wheel rotations were detected by a phototransistor and
automatically recorded in 5-min bins on a computer system. Mesor

(mean), amplitude, and acrophase of wheel-running activity were calcu-
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lated using the cosinor procedure, which mathematically determines the

best-fitting cosine curve with a period of 24 h. Wealso estimated thetotal
power of this base cosine plus nine true harmonic frequencies, using
regression techniques based on cosinor analysis (11). Poweris an esti-

mate of the amplitude of the rhythm. Unlike cosinor amplitude, this
measure takes into account the shape of the waveform.
Another group of seven rats (“residents”) were housed individually
in large (1 m2) shoe-box cages, and the third group (“intruders”) were

housed individually in small (0.3 m2) shoebox cages. After 1 wk, the

entire resident cage was placed under a video camera. Five minuteslater,

one intruder rat from the same treatment groupasthe resident(i.e., both

lithium-deficient or both lithium control) was introduced into theresi-

dent rat’s cage. Behavior of the resident rat was videotaped for thenext

300 s, and then both rats were moved to new cages. Behaviors were sub-

sequently evaluated using a variation of the method of Sijbesmaet al.

(12) anda computer program designed for this purpose. For each second
of the resident-intruder test, the rater was instructed to press a key corresponding to one of the following behavioral categories:
1. Offensive behavior (threatening or attacking);

2. Exploring (locomotion or rearing);

3. Social behavior (sniffing, grooming, or crawling on or next

to partner);
4. Avoidance (moving away from partner);

5. Self-grooming; or
6. Defensive behaviors (resisting or lying on back during
attack).

If animals were inactive, no keypress was required. Since it was
often difficult to distinguish attack from defensive behaviors, these two

categories were combined in thefinal analysis.

Response to Handling
During weeks 20-25, rats were housed individually in small shoebox cages. Once per weekat 7:00 AM, each rat was observed and handled

by an experienced animal technician who wasblind to treatment. He was
instructed to rate aggression on a scale of -3 to +3, where -3 indicated

that a rat was unusually passive or fearful of the rater compared tonaive
group-housed rats, 0 signified a normal degree of curiosity without
aggression, and +3 jndicated that the rat appeared extremely aggressive

toward therater. Cages were randomlyrelocated each week sothatthe
rater could not remember individuals by location.

Data are presented as mean + SE and were analyzed forstatistical
significance by two-tailed unpaired t-test, unless otherwise specified.
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Fig. 1. Effects of lithium deprivation on
passive avoidance. Rats fed lithium-deficient

diet (©) or trace lithium (*) were tested for

acquisition of passive avoidance at weekly

intervals between weeks 4 and 7 of diet, and for

retention of the learned response between
weeks 12 and 26. The percentage of animals that
did not enter the black (shocked) compartment
within the 5-min observation interval is presented.

RESULTS
There was no difference in appearance between lithium-deficient

rats and rats given trace lithium in the water. All rats gained weight consistently, and the mean body weightof lithium-deficient rats after 25 wk
(480 + 12 g) did not differ from controls (484 + 8 g).
Passive Avoidance

All of the rats learned to avoid entering the dark chamber by the
fourth trial and retained the avoidance responseforat least 5 wk (Fig.1).
Over the following 14 wk, the percentageofrats entering the dark cham-

ber gradually increased. Lithium deprivation affected neither the percent

entering nor the latency to enter the dark side at any of theeighttrials.
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Fig. 2. Effects of lithium deprivation on
wheel-running behavior. Acrophase (right side)
was calculated from the best-fitting cosine
curve, with frequency 1/24 h , using the cosinor
technique. Power (left side) is the sum of the

amplitudes of cosine curve with frequency 1/24
h plus the amplitudes of the first nine harmon-

ics. Presented as mean + SE; *p < .05 by
unpaired two-tailed t-test.

Wheel Running
As shownin Fig. 2, the acrophase of the running rhythm was sig-

nificantly delayed in the lithium-deficient rats compared to lithium controls (4.42 + .26 vs 3.61 + .20 h after lights off), and the harmonic

amplitude (power) was decreased in the lithium-deficient group (2.3 +
0.2 vs 4,1 + 0.8 rotations/min). The mesor of wheel-runningactivity was

also decreased, butnot significantly, in lithium-deficientrats (1.0 + 0.1 vs
1.3 + 0.2 rotations/min in controls; p = 0.16).

Resident-Intruder Aggression Test
Figure 3 presents the behaviorof the resident rat during the first 300

s after introduction of the intruder rat. Inactivity and nonthreatening

social activity took up most of the first 200 s of the test interval. During
the final 100 s, occasional attacks, rarely lasting more than a few seconds

each, occurred with increasing frequency. As shownin Fig.3, the lithiumdeficient rat pairs exhibited diminished attack behavior compared to
lithium-control animals.

Response to Handling
The subjective rating of the response to handling indicated that
lithium-deficient rats were consistently less aggressive than control rats,

reaching statistical significance during the last week (Fig. 4). Mean
Biological Trace Element Research

Vol. 48, 1995

Li

Lithium Deficiency in Rats

40h
>

& 30+
®
O
c

137

WLI contro!

{__]Li—deficient

® 20
mR

35
o
oO

© j0f

*

Groom

Avoid

Attack Explore

Social

Behavior

Fig. 3. Behavior of a resident rat during

the first 5 min following exposure to an intruder
rat. During each second of the exposure, behavior was classified as one of the five behaviors
listed or as inactivity. The percentage of time
that each behavior occurred (mean + SE) is presented for each treatment group. *p <.05 byi-test.
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Fig. 4. Aggression exhibited toward the

animal technician over the course of 5 wk ofiso-

lation. The night before the first trial, rats were
housed singly. The technician handled each rat
individually and assigned a rating of -3 (passive) to +3 (aggressive). Presented as mean + SE;

*p < .05 by Mann-Whitney rank-sum test.
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aggression scores for both groups increased over the 6-wk test period
while rats were housed separately, and this effect of time wasstatistically

lo

138

significant by repeated measures analysis of variance (p < .05).
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DISCUSSION
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The present results suggest that lithium, in the range normally
ingested in food and water, may have specific central nervous system
actions. Lithium deficiency appeared to reduce aggressive behaviors

pe
pe

toward conspecifics, and deficient rats were more passive to manualhan-

dling. This increased passivity in lithium-deficient rats was not anticipated, since the epidemiological data in humans (6,7) could be
interpreted to suggestthat lithium-deficiency is associated with increased
aggression.
Ourresults are also in apparent disagreement with previous experiments in mice, in which lithium deprivation resulted in decreased con-

ditioned avoidance responding (9). This contrast may be the result of

species differences. Alternatively, the contrast may be explained by the
fact that, in the mouse studies, animals were trained to press a key

actively to avoid shock. This test should be more sensitive to alterations
in motor activity or motivation than the passive avoidance procedure

that we used. Under the conditions of the present study, increased pas-

sivity of lithium-deficient rats to intrusion and handling may be mirrored
in a passive response to the avoidance test situation. In an active shock
avoidance test, passivity would result in decreased escape responding

and therefore more shocks, whereas in a passive avoidancetest, passiv-

ity would not necessarily alter the rate of learning or of retention.

Pharmacological lithium treatment is well known to alter behavior

in humans and animals, at daily intakes in the range of 2440 mmol/d

in human patients (5,13) and 0.4-0.8 mmol/d for rats (10). At these

doses, lithium prevents extremesof affect in patients with bipolar disorder (13), decreases aggressive behavior in rats and humans(13,14), and

delays the phaseof biological rhythmsin rats and humans(10) compared
to a standard diet. Lithium deprivation, like lithium treatment in rats,

decreases aggressive behavior and delays the phase of the wheel-running
acrophase. Some investigators have reported that lithium decreases
amplitude of some biological rhythms (reviewed in ref. [10]), although

the amplitude of the wheel-running rhythm in rats was increased by
lithium treatment (Klemfuss and Kripke, in press).

CONCLUSIONS
Thepresent results support the evidence that lithium may havecen-

tral nervous system actions at trace levels. If rodent chow suppliersfolBiological Trace Element Research
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low the 1993 recommendations of the American Institute of Nutrition,

rodent behavioral studies will have to take into account the possibility of
changes in biological rhythms and aggressiveness owing to addition of
trace lithium levels. Of greater significance, the wide variation in lithium
in the water supply and in humandiets mayberelated to the incidence

of mental disorders and violence. There is a need for further study of the

potential effects of trace lithium in treatment of individuals as well as in
populations.
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