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LEONARD, B. E. AND H. RIGTER. Changes in brain monoamine metabolism and carbon dioxide induced amnesia in the
rat. PHARMAC. BIOCHEM. BEHAV. 3(5) 775780, 1975. — The effect of treatment with carbon dioxide (CO,} on the
performance of rats 24 hr after receiving a foot shock in a passive avoidance task was studied. Foot shock induced
avoidance. Carbon dioxide produced retrograde amnesia for the foot shock induced avoidance response. Changes in brain
monoamine metabolism were studied in groups of rats which had been treated with COj, foot shock or foot shock + CO,.
The rats were killed 24 hr after treatment. Changes mainly occurred in the brain stem and hippocampus. In the rats which
had received foot shock alone, brain stem and hippocampal serotonin concentrations were raised. This rise was not
observed when the foot shock was followed by CQ, treatment. Furthermore, it was found that there was an increased
release of noradrenaline in those rats subjected to foot shock alone but a decreased release of this amine in the group which
received foot shock followed by CO,. It is suggested that the amnesic effect of CO, parallels changes in brain serotonin

and noradrenaline metabolism.
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THE most common paradigm for amnesia studies in rats
involves (1) a training situation in which the animal ac-
quires an aversive experience (f.e., a foot shock), (2) fol-
lowed by an amnesic treatment and (3) a retrieval test 24 hr
later. Little is known about the role brain monoamines may
play in amnesia. A number of investigators studied the
effects of a frequently used amnesic agent, electroconvul-
sive shock, on brain monoamine levels [8, 13, 14, 20].
However, these studies did not intend to correlate the
changes in brain amine concentrations with amnesia. Thus,
either the training experience was lacking [8, 13, 14] or the
time interval was different from the one used in amnesia
studies [19,20].

We report on the very first step in an investigation aimed
at assessing possible associations between brain monoamine
metabolsim and amnesia. Carbon dioxide (CO,), an effec-
tive amnesic agent [21, 22, 27], was used to produce am-
nesia for a one-trial step-through passive avoidance re-
sponse. In Experiment 1, we demonstrate that amnesia is
present 24 hr after amnesic treatment. In Experiment 2, we
followed the same paradigm but instead of subjecting the
animals to a retrieval test, the rats were killed 24 hr after
amnesic treatment and brain monoamine levels were deter-
mined. In further studies [23,31], we attempt to clarify the
relationships between the changes in brain amine concen-
trations and amnesia.
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EXPERIMENT 1

ASSESSMENT OF CARBON DIOXIDE AS AN AMNESIC AGENT
Method

Animals and Apparatus. Forty male rats of an inbred
Wistar strain weighing 230—250 g were used. The animals
were housed 10 per cage with free access to food and water.
The animals were trained in a step-through passive avoid-
ance apparatus of the type described by Ader, et al. [1].
This consisted of a 40 X 40 X 40 cm Lucite chamber which
had a grid floor and black walls. The front wall was posi-
tioned at the edge of a table and connected to a 6 cm wide
and 25 cm long runway which projected over the floor. The
runway was illuminated by means of a 40 W lamp held 40
cm above it; the chamber was in darkness. When placed on
the runway, a rat could enter the darkened chamber
through a 6 X 6 cm opening which could be closed by
means of a hand operated guillotine door. A scrambled foot
shock (0.5 mA for 3 sec) could be delivered through the
metal grid floor of the chamber from a 500 V AC source.

Procedure. The rats were randomly divided into 4 groups
of 10 each. They were given 3 pretraining trials on Day 1 of
the experiment. A pretraining trial consisted of placing the
rat at the end of the runway facing the entrance of the
chamber; the time taken for the animal to enter the cham-
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ber was recorded and defined as the step-through latency.
Upon entering the chamber, the door was closed and the
animal allowed to remain there for 10 sec. It was then
returned to its home cage. The interval between the 3 pre-
training trials was approximately 2 hr. On Day 2, the rats
were subjected to a single acquisition trial. This was similar
to the pretraining trials with the exception that a foot
shock was given to 2 groups of animals 10 sec after they
had entered the chamber (FS groups). The other 2 groups
of rats did not receive foot shock (NoFS groups). Immedi-
ately on terminating the acquisition trial, the rats were
removed from the chamber and subjected to either amnesic
treatment (CO, groups) or sham amnesic treatment
(NoCO, groups). The amnesic treatment consisted in
placing an animal in a closed container through which CO,
was passed until oxygen measurements yielded zero read-
ings [22]. The rats were removed from the box as soon as
respiratory arrest occurred and were revived by artificial
respiration: the time necessary for respiratory arrest to
occur was 30--35 sec. Rats receiving sham amnesic treat-
ment were placed in an air filled box for 35 sec. All animals
were returned to their home cages at the end of the amnesic
or sham amnesic treatment. Thus at the end of the acquisi-
tion trial the 4 groups of rats had been subjected to the
following treatments: NoFS-NoCO, — no foot shock, no
CO, treatment; NoFS-CO, — no foot shock, but CO,
given; FS-CO, — foot shock followed by CO, treatment;
FS-NoCOQ, — foot shock but no CO,.

Twenty-four hours after the acquisition trial, the rats
were subjected to a single retrieval trial. The rats were
placed at the end of the runway and the time taken for
them to enter the darkened chamber was recorded. When a
rat failed to enter within 300 sec, it was removed from the
runway and a latency score of 300 sec was assigned. The
retrieval scores were divided into 3 classes: (1) latencies of
0—-10 sec; (2) latencies of 10—-299 sec; (3) latencies of 300
sec. Rats entering the chamber within 10 sec were consid-
ered as not showing passive avoidance; previous experi-
ments had shown that 10 sec represented the maximal
jatency for rats which had not received a foot shock at the
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time of the acquisition trial. Rats entering the chamber
within 10—299 sec displayed incomplete passive avoidance
while those that failed to enter within 300 sec were re-
garded to show a complete passive avoidance response. In
the analysis of the results, the 3 classes received a weighting
of 0, 1 and 2, respectively. The retrieval scores were anal-
ysed statistically using the Yates test [33]. For the analysis
of the other data the two-tailed Mann Whitney U test was
employed, for comparisons between groups, and the two-
tailed sign test, for comparisons within groups.

Results

All groups of rats showed a reduction in their step-
through latencies during the course of the pretraining trials.
This was apparent from the significant differences between
the latencies at the time of the first pretraining trial and
those at the time of the acquisition trial (p = 0.001 for each
group, sign test). The latencies at the time of the acquisi-
tion trial did not differ between the four groups (Table 1).
In the 2 NoFS groups, there was no significant difference
between the latencies at the retrieval and those at the acqui-
sition trial (p>0.10 for both groups). The latencies of the
NoFS groups at the test trial did not differ (Table 1). This
suggests that the CO, treatment did not affect the step-
through response.

The latencies of the four groups of animals at the time
of the retrieval trial are shown in Fig. 1. Administration of
CO, produced amnesia: the FS-CO, group had significantly
shorter latencies than the FS-NoCO, group (z = 4.13:
p<0.001, Yates test). Thus 8 out of 10 rats in the FS-CO,
group had a latency similar to those of the NoFS-NoCO,
group, while 9 out of 10 of the FS-NoCO, group showed
complete passive avoidance and did not enter the chamber.
The latencies of FS-CO, rats did not differ from those of
NoFS-NoCO, or NoFS-CO, rats (in both cases: z = 1.49).
On the other hand, the latencies of the FS-NoCO, group
were longer than those of the NoFS groups (z = 4.37;
p<0.001 in both cases).

TABLE 1

EFFECT OF PRETRAINING ON STEP-THROUGH LATENCIES OF GROUPS OF RATS

Trials
Pretraining
Group 1* 2% 3* Acquisition*  Retrieval*
NoFS-NoCO, 93 +20 3.8 +1.0 2206 14 +£0.1 1.5+0.2
NoFS§-CO, 8.1 + 1.7 39+£09 2004 1.1 +03 1.6 +0.2
FS-CO, 9.2+18 54+1.2 1.9+04 1.5 0.1 ¥
FS-NoCO, 85+ 1.5 52+12 1.3+03 1.1 +0.1 t

Step-through latencies (mean number of sec

trials and the acquisition trial.

standard error of the mean) during pretraining

*Differences between groups within column are not significant (two-tailed Mann-Whitney U

test).

tLatencies at the test trial are only given for groups which did not receive footshock at the
acquisition trial. FS: footshock; NoFS: no footshock; CO,: CO,-treatment; and NoCO,: no

CO, -treatment.
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FIG. 1. Carbon dioxide induced amnesia for a passive avoidance

response. The latency scores are divided into 3 classes: Class 1

indicates no avoidance; Class 2 incomplete avoidance; and Class 3
complete avoidance.

EXPERIMENT 2
CHANGES IN AMINE METABOLISM

Method

Four groups of 20 rats were used. The experiment was
run in 5 randomized blocks. Each block contained 16 rats,
4 of each group. They were subjected to the pretraining and
acquisition trials, as described above, and killed by decapi-
tation 24 hr after the acquisition trial; they were not sub-
jected to a retrieval trial before being killed. The brains
were placed on ice and dissected within 3 min into the
cortex, mid-brain, brain stem and hippocampus. The olfac-
tory bulbs, cerebellum and pineal gland were removed. The
brain stem was taken as the area posterior to the superior
colliculi, i.e., colliculi, tegmentum, pons and medulla. The
mid-brain comprised the striatum, hypothalamus, amygdala
and septum. The hippocampal samples contained the area
dentata and the subiculum in addition to the hippocampus
proper dorsal to the rhinal sulcus. The hippocampus was
studied separately, as a disturbance of its function has been
implicated in the causation of amnesia in man and animal
[18,34]. After the dissection, the brain areas were frozen
on solid carbon dioxide. Brain areas from 4 rats were
pooled for the biochemical determinations. The pooled
brain areas were homogenized in 12 ml of 0.01 N HCl
containing 1 ml of 10 percent sodium edate. After centri-
fugation at 800 G for 20 min, aliquots of the clear super-
natant were removed for the fluorimetric determination of
noradrenaline and dopamine [3,4], tyrosine [32], normeta-
nephrine by the method of Anton and Sayre [5] as modi-
fied by Leonard and Tonge [15], homovanillic acid [2],
tryptophan [12] and gamma-amino-n-butyric acid (GABA)
[30]. The pellet and the remainder of the supernatant frac-
tion were extracted with butanol; serotonin was determined
by the method of Snyder, et al. [26] and 5-hydroxyindole-
acetic acid (5-HIAA) by the method of Giacolone and Val-
zelli as modified by Tonge and Leonard [29]. All fluores-
cence measurements were made using a Hitachi-Perkin
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Elmer spectrophotofluorimeter Model 2A. The statistical
significance of the results was assessed using a Student’s
t-test.

Results

The results are given in Figs. 2, 3 and 4. Neither CO,,
nor foot shock or the combination of both treatments
induced significant changes in amine metabolism in the cor-
tex. In the mid-brain, foot shock caused an increase in tyro-
sine in the FS-CO, as well as the FS-NoCO,, group. None
of the other parameters was affected.
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FIG. 2. Effect of treatment with foot shock and/or CO, at the
time of the acquisition trial on the concentration of tyrosine,
tryptophan and gamma-aminobutyric acid (GABA) in different
brain areas at the time of the retrieval trial. C: control group
receiving neither foot shock nor CO,; CO,: group subjected to
CO, treatment alone; S: group subjected to foot shock alone;
S+CO,: group subjected to foot shock followed by CO, treat-
ment.* The significance of the difference between the control
group and the experimental groups shown by p<0.05.

All treatments decreased the concentration of dopamine
in the brain stem. Moreover, the foot shock led to increased
concentrations of tryptophan and serotonin in this area.
This increase was not observed when foot shock was fol-
lowed by CO,.

The most marked changes in amine metabolism occurred
in the hippocampus. A slight increase in hippocampal dopa-
mine and homovanillic acid concentrations was found in
both the FS-NoCO, and the FS-CO, groups. This could be
indicative of an increased dopamine turnover as a conse-
quence of the foot shock. Dopamine and homovanillic acid
metabolism were unaffected in the NoFS-CO, group. There
was a significant decrease of noradrenaline in the FS-
NoCOQ, group and a significant increase in the FS-CO,
group. These changes in noradrenaline were reflected in a
slight decrease and increase respectively in the concentra-
tions of normetanephrine. Hippocampal serotonin was
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FIG. 3. Effect of treatment with foot shock and/or CO, at the time

of the acquisition trial on the concentration of dopamine, noradren-

aline and serotonin in different brain areas at the time of the re-
trieval trial. Details otherwise as given in Fig. 2.
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FIG. 4. Effect of treatment with foot shock and/or CO, at the

time of the acquisition trial on the concentration of homovanillic

acid, normetanephrine and 5-hydroxyindole acetic acid (5-HIAA)

in different brain areas at the time of the retrieval trial. Details
otherwise as given in Fig. 2.

LEONARD AND RIGTER

increased in the FS-NoCO, group but did not change from
control values in the FS-CO, group. Both the FS-NoCO,
and the FS-CO, groups had reduced 5-HIAA concentra-
tions in the hippocampus.

DISCUSSION

It is apparent from the results of Experiment 1 that CO,
is an effective amnesic agent. Eight out of 10 FS-CO, ani-
mals did not show avoidance behaviour at the retrieval test.
The CO, treatment did not affect the step-through la-
tencies of NoFS-CO, animals. These findings do not assure,
however, that CO, induced amnesia is based on a distur-
bance of some sort of memory process. Some investigators
have suggested that amnesia may be due to a disruption of
performance [6,25]. Additional findings from our labora-
tory argue against this possibility. Thus, it was shown that
as the interval between acquisition and the application of
CO, gets longer, so the degree of amnesia declines thereby
resulting in an amnesia gradient [23]. Moreover, CO, is
also able to induce amnesia for an appetite-motivated
response [22]. Taken together, these data indicate that
CO, induced amnesia is not due to an aspecific disturbance
of performance but results from an interference with some
Memory process.

The results of Experiment 2 show that changes in amine
metabolism in foot shock and/or CO, treated animals main-
ly occurred in the brain stem and the hippocampus. There
were no changes in the cortex. Pilot experiments also
demonstrated that amine concentrations in the cerebellum
were unchanged. The only significant change in the mid-
brain concerned a rise in tyrosine in FS-CO, as well as FS-
NoCO, rats. .

Dopamine concentrations were reduced in the brain
stem of foot shock and/or CO, treated rats. There were no
corresponding changes in homovanillic acid. This result is
difficult to explain. If this effect was correlated with pos-
sible stress-inducing properties of CO, and foot shock, one
should have expected a greater fall in dopamine concentra-
tion in the FS-CO, group compared to the groups which
received foot shock or CO, alone. This was not the case.

Changes in serotonin metabolism in the brain stem and
hippocampus parallelled the behavior at the retrieval test.
In both areas, the FS-NoCO, group showed an increase in
serotonin whereas such an increase did not occur in the
FS-CO, group. In the hippocampus, the rise in serotonin in
the FS-NoCO, group was correlated with a fall in the
concentration of 5-HIAA. This may be indicative of a
decreased turnover of serotonin. Essman {10} suggested
that amnesia is associated with an increased whole-brain
concentration of serotonin which could be causative of an
impaired protein synthesis, at least in the case of electro-
shock-induced amnesia. Our findings do not support this
hypothesis: we found a change in the concentration of sero-
tonin only in the rats which had been subjected to foot
shock. In the group of rats in which amnesia was induced,
there was no significant change in the concentration of this
amine. The use of CO, as the amnesic agent may be re-
sponsible for the differences between our results and those
of Essman [10].

Noradrenaline concentrations were only changed in the
hippocampus. The decrease in the concentration of nor-
adrenaline was correlated with a fall in the concentration of
its extraneuronal metabolite, normetanephrine, which may
be indicative of an increased turnover of the amine. In con-
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trast, there was a significant rise in the concentration of
noradrenaline in the FS-CO, group, this effect being corre-
lated with a fall in the concentration of normetanephrine
which is suggestive of a decreased turnover of the amine.

It is possible that the observed changes in brain amine
metabolism are an indirect consequence of increased
adrenocortical activity as a result of the stress to which the
animals were exposed during the acquisition trial. It is now
well established that stress induced changes in adrenocorti-
costeroid levels can have a profound effect on brain amine
metabolism. This can be due to a direct effect of stress on
the turnover and release of brain amines [13,20]. It is also
possible that a rise in liver tryptophan pyrolase activity can
occur as a consequence of a stress-induced increase in the
secretion of adrenocorticosteroids; this could lead to a
reduction in brain serotonin metabolism [11,24]. However,
in the present paradigm it has been found that 24 hr after
the acquisition trial NoFS-NoCO,, NoFS-CO,, FS-CO, and
FS-NoCO, groups of rats do not differ with respect to
plasma corticosterone concentration [22].

The finding that the most marked changes in amine
metabolism occurred in the hippocampus is in agreement
with the view that disturbance of the function of this area
plays an essential role in the causation of amnesia. How-
ever, it is premature to implicate serotonin and noradren-
aline in learning and memory. The present results suggest a
correlation between changes in brain stem and hippocampal
amine metabolism and amnesia but the nature of the corre-
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lation remains obscure. Moreover, a correlation with am-
nesia does not necessarily mean an involvement in memory.
The theoretical basis of amnesia is uncertain. McGaugh and
Dawson [16] proposed that amnesic agents disrupt mem-
ory consolidation. However, other investigators have sug-
gested that amnesic agents affect the retrieval of consoli-
dated memory rather than the consolidation process itself
[17,28].

The present results do not justify the conclusion that the
amnesic effect of CO, is associated with changes in brain
amine metabolism. We may deal with independent effects.
In subsequent studies, we examined this possibility by
determining the changes in brain amine metabolism which
occur following alterations in the parameters of the amnesia
paradigm. Thus, we found that the amnesia gradient is
parallelled by a hippocampal serotonin gradient [23].
Furthermore, it appeared that amnesia developed gradually
over the first 4 hr following the amnesic treatment; this was
parallelled by a gradual change in hippocampal levels of
serotonin {31]. These additional data support the view that
a correlation exists between changes in brain amines, par-
ticularly serotonin, metabolism and amnesia. The nature of
this correlation, however, remains obscure.
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