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Thermal dehydration-induced thirst in lithium-treated rats
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Abstract

Lithium is used as the primary treatment for bipolar disorder but has the common side effects of diuresis and thirst. In the present study,

the effects of lithium on water balance responses of male Sprague–Dawley rats to thermal dehydration were examined. Rats ate either

unadulterated food or food containing 2 g/kg lithium carbonate for 10 days. Then the control and lithium-treated rats were exposed to either

25 or 37.5 �C without food or water for 4 h. The rats were then allowed access to water for 3 h at 25 �C or were anesthetized and blood

samples were taken. Lithium treatment caused an initial decrease in food intake, a decrease in body weight, and an increase in urine output.

Heat exposure caused similar increases in evaporative water loss in control and lithium-treated rats. Heat exposure led to changes in blood

indicators of body water status indicative of dehydration, whereas lithium had no effects on blood indicators of body water status. Water

intake was increased by both heat exposure and by lithium treatment with the lithium-treated rats being more responsive to the thirst-inducing

effects of thermal dehydration. Lithium treatment does not appear to impair water balance responses to heat exposure.
D 2003 Elsevier Science Inc. All rights reserved.
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1. Introduction

Lithium is widely used as the primary treatment of

bipolar disorder (McIntyre et al., 2001). The mechanism

of action of lithium is yet unclear. Lithium has been shown

to alter neurotransmitter release, signal transduction, en-

zyme activity, and gene and protein expression (as reviewed

in Shaldubina et al., 2001), activities that may have a

therapeutic effect. As with most psychotropic drugs, lithium

has several side effects. Of these, increased urine production

and thirst appear to be the most common (Gitlin et al., 1989;

Schou and Vestergaard, 1988). These effects also occur

following lithium treatment in individuals not suffering

from mental illness (Bech et al., 1979) and in experimental

animals, particularly rats (Galla et al., 1975; Thomsen,

1970; Zilberman et al., 1979). The primary effect of lithium

on water balance appears to be of renal origin.

In rats, lithium increases vasopressin production and

plasma vasopressin concentration (Anai et al., 1997) while

the renal response to vasopressin is blunted (Carney et al.,
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1996; Galla et al., 1975; Hochman and Gutman, 1974;

Thomsen, 1970) perhaps due to increases in parathyroid

hormone levels (Carney et al., 1996). Thus, the increased

urine output is related to lithium-induced alterations in

kidney function. Lithium treatment reduces the component

of renal sodium reabsorption that is sensitive to amiloride

(Thomsen et al., 1999). In addition, the mechanism of

polyuria induced by lithium appears to involve alterations

in the expression of renal aquaporins. Lithium treatment

caused reductions in expression of AQP2 and AQP3 (Kwon

et al., 2000; Marples et al., 1995) without changing AQP1

and AQP4 (Kwon et al., 2000). The increased water intake

caused by lithium treatment appears to be primarily a

response to alterations in kidney function (Gutman et al.,

1971; Marples et al., 1995) but may also involve a more

direct effect of lithium on thirst (Christensen, 1983; Hoch-

man and Gutman, 1974; Penney and Hampton, 1990; Smith

and Amdisen, 1983; Smith and Balagura, 1972).

Lithium-induced changes in water balance may place

individuals treated with lithium at risk under conditions of

increased water loss, such as heat exposure. The similarities

between lithium intoxication and heat illness have been

noted (Granoff and Davis, 1978) and lithium has been

considered as a risk factor for heat stroke (Epstein et al.,

1997). During exposure to the heat, endotherms increase
ed.
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evaporative water loss for cooling purposes and become

thermally dehydrated if water is not available. Rats exposed

to hot environments increase saliva spreading and evapora-

tive water loss when dry heat loss is unable to maintain core

temperature (Barney and West, 1990; Hainsworth, 1968).

This leads to dehydration and increased water intake when

water becomes available (Barney and West, 1990; Hains-

worth et al., 1968; Nose et al., 1985). In the study reported

here, we were interested in determining if lithium would

alter the water balance responses to heat exposure and if

lithium and thermal dehydration would have interacting

effects on thirst.
2. Methods

Male Sprague–Dawley rats obtained from Harlan Spra-

gue–Dawley (Indianapolis, IN) initially weighing from 310

to 423 g were used for these experiments. The rats were

housed singly in hanging stainless steel cages in an animal

room kept at 23 ± 2 �C and illuminated from 6:00 a.m. to 6:00

p.m. Rats were allowed Purina rat chow (pellets or powdered)

and water ad libitum except during the exposure and drink

periods. The experiments were approved by the Hope Col-

lege Animal Care and Use Committee.

2.1. Experiment 1—effects of lithium treatment on thirst

responses to heat exposure

Thirty-six rats randomly divided into four groups of nine

rats each were used for this experiment. Rats were weighed

and then switched from pelleted to powdered food. The two

groups of control rats received unadulterated food and the

two groups of lithium-treated rats received food containing

Li2CO3 at a concentration of 2 g Li2CO3/kg food. The food

was placed in a glass bowl within a metal pan so that spilled

food was collected. Twenty-four-hour food intakes and body

weights were determined every 3 days. On the 10th day of

lithium treatment, the heat exposure–drink experiment was

conducted.

The rats in the four groups were weighed and placed in

modified (Barney and West, 1990) Nalgene metabolism

cages. The rats in the control-25 �C and the lithium-25 �C
groups were placed in an environmental chamber kept at

25 ± 0.5 �C, and the rats in the control-37.5 �C and the

lithium-37.5 �C groups were placed in an environmental

chamber kept at 37.5 ± 0.5 �C. Rats were left in the

chambers without access to food or water for 4 h. The

cages were then removed from the chambers and the rats

were reweighed and placed in standard Nalgene metabolism

cages in the 25 �C chamber. Water bottles were provided

and water intake and urine output were measured at 1-h

intervals for 3 h. Evaporative water loss during the exposure

period was estimated by subtracting urine and fecal losses

from the change in body weight over the 4-h period. Percent

rehydration was determined by dividing the water intake
during the drink period by the evaporative and urinary water

losses during the exposure period plus the urine loss during

the drink period and then multiplying by 100%.

2.2. Experiment 2—effect of lithium treatment of blood

indicators of body water status following heat exposure

Thirty-six additional rats were randomly divided into

four groups for this experiment. The experiment was carried

out in the same way as Experiment 1 except food intake was

not measured and body weights were only determined at the

beginning and the end of the lithium-treatment period.

Fifteen minutes after the end of the exposure period, the

rats were anesthetized with methoxyflurane and a 3-ml

blood sample was taken using cardiac puncture and a

syringe containing 200 units of sodium heparin. The blood

was placed in a chilled centrifuge tube and triplicate

measures of hematocrit, hemoglobin concentration, plasma

osmolality, and plasma protein, sodium, and potassium

concentrations were determined as previously described

(Barney et al., 1995). In addition, plasma lithium was

determined in triplicate in the blood samples from the

lithium-treated rats using a Varian SpectrAA atomic absorp-

tion spectrophotometer. Due to technical problems, a blood

sample was not obtained from one control-37.5 �C rat and

the hemoglobin determination was not performed on the

blood sample from one lithium-37.5 �C rat.

2.3. Statistical analysis

The software package SYSTAT 10 was used for statist-

ical analysis. The data are expressed as means ± S.E.M.

Two-way analysis of variance (ANOVA) and three-way

ANOVA with repeated measures were used for inferential

statistics with significance set at the 95% confidence level.
3. Results

3.1. Experiment 1—effects of lithium treatment on thirst

responses to heat exposure

Initially, rats receiving Li2CO3 in their food reduced

food intake to less than 50% of the rats receiving the

unaltered food (Fig. 1, top). Food intake increased in the

lithium-treated rats over the next 9 days so that by the 10th

day of treatment, they were eating the same amount as the

control rats. Three-way ANOVA with repeated measures of

the food intake data showed significant main effects of

lithium treatment [F(1,32) = 117.14, P < .0001] and time

[F(3,96) = 26.42, P < .0001] and a significant interaction

between lithium treatment and time [F(3,96) = 39.68,

P < .0001]; but as expected, since the heat exposure had

not yet taken place, there was no significant main effect of

temperature nor any other significant interactions. Based on

the food intake and the concentration of Li2CO3 in the



Fig. 1. Mean ± S.E.M. food intake (top) and body weight (bottom) of

control rats later exposed to 25 �C, control rats later exposed to 37.5 �C,
lithium-treated rats later exposed to 25 �C, and lithium-treated rats later

exposed to 37.5 �C during the 10-day treatment period. N = 9 for each

condition.

Fig. 2. Mean evaporative water loss (top) and urine output (bottom) of

control and lithium-treated rats during 4 h of exposure to either 25 or 37.5

�C. One S.E.M. is set off at each bar. N= 9 for each condition.
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food, intake of lithium increased from approximately 1.5

mM/kg/day on Day 1 to 3.3 mM/kg/day on Day 10.

The reduction in food intake of the lithium-treated rats

was associated with a decrease in body weight (Fig. 1,

bottom). Whereas the control rats gained weight steadily, the

lithium-treated rats lost an average of 19 g by the third day

of treatment and then showed little change in body weight

during the remaining days of treatment. Three-way ANOVA

with repeated measures of the body weight data showed

significant main effects of lithium treatment [F(1,32) =

19.68, P < .0001] and time [F(3,96) = 16.51, P < .0001]

and a significant interaction between lithium treatment and

time [F(3,96) = 114.1, P < .0001]; but again as expected,

there was no significant main effect of temperature nor any

other significant interactions.

Both the control and lithium-treated rats tolerated the heat

exposure as no rats from either group died, and all rats were

able to drink water during the first hour following removal

from the heat. Exposure to 37.5 �C for 4 h increased

evaporative water loss in both groups about 5.5-fold (Fig.

2, top). The lithium-treated rats had lower evaporative water

losses than the control rats at both 25 and 37.5 �C. Two-way
ANOVA of the evaporative water loss data showed signifi-

cant main effects of lithium treatment [F(1,32) = 6.78,
P < .05] and of temperature [F(1,32) = 1318.86, P < .0001]

but no significant interaction between lithium treatment and

temperature. Lithium treatment increased urine output at both

environmental temperatures (Fig. 2, bottom) with two-way

ANOVA of the urine output data during the exposure period

showing a significant main effect of lithium treatment

[F(1,32) = 8.49, P < .01] but no significant main effect of

temperature nor significant interaction between lithium treat-

ment and temperature.

Following exposure to 25 or 37.5 �C for 4 h, the control

and lithium-treated rats were allowed access to water for 3

h. Water intake, urine output, and percent rehydration during

that period are shown in Fig. 3. Water intake was greater in

the rats exposed to 37.5 �C than in the rats exposed to 25 �C
and greater in the lithium-treated rats than in the control rats

(Fig. 3, top). Three-way ANOVAwith repeated measures of

the water intake data showed significant main effects of

lithium treatment [F(1,32) = 8.13, P < .01], temperature

[F(1,32) = 56.56, P < .0001], and time [F(2,64) = 68.68,

P < .0001] and significant interactions between lithium

treatment and time [F(2,64) = 6.57, P < .01], temperature

and time [F(2,64) = 14.37, P < .001], and among lithium

treatment, temperature, and time [F(2,64) = 4.56, P < .05]

but no significant interaction between lithium treatment and

temperature.

Urine output (Fig. 3, middle) was increased by lithium

treatment and showed a trend of being decreased follow-

ing exposure to 37.5 �C. Three-way ANOVA with

repeated measures for the urine output during the drink



Fig. 3. Mean ± S.E.M. water intake (top), urine output (middle), and percent

rehydration (bottom) of control and lithium-treated rats previously exposed

to either 25 or 37.5 �C for 4 h during 3 h of access to water at 25 �C. N = 9

for each condition.
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period data showed significant main effects of lithium

treatment [F(1,32) = 6.34, P < .05] and time [F(2,64) =

12.54, P < .0001] and a significant interaction between
Table 1

Effect of lithium treatment and heat exposure on blood indicators of body water

Group Hematocrit Hemoglobin

concentration

(g/100 ml)

Plasma prote

concentratio

(g/100 ml)

Control-25 �C 43.7 ± 0.8 12.0 ± 0.3 5.5 ± 0.1

Lithium-25 �C 44.2 ± 0.9 12.2 ± 0.2 5.6 ± 0.1

Control-37.5 �C 44.4 ± 1.0 12.4 ± 0.3 6.1 ± 0.1

Lithium-37.5 �C 45.7 ± 0.5 13.0 ± 0.1 6.2 ± 0.1

Mean ± S.E.M. data are shown.
lithium treatment and time [F(2,64) = 4.76, P < .05] but no

other significant main effects nor interactions.

Although the rats had free access to water during the

drink period, all four groups showed rehydration levels less

than 60%. The lithium-37.5 �C group showed a higher

level of rehydration than did the other three groups. Three-

way ANOVA with repeated measures of the percent rehy-

dration data showed significant main effects of lithium

treatment [F(1,32) = 5.45, P < .05] and time [F(2,64) =

107, P < .0001] and a significant interaction among lithium

treatment, temperature, and time [F(2,64) = 7.64, P < .005]

but no other significant main effects nor interactions.

3.2. Experiment 2—effect of lithium treatment of blood

indicators of body water status following heat exposure

In this experiment, the body weights at the beginning of

the treatment period were 379 ± 8 g for the control-25 �C
group, 384 ± 8 g for the control-37.5 �C group, 372 ± 6 g for

the lithium-25 �C group, and 383 ± 7 g for the lithium-37.5

�C group. At the end of the treatment period, the body

weights were 406 ± 8 g for the control-25 �C group, 408 ± 10

g for the control-37.5 �C group, 364 ± 5 g for the lithium-25

�C group, and 371 ± 6 g for the lithium-37.5 �C group.

Three-way ANOVA with repeated measures of the body

weight data showed significant main effects of lithium

treatment [F(1,32) = 8.99, P < .01] and time [F(3,96) =

15.68, P < .0005] and a significant interaction between

lithium treatment and time [F(1,32) = 88.85, P < .0001];

but as expected, there was no significant main effect of tem-

perature nor any other significant interactions. Plasma li-

thium concentration of the lithium-25 �C rats was 0.72 ± 0.14

mM/l and lithium concentration of the lithium-37.5 �C rats

was 0.68 ± 0.12 mM/l. There was no significant effect of heat

exposure on plasma lithium concentration.

Exposure to 37.5 �C for 4 h in both the control and the

lithium-treated groups led to changes in blood indicators of

body water status that were indicative of dehydration (Table

1). Lithium treatment, on the other hand, was without effect

on these variables. Two-way ANOVA indicated that there

were no significant main effects of lithium treatment on

hematocrit, hemoglobin concentration, plasma osmolality,

or plasma concentrations of protein, sodium, or potassium

and there were significant main effects of temperature on

hemoglobin concentration [F(1,30) = 4.89, P < .05], plasma
status

in

n

Plasma

osmolality

(mosM/kg)

Plasma sodium

concentration

(mM/l)

Plasma potassium

concentration

(mM/l)

289 ± 2 140.7 ± 0.7 4.6 ± 0.1

286 ± 2 139.1 ± 1.5 4.3 ± 0.1

297 ± 1 146.9 ± 1.6 4.0 ± 0.25

295 ± 2 147.9 ± 1.3 3.7 ± 0.1
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osmolality [F(1,31) = 21.20, P < .0001], and plasma con-

centrations of protein [F(1,31) = 45.32, P < .0001], sodium

[F(1,31) = 32.39, P < .0001], and potassium [F(1,31) =

15.06, P < .005] but not on hematocrit. Importantly, there

were no significant interactions between lithium treatment

and temperature on any of these variables.
4. Discussion

Heat exposure in the absence of water places endotherms

at risk of dehydration and heat stroke as body water is lost for

evaporative cooling in order to regulate body temperature.

The loss of water leads to thermal dehydration and thirst. In

rats, thermal dehydration-induced thirst is primarily cellular

rather than volemic in nature (Barney, 1997; Barney and

West, 1990; Nose et al., 1985). Lithium treatment in both

humans and rats leads to increases in urine output (Galla et al.,

1975; Thomsen, 1970; Zilberman et al., 1979) and thirst

(Christensen, 1983; Galla et al., 1975; Gitlin et al., 1989;

Gutman et al., 1971; Marples et al., 1995; Schou and

Vestergaard, 1988; Smith and Amdisen, 1983; Smith and

Balagura, 1972). The thirst appears to be primarily a result of

the increased urinary water loss (Gutman et al., 1971;

Marples et al., 1995). Lithium treatment therefore has the

potential of being a risk factor that might increase dehy-

dration during heat exposure and the likelihood of heat stroke

(Epstein et al., 1997; Granoff and Davis, 1978). However, the

current study demonstrates that lithium treatment in rats does

not interfere with evaporative cooling during heat exposure

nor does it increase the dehydrating effects of heat exposure.

In fact, following heat exposure, lithium-treated rats exhib-

ited higher water intakes and levels of rehydration than did

the control rats.

Providing lithium carbonate at 2 g Li2CO3/kg food to the

rats led to plasma lithium levels that were similar to those in

previous studies with rats (Anai et al., 1997; Christensen,

1974; Kwon et al., 2000) and to those shown to be thera-

peutic in humans (McIntyre et al., 2001), although the range

of effective but safe lithium concentration is narrow. The

addition of lithium carbonate to the diet also led to an initial

decrease in food intake and subsequent loss of body weight.

Food intake returned to normal levels by the 10th day of

treatment, and body weight stabilized after by the 6th day of

treatment. Previous studies have demonstrated similar find-

ings (Balment et al., 1977; Smith and Amdisen, 1983)

including a return of food intake to normal after prolonged

lithium treatment (Balment et al., 1977). Food intake and

body weight were also reduced when lithium was injected

intraperitoneally (Opitz and Schäfer, 1976). Lithium also

reduced body weight when infused into the cerebral ven-

tricles (Smith and Amdisen, 1983). Lithium injections

reduced gastric motility along with decreasing food intake

(McCann et al., 1989), and lithium-induced reductions in

food intake may involve activation of glucagon-like peptide-

1 receptors (Rinaman, 1999; Seeley et al., 2000).
As in previous experiments with rats (Galla et al., 1975;

Thomsen, 1970; Zilberman et al., 1979), lithium treatment

increased urine output. This was observed during both the

exposure and drink periods. The primary effect of lithium on

water balance appears to be altered kidney function and the

subsequent increased loss of water in the urine. The control

rats showed a slight increase in urine output during heat

exposure as previously described (Barney and West, 1990),

and the lithium-treated rats showed a slight decrease in urine

output during heat exposure. Water deprivation of lithium-

treated rats also led to a decrease in urine output (Christen-

sen, 1974). Although lithium treatment reduced evaporative

water loss at both 25 and 37.5 �C compared to control rats,

the increase in evaporative water loss with heat exposure was

similar in both groups, as indicated by the lack of statistical

interaction between lithium and temperature. It appears that

as long as lithium-treated rats and, by extension, people have

free access to water prior to heat exposure, evaporative heat

losses are not impaired.

Water intake following the exposure period was increased

by both heat exposure and by lithium treatment. In addition,

there was an interaction between exposure temperature and

lithium treatment on drinking over time. By 3 h of access to

water, the lithium-37.5 �C rats showed a greater increase in

water intake over the controls than did the lithium-25 �C rats.

The mechanisms by which lithium increases water intake

have not been determined. The increased water intake

appears to be closely related to the increased urine output

caused by lithium. It is interesting to note, however, that

blood analyses generally have failed to show that lithium-

treated rats are dehydrated (Balment et al., 1977; Carney et

al., 1996; Galla et al., 1975; Kwon et al., 2000; Thomsen,

1970), and thus the normal physiological signals for drinking

(hypovolemia and hyperosmolality) appear to be missing.

Perhaps the stimulation of water intake caused by increased

urinary water losses in lithium-treated rats is so precise that

the physiological signals for the increased water intake are

undetectable. In the current study, lithium was also without

effect on measures of volemic signals to drink (hematocrit

and hemoglobin and plasma protein concentration) or meas-

ures of osmotic signals to drink (plasma osmolality and

plasma sodium concentration) in either control or thermally

dehydrated rats. Thus, lithium treatment does not intensify

the dehydrating effects of heat exposure. It should be noted,

however, that hematocrit, hemoglobin, and plasma protein

concentration are only indirect measures of plasma volume.

It is possible that lithium-induced alterations in these varia-

bles themselves may have occurred, masking any effect of

lithium on plasma volume. The fact that the changes would

all need to be in the same direction and of the same general

magnitude make this unlikely but more direct measurements

of plasma volume in lithium-treated rats would be useful in

this regard.

Lithium appears to also have effects on water intake that

are independent of its effects on urine output. Lithium has

been reported to increase water intake soon after injection
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prior to increasing urine output (Smith and Balagura, 1972)

and to increase water intake in Brattleboro rats that lack

vasopressin and already have high urine volumes (Christen-

sen, 1983; Hochman and Gutman, 1974). In addition, central

administration of lithium to rats caused water intake to

increase (Smith and Amdisen, 1983). After central adminis-

tration of lithium, plasma lithium concentrations were below

those needed to alter water intake when lithium was given in

the diet (Smith and Amdisen, 1983). Lithium may be acting

to alter some system involved in the control of water intake

such as the formation of the dipsogenic hormone, angioten-

sin II. Lithium has been reported to increase (Balment et al.,

1977; Gutman et al., 1971; Gutman et al., 1973; Mailman,

1983), decrease (Gutman et al., 1973), and has no effect

(Kierkegaard-Hansen, 1974) on plasma renin activity, an

indirect measure of angiotensin levels, and to slightly

increase angiotensin II levels (Mailman, 1983) in rats.

Another possibility is that lithium alters central responsive-

ness to thirst stimuli since lithium-treated rats drink more

water than control rats at the same plasma osmolality and

sodium concentrations (Balment et al., 1977; Galla et al.,

1975; Kwon et al., 2000). This idea is supported by the

results of the current study. Exposure to 37.5 �C for 4 h led to

similar levels of dehydration in the control and lithium-

treated rats as shown by the lack of interaction between

temperature and lithium on the plasma indicators of dehyd-

ration. However, the heat-exposed lithium-treated rats had a

greater increase in water intake than did the heat-exposed

control rats. As a result, the lithium-37.5 �C rats had a higher

level of rehydration (55%) than the control-37.5 �C rats

(38%). Similarly, in humans, lithium treatment increased the

thirst response to the infusion of hypertonic saline (Penney

and Hampton, 1990).

In summary, although lithium treatment in rats causes

polyuria, water intake appears to match water losses such

that dehydration does not occur. Lithium did not alter the

increase in evaporative water loss due to heat exposure, and

lithium-treated rats tolerated thermal dehydration in terms

of survival as well as control rats. When allowed access to

water, thermally dehydrated lithium-treated rats drank more

and rehydrated to a greater level than the thermally dehy-

drated control rats. These data support the idea that lithium

causes an increase in the sensitivity of rats to thirst-

inducing stimuli. These data also suggest that unless toxic

plasma levels of lithium occur, lithium therapy may not

increase the risks associated with thermal dehydration and

that individuals on lithium treatment may actually rehydrate

better than nontreated individuals when water becomes

available.
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