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Muscarinic Versus Nicotinic Modulation of a 
Visual Task: A PET Study Using Drug Probes

 

Marc J. Mentis, M.D., Trey Sunderland, M.D., Jennifer Lai, B.S., Catherine Connolly, M.D., 
Jack Krasuski, M.D., Barbara Levine, M.D., Judy Friz, M.A., Sandeep Sobti, M.D.,

 

Mark Schapiro, M.D., and Stanley I. Rapoport, M.D.

 

Little is known about acetylcholine (ACh) modulation of 
central visual processing in humans. Receptor densities in 
visual brain regions are differentially distributed suggesting 
that receptor subtypes have different functions. Using PET, 
we have previously described the brain regions activated by a 
simple pattern-flash stimulus in healthy elderly subjects. To 
evaluate muscarinic and nicotinic contributions to ACh 
modulation of visual processing, we scanned elderly subjects 
watching the pattern-flash stimulus during no drug, during 
physostigmine augmentation, and during scopolamine 
antagonism of physostigmine’s action. These manipulations 
of ACh significantly altered regional cerebral blood flow 
(rCBF) in brain regions activated by the task. The pattern of 
rCBF values across drug conditions suggested that 

muscarinic and nicotinic effects were dissociated. 
Muscarinic action predominated in striate cortex 
(Brodmann Area, BA 17) and lateral visual association areas 
(BA 18, 19), while nicotinic action predominated in the 
thalamus and inferior parietal regions (BA 39/40). Both 
muscarinic and nicotinic actions increased rCBF in some 
regions while decreasing it in others. A parsimonious 
reconciliation of these results with functional anatomy 
suggests that muscarinic action modulates visual attribute 
processing, while nicotinic action modulates arousal and 
selective attention to the visual task. 

 

[Neuropsychopharmacology 25:555–564, 2001]
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There is evidence that acetylcholine (ACh) is an impor-
tant modulator of visual processing in vertebrates (Sil-
lito and Kemp 1983; McCormick and Prince 1985;
Sato et al. 1987a; London et al. 1988; Muller and

Singer 1989; Barefoot et al. 2000). In humans, several
studies have suggested that cholinergic modulation oc-
curs within visual brain regions (Grasby et al. 1995;
Bahro et al. 1999; Rosier et al. 1999). However, the rela-
tive contribution of muscarinic and nicotinic action to
cholinergic modulation of visual processing on a region-
by-region basis remains unknown. Such information
would be useful for targeting cholinergic therapy in
neurodegenerative disorders, especially those involv-
ing dysfunction in visual and visuo-associative systems.

Visual processing is hierarchical within distributed
networks in monkeys (Livingstone and Hubel 1987;
Desimone and Ungerleider 1989; Felleman and Van Es-
sen 1991) and in man (Grady et al. 1990). After synaps-
ing in lateral geniculate nucleus, visual impulses from
the retina pass back to striate cortex where simple vi-
sual attributes are processed. More complex attributes
are processed in progressively distal visual areas from
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occipital through parietal and temporal to frontal corti-
ces (hierarchical). A rich cortical-subcortical loop is
present between parieto-occipito-temporal association
areas and the pulvinar region of the thalamus. Posi-
tional attributes of vision are processed in the dorsal oc-
cipito-parietal cortex, while form attributes are pro-
cessed in the ventral occipito-temporal cortex. These
two information streams constitute the two major dis-
tributed systems.

Ascending cholinergic pathways may serve an im-
portant role in modulating visual information process-
ing. The anatomy of the cholinergic system in humans
is complex, and is organized such that brain regions/
functions can be differentially modulated. Subcortical
clusters of cholinergic nuclei in the basal forebrain
(Ch1–4) and brainstem (Ch5–6) project topographically
throughout the brain (for references see reviews:
Fibiger and Vincent 1987; Geula and Mesulam 1994).
Thus, Ch5 can influence pre-cortical (lateral geniculate
nucleus) and cortical (via pulvinar) visual processing,
whereas Ch4am and Ch4id subnuclei by projecting to
lateral and medial parieto-occipital areas respectively,
can have different effects on cortical visual processing.
Further, cholinergic receptors are divided into five sub-
types of muscarinic receptor (Kubo et al. 1986) and
many subtypes of nicotinic receptor (Lukas et al. 1999).
While autoradiographic, 

 

in situ

 

 hybridization and im-
munocytochemistry methods all identify abundant
muscarinic and nicotinic receptors in brain regions re-
sponsible for visual processing, topographic detail of
receptor density and position differs somewhat among
the methods (for references see reviews: Clarke 1993;
Court and Perry 1995; Martinez-Murillo and Rodrigo
1995; Robner and Schliebs 1995). A consistent finding,
however, is that receptor density in visual brain regions
and in brain layers within regions, the synaptic position
of receptors, and the nature of receptor target neurons
varies greatly among cholinergic receptor subtypes. As
these characteristics are indicators of receptor function,
it is likely that cholinergic receptor subtypes have dif-
ferent roles in modulating visual processing in man. An
observation important for this study is that muscarinic
receptors, particularly type 1, have high densities in
cortical visual regions, whereas nicotinic receptors have
high densities in subcortical visual areas.

The idea of differential cholinergic modulation has
been studied, primarily in animals, by manipulating
ACh with drugs or lesions and recording the effects on
brain function in various ways. Nicotinic action en-
hanced cerebral glucose utilization in subcortical brain
regions associated with visual processing in a drug au-
toradiographic study of rats (London et al. 1988). In
contrast, muscarinic action had differential effects on
neural function in the striate cortex of cats during optic
stimulation in single unit studies using iontophoretic
application of drugs (Sillito and Kemp 1983; McCor-

mick and Prince 1985; Sillito et al. 1985; Sato et al.
1987a,b; Muller and Singer 1989). These studies also
demonstrated that iontophoretic application of ACh
onto exposed brain changed firing rates of cortical vi-
sual neurons 

 

only

 

 during optic nerve stimulation, while
no modulation of neuronal firing occurred in the ab-
sence of visual stimulation. This is an important charac-
teristic of ACh; it can function as a neuromodulator
rather than as a primary neurotransmitter. This concept
is supported by Barefoot et al. (Barefoot et al. 2000) who
in a series of experiments involving various combina-
tions of basal forebrain and inferior temporal lobe le-
sions in monkeys, concluded that the impaired visual
discrimination caused by cholinergic insult resulted
from withdrawal of cholinergic support for visual pro-
cessing performed by the target cortical area.

In previous H

 

2
15

 

O PET studies in humans, we have
characterized changes in brain function associated with
a simple pattern-flash stimulus from striate through
frontal cortex (Mentis et al. 1996a; Mentis et al. 1997;
Mentis et al. 1998). In the present study, we extended
these findings by evaluating how pharmacological ma-
nipulation of ACh modulated function in these brain
regions. We recorded the rCBF response to pattern-
flash stimulation under three conditions: (1) without
drug, (2) during augmentation of muscarinic and nico-
tinic function by the anticholinesterase physostigmine,
(3) during muscarinic antagonism of physostigmine’s
action by scopolamine. The pattern of blood flow val-
ues across the three drug levels was used to determine
whether ACh modulation of visual processing had a
significant muscarinic and/or nicotinic component on a
region-by-region basis.

 

MATERIALS AND METHODS

Subjects

 

Written consent was obtained in nineteen healthy sub-
jects (7 males and 12 females, mean age 64 years 

 

�

 

 9 SD)
who agreed to participate in a protocol to evaluate rCBF
changes with Positron Emission Tomography (PET) dur-
ing visual stimulation with and without physostigmine
and scopolamine. All nineteen subjects had NO-DRUG
and PHYSO (physostigmine plus glycopyrrolate) PET
scans. In addition, ten of these subjects (4 males and 6 fe-
males, mean age 60 years 

 

�

 

 9 SD) had a PHYSO

 

�

 

SCOP
(physostigmine plus scopolamine) PET scan.

No subject had a significant medical disorder, as de-
termined by history, physical examination, chest X-ray,
EKG, magnetic resonance imaging, and laboratory tests
(complete blood count, sedimentation rate, electrolytes,
glucose, blood urea nitrogen, creatinine, liver-associated
enzymes, cholesterol, triglycerides, antinuclear antibod-
ies, VDRL, HIV, serum B12, folate, thyroid function and
urinalysis). No subject had a visual abnormality as as-
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sessed by history and examination (opthalmoscopy, pu-
pillary function, extraocular movement, acuity charts, and
field integrity determined by confrontation response),
asthma, acute-angle glaucoma or prostatic hypertrophy.

 

Pattern-Flash Stimulus

 

During each scan, a flashing stimulus was adminis-
tered alternately to each eye at a single frequency by a
pair of goggles (model S10VS B, Grass Instrument Co.,
Quincy, MA.) taped to a thermoplastic facemask. One
of five frequencies (0, 1, 4, 7, or 14 Hz) was adminis-
tered during each scan. Stimulus characteristics, rCBF
responses, and subjective percepts in healthy subjects
have been presented in detail (Mentis et al. 1997).
Briefly, goggles that contained a 6 by 5 rectilinear grid
(1.52 cm by 1.27 cm) delivered a stimulus from 30
monochromatic red light-emitting diodes (LED), mean
peak 655 nm, imbedded into each eyepiece. The grids
subtended an arc of illumination of about 50

 

�

 

, were
flashed alternately into left and right eyes, and the
number of flashes presented to one eye per second was
taken as the flash-frequency in Hz. Flash-frequency was
varied by changing the duration of the interval between
flashes. Flash duration was fixed at 5 msec. Luminous
intensity of each flash remained constant at 3.6 mcd;
therefore, as flash frequency increased so did luminous
intensity per unit time.

 

PET Scans

 

A positron emission tomograph (model PC2048-15B,
Scanditronix, Uppsala, Sweden) that has reconstructed
transverse and axial resolutions of 6.5 mm, was used to
measure rCBF using H

 

2
15

 

O. To correct for photon attenu-
ation by skull and cerebral tissue, a transmission scan was
obtained during rotation of a 

 

68

 

germanium/

 

68

 

gallium
source around the subject’s head. Head movement was
minimized during and between scans with a thermo-
plastic mask molded to each subject’s head and attached
to the scanner bed. Thirty mCi H

 

2
15

 

O was injected intra-
venously as a bolus, and during the next four minutes
data were collected simultaneously in 15 planes spaced
6.5 mm apart and parallel to the inferior orbital-meatal
line. Sixteen images were obtained, twelve 10-second
images followed by four 30-second images. Automatic
arterial blood sampling with an indwelling catheter
was initiated at the time of injection and was continued
throughout the scanning period. Data from the 16 im-
ages and the arterial time-activity curve were used to
reconstruct the set of 15 slices composing each scan.
rCBF was calculated using a rapid least squares method
(Holden et al. 1981; Carson et al. 1987).

All subjects had arterial lines inserted for absolute
quantification of CBF. Three scan sessions, NO-DRUG,
PHYSO, and PHYSO

 

�

 

SCOP, were performed on a sin-

gle day. During the first scan session (5 scans), no drug
was administered (NO-DRUG), and for the duration of
each scan within the session the subject kept his/her
eyes open and watched the pattern-flash stimulus at
one of five frequencies (0, 1, 4, 7 or 14 Hz). Over the five
scans within a session each frequency was presented
once. The presentation of pattern-flash frequency was
randomized and counterbalanced across subjects. Dur-
ing the second scan session (5 scans), physostigmine
and glycopyrrolate were infused (PHYSO), and the
same five pattern-flash frequencies were presented but
in a different randomized order from the first scan ses-
sion. The order was counterbalanced across patients.
During the third scan session (3 scans), scopolamine
and physostigmine were infused (PHYSO

 

�

 

SCOP), and
the subject watched one of 0, 7, or 14 Hz flash frequen-
cies during each scan. A Buschke selective reminding
task (Buschke and Fuld 1974) was performed before
scopolamine administration (baseline value) and was
repeated after completion of the third PHYSO

 

�

 

SCOP
scan, to document the effect of PHYSO

 

�

 

SCOP on
memory performance at the time of PET.

 

Drug Administration

 

Scopolamine Dose-finding Day.

 

On the dose-finding
day the administration of physostigmine, glycopyrro-
late, and Buschke selective reminding tests was identi-
cal to that on the PET scan day (see below). The starting
dose for scopolamine was 0.5 mg infused intravenously
over 1 minute. If 0.5 mg scopolamine failed to reduce
the Buschke score by greater than 25%, the scopolamine
dose-finding day was repeated every three days while
increasing the scopolamine doses each day until the de-
sired memory impairment was reached, or drug side ef-
fects halted the study. Only two subjects required more
than 0.5 mg and none received more than 0.75mg.

 

Scan Day.

 

After completion of the NO-DRUG PET
scan session, 0.2 mg glycopyrrolate, an antimuscarinic
agent that does not cross the blood-brain-barrier, was
given intravenously over one minute to prevent periph-
eral physostigmine side-effects. Then a physostigmine
loading infusion of 1.93 mg/hr intravenously was given
for 10 minutes, followed by a maintenance physostig-
mine intravenous infusion of 0.816 mg/hr. The five
PHYSO scans were performed during the maintenance
physostigmine infusion. The maintenance infusion was
stopped after completion of the fifth PHYSO scan. The
physostigmine infusion and maintenance rates were cal-
culated using pharmacokinetic data generated on pa-
tients in our laboratory. There was a 2 to 4 hour break
between the second and third scan sessions to allow for
glycopyrrolate metabolism, so that peripheral anti-mus-
carinic side-effects from subsequent scopolamine infu-
sion in scan session 3 might be minimized.
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Before starting the PHYSO

 

�

 

SCOP scan session, a
baseline Buschke selective reminding task was per-
formed. Then an individually determined dose of sco-
polamine (see above) was given intravenously over one
minute. Immediately thereafter, the same physostigmine
loading and maintenance regimen as given in the PHYSO
scan session was administered. The first PHYSO

 

�

 

SCOP
scan was started 30 minutes after the scopolamine infu-
sion, to allow for central muscarinic blockade, and the
physostigmine maintenance was terminated in a step-
wise fashion after the third PHYSO

 

�

 

SCOP scan. Imme-
diately after completion of the third PHYSO

 

�

 

SCOP
scan, the second Buschke selective reminding task was
administered.

 

Drug Order Effects.

 

We controlled for pattern-flash or-
der effects by randomizing and counterbalancing the or-
der of stimulus presentation. However, for safety rea-
sons, we did not control for the order of presentation of
the three drug conditions: no-drug first, physo second,
and scop

 

�

 

physo third. Arterial lines were essential to
evaluate any drug-induced absolute global CBF change
that, if present, would have had profound statistical im-
plications. All scan sessions needed to be on the same
day, as we were not prepared to insert multiple arterial
lines for this study. Further, the long duration of scopo-
lamine effects required that it be administered last, and
administering PHYSO before NO-DRUG would have
required a between PET-session delay resulting in an
unacceptably long total scan time. The third scan session
(PHYSO

 

�

 

SCOP) consisted of only three of the five con-
ditions (0, 7, 14 Hz) to avoid exceeding radiation safety
limits. During all scan sessions subjects had continuous
pulse, blood pressure, EKG and pO2 monitoring.

 

Data Analysis

 

Data Transformation Prior to Statistical Analysis.

 

There was no difference in mean absolute CBF
among the NO-DRUG, PHYSO, or PHYSO

 

�

 

SCOP con-
ditions. That is, we observed no direct vascular effect of
drug sufficient to result in a significant mean CBF differ-
ence between drug conditions. Global CBF for each scan
was the mean rCBF value across a cumulative brain-
mask of voxels that included most gray and white mat-
ter from –20 mm through 

 

�

 

56 mm relative to the ante-
rior-posterior commissure line. Individual brain-masks
were generated by finding those voxels with rCBF val-
ues 

 

�

 

33% of the maximal rCBF value for the scan. The
cumulative brain-mask consisted of only those voxels
present in all individual brain-masks. To reduce effects
of differences in global CBF between subjects and
within-subject between conditions, rCBF at each voxel
was normalized to whole-brain CBF (rCBF at each voxel
was divided by the global CBF of the scan from which it

was derived); results were then multiplied by the mean
of all scan CBF values across all subjects and all drug
conditions. This procedure provided standardized val-
ues of rCBF in units ml/100g/min (Mentis et al.
1996a,b). Images were registered, stereotaxically nor-
malized into a standardized space (Talairach and
Tournoux 1988), and smoothed by 15 mm by 15 mm by
10 mm in the X, Y, and Z axes (X 

 

�

 

 left/right, Y 

 

�

 

 poste-
rior/anterior, and Z 

 

�

 

 inferior/superior) using Auto-
mated Image Registration (AIR) (Woods et al. 1998).

 

Statistical Analysis.

 

Repeated measures Analyses of
Variance (ANOVA) comparisons were performed on
each brain voxel with a C language program written by
one of the investigators (MM) that used standard statis-
tical formulae (Winer et al. 1991). To identify brain vox-
els where the pattern-flash stimulus caused changes in
rCBF in the absence of drug, a 1-factor ANOVA with
flash-frequency as the repeated measure was per-
formed on 19 subjects in the NO-DRUG condition.
Compared to NO-DRUG, the PHYSO effect on rCBF
was analyzed in 19 subjects, across five pattern-flash
conditions, using a 2-factor (PHYSO, pattern-flash) 5-
level repeated measures (0, 1, 4, 7, 14 Hz) ANOVA. All
three drug conditions were analyzed in 10 subjects us-
ing a 2-factor repeated measures ANOVA consisting of
a 3-level drug-condition NO DRUG, PHYSO, and
PHYSO

 

�

 

SCOP), and a 3-level repeated measures pat-
tern-flash factor (0, 7, and 14 Hz). Simple effects were
analyzed using Newman-Keuls 

 

post hoc

 

 tests.
The F scores from the ANOVAs on each brain voxel

were converted to Z score maps (Paulson 1942; Federi-
ghi 1959). Z scores for significant pattern-flash or drug
main effects were thresholded at Z 

 

�

 

 2.33. Clusters of
statistically significant voxels whose extent exceeded a

 

p

 

 

 

�

 

 .05 2-tailed probability, corrected for multiple com-
parisons, were identified using the NIH Functional Im-
aging Data Analysis Platform (FIDAP, written by Dr. J
Maisog) based on the algorithms used in Statistical
Parametric Mapping (Friston et al. 1994). In Table 1,
rCBF during NO-DRUG, PHYSO, and PHYSO

 

�

 

SCOP
are presented for representative local maxima from re-
gions identified by the various ANOVA main effects.
(A local maximum is that voxel within the statistically
significant region that has the highest Z score within a
radius of 12 voxels along the x, y and z axes.) Signifi-
cant 

 

post hoc

 

 simple effects according to Newman-Keuls
test are indicated. A pictorial overview illustrating the
anatomic extent of these results is presented in Figure 1.
The multiple-comparison corrected Z maps from the
different ANOVAs were superimposed on a structural
MRI scan that had been placed into Talairach space.
Voxels with a significant main effect were color coded
to demonstrate informative simple effects. Simple ef-
fects for the pictorial display (Figure 1) were deter-
mined using 

 

post-hoc

 

 t tests, not Newman-Keuls tests.
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RESULTS

Neuropsychological Results

 

Mean scores for the Buschke selective reminding task
acquired immediately after the PHYSO

 

�

 

SCOP scan
session were 40.5% 

 

�

 

 13.4 lower than values acquired
at baseline just prior to scopolamine administration
(mean 

 

�

 

 SD, t(9) 

 

�

 

 10.3, 

 

p

 

 

 

�

 

 .001).

 

Regional Cerebral Blood Flow Results

 

Absolute global CBF (“raw” values of blood flow as-
sessed prior to normalization or other data manipulation
procedures) was no different between groups across
drug conditions (

 

p

 

 

 

�

 

 .6, data not shown), illustrating that
drug administration did not have a direct vascular effect
of sufficient magnitude to alter global CBF.

Table 1 shows rCBF values during NO-DRUG,
PHYSO, and PHYSO

 

�

 

SCOP at local maxima of brain
regions with a significant main effect of drug. We checked
that each local maximum also had a significant rCBF re-
sponse to the pattern-flash stimulus in the absence of
drug, supporting the concept that ACh is a neuromodu-
lator of target neural activity (see Introduction). Physos-
tigmine administration (PHYSO) augments acetylcho-
line action present during the NO-DRUG (endogenous)
condition. This could be muscarinic action, nicotinic action
or both depending on receptor concentrations. PHYSO

 

�

 

SCOP antagonizes the action of PHYSO by blocking
muscarinic but not nicotinic receptors. Antagonism of
muscarinic action by scopolamine occurs with approxi-
mately equal effect across M1 and M2 receptors (Wat-
son et al. 1984); the more numerous of the muscarinic
receptors.

In striate cortex (BA 17), physostigmine administra-
tion did not change rCBF compared to NO-DRUG,
while scopolamine antagonism (PHYSO

 

�

 

SCOP) signif-
icantly reduced rCBF compared to both PHYSO and
NO-DRUG conditions (Table 1). A parsimonious expla-

nation for the observation that scopolamine antagonism
reduced rCBF compared to NO-DRUG might be an en-
dogenous muscarinic effect increasing rCBF. However,
the failure of PHYSO to augment this endogenous ef-
fect suggests that it was already saturated in the NO-
DRUG condition. In middle occipital gyrus (BA 19)
physostigmine activation significantly reduced rCBF,
and muscarinic antagonism of this physostigmine ac-
tion significantly increased rCBF above both PHYSO
and NO-DRUG levels (Table 1). This pattern of rCBF re-
sponses is consistent with an endogenous muscarinic
effect decreasing rCBF. In inferior parietal lobule (39/
40) physostigmine significantly reduced rCBF com-
pared to NO-DRUG (Table 1). Scopolamine antagonism
failed to reverse this effect suggesting that physostig-
mine augmented an endogenous nicotinic effect reduc-
ing rCBF. Further, scopolamine antagonism reduced
rCBF levels compared to PHYSO, suggesting that in ad-
dition to the endogenous nicotinic effect reducing rCBF,
there was a smaller endogenous muscarinic effect in-
creasing rCBF in inferior parietal lobule. In thalamus,
physostigmine activation significantly increased rCBF,
while scopolamine antagonism reduced rCBF to a value
between NO-DRUG and PHYSO that was not signifi-
cantly different from either (Table 1). Endogenous nico-
tinic activity increasing rCBF is compatible with this
pattern of rCBF responses. Figure 1 is a pictorial sum-
mary of these results through three axial slices.

 

Drug Effects and Side-effects

 

Both physostigmine and scopolamine drug regimens
were well tolerated. During PHYSO, there was an aver-
age increase in pulse of five beats per minute and an av-
erage increase in blood pressure of 5–10 mm Hg, most
likely due to glycopyrrolate. Two subjects reported mild
nausea while being returned to the ward after the tenth
scan was completed. The nausea resolved and vital signs
were back to baseline within 20–30 min after stopping

 

Table 1.

 

Regional Blood Flow During NO-DRUG, PHYSO, and PHYSO

 

�

 

SCOP in Brain Regions with Significant Response 
to Pattern Flash Stimulus. Values Are Means 

 

�

 

 S.E. at Local Maxima

 

Brain Region Coords
Effect of Pattern-Flash
(during NO-DRUG)

Scaled Local Blood Flow (ml/100g/min)

Group Size NO-DRUG PHYSO PHYSO

 

�

 

SCOP

 

Striate Cortex

 

�

 

6–94 0 n 

 

�

 

 10 55.1 

 

�

 

 1.1 55.1 

 

�

 

 1.2 52.7 

 

�

 

 1.5

 

b,c

 

(BA 17)

 

�

 

6–90 0

 

p

 

 

 

�

 

 .001 n 

 

�

 

 19 55.0 

 

�

 

 0.6 55.1 

 

�

 

 0.7
Occipital Cortex 26–88 16 n 

 

�

 

 10 40.8 

 

�

 

 1.0 39.5 

 

�

 

 0.8

 

b

 

41.6 

 

�

 

 0.9

 

b,c

 

(BA 19) 39–90 16

 

p

 

 

 

�

 

 .001 n 

 

�

 

 19 43.1 

 

�

 

 0.4 41.7 

 

�

 

 0.4

 

a

 

Inferior Parietal 54–48 24 n 

 

�

 

 10 48.4 � 0.9 47.3 � 0.6b 46.0 � 0.9b,c

(BA 39/40) 54–38 24 p � .01 n � 19 48.8 � 0.3 47.8 � 0.4a

Thalamus 6–22 4 n � 10 46.2 � 0.6 48.5 � 0.9b 47.3 � 1.0
�18–18 0 p � .01 n � 19 44.6 � 0.2 46.6 � 0.3a

aSignificant difference from NO-DRUG, p � .01. (According to 2-factor ANOVA drug main effect.)
bSignificant difference from NO-DRUG, p � .05. (According to 2-factor ANOVA and Newman-Keuls test.)
cSignificant antagonism of physostigmine effect by scopolamine, p � .05. (According to 2-factor ANOVA and Newman-Keuls test.)
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the physostigmine infusion. During PHYSO�SCOP
there was an immediate increase in pulse by 15 to 30
beats per minute, and an increase in blood pressure by 10
to 20 mm Hg. The pulse returned slowly to baseline over
about 1 to 2 hours while blood pressure normalized over
10 to 15 minutes. The study was aborted in the dose-find-
ing stage in two subjects; a male with unrecognized pros-
tatic hypertrophy developed acute reversible urinary re-
tention after scopolamine administration, and a female
developed nausea and vomiting after a few minutes of
physostigmine maintenance infusion.

DISCUSSION

These results support the notion that as in other ver-
tebrates, ACh is an important modulator of visual pro-
cessing in humans. As might be expected from the to-
pographic specificity of cholinergic projections, and the
differential distribution of cholinergic receptors, our re-
sults suggest that endogenous ACh has differing effects
on function in brain regions activated by a pattern flash
stimulus. Using a 3-level drug design (NO-DRUG,
PHYSO, PHYSO�SCOP) and PET allowed us to de-

Figure 1. Drug Modulation of rCBF Response to Pattern-flash Stimulus. Z maps of various main effects have been color
coded to illustrate simple effects. Z scores represent the size of the main effect not the various simple effects. a Main effect of
pattern flash during NO-DRUG (n � 19) color-coded to show those voxels with increasing (red-scale) and decreasing (blue-
scale) rCBF as flash-frequency increased. b Main effect of PHYSO (n � 19) color-coded to show those voxels where rCBF dur-
ing PHYSO was greater (red-scale) and less than (blue-scale) NO-DRUG. c Main effect of drug across NO-DRUG, PHYSO,
and PHYSO�SCOP (n � 10) color-coded to show those voxels where PHYSO�SCOP was greater (red-scale) and less than
(blue-scale) PHYSO or NO-DRUG. Axial slices 4, 8 and 24 mm above the Anterior-Posterior commissure line. rCBF, regional
cerebral blood flow. PHYSO, physostigmine plus glycopyrrolate administration. PHYSO�SCOP, scopolamine plus physos-
tigmine administration. The effects of drug (bottom two rows) occurred primarily in regions activated by the pattern-flash
stimulus (top row). In striate cortex (ST) physostigmine activation had no effect on rCBF compared to NO-DRUG (middle
row), while scopolamine antagonism reduced rCBF to levels significantly below PHYSO and NO-DRUG (bottom row). In
lateral visual association areas (LVA) physostigmine activation significantly reduced rCBF compared to NO-DRUG (middle
row), while scopolamine antagonism of physostigmine effect increased rCBF significantly compared to PHYSO and NO-
DRUG (bottom row). In inferior parietal cortex (IP) physostigmine activation significantly reduced rCBF compared to NO-
DRUG (middle row), and scopolamine antagonism significantly reduced rCBF further (bottom row). In thalamus (TH) phy-
sostigmine activation significantly increased rCBF (middle row), but muscarinic antagonism failed to alter rCBF (bottom
row). Scopolamine reduced rCBF to a level below PHYSO and above NO-DRUG but not significantly different from either.
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velop evidence to determine whether cholinergically-
induced rCBF changes in a particular brain region were
composed of relative muscarinic activity, nicotinic ac-
tivity, or both. Specifically, we found that ACh modula-
tion in striate cortex (BA 17) and lateral visual associa-
tion cortex (BA 18, 19) appeared to have a significant
muscarinic action, while ACh modulation in inferior
parietal lobule and thalamus appeared to have a signifi-
cant nicotinic action. Further, both muscarinic and nico-
tinic activity had the effect of increasing rCBF in one re-
gion while decreasing it in another.

Using arterial lines to calculate absolute levels of
blood flow, we have previously described rCBF re-
sponses to the pattern-flash stimulus from striate
through frontal cortices in healthy elderly subjects in
the absence of drug administration (Mentis et al. 1997).
In this study we have confirmed our previous findings
that during NO DRUG, the largest rCBF response to the
pattern-flash stimulus (35% of global mean) occurred in
striate cortex with smaller responses in bilateral visual
association areas (increased rCBF), inferior parietal lob-
ule (decreased rCBF), thalamus (decreased rCBF) and
frontal lobes (decreased rCBF).

Regions with a Significant Muscarinic Effect: 
Striate Cortex (BA 17) and Lateral Visual
Association Areas (BA 18, 19)

Blood flow change observed during PET represent net
change primarily in synaptic activity (review: Jeuptner
and Weiller 1995). Clearly, synaptic activity can be in-
creased in a given brain region by facilitating activity in a
distal neuron that projects into the region, or facilitating
activity in an interneuron that projects to other layers
within the region. Either facilitatory or inhibitory post-
synaptic effects of these two neurons will increase synap-
tic activity and rCBF in the region. Synaptic activity within
a region can be decreased by inhibiting or reducing the fir-
ing rate of a distal neuron that projects into the region.

In single cell experiments in cats using iontophoretic
physostigmine, scopolamine, and a drug to inhibit GABA
function, a prominent muscarinic effect was found in 80%
of neurons in striate cortex during optic nerve stimula-
tion. Direct muscarinic facilitation increased the firing
rates in 70% of these neurons, and muscarinic facilitation
of local GABA interneurons decreased the firing rate in
30%. Extrapolating to our study, both the direct facilita-
tory effect on cholinoceptive neurons and the augmenta-
tion of GABA interneurons would increase synaptic ac-
tivity in striate cortex. This is consistent with our finding
that endogenous rCBF in striate cortex was increased by
muscarinic action (Table 1, Figure 1). Muscarinic antago-
nism by scopolamine (PHYSO�SCOP) reduced rCBF to
a level significantly lower than that observed during
NO-DRUG suggesting an endogenous muscarinic effect
increasing rCBF. That physostigmine augmentation

(PHYSO) failed to change rCBF levels compared to NO-
DRUG, suggests the endogenous muscarinic effect had
saturated the muscarinic receptors.

Muscarinic receptors, particularly the M1 receptor, are
abundant on cholinoceptive neurons in the outer layers of
striate and extrastriate visual cortices (BA17, 18, 19)
(Cymerman et al. 1987; Mash et al. 1988; Schliebs et al.
1994). Pyramidal neurons from these layers project proxi-
mally and distally along the visual networks. Thus, the
cholinergic system is well positioned to modulate feed-
forward and feed-back visual processing. Based on these
considerations and the differential effect of muscarinic ac-
tivity within striate cortex in the single cell cat experi-
ments, Sato (Sato et al. 1987b) suggested “ ... the cholin-
ergic innervation to cortical neurons may play a role in
improvement of the S/N [signal-to-noise ratio] of infor-
mation processing in the striate cortex and in facilitation
of sending processed informations to other visual cen-
ters”. The pattern flash stimulus is composed of simple
visual forms that, consistent with hierarchical visual pro-
cessing, result in greatest activation in striate cortex
where simple forms are processed and progressively
smaller activation in distal regions that respond maxi-
mally to complex visual attributes (Mentis et al. 1997).
Thus, in keeping with the notion that ACh increases sig-
nal-to-noise, ACh should increase inhibition of those neu-
rons in striate cortex that project to association areas re-
sponsible for processing visual attributes more complex
than those present in the pattern-flash stimulus. This ac-
tion of ACh would result in a net increase in synaptic ac-
tivity in the striate cortex and a net decrease in synaptic
activity in distal visual association areas. This explanation
is consistent with our finding that endogenous muscar-
inic action increased rCBF in striate cortex and decreased
rCBF in more distal visual association areas. In middle oc-
cipital gyrus (BA 19) physostigmine activation signifi-
cantly reduced rCBF, while muscarinic antagonism of
this action increased rCBF to a level significantly higher
than that during NO-DRUG (Table 1, Figure 1).

In summary, based on known function within these
regions, the muscarinic actions in striate cortex and lat-
eral visual association regions may be primarily con-
cerned with modulating various attributes (form, posi-
tion, motion) of the pattern-flash stimulus. The
hypotheses that visual processing is hierarchical, and
that muscarinic modulation reduces the signal-to-noise
ratio are consistent with the finding that endogenous
muscarinic action increased rCBF in striate cortex and
reduced it in lateral visual association regions.

Regions with a Significant Nicotinic Effect: 
Thalamus and Inferior Parietal Lobules (BA 39/40)

Anatomical connections between thalamus and vi-
sual brain regions demonstrate that the thalamus is in-
volved in visual processing on several levels. Visual
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pathways relay in the lateral geniculate nucleus before
reaching the cortex (Mason and Kandel 1991) and then
connect reciprocally with the pulvinar after passing to
cortical extrastriate regions (Kelly 1991). Lateral genicu-
late and pulvinar nuclei are modulated by cholinergic
neurons from Ch5, and both have high concentrations
of presynaptic nicotinic receptors (Perry et al. 1989;
Spurden et al. 1997; Paterson and Nordberg 2000). Con-
sistent with these anatomical features, we found that
physostigmine activation significantly increased rCBF
in thalamus, while scopolamine antagonism failed to
reduce it (Table 1, Figure 1). This suggests physostig-
mine augmented an endogenous nicotinic action in-
creasing rCBF in the thalamus.

Functionally, nicotinic action is strongly associated
with arousal and attention (review: Wecker and Yu
1995). Posner and Dehaene (Posner and Dehaene 1994)
have proposed a posterior attention circuit that in-
cludes thalamo-parietal interconnections. We found
that scopolamine antagonism failed to reverse the effect
of physostigmine in inferior parietal lobule (39/40) (Ta-
ble 1, Figure 1). This suggests the rCBF reduction dur-
ing PHYSO compared to NO-DRUG was an augmenta-
tion of endogenous nicotinic action decreasing rCBF. As
projections from Ch5 are part of the reticular activating
system and have connections with lateral geniculate
nucleus and pulvinar, these projections likely play an
important role in arousal and selective visual attention.
Further, as parieto-pulvinar tracts are part of the visual
pathways and Ch5 projections are rich in presynaptic
nicotinic receptors, our finding of a nicotinic action
modulating thalamic and inferior parietal cortex sug-
gests that nicotinic action may be important in arousal
and selective attention to the pattern-flash stimulus.

In light of the neuromodulatory rather than primary
neurotransmitter functions of ACh (see Introduction),
we suggest that ACh modulation of brain function in
humans might be best studied during task performance
in the specific regions activated by the task. In this vein,
ACh modulation of brain function at “rest” should be
interpreted with caution. Consistent with our findings,
several studies have reported scopolamine induced
rCBF increases in lateral visual association areas, but
during tasks that are primarily non-visual (Grasby et al.
1995; Bahro et al. 1999). These changes may, nonethe-
less, reflect modulation of visual perception or visual
imagery that occurred while the tasks were performed.
Although rCBF reduction by scopolamine in thalamus
was only a trend in our study, significant scopolamine-
induced rCBF reduction during various tasks has been
reported by others (Cohen et al. 1994; Grasby et al. 1995;
Bahro et al. 1999). Cohen and colleagues (Cohen et al.
1994) described a scopolamine-induced reduction in
thalamic glucose metabolism during an auditory con-
tinuous performance task that was interpreted as evi-
dence for muscarinic-dependent increased thalamic

function during attention. These studies and ours deal
with acute changes in rCBF during scopolamine admin-
istration. Rosier and colleagues evaluated chronic rCBF
changes during a shape recognition test three days after
scopolamine-impaired learning. As in our study, they
found rCBF changes in fusiform gyrus, parietal lobe,
and thalamus, but their rCBF changes were in the oppo-
site direction to ours. Their interpretation that these
chronic rCBF values represent functional compensation
in the opposite direction to acute changes make their
findings consistent with ours.

Methodological Issues. We have previously demon-
strated (Mentis et al. 1997) good test-retest reliability
when the pattern-flash stimulus was repeated in the
same scan session in the absence of drug. Therefore, in
this study, we are able to attribute any change in rCBF
during drug to a drug-effect rather than to placebo,
priming, attenuation, or facilitation effects. However,
out of concern for patient safety and comfort we pre-
sented the drugs in a fixed order (see METHODS). Al-
though we have no compelling theoretical reason to
suspect a drug-order effect in this study, whether our
results are confounded by such an effect remains to be
determined.

As muscarinic and nicotinic receptors can cause di-
rect cerebral vasodilation in multiple brain regions (Ar-
neric 1989; Biesold et al. 1989; Sato and Sato 1995), a po-
tential confound exists when using rCBF change as an
index of neural function. We believe that the results
presented in this study reflect synaptic activity and not
direct vascular effects for several reasons. We placed ar-
terial lines to calculate absolute blood flow values and
failed to demonstrate an effect of drug on global mean
blood flow. The same drug had different effects on
blood flow in different brain regions. Drug-induced
changes in blood flow in regions outside those acti-
vated by the pattern-flash stimulus were not significant.
Taken together these results suggest the absence of a di-
rect, consistent vascular effect unrelated to stimulus.

Conclusion. Our results suggest that acetylcholine is a
significant modulator of visual processing in humans.
Our findings that muscarinic and nicotinic contribu-
tions to ACh modulation of the pattern-flash stimulus
differed in different brain regions, and that both musca-
rinic and nicotinic action could increase synaptic activ-
ity in one brain region while decreasing it in another
are consistent with the topographic anatomy of cholin-
ergic projections and the differential distribution of
cholinergic receptors. The hypotheses that visual pro-
cessing is hierarchical, and that muscarinic modulation
improves the signal-to-noise ratio may explain our
finding that in our simple task, endogenous muscarinic
action increased rCBF in striate cortex and decreased it
in extrastriate regions. The pattern of rCBF responses
across the drug conditions was consistent with a pre-
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dominantly muscarinic action in striate cortex and ex-
trastriate regions (BA 17, 18, 19) and a predominantly
nicotinic action in thalamic nuclei and inferior parietal
lobule (BA 39/40). Reconciling known functional anat-
omy with these regional observations, we speculated
that muscarinic activity might be important in modulat-
ing pattern-flash attribute processing. By contrast, nico-
tinic activity might be important in modulating arousal
and selective visual attention.
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