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Abstract—An investigation has been made of the influence of chlorpromazine upon
levels of adenine nucleotides, phosphocreatine and inorganic phosphate in the
brain and hypothalamic region of the rat. The effects upon both whole brain and
hypothalamus varied phasically with time between injection and killing. Changes in the
hypothalamus were more marked than in the whole brain. In whole brain ATP was
significantly lowered at 3 hr and significantly raised at 6 hr. In the hypothalamus the
pattern was more complex and ATP rose at 13 and 6 hr and fell at 3 hr, ADP levels varied
in the opposite direction to ATP. Control ATP levels were found to vary with time.
Chlorpromazine appears to suppress this variation in the whole brain.

INTRODUCTION

Stubies on the influence of tranquillizers upon adenosine triphosphate (ATP) levels
in brain have yielded conflicting results; thus ATP levels may rise,! be unchanged?. 3
or fall.%: 5 With chlorpromazine no change in brain ATP was found by Minard and
Davis? or Weiner and Huls,3 but Grenell ez al.1 found a rise. This study was made to
see if chlorpromazine followed the pattern found by us for other tranquillizers.4- 5 We
have also attempted to localize its action in the brain and, because of reportsé: 7 that
chlorpromazine acts partly on the hypothalamus, have investigated its effects on that
region.

METHODS

Male Wistar rats weighing from 70 to 95 g were used. The rats were drawn from
stocks housed twelve per cage and fed ad lib. upon cubes of diet No. 41 and water.
The stock animals were kept in an air-conditioned room. Prior to experiment the
required number of rats (two or three) were taken, weighed and injected intraperi-
toneally with the drug or control solution. Each rat was then placed individually into
a cylindrical wire mesh cage, 9 cm long and 6 cm diameter (Fig. 1), and kept in a quiet,
air-conditioned room under artificial light. At the end of the experimental period the
cage and its contents were rapidly plunged into a vacuum flask of liquid nitrogen.
After two minutes the cage was removed and the frozen rat taken out. It was decapi-
tated and the head placed into liquid nitrogen. The brain was removed from the
cranium, using bone chisels. To keep the temperature as low as possible, dissection
was carried out in a glove box, through which air, chilled with methanol-carbon
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dioxide was blown. During the dissection, the brain was frequently replaced in liquid
nitrogen, and at no time thawed out.

The time of day at which the animals were killed was not fixed.

Drugs used were 10, 25 or 50 mg/kg chlorpromazine, or 20 mg/kg triflupromazine.
The drug solution was made in 0-9 per cent w/v sodium chloride and sterilized by
filtration. Matching control sofutions were given in a volume corresponding to the
drug solution (0-2 ml/100 g body weight). Whole brain extracts were prepared, as des-
cribed by Lewis and Van Petten.?

The hypothalamic region was removed by dissection from the brain, without thaw-
ing. The area taken was approximately that below the intermediary mass and between
the optic chiasma and mammillary bodies. It was weighed and stored in liquid nitro-
gen, until required, for up to 24 hr. For assay the following modification of the method
of Lewis and Van Petten8 was used. The frozen hypothalamus was placed in a stainless
steel centrifuge tube containing liquid nitrogen, standing in solid carbon dioxide. It
was crushed by pounding with a stainless steel plunger. The centrifuge tube was then
put in a beaker of crushed ice and, after two minutes, 1-0 ml of 0-3 M perchloric acid
(PCA) added. The delay was necessary to prevent the PCA from freezing, when added
to the frozen tissue. The mixture was homogenized for two min, using a previously
cooled, loosely fitting, plastic plunger. 5 ml of ice-cold, distilled water was added and
the mixture stirred for 20 sec and then centrifuged for 12 min (0°, 3500 rev/min).
The supernatant was decanted into a glass centrifuge tube standing in crushed ice.
3 ml of the supernatant was added to a solution of 1-5 ml of 0-32 M succinate buffer
(pH 6-1), 0-2 ml IM MgCls and 0-2 ml 0-1 M CaCle. The solution was adjusted to
pH 6-1 and made up to 6 ml with 0-05 M PCA. 2-7 ml duplicates were assayed for
adenosine monophosphate (AMP), adenosine diphosphate (ADP) and ATP. To the
remaining supernatant were added 3 ml 0-05M PCA and 0-24 ml 0-02M CuSOs. 5 ml
of this solution was assayed for inorganic phosphate (IP) and phosphocreatine (PC).
The methods of estimation have been described in an earlier publication.8

Rectal temperatures were determined by a thermistor probe inserted about 2:5 cm into
the rectum; the temperatures were read directly from the previously calibrated scale.

For statistical analysis the order of treatments was as follows: the rats were placed
in groups of two (one control and one drug-treated) and the order of treatment ran-
domized, using a table of random numbers. This was done in all cases except for
series 1-5, where the animals were placed in groups of three (control, 25 mg/kg dose
and 50 mg/kg dose) in which the order of treatment was also randomized, using a
3 x 3 latin square design. The results were tested for significance, using an analysis
of variance. To test the significance of the difference between similarly treated rats at
different times, Duncan’s® new multiple range test was used.

Each series of experiments was self-contained and was accompanied simultaneously
by its own parallel series of controls, which received the appropriate volume of sol-
vent. For this reason it was necessary to subject each series to separate statistical
analysis.

RESULTS
Fifteen minutes after injection of 25 or 50 mg/kg chlorpromazine, the rats became
lethargic and remained motionless. The temperature fell while the animals were
motionless and rose as they again began to make voluntary movements (Table 1).



FIG. 1. Cages in which rats were placed after injection and prior to immersion in liquid nitrogen.
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* P<0-05; 1 P<001; } P<0-001; § one missing value calculated.

All values are expressed as mean 4 (S.E.) of determination on 9 (Series 1 to 5) or 10 (Series 6 to 20) rats.
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Some animals given 50 mg/kg chlorpromazine died, while some were still lethargic
after 48 hr, Animals given 10 mg/kg were active again at 3 hr.

The effects of chlorpromazine on the adenine nucleotide levels are summarized in
Tables 2 and 3. There was no significant change in the levels of PC (except Series 4
and 10 where there was a rise; Series 8 and 18, a fall), IP (except Series 4 and 11 where
there was an increase) and AMP (except Series 9 also an increase.)

TaBLgE 3. COMPARISON BETWEEN THE VALUES OF VARIOUS ADENINE NUCLEOTIDES IN
THE WHOLE BRAIN OR HYPOTHALAMIC AREA OF THE RAT GIVEN SIMILAR TREATMENTS
BUT KILLED AT DIFFERENT INTERVALS AFTER TREATMENT

WHOLE BRAIN
Control 25mg/kg Control 50 mg/kg
Chlorpromazine Chlorpromazine
{Time in hr) {Time in hr) {Time in hr) (Time in hr)
ATP 33161412 6123144 3413126 3612414
* I o ———
ADP 6314123 1343126 6141234 33112136
— et — % I
ATP -+ ADP 1136312 1363123 3318612 3124613
+ AMP e S — ———
ATP 3121446 6123113 3112136 6121334
ADP T e p—— S
HYPOTHALAMIC AREA
Control 25 mg/kg Chlorpromazine 50 mg/kg Chlorpromazine
(Time in hr) (Time in hr) (Time in hr)
ATP 12314614 6121431} 1261443
ADP 6131312 31126 3314126
ATP - ADP 12314614 131263 ¢ 1261433
-+ AMP T T
ATP 1231464 6121443 6121443
ADP T

Only the time of killing has been indicated and not the actual value. .
The order in which the times are given is obtained by placing them so that their values are in

descending order. .
Those times not underlined by the same line show significant (P <0-01} differences in the values,

except where* is shown the significance is P < 0-05.

In this Table, it should be noted that, when any two or more time values are undetlined by the
same unbroken line, then there is no significant difference between the means at these times. For
example, in the whole brain the control ATP value corresponding to 50 mg/kg chlorpromazine showed
no significant difference between 3 and 3 hr; § and 13 hr, 14, 12 and 6 hrs, but the 3 hr value is
significantly different from those at 14, 12 and 6 hours.

In general, the levels of ATP in the drug-treated animals varied from the control
values in the same direction in both the hypothalamus and whole brain, i.e. a signi-
ficant increase at 6 hr and a significant decrease at 3 hr (Table 2). At } hr, however,
the whole brain showed a significant decrease in ATP in the drug-treated rats, but
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there was no significant difference in the hypothalamus. At 14 hr only, the hypothal-
amic ATP levels in rats given 25 mg/kg were significantly raised.

The control ATP values in the whole brain also varied. If, for example, the 3 hr
control ATP values at 25 and 50 mg/kg chlorpromazine are considered (Table 2) it
can be secen that these are significantly higher than the other time values (Table 3).
At 6 hr the ATP levels in the 25 mg/kg-treated rats were significantly higher than
those at all other times. No differences were seen between the levels at different time
intervals with the 50 mg/kg dose. Control ATP levels in the hypothalamus were
significantly higher at 12 hr, and significantly lower at } hr than the control values at
other times (Table 3). At 25 and 50 mg/kg the 4 and 3 hr ATP levels were significantly
lower than those at the other time intervals.

Whole Brain

r —— Contrei 25

2 b ——— 25mg kg
o—o Gontrol 50

- %‘\\ omno 5O0mMG/kyg

Tine (Aours)

Frc. 2. Effect of chlorpromazine on ATP, ADP and total adenine nucleotide levels and on the ratio
ATP/ADP in the whole brain. The vertical lines represent the standard error of the means.

The action of chlorpromazine on the ADP levels in the whole brain was more pro-
nounced at 25 mg/kg than at 50 mg/kg. Thus, at 13 hr the ADP levels were signi-
ficantly increased, and at 6 hr significantly decreased with the 25 mg/kg dose, but not
with 50 mg/kg (Figs. 2 and 3, Table 2). Both doses increased the ADP levels signi-
ficantly at } and 3 hr. Significant changes in hypothalmic ADP levels occurred at 3
and 6 hr, when they were respectively significantly increased and decreased at both
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doses (Figs, 2 and 3, Table 2). In whole brain the controls corresponding to the 25
mg/kg dose were significantly higher at 6 hr than at 3 hr; however, the other controls
showed no significant differences from one another (Table 3). At 25 mg/kg the 6 hr
level was significantly lower than the 1, 11 and 3 hr levels, but at 50 mg/kg only the 3
hr level was significantly higher than the 6 hr level (Table 3). In the hypothalamus the
control levels and 25 mg/kg dose levels showed no differences between the time inter-
vals, but the 3 hr level of the 50 mg/kg dose was significantly higher than the others
(Table 3).

Hypothalamus

- e Control
9 *— == 25mg/kg
\_Y/‘ = 50mag/kg

a8 s -
AP i £ - :

A e R

-
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-
N A S o
L < ;= W

\\.\,/
o w o i i ket e
i 2 3 4 5 6 7 9 0o 12
Time (Aowrs)

Fig. 3. Effect of chlorpromazine on ATP, ADP and total adenine nucleotide levels and on the ratio
ATP/ADP in the hypothalamus. The vertical lines represent the standard error of the means.

The total amount of adenine nucleotides (AMP + ADP + ATP) in the whole
brain did not change significantly from the controls (Table 2); but in the hypothalamus
the total was raised significantly at 14 hr with the 25 mg/kg dose and reduced signi-
ficantly at 3 hr with the 50 mg/kg dose (Table 2).

In the drug-treated animals the total adenine nucleotide levels in the whole brain
did not vary significantly from one another. Variations in the control values did occur
and are shown in Table 3. When a comparison was made between time intervals in
the hypothalamus, the 4 and 3 hr levels at both doses were found to be significantly
lower than the others (Table 3). The ratio ATP/ADP rose significantly at 6 hr but fell
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significantly at 4, 14 and 3 hr in the whole brain with 25 and 50 mg/kg, but no signi-
ficant changes were seen with the 10 mg/kg dose (Table 2). The hypothalamic ratio
rose significantly at 1} hr with the 10 mg/kg dose and at 6 hr with the 25 mg/kg dose,
but fell significantly at 3 hr with all three doses (Table 2).

When comparing the ATP/ADP ratio between the time intervals, both sets of con-
trols for the whole brain (Table 3) showed the 3 hr ratio to be significantly higher than
the 6 hr one. The 25 mg/kg dose gave a ratio at 6 hr, which was significantly higher
than all the others, and at 12 hr the ratio was significantly higher than the ratios at 3,
14 or } hr. At 50 mg/kg the 6 hr ratio was higher than all the others, apart from that
at 12 hr (Table 3). The ratios of the hypothalamic controls showed a significant rise
at 12 hr, whereas the 25 mg/kg dose showed a significant rise at 6 hr. No significant
differences between the ratios were detected with the 50 mg/kg dose (Table 3).

Triflupromazine produced similar changes to chlorpromazine at 3 hr in the whole
brain (Table 2).

Table 1 shows the changes in rectal temperature after chlorpromazine administra-
tion; it can be seen that the phasic changes found in the adenine nucleotides are not
paralleled. There is an immediate drop in the temperature and a gradual rise after
6 to 12 hr.

DISCUSSION

Chlorpromazine was shown to cause hypothermia by Courvoisier ez al.1® We have
also seen this, but the phasic change noted in brain and hypothalamic ATP levels
were not paralleled by changes in rectal temperature. This supports the observations
of Savchenko!! that hypothermia has no marked effect on labile phosphate levels in
whole brain. It seems improbable, therefore, that body temperature changes per se
influence ATP levels.

Compounds which cause behavioural depression decrease brain ATP levelst 3
while behavioural stimulants increase them.8. 12 At the same time ADP levels rise or
fall respectively.4: 5, 8, 12

Examination of Table 2 shows that the control levels for the adenine nucleotides
may undergo significant variation. This variation may be due to a number of factors;
for example, variations in housing and handling, other environmental changes, a
normal variation in brain nucleotide levels from one animal to the other and varia-
tions in the technique of injecting, killing, dissection, extraction and assay. Because
of these factors, a control series of experiments was always carried out in parallel with
the test series, and an appropriate statistical design employed. The changes in control
ATP levels in whole brain and hypothalamus may thus be due to environmental
changes or variations in experimental technique. An example of the former type of
effect is seen in the marked variations in plasma corticosterone levels in rats under
different types of housing.® A somewhat similar phenomenon was observed by Wer-
dinius!* with regard to brain serotonin levels in rats given injections of control solu-
tions. Changes in hypothalamic ATP levels appear to influence the total hypothalamic
adenine nucleotide pool, which varies in the same direction. The more marked changes
in control hypothalamic ATP levels probably reflect the sensitivity of the hypothalamus
to the stresses of the injection and change of environment. This is shown by the initial
fall in hypothalamic control ATP and its subsequent rise towards levels found in whole
brain at 12 hr.

M



174 C. L. KauL, 1. J. LEwis and S. D. LIVINGSTONE

The effect of 50 mg/kg chlorpromazine on the whole brain ATP seems to indicate
a dampening of the control variation; at 25 mg/kg this effect is similar but less marked.

The phasic changes in the hypothalamus are much more pronounced than those in
the whole brain, and the changes in the latter may be an indication of much larger
changes in the former. For example, at 1} hr the ATP levels in the hypothalamus are
raised significantly, but in the whole brain there is no significant change. Yet at 4 and
3 hr the whole brain ATP levels fall significantly. Failure to record a similar fall at
14 hrs may be due to the marked rise at this time in the hypothalamus.

Using chlorpromazine, Grenell e al* also reported a greater effect on the hypo-
thalamus than on the whole brain. In contrast to our observations, however, they
found that both hypothalamic and whole brain ATP levels in rat brains increased
half-an-hour after injection of chlorpromazine. Subsequently Grenell ef al.18 found no
significant difference between control and chlorpromazine treated rats. The more
marked effects on the hypothalamus are not surprising, since Berger er ol.7 found
that chlorpromazine accumulated preferentially in this region, while Himwich® con-
sidered the posterior hypothalamus to be an important site of action of chlorproma-
zine. The position was summarized by Bradley,'8 who pointed out that many of the
effects of chlorpromarzine could be explained by an action on the hypothalamus and
brain stem reticular formation.

Chlorpromazine suppresses the secretion of FSH, LH and TSH,17-2! but reports
upon its effects on ACTH secretion are conflicting. Thus, Talwalker ef /.22 and Wood-
bury?3 state that ACTH secretion is raised but Sulman and Winnik!? indicate that it
falls. Stress, however, stimulates secretion of ACTH and inhibits secretion of other
anterior pituitary trophic hormones?* so that the effect of chlorpromazine on the
hypothalamus may initially resemble that of stress.

The complex phasic effects of chlorpromazine upon levels of ATP and ADP are
difficult to explain. Both Weiner and Huls? and Grenell er al.! suggest that a rise in
ATP may result from reduced utilization in the sedated animal. It can be argued that,
when chlorpromazine enters the hypothalamus, it initially lowers ATP utilization,
but synthesis remains normal or is increased. This would explain the increased ATP
at 1} hr. As the concentration of chlorpromazine in the brain increases, the synthesis
of ATP is depressed, but ATP utilization is normal or only marginally reduced. This
is seen at 3 hr as a fall in the ATP level. At 6 hr the concentrations of ATP is raised.
This may be due to under-utilization of ATP because of the extreme state of depres-
sion and to recovery of synthesis. The fact that 25 mg/kg raises ATP significantly at
11 hr, but 50 mg/kg does not, may be due to the higher dose producing a high hypo-
thalamic concentration more quickly, so that ATP synthesis begins to decline earlier.

This view is supported by the observations of Abood,? that at 5 x 1075M, chlor-
promazine uncouples oxidative physphorylation in rat brain mitochondria. At a
higher concentration (10-*M) it also inhibits ATPase activity. The latter concentra-
tion corresponds to 35 mg/kg chlorpromazine,® which is the same order as those
used in this investigation. Thus, if the initial concentration of chlorpromazine is low,
and only uncoupling can take place, the concentration of ATP will fall, providing
that the rate of ATP utilization is unchanged. As the chlorpromazine concentration
increases, ATPase activity is inhibited?; the rate of breakdown fails to equal the rate
of synthesis and ATP rises. At this time the animals are severaly depressed, and
utilization of ATP is probably also reduced. At this stage (3 hr) chlorpromazine acts
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upon ATP and ADP levels in a manner similar to that of reserpine and other tran-
quillizers? 5 Changes in ATP and ADP at other time intervals are different from those
seen with reserpine, and increased ATP levels are not associated with behavioural
arousal. The rise in ATP at 1} hr in the hypothalamus, as opposed to the whole brain
at 25 mg/kg of chlorpromazine is interesting, in view of Berger’s?? suggestion that
chlorpromazine stimulates the hypothalamus by lowering the threshold for electro-
shock seizures and chemical convulsants.
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