dopa in patients with Parkinson’s dis-
ease. The present study points to the val-
ue of investigating cholinomimetics in
patients with Alzheimer’s disease.
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Human Serial Learning: Enhancement with Arecholine

and Choline and Impairment with Scopolamine

Abstract. Arecholine (4 milligrams), a cholinergic agonist, and choline (10 grams),
a precursor of acetylcholine, significantly enhanced serial learning in normal human
subjects. The subjects received methscopolamine prior to both arecholine and pla-
cebo injections. Conversely, scopolamine (0.5 milligram), a cholinergic antagonist,
impaired learning and this impairment was reversed by a subsequent injection of
arecholine. The degree of enhancement produced by arecholine and choline and the
impairment after scopolamine were inversely proportional to the subject’s perform-
ance on placebo; that is, ‘‘poor’’ performers were more vulnerable to both the en-
hancing effect of cholinergic agonist and precursor and the impairment after cholin-

ergic antagonist than ‘‘good’’ performers.

Evidence from studies with rodents (/)
suggests that acetylcholine may be in-
volved in learning and memory mecha-
nisms. In humans the evidence is less
clear. Although scopolamine, an anti-
cholinergic agent, produced impairment
of learning and recall (2, 3), there are no
controlled studies in normal humans
showing enhancement of memory after
the administration of cholinergic agon-
ists (4). We have studied the effects of
arecholine, which in low doses is report-
ed to be a specific central muscarinic
cholinergic agonist (5), and of scopola-
mine, an antimuscarinic agent (6), in nor-
mal human volunteers. To further con-
firm our finding with arecholine, we ad-
ministered choline, a normal dietary
constituent which recently has been
shown to increase whole brain and hip-
pocampal acetylcholine in rats (7), to
normal subjects in a follow-up study.

The subjects were paid normal volun-
teers, who were either college students
or recently graduated from college, and
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were free of significant physical or psy-
chiatric difficulty (8).

In experiment 1 we examined the ef-
fects of arecholine and scopolamine on
categorized serial learning. Before re-
ceiving a subcutaneous injection of
arecholine, the subjects were treated
with either methscopolamine or scopola-
mine (injected intramuscularly), both of
which block the peripheral cholinergic
side effects. Scopolamine, unlike meth-
scopolamine, crosses the blood-brain
barrier and has central antimuscarinic ef-
fects (6). Methscopolamine itself has
been reported not to affect human mem-
ory (2, 3). The drugs were administered
on four nonconsecutive days (A, B, C,
and D) (Table 1). Categorized serial
learning consists of learning a fixed se-
quence of ten words belonging to a famil-
iar category (for example, vegetables,
cities, or fruits). The words were pre-
sented at a rate of one every 2 seconds.
Each list was repeated until the subject
recalled all ten words in correct se-
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Table 1. The results of experiment 1, comparing the effect of three drugs on categorized serial learning. On each of four nonconsecutive randomly
ordered days (A, B, C, and D), 14 subjects (11 male and 3 female; mean age, 22.4 years) were studied under two treatments, for a total of eight
treatment conditions (1 through 8). Each day the subjects received an intramuscular injection (first treatment) of either methscopolamine (days A
and B) or scopolamine (days C and D); 45 and 105 minutes later they received a subcutaneous injection (second treatment) of either placebo
(normal saline) or arecholine (in various doses). On days A and B, the order of treatments (placebo and arecholine) was randomized; on days C
and D, placebo preceded arecholine. Categorized serial learning was tested 10 minutes after each subcutaneous injection. Experimental condi-

tions 1 to 8 were analyzed by means of a
one-way analysis of variance with repeated
measures [N = 14 subjects (14), F (7, 91)
= 8.33, P < .001]. Two subsequent tests
were used to compare different experimen-
tal conditions. (i) The contrast of means
technique (15, p. 170) was used because the
two placebo conditions (1 and 3, on days A
and B) did not differ from each other and were
therefore both compared to the other drug
conditions. (ii) The Newman-Keuls test (15,
p. 191) was used with pairwise comparison of
placebo conditions (average of conditions 1
and 3, which is 5.18 * 0.53 trials) and other
conditions. Only comparisons that reached
significance on both the above tests are listed
in Table 1.

quence on two consecutive trials. Pre-
vious studies show that categorized seri-
al learning is sensitive to psychoactive
drugs (9). Prior to formal testing, the pro-
cedure was explained and the subject
learned one list to criterion (baseline 1).
After the formal study, nine subjects
were retested with one list to criterion
(baseline 2) so that we could determine
whether practice per se had any effects
on learning. During each of the two ex-
perimental conditions on days A, B, C,
and D, the subjects learned two lists to
criterion; the results for each subject
were averaged for that experimental con-
dition.

As shown in Table 1, no practice effect
was noted (that is, baselines 1 and 2 did

Second injection Trials to criterion

Schedule First injection and conditions (mean = S.E.M.)
Baseline 1 None None 5.0 = 0.68*
Day A Methscopolamine (0.3 mg) 1. Placebo 5.16 = 0.56
Day A Methscopolamine (0.3 mg) 2. Arecholine (4 mg) 3.75 + 0.26F
Day B Methscopolamine (0.3 mg) 3. Placebo 5.20 = 0.45
Day B Methscopolamine (0.3 mg) 4. Arecholine (2 mg) 4.86 = 0.45
Day C Scopolamine (0.25 mg) 5. Placebo 5.25 +0.83
Day C Scopolamine (0.25 mg) 6. Arecholine (4 mg) 4.50 = 0.35
Day D Scopolamine (0.5 mg) 7. Placebo 6.35 + 0.82%
Day D Scopolamine (0.5 mg) 8. Arecholine (6 mg) 4.92 + 0.51%
Baseline 2 None None 5.31 + 0.808§

*Not statistically significant when compared with conditions 1 and 3. Two-tailed paired -tests were used to

compare baseline 1 with placebo (N = 14, d.f. = 13) and baseline 2 with baseline
tP < .01 when compared with conditions 1 and 3.

d.f. = 8).

1 N=9,
tP < .01 when compared with condition

7. §Not statistically significant when compared with baseline 1.

not differ significantly). Methscopola-
mine alone had no effect (that is, con-
ditions 1 and 3 were similar to baseline
1). Similarly, there were no significantly
observable effects caused by the order
of administration of drugs, the word list
used, or the order of presentation of
lists.

The mean values (number of trials to
criterion) for the eight experimental con-
ditions differed significantly (P < .001, F
(7,91) = 8.33, analysis of variance). The
mean values for placebo treatments after
methscopolamine administration (condi-
tions 1 and 3) did not differ. These two
groups (conditions 1 and 3) are together
referred to as ‘‘placebo’’ condition be-
cause the subjects did not receive any

Arecholine (4 mg)

centrally active agents and their per-
formance during the two conditions was
comparable. Compared to ‘‘placebo”
(conditions 1 and 3), 4 mg of arecholine
(condition 2) enhanced (P < .01) and 0.5
mg of scopolamine (condition 7) im-
paired (P < .01) learning significantly.
Arecholine (6 mg; condition 8) signifi-
cantly reversed (P < .01) the impair-
ment produced by 0.5 mg of scopolamine
(condition 7).

In experiment 2, we examined the ef-
fect of choline chloride on uncategorized
serial learning in ten subjects (seven
males, three females; mean age, 24.3
years). A list of ten unrelated (uncatego-
rized) words was repeated until the sub-
ject recalled the ten words in correct or-
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Fig. 1. (A) Correlation between the change in performance after drug administration (placebo minus drug value on the Y-axis) and performance on
placebo (average of conditions 1 and 3 on the X-axis). All 17 subjects who received placebo and 4 mg of arecholine were used in the analysis. The
correlation would still be highly significant if only the 14 subjects who underwent all conditions were included (r = 8.89, ¥ = 1.7 + 0.61 X,
N = 14, P < .01). Product moment correlation between change after arecholine administration [that is, placebo minus arecholine (4 mg)] and
change after scopolamine was also significant (r = — 0.64, Y = — 0.56 + 0.77 X, N = 14, P < .05) indicating that “‘slow’’ learners were more
vulnerable to change in performance after both arecholine and scopolamine administration than “‘fast’ learners. (B) The learning curve for
subjects receiving arecholine (4 mg) ends at trial 6, since all 14 subjects had reached criterion by then. Analysis consisted of one-way analysis of
variance between the three treatment conditions (placebo, arecholine, and scopolamine) for trial 1, and a two-way analysis of variance with one
repeated measure across trials 2 through 6 [see (10)].
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der on two consecutive trials. The sub-
jects were tested on two separate days
and were required to reach criterion on
one list beginning 90 minutes after the or-
al administration in random order of an
elixir containing choline chloride (10 g)
or a placebo matched for taste, color,
and consistency.

The results of experiment 2 indicate
that subjects reached criterion signifi-
cantly faster after they received choline
chloride (5.2 = 0.69 trials) than after
they received placebo (6.1 = 0.87 trials)
(P < .05, two-tailed paired ¢-test).

The extent of change induced by
arecholine, choline chloride, and sco-
polamine was significantly related to the
individual’s performance when he or she
was tested under placebo conditions
(without centrally active cholinergic
agents). As shown in Fig. 1A, the per-
formance under placebo conditions
(mean of conditions 1 and 3) correlated
positively with the change induced by 4
mg of arecholine (that is, ‘‘placebo”
minus the 4-mg arecholine value;
r =093, P<.00l, N =17) and nega-
tively with the change induced by 0.5 mg
of scopolamine (r = —0.55, P < .05,
N = 10). The change induced by choline
chloride was also significantly correlated
with performance under placebo treat-
ment ( = 0.59, P < .05, N = 10). Thus,
poor performers showed a relatively
greater improvement after they received
arecholine and choline and a greater im-
pairment after scopolamine than good
performers.

As shown in Fig. 1B, the mean number
of words learned per trial of the cate-
gorized serial learning task did not differ
on trial 1 between the placebo condition
(mean = 3.18 = 3.2 words), 4 mg of
arecholine (mean = 3.78 * 2.4 words),
or 0.5 mg of scopolamine (mean =
3.04 = 5.4 words) (P = N.S., F (2, 39)
= 1.06). On trials 2 through 6, however,
4 mg of arecholine increased the rate
of learning compared with placebo (con-
ditions 1 and 3) while scopolamine de-
creased it (10).

Our data in human subjects are
consistent with evidence that acetyl-
choline participates in learning and mem-
ory mechanisms in other animals (/).
The strong correlation between learning
ability under placebo conditions and en-
hancement after the administration of
arecholine and choline is consistent with
a report by Stanes and Brown (/1) that
physostigmine selectively impaired and
facilitated performance of naturally
““fast’” and ‘‘slow’’ learning rats, respec-
tively. In addition, Mandel and Ebel (/12)
noted increased concentrations of cho-
line acetyltransferase (E.C. 2.3.1.6; syn-
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thetic enzyme for acetylcholine) in the
frontal and temporal cortex of an inbred
strain of mice with a high capacity for
maze-learning compared to mice that
were poor learners.

It is of clinical interest that a specific
decrease of choline acetyltransferase has
been reported in the frontal cortex of pa-
tients with Alzheimer’s disease and oth-
er presenile dementias (/3). In view of
our data, the possible use of arecholine
or choline as a therapeutic agent in de-
mentia needs further exploration.

Note added in proof: In a recent ex-
periment (unpublished) intravenous in-
fusion of 2 mg of arecholine over 30 min-
utes, starting immediately after learning
a list of words resulted in a significantly
higher percentage of words recalled after
an hour compared to placebo infusion.
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Long-Term Changes in Dopaminergic Innervation of Caudate

Nucleus After Continuous Amphetamine Administration

Abstract. Silicone pellets containing d-amphetamine base were implanted subcu-
taneously in rats. These pellets release amphetamine continuously for at least 10
days. Several days after implantation, swollen dopamine axons concomitant with
large decreases in tyrosine hydroxylase activity were observed in the caudate nucle-
us. Decreased tyrosine hydroxylase activity was still present 110 days after pellet
removal in the caudate but not in several other brain regions, nor in the caudate of
rats injected with an equivalent amount of amphetamine in daily injections. This
implies that continuous amphetamine administration has a selective neurotoxic ef-

fect on dopamine terminals in the caudate.

Chronic amphetamine addicts develop
intake patterns during which several
days of continuous amphetamine intoxi-
cation occur. A similar drug regimen is
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used during studies of amphetamine psy-
chosis. A model psychosis which resem-
bles paranoid schizophrenia in many re-
spects develops in humans when they re-
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