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Since Plotnikoff (1) reported that magnesi-
um pemoline (PMH) enhanced the acquisi-
tion and retention of a jump out response in
rats, numerous attempts to both substantiate
and disprove his findings have been under-
taken. There are those who take the PMH
effect to reflect an actual facilitation of the
processes underlying the mechanisms of
learning and memory (2-7) such as stimula-
tion of true RNA polymerase (8-9), while
opposing views attribute the PMH pheno-
menon to be the result of nonspecific hy-
peractivity which may lead to an improve-
ment in general performance (10-13).

To exclude the latter possibility, namely,
that the increase in learning and memory
following the administration of PMH was due
to nondirected central nervous system
(CNS) stimulation, I studied the effects of
PMH on the acquisition and retention of a
maze task in mice that had been pretreated
with chlordiazepoxide (CDP). It was hoped
that in this way the stimulant property inher-
ent in the activity of PMH would be antago-
nized so that the effects on learning and
memory could be more clearly evaluated.

Chlordiazepoxide was chosen for this pur-
pose because it has been shown to act more
specifically at the midbrain and limbic struc-
tures (14, 15), rather than as a general CNS
depressant.

To determine a dose of CDP that would
block the increase in motor activity following
PMH, 25 male Swiss-Webster mice were
treated with 20 mg/kg, ip, of PMH,
placed in a photocell activity cage (16), and
observed for 30 min (Fig. 1). These animals
showed a marked increase in spontaneous ac-
tivity when compared with saline-injected
controls.

To antagonize the stimulant effects of

PMH as seen in the activity parameter, in-
creasing doses of CDP (5, 10, 15, and 20
mg/kg) were administered subcutaneously 5
min prior to intraperitoneal PMH.! To dupli-
cate the dosing schedule employed in the
learning situation, 30 min were allowed to
pass before testing. It was found that 15
mg/kg of CDP inhibited the heightened mo-
tor activity produced by PMH so that mice
treated with both agents were indistinguisha-
ble from controls in the photocell cage.

The next objective was to evaluate PMH
in the “sedated” mouse to determine whether
the inhibition of motor activity (general
CNS action) could be separated from the
reported effects on learning and memory.

To achieve this end, a double-T maze was
employed after the method of Barondes and
Cohen (17). Briefly, this apparatus consists
of a dull grey wooden chamber constructed in
a double-T configuration, with a grid of
3/16 in. stainless steel rods separated by
1/4 in. A constant current of 1.5 mA at 0.75
kV, dc was delivered in 1 sec shocks to the
grid which was wired in parallel through a
power transformer. The correct path was the
left arm of the first T and the right arm of
the second T. A. clear plastic guillotine door
closed after the mouse left the start and after
it reached the goal. Each training period
proceeded as follows: 30 min prior to being
placed in the maze, the animal received a
subcutaneous injection and 5 min later an

1Since it has been found that the maximal brain
concentration of PMH is reached 30 min following
its intraperitoneal administration (7, 8), I waited
this time before testing the animals both in the
activity device as well as in the maze. CDP was
given subcutaneously to take advantage of the more
prolonged onflow to cover the 30 min delay and the
additional 45 min trial.
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Fic. 1. The effect of magnesium pemoline (20
mg/kg, ip) and chlordiazepoxide on random motor
activity in mice during a 30 min trial. Injections are
5 min apart, starting 30 min before placement in the
activity cage. Data are the means of a minimum
of 10 male mice. The standard error is less than
2.14 for all groups. The control is saline & saline. The
combination of PMH and CDP was compared
to the saline control using Student’s t test; p<<.0§
was taken to indicate a significant difference.

intraperitoneal injection according to its
group designation. Group 1: saline (0.2 ml,
the mean injected dose), saline; Group 2:
saline, tragacanth (PMH was suspended in
0.3% tragacanth®); Group 3: CDP (15 mg/
kg sc), saline; Group 4: saline, PMH (20
mg/kg, ip); and Group 5: CDP (15 mg/kg,
sc), PMH (20 mg/kg, ip).

The animals were then placed in the maze
and allowed 1 min of free exploration before
being put into the starting compartment. If
the animal remained in the start box for 1§
sec, a shock was delivered until the mouse
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proceeded from this area. Animals were
shocked subsequently each time the wrong
alley was entered. The subject was allowed to
retrace its path, but was only shocked for
entering an incorrect alley.? Trials were con-
tinued during the training and retesting ses-
sions until 9 out of 10 consecutive error-free
trials were achieved. Twenty-four hours fol-
lowing the training period, the mice were
retested; however, incorrect alley choices
were only punished during the first 2 trials in
which they occurred* Mean scores with
standard errors for the total number of er-
rors, as well as number of trials to criterion
for both training and retesting periods (dur-
ing pretrial testing) are shown in Table 1.

The data are divided into three control
groups (1, 2, and 3) and two experimental
groups (4 and 5), each composed of a mini-
mum of 10 randomly chosen male Swiss mice.
The Student’s ¢ test was used to determine
the significance of all data.

These data show that control animals took
an average of 36.1 trials before achieving the
criterion score during the initial training peri-
od and when retested 24 hr later, required
34.3 trials. This represents an insignificant
improvement in the actual number of trials.
However, these control animals are signifi-
cantly (p<C.01) more efficient during retesting
as evidenced by the errors parameter.
Whereas animals made an average of 33.0
mistakes during training, when retested 24 hr
later, they improved to 17.7 errors. This
reflects a 46.4% increase in efficiency/trial.

It is of interest that mice injected with
CDP showed no alterations either in the ac-
quisition or the retention of the maze task
compared with the control groups. This em-
phasizes the fact that CDP does not interfere
with higher cortical functions, making this
drug ideally suited for these experiments..

On the other hand, mice treated with
PMH 30 min before training showed a
marked improvement in both acquisition and
retention of the maze. The data show that

2PMH was suspended in tragacanth, an inert
gum, to facilitate even administration of the insolu-
ble agent. Once I determined that it was inert in my
system, I substituted saline in its place in the
remaining groups.

3 This method involves avoidance behavior and
may not provide the ideal approach to my problem,
if only the pretrial situation is considered.

4 There were no differences among the five drug
groups as to when the two shock trials occurred.
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TABLE 1. Pretrial Testing: The Effect of Magnesium Pemoline (20 mg/kg, ip, suspended in 0.3%
tragacanth) and Chlordiazepoxide (15 mg/kg, se) on Aequisition and Retention of a Double-T Maze
Task in Mice.

Data are the means of a minimum of 10 mice + standard error of the mean. Retesting is 24 hr after
training, and criterion is 9 out of 10 consecutive error-free trials. Trials and errors are total to eri-

terion. Injections are 5 min apart, starting 30 min before training.

Training Retesting
Drug treatment Group Errors Trials Errors Trials
Saline + saline 1 33.0 = 0.61 36.1 = 0.78 17.7 + 0.63 34.3 + 0.76
Saline + tragacanth 2 31.8 +1.15 34.1 = 1.07 17.4 + 0.65 34.0 = 0.87
Chlordiazepoxide 4 saline 3 31.7 = 0.99 36.0 + 0.67 16.3 = 0.73 33.3 + 0.60
Saline + magnesium pemoline® 4 14.7 + 0.56 21.8 = 0.55 5.3 + 0.46 17.2 +- 0.36
Chlordiazepoxide 4+ magnesium 5 15.5 + 0.69 23.6 + 0.54 5.4 + 0.30 17.5 + 0.54

pemoline®

* Significant differences (p < .01 by Student’s ¢ test) from saline control (Group 1) in all eolumns.

PMH animals required only 21.8 trials (con-
trol, 36.1) to achieve criterion during train-
ing and 17.2 trials (control, 34.3) during
retesting. Even more striking was the efficien-
cy score of 14.7 errors (control, 33.0) for
training and 5.3 errors (control, 17.7) for
retesting. Animals receiving both PMH and
CDP were not significantly different from
those animals treated with PMH alone in the
maze paradigm. The data for this group
show 23.6 trials with 15.5 errors to criterion
during training and 17.5 trials with 5.4 errors
during retesting. Thus, although CDP com-
pletely reversed the nonspecific stimulation
produced by PMH, the same dose has no
apparent effect on the increased acquisition
and retention produced by PMH on the maze
response.

Certain shortcomings are inherent in all
methods utilized in studies of this kind. Be-
cause my procedure involves an avoidance
task, the question arises as to what effects the
drugs may have upon fear, sensitivity to
shock, and other extraneous factors that may
lead to erroneous conclusions. Therefore, to
further support the pretrial data, posttrial
injections were employed. In this part of the
study, the animals were treated exactly as
before except that the series of injections was
given from 1 min following termination of
the last trial to 240 min thereafter. Thus, the
maze task was learned without drug treat-
ment, eliminating the possible interfering fac-
tors. Table IT presents the data from this

experiment.

It is clear that animals injected immediate-
ly posttrial showed improvement quite simi-
lar to that observed in the pretrial groups.
Control mice injected either with saline or
CDP after the last training trial show a sig-
nificant improvement in errors but not trials
to criterion. Animals injected with PMH at
the same time after training and retested 24
hr later showed a marked improvement in
errors to criterion (6.2 as compared to con-
trols, 21.6).

Unlike the control groups, PMH-treated
mice also showed a significant improvement
in trials to criterion (controls, 35.2; PMH,
20.2). When drugs were administered 15 and
30 min posttrial, no differences are seen com-
pared to the 1 min group. Significant differ-
ences do emerge between 30 and 60 min and
again between 120 and 180 min. When PMH
is administered 180 min posttrial, no further
improvement is seen. These data suggest
that PMH may augment the early phase of
consolidation, although to comment on the
mechanism of this facilitation would be
speculative.

When both CDP and PMH were adminis-
tered posttrial, the mice behaved exactly as
animals treated with PMH alone with regard
to performance in the maze. Thus, as demon-
strated earlier, although CDP completely
suppresses the increased motor activity seen
following the administration of PMH, it does
not alter its facilitative actions upon the ac-
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quisition and retention of the maze task. Fur-
thermore, PMH shows this action both when
given 25 min prior to testing, as well as 1 to
120 min following the final trial. With regard
to the posttrial sequence, PMH animals
tested 7 days following the training session
still demonstrated a marked improvement in
the retention of the task.

One issue of concern is the lack of marked
improvement in trials to criterion both in the
control mice, as well as in the PMH-treated
mice (during pretrial testing). It is quite
common for two parameters to measure the
same learning situation differently. Some in-
sight into this question may be obtained from
the experiment employing posttrial injec-
tions. Here it can be seen that control ani-
mals again do not improve in the trials to
criterion parameter. Animals receiving either
PMH or PMH and CDP show almost a 50%
improvement in trials to criterion. It should
be realized, however, that in the pretrial
study, trials to criterion was significantly low-
er in the PMH groups compared to controls,
although no further improvement was noted
upon retesting. The base line for trials was
23.6, and during retesting this dropped
slightly to 17.5. This may indicate that a
limit has been reached in this species, and
little if any further improvement is possible.
In the posttrial experiment, the training ses-
sions for PMH- and saline-treated animals re-
sult in the same number of trials to criterion,
since the injections are given after training.
This lack of difference among over 200 mice
points to the consistency of the results. The
base line for trials is therefore at the control
level of 36.2, allowing a large measure of
improvement towards the limiting level of
about 17 trials. This is borne out by trials to
criterion during posttrial testing in both the
PMH (20.2) and CDP and PMH (19.1)
groups. This explanation may help clarify a
commonly encountered issue.

The combined administration of CDP, a
minor tranquilizer of the benzodiazepam
group, and PMH, assumed for many years to
be one of the nonspecific CNS stimulants,
provides a suitable model for examining the
proposed property of PMH on learning and
memory processes. I have succeeded in sepa-
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rating the nonspecific stimulant effect as
demonstrated by photocell activity measure-
ments and have further clearly shown a re-
maining facilitatory influence on maze ac-
quisition and retention.

Although this study was not designed to
disclose the mechanism by which PMH acts,
it does point to some specific action upon
brain circuits which underlie information stor-
age and/or retrieval. Further studies should
be undertaken wusing other testing pro-
cedures to more fully elucidate the precise
effect of PMH on various learning parame-
ters. The present report simply emphasizes
that PMH is acting by augmenting the hand-
ling of learned input, rather than by nonse-
lective CNS stimulation.

Summary. Magnesium pemoline (20
mg/kg, ip) was found to enhance the acqui-
sition and retention of a double-T maze in
male Swiss-Webster mice when administered
25 min prior to training or from 1 to 180 min
posttrial. The general stimulant action of
magnesium pemoline was completely abol-
ished by pretreatment with chlordiazepoxide
(15 mg/kg, sc), although the mice still
showed enhanced memory of the avoidance
task. These data suggest that the nonspecific
arousal associated with magnesium pemoline
is not responsible for the demonstrated effects
upon avoidance learning and memory.

I thank Drs, P. G. Crook and E. R. Trumbull for
their assistance. The magnesium pemoline (5-phenyl-
2-imino-4-oxazolidone N,N'-magnesium) and chlor-
diazepoxide  (7-chloro-2-methylamino-5-phenyl-3H-
1,4-benzodiazepine 4-oxide hydrochloride) were gen-
erously supplied by Abbott Laboratories, Inc. and
Roche Laboratories, Division of Hoffmann LaRoche,
Inc., respectively.
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