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PILCHER, J. J., G. R. SESSIONS AND S. A. MCBRIDE. Scopolamine impairs spatial working memory in the radial
maze: An analysis by error type and choice. PHARMACOL BIOCHEM BEHAYV 58(2) 449-459, 1997.—The effects of sco-
polamine hydrobromide on performance in uninterrupted and delayed radial maze trials were studied in the rat. In addition
to defining errors as incorrect arm entries, errors were defined by incorrect nose pokes in a food trough and were summed
across the number of correct choices remaining. The average time elapsed from arm entry to nose poke was also calculated as
a new measure of motivation and mobility. Working memory errors increased significantly following scopolamine injection in
the uninterrupted trials and occurred significantly more often before the last correct choice. Errors in nonbaited arms during
the last portion of a 3-h delay task increased significantly following scopolamine injection both before and after the first por-
tion of the task and occurred more often before the last correct choice. However, nonbaited errors occurred more readily and
at lower doses when scopolamine was injected 20 min before the onset of the task than when scopolamine was injected imme-
diately after the completion of the first portion of the task. These data indicate that scopolamine affects current working

memory and specifically affects acquisition more than consolidation of working memory. © 1997 Elsevier Science Inc.
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IMPAIRMENT of central cholinergic systems negatively af-
fects learning and memory in a variety of paradigms [e.g.,
(2,9,23,24,27)]. More specifically, using a centrally active anti-
cholinergic such as scopolamine hydrobromide disrupts acqui-
sition of new tasks and performance on previously learned
tasks [e.g., (1,13)]. The radial maze testing paradigm has been
used by a number of investigators specifically to test the ef-
fects of scopolamine on spatial working memory [see (5,15)].
One radial arm maze procedure that tests for general deficits
in current spatial working memory is the uninterrupted radial
maze task in which all arms of the maze are baited. Scopola-
mine administration, 20-30 min prior to testing in the uninter-
rupted radial maze task, has a detrimental effect on current
spatial working memory [e.g., (10,14,16)]. In these studies, in-
vestigators usually recorded working memory errors when an
animal reentered (usually defined as four paws past the arm
threshold) a previously entered arm and then reported the total
number of errors committed.

One limitation of the uninterrupted radial arm maze task is
that decreases in performance cannot be attributed to specific
types of memory difficulties. For example, the uninterrupted
radial arm maze task with all arms baited does not provide a
means to test for specific deficits in memory acquisition vs.
consolidation, because only the current component of mem-
ory (i.e., working memory) is utilized while completing the
task. One manner of using the radial arm maze specifically to
test acquisition and consolidation of working memory is to
impose a delay in the task after the animal has successfully
completed a portion of the maze. If the delay is long enough
to allow scopolamine to be sufficiently metabolized, errors
committed during the second portion of the maze task can in-
dicate difficulties in memory acquisition or consolidation in-
stead of memory retrieval because scopolamine would have
little, if any, effect after the delay. Similar to the paradigm
used in the uninterrupted radial maze procedure, errors under
delay conditions were usually defined as reentries into previ-
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ously entered arms, which were then summed and reported as
the total number of errors committed while completing the
task. In studies using a radial arm maze delay procedure, a
dose-dependent decrease in performance has been found
when scopolamine is injected before the animal is allowed to
complete the first half of the radial maze but not if scopola-
mine is injected immediately after completing the first half of
the maze (3,7,12). These data suggest that scopolamine affects
acquisition but not consolidation of working memory.

To date, the majority of studies using the radial maze pro-
cedure have limited the manner in which they report their
outcomes by reporting only the total number of errors made
during the completion of the task. However, there is some ev-
idence that the manner in which errors are recorded can have
an effect on error rate and thus the conclusions drawn about
the effects of scopolamine on performance and memory. One
study (10) defined specific types of errors: nose over plane of
arm entrance, two paws over plane of arm entrance, four paws
over plane of arm entrance and head over food cup. Error
rates following scopolamine administration were greater
when using the nose entry vs. four-paws entry as arm entry
criteria. Their results suggest that error definition influences
the interpretation of the effect of scopolamine on memory.

An additional means of more closely examining the effects
of scopolamine on memory is to examine error rate as the task
becomes more difficult and thus increases the likelihood of er-
ror occurrence. For example, in the radial arm maze task, the
probability of reentering a previously entered arm increases
with each successive correct choice; consequently, the diffi-
culty of the task may be conceived as increasing with each cor-
rect choice. Therefore, an increase in error rate as the diffi-
culty level of the task increases would be indicative of a deficit
in working memory. One means of examining the pattern of
errors as difficulty level increases in the radial arm maze is to
analyze the number of errors committed prior to each correct
arm choice. Eckerman et al. (10) tracked errors in a similar
manner by analyzing their data for each arm choice. They re-
ported that choice accuracy did not change when animals
were completing the first four choices but gradually decreased
during choices 5-8. An alternative method of examining er-
rors as difficulty level increases in the radial maze is to sum er-
rors committed for each correct choice. This method allows a
more precise interpretation of the pattern of errors commit-
ted while completing the maze than simply reporting errors
made in the first eight choices.

To document better the effects of scopolamine on working
memory in the radial arm maze, the present study used a com-
puter-monitored maze to quantify more precisely the types
and pattern of errors. Animals were tested in both uninter-
rupted and delay trial procedures. However, unlike previous
studies, errors were separated into specific categories of arm
entry errors (defined by breaking a vertical plane 15 cm inside
the arm entrance) and nose poke errors (defined as breaking
a vertical plane inside the food trough positioned at the end of
the arm). It was expected that arm entry errors would be com-
mitted more frequently than nose poke errors because nose
poke errors required the animal to traverse the length of the
arm. In addition, all errors were summed across each correct
choice, permitting us to examine the pattern of errors across
correct choices made. Because scopolamine impairs working
memory, it was expected that the number of arm entry and
nose poke errors would increase as the number of remaining
correct choices decreased. As measures of motivation and
mobility, we recorded time to maze completion, total number
of food pellets retrieved and total arm entries. In addition, our
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ability to record arm entries separately from nose pokes al-
lowed us to develop a new measure of motivation and physi-
cal mobility by calculating the average time from arm entry to
nose poke in a food trough.

STUDY 1

This study examined the effects of scopolamine on memory
and performance in uninterrupted radial arm maze trials with
all arms baited. Three types of errors were defined and cumu-
lated across the number of correct choices remaining. In addi-
tion, as indicators of motivation and mobility, total number of
pellets retrieved, total time in maze, total number of arm en-
tries and time from arm entry to nose poke in food trough
were recorded and analyzed.

METHOD
Subjects

The subjects were 10 male Sprague-Dawley rats (Zivic
Miller Laboratories, Allison Park, PA) approximately 4 months
old at the onset of training. The animals were housed individu-
ally in an air-conditioned colony room in acrylic rack-mounted
cages with pine sawdust bedding. The room was illuminated
with overhead fluorescent lights maintained under a 12-h
light-dark cycle, with light onset at 6 AM. The animals were
allowed ad libitum access to water and Purina Rat Chow until
they reached body weights of approximately 450 g. Food was
then gradually restricted over a 4-week period until the body
weights were reduced to approximately 80% of the initial
free-feeding level. Thereafter, food was given in an amount
sufficient to maintain body weight at the 80% level and water
was freely available.

Apparatus

A symmetrical, totally enclosed, eight-arm radial maze was
used. The maze was constructed from 6.25-mm polycarbonate
plastic and was mounted on stainless steel legs 75 cm above
the floor. The arms extended from an octagonal center com-
partment 51.5 cm in diameter and 12.7 cm high. Each arm was
19.7 cm wide, 61 cm long and 12.7 cm high. Each arm was
equipped with a photocell sensor 15 cm inside the entrance.
The center of the maze could be isolated from the arms by
guillotine gates that were operated manually by an experi-
menter, who was approximately 3 m from the radial maze, via
strings suspended from the ceiling. A photocell-equipped
recessed food trough was mounted on the end wall of each
arm connected to a food dispenser (Coulbourn Instruments,
Allentown, PA). The food dispenser delivered one 45-mg
food pellet (Dustless Purified Diet Precision Pellets, BioServ,
Frenchtown, PA) when the food-trough photocell beam was
interrupted. Also mounted on the end wall of each arm was a
1.27 cm miniature stimulus light. Additional details on the
construction of the maze have been described in a previous
publication (11).

The maze was housed in an air-conditioned room and sur-
rounded on all sides by walls, equipment racks or office sepa-
rator panels. The separator panels were made visually distin-
guishable by a 24.13 cm high plus sign or triangle attached to
the panels. A laboratory computer (PDP 11/73, Digital Equip-
ment Corporation, Nashau, NH) running SKED-11 software
(25) was interfaced with each photocell in the maze via La-
blink interface modules (Coulbourn Instruments) and was
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used to detect arm entries, arm exits and nose pokes into the
food troughs and to deliver pellets.

Procedures

Standard eight-arm paradigm. The animals performed the
maze task 5 days a week (Monday through Friday) between
12:00 and 4:00 PM. The laboratory computer was programmed
to record interruptions in the photocell receptors inside the
arm entrances, indicating an arm entry or exit (beam breaks)
or interruptions in the food trough photocell receptors (nose
pokes), and to deliver one pellet following the first nose poke
in each arm.

Each animal was placed in the center of the maze with the
doors to all arms closed at the onset of each trial. Approxi-
mately 30 s later, the stimulus lights at the end of each arm
were turned on by the computer, indicating the beginning of
the trial. The experimenter then raised all doors and allowed
the animal free access to all arms. After the animal entered an
arm, all arm doors were closed except the door for the arm
entered. When the animal exited the arm, that arm door was
closed and all arm doors remained closed for 5 s, thus contain-
ing the animal in the center of the maze and discouraging pat-
terning behavior. After 5 s, all doors were raised. This pattern
was repeated until the animal had retrieved a pellet from each
arm or until 10 min had elapsed, thus ending the trial.

Baseline performance stabilization. Following a week of
adaptation to the radial maze and shaping to obtain food from
the food troughs, the animals performed the eight-arm maze
procedure for approximately 6 weeks before the onset of the
study. At the conclusion of the 6-week period, all animals
were successfully retrieving a pellet in each arm of the maze in
3 min or less, usually without error. Furthermore, the animals
did not display an obvious decrease in errors or time in maze
during the last 2 weeks of the 6-week baseline period, indicat-
ing a stable response pattern.

Drug sessions. Following response stabilization and be-
fore the onset of drug testing, the animals were given intrap-
eritoneal (IP) injections of saline (1 ml/kg of body weight) for
2 days prior to completing the maze task as acclimation to the
injection process. Drug tests consisted of a drug or vehicle
(0.9% NacCl) IP injection (1 ml/kg of body weight) 20 min
prior to testing on Tuesday and Friday of each week. Scopola-
mine hydrobromide (Sigma Chemical Company, St. Louis,
MO) was dissolved in saline and injected at doses of 0.0, 0.125,
0.25 and 0.5 mg/kg. The standard eight-arm procedure was
used for testing on drug and nondrug days (Monday, Wednes-
day, Thursday). Because the animals were naive to the drug,
each rat received an injection of 0.5 mg/kg of scopolamine 20
min prior to completing the maze on the Friday before begin-
ning the drug testing sessions to be used in the data analysis.
Drug administration was completed in a randomized block
fashion, resulting in each animal receiving each drug condi-
tion and the vehicle condition once.

A second replication using the same animals and same pro-
cedure was completed approximately 5 months after the con-
clusion of the initial training and testing. Between the first
and second replications, the animals received injections of
benzodiazepine-related drugs (zolpidem and triazolam). Dur-
ing the second replication, the animals again received injec-
tions of 0.0, 0.125, 0.25 and 0.5 mg/kg of scopolamine. To en-
sure that we used a scopolamine dose low enough to result in
no major performance effect, we added a fourth scopolamine
dose of 0.0625 mg/kg during the second replication. As a
means of better stabilizing the results, we administered the
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0.0625-mg/kg dose twice during the second replication. As in
the first replication, to control for order effects and effects of
drug repetition, drug administration was completed in a ran-
domized block fashion, resulting in each animal receiving
each drug and vehicle condition once except the 0.0625-mg/kg
dose, which each animal received twice during the second rep-
lication.

Behavioral measures. All behavioral measures were cate-
gorized by data reduction programs that accessed the SKED-
11 data produced from the laboratory computer. Working
memory errors were divided into three categories: initial arm
entry (INTA) errors, arm entry (ARM) errors and nose poke
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FIG. 1. Study 1: Cumulative arm entry (ARM, INTA) and nose
poke (POKE) working memory errors (*SE) from uninterrupted
trials as a function of the number of correct choices remaining. The
artifact in the cumulative plots of apparent decreases in errors in the
grouped data occurred because some animals committed a number of
errors early in the eight possible correct choices but did not complete
the maze. When this occurred, there were no data entered for that
animal’s remaining correct choices, thus resulting in a decrease in the
total number of errors committed across all animals.
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(POKE) errors. INTA errors were assigned when an entry beam
break occurred in a baited arm that was followed by an entry
beam break in a different arm (i.e., when the animal entered
and then exited an arm where a pellet delivery had not yet oc-
curred) without making a nose poke. ARM errors were defined
as INTA errors plus any entry beam break in a previously
baited arm (an arm where a pellet delivery had already occurred)
followed by an entry beam break in a different arm without an
intervening nose poke in the first arm. POKE errors were
classified as any nose poke following a beam break in a previ-
ously baited arm. This criterion precluded counting repeated
nose pokes as errors during a single arm entry without move-
ment sufficient to break the entry photocell. All errors were
cumulated across the number of correct choices remaining.

As measures of physical mobility and motivation, total
number of pellets retrieved, total time (in seconds) in the
maze and total number of arm entries were recorded for each
session. In addition, mean time (in seconds) from beam break
to nose poke was averaged across all arm choices during each
trial and recorded for each testing session.

Data analyses. All data analyses were completed on SAS
(SAS Institute Inc., Cary, NC). The error variables were aver-
aged across the two repetitions and then analyzed using a two-
factor repeated measures multivariate analysis of variance
(MANOVA) with drug and the number of correct choices re-
maining as factors. The replications were not used as a factor
because time was not an issue in this study and the time be-
tween replications was not held constant. Therefore, replica-
tion was used as a means to stabilize variability in the data.
All remaining variables, total pellets retrieved, total time in
maze, total number of entries and time from beam break to
nose poke, were averaged across replications and analyzed in
a one-factor repeated measures MANOVA with drug as the
factor. Post hoc analyses to identify the source of significant
main effects were completed using Tukey’s Studentized range
statistic. An alpha level of 0.05 was used for all post hoc analyses.

RESULTS

Scopolamine produced a dose-related increase in arm entry
and nose poke errors in the radial arm maze task as compared
with saline. Furthermore, scopolamine administration resulted
in a greater increase in the number of arm entry errors than
nose poke errors. The animals committed approximately
twice the number of ARM errors as POKE errors (Fig. 1). Ex-
amination of the breakdown of errors across the number of
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correct choices remaining revealed that the number of ARM
and POKE errors remained relatively stable until the last cor-
rect choice when a clear increase in errors occurred. In contrast,
INTA errors showed an initial increase in error rate with few
errors occurring across the remaining correct choices.

When analyzed by a two-factor MANOVA, ARM, POKE
and INTA errors were significant as a function of drug condi-
tion. Specifically, the animals committed significantly more
ARM errors [F(4, 343) = 10.73, p < 0.0001], POKE errors
[F(4,343) = 10.83, p < 0.0001] and INTA errors [F(4, 343) =
13.88, p < 0.0001] in the higher dose conditions. Post hoc
analysis revealed that 0.5 and 0.25 mg/kg scopolamine re-
sulted in significantly more ARM and INTA errors than sa-
line and 0.0625 mg/kg scopolamine. Only the 0.5 mg/kg scopol-
amine resulted in significantly more POKE errors than saline
and 0.0625 mg/kg scopolamine.

When analyzed by correct choices remaining, ARM errors
[F(7,343) = 7.13, p < 0.0001] and POKE errors [F(7, 343) =
19.40, p < 0.0001] differed significantly. Post hoc analyses re-
vealed that the last correct choice resulted in significantly
more ARM and POKE errors than all other correct choices.
In addition, a significant interaction between drug condition
and correct choices remaining was found for POKE errors
[F(28,343) = 1.96, p < 0.01], indicating that the effect of sco-
polamine on POKE errors depended on the number of correct
choices remaining.

The means and standard deviations for total number of
pellets retrieved, total time in maze, total number of entries
and time from beam break to nose poke are shown in Table 1.
The one-factor repeated measures MANOVA revealed that
scopolamine significantly decreased total number of pellets
retrieved [F(4, 36) = 4.74, p < 0.01] and increased total time
in maze [F(4, 36) = 7.08, p < 0.001]. Post hoc analysis indi-
cated that 0.5 mg/kg scopolamine resulted in significantly
fewer total number of pellets retrieved and more total time in
maze than did saline and 0.0625 mg/kg. Neither total number
of entries nor time from beam break to nose poke changed
significantly with scopolamine administration.

STUDY 2

In Study 1, scopolamine had a greater effect on ARM er-
rors than POKE errors in a dose-dependent fashion. In addi-
tion, the number of errors generally increased as the number
of correct choices decreased. However, because an uninter-
rupted maze trial was used, the results only allow us to inter-

TABLE 1
STUDY 1*: MEANS (£SD) OVER EIGHT CORRECT CHOICES**

Drug Condition

Variables Saline 0.0625F 0.125¢ 0.25+ 0.5t
TOTPEL 7.35 = 1.87 7.80 = 0.70 6.70 = 2.68 6.70 = 2.68 5.10 = 3.61
TOTTIM% 238.40 + 189.70 213.00 = 138.79 335.15 = 206.18 339.65 * 198.94 439.10 * 199.60
TOTENT 9.70 + 4.68 9.00 * 3.60 10.15 = 5.85 9.85 +5.32 8.85 +5.06
ARMTIMi 0.74 = 0.33 0.72 = 0.29 0.86 = 0.60 0.94 £ 0.61 1.08 = 1.54

Note: TOTPEL = total pellets retrieved, TOTTIM = total time to maze completion, TOTENT = total number of arm entries, ARMTIM =

time from arm entry beam break to nose poke in food trough.
*Study 1 used the eight-arm maze paradigm.
** Average of 20 data points per drug condition.
tScopolamine Hydrobromide (in mg/kg).
F#Time in seconds.
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pret the performance decrements as an impairment in current
spatial working memory and not a more specific interpreta-
tion concerning the mechanisms contributing to the memory
deficit. To address this issue, we examined the effects of sco-
polamine on the acquisition and consolidation of working
memory in a radial arm maze task in which a delay was im-
posed between the completion of the first and second halves
of the eight-arm maze task. Six types of errors were defined
and cumulated across correct choices remaining. In addition,
total number of pellets retrieved, total time in maze, total
number of arm entries and time from arm entry to nose poke
in food trough were analyzed as indicators of motivation and
mobility.

METHOD
Subjects

Twelve additional Sprague-Dawley rats approximately 12
months old were used for Study 2. All animals were main-
tained in a manner comparable to that described in Study 1.
At the onset of this experiment, the rats were well trained in
the standard eight-arm maze paradigm and had been per-
forming the maze task for approximately 10 months. In addi-
tion, all animals were experienced with the drug and had re-
ceived injections of triazolam, zolpidem and diazepam.

Apparatus

Study 2 was conducted in the eight-arm radial maze used in
Study 1.

Procedures

The 3-h delay paradigm. In the current study, a 3-h delay
paradigm was implemented on drug-injection days. All ani-
mals completed the eight-arm maze task using the procedure
described in Study 1 but with a 3-h delay imposed immedi-
ately after the animals had retrieved the first four pellets.
When the animal retrieved the fourth pellet, it was immedi-
ately removed from the arm and returned to its home cage for
the 3-h delay period. At the conclusion of the 3-h delay, each
animal was allowed to retrieve the last four pellets from the
maze. The animal was removed from the maze after success-
fully retrieving the four remaining pellets or when 10 min had
elapsed. All animals had completed the 3-h delay condition
periodically during the 4 months preceding the onset of this
study. To utilize the delay procedure as a memory probe test
under the drug condition, the animal’s maze running behavior
was maintained using the eight-arm maze procedure described
in Study 1 on nondrug-injection days.

Drug sessions. Drug tests consisted of a drug or vehicle
(0.9% NaCl) IP injection at 1 ml/kg of body weight 20 min be-
fore the animal was placed in the maze to retrieve the first
four pellets. Scopolamine hydrobromide was prepared as de-
scribed in Study 1 and injected at doses of 0.0, 0.25, 0.5 and 1.0
mg/kg. The 1.0-mg/kg dose was used to ensure a dose re-
sponse when using a delay procedure. Drugs were adminis-
tered each Tuesday and Friday using the 3-h delay paradigm.
The standard eight-arm testing sessions were continued on
Monday, Wednesday and Thursday of each week. Drug ad-
ministration was completed in a randomized block fashion,
resulting in each animal receiving each drug and vehicle con-
dition once.

Behavioral measures. The three working memory errors
defined in Study 1 (ARM, POKE, INTA) were categorized
separately for the first four pellets retrieved and for the last
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four pellets retrieved. In addition, total number of pellets re-
trieved, total time in maze, total number of entries and time
from beam break to nose poke were calculated separately for
the first four pellets retrieved and the last four pellets re-
trieved.

The data also were analyzed for errors specific to the 3-h
delay condition. After the 3-h delay, the animals had the op-
portunity to commit errors that involved entering the arms
from which they had retrieved pellets before the 3-h delay
(nonbaited arm errors). Specifically, three nonbaited ARM
entry and POKE errors were categorized. A nonbaited initial
arm entry (NBINTA) error was classified as an entry beam
break in a nonbaited arm followed by an entry beam break in
a different arm without an intervening nose poke. A non-
baited arm entry (NBE) error was specified as an entry beam
break in a nonbaited arm with or without a subsequent nose
poke. A nonbaited arm entry followed by a POKE (NBPOKE)
error was defined as only those entry beam breaks in a non-
baited arm followed by a nose poke in the same arm without
an intervening entry beam break in a different arm. NBE er-
rors were redefined as working memory errors (i.e., arm entry
errors in arms previously entered while retrieving the last four
pellets) after the animals made a beam break in a nonbaited
arm and then exited that arm. As in Study 1, all errors were
cumulated across the number of correct choices remaining.

Data analysis. The data recorded while the animals re-
trieved the first four pellets were summarized by drug condi-
tion but not by the number of correct choices remaining be-
cause almost no errors were committed. Similarly, a repeated
measures MANOVA was not performed on the error data.
However, because meaningful data were gathered for total
number of pellets retrieved, total time in maze, total number
of entries and time from beam break to nose poke while the
animals retrieved the first four pellets, the data on these vari-
ables were analyzed by drug condition using a one-factor re-
peated measures MANOVA. The data recorded while the an-
imals retrieved the last four pellets were analyzed as
described in Study 1.

RESULTS

The data recorded during the first half of the maze are
summarized by drug condition in the top portion of Table 2.
The animals committed only seven errors, two POKE errors
and five INTA errors, across the 48 maze task completions.
The one-factor repeated measures MANOVA revealed that
total number of pellets retrieved, total time in maze, total
number of entries and time from beam break to nose poke
were not significantly different by drug condition.

Scopolamine administration generally caused little increase
in the number of working memory errors committed while re-
trieving the last four pellets. Animals committed only slightly
more ARM and INTA errors and almost no POKE errors
when making the last correct choice (Fig. 2). The two-factor
repeated measures MANOVA indicated that none of the
working memory errors were significant by drug condition.
Only ARM errors increased significantly [F(3, 165) = 268,
p < 0.05] as correct choices decreased; however, the post hoc
analysis did not result a significant difference by choice. None
of the working memory errors resulted in a significant interac-
tion between drug condition and correct choices remaining.

In contrast to working memory errors, NBE and NB-
POKE errors committed while retrieving the last four pellets
increased in a dose-dependent fashion and as a function of
correct choices remaining (Fig. 2). Scopolamine-treated ani-
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mals committed NBPOKE and NBE errors beginning with
their first choice, and they continued to make errors as the
number of correct choices remaining decreased. Virtually no
NBINTA errors were committed while completing the last
half of the maze. A two-factor repeated measures MANOVA
revealed that NBPOKE errors [F(3, 165) = 20.15, p < 0.0001]
and NBE errors [F(3, 165) = 8.84, p < 0.0001] were signifi-
cantly increased when analyzed by drug condition. Post hoc
analysis indicated that 1.0 and 0.5 mg/kg scopolamine pro-
duced more NBE and NBPOKE errors than either 0.25 mg/kg
or saline.

When analyzing by the number of correct choices remain-
ing, NBPOKE errors [F(3, 165) = 5.50, p < 0.001] and NBE
errors [F(3, 165) = 8.51, p < 0.0001] were significantly in-
creased. Post hoc analysis revealed that the animals commit-
ted more NBPOKE errors with one correct choice remaining
than with four correct choices remaining. In addition, the ani-
mals committed more NBE errors with one correct choice re-
maining than when making either of their first two correct
choices. None of the interactions between drug condition and
correct choices remaining were significant for NBPOKE,
NBE and NBINTA.

The means and standard deviations for total number of
pellets retrieved, total time in maze, total number of arm entries
and time from beam break to nose poke are shown in the bot-
tom portion of Table 2. The one-factor repeated measures
MANOVA by drug indicated that scopolamine given before
the first four pellets were retrieved did not significantly alter
these measures when the last four pellets were retrieved.

STUDY 3

Because scopolamine was injected 20 min prior to the first
half of the trial in Study 2 and it took the rats approximately
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2 min to retrieve four pellets, the decrement in performance
observed during the second portion of the task could be at-
tributed to difficulties in either the acquisition or consolida-
tion of working memory from the first portion of the task. To
differentiate the effects of scopolamine on consolidation vs.
acquisition of working memory, we conducted an additional
series of delayed radial arm maze trials with scopolamine in-
jections immediately after the animals completed the first half
of the maze. The same performance and motivation measures
as those described in Study 2 were used.

METHOD
Subjects

The subjects were the Sprague-Dawley rats used in Study
1. They were housed and fed as previously described. All ani-
mals were drug experienced at the start of the present study.

Apparatus

Study 3 was conducted in the eight-arm radial maze used in
Study 1.

Procedures

The 3-h delay paradigm. In this experiment, the animals
completed the 3-h delay procedure as described in Study 2.
All animals had performed the maze task with the 3-h delay
condition before the onset of this study.

Drug sessions. As in Study 2, the animal’s maze running
behavior was maintained using the eight-arm procedure de-
scribed in Study 1. Drug tests consisted of a drug or vehicle
(0.9% NacCl) IP injection at 1 ml/kg of body weight immedi-
ately after each animal had retrieved the first four pellets in

TABLE 2
STUDY 2#%: MEANS (* SD)**
Drug Condition
Variables Saline 0.25¢ 0.5} 1.0t
FIRST FOUR CORRECT CHOICES
TOTARMi 0.00 = 0.00 0.08 = 0.29 0.17 = 039 0.33 £ 1.15
TOTPOKES 0.00 = 0.00 0.00 = 0.00 0.08 = 0.29 0.08 = 0.29
TOTINTA{] 0.00 = 0.00 0.08 = 0.29 0.08 £ 0.29 0.25 = 0.87
TOTPEL 4.00 = 0.00 4.00 = 0.00 4.00 = 0.00 4.00 = 0.00
TOTTIM+ 114.00 = 113.78 99.50 + 41.87 101.92 = 5491 107.67 = 50.69
TOTENT 4.00 = 0.00 4.08 =£0.29 4.17 = 0.39 433 £ 1.15
ARMTIM+ 1.06 = 0.52 1.30 = 0.58 1.08 = 0.52 1.36 = 0.83
LAST FOUR CORRECT CHOICES
TOTPEL 4.00 = 0.00 4.00 = 0.00 4.00 = 0.00 4.00 = 0.00
TOTTIM+ 102.25 = 51.84 105.83 = 42.15 125.75 = 70.02 152.67 = 93.87
TOTENT 5.08 = 0.67 5.25 £0.96 6.92 = 3.37 6.33 £ 1.61
ARMTIM+ 0.91 = 0.31 0.88 = 0.36 091 £0.34 1.52 £ 1.44

Note: TOTPEL = total pellets retrieved, TOTTIM = total time to maze completion, TOTENT = total number of arm entries, ARMTIM =
time from arm entry beam break to nose poke in food trough.
*Study 2 used a 3-h delay after the fourth pellet retrieval, with drug injection 20 min before the animals were placed in the maze to retrieve

the first four pellets.

** Average of 12 data points per vehicle or drug condition.

+Scopolamine Hydrobromide (in mg/kg).
fTotal number of ARM errors.

§ Total number of arm entry followed by nose poke errors.

q Total number of INTA errors.
+ Time in seconds.
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the maze and before being placed in its home cage for the 3-h
delay. Scopolamine hydrobromide was prepared as described
in Study 1 and was injected at doses of 0.0, 0.125 and 0.5 mg/
kg. Drug tests were conducted on each Tuesday and Friday
using the 3-h delay paradigm. The standard eight-arm testing
sessions were continued on Monday, Wednesday and Thurs-
day of each week. Drug administration was completed in a
randomized block fashion, resulting in each animal receiving
each drug and vehicle condition once.

A second replication using the same animals and 3-h delay
procedure was conducted approximately 3 months later. As in
the first replication, the animals were injected with 0.0, 0.125
and 0.5 mg/kg of scopolamine immediately after retrieving
four pellets. However, in the second replication, the animals
performed the maze task 7 days a week. The 3-h delay drug
sessions were conducted on Monday, Wednesday and Friday,
and the standard eight-arm testing procedure was continued
on Tuesday, Thursday, Saturday and Sunday of each week.
Drug administration was completed in a randomized block
fashion, resulting in each animal receiving each drug and vehi-
cle condition once.

To ensure that a dose response would occur, immediately
after the second replication of the 0.125 and 0.5 mg/kg scopol-
amine doses, a single drug session using 1.0 mg/kg scopola-
mine in the 3-h delay condition was completed. The same 10
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FIG. 2. Study 2: Cumulative errors (+SE) committed while completing
the last half of the delayed radial maze task as a function of correct
choices remaining. Left column: Cumulative arm entry (ARM,
INTA) and nose poke (POKE) working memory errors. Right
column: Cumulative nonbaited arm entry (NBE, NBINTA) and nose
poke (NBPOKE) errors. Scopolamine was injected 20 min before the
onset of the first half of the radial maze task.
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rats and 7-day maze running schedule used during the second
replication were implemented. Animals were injected with ei-
ther saline or 1.0 mg/kg of scopolamine immediately after
they retrieved four pellets in the maze. Drug administration
was completed in a randomized block fashion, resulting in 8 of
the 10 animals receiving saline and 7 of the 10 animals receiv-
ing 1.0 mg/kg scopolamine, with no animal receiving the same
drug condition or the vehicle condition more than once.
Behavioral measures. The working memory errors de-
scribed in Study 1 (ARM, POKE, INTA) and the nonbaited
arm errors described in Study 2 (NBE, NBPOKE, NBINTA)
were cumulated across correct choices remaining. In addition,
total number of pellets retrieved, total time in maze, total
number of entries and time from beam break to nose poke
were calculated across the four correct choices. As in Study 2,
all variables were categorized separately for the data recorded
before the 3-h delay and the data recorded after the 3-h delay.
Data analysis. Because the drug and vehicle injections oc-
curred following the retrieval of the first four pellets, the ani-
mals were not expected to make many errors while retrieving
the first four pellets. Thus, the data recorded while the ani-
mals retrieved the first four pellets were described with means
and standard deviations and were not analyzed in terms of
drug condition or number of correct choices remaining. The
remainder of the data for Study 3 were averaged across repli-
cations and were analyzed as described in Studies 1 and 2.

RESULTS

As expected the animals committed almost no working
memory errors when retrieving the first four pellets prior to
drug injections. No POKE errors and only four INTA errors
were committed across the 75 maze task completions. All ani-
mals retrieved four pellets in each of the 75 maze task comple-
tions in an average of 67.25 = 28.34 s and made an average of
4.07 = 0.30 arm entries. The average time from beam break to
nose poke was 0.86 + 0.42 s.

Scopolamine administration followed by a 3-h delay gener-
ally caused little increase in the number of working memory
errors (errors committed in arms initially baited after the de-
lay) while the animals were retrieving the last four pellets.
Marginally more ARM errors than POKE and INTA errors
were committed across the four correct choices (Fig. 3). The
two-factor repeated measures MANOVA indicated that none
of the working memory errors were significant when analyzed
as a function of drug condition or correct choices remaining.
In addition, none of the working memory errors resulted in a
significant interaction between drug condition and correct
choices remaining.

In contrast to the working memory errors, the NBE errors
were more readily affected by drug condition and by correct
choices remaining. NBPOKE, NBE, and NBINTA errors in-
creased in a dose-dependent fashion and increased as a func-
tion of the number of correct choices (Fig. 3). Specifically, when
analyzing by drug condition, NBPOKE errors [F(3, 123) =
2.63, p < 0.05] and NBINTA errors [F(3, 123) = 2.84, p <
0.05] increased significantly. Although the increase in NBE
errors was not significant, it did approach significance [F(3,
123) = 2.27, p < 0.08]. Post hoc analysis revealed that 1.0 mg/
kg scopolamine resulted in significantly more NBPOKE and
NBE errors than saline; however, there was no significant dif-
ference between any specific scopolamine condition and sa-
line for NBINTA errors.

When analyzing by correct choices remaining, NBPOKE
errors [F(3,123) = 15.25, p < 0.0001], NBE errors [F(3, 123) =
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FIG. 3. Study 3: Cumulative errors (*=SE) committed while completing
the last half of the delayed radial maze task as a function of correct
choices remaining. Left column: Cumulative arm entry (ARM,
INTA) and nose poke (POKE) working memory errors. Right
column: Cumulative nonbaited arm entry (NBE, NBINTA) and nose
poke (NBPOKE) errors. Scopolamine was injected immediately
following completion of the first half of the maze.

21.84, p < 0.0001] and NBINTA errors [F(3, 123) = 4.02,p <
0.01] increased significantly. Post hoc analysis indicated that
more NBPOKE and NBE errors were committed during the
last correct choice than any of the other correct choices. The
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post hoc analysis indicated that the animals made more
NBINTA errors when making their last correct choice but
only in comparison with the first correct choice. None of the
interactions between drug condition and correct choices re-
maining were significant for NBPOKE, NBE and NBINTA.

The means and standard deviations for total pellets re-
trieved, total time in maze, total number of arm entries and
time from beam break to nose poke are presented in Table 3.
The repeated measures MANOVA X Drug interaction indi-
cated that scopolamine administration did not significantly af-
fect any of these variables after a 3-h delay.

DISCUSSION

The results of the present investigation indicate that scopol-
amine administration significantly decreases performance lev-
els in uninterrupted and delayed trials in the radial arm maze.
The number of errors committed generally increased in a
dose-dependent manner and as a function of the number of
correct choices remaining. Furthermore, errors associated with
an arm entry were more likely to be committed than POKE
errors in both uninterrupted and delayed trials.

The data from Study 1, which examined the effects of sco-
polamine on memory and performance in uninterrupted tri-
als, confirm the general conclusions seen in the literature [see
(5,15)], namely that scopolamine caused an increase in the
number of errors committed and did so in a dose-dependent
manner. However, the current data extend the findings of pre-
vious investigations by differentiating working memory errors
into three distinct categories—ARM errors, INTA errors and
POKE errors—and by tracking the pattern of errors across
the number of correct choices made.

Our finding that error rate increased specifically during the
last two correct choices differs with that of Eckerman et al.
(10). After reporting a relatively stable decrease in accuracy
of the 5th through 8th arm choice, they concluded that scopo-
lamine affects discriminative control and not specific memory
processes. In contrast, our data support the conclusion that
scopolamine directly affects memory instead of only produc-
ing a deficit in discriminative control because one would ex-
pect memory deficits to increase as the level of task difficulty
increases. A possible explanation for the difference in results
and interpretation between the study by Eckerman et al. and
the present study is the manner in which the data were gath-

TABLE 3
STUDY 3* MEANS (£SD) OVER THE LAST FOUR CORRECT CHOICES

Drug Condition

Variables Saline** 0.125%% 0.5%% 1.01§
TOTPEL 4.00 = 0.00 3.95 £0.22 3.90 £ 0.45 4.00 = 0.00
TOTTIM{ 77.61 = 23.95 108.60 = 121.04 134.70 = 134.55 75.57 = 22.26
TOTENT 4.93 = 0.81 5.60 = 1.96 5.60 = 1.76 5.57 £0.98
ARMTIM( 0.75 £ 0.25 0.75 £ 0.31 0.89 = 0.32 0.80 £ 0.19

Note: TOTPEL = total pellets retrieved, TOTTIM = total time to maze completion, TOTENT = total num-
ber of arm entries, ARMTIM = time from arm entry beam break to nose poke in food trough.
*Study 3 used a 3-h delay after the fourth pellet retrieval, with drug injection immediately after the fourth pel-

let retrieval.
** Average of 28 data points.
tScopolamine Hydrobromide (in mg/kg).
tAverage of 20 data points.
§ Average of 7 data points.
1Time in seconds.
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ered. Eckerman et al. only reported the number of errors
across the first eight choices. Because our animals made an
average of nine arm entries to complete the task successfully,
they usually made at least eight consecutive choices before
reaching the last correct choice. Therefore, it is possible that
the increase in errors made and, thus, decrease in selection ac-
curacy, would not have been reported in the study by Ecker-
man et al.

Unlike ARM and POKE working memory errors, INTA
errors did not increase as the correct number of choices de-
creased. INTA errors were often committed before the first
correct choice was made followed by almost no additional
INTA errors for the remainder of the task. These data indi-
cate that INTA errors are not the result of a specific memory
deficit because with a memory deficit one would expect the
error rate to increase as the number of possible correct
choices decrease. A possible explanation for these data are
that scopolamine may inhibit the ability of the animal to com-
plete the task in the most efficient manner. It is feasible that
scopolamine decreases the ability of the animal to inhibit un-
necessary behavior, i.e., scopolamine may cause a decrease in
motor inhibition.

A related point is the general effect of scopolamine on
muscle control and motivation. Previous studies often have
addressed this issue by recording the time to maze completion
[e.g., (14,16,18-21,26)]. In addition to using time to maze com-
pletion as a measure of motor control and motivation, we re-
corded the number of pellets retrieved, the number of arm en-
tries and a new measure, the time from an arm entry beam
break to a nose poke in the food trough. The dose-dependent
increase in time in maze found in the current study is consis-
tent with the results reported from previous uninterrupted
trial studies (14,16,20). However, because we also recorded
time from beam break to nose poke, we can better interpret
the activity of the animal during this increase in time to task
completion. Because there was no significant change in time
from beam break to nose poke, the animals must have spent
the additional time either in the center of the maze or at the
end of the arms around the food troughs. Experimenter ob-
servation indicated that the animals did not remain immobile
in the center of the maze but moved from arm to arm, often
without actually entering an arm. These data support the con-
clusion that scopolamine inhibits the ability of the animal to
complete the maze in the most efficient manner. In addition,
scopolamine administration may lead to greater difficulty in
making arm entry choices as seen by the animals moving from
arm entrance to arm entrance without entering the arms.
These data suggest that the animals had sufficient motivation
and motor control to complete the task in that they did not re-
main motionless in the center of the maze and that once they
entered an arm, their run time down the arm was not signifi-
cantly decreased under scopolamine conditions.

Seemingly in contrast to the conclusion that the animals
were motivated and maintained motor control is the dose-
dependent decrease seen in total number of pellets retrieved.
One possible explanation for the decrease in number of pel-
lets retrieved is that the animals may not have been suffi-
ciently motivated to retrieve the pellets due to a dry mouth.
Drying of the mucosa in the mouth is a peripheral effect of
scopolamine, which may result in dry food pellets being un-
palatable to the animals (22). However, more recent studies
have found that liquid food does not improve performance
levels over those observed with dry food (4). In addition, the
animals in the current study were offered the opportunity to
consume only eight pellets, and investigator observation con-
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firmed that the animals consumed all pellets retrieved. An-
other explanation for the dose-dependent decrease in the num-
ber of pellets retrieved could be a decrease in motor control.
However, total number of arm entries were not significantly
decreased in animals injected with scopolamine, demonstrat-
ing that the animals maintained sufficient motor control to
make the necessary arm entries to complete the task. There-
fore, the inability of the animals to retrieve all available pel-
lets was most likely due to impairments in working memory
resulting in an inability to choose the remaining baited arms
instead of motivational or motor control issues. These data
support a conclusion consistent with that drawn in previous
studies [e.g., (10,14,15,17)], namely that the effect of scopola-
mine on working memory is not confounded by lack of moti-
vation or mobility.

The present results following injections of scopolamine
prior to the first half of a delayed maze task (Study 2) agree
with much of that reported in the literature (3,6-8). As ex-
pected, almost no working memory errors (ARM, POKE,
INTA) were committed while completing the first half of the
task. This result is in agreement with the data collected in Study
1, which indicated that working memory errors generally occur
while making the last two correct choices of the eight correct
choices available. In the first half of the delayed radial maze
task, the animals can choose any four of eight baited arms and
thus are not forced to make a choice with only one or two cor-
rect choices remaining. The present results also agree with data
reported by Beatty and Bierley (3). Although they did not actu-
ally present their data from the first half of the maze task, they
did state that almost no errors were committed.

Because we imposed a 3-h delay between the first and sec-
ond portions of the maze task, it is unlikely that the dose-
dependent increase in NBE errors and NBPOKE errors was
due to an effect of scopolamine on memory retrieval mecha-
nisms. In addition, the significant increase in NBE and NBPOKE
errors as the number of correct choices decreased supports
the conclusion that scopolamine administration had a differ-
ential effect on memory acquisition and possibly memory con-
solidation. The lack of an increase in working memory errors
(ARM, POKE, INTA) indicates that scopolamine had no ef-
fect on current working memory and on working memory 3 h
after administration. Virtually no NBINTA errors were com-
mitted, suggesting that scopolamine had little, if any, effect on
motor inhibition during the completion of the last half of the
maze task. Scopolamine also did not appear to have an effect
on motivation or motor control 3 h after administration be-
cause total time in maze, total number of pellets retrieved, to-
tal number of arm entries and time from beam break to nose
poke did not significantly change during the last half of the
maze task, and all animals ate all pellets retrieved. Therefore,
given the lack of an effect on the motivation and motoric vari-
ables and the increase in NBE errors, the results from Study 2
suggest that the detrimental effect of scopolamine is due to a
direct effect on working memory, which is independent of a
more general effect on motivation and motor control. Further
evidence for this conclusion is found in previous studies that
implemented different delay lengths and found that animals
commit more errors following longer delays than following
shorter delays when under scopolamine conditions (8), thus
indicating that the detrimental effects of scopolamine on per-
formance are most likely due to disturbances in memory.
However, because scopolamine was injected prior to the on-
set of the delay task in the present studys, it is difficult to sepa-
rate the effects that scopolamine may have on the acquisition
vs. consolidation of memory.
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When we injected scopolamine immediately after the com-
pletion of the first half of a delayed radial maze task (Study
3), the animals committed more nonbaited arm errors (NBE,
NBPOKE) while completing the second half of the maze but
only after the administration of 1.0 mg/kg scopolamine. In ad-
dition, all nonbaited errors increased across the number of
correct possible choices; however, NBE and NBPOKE errors
showed a much greater increase than NBINTA errors. The
lack of working memory errors (ARM, POKE, INTA) suggest
that 3 h after administration, scopolamine did not have a di-
rect effect on working memory or memory retrieval processes
and only a slight effect on motor inhibition. In addition, sco-
polamine did not appear to have an effect on motivation or
mobility during the second half of the task because total time
to maze completion, total number of pellets retrieved, total
number of arm entries and time from beam break to nose
poke were not altered by scopolamine administration. There-
fore, the observed increase in NBPOKE and NBE errors can
be most easily explained by 1.0 mg/kg scopolamine but not by
lower doses of scopolamine specifically affecting the consoli-
dation of working memory.

This conclusion is in agreement with a number of other
studies. Most investigations using scopolamine doses of less
than 1.0 mg/kg [e.g., (3,7)] have concluded that scopolamine
has no effect on consolidation of working memory. Bolhuis et
al. (6) found an increase in the number of errors made in non-
baited arms following scopolamine injection immediately af-
ter completing the first half of the maze. However, because
they tested the animals after only a 20-min delay, they were
incapable of differentiating the effects of scopolamine on
memory consolidation vs. memory retrieval, and in fact they
concluded that scopolamine affected retrieval of working
memory. However, our results contradict those reported by
Godding et al. (12). They reported no increase in errors dur-
ing the second portion of the task when scopolamine (1.0-5.0
mg/kg) was administered immediately after completing the
first portion of the task. Levin (15) concluded that high doses
of scopolamine may be differentially disrupting performance
functions such as attention instead of directly affecting work-
ing memory consolidation. However, the present data suggest
that the animals are attending to the task at hand because
there was no change in total time to maze completion, num-
ber of pellets retrieved, number of arm entries and time from
beam break to nose poke. These objective measures should
have reflected a disassociation from the task. Therefore, the
most likely reason for the difference between the present and
previous findings is our ability to differentiate between types
of errors and the analysis of cumulative errors across correct
choices.

The present results show a differential effect of scopola-
mine depending on time of injection. Scopolamine injected
prior to the onset of the first half of the delayed maze proce-
dure had a greater detrimental effect on performance than
scopolamine administered immediately after completing the
first half of the maze task. More specifically, scopolamine in-
jected prior to the first half of the maze task (possibly affect-
ing both working memory acquisition and working memory
consolidation) significantly increased both nonbaited arm en-
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try and NBE/POKE errors at 1.0 and 0.5 mg/kg. However,
scopolamine injected immediately after the first half of the
maze task (possibly affecting working memory consolidation)
significantly increased nonbaited arm entry and NBE/POKE
errors only at 1.0 mg/kg. Thus, the present data indicate that
although scopolamine has some effect on working memory
consolidation, it has a much larger effect on working memory
acquisition.

The present results have emphasized a methodology that
allowed us to separate errors into different types such as
POKE errors vs. ARM errors. Although we have classified
them as separate types (i.e., ARM, INTA, POKE, NBARM,
NBINTA, NBPOKE), there is an overlap between the vari-
ables. For example, a POKE error cannot occur unless an
ARM error first occurs. However, the differentiation of the
errors into different categories allows us to examine more
precisely the exact manner in which scopolamine affects per-
formance levels. In the present studies, we have shown that
scopolamine negatively affects the arm entry decision more
than the nose poke response.

A consideration with the methodology of the present set of
studies involves the use of the totally enclosed radial maze,
which differed from the open maze construction used in many
studies, and the potential for this variable to introduce unique
findings. However, this concern would appear to be unlikely
because the results obtained in the present studies, particu-
larly with respect to variables such as the total number of er-
rors committed and total time to maze completion, were very
similar to those from studies using a nonenclosed radial maze
(3,6-8,14,16).

In conclusion, the present studies demonstrate that scopol-
amine administration more easily affects ARM errors than
POKE errors and that these errors occur more frequently
when fewer correct choices remain both in uninterrupted and
delayed radial arm maze trials. In addition, the separation of
INTA errors from other potential errors provides evidence
that scopolamine may cause a loss of motor inhibition in addi-
tion to impairing current working memory in the uninter-
rupted maze task. Furthermore, the data from the delay trial
studies indicate that scopolamine significantly influences the
acquisition of working memory more than the consolidation
of working memory. Therefore, the data from the present set
of studies support the involvement of cholinergic mechanisms
in current spatial working memory and the acquisition and, to
a lesser extent, the consolidation of working memory.

ACKNOWLEDGEMENTS

We gratefully acknowledge the excellent technical assistance of
Betsy Closser-Gomez, Kristin Jensen, Jeremy Wolff and Susan Rhudy
in the collection of the data for these studies. Caroline Bolls provided
valuable assistance in managing the data and preparing computerized
graphical illustrations. John Leu designed and constructed the appa-
ratus, and Richard Bauman provided expert assistance with the com-
puter hardware and software. Timothy Elsmore generously provided
assistance on the writing of the initial SKED software program for
data acquisition and preliminary analyses. We are indebted to Roger
Thomas for providing excellent critique of a preliminary version of
this manuscript.

REFERENCES

1. Aigner, T. G.; Mishkin, M.: The effects of physostigmine and sco-
polamine on recognition memory in monkeys. Behav. Neural
Biol. 45:81-87; 1986.

2. Bartus, J. D.; Johnson, H. R.: Short-term memory in the rhesus
monkey: Disruption from the anti-cholinergic scopolamine. Phar-
macol. Biochem. Behav. 5:39-46; 1976.



SCOPOLAMINE AND RADIAL MAZE PERFORMANCE

10.

11.

12.

13.

14.

. Beatty, W. W ; Bierley, R. A.: Scopolamine impairs encoding and

retrieval of spatial working memory in rats. Physiol. Psychol. 14:
82-86; 1986.

. Beatty, W. W.; Bierley, R. A.: Scopolamine degrades spatial

working memory but spares spatial reference memory: Dissimi-
larity of anticholinergic effect and restriction of distal visual cues.
Pharmacol. Biochem. Behav. 23:1-6; 1985.

. Beninger, R. J.; Wirshing, B. A.; Jhamandas, K.; Boegman, R. J.:

Animal studies of brain acetylcholine memory. Arch. Gerontol.
Geriatr. 1(suppl.):71-89; 1989.

. Bolhuis, J. J.; Strijkstra, A. M.; Kramers R. J. K.: Effects of sco-

polamine on performance of rats in a delayed-response radial
maze task. Physiol. Behav. 43:403-409; 1988.

. Buresova, O; Bolhuis, J. J.; Bures, J.: Differential effects of cho-

linergic blockade on performance of rats in the water tank navi-
gation task and in a radial water maze. Behav. Neurosci. 100:476—
482; 1986.

. Decker, M. W.; Gallagher, M.: Scopolamine-disruption of radial

arm maze performance: Modification by noradrenergic depletion.
Brain Res. 417:59-69; 1987.

. Deutsch, J. A.; Rogers, J. B.: Cholinergic excitability and memory:

Animal studies and their clinical implications. In: Davis, K. L.;
Berger, P. A., ed. Brain acetylcholine and neuropsychiatric dis-
ease. New York: Plenum; 1979:175-204.

Eckerman, D. A.; Gordon, W. A.; Edwards, J. D.; MacPhail, R. C.;
Gage, M. L.: Effects of scopolamine, pentobarbital and amphet-
amine on radial arm maze performance in the rat. Pharmacol.
Biochem. Behav. 12:595-602; 1980.

Elsmore T. F.; McBride S. A.: An eight-alternative concurrent
schedule: Foraging in a radial maze. J. Exp. Anal. Behav. 61:331—
348; 1994.

Godding, P. R.; Rush, J. R.; Beatty, W. W.: Scopolamine does not
disrupt spatial working memory in rats. Pharmacol. Biochem.
Behav. 16:919-923; 1982.

Hagan, J. J.; Morris, R. G. M.: The cholinergic hypothesis of
memory: A review of animal experiments. In: Iversen, L. L.;
Iversen, S. D.; Snyder S. H. The handbook of psychopharmacology
Vol 20. New York: Plenum; 1988:237-323.

Hiraga, Y.; Iwasaki, T.: Effects of cholinergic and monoaminergic

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

459

antagonists and tranquilizers upon spatial memory in rats. Phar-
macol. Biochem. Behav. 20:205-207; 1984.

Levin, E. D.: Psychopharmacological effects in the radial-arm
maze. Neurosci. Biobehav. Rev. 12:169-175; 1988.

Levin, E. D.; Rose, J. E.: Interactive effects of D, and D, agonists
with scopolamine on radial-arm maze performance. Pharmacol.
Biochem. Behav. 38:243-246; 1991.

Lydon, R. G.; Nakajima, S.: Differential effects of scopolamine
on working and reference memory depend upon level of training.
Pharmacol. Biochem. Behav. 43:645-650; 1992.

Okaichi, H.; Jarrard, L. E.: Scopolamine impairs performance of
a place and cue task in rats. Behav. Neural Biol. 35:319-325; 1982.
Okaichi, H.; Oshima, Y.; Jarrard, L. E.: Scopolamine impairs
both working and reference memory in rats: A replication and
extension. Pharmacol. Biochem. Behav. 34:599-602; 1989.

Peele, D. B.; Baron, S. P.: Effects of selection delays on radial
maze performance: Acquisition and effects of scopolamine. Phar-
macol. Biochem. Behav. 29:142-150; 1988.

Peele, D. B.; Baron, S. P.: Effects of scopolamine on repeated
acquisition of radial-arm maze performance by rats. J. Exp. Anal.
Behav. 49:275-290; 1988.

Russel, R. W.; Watson, R. H. J.; Frankenhaeuser, M.: Effects of
chronic reductions in brain cholinesterase activity on acquisition
and extinction of a conditioned avoidance response. Scand. J.
Psychol. 2:21-29; 1961.

Sherman, K. A.; Kuster, J. E.; Dean, R. L.; Bartus, R. T.; Fried-
man, E.: Presynaptic cholinergic mechanisms in the brain of aged
rats with memory impairments. Neurobiol. Aging 2:99-104; 1981.
Sitaram, N.; Weingartner, H.; Gillin, J. C.: Human serial learning:
Enhancement with arecholine and choline impairment with sco-
polamine. Science 211:274-276; 1978.

Snapper, A. G.; Inglis, G. B.: SKED-11 software system. Kalama-
zoo, MI: State Systems; 1985.

Watson, C. D.; Hewitt, M. J.; Fone, K. C. F.; Dickinson, S. L.;
Bennett, G. W.: Behavioural effects of scopolamine and the TRH
analogue RX77368 on radial arm maze performance in the rat. J.
Psychopharmacol. 8:88-93; 1994.

Watts, J.; Stevens, R.; Robinson, C.: Effects of scopolamine on
radial maze performance in rats. Physiol. Behav. 26:845-851; 1981.



