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tract Scopolamine, a muscarinic antagonist, impairs
emory performance in both humans and animals. In this
udy, repeated measurements of regional cerebral blood
g (rCBF) were made in normal volunteers whilst per-
bming auditory verbal memory tasks, before and after
administration of scopolamine (0.4 mg s.c.) or place-
Compared to placebo, scopolamine increased blood
in the lateral occipital cortex bilaterally and the left
tofrontal region. Scopolamine decreased rCBF in the
on of the right thalamus, the precuneus and the right
i left lateral premotor areas. Scopolamine attenuated
emory-task-induced increases of rCBF in the left and
pht prefrontal cortex and the right anterior cingulate re-
im. These data suggest that acute blockade of choliner-
it neurotransmission affects diverse brain areas, includ-

1z components of the visual and motor systems, and, in
adition, modulates memory task activations at distinct
wints in a distributed network for memory function.
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Introduction

Scopolamine (hyoscine hydrobromide) is a muscarinic
antagonist with central and peripheral actions (Ketchum
et al. 1973; Heller-Brown 1990). It has been extensively
investigated for its effects on higher cognitive processes
particularly memory and attention (see Collerton 1987;
Kopelman 1987 for reviews). In summary, scopolamine
impairs performance on memory tasks that exceed the
limited capacity of primary memory (Kopelman 1987).
Thus while digit, word and block span is unaffected, sco-
polamine impairs the performance on supraspan tasks
such as the recall of series of nine digits (Drachman and
Leavitt 1974) or the free recall of a supraspan word list
(Crow and Grove-White 1973). In keeping with effects
on secondary memory, scopolamine impairs performance
at the beginning and in the mid-portion of the serial posi-
tion curve but the recency effect is unimpaired (Crow
and Grove-White 1973). Despite these findings. it re-
mains a matter of continuing debate whether attentional
and or memory mechanisms are primarily impaired by
scopolamine (Kopelman 1987; Sahakian 1988).

A clearer understanding of scopolamine’s effect in the
CNS might be obtained by determining which brain ar-
eas are targeted, functionally, by scopolamine adminis-
tration in humans. Positron emission tomography (PET)
can be used to measure drug-induced changes in regional
cerebral blood flow (rCBF) or glucose utilization which,
under most circumstances, are valid indices of neuronal
activity in vivo (McCulloch 1982; Soncrant et al. 1986;
Raichle 1987: Posner et al. 1988). In addition, when a
pharmacological manipulation is combined with a psy-
chological challenge, sites of functional interaction be-
tween a drug and the rCBF change induced by a psycho-
logical task can be determined (Friston et al. 1992: Gras-
by et al. 1992). Using PET, we report the effects on
rCBF of a single subcutaneous dose of scopolamine
(0.4 mg) in normal volunteers whilst subjects performed
subspan and supraspan auditory-verbal memory tasks. A
supraspan-subspan memory activation paradigm was
chosen, as scopolamine impairs supraspan word list re-
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call (see above) and because the pattern of rCBF activa-
tions with this paradigm has been characterized previ-
ously (Grasby et al. 1993). Specifically, our aims were to
determine (1) the brain areas altered by scopolamine ad-
ministration, as indexed by changes in rCBF, and (2) the
brain sites of interaction between scopolamine and the
rCBF activations induced by a supraspan memory task.

Materials and methods
Subjects

Twelve right-handed male volunteers (age range 21-36 years) took
part in the study, which was approved by the local hospital ethics
committee and the Advisory Committee on the Administration of
Radioactive Substances (ARSAC), UK.

Drug administration

Each subject underwent six PET measurements of rCBF over a
90 min period. Two measurements of rCBF were undertaken be-
fore (r=-12 and -2 min), and four measurements aflter subcutane-
ous scopolamine (0.4 mg) or placebo (0.5 ml saline for injection)
(r=+15, +25, +55, +65 min for scopolamine; r=+20, +30, + 50,
+60 min for placebo). Scan times post scopolamine were chosen
on the basis of scopolamine kinetics and the time course of im-
pairment of memory function. Scopolamine is rapidly absorbed
following subcutancous injection and impairment of memory
function is usually seen within 30 to 60 min. The 5-min difference
in post-drug scan times between the placebo and scopolamine con-
ditions was because the placebo group was used as a data base for
comparison with other drug-memory interaction studies with
slightly different scanning times (see Grasby et al. 1992). Subjects
were blind to the drug administered. Six subjects received scopol-
amine and six received placebo.

Experimental design

The design of this experiment is illustrated in Fig. 1. Subjects per-
formed memory tasks during PET scanning. The tasks used were a
subspan memory task (M-) performed during the first, third and
fifth scans and a supraspan task (M+) during the second, fourth
and sixth scans. In the subspan lask. subjects were asked to re-
member and immediately verbally recall a series of five-word lists
presented auditorily. Nine different five-word lists were presented
over the 2 min of the PET scan. In the supraspan task, subjects
were required to remember and immediately verbally recall a 15-
word list presented auditorily. The [15-word list was presented
three times during the PET scan, thus the number of words heard
in both tasks was 45 i total (5x9, 15%3). The essential difference
between the subspan and supraspan tasks was taken to be the
greater engagement of long-term memory processes in the supra-
span condition (see Grasby et al. 1993). Words were presented at
the rate of one every 2 s. Different 15-word lists were used for
each PET scan. Words were high frequency, concrete. imageable
and were taken from the Oxford Psycholinguistic Data Base
(Quinlan 1992). Scopolamine or placebo was given after the sec-
ond scan. The subjects eyes were closed throughout scanning. The
total number of words correctly recalled from each subspan and
supraspan task was noted.

PET scanning
Scans were obtained using a CTI model 931-08/12 PET scanner

(CTI, Knoxville, Tenn., USA) (Spinks et al, 1988). Scans were re-
constructed using a Hanning filter with a cut-off frequency of 0.5

- 2
M M+
D- D-
DRUG
3 4
M- M +
D+ D
M - M+
/ D+ D+
COGNITIVE

I

Fig. 1 Experimental design. Each box represents a PET scan
1 to 6 (M- subspan memory task, M+ supraspan memory task;
no drug, D+ scopolamine or placebo) The main effect of the d
is given by the comparison [scans 3+4+5+6 minus scans 1+2].
main effect of the memory (supraspan) activation task is gi
the comparison [scan (2-1) + (4-3) + (6-5)]. The interacti
fect of drug with memory activation is given by the comp
[scan 2—1 ] compared to [scan (4-3) + (6-5)]

giving a transaxial resolution of 8.5 mm full width at half
mum (FWHM) and an axial resolution of 6.75 mm for each
transverse planes, with a resulting total field of view of 10,
in this direction. To index rCBF, subjects inhaled trace amo
'SC(]Z, mixed with air, at a concentration of 6 MBg/ml and
rate of 500 ml/min through a disposable oxygen face mask
period of 2 min. Two PET scans were collected over a pe
2.5 min beginning 0.5 min before the inhalation of '3CD, (b
ground scan duration (1.5 min, second scan duration 2 min) |
ed from Lammertsma et al. 1990). In this study, the 1
counts per pixel for the 2-min build-up phase of radioact
the brain during 1°C0, inhalation were used as an index of’
{Mazziota et al. 1985; Fox and Mintun 1989).

Measurement of side effects of scopolamine administration

Subjective stress and arousal were assessed on three oc
(r==15 min pre-scopolamine/placebo and r=+30 min, +
post-scopolamine/placebo) using a 24-item questionnaire
et al. 1978). In addition, subjects rated the symptom of dry
on a visual analogue scale (0="not at all”, 100="a great deal’

Data analysis

Each reconstructed rCBF scan consisting of 15 primary trar
planes was interpolated to 43 planes to render the voxels ap
mately cubic. For each subject, head movement betwee
was corrected by aligning all scans using automated image;
tration (AIR) software specfically developed for this po
(Woods et al. 1992). Images were then transformed into a stad
stereotactic space (Friston et al. 1989, 1991a). Such tra
tion of the data allows for pixel by pixel averaging of data
subjects. In the standard space, one voxel represents 2x2x4r
the x, v and z dimensions, respectively, allowing direct cross
ence to the anatomical features in a standard stereotactic atla
lairach and Tournoux 1988). A gaussian filter (20 mm
was applied to smooth each image to account for inter-sub
ferences in gyral and functional anatomy and to suppress hi
quency noise in the images.




Differences in global activity within and between subjects
tremoved by analysis of covariance (Wildt and Ahtola 1978)
i pixel by pixel basis with global counts as covariate and re-
il activity across subjects for each task as treatment. This pro-
i was undertaken as inter- and intra-subject differences in
il CBF reduce the likelihood of detecting alterations in rCBF
wing physiological stimulation (Friston et al. 1990). It should
noted that scopolamine and memory-induced changes in rCBF
esent relative increases or decreases of rCBF following the
imalization of global radioactive counts to a flow value of
ml/dl/min.
For each pixel, in stereotactic space, the analysis of covariance
WCOVA) generated six condition-specific (i.e., scans 1-6),
in rCBF equivalent values (normalized to 50 ml/dl/min) and an
wciated error variance. This error variance was computed inde-
ently for the placebo and scopolamine groups using a com-
ly randomized block design ANCOVA. The ANCOVA proce-
assumes that the magnitude of rCBF change following task
ion is additive rather than proportional to global flow. The
ental validity of the additive model has been shown by
sion et al. (1990) and Ramsay et al. (1993). Another assump-
i is that of no systematic change in the global covariate (global
activity counts) across conditions. This assumption was test-
d confirmed by analysis of variance (ANOVA) on the global
activity counts (F=1.04, df S, 30, P>0.05).

luistical comparisons

it changes of interest were:

The main effect of scopolamine compared to placebo (rCBF
tges due 1o scopolamine compared to placebo under both sub-
mand supraspan conditions).

(e main effect of the memory task (rCBF increases due to the
eraspan task compared to the subspan memory task). This effect
i determined using the group of subjects given placebo,

|The interaction effect of scopolamine on the memory task. that
fcopolamine-induced rCBF attenuations or augmentations of su-
wpan task rCBF increases. This represents the interaction:
gmory-induced rCBF activations (supraspan - subspan), pre-sco-
pamine versus post-scopolamine. To control for any non-specific
fruations or augmentations of supraspan rCBF activations, due
jime or placebo effects, the placebo group was similarly exam-
gl Qualitative comparisons between the attenuations and aug-
katations in the two groups were then made. To do this the same
iset of pixels (identified on the basis of supraspan rCBF in-
uses in the scopolamine group) was examined in the placebo
pup to identify possible time/placebo interaction effects.

 The above effects were computed on a pixel by pixel basis us-
g the ¢ statistic with the appropriate linear contrasts (Hand and
jlor 1991) and adjusted error variance. The resulting sets of ¢
fiaes constitute statistical parametric maps [SPM(1)] (Friston et
{1991b). With so many comparisons being made, many 7 values
teh conventional levels of significance by chance. Therefore a
fict threshold of P<0.001 per pixel was used to define the profile
scopolamine-induced rCBF changes compared to placebo. This
fshold has been found to protect against false positives (Bailey
il 1991). For the memory task comparison the same threshold
i also used.

Pixels significantly activated in the supraspan-subspan compar-
i in the scopolamine group at P<0.001 were further analyzed
o0 compuling the attenuating and angmenting cffect of scopol-
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amine or placebo in these pixels. The threshold for the attenuating
or augmenling effects of scopolamine or placebo on memory acti-
vation was set at P<0.05. Thus, the final probability of a main ef-
fect of memory activation and a drug-induced attenuation (aug-
mentation) of memory activation, occurring in the same pixel, is
the product of the probabilities P<0.001xP<0.05 (P<0.00005).

Image analysis was performed using SPM software (MRC
Cyclotron Unit, London, UK) on a SPARC | workstation (Sun
Microsystems, Surrey, UK) using an interactive image analysis
software package ANALYZE (Biodynamic Research Unit, Mayo
Clinic, USA; Robb 1990). Calculations and image matrix manipu-
lations were performed in PRO MATLAB (Mathworks, New York,
USA).

Results
Memory performance

Scopolamine had no effect on the number of words cor-
rectly recalled in the five-word list task; a high level of
performance was recorded throughout the study (97% or
above correct recall for all scans). A two-way ANOVA,
drug (2) xsupraspan task (3) showed a significant effect
of drug on supraspan task (F=3.568, df 2, P<0.05; Table
1). Scopolamine reduced the numbers of words correctly
recalled in the 15-word list task compared to placebo, an
effect most apparent in the second post-drug supraspan
trial, in which recall on the first, second and third presen-
tation of a 15-word list was impaired.

Sites of scopolamine-induced increases
of rCBF compared to placebo

Three foci of increased rCBF were observed. Two foci
were located in the left and right lateral occipital cortex
and one in the left inferior frontal region (Table 2, Fig. 2).

Sites of scopolamine-induced decreases
of rCBF compared to placebo

Decreases of rCBF were noted in the region of the right
thalamus, the precuneus and the right and left premotor
areas (Table 2, Fig. 3).

Sites of memory (supraspan)-induced increases
of rCBF in the placebo-treated group

Memory (supraspan-subspan) induced increases of rCBF
were noted in the left and right prefrontal cortex, the pre-

Iel Effect of scopolamine on memory performance. The values represent the number of words in the list correctly recalled
ganSD). (P Placebo, § scopolamine, /s1, 2nd, 3rd presentations of a single 15-word list)

| Pre-drug (scan 2)

Post-drug {scan 4)

Post-drug (scan 6)

b st 2nd 3rd lst

2nd 3rd Ist 2nd 3rd
7026 9.5«1.5 10.7«1.5 7.5+2.4 11.2£2.5 12.7£2.7 8.5+1.8 10.8+2.0 11.7£1.9
7.7+£2.2 10.0+2.0 11.5+2.1 6.33+1.5 10.5£2.4 11.67+2.3 6.3323.1 8.54£2.6 9.83%1.6
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Table 2 Co-ordinates of maximal significant change in rCBF:
scopolamine compared to placebo. Co-ordinales of the x, y and z
planes are in millimetres, from the atlas of Talairach and Tournoux
(1988). Z>3.09=P<0.001. (L Left, R right)

Brain region Co-ordinate Z value
X y 4
Increased rCBF
L lateral occipital cortex —32 -78 +0 3.63
R lateral occipital cortex  +26 88 -3 346
+20 —80 +12 3.80
L inferior frontal region =22 +28 ~4 3.36
Decreased rCBF
R thalamus +10 —20 +4 313
+18 ~18 +12 3.59
Precuneus ~14 42 +32 3.23
R premotor area +22 +2 +44 3.2%
+14 ~10 +52 4.22
L premotor area -24 +6 +52 37l

Fig. 2A—-C Scopolamine-induced mcreases of rCBFE. A Tranverse
images in the stereotactic space of Talairach and Tournoux (1988)
showing areas of significant increase in rCBF with scopolamine.

Numbers refer to millimetres above or below the anterior-posterior

commissure line. The coloured square at the bottom left of an im-
age represents a significance of P<0.001 for scopolamine-induced
increases of rCBF, compared to placebo. B The spatial distribution
of significant pixels at P<0.001 for scopolamine -induced increas-
es of rCBF, compared to placebo. Images are shown as integrated
projections through sagittal (a), coronal (b) and tranverse (c) views
of the brain (R right). C For illustrative purposes only, significant
pixels at P<0.001 have been rendered onto lateral views of the left
and right hemisphere taken from the Talairach and Tournoux at-
las

(A) transverse images

a

cuneus region, anterior cingulate and the right and left
premotor areas (Table 3, Fig. 4); a similar set of areas.
were activated with the supraspan task in the scopo
amine group (see Figs. 5, 6).

Sites of scopolamine- and/or placebo-induced attenuation
of supraspan increases of rCBF

Scopolamine attenuated supraspan-induced rCBF i
creases at four locations. These attenuations were local
ized to the left prefrontal cortex (predominantly the mi
dle frontal gyrus), the right prefrontal cortex (middle an
superior frontal gyri), a region bordering the right anter-
or cingulate and adjacent right prefrontal cortex (pre
dominantly middle frontal gyrus), and the left infer
lateral parietal region (predominantly BA 39/40) (Table:
3, Figs. 5, 7). Comparison of the attenuation foci show
that of the four locations identified above, the placeb
condition only attenuated supraspan activations in
left inferior parietal region (Fig. 5). Placebo was also &
sociated with attenuation of supraspan rCBF increases
the superior aspect of the left prefrontal region, but th
area was not congruent with the attenuations seen int
scopolamine group (see Fig. 5).

g

£ D

Sites of scopolamine- and/or placebo-induced T
augmentation of supraspan increases of rCBF i\
Scopolamine augmented supraspan-induced rCBF d
creases in the region of the right precuneus (Table i

(C) cortical rendering



(A) transverse images

—16mm

JA-C Scopolamine-induced decreases of rCBE. A Tranverse
:s in the stereotactic space of Talairach and Tournoux ( 1988)
ing areas of significant decrease of rCBF with scopolamine.
ers refer to millimetres above or below the anterior-posterior
ussure line. The coloured square at the bottom left of an im-
spresents a significance of P<0.001 for scopolamine -induced
ases of rCBF, compared to placebo. B The spatial distribu-
if significant pixels at P<0.001 for scopolamine -induced de-
:s of rCBF, compared to placebo. Tmages are shown as inte-
1 projections through sagittal (a), coronal (b) and tranverse
ews of the brain (R right). C For illustrative purposes only,
icant pixels at P<0.001 have been rendered onto lateral
of the left and right hemisphere taken from the Talairach
ournoux atlas

6). A similar focus of augmentation was seen in the
'bo condition in the region of the precuneus. Place-
ugmentations (in some cases extending over a few
verse planes only), were also noted in the right pre-
al cortex, right anterior cingulate region and the
and left lateral parietal regions (Fig. 6).

s, arousal and side effects
opolamine administration

:ct-rated levels of stress and arousal decreased dur-
1e time course of the PET study in both the scopol-
e- and placebo-treated groups — stress: placebo
to 14=2, scopolamine 22+10 to 17+9; arousal: pla-
-1£2 to —7+3, scopolamine 4+4 to —6+4 (mean+SD).
1e visual analogue scale, all the subjects treated with
lamine reported an increase in rating of dry mouth
scopolamine median score=15, post-scopolamine
an score=70).

{C) cortical rendering

341

Table 3 Co-ordinates for memory-induced rCBF increases, atten-
uation and augmentation with scopolamine. Co-ordinates of x, y
and z planes are in millimetres, from the atlas of Talairach and
Tournoux (1988). Z>3.09=P<0.001, Z>1.65=P<0.05. (ant. Anteri-
or, inf interior, L left, Lar, lateral, R right)

Brain region Co-ordinate Z value
X ¥ z
Supraspan activations in placebo group
L prefrontal cortex = +52 +0 38
-36 +18 +28 4.9
R prefrontal cortex +28 +54 —4 4.4
+34 +48 14 4.4
+32 +42 +20 4.5
Ant. cingulate +8 +18 +20 4.1
—18 +28 +20 4.4
Precuneus —18 -48 +32 4.9
-2 -58 +36 5.1
-16 —46 +36 49
+14 —60 +40 6.4
Lat. premotor areas —24 +12 +48 6.4
+20 +12 +48 5.3
Attenuation with scopolamine of supraspan activations
R ant cingulate/ +20 +30 +16 248
R prefrontal cortex region
R prefrontal cortex +20 +18 +40 3.07
L prefrontal cortex —38 +42 +4 3.02
-38 +24 +28 2.01
L inf parietal arca* —44 —62 +32 2.78
—40 —46 +44 2.58
(Placebo) (-38) (=70) (+28) (3.09)
Augmentation with scopolamine of supraspan activations
Precuneus™ +16 72 +44 2.49
(Placebo) (+0) (—60) (+48)  (2.28)

* Modulatory effect also seen in this area with the placebo group
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Discussion

In this study, scopolamine administration had regionally
selective effects on an index of relative rCBE. Scopol-
amine increased rCBF in the lateral occipital cortex and
the left orbitofrontal region and decreased rCBF in the
region of the right thalamus, the precuneus and the right
and left premotor areas. In addition, however, this study
showed that scopolamine acted also in other areas of the
brain, specifically modulating rCBF activations due to a
supraspan memory task.

Scopolamine-induced increases/decreases
of rCBF — correspondence with previous studies

The sites of scopolamine-induced changes of rCBF in
this study show some similarities with the changes in
regional cerebral glucose consumption following scopol-
amine administration (0.25 mg/m? i.v.) in normal volun-
teers (Blin et al. 1994). In the study by Blin and col-
leagues, increases of absolute glucose consumption were
noted in nearly all brain regions studied using a region of
interest analysis, with a global increase of glucose con-
sumption of 14%. The greatest increases in glucose con-
sumption (20-21%) were in the occipital, parietal asso-
ciation and hippocampal regions, whilst the thalamus
showed the smallest change (increase 5%). In our study,
using an index of rCBF that was normalized to global
flow, relative increases of rCBF were also located in the
occipital region and relative decreases were noted in the
thalamus. However, we did not detect relative increases
of rCBF in hippocampal and parietal association cortex

Fig. 4A-C Supraspan-induced increases of rCBF in the pla
group. A Tranverse images in the stereotactic space of T.
and Tournoux (1988) showing areas of significant increase
rCBF with the supraspan memory task. Numbers refer to mil
tres above or below the anterior-posterior commissure li
coloured square at the bottom left of an image represents a
cance of P<0.001 for supraspan-induced increases of rCBF, BT
spatial distribution of significant pixels at P<0.001 for supras
induced increases of rCBF. Images are shown as integrated pr
tions through sagittal (a), coronal (b) and tranverse (c) Views!
the brain (R right). C For illustrative purposes only, signi
pixels at P<0.001 have been rendered onto lateral and
views of the left and right hemisphere taken from the Tala
and Tournoux atlas

regions. Such discrepancies are not altogether surpris
given the different doses, routes and time of drug ad
istration, and possibly imaging methods and data ans
sis techniques. .

We are aware of one other study reporting €l
changes following scopolamine administration in
volunteers. Honer et al. (1988) measured rCBE
the xenon inhalation technique. Following scopols
7.3 pglkg i.v., global reductions in CBF were noted
25 min, the greatest reductions being in the fron
gions. The highest per cent reduction in rCBF (-
was reported over the superior posterior frontal 2
This area is in a similar location to the reductio
rCBF (normalized to global flow), localized to the
motor regions, in our study. The smallest reductior
rCBF in Honer’s study were reported for the occi
cortex (—11%), where we detected the greatest inc
in relative rCBF, normalized to global flow. Thus
study, using a different imaging method, shows a de
of correspondence with our results. Furthermore, out
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ts mirror the opposite effects seen with the anticholin-
erase inhibitor physostigmine. In rats, physostigmine
reases glucose metabolism in the anterior thalamus
1 decreases metabolism in the occipital and parietal
1ex (Ray et al. 1992; Blin et al. 1994). A trend for in-
ased thalamic metabolism has also been reported fol-
ying physostigmine administration in Alzheimer’s pa-
nts (Blin et al. 1994). Taken together, these results
juld suggest that functional activity (indexed by rCBF
glucose metabolism) in the occipital cortex and thala-
15 are particularly sensitive to the effects of manipula-
s of cholinergic neurotransmission in man.

larmacological mechanism
scopolamine-induced changes in rCBF

ther of two mechanisms might account for the ob-
med effects of scopolamine on rCBF; a direct effect of
opolamine on cerebral blood vessels or an effect of
gpolamine on neuronal firing, with consequent chang-
tin glucose metabolism and rCBE. Evidence for a di-
gt effect on cerebral vessels would be the fact that the
webral vasculature contains cholinergic fibres and mus-
inic receptors and that acetylcholine is vaso-active
lurnstock 1980; Edvinsson et al. 1993). If a direct ef-
it of scopolamine on the cerebral vasculature had oc-
pred in this experiment, a change of global CBF might
e been expected. Although we did not measure abso-
ie rCBF in this study (arterial cannulation was not per-
ﬁiﬂcd), we did not detect any changes in the global ra-
foactivity counts for subjects across scans (P<0.05,
INOVA, F=1.04, df 5, 30). More convincingly, highly

Fig. 5 Supraspan-memory-induced increases of rCBF and attenu-
ations with scopolamine/placebo. A Volume images in the stereo-
tactic space of Talairach and Tournoux (1988) showing areas of
significant increase of rCBF with the supraspan-subspan compari-
son in scopolamine-treated subjects at P<0.001. Images are shown
as integrated projections through sagittal (a), coronal (b) and
transverse (¢) views of the brain (R right). B Volume images in the
stereotactic space of Talairach and Tournoux showing arcas of
scopolamine-induced (upper set) or placebo-induced (lower set)
attenuation of rCBF increases in the supraspan-subspan compari-
son in A at P<0.05. C Scopolamine-induced (upper set) or place-
bo-induced (lower set) attenuation of rCBF increases in the supra-
span - subspan comparison in A at P<0.05. For illustrative pur-
poses only significant pixels have been rendered onto medial and
lateral views of the left and right hemisphere taken [rom the Ta-
lairach and Tournoux atlas

regionally selective effects of scopolamine on rCBF were
observed and included both increases and decreases of
rCBF and modulation of neurogenic (psychological task)
induced rCBF changes. It would appear unlikely that
such changes were the direct effect of regionally selec-
tive vasodilation and vasoconstriction of cerebral blood
vessels,

Scopolamine’s antagonist action at muscarinic recep-
tors results in the blockade of presynaptic and postsyn-
aptic muscarinic receptors (Bymaster et al. 1993). Acting
at the presynaptic autoreceptor on the cholinergic neu-
ron, scopolamine enhances acetylcholine release; howev-
er, overall muscarinic cholinergic neurotransmission is
likely to be blocked due to antagonism at the postsynap-
tic muscarinic receptor. The rCBF changes noted in this
study may therefore reflect the overall functional effects
of blockade of cholinergic (muscarinic) neurolransmis-
sion, However, this may be a oversimplification because



(1) increased presynaptic release of acetylcholine may
result in enhanced nicotinic neurotransmission, (2) mus-
carinic antagonists may increase dopamine release
(Dewey et al. 1993), (3) drug effects in vivo may reflect
actions on integrated neuronal circuits involving multiple
neurotransmitters (see McCulloch 1982).

Functional considerations of cholinergic modulation
of occipital, thalamic and premotor rCBF

The spatially restricted focus of rCBF activation in the
lateral occipital cortex was unexpected. The use of
smoothing filters at the stage of data analysis means that
the reported rCBF values in the pixel of maximum rCBF
change represent blood flow in a weighted spherical do-
main of about 20 mm diameter. Given the bilateral na-
ture of the activations, this would suggest that the area of
maximal rCBF change is located in the lateral rather than
medial aspect of the occipital cortex. Furthermore, visual
stimulation experiments using the imaging methods and
data analysis described above allow a clear separation of
medial and lateral occipital activations (Watson et al.
1993). These foci of activation are in the region of the
recently described human visual motion area V5 of the
lateral occipital cortex, although the mean spatial co-or-
dinates for V5 are slightly more lateral to the foci of
maximal change induced by scopolamine [left: V5 —44,
-70, 0 vs =32, 78, 0; right: V5 +40, —68, 0 vs +20, —80,
12; co-ordinates in x, y and z planes, respectively (Wat-
son et al. 1993)]. The ou,lpltal changes might relzate to
the reported transient impairment of OLllldI' accommoda-
tion, including blurred vision and mydriasis, that occurs

Fig. 6 Memory-induced increases of rCBF and augmenta
with scopolamine/placebo. A Volume images in the ste
space of Talairach and Tournoux (1988) showing areas of s
cant increase of rCBF with the supraspan-subspan compa
scopolamine-treated subjects at P<0.001. Images are shown
tegrated projections through sagittal (a), coronal (b) and trans
(¢) views of the brain (R right). B Volume images in the ster
tic space of Talairach and Tournoux showing areas of
amine-induced (upper set) or placebo-induced (lower sef)
mentation of rCBF increases in the supraspan-subspan com
in A at P<0.05. C Scopolamine-induced (upper set) or placeb
duced (lower set) augmentation of rCBF increases in the 8
span-subspan comparison in A. For illustrative purposes o
nificant pixels have been rendered onto medial and lateral ¥
the left and right hemisphere taken from the Talairach and’
noux atlas

with scopolamine. However, the subjects’ eyes i
closed throughout scanning, making this explanation
likely. Given the anatomical specificity of the
changes in the occipital cortex, we would predict:
scopolamine may have distinct effects on aspects of:
al processing. In this regard, it is interesting that scoj
amine prolongs the latency of the P2 and N3 compon
of flash-induced visual evoked responses (Bajalan et
1986); also, anticholinergics induce a state of dream
sleep (Heller-Brown 1990) and, in high doses, cause
sual hallucinations (Crowell and Ketchum 1967;
chum et al. 1973). In addition, during REM sleep, W
cholinergic neurotransmission is assumed to be operd
(btermde and McCarley 1990), glucose metabolismis
creased in the lateral occipital areas (Maquet et al.

The thalamus has a key role in the control and r
tion of cortical activity in both primates and man,
thalamocortical oscillations being postulated to de
mine states of sleep and arousal (Steriade et al, 48
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Bnin stem cholinergic systems are important for the
untrol of neuronal excitability during the sleep/wake cy-
B, and brain stem cholinergic neurones directly excite
fulamocortical neurones (Steriade and McCarley 1990) .
fbdulation of thalamic function might therefore have
Sased the observed changes of cortical activity in this
tndy, although more widespread alterations might have
"en expected as bilateral thalamic infarction results in
Bidespread reductions in cortical glucose metabolism
ron et al. 1986).

Blood flow in the lateral premotor area was reduced
scopolamine administration. The lateral premotor
s are implicated in movement control, particularly
e planning and selection of movement (Passingham
993). Anticholinergics, such as scopolamine, have
ld antiparkinsonian effects and can be used in the
atment of tremor and dystonia (Lang 1989; Cedar-
m and Schleifer 1990). Although anticholinergics
y act in Parkinson’s disease and other movement dis-
ers at the level of the basal ganglia (Calne 1978;
Leigh 1989; Kemel et al. 1992), the results presented
wre would suggest that the lateral premotor arcas

might be considered a site at which some of the clinical
effects of anticholinergics on motor symptoms might be
mediated.

Scopolamine-induced modulation
of supraspan increases of rCBF

The main effect of scopolamine on rCBE, as described
above, was to change rCBF in select brain areas such as
the lateral occipital cortex, thalamus and premotor ar-
eas. These main effects occurred under both the subspan
and supraspan conditions. Whilst any of these sites
might be a potential candidate region for the amnesic ef-
fect of scopolamine, the most direct evidence for the lo-
cation of scopolamine’s amensic effect was obtained by
the anatomical distribution of scopolamine/memory in-
teractions.

The increases of rCBF in the supraspan condition in
the placebo scans were as reported previously and illus-
trate that a network of anatomically distant areas are as-
sociated with supraspan memory activation (Grasby et
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al. 1993). A similar set of regions was activated in the
scopolamine group by the supraspan task (compare
Figs. 4 and 5). We chose the scopolamine supraspan ac-
tivations, defined by a subset of pixels in stereotactic
space, to examine the pattern of modulatory effects of
scopolamine on memory-related rCBF increases. Within
the network of regions so identified, scopolamine was
found to have modulatory (attenuating) effects in the
left and right prefrontal cortex, the right anterior cingu-
late region and the left inferior lateral parietal area and
augmenting effects in the precuneus (Figs. 5, 6). When
these same areas were examined in the placebo condi-
tion, only the left inferior lateral parietal and precuneus
showed similar modulations (Table 3, Figs. 5, 6). Thus,
scopolamine appears to selectively modulate left and
right prefrontal/right anterior cingulate memory activa-
tions (Fig. 7). These attenuating effects were also noted
when making a quantitative comparison between the
scopolamine and placebo groups (data not shown), al-
though the attenuation focus in the left prefrontal cortex
reached significance in a few pixels only. These attenu-
ating effects may represent the direct neural correlate of
scopolamine’s amnesic effect.

The exact role of prefrontal areas in mnemonic func-
tion remains a matter of continuing debate; thus, while
many aspects of mnemonic function remain intact in pa-
tients with prefrontal lesions, other subtle aspects of
memory function, such as judgements of item recency,
temporal order and the use of mnemonic strategies, may
be impaired (see Shimamura et al. 1991). Recent memo-
ry activation studies using PET suggest that the left and
right prefrontal cortex have distinct roles in episodic
memory function with the left prefrontal cortex being
involved in the processes of encoding and or the orga-
nization of material to be remembered, while the right
prefrontal cortex may be involved in the retrieval and or
verification of episodic memories (Shallice et al. 1994
Tulving et al. 1994). The data in this paper would sug-
gest that scopolamine’s amensic effect might be mediat-
ed via an action on those memory processes subserved
by the left and right prefrontal cortices.

A further possible site of scopolamine’s amnesic ef-
fects is the right anterior cingulate as attenuations of su-
praspan rCBF increases occurred in this region (Fig. 5).
The right anterior cingulate has been most clearly impli-
cated in attentional tasks (Pardo et al. 1990: Bench et al.
1993). Scopolamine is reported to impair performance
on attentional type tasks such as simple and choice reac-
tion time, digit checking, vigilance and sustained rapid
visual information processing (see Rusted 1994).The at-
tenuation of rCBF responses in this region would there-
fore suggest that one effect of scopolamine on memory
function is in part mediated through an action on attent-
ional mechanisms that involve the anterior cingulate
cortex.

We did not detect a cholinergic or memory task mod-
ulation of hippocampal rCBF in this experiment. This is
surprising given the strong cholinergic projections from
the basal forebrain to this structure (McGeer et al. 1987)

and the postulated role of the hippocampus in memory
function (Squire and Zola-Morgan 1991). However, thete.
is an often documented mismatch between the regional
receptor/terminal innervation density of neuronal sy

tems sensitive to a drug and drug effects on rCBEF (s
McCulloch 1982). Furthermore, the theoretical “sparse
ness” of hippocampal neuronal activation during memo-
ry encoding (Rolls and Treves 1990) may explain the
failure to detect hippocampal rCBF change during the
memory task. Alternatively, or additionally, the memory
tasks chosen (subspan and supraspan) may not be suffi
ciently sensitive to produce a differential activation o
the hippocampus in the supraspan task.

Altogether, scopolamine attenuated memory activa
tions in a small number of functionally distinct br
areas. It appears, therefore, that cholinergic neurotran
mission modulates a memory network at more than one
point. As each point of this memory network is unlikef
to be equipotential, in terms of the memory processes
subserved (Shallice et al. 1994), it is possible that sco-
polamine acts to influence a number of discrete func
tions, including organizational, verification and attentio
nal mechanisms, that are operative together during mem
ory processing.

—
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