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I. INTRODUCTION 

Cyclic AMP levels are subject to rapid fluctuations in most tissues. 
The method of fixation is therefore an important consideration in any study 
dealing with the effects of drugs and hormones upon these levels. Perhaps the 
most generally useful procedure has been to clamp the tissue between two 
blocks of aluminum at the temperature of liquid nitrogen (Wollenberger, 
Ristau, and Schoffa, 1960), causing almost instantaneous freezing of deep as 
well as surface cells. The frozen tissue is then pulverized at the temperature 
of liquid nitrogen, and the frozen powder rapidly homogenized in the presence 
of a protein denaturant. Interfering enzymes are thus thawed and denatured 
more or less simultaneously. The supernatant can then be purified and assayed 
for its cyclic AMP content, and this will presumably reflect the amount of 
cyclic AMP present in the tissue at the instant it was frozen. 

Although this technique has been useful in the study of many systems, 
such as the perfused rat heart (see Robison, Butcher, 0ye, Morgan, and 
Sutherland, 1965), it is obviously impractical for the study of organs such 
as the kidney or brain, in which discrete groups of cells serve different functions 
and respond differently to drugs and hormones. 

Even the heart is far from homogeneous, of course, but at least it was 
possible in that case to assume that most of the tissue mass was composed of 
myocardial cells, and that the overall level of cyclic AMP would primarily 
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reflect events occuring in those cells. By contrast, whole-brain measurements 
could no_t be assumed to reflect changes occurring in a particular area, such 
as the hypothalamus, for example. 

One possible method for studying cyclic AMP changes in different 
areas of the rat brain in situ might be to freeze the brain by immersing whole 
rats in liquid nitrogen (or in isopentane at the temperature of liquid nitrogen), 
followed by dissection of the frozen tissue. However, there are two major 
drawbacks to this procedure. First, although the cortex might be frozen quite 
rapidly, inactivation of deeper structures would be far from instantaneous 
(Richter and Dawson, 1948; Takahashi and A prison, 1964; Jongkind and 
Bruntink, 1970). In an adult rat, for example, it may take as long as 70 sec for 
the thalamus to fall from body temperature to 0°C, and even at this temperature, 
as Goldberg and his colleagues have shown (O'Dea, Haddox, and Goldberg, 
1971), phosphodiesterase retains considerable activity. Thus catabolism of 
cyclic AMP would continue in lower brain areas, leading to artifactually 
low levels of the nucleotide in these areas. The other main objection to this 
technique, even if the values so obtained were valid, is that it is extremely 
difficult and time-consuming to dissect a frozen brain accurately. 

In view of these difficulties, we have explored the possibility of using 
microwave irradiation as a means of tissue fixation for studying cyclic AMP 
levels in the rat brain in situ. The preliminary results summarized in this 
paper have led us to believe that this is a promising technique for this purpose. 
Throughout these studies we have been following the lead of Stavinoha, 
Pepelko, and Smith (1970), who had earlier applied the microwave technique 
to the study of brain acetylcholine levels. 

II. EXPERIMENT AL 

The source of microwave irradiation (MI) used in these studies was a 
commercial oven (Litton Model 550) with a power output of 1,250 watts and 
a frequency of 2,450 me. Its use for this purpose has been described elsewhere 
(Schmidt, Speth, Welsch, and Schmidt, 1972a). In summary, the rat is oriented 
by placing it in front of a styrofoam tunnel which the rat readily enters without 
coaxing or trauma. The styrofoam tunnel, which does not absorb MI, is placed 
in the center of the unit facing the power source. Although the power of this 
unit is very small compared to that which could be built into an experimental 
model, and the radiation diffuse and unfocused, the rat is dead within 5 sec 
after the apparatus is activated. In some cases death is preceded by a brief 
convulsion. When mice are used death appears to be instantaneous. 

Brain temperature was determined after varying periods of MI by means 
of a micro thermocouple inserted into the thalamic area of the brain. Tempera
ture as a function of duration of MI is plotted in Fig. 1. It can be seen that in 
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FIG. 1. Effect of MI on thalamic and peritoneal temperatures of the rat. (From Schmidt et al., 
1972a). 

the brain a temperature of70°C is reached within 20 sec; peritoneal temperature 
rises more slowly, being approximately 55°C at this time. 

It was presumed that enzymes would be inactivated by MI as a result 
of heat denaturation, so that this technique can only be applied to the measure
ment of heat-stable compounds. The heat stability of cyclic AMP had been 

recognized ever since its discovery, and we established that aqueous solutions 
of cyclic AMP could be exposed to MI without change. The MI technique 
has also been used to study acetylcholine in the brain (Schmidt, Schmidt, and 
Robison, 1971), but will not be applicable for the study of many other com
pounds, especially proteins. Pituitary growth hormone, for example, was 
almost absent after 5 sec of MI and was completely obliterated after 15 sec of 
exposure (G. Cehovic, unpublished observations). · 

In initial experiments we measured cyclic AMP levels in the whole brain 
after varying periods of MI. Rats were decapitated imm~diately after MI and 
the heads packed in ice. The brains were then removed and cut in half. One
half of each brain was homogenized in 0.1 N HCl exactly 5 min after exposur~ 
to MI. The other half was maintained at ice-bath temperature for an additional 
30 min before being homogenized. As seen in Table 1, 10 sec of MI was insuf
ficient for complete tissue fixation. The level of cyclic AMP in the brain half
homogenized 35 min following MI was more than twofold higher than that 
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TABLE 1. Effect of duration of microwave irradiation 
on cyclic AMP levels in whole brains" 

Duration of 
exposure to MI 

10 sec 
20 sec 
30 sec 

Cyclic AMP (nmoles/g) 

Homogenized Homogenized 
5 min after MI 35 min after MI 

0.50 1.28 
0.81 0.79 
Q92 Q87 

"Brains were placed on ice immediately after MI. 
One-half of each brain was homogenized in 0.1 N HCl 
5 min later, while the remaining half rested on a cooled 
porcelain plate for an additional 30 min before 
homogenization. Each value represents the mean of 
two to four separate determinations. (From Schmidt 
et al., 1972b.) 

. ·' 

prepared only 5 min after MI. Apparently, the surv1V1ng adenylyl cyclase 
activity predominates over phosphodie~terase in the brain under these condi
tions. After 20 sec of MI, however, the level of cyclic AMP remained constant 
regardless of post-MI homogenization time suggesting that 20 sec was sufficient 
to inactivate both enzymes. This was confirmed by measuring the activities 
of adenylyl cyclase and phosphodiesterase in homogenates of brains from 
rats exposed to varying periods of MI (Fig. 2). As a result of these studies, 30 
sec was chosen as the exposure time for subsequent experiments. 

A dramatic increase in the brain level of cyclic AMP occurs following 
decapitation (Breckenridge, 1964; Kakiuchi and Rall, 1968). Previous studies 
had examined this effect only in the whole brain. We were now in a position 
to investigate this phenomenon further to determine the contribution made 
by specific areas to the overall fivefold increase seen in the whole brain. We 
first established that cyclic AMP was not evenly distributed throughout the 
brain of rats killed by MI. Levels were highest in the cerebellum and brainstem, 
intermediate in the hypothalamus and midbrain, and lowest in the 
hippocampus and cortex (Schmidt et al., 1971), correlating roughly with 
the ratio of adenylyl cyclase to phosphodiesterase as measured in homogenates 
of these areas (Weiss and Costa, 1968). When rats were decapitated first and 
then exposed to MI at various times after the decapitation, it was found that 
although cyclic AMP increased in all areas, the cerebellum contributed far 
more to the overall rise than did any of the other areas (Fig. 3). This serves to 
illustrate the danger of using decapitation as the method of sacrifice in 
pharmacological studies dealing with cyclic AMP in the brain. A substantial 
drug-induced change in a small area could be easily overshadowed by the 
massive decapitation-induced increase occurring elsewhere. 
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FIG. 2. Effect of MI on cyclase and phosphodiesterase activities in rat brain homogenates. 
Rats were exposed to MI for the indicated times, decapitated, and brain homogenates prepared. 
Cyclase activity in nonirradiated control preparations was 75 pmoles/mg protein/min in 
the absence of NaF and 250 pmoles/mg proteins/min in the presence of 10 mM NaF. (The 
above curve is a composite of data obtained under both sets of conditions_, since there was 
no significant difference between them when plotted as percent of control.) Control phosphodies
terase activity was 10 nmoles/mg protein/min. (From Schmidt et al., 1972b). 

Paul, Pauk, and Ditzion (1970) had reported that amphetamine had no 
effect on whole brain levels of cyclic AMP in rats killed either by decapitation 
or freezing. Since amphetamine has been shown to stimulate the release of 
newly synthesized norepinephrine in the brain (Sulser and Bush, 1971), and 
since norepinephrine was known to increase the level of cyclic AMP in rat 
brain slices in vitro (see below), it seemed reasonable to suppose that amphe
tamine should affect brain cyclic AMP levels in vivo. We therefore decided to 
reinvestigate this question using the MI technique. A dose of amphetamine 
sufficient to produce clear-cut CNS stimulation (3 mg/kg) was administered 
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FIG. 3. Cyclic AMP levels in various brain areas after decapitation. Rats were decapitated, 
and the heads exposed to 30 sec of MI at the indicated times. Zero time values were obtained 
from rats exposed to MI before decapitation. (From Schmidt et al., 1971) 

intraperitoneally, and the rats were killed at various times between 5 and 
60 min after injection. At none of these times, however, did amphetamine 
produce a change in the level of cyclic AMP in any of the four brain areas 
examined (Table 2). A higher dose of amphetamine ( 10 mg/kg) was also without 
effect. 

The ability of norepinephrine to raise the level of cyclic AMP in rat brain 
slices in vitro has been observed by many investigators (Kakiuchi and Rall, 
1968; Schmidt, Palmer, Dettbarn, and Robison, 1970; Palmer, Robison, and 
Sulser, see also the review by Daly, Huang, and Shimizu in this volume). 
Since a drug which releases norepinephrine did not appear to increase cyclic 
AMP concentrations, we attempted to examine the effect of norepinephrine 
more directly by simulating in vivo the in vitro experiments. To do this we 
injected norepinephrine directly into the brain by means of a cannula placed 
in the lateral ventricle, using the technique developed by Robinson, Hengeveld, 
and de Balbian Verster (1969). It seemed likely that the intraventricular 
injection of norepinephrine would increase the level of cyclic AMP in vivo 
as it does when added in vitro to brain slices. However, as with amphetamine, 
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TABLE 2. Lack of effect of amphetamine on cyclic AMP levels in various 
areas of the rat brain" 

Time Cyclic AMP (nmoles/g) 
after injection 
(min) Cerebellum Brainstem Midbrain Cortex 

5 control 1.80 ± 0.04 1.77 ± 0.08 1.35 ± 0.04 0.89 ± 0.11 
amphetamine 1.81 ± 0.05 1.69 ± 0.10 1.42 ± 0.07 0.81 ± 0.05 

15 control 2.36 ± 0.08 2.06 ± 0.01 1.62 ± 0.07 1.00 ± 0.02 
amphetamine 2.11 ± 0.02 2.00 ± 0.06 1.51 ± 0.09 0.93 ± 0.06 

30 control 1.80 ± 0.04 1.77 ± 0.08 1.35 ± 0.04 0.89 ± 0.1 I 
amphetamine 1.80 ± 0.07 1.70 ± 0.14 1.32 ± 0.11 0.86 ± 0.08 

60 control 1.98 ± 0.18 . 1.97 ± 0.08 1.47 ± 0.12 0.84 ± 0.06 
amphetamine 1.77 ± 0.11 1.89 ± 0.11 1.51 ± 0.14 0.72 ± 0.08 

"Rats received an intraperitoneal injection of 3 mg/kg amphetamine or 
saline. Exposure to 30 sec of MI followed at the indicated times. Each value 
represents the mean ± S. E. M. of three to four separate determinations. (From 
Schmidt et al., 1972b) 
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the results were completely negative. A large dose of norepinephrine (5 µg) 
failed to change cyclic AMP concentration in any of the brain areas studied 
when the rats were killed either 5 or 30 min after the injection. A smaller dose 
(50 ng) was equally ineffective (Schmidt, Hopkins, Schmidt, and Robison. 
1972b). 

III. DISCUSSION 

The failure of amphetamine and especially of intraventricular norepine
phrine to alter brain cyclic AMP levels was surprising, and could call into 
question the validity of MI as a method of tissue fixation. There are a number 
of points which could be considered here. First, the MI technique does appear 
to represent an improvement over freezing by liquid nitrogen, since MI 
inactivates enzymes much more rapidly, especially in deep brain structures. 
A further advantage not previously mentioned is that irradiated brains tend 
to separate along natural anatomical boundaries, so that they are actually 
easier to dissect than fresh brains.For these reasons, MI appears to be preferable 
to freezing as a method of tissue fixation. 

However, the MI technique used in these studies is still far from ideal, 
the ideal in this case being a method that would instantaneously and irreversibly 
inactivate all enzymes throughout the brain with no damage to cell structure. 
The chief disadvantage of our present technique is that it is probably still 
too slow, since a great deal could happen during the 20 sec that elapse between 
the onset of MI and complete enzyme inactivation. There might first be time 
for a sudden i:nassive release of endogenous norepinephrine or other factors 
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in response to MI, thus leading to a rise in cyclic AMP that might mask an 
effect of exogenous norepinephrine. Second, there must be a short but finite 
period between the onset of MI and the beginning of protein denaturation 
during which the activities of many enzymes will be greater than normal. 
Third, even after enzyme activities begin to decrease (which is clearly earlier 
than 5 sec in the case of cyclase and phosphodiesterase), an imbalance may 
occur within tht cell if opposing enzymes are inactivated at unequal rates. 
Because of the various regulatory influences to which these enzymes might be 
subject in vivo, the precise nature of this imbalance cannot be predicted from 
the simple type of in vitro study illustrated in Fig. 2. Some of these possibilities 
can be and are being tested experimentally, but, from the practical point of 
view, perhaps the best solution would be to develop a more powerful unit 
which will do in milliseconds what our present unit does now in seconds. 
We are attempting to develop such a unit, but how close we can come to the 
previously stated ideal remains to be seen. 

In the meantime, there are other considerations which lead us to believe 
that our present technique is valid, i.e., that the cyclic AMP values so obtained 
are reasonably close to the levels actually existing in the brain prior to the 
onset of ML First, the post-decapitation rise in cyclic AMP was readily detected 
by the MI technique, and we have therefore felt justified in assuming that drug
induced changes of similar magnitude would also have been detected, had 
they occurred. Second, we have found (J. Blumberg, unpublished observations) 
that glucagon-induced increases in hepatic cyclic AMP and ACTH-induced 
increases in adrenal cyclic AMP are also readily detectable in irradiated animals. 
Since the temperatures in these peripheral organs probably rise less rapidly 
than in the brain, under the conditions of our experiments, this further supports 
our view that had amphetamine or norepinephrine produced an overall 
increase in the level of cyclic AMP in any of the brain areas we examined, we 
would have been able to detect it. 

An alternate possibility to explain the lack of a norepinephrine effect 
in vivo might therefore be considered. The large changes in cyclic AMP which 
we and others have observed in rat brain slices incubated in vitro in the presence 
of norepinephrine may have to some extent been artifactual. An unwritten 
assumption (by us and probably others) has been that these changes primarily 
reflect changes occurring in neurons. Now, however, at least two groups of 
investigators (Gilman and Nirenberg, 1971; Clark and Perkins, 1971) have 
observed extraordinary increments in cyclic· AMP in cultured glial cells in 
response to norepinephrine. Furthermore, Gilman and Nirenberg were unable 
to see any effect of norepinephrine on neuroblastoma cells, even though 
these cells did respond to certain other agents, such as the prostaglandins. 
Cohen (1962) reported that extensive histologic alterations occurred in neurons 
of brain slices incubated in oxygenated Krebs-Ringer glucose medium, whereas 
glial cells survived the incubation without apparent effect. Cyclic AMP levels 
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in brain slices do decrease in the course of incubation, eventually reaching 
levels which provide the baseline for most of the studies which we and. others 
have reported. It now seems possible that most of the norepinephrine-induced 
increments observed to occur in these preparations were occurring in glial 
cells against a background of defective neurons. It further seems possible that 
such large changes might not occur if the glia were in proper contact with 
functional neuronal cells. 

IV. SUMMARY 

Microwave irradiation (MI) appears to be a useful method of fixing tissue 
in situ for the measurement of cyclic AMP and other heat-stable compounds. 
Using a commercial microwave oven as the source of MI, we have applied 
this method to the study of cyclic AMP levels in discrete regions of the rat 
brain in situ. Death occurs within 5 sec of exposure to Ml, at which point 
the temperature of the thalamus is approximately 55°C. Continued exposure 
leads to a linear increase in temperature reaching 90°C after 30 sec. Tissue 
levels of cyclic AMP remain constant after 20 sec of MI, beyond which time 
neither adenylyl cyclase nor phosphodiesterase can be detected in tissue 
homogenates. This is slower than might be desired, but considerably faster than 
other known methods. Improvements such as increased power and the ability 
to focus the irradiation may lead to a method more nearly approaching the 
ideal. 

Irradiated brains can be easily removed from the skull and dissected 
into their component parts. Cyclic AMP levels were highest in the cerebellum 
and brainstem, intermediate in the hypothalamus and midbrain, and lowest 
in the cortex and hippocampus. The cerebellum was found to contribute 
disproportionately to the post-decapitation rise in cyclic AMP. Neither 
amphetamine nor the intraventricular injection of norepinephrine had any 
detectable effect on cyclic AMP levels in any of the brain areas studied. This 
was surprising because norepinephrine had previously been shown to produce 
large increases in the level of cyclic AMP in rat brain slices in vitro. Some 
possible reasons for this apparent discrepancy were discussed. 
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I. INTRODUCTION 

Of the many avenues one might take to determine the etiology and 
pathogenesis of endogenous psychoses, one promising approach would be to 
study the effect of psychotropic drugs on the basic biochemical mechanisms 
involved in regulating brain functions. There is a large body of evidence sug
gesting that adenosine 3',5'-monophosphate (cyclic AMP) plays an important 
role in the central nervous system (Weiss and Kidman, 1969) and that psycho
tropic drugs may act by affecting the concentration or the actions of cyclic 
AMP in brain. For example, Kakiuchi and Rall (1968a) showed· that chlor
promazine treatment antagonized the rise of cyclic AMP in rabbit brain 
following decapitation, and Palmer, Robison, and Sulser (1971) and Uzunov 
and Weiss (1971) have reported that several tranquilizers blocked the norepine
phrine-induced increase in the concentration of cyclic AMP in rat brain slices . 

. · In addition, brain has particularly high activities of adenylate cyclase and 
cyclic nucleotide phosphodiesterase (Butcher and Sutherland, 1962; Sutherland, 
Rall, and Menon, 1962; Weiss and Costa, 1968a) and possesses relatively 
high concentrations of cyclic AMP (Ebadi, Weiss, and Costa, 1971a). These 
enzymes as well as the concentration of cyclic AMP itself are unequally dis
tributed throughout the brain and are associated with synaptic elements [ (De 
Robertis, Rodriguez de Lores] Arnatiz, Alberici, Butcher, and Sutherland, 1967; 
Weiss and Costa, 1968a; Ebadi et al., 1971b). Moreover, cyclic AMP has been 
shown to produce various effects on neuronal tissue. It activates a protein 
kinase from brain (Miyamoto, Kuo, and Greengard, 1969), it inhibits the 
firing of cerebellar Purkinje cells when administered microiontophoretically 
(Siggins, Hoffer, and Bloom, 1969), and it induces a variety of behavioral 
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changes after intraventricular or intracerebral injections (Gessa, Krishna, 
Forn, Tagliamonte, and Brodie, 1970). 

Although it is difficult to conceive that the concentration of cyclic AMP in 
urine can reflect either the concentration or the actions of cyclic AMP in 
brain, it might be noted that reports from several laboratories have shown 
that the urinary excretion of cyclic AMP was higher in agitated patients and 
lower in depressed patients (Abdulla and Hamadah, 1970; Paul, Ditzion, 
Pauk, and Janowsky, 1970; Paul, Cramer, and Bunney, 1971). Unfortunately, 
similar changes of cyclic AMP have not as yet been found in the cerebrospinal 
fluid of man (Robison, Coppen, Whybrow, and Prange, 1970). 

To pursue further the hypothesis that cyclic AMP may play a role in the 
function of the central nervous system, we have examined the effects of several 
psychotropic compounds on the cyclic AMP system of brain. For the purpose 
of this discussion we have divided these drugs into two general categories which 
may be defined as follows: (1) agents which alleviate certain symptoms of 
endogenous psychoses, i.e. psychotolytics; and (2) compounds which elicit 
some of the symptoms of psychoses, i. e., psychotomimetics. 

We have defined psychotolytics as all drugs useful either in schizophrenia 
such as the phenothiazine tranquilizers or drugs such as lithium which have 
been used in the manic phase of the manic-depressive syndrome. The psychoto
mimetics will include all agents which have been shown to produce experimental 
psychoses in man. 

II. METHODS 

Brain slices were prepared as described by Kakiuchi and Rall (1968a), 
adenylate cyclase activity was determined by the method of Krishna, Weiss, 
and Brodie (1968), phosphodiesterase activity as described by Weiss, Lehne, 
and Strada (1972), and cyclic AMP according to the procedure of Ebadi et al. 
(1971a). 

III. EFFECT OF PSYCHOTOL YTIC DRUGS ON THE CYCLIC AMP 
SYSTEM OF BRAIN 

There is much evidence suggesting that the adenylate cyclase system exists 
in more than one form; one which remains fairly constant under different 
experimental conditions, which may control the "basal" concentration of 
cyclic AMP, and others which are sensitive to hormonal activation, which can 
be altered by various endogenous and environmental factors (Weiss, 1970; Weiss 
and Crayton, 1970; Weiss, 1971). Since our studies (Uzunov and Weiss, 1971) as 
well as those of others (Kakiuchi and Rall, 1968a; Palmer et al., 1971; Wolff and 
Jones, 1970) indicated that psychotolytic agents do not alter the basal concen
tration of cyclic AMP, it was important to investigate these drugs under con
ditions in which the cyclic AMP system of brain was activated. We have chosen 
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three such experimental conditions as biochemical models of an activated 
cyclic AMP system; one is the rise of cyclic AMP in the brain which takes place 
during the first 2 min after decapitation (Breckenridge, 1964; Goldberg, Larner, 
Sasko, and O'Toole, 1969; Ditzion, Paul, and Pauk, 1970), the second is the 
norepinephrine-induced accumulation of cyclic AMP in brain slices (Kakiuchi 
and Rall, 1968a,b) and the third is the catecholamine-induced stimulation of 
adenylate cyclase activity of pineal gland homogenates (Weiss and Costa, 1968b). 

A. Phenothiazine Tranquilizers 

1. Effect on the concentration of cyclic AMP in rat brain. Between 15 and 
120 sec after decapitation, the concentration of cyclic AMP in rat cerebellum 

c 
·a; 
0 
:s. 

160 

140 

120 -

c,, 100 
E· 
' VI 
QI 

0 
E _e 80 
a. 
:::i: 
<X 

I 
-It) 60 
-,,; 
u 
::J 

~ 40 u 

20 

BRA~_:~~--~ 
___ J------;REBRUM 

0--------~--------~-----o 30 60 90 120 

TIME AFTER DECAPITATION (sec) 

FIG. I. Effect of decapitation on the concentration of cyclic AMP in rat brain. 
Rats were decapitated and the cerebrum, cerebellum, and brain stem were dissected and 

frozen on dry ice at various times after decapitation. The tissue was homogenized in HC104 and 
the cyclic AMP content was determined. Each value represents the mean of 10 experiments. 
Brackets indicate the standard error (Uzunov and Weiss, 1971). 
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increased about 5-fold (Fig. 1). Only small increases of cyclic AMP were seen 
in cerebrum and brain stem. In order to examine the in vivo effects of the 
phenothiazine derivatives on the concentration of cyclic AMP, these experi
ments were repeated using rats administered different phenothiazines 90 min 
before decapitation. 

From the large group of phenothiazine derivatives we have selected four 
compounds for these studies; chlorpromazine, which is generally accepted 
as the standard phenothiazine tranquilizer; trifluoperazine, which clinically 
is more potent than chlorpromazine (Tedeschi, Tedeschi, Cook, Natis, and 
Fellows, 1959); promethazine, which is a weak anti psychotic but a potent anti
histaminic agent; and trifluoperazine sulfoxide, a metabolite of trifluoperazine 
practically devoid of tranquilizing activity (DiMascio, Havens, and Klerman, 
1963; Downing, 1964; Gordon, 1967). 

Of these compounds, trifluoperazine was the most effective in preventing 
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FIG. 2. Effect oftrifluoperazine on the rise of cyclic AMP in rat cerebellum following decapita
tion. 

Various doses oftrifluoperazine or saline were administered to rats 90 min before decapita
tion. The cerebella oftrifluoperazine-treated animals were frozen 120 sec after decapitation. The 
cerebella of saline injected animals were frozen at 15 or 120 sec after decapitation. The tissue 
was homogenized and the concentration of cyclic AMP was determined. The horizontal 
striped bar represents cyclic AMP concentration in control rats at 15 sec after decapitation. 
The point on the vertical axis corresponding to "zero" trifluoperazine is the concentration of 
cyclic AMP in control rats seen 120 sec after decapitation. Values in the figure represent the 
mean of 5 experiments. Vertical brackets indicate the standard error. 
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the rise of cyclic AMP in cerebellum. .This inhibitory effect of trifluoperazine 
was significant as doses as small as 6 µmoles/kg, intraperitoneally (i.p.) and the 
postdecapitation rise of cyclic AMP was nearly completely prevented by doses 
of 50 µmoles/kg (Fig. 2). There was no significant change in the concentration 
of cyclic AMP seen 15 sec after decapitation. 

Figure 3 shows the relative potencies of several phenothiazine derivatives 
in depressing the postdl!capitation rise of cyclic AMP in rat cerebellum. There 
is a good correlation between the clinical activity of these drugs as psychotolytic 
agents and their effectiveness in blocking the rise of cyclic AMP. At doses of 
50 µmoles/kg, i.p., trifluoperazine completely blocked the increase in cyclic 
AMP, whereas chlorpromazine produced only about a 50% inhibition, and 
the sulfoxide metabolite of trifluoperazine and promethazine failed to prevent 
the increase of cyclic AMP after decapitation. 
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FIG. 3. Effect of several phenothiazine derivatives on the rise of cyclic AMP in rat cerebellum 
following decapitation. 

Trifluoperazine (TFP), chlorpromazine (CPZ), promethazine, trifluoperazine sulfoxide 
(TFPSO) (50 µmoles/kg i.p.), or saline were administered 90 min before decapitation. The 
cerebella were frozen at various times after decapitation. The values are expressed as percent 
of the maximum rise of cyclic AMP. Each value represents the mean of 5 experiments. (Uzunov 
and Weiss, 1971). 
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2. Effect on the norepinephrine-induced increase in the concentration of 
cyclic AMP of rat brain slices. Incubation of brain slices with norepinephrine 
(0.1 mM) produced a 2- to 3-fold increase in the concentration of cyclic 
AMP in cerebrum, brain stem, and cerebellum (Fig. 4). Preincubation of brain 
slices with trifluoperazine (0.5 mM) inhibited this catecholamine-induced 
increase of cyclic AMP in all brain areas without substantially reducing its 
basal levels. Chlorpromazine also inhibited the increase of cyclic AMP in 
brain slices induced by norepinephrine, but neither trifluoperazine sulfoxide 
nor promethazine antagonized the effect of the catecholamine (Fig. 5). 

3. Effect on adenylate cyclase and phosphodiesterase activity. Trifluo
perazine, at concentrations of0.2 mM, inhibited adenylate cyclase activity of rat 
brain homogenates by about 50%. At this concentration, chlorpromazine 
caused about a 40% inhibition of enzyme activity. Promethazine produced 
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FIG. 4. Effect of norepinephrine on the concentration of cyclic AMP in brain slices. 
Brain slices (0.075 mm thick) were preincubated for 30 min at 37°C. The buffer was changed, 

norepinephrine (NE) (0.1 mM) was added, and the slices were incubated for 6 more minutes. 
The samples were homogenized in HC104 and a portion was analyzed for cyclic AMP content. 
Each value is the mean of 12 experiments. Vertical brackets indicate the standard error. 
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FIG. 5. Effect of phenothiazine derivatives on the norepinephrine-induced increase in the 
concentration of cyclic AMP in rat brain stem. 

Slices of rat brain stem were incubated for 10 inin with trifluoperazine (TFP), chlor
promazine (CPZ), promethazine (PMZ), or trifluoperazine sulfoxide (TFPSO), all at 0.5 mM. 
Norepinephrine (NE) (0.1 mM) was then added and the samples were incubated for an additional 
6 min. The samples were homogenized in HC104 and a portion was analyzed for cyclic AMP 
content. Cyclic AMP is presented as percent of control values which were 45 ± 8 pmoles/mg 
protein. Each column represents the mean of 10 experiments (Uzunov and Weiss, 1971). 

only about 30% inhibition of adenylate cyclase activity in cerebellar homo
genates at concectrations of 1 mM and tritluoperazine sulfoxide was practically 
without effect (Uzunov and Weiss, 1971). 

The pharmacologically active phenothiazine tranquilizers also inhibited 
adenylate cyclase of rat pineal gland homogenates (Weiss and Kidman, 1969; 
Weiss, 1970). As in the brain slices, they were more effective in reducing the 
norepinephrine-stimulated adenylate cyclase activity than they were in inhib
iting the basal enzyme activity (Uzunov and Weiss, 1971). 

The phenothiazine tranquilizers were much less potent in blocking the 
activity of phosphodiesterase of brain homogenates than they were in inhibiting 
adenylate cyclase activity (Uzunov and Weiss, 1971). 
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B. Butyrophenones and Thioxanthenes 

From the group of butyrophenones we have focused our attention on 
haloperidol, which is the most well-known and widely used representative of 
this class of tranquilizers (Janssen, 1967); while from the thioxanthenes we 
have studied chlorprothixene and two structurally related compounds which 
have weak pharmacological activity: the trans isomer and the dehalogenated 
derivative of chlorprothixene. 

1. Effect on the concentration of cyclic AMP in rat brain. Haloperidol and 
chlorprothixene produced effects similar to those of the pharmacologically 
active phenothiazine; they blocked the postdecapitation rise of cyclic AMP 
in cerebellum without changing the concentration of the cyclic nucleotide seen 
15 sec after decapitation (Fig. 6). This inhibitory effect of chlorprothixene was 
related to its pharmacological activity; the trans compound and its dehalo
genated derivative which are devoid of psychotolytic effects failed to alter the 
nse of cyclic AMP in rat cerebellum following decapitation. 
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FIG. 6. Effect of haloperidol and chlorprothixene on the rise of cyclic AMP in rat cerebellum 
following decapitation. 

Haloperidol, chlorprothixene (50 µmoles/kg), or saline were administered intraperitoneally 
90 min before decapitation. The cerebella were frozen at various times after decapitation. 
The tissue was homogenized in HC104 and a portion was analyzed for cyclic AMP content. 
The values are expressed as percent of the maximum rise of cyclic AMP. Each value represents 
the mean of 6 experiments. 
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2. Effect on the norepinephrine-induced increase in the concentration of 

cyclic AMP of rat brain slices. Haloperidol and chlorprothixene shared the 
activity of phenothiazine tranquilizers in that they prevented the increased 
accumulation of cyclic AMP in brain slices induced by norepinephrine without 
changing its basal level. Again, the pharmacologically inactive trans chlorpro

thixene and its dehalogenated derivative produced little or no effect (Fig. 7). 

3. Effect on adenylate cyclase activity. Haloperidol (1 mM) inhibited 

adenylate cyclase activity of homogenates of rat brain stem by about 50%. 
Chlorprothixene (1 mM) produced a smaller (15%) but still significant reduction 

of adenylate cyclase activity. 

C. Lithium 

For more than 20 years it has been known that lithium is an effective agent 

for managing the manic episodes of manic-depressive disease (Cade, 1949; 

Schou, 1959; Muniz, Ogburn, and Campbell, 1971). The report that lithium 
inhibited adenylate cyclase activity of rabbit brain (Dousa and Hechter, 1970) 
suggested the possibility that the therapeutic effect of this cation might be 
explained by a reduction of cyclic AMP in brain. Moreover, Stern, Fieve, Neff, 
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FIG. 7. Effect of thioxanthenes on the norepinephrine-induced increase in the concentration 

of cyclic AMP of rat brain stem slices. 
Slices of rat brain stem were incubated for 10 min with chlorprothixene, its trans isomer or 

its dehalogenated derivative (0.5 mM). Norepinephrine (0.1 mM) was added and the samples 

were incubated 6 more minutes. The samples were hom_ogenized in HC104 and a portion was 

analyzed for cyclic AMP content. Cyclic AMP is presented as percent of control values which 

were 46 ± 11 pmoles/mg protein. Each column represents the mean of 6 experiments. 
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and Costa (1969) have recently demonstrated that the repeated intraperitoneal 
administration of lithium chloride (approximately 4 meq/kg) accelerates the 
turnover rate of norepinephrine in brain and have suggested that lithium may 
reduce the responsiveness of the receptor site to norepinephrine. Accordingly, 
we have studied the effects of lithium on the activated adenylate cyclase
cyclic AMP system of rat brain. We found that lithium chloride (4 meq/kg, 
i.p.) injected 15 hr and 2 hr before decapitation completely blocked the rise 
of cyclic AMP in cerebellum induced by decapitation without changing the 
level of cyclic AMP seen at 15 sec after decapitation (Fig. 8). Lithium chloride 
added in vitro to slices of brain stem also inhibited the increased accumulation 
of cyclic AMP induced by norepinephrine. Concentrations of 5 mM LiCl 
completely abolished the effect of 0.1 mM norepinephrine. 
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FIG. 8. Effect of lithium on the rise of cyclic AMP in rat cerebellum following decapitation. 
Lithium chloride or sodium chloride (4 meq/kg) was administered intraperitoneally 15 

hr and 2 hr before decapitation. The cerebella were frozen at 15 and 120 sec after decapitation. 
The values are expressed as percent of the maximum rise of cyclic AMP. Each value represents 
the mean of 5 experiments. 
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IV. EFFECT OF PSYCHOTOMIMETIC DRUGS ON THE CYCLIC 
AMP SYSTEM 

To assess the role of cyclic AMP might play in experimental psychoses, 
we have studied the effects on the brain cyclic AMP system of a variety of 
compounds dissimilar in structure, but alike in that they all distort perception, 
thought, and feeling in man. 

A. Effect on the Accumulation of Cyclic AMP in Brain Slices 

All the psychotomimetic agents studied, including d-lysergic acid diethyl
amide (d-LSD), mescaline, ibotenic acid, psilocybin and dimethyltryptamine 
increased the concentration of cyclic AMP when incubated in vitro with slices 
of rat brain stem. This action was limited to those representatives from a 
given chemical group which are known to be psychotomimetics. For example, 
of several tryptamine analogues studied, N,N-dimethyl-5-hydroxytryptamine 
(bufotenine) and the dimethyl, diethyl, and dipropyl derivatives of tryptamine 
increased the concentration of cyclic AMP in brain stem slices. In contrast, 
5-hydroxytryptamine (serotonin), N-methyl-5-hydroxytryptamine and N
methyl-5-methoxytryptamine which clinically have no psychotomimetic 
activity (Downing, 1964; Himwich, 1967) did not change the concentration of 
cyclic AMP in brain stem slices (Table 1). A similar specificity was obtained 
with lysergic acid derivatives. d-LSD was more active in raising the concentra
tion of cyclic AMP in brain stem slices than was d-2-bromo-LSD. 

TABLE 1. ·Effect of various tryptamine analogues on the concentration of cyclic AMP in slices of 
rat brain stem 

Additions 

none 
5-hydroxytryptamine 
N-methyl-5-methoxytryptamine 
N-methy 1-5-hydroxytryptamine 
N,N-dimethyl-5-hydroxytryptamine 
N,N-dimethyltryptamine 
N,N-diethyltryptamine 
N,N-dipropyltryptamine 

Cyclic AMP 
(pmoles/mg protein) 

40 ± 5 
44 ± 3 
37 ± 4 
44 ± 4 
78 ± 7° 
90 ± JOb 
85 ± 9" 
89 ± ]2b 

Slices of rat brain stem were prepared as described by 
Kakiuchi and Rall (1968a). Each compound (0.1 mM) was 
added during the last 6 min of incubation. Each value is 
the mean of 4 experiments ± SE. 

"P < 0.05 compared with no additions. 
bp < 0.01 compared with no additions. 
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B. Effect on the Concentration of Cyclic AMP in Rat Brain In Vivo 

The intraperitoneal administration of d-LSD (3 µmoles/kg) significantly 
increased the concentration of cyclic AMP in brain stem and cerebrum, but 
not in cerebellum. This effect was evident within a few minutes after the adminis
tration of the drug and had disappeared by 30 min (Fig. 9). Dimethyltryptamine 
(0.1 mmole/kg, i.p.) also increased the concentration of cyclic AMP in brain 
(Fig. 9). 

C. Effect on Adenylate Cyclase and Phosphodiesterase Activity 

None of the psychotomimetic drugs studied altered the activity of either 
adenylate cyclase or phosphodiesterase in cerebrum, brain stem, cerebellum, 
or pineal gland homogenates. 
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FIG. 9. Effect of d-LSD and dimethyltryptamine (DMT) in vivo on the concentration of 
cyclic AMP in rat cerebrum. 

Rats were injected intraperitoneally with d-LSD (3 µmole/kg), DMT (0.1 mmole/kg), 
or saline. The animals were decapitated at various times after the administration of the drugs. 
The cerebrum was dissected and frozen 15 sec after decapitation. The tissue was homogenized 
in HC104 and a portion of the homogenate was assayed for cyclic AMP content. Each point 
represents the mean of 8 experiments. Brackets indicate the standard error. 
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V. INTERACTION OF PSYCHOTOMIMETIC AGENTS WITH 
TRIFLUOPERAZINE 

Trifluoperazine antagonized the increased concentration of cyclic AMP 
in rat brain_ induced by psychotomimetic agents. This effect was demonstrated 

· both in vitro on the accumulation of cyclic AMP in brain slices and in vivo on 
the increased concentration of cyclic AMP in brain after the administration 
of psychotomimetics. Figure 10 shows that dimethyltryptamine (0.1 mM) and 
d-LSD (0.1 mM) significantly increased the concentration of cyclic AMP in 
slices of brain stem. Prior incubation with trifluoperazine (0.5 mM) abolished 
this elevation of cyclic AMP induced by the psychotomimetics. 

The intraperitoneal administration of trifluoperazine (50 µmoles/kg) also 
antagonized the increase of cyclic AMP in brain stem slices elicited by the in 
vitro addition of dimethyltryptamine (Fig. 11). Similarly, the phenothiazine 
tranquilizer (50 µmoles/kg) injected 60 min before d-LSD (3 µmoles/kg) inhib
ited the rise of cyclic AMP in rat cerebrum induced by d-LSD (Table 2). 
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FIG. 10. Inhibition by trifluoperazine of the LSD- and dimethyltryptamine-induced increase 
in the concentration of cyclic AMP in rat brain stem slices. 

Slices of rat brain stem were incubated for 10 min with or without 0.5 mM trifluopera
zine (TFP). Dimethyltryptamine (DMT) (0.1 mM) or LSD (0.1 mM) were then added, and the 
samples were incubated for 6 more min. The samples were homogenized in HCI04 and a 
portion was analyzed for cyclic AMP content. Each value represents the mean of 12 experi
ments. Vertical brackets indicate the standard error. 
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FIG. 11. Inhibition of the dimethyltryptamine-induced increase in the concentration of 
cyclic AMP in rat brain stem slices by the in vivo administration of trifluoperazine. 

Rats were administered trifluoperazine (50 µmoles/kg i.p.) or saline 90 min before decapi
tation. Slices of brain stem were prepared and dimethyltryptamine (0.1 mM) was added during 
the final 6 min of incubation. Each value is the mean of 4 experiments. Vertical bars indicate 

the standard error. 

TABLE 2. Inhibition by trifluoperazine of the rise 'of cyclic AMP in rat cerebrum induced by the 
in vivo administration of LSD 

Treatment 

saline 
LSD 
LSD+ TFP 

Cyclic AMP 
(pmoles/mg protein) 

40 ± 4 
68 ± 2" 
41 ± 4 

Trifluoperazine (TFP) (50 
µmoles/kg, i.p.) or saline was ad
ministered 60 min before d-LSD 
(3 µmoles/kg, i.p.). The rats were. 
decapitated 5 min after the injection 
of LSD. The cerebrum was frozen 
30 sec after decapitation and cyclic 
AMP was assayed. 

"P < 0.001 compared with 
saline. 

, ,_ 
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in brain. Moreover, this action was elicited only by those drugs which induce 
characteristic mental aberrations in man. For example, the N-monomethyl 
derivatives of tryptamine which are not psychotomimetic in man (Downing, 
1964) failed to increase the accumulation of cyclic AMP in rat brain slices. 
Likewise, bromo-LSD which when compared with LSD has been shown to be 
relatively inactive both in behavioral (Downing, 1964; Appel and Freedman, 
1965; Himwich, 1967) and biochemical studies (Lin, Ngai, and Costa, 1969), 
did not share the activity of d-LSD in raising the concentration of cyclic AMP 
either in vivo or in vitro. 

Unfortunately our studies shed little light on the mechanism by which 
psychotomimetics increased the concentration of cyclic AMP in brain. None 
of the compounds investigated either activated the adenylate cyclase system 
of brain or pineal gland or inhibited the activity of brain phosphodiesterase. 
Perhaps the structural integrity of the cell must be maintained in order for 
these compounds to increase adenylate cyclase activity. It is also possible that 
we have not yet studied the proper adenylate cyclase system. Since d-LSD 
and other psychotomimetics from this group all possess structural character
istics similar to that of serotonin (Snyder and Richelson, 1968), they might 
activate a common adenylate cyclase receptor, one which is stimulated by the 
indole rather than by the catecholamine. Therefore, perhaps a better model to 
use for determining whether psychotomimetics activate adenylate cyclase 
would be to study an adenylate cyclase system that is .stimulated by serotonin. 
Indeed, Mansour, Sutherland, Rall, and Bueding (1960) have shown that 
LSD produced a small but detectable increase in the formation of cyclic AMP 
in the liver fluke, an organism whose adenylate cyclase system is activated 
specifically by serotonin. Alternatively, the psychotomimetics might increase 
the formation of cyclic AMP by increasing the availability of substrate or by 
altering the compartmentation of adenine nucleotides, as has been suggested 
as the mechanism by which adenosine increases the concentration of cyclic 
AMP in tissue slices (Sattin and Rall, 1970; Shimizu and Daly, 1970). 

Finally, our finding that the psychotolytics can antagonize the rise of 
cyclic AMP in brain induced by the psychotomimetic agents, correlates well 
with previous studies showing that tranquilizers can prevent the electrophysi
ological and behavioral responses ofpsychotomimetics (Key, 1961; Adey, 1969). 

In conclusion, our data show that the cyclic AMP system of brain is a 
common target for the action of several psychotropic drugs and that the_ 
activation or depression of this system might explain the biochemical events 
involved in experimental psychoses. However, the question remains as to 
whether the conclusions drawn from studies on experimental psychoses can 
be extrapolated to endogenous psychoses. The general consensus of opinion 
today is that drug-induced rr.odels may be used as a research tool, but that 
although some overlap of symptoms exists, these drug-induced states 
and schizophrenia are distinctly different entities (Szara, 1966; Lipton, 1970). 



PSYCHOTROPIC DRUGS AND cAMP IN RAT BRAIN 449 

VI. SUMMARY 

In this report we have presented evidence suggesting that cyclic AMP 
may be involved in the mechanism of action of psychotropic agents. The main 
thrust for this proposal is derived largely from two types of studies. First, 
that a variety of chemical structures, including phenothiazines, thioxanthenes, 
butyrophenones, and lithium, whose only common denominator is that 
they are effective in reducing some symptoms of endogenous psychoses all 
produced the same effect on the cyclic AMP system of rat brain. None of them 
changed the basal level of cyclic AMP, but all prevented the rise of cyclic AMP 
induced in vivo by decapitation and in vitro by the addition of norepinephrine 
to brain slices. Moreover, the effectiveness of several phenothiazine derivatives 
in inhibiting the rise of cyclic AMP in rat brain was related to their potency 
as psychotolytic agents in man (DiMascio et al., 1963; Downing, 1964; Gordon, 
1967). Thus trifluoperazine was more potent than chlorpromazine, and the 
sulfoxide metabolites of these compounds and promethazine, which have 
weak central psychotropic activity failed to prevent the rise of cyclic AMP in rat 
brain (Uzunov and Weiss, 1971). The same relationships held for the thioxan
thenes. Chlorprothixene prevented the postdecapitation rise of cyclic AMP 
in the brain and inhibited the accumulation of cyclic AMP in brain slices 
induced by norepinephrine, but its trans isomer and its dehalogenated deriva
tive were devoid of activity. 

Concerning the mechanism by which phenothiazine tranquilizers anta
gonize the rise of cyclic AMP in brain, the most likely possibility is that these 
compounds prevent the activation of adenylate cyclase. All the psychotolytic 
compounds studied inhibited adenylate cyclase activity of brain homogenates. 
Trifluoperazine and chlorpromazine inhibited adenylate cyclase activity in rat 
cerebrum, brain stem, and cerebellum homogenates (Uzunov and Weiss, 1971), 
butyrophenones and thioxanthenes reduced adenylate cyclase activity of rat 
brain homogenates (Uzunov and Weiss, unpublished observations) and lithium 
inhibited adenylate cyclase activity of rabbit brain (Dousa and Hechter, 1970). 
Moreover, by using the pineal gland as a source of adenylate cyclase activity, we 
have shown that the phenothiazine tranquilizers were more effective in inhibit
ing the norepinephrine-stimulated adenylate cyclase system than they were 
in reducing the nonstimulated enzyme activity (Uzunov and Weiss, 1971). Be
cause of this selectivity with which psychotolytic drugs prevent the activation of 
adenylate cyclase, one is tempted to propose that this may be used as a model 
for screening other potentially useful drugs in this class. 

Evidence suggesting that cyclic AMP may be involved in drug-induced 
experimental psychoses came from studies with psychotomimetic agents. A 
variety of compounds, whose only common pharmacological property is 
that they are psychotomimetics, all raised the concentration of cyclic AMP 
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On the other hand, we should point out that it has been shown both in 
animals and in man, that Jmfotenine and N,N-dimethyl-tryptamine can be 
formed in liver (Axelrod, 1961) and brain (Morgan and Mendell, 1969) from 
endogenous precursors. These compounds in turn might abnormally activate 
the cyclic AMP system of brain. 

Thus these studies, added to the large body of results provided by others 
using similar as well as totally different approaches to the same question, pro
vide us at least with the impetus to continue investigations into the role that 
cyclic AMP might play in normal and deviant behavior. 
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