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The effect of thyroid hormones on the action of
some centrally acting drugs
P. F. COVILLE* aND J. M. TELFORD*

Department of Pharmacology, School of Pharmacy, College of Technology, Brighton, Sussex

Summary

1. The effect of administration of thyroxine or thyroidectomy on the pharma-

cological action of (+)-amphetamine, caffeine, hexobarbitone and morphine
was determined in rats or mice.

2. Locomotor activity induced by (+)-amphetamine or caffeine was increased
by hyperthyroidism and decreased by hypothyroidism.

3. The LD50s of (+4)-amphetamine and caffeine in hyperthyroid rats were
1/30 and 2/5 that of control rats. With each drug, the LD50 regression lines
in hyperthyroid and control rats were not parallel, suggesting that hyper-
thyroidism modifies the mechanism of the toxic effects. Hypothyroidism
reduced toxicity to (+)-amphetamine.

4. Hexobarbitone sleeping time was prolonged in hyperthyroid male rats, but
was shortened in hyperthyroid female rats. In control rats, sleeping time was
approximately four times as long in females as it was in males. Ethinyl-
oestradiol treatment and castration also prolonged sleeping time in male rats.
No further prolongation was produced by combined administration of thyroxine
and ethinyloestradiol, but thyroxine further prolonged the sleeping time of
castrated rats indicating that its mode of action in producing these changes is
not mediated via sex hormones.

5. In contrast to rats, a sex difference in the duration of action of hexobarbi-

tone was not found in mice. Thyroxine prolonged sleeping time equally in each
sex.

6. Analgesia induced by morphine in mice was unaffected by hyperthyroidism.
No increase in sedative or ‘ Straub tail * activity could be detected, but toxicity
was increased when higher doses of morphine were used.

7. The mechanism by which thyroid hormones produce these changes in sensi-
tivity to centrally acting drugs is discussed. It is suggested that the effects of
thyroxine vary according to whether the mode of action of the drug or its
metabolism is modified.

Introduction

It has been demonstrated recently that treatment of rats or guinea-pigs with
thyroxine modifies the sensitivity of the heart and of various smooth muscles to

* Present address: Biological Research Department, B.D.H. (Research) Ltd., Borough Road,
Godalming, Surrey.
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drugs (Coville & Telford, 1970). In the heart and uterus, sensitivity to drugs is
enhanced, whereas in the intestine and aorta, sensitivity is depressed. Changes in
the responses of the cardiovascular system of intact animals are variable. These

cffects are possibly related to changes in the metabolism of calcium (Coville &
Telford, 1970).

The effect of thyroxine on the pharmacological actions of centrally acting drugs
has not been studied, but the toxicological effects of several such drugs are known
to be potentiated. For example, thyroxine increases the toxicity of monoamine
oxidase inhibitors (Carrier & Buday, 1961), imipramine (Prange & Lipton, 1962),
amphetamine (Halpern, Drudi-Baracco & Bessirard, 1964) and chlorpromazine
(Skobba & Miya, 1969). These changes are likely to be related to peripheral effects
of the hormone rather than to a local metabolic effect, since Barker (1964) has
shown that thyroxine does not alter metabolic activity in the brain. The purpose
of the present work was to study the effect of thyroxine on the action of several
chemically unrelated drugs, all of which have a different type of pharmacological
action on the central nervous system. It was hoped thereby to establish whether
thyroxine non-specifically potentiates the pharmacological effects of all drugs acting
on the central nervous system, or whether, as on muscle, its effects are variable.

Some of the experiments have been communicated to the British Pharmacological
Society (Coville & Telford, 1969).

Methods
General

Male rats and mice were used except in experiments with hexobarbitone. The
rats were Wistar albino and weighed 180-250 g, and the mice were LAC albino
and weighed 20-25 g. They were housed at 21° +0-5° C, and had free access to
food (Diet 41B, Dixons) and drinking water.

Rats and mice were injected subcutaneously with (—)-thyroxine sodium dissolved
in alkaline saline (0-001N NaOH in 0-9% NaCl) daily for 10 consecutive days (longer
in some of the activity experiments). Dosage is indicated in the text. All experi-
ments were performed on the day after the final day of injections. Hypothyroidism
was induced by surgical removal of the thyroid in rats only, and thyroidectomized
rats were used not less than 14 days from the time of operation. They were main-
tained for 5 days post-operatively on 1% calcium gluconate in their drinking water
to avoid symptoms of tetany due to removal of parathyroid tissue. Evidence of
induction of hyperthyroidism or hypothyroidism was obtained before using the
animals, by measurement of basal metabolic rate as previously described (Coville &
Telford, 1970). Castration of male rats for hexobarbitone experiments was per-
formed by removal of the testes through a single midline incision. These rats were
left for 21 days bsfore commencement of thyroxine injections. Mean values and
standard errors were calculated and compared by Student’s 7 test.

( + )-Amphetamine and caffeine

Locomotor activity was used as a parameter of central stimulation due to (+)-
amphetamine or caffeine. Rats were housed in groups of five in cages of dimen-
sions 36 x23 x 18 cm at 21° C and had free access to food and water. Activity
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was measured (arbitrary units) by means of a Faraday-type animal activity recorder
(Washington) which has the advantage of being able to screen nearly the whole of
the living area for activity. Rats were tested for effects due to pretreatment with
thyroxine (1 mg/kg daily) or thyroidectomy, by nightly (16 h) activity measurements.
Control groups (saline treated or sham operated rats) were tested concurrently.
Each day the test groups were placed in the cages previously occupied by the
control groups and vice versa to avoid any errors due to recorder bias.

Groups of five hyperthyroid, control or thyroidectomized rats were injected intra-
peritoneally with (+)-amphetamine (0-1 mg/kg) and locomotor activity was
measured continuously for 3 hours. Similarly, locomotor activity was recorded in
groups of five rats following intraperitoneal injection of caffeine (20 mg/kg).

LD50 of (+ )-amphetamine and caffeine

Moore (1965) showed that the LD50 of (+)-amphetamine in mice is markedly
reduced by hyperthyroidism, and it was therefore necessary to determine its toxicity
in rats so that in tests for central activity in this species, non-toxic doses could be
employed. The LD50 of both (+)-amphetamine and caffeine was determined using
ten (five + five) grouped rats per dose of drug. Percentage mortality at each dose,
calculated from the number dead within 24 h, was determined for control and
hyperthyroid rats, and the LD50 computed using the method of Litchfield &
Wilcoxon (1949). The dose of each drug used in locomotor activity studies cor-
responded to about 1/10 of the LD50 in hyperthyroid rats.

Hexobarbitone

Rats and mice in groups of five of either sex were used, rats being pretreated
with thyroxine 1 or 5 mg/kg daily, and mice with 5 or 10 mg/kg daily. They were
then injected intraperitoneally with hexobarbitone 50 or 100 mg/kg, and the duration
of action of the latter was measured as the time between loss and complete recovery
of righting reflexes. Sleeping time was also measured in thyroidectomized male
and female rats. During the period of narcosis, the animals were kept warm to
avoid hypothermia. Further groups of male rats were also dosed orally with
ethinyloestradiol (10 mg/kg daily for 10 days) alone and concurrently with thy-
roxine (1 mg/kg daily), or were castrated and then injected with thyroxine (1 mg/
kg daily). The latter were compared with sham operated animals. The action of
hexobarbitone (20, 40 and 60 mg/kg) was also examined in thyroxine treated
(1 mg/kg daily) and control female rats in order to determine whether the in-
tensity of the drug’s action could be affected independently of its duration.

Morphine

Duration of analgesia was measured using the hot plate technique of Woolfe &
MacDonald (1944). The hot plate was thermostatically maintained at 55° C and
all mice were tested for a positive response prior to the administration of morphine,
namely lifting or licking of hind paws within 30 s of being placed on the hot plate.
Male mice were pretreated with thyroxine (5 or 10 mg/kg daily) and were injected
intraperitoneally with either 7-5 or 15:0 mg/kg morphine. Each mouse was then
tested at 10 min intervals from the injection of morphine. Mean duration of
analgesia in groups of ten mice was determined, and results compared for control
and thyroxine treated mice.
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Drugs

(+)-Amphetamine sulphate (Smith, Kline & French); caffeine citrate, ethinyl-
oestradiol, morphine sulphate, 1-thyroxine sodium (B.D.H.) ; hexobarbitone sodium
(May & Baker) ; methimazole (Lilly).

Results
Thyroid hormones and spontaneous locomotor activity

It was found that hyperthyroidism induced by thyroxine 1 mg/kg daily did not
modify spontaneous locomotor activity of rats (Fig. 1). However, thyroidectomy
reduced spontaneous activity to about half the control (sham operated) level (Fig. 1).
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FIG. 1. Spontaneous locomotor activity of groups of five rats. Each point is the group total
activity measured over a period of 16 h nightly. A, Spontaneous locomotor activity of
thyroxine treated (———--) and control (——) rats. The dose of thyroxine was 1 mg/kg sub-
cutaneously each day, control rats receiving saline (1 ml/kg daily). B, Spontaneous locomotor
activity of thyroidectomized (- ——--) and sham operated (——) rats.
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( + )-Amphetamine

The effect of a low dose of (+ )-amphetamine on locomotor activity was markedly
potentiated by thyroxine. This is shown in Fig. 2. The potentiation of locomotor
activity was particularly marked during the first 30 min following the dose of (+)-
amphetamine, locomotor activity being approximately doubled at this time. Unlike
intensity of effect, the duration of the (+)-amphetamine induced locomotor activity
was not increased by hyperthyroidism. Conversely, the degree of locomotor activity
induced by (+)-amphetamine was not as marked in thyroidectomized rats as in
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FIG. 2. Locomotor activity in grouped thyroxine treated (O-——O) and saline treated
(X——X) rats induced by a single intraperitoneal injection of 0'1 mg/kg (+)-amphetamine
given at time 0 minutes. Each point on the graph is the mean of three determinations and is
the activity count for the preceding 15 minutes.
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FIG. 3. Locomotor activity in grouped thyroidectomized (@——@) and sham operated
(X——X) rats induced by a single intraperitoneal injection of 01 mg/kg (4 )-amphetamine
given at time 0 minutes. Each point on the graph is the mean of two determinations and is
the activity count for the preceding 15 minutes.
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sham operated controls. As shown in Fig. 3, the locomotor activity in thyroidecto-
mized rats 15-30 min after a single dose of (+)-amphetamine (0-1 mg/kg) was less
than half that induced by the same dose of (+)-amphetamine in control rats. Methi-
mazole (40 mg/kg subcutaneously each day for 14 days), although having no
intrinsic effect on locomotor activity, reduced the effect of (+)-amphetamine to a
similar extent as that seen with thyroidectomized animals ; that is, locomotor activity
was approximately half that of control rats 30 min after injection of (+)-amphet-
amine.

The LD50 of (+)-amphetamine in hyperthyroid rats was 098 mg/kg (95%
fiducial limits 0-53—1-80 mg/kg) while that for control rats was 28:5 mg/kg (95%
fiducial limits 26:0-31-2 mg/kg). While this represents an increase in potency of
some 30-fold, an exact potency ratio could not be calculated since the slopes of the
LD50 regression lines differed significantly from parallelism (P>>0-05). This is
shown in Fig. 4. Instead, the LD50 values were used to obtain an approximate
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FIG. 4. LDS50 of (+)-amphetamine in_grouped rats. The dose/mortality regression line for
thyroxine treated rats is on the left (O——Q), and that for saline treated rats on the right
(X——x). Each point represents the mean response for ten (five+five) rats. The LD50
for (+)-amphetamine in each case is indicated by the vertical broken lines.
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potency ratio. Although an LD50 for (+)-amphetamine was not determined in
thyroidectomized or methimazole treated rats, two experiments using a dose of
50 mg/kg (+)-amphetamine intraperitoneally, which is lethal in grouped control
rats, produced only 60% (six out of ten) mortality in grouped hypothyroid rats.
Symptoms of toxicity in all rats included excessive wetness of face, underneck and
belly, defensive postures, polydipsia and tonic followed by clonic convulsicns.

Caffeine
The stimulating effect of low doses of caffeine was potentiated by hyperthyroidism
as shown by increase in caffeine induced locomotor activity in thyroxine treated rats.
As shown in Fig. 5, the effect of a single dose of caffeine (20 mg/kg) was approxi-

mately doubled by thyroxine. As with (+)-amphetamine, thyroxine did not increase
the duration of action of the drug.

The LLD50 of caffeine was also markedly reduced by hyperthyroidism although
there was a difference of only 2-5-fold in potency ratio. The LD50 values for hyper-
thyroid and control grouped rats respectively were 240 mg/kg (95% fiducial limits
171-4-336:0 mg/kg) and 645 mg/kg (95% fiducial limits 379-0-1,096:0 mg/kg).
The slopes of the LD50 regression lines also differed significantly from parallelism
(P>0-05) as shown in Fig. 6. Symptoms of toxicity were similar to those seen after
(+)-amphetamine except for absence of defensive positioning.

Hexobarbitone
Rats

The results presented in Table 1 show that hexobarbitone had a more prolonged
action in females than in males; in fact, a 4-fold difference was apparent.
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FIG. 5. Locomotor activity in grouped thyroxine treated (O——() and saline treated
(X——X) rats induced by a single intraperitoneal injection of 20 mg/kg caffeine given at
time 0 minutes. Each point on the graph is the mean of three determinations and is the
activity count for the preceding 15 minutes.
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Thyroxine pretreatment prolonged sleeping time in males, but shortened it in females,
although thyroidectomy prolonged sleeping time in each sex. Ethinyloestradiol also
lengthened sleeping time in male rats, but combined ethinyloestradiol—thyroxine
(10+1 mg/kg) treatment produced no further prolongation of sleeping time.
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FIG. 6. LD50 of caffeine in grouped rats. The dose/mortality regression line for thyroxine
treated rats is on the left (O——C), and that for saline treated rats on the right (X——X).
Each point represents the mean response for ten (five+five) rats. The LDS50 for caffeine in
each case is indicated by the vertical broken lines.

TABLE 1. Sleeping times in male and female rats induced by 100 mgjkg hexobarbitone

Sleeping

Dose time %
Sex Pretreatment (mg/kg) (min4+s.E.) P Change

Male Saline - 20-54-2:6 — 100
Male Thyroxine 1 29-84+2:9 <005 1454
Male Thyroxine 5 63-8+3:1 <0-001 311:2
Male Ethinyloestradiol 10 74-8+4-5 <0-001 3649
Male Ethinyloestradiol, 10,1 62:64-3-7 <0-001 3054

thyroxine

Male Castration, saline - 52:142:4 <0001 254-1
Male Castration, Thyroxine 1 94-2+4-1 <0-001 459-5
Male Thyroidectomy - 37-1+49 <002 181-0

Female Saline - 822439 — 100
Female Thyroxine 1 65-64+-4-7 <0-05 79-8
Female Thyroxine 5 53-4+4-4 <0-01 650
Female Thyroidectomy - 1102457 <001 13441

Each result is the means.kE. for five rats.
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Castration of male rats, like treatment with ethinyloestradiol, prolonged the effect of
hexobarbitone but, in contrast, the effect of castration was potentiated by thyroxine
(Table 1).

In female rats thyroxine reduced the duration of sleeping time induced by hexo-
barbitone, but did not modify the potency of the drug. Thus, as shown in Table 2,
thyroxine had no marked effect on the number of rats sleeping following injection of
smaller doses of hexobarbitone, but nevertheless decreased the duration of sleeping
time in those rats in which sleep was induced.

Mice

A comparable sex difference in the response to hexobarbitone was not seen in
mice (Table 3). The ratio between control male and female sleeping times was
only 1:1-2. A similar increase in duration of sleeping time in each sex was produ-
ced by thyroxine pretreatment, unlike the differing effect in the sexes seen in rats.
It was also found that in control male mice, hexobarbitone (50 mg/kg) caused seda-
tion from which the animals could be easily aroused. However, when this dose
was administered to mice pretreated with thyroxine (5 mg/kg) narcosis was pro-
duced, as shown in Table 3.

In both rats and mice, therefore, thyroxine modified the duration of action of
hexobarbitone, which contrasts with its failure in rats to modify the duration of
action of (+)-amphetamine and caffeine. A further contrast is that while the
potency of these latter drugs in male rats was markedly increased, the potency of
hexobarbitone, at least in female rats, was not. In mice, however, thyroxine in-
creased both the potency and duration of action of hexobarbitone very considerably
(P<<0-001).

TABLE 2. Effect of different doses of hexobarbitone on narcosis in hyperthyroid and control female rats

Number of rats

Hexobarbitone Pretreatment sleeping Duration of sleeping
(mg/kg) (out of five) time (min-S.E.)
20 %x“ne . 8 88
oxine -

40 Sal)i';e 2 9-5+4-5

Thyroxine 2 18-84+2-3

60 Saline 2 38-61+44

Thyroxine 5 29-04-2-7

100 Saline 5 822439

Thyroxine 5 65-6+4-7

TABLE 3. Effect of thyroxine on hexobarbitone sleeping time in male and female mice

Sleeping .
Dose Hexobarbitone Time A
Sex Pretreatment  (mg/kg) (mg/kg) (min4s.E.) P Change
Male Saline - 100 55-0+30 — 100
Male Thyroxine 5 100 115:0+53 <0-001 209-1
Male Thyroxine 10 100 158:94+72 <0001 289-0
Male Saline - 50 0 — —
Male Thyroxine 5 50 352454 <0001 —
Female Saline - 100 672426 — 100
Female Thyroxine 5 100 142:6+7-0 <0-001 2122
Female Thyroxine 10 100 208-44-6-1 <0001 310-1

Each result is the mean +s.E. for five mice.
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Morphine

Thyroxine did not modify the analgesic potency of morphine. This is shown in
Table 4. Also, thyroxine did not increase the incidence of sedation or °Straub
tail > induced by morphine. Morphine, therefore, differs from the other centrally
acting drugs studied in these experiments in that its effects are not enhanced by
thyroxine. In two experiments, morphine (20 mg/kg and 40 mg/kg) was given
intraperitoneally to thyroxine treated and control mice. These doses produced,
respectively, 20% (two out of ten) and 60% (six out of ten) mortality in the animals
treated with thyroxine (10 mg/kg daily). Thus, the toxic effect of morphine was
enhanced, even though no increase in pharmacological effect could be detected.

Discussion

These experiments indicate that thyroxine affects the responses to three different
types of centrally acting drugs in three different ways. It increases the intensity of
action of (+)-amphetamine and caffeine but does not prolong the duration of their
effects ; in contrast, thyroxine does not always increase the intensity of action of
hexobarbitone, but, with the exception of female rats, increases its duration of action
very markedly. In contrast again, neither the intensity nor the length of analgesia
induced by morphine is altered. These results suggest that thyroxine has more than
one action and since the hormone does not modify spontaneous locomotor activity
or affect brain metabolism (Barker, 1964) these are likely to be peripheral.

Thyroxine markedly potentiates the central stimulant effect of (+)-amphetamine,
and (+)-amphetamine is known to act by release of endogenous noradrenaline
(Burn & Rand, 1958). The effect of exogenous noradrenaline on cardiac and smooth
muscle is potentiated by thyroxine (Coville & Telford, 1970). The toxicological
effect of (+)-amphetamine is thought to be due partly to the release of peripheral
noradrenaline (Moore, 1963, 1965), and the importance of peripheral noradrenaline
release is probably greater in hyperthyroidism because the slopes of the LD50
regression lines of (+)-amphetamine in hyperthyroid and control rats differ signifi-
cantly from parallelism, and the pressor response to (+)-amphetamine in hyperthy-
roid rats is known to be greatly potentiated (Coville & Telford, 1970). In contrast,
the pressor response to exogenous noradrenaline in hyperthyroid rats is not poten-
tiated, suggesting that thyroxine facilitates the peripheral release of noradrenaline by
(+)-amphetamine. However, these various considerations do not rule out the
possibility that the sensitizing action of thyroxine on the stimulant effect of (+)-
amphetamine is mediated by increased sensitivity to noradrenaline released locally

TABLE 4. Effect of thyroxine on duration of morphine analgesia in mice

Thyroxine . Duration
pretreatment Morphine of qnalgesna
(mg/kg) (mg/kg) (min+s.E.)
- 7-5 162444

5 75 18-0+52

10 75 172438

- 150 346471

5 150 29-44+7-5

10 150 31-84+81

Each result is the mean =s.E. for ten mice.
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in the brain, or that it is due specifically to increased release of brain noradrenaline.
Certainly, the release of brain noradrenaline is known to be facilitated by thyroxine
(Moore, 1965 ; Dolfini, Ramirez del Angel, Garratini & Valzelli, 1970).

The effects of thyroxine on the sensitivities of rats to the central stimulant proper-
ties of (+)-amphetamine and caffeine are qualitatively and quantitatively similar,
but the effect on toxicity to caffeine is less marked than on toxicity to (+ )-amphet-
amine. This supports the conclusion that a peripheral component involving a
massive release of noradrenaline plays a significant role in toxicity to the latter drug.
The mode of action of thyroxine in increasing the central nervous system stimu-
lant properties of these two drugs is not clear, but a common link between them is
that both may increase tissue levels of cyclic adenosine 3’,5’-monophosphate (cyclic
AMP). Caffeine inhibits phosphodiesterase and so inhibits destruction of this
nucleotide (Butcher & Sutherland, 1962). (+)-Amphetamine releases noradrenaline,
which activates adenyl cyclase (Murad, Chi, Rall & Sutherland, 1962) and so
increases formation of cyclic AMP. Thyroid hormones have themselves been shown
to increase tissue levels of cyclic AMP by inducing adenyl cyclase (Brodie, Davies,
Hynie, Krishna & Weiss, 1966) and by inhibiting phosphodiesterase (Mandel &
Kuehl, 1967). It is possible, therefore, that thyroxine potentiates the stimulant
effects of (+)-amphetamine and caffeine indirectly by causing accumulation of
cyclic AMP. Bartelstone, Nasmyth & Telford (1967) using smooth muscle have pro-
vided evidence that drugs which increase the tissue levels of cyclic AMP also
increase responses to sympathomimetic amines, and that the reverse is also true.
The implication of the present experiments is that tissue levels of cyclic AMP may
likewise be related to the action of central stimulants.

Thyroxine is known to modify the activity of several hepatic drug-metabolizing
enzymes and changes in sensitivity or toxicity to centrally acting drugs and in the
duration of their effects may also be related to this property. For example, increased
toxicity to morphine may be due to the known ability of thyroxine to reduce
N-demethylation in the liver (Cochin & Sokoloff, 1960).

Conney & Garren (1961) have shown that thyroxine prolongs hexobarbitone
induced sleeping time in male rats. The present results confirm their findings, but
show that thyroxine has the opposite effect in female rats. These unusual results
may be explicable in terms of a sex difference in the effect of thyroxine on the
activity of the hexobarbitone-metabolizing enzyme in the liver, because Kato,
Takanaka, Takahashi & Onoda (1969) have reported recently that thyroxine reduces
hexobarbitone hydroxylase activity in male rats, but enhances it in female rats. It
is likely, however, that these effects of thyroxine on sleeping time are mediated
independently of the sex hormones themselves since the longer sleeping time of
female rats is reduced by thyroxine, and in male rats, thyroxine and ethinyloestradiol
administered either alone or together increase sleeping time. Furthermore, thyroxine
is still able to potentiate sleeping time in castrated animals.

The results show that in mice, thyroxine prolongs hexobarbitone induced sleeping
time in males and females alike, and it is known that the hormone also reduces
hepatic hexobarbitone hydroxylase activity in each sex in this species (Kato et al.,
1969). In male mice, thyroxine also increases the intensity of action of hexobarbi-
tone, a lower dose of hexobarbitone producing narcosis in thyroxine treated mice
which in control mice produces only sedation. However, the results also show
that duration of action and intensity of action do not always parallel each other.
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Thus, in female rats treated with thyroxine the duration of sleeping time is reduced,
but the number of rats which are induced to sleep is not.

It is concluded from these studies that thyroxine does not non-specifically poten-
tiate all centrally acting drugs, but that its effects are variable. It is proposed that
the nature of the effects depends on whether a process involved in the mode of
action of the drug is modified, or whether the hormone affects the metabolism of
the drug, or both.

We are grateful to Smith, Kline & French for their gift of (+)-amphetamine, and to Lilly
for their gift of methimazole.
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