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The Alpha-2A-Adrenoceptor Agonist, 
Guanfacine, Increases Regional Cerebral 
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Cortex of Monkeys Performing a Spatial 
Working Memory Task
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Research indicates that norepinephrine enhances the 
working memory functions of the prefrontal cortex (PFC) 
through actions at post-synaptic, alpha-2A adrenoceptors. 
The current study examined the effects of the alpha-2A 
adrenoreceptor agonist, guanfacine (0.7 mg/kg, i.m.), 
compared to saline on SPECT measures of regional cerebral 
blood flow (rCBF) in monkeys performing a spatial working 
memory task. Animals were infused with the SPECT blood 
flow tracer, Tcm-99m ECD, through an indwelling 
intravenous catheter while performing the working memory 
task. Guanfacine treatment significantly improved cognitive 
performance of the working memory task, and significantly 

increased rCBF values in the dorsolateral PFC, the brain 
region most tightly associated with performance of spatial 
working memory tasks. In contrast, guanfacine had no 
significant effect on rCBF in the superior temporal cortex, 
an auditory association area unrelated to task performance. 
These data are consistent with the hypothesis that alpha-2A 
adrenoceptor stimulation preferentially enhances 

 

functioning of the PFC.

 

[Neuropsychopharmacology 
23:240–249, 2000]
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Evidence from a variety of disciplines indicates that
norepinephrine (NE) has a critical beneficial influence
on the working memory functions of the prefrontal cor-

tex (PFC) through its actions at post-synaptic, alpha-2A
adrenergic receptors (reviewed in Arnsten et al. 1996).
In monkeys, the ability to perform spatial working
memory tasks has been closely linked to the dorsolateral
PFC (dlPFC) surrounding the principal sulcus, especially
the caudal two thirds of the principal sulcal region
(Goldman and Rosvold 1970; Goldman-Rakic 1987).

Alpha-2 adrenergic agonists such as clonidine, guan-
facine, and medetomidine can improve spatial working
memory performance in monkeys (Arnsten et al. 1988),
rats (Carlson et al. 1992), and humans (Coull et al. 1995;
Jakala et al. 1999), but have little effect or impair tasks
dependent on posterior cortices or hippocampus (re-
viewed in Arnsten 1998). Dose response curves are con-
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sistent with beneficial actions at post-synaptic alpha-2
receptors, as the drugs become more potent and more
efficacious in animals and patients with NE depletion
(Arnsten and Goldman-Rakic 1985; Cai et al. 1993; Fra-
nowicz and Arnsten 1999; McEntee and Mair 1990).
However, very high doses of guanfacine have recently
been found to significantly improve spatial working
memory performance in normal adult monkeys as well
(Franowicz and Arnsten 1998). It is likely that the al-
pha-2A receptor subtype underlies guanfacine’s benefi-
cial effects on working memory function (Arnsten et al.
1988; Franowicz et al. 1998; Tanila et al. 1999), and
guanfacine is currently the most selective alpha-2A ag-
onist available (Uhlen and Wikberg 1991).

Several findings suggest that alpha-2 agonists im-
prove, while alpha-2 antagonists impair, working mem-
ory function through direct actions in the PFC. For ex-
ample, infusion of the alpha-2 antagonist, yohimbine,
into the monkey PFC produces a delay-related impair-
ment in working memory, whereas alpha-1 and beta
adrenergic antagonists are without effect (Li and Mei
1994). Similarly, electrophysiological studies show that
iontophoretic application of yohimbine onto PFC neu-
rons suppresses delay-related activity, the cellular mea-
sure of working memory (Li et al. 1999; Sawaguchi
1998). Conversely, iontophoretic or systemic adminis-
tration of clonidine increases delay-related firing, and
this enhancement is reversed by iontophoretic applica-
tion of yohimbine (Li et al. 1999). Similarly, infusion of
the alpha-2 agonist medetomidine, into aged rat PFC
improves spatial working memory performance (Tanila
et al. 1996).

Very few studies have taken advantage of imaging
technologies to examine NE alpha-2 mechanisms in the
cortex. Most human studies have utilized clonidine in
which the potent side effects have generally limited re-
search to low doses. Low doses of clonidine in healthy
individuals likely engage predominantly presynaptic
alpha-2 receptors and thus may produce widespread
decreases in NE transmission. Low doses of clonidine
(0.1–10 ug/kg ) have little effect in normal young adult
monkeys, but enhance working memory performance
in monkeys with NE depletion (Cai et al. 1993; Frano-
wicz and Arnsten 1999). Coull et al. (1997) using
positron emission tomography (PET) found that low
doses of clonidine (1.3 

 

m

 

g/kg) did not enhance blood
flow in the PFC and indeed reduced regional cerebral
blood flow (rCBF) in thalamus during conditions of rest.
Moffoot et al. (1994) examined the effects of this same dose
of clonidine in Korsakoff’s patients with presumed NE de-
pletion. Previous research has shown that Korsakoff’s
patients have NE loss which correlates with memory
impairment, and that clonidine can improve memory
performance in these patients (Mair and McEntee 1986).
Indeed, clonidine’s efficacy in these patients correlated
with indices of NE loss, consistent with drug actions at

post-synaptic alpha-2 receptors (McEntee and Mair
1990). Moffoot and colleagues (1994) used single pho-
ton emission computed tomography (SPECT) imaging
to examine changes in rCBF associated with clonidine
vs. placebo treatment in Korsakoff’s patients. Patients
performed a word fluency task during the infusion of
the SPECT tracer. Clonidine improved performance of
the word fluency task, and this improvement correlated
with increased rCBF in the left PFC, the brain region
most associated with performance of this task (Moffoot
et al. 1994). This study also found that clonidine in-
creased rCBF in the anterior cingulate cortex, although
this finding did not correlate with changes in cognitive
performance. This study was the first to suggest that al-
pha-2 agonist treatment can increase rCBF in the PFC
during performance of a PFC task.

The current study used a similar approach to ad-
dress this issue in monkeys, where effective doses for
alpha-2 agonist treatment are well-established (Fra-
nowicz and Arnsten 1998). Animals were treated with
saline or guanfacine (0.7 mg/kg, i.m.) two hours before
completing a test of spatial working memory, the de-
layed response task. During delayed response testing,
animals were infused with the SPECT blood flow
tracer, Technetium-99m ethyl cysteinate dimer (ECD),
through an indwelling intravenous catheter. SPECT im-
aging has several advantages in that monkeys can be
used as their own controls to compare the effects of sa-
line versus guanfacine. Furthermore, the SPECT rCBF
tracers can be injected during a task without disturbing
the subject; the stability of the SPECT tracer permits the
animal to be imaged after task completion and while
anesthetized.

We hypothesized that guanfacine would increase
rCBF in the dlPFC- specifically, the caudal two-thirds of
the principal sulcal cortex most associated with perfor-
mance of spatial working memory tasks. We, thus, ex-
amined two slices through the caudal two-thirds of the
principal sulcal cortex: the caudal third of the principal
sulcal cortex, hereafter referred to as caudal dlPFC, and
the more rostral third mid-way through the principal
sulcal cortex, hereafter referred to as mid dlPFC. We,
further, proposed that guanfacine would have little
effect on rCBF in a cortical region not relevant to the
task. As auditory information is irrelevant to the perfor-
mance of a spatial working memory task, and as
alpha-2 agonists have been shown to have little effect
on performance of temporal lobe tasks (Arnsten 1998),
the superior temporal gyrus (STG; auditory association
cortex) was selected a priori for comparison to the
dlPFC. The results of this study may have direct clinical
relevance, as guanfacine is being considered for use in
neuropsychiatric disorders with prevalent PFC dys-
function such as Attention Deficit Hyperactivity Disor-
der (Chappell et al. 1995; Horrigan and Barnhill 1995;
Hunt et al. 1995).
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METHODS

Subjects

 

The animals used in this study were four young adult
female rhesus monkeys (

 

Macaca mulatta

 

) ranging in age
from 6 years (post-pubescent) to 12 years (middle
aged). The monkeys were individually housed and
maintained on a diet of Purina monkey chow supple-
mented with fruit. Care of the animals followed the
guidelines in “Guide For the Care and Use of Labora-
tory Animals” and was approved by the Yale Animal
Care and Use Committee. Animals were always tested
at the same time of day immediately prior to feeding.
Highly palatable food rewards (e.g., peanuts, raisins, or
chocolate chips) were utilized during testing to mini-
mize the need for dietary regulation.

 

Cognitive Testing

 

Testing occurred in a Wisconsin General Testing Appa-
ratus (WGTA) situated in a sound-attenuating room.
Background masking noise (60 dB, wideband) was also
used to minimize auditory distractions. The monkeys
had been trained on the 2-well delayed response task as
described previously (Arnsten et al. 1988). During de-
layed response, the animal watches as the experimenter
baits one of two foodwells with a food reward. The
foodwells are then covered with identical cardboard
plaques, and an opaque screen is lowered between the
animal and the tester for a specified delay. At the end of
the delay, the screen is raised and the animal is allowed
to choose. Reward is quasi-randomly distributed be-
tween the left and right wells over the 30 trials that
make up a daily test session. Five different delay
lengths (referred to as delays A through E) were also
quasi-randomly distributed over these 30 trials.

 

Drug Administration

 

Animals were administered saline or guanfacine (0.7
mg/kg) intramuscularly 2–2 1/2 hours prior to testing.
Two of the four received guanfacine first, and the other
two guanfacine later. Drug was dissolved in sterile sa-
line immediately prior to injection. Guanfacine was
generously provided by Wyeth-Ayerst.

 

Chair Training

 

In order to inject the SPECT blood flow tracer during
cognitive testing, the four animals needed to be trained
to test while restrained in a primate chair, and with a
catheter placed in their leg. These animals had previ-
ously been trained to perform cognitive testing while in
a transport cage which did not limit their movement.
Training them to test in the chair with their legs re-
strained and a catheter in place in one leg caused signif-

icant disruption in task performance. It took an average
of 6.5 

 

6

 

 1.5 months for the animals to resume testing in
a stable manner and thus be ready for imaging. It is due
to this significant time needed to train each animal that
the total number of subjects in the experiment was lim-
ited to four animals.

 

Injection Procedure

 

On the day of imaging, the animal was injected with sa-
line or guanfacine (0.7 mg/kg) 2–2 1/2 hours prior to
testing. Fifteen minutes prior to testing, the animal was
chaired and an intravenous catheter was inserted into
the saphenous vein. When the tester indicated that the
animals delayed response performance seemed stable, 6
mCi (222 MBq) of ECD were injected via catheter over
about 2 minutes (slow infusion). The slow bolus was
used, as in human studies, to minimize venous extension
and potentially distracting biological perceptions and
responses, and to extend the levels of ECD in the brain
over a wider time period that would include several tri-
als. Each animal was tested on the same set of 11 trials,
immediately following tracer injection. ECD peaks in
the brain after about 20 seconds of injection (Walovitch
et al. 1989), although the uptake interval between injec-
tion and imaging is irrelevant because the regional rates
of elimination appear to be uniform. ECD provides ex-
cellent contrast between gray and white matter (ibid).
Each animal was injected once following saline treat-
ment and once following guanfacine treatment. After
testing the animal for at least another five minutes, the
experimenter removed the animal from the testing
chamber and injected the monkey with a mixture of
ketamine and atropine. When the animal was anesthe-
tized, it was removed from the chair and transported to
the imaging facility, where it was intubated and main-
tained on halothane gas for the duration of the scan.

 

SPECT Acquisition

 

Subjects were imaged within 45 minutes of the ECD
injection on a brain dedicated SPECT camera with reso-
lution in all three axes of 7–8 mm full width at half
maximum (FWHM). Three animals were imaged on a
three-headed Picker Prism 3000XP camera (Cleveland
Heights, OH) using high resolution fan beam collima-
tors. One animal was imaged on a CERASPECT camera
(CERASPECT, Digital Scintigraphics, Waltham, MA).
Transaxial slices were reconstructed using a conven-
tional clinical filtered backprojection. Prefiltering was
employed using an apodization filter with a cut-off fre-
quency referenced to the image power spectrum. Due
to the small size of the brain, no attenuation correction
was performed.
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MRI Acquisition

 

MRI acquisition took place on a separate day from
SPECT imaging. The animals were injected with ket-
amine/atropine and transported to the imaging facility,
where they were maintained on halothane anaesthesia.
All subjects had magnetic resonance imaging (MRI) on
a GE Signa scanner (General Electric Medical Systems,
Milwaukee, WI) with a 1.5 Tesla field strength. T-1
weighted 1.5 mm 3-dimensional volumetric spoiled
gradient-echo (TR/TE, 23/5 msec) images with a 18 cm
field of view were acquired in the coronal orientation.
T-1 weighted images provide excellent the contrast be-
tween gray and white matter. Due to the response of
the imaging coil, images of subjects 3 and 4 contained
appreciable intensity inhomogeneity across the imaged
field. To aid in registration and visual inspection an inten-
sity uniformity correction was applied to these images.

 

SPECT and MRI Image Processing

 

The saline and guanfacine SPECT scans were rigidly
aligned with the subjects MRI by multi-resolution opti-
mization (Studholme et al. 1997) of normalized mutual
information (Studholme et al. 1999). This fully auto-
mated technique seeks a rigid transformation which
maximises a measure of information content of the
combined MRI-SPECT image pair. The spatial distribu-
tion of image values is such that the maximum of this
information measure corresponds to the maximum
overlap of values representing air, gray, and white tis-
sues in the two modalities. The approach has been
shown to provided sub-voxel multi-modality align-
ment accuracy in human studies relative to estimates
from bone implanted markers (West et al. 1997).

Following estimation of rigid alignment parameters,
all three scans could then be viewed in a common coor-
dinate system allowing for an accurate comparison be-
tween homologous brain regions. MRI-SPECT align-
ment was verified by careful inspection of interactively
selected iso-contours from SPECT overlayed onto MRI
in three orthogonal planes (Fitzpatrick et al. 1998).

To account for differences in SPECT tracer dose, cor-
responding intensity values in the saline and guanfa-
cine scans were then normalized. This was achieved by
evaluating the ratio of mean counts within an ROI
drawn bilaterally in the occipital cortex (primary visual
cortex). The occipital cortex was selected due to its very
low noradrenergic innervation (Lewis and Morrison
1989). A pixel by pixel subtraction was then performed
on the normalized values, illustrating increases and de-
creases in rCBF relative to the monkey’s saline. This dif-
ference image could then be viewed and subsequently
superimposed onto the subjects MRI to verify anatomic
location of any local changes. Differences in rCBF can
then be quantified as a percent change relative to the sa-

line scan. All computer processing was carried out on a
personal computer driven by Pentium III™ processor.

 

SPECT and MRI Image Analysis

 

The images were rotated so the inferior portion of the
occipital lobe was parallel to the most anterior portion
of the prefrontal cortex. Two investigators identified
the following brain regions on each subject’s MRI: a)
mid dlPFC; b) caudal dlPFC; and c) STG perpendicular
to the intersection of the corpus callosum and fornix.
Analysis was restricted to these three cortical regions
given the small number of subjects reducing statistical
power for multiple comparisons. Bilateral ROIs were
drawn on each area and then quantified to yield the
percent rCBF change (see Figure 1). Figure 2 visualizes
the subjects caudal dlPFC as seen on the saline SPECT
scan, guanfacine SPECT scan, MRI, and the results of
the SPECT image subtraction superimposed on the sub-
jects MRI.

 

Statistical Analysis

 

All statistical analyses used within subjects compari-
sons. Cognitive testing data were analyzed using a two-
tailed paired T-test, also known as T dependent test
(Tdep), whereby each subject’s performance on saline
was compared to their performance on guanfacine.
Cognitive data were analyzed for the entire test session
and for the 11 trials associated with ECD infusion.

SPECT imaging data were analyzed using a two-way
analysis of variance with repeated measures (2-ANOVA-
R) with factors of cortical region (mid dlPFC, caudal
dlPFC, STG) and drug (saline or guanfacine). Planned
comparisons (test of effects) examined: 1) possible dif-
ferences in rCBF between cortical regions following sa-
line administration; and 2) the effects of guanfacine vs.
saline for each cortical region.

Drug-induced changes in cognitive performance (en-
tire session) and in rCBF (caudal dlPFC) were correlated
using a Pearson’s r-test. Statistical analyses were per-
formed on a Power Macintosh G3 using Systat software.

 

RESULTS

Spatial Working Memory Performance

 

Administration of guanfacine (0.7 mg/kg) improved
performance on the spatial delayed response task in all
four monkeys (Figure 3). Guanfacine produced varying
levels of improvement across the entire session, pro-
ducing an average 

 

6

 

 S.E.M. improvement of 15.1 

 

6

 

5.7% (range of improvement from 1.7 to 22.9% increase
in performance). As illustrated in Figure 3, the average 

 

6

 

S.E.M. performance on saline across the entire ses-
sion was 65.9 

 

6

 

 5.6% correct; the average 

 

6

 

 S.E.M. per-
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Figure 2. Composite figure illustrating the saline and guanfacine SPECT scans (upper left and right figures, respectively)
and MRI scan (lower left figure) of the caudal PFC for monkey 1. The figure on the lower right depicts the difference
between the saline and guanfacine SPECT scans overlaid on the MRI. The right side of the monkey’s brain is shown on the
left side of the image. Guanfacine significantly increased rCBF values in the dlPFC (see text).

Figure 1. The three regions of interest (ROIs) for the mid dlPFC, caudal dlPFC, and STG (auditory association cortex) are
indicated by the yellow circles on coronal slices through the monkey brain. Although the ROIs are depicted unilaterally, the
analyses were performed bilaterally. The right side of the monkey’s brain is shown on the left side of the image.
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Figure 3. The effects of guanfacine on performance of the
delayed response task for the four monkeys. Bar graphs rep-
resent mean percent correct following saline (SAL) or guan-
facine (GFC) for the entire session (left) or for the 11 trials
performed during Tc-99m-ECD infusion (right). The percent
correct for each individual monkey is portrayed by a solid
circle; the results following saline and guanfacine for each
individual monkey are interconnected by a line. All monkeys
were improved by guanfacine administration. * indicates dif-
ferent than saline administration (p 5 .05); ** indicates signif-
icantly different than saline administration (p , .003).

 

formance on guanfacine was 80.9% 

 

6

 

 4.0% correct (sa-
line vs. guanfacine: Tdep 

 

5

 

 3.03, df 

 

5

 

 3, 

 

p

 

 

 

5

 

 .05).
Guanfacine consistently improved performance on the
subset of 11 trials associated with ECD infusion, pro-
ducing an average 

 

6

 

 S.E.M. improvement of 20.5 

 

6

 

2.6% (range of 18.2 to 27.3% increase in performance,
with three of the four monkeys exhibiting the 18.2% in-
crease). As shown in Figure 3, the average 

 

6

 

 S.E.M. per-
formance on saline for the subset of 11 trials was 61.4 

 

6

 

2.6% correct, whereas the average 

 

6

 

 S.E.M. perfor-
mance on guanfacine was 81.8 

 

6

 

 4.3% correct (saline vs.
guanfacine: Tdep 

 

5

 

 9.00, df 

 

5

 

 3, 

 

p

 

 

 

,

 

 .003).

 

SPECT Imaging

 

SPECT data were analyzed using a two way analysis of
variance with repeated measures with factors of cortical
region (mid dlPFC, caudal dlPFC, STG) and drug (sa-
line or guanfacine). Results showed a significant main
effect of cortical region (F(2,6) 

 

5

 

 9.603, 

 

p

 

 

 

5

 

 .013), a trend
for main effect of drug (F(1,3) 

 

5

 

 9.645, 

 

p

 

 

 

5

 

 .053), and
a significant region by drug interaction (F(2,6) 

 

5

 

6.633, 

 

p

 

 

 

5

 

 .03).

 

Differences between Cortical Regions

 

Although there was an overall significant main effect of
cortical region, planned comparisons between saline
scans for the three cortical regions failed to achieve sig-

nificance at the 0.05 level (mid vs. caudal dlPFC: F(1,3) 

 

5

 

8.384, 

 

p

 

 

 

5

 

 .063; caudal PFC vs. STG: F(1,3) 

 

5

 

 7.311, 

 

p

 

 

 

5

 

.074; mid dlPFC vs. STG: F(1,3) 

 

5

 

 9.956, 

 

p

 

 

 

5

 

 .051). How-
ever, there was a trend for increasing rCBF in increas-
ingly posterior cortical regions, such that mid dlPFC 

 

,

 

caudal dlPFC 

 

,

 

 STG (mean relative counts of 137.5 

 

,

 

153.3 

 

,

 

 171.6 (Figure 4).

 

Effect of Guanfacine

 

Planned comparisons showed that guanfacine signifi-
cantly increased rCBF counts in both PFC regions (mid
dlPFC: saline vs. guanfacine F(1,3) 

 

5

 

 12.873, 

 

p

 

 

 

5

 

 .037;
caudal dlPFC: saline vs. guanfacine F(1,3) 

 

5

 

 13.902, 

 

p

 

 

 

5

 

.034), but had no significant effect on rCBF counts in the
auditory association cortex (STG: saline vs. guanfacine
F(1,3) 

 

5

 

 0.277, 

 

p

 

 

 

5

 

 .635). These results are depicted
graphically in Figure 4 (relative counts for saline and
guanfacine scans) and Figure 5 (percent change be-
tween guanfacine and saline scans). Guanfacine in-
creased rCBF in both dlPFC regions in all four mon-
keys, producing a mean 

 

6

 

 S.E.M. increase in rCBF of
5.8 

 

6

 

 1.4% for the mid dlPFC and 8.0 

 

6

 

 1.7% for the
caudal dlPFC. In contrast, guanfacine had very mixed
effects on rCBF in the STG, producing a mean change of
only 1.1 

 

6 2.9%. The difference between the guanfacine
and saline SPECT scans from monkey 1 at the level of
the caudal PFC is shown in Figure 2.

Correlation between Drug Effects on Cognitive 
Performance and SPECT Imaging

There were high correlations between guanfacine ef-
fects on cognitive performance (entire session) and
rCBF measures in caudal dlPFC (r 5 0.88) and mid
dlPFC (r 5 0.85). However, given the small number of
animals in this study, this r value did not achieve signif-
icance for a two-tailed test at the 0.05 level (r 5 0.95 re-
quired for df 5 2). The correlation between guanfa-
cine’s effects on cognitive performance and rCBF values
in STG was somewhat lower (r 5 0.71). Cognitive data
from the 11 trials associated with ECD infusion were
not used for correlational analysis given the low level of
variability between animals (i.e., three of the four mon-
keys exhibited an 18.2% improvement with guanfacine).

DISCUSSION

The current data replicate previous reports that guanfa-
cine improves spatial working memory performance in
young adult monkeys (Franowicz and Arnsten 1998).
The current study extended these behavioral findings
to ECD SPECT imaging measures of rCBF. Guanfacine
administration increased rCBF values in the mid and
caudal dlPFC, the cortical region most associated with
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performance of spatial working memory tasks in mon-
keys (Goldman and Rosvold 1970). rCBF values were
increased an average of 8% in the caudal dlPFC. As epi-
leptic seizures can alter SPECT rCBF values by about
20% (Spanaki et al. 1999), it can be appreciated that an
8% increase in rCBF associated with drug treatment is
actually quite substantial. (However, it should be noted
that the uptake of ECD is not linearly related to blood
flow, but rolls off at higher flow rates.)

Guanfacine had no significant effect on rCBF values
in the auditory association cortex (STG), a cortical re-
gion which was not relevant to task performance. Thus,
the increased rCBF values in the dlPFC do not appear to
be the result of nonspecific increases in rCBF values.
Similarly, it is unlikely that guanfacine’s hypotensive
actions (Arnsten et al. 1988) could induce the pattern of
changes in rCBF observed in the current study. The pat-
tern of response is more consistent with regionally se-
lective actions of drug on neural activity. However, it is
not known from the current study if guanfacine in-

creased rCBF in the dlPFC because the animals were
doing a task known to rely on this area, or if guanfacine
would increase rCBF in the dlPFC irrespective of cogni-
tive state. Future monkey imaging studies that examine
non-PFC tasks could help clarify guanfacine’s contribu-
tion to rCBF changes.

The present study has several limitations which con-
strain interpretation of the data. Firstly, the small num-
ber of subjects used in the study limited statistical
power and thus the number of brain regions appropri-
ate for analysis. A larger number of subjects would
have allowed us to examine rCBF changes in brain re-
gions such as the posterior parietal cortex (area 7) and
hippocampus relevant to a spatial working memory
task. The small number of subjects also limited the
power of the correlative analysis between behavioral
and SPECT findings. It should be noted that most mon-
key imaging studies have been limited to small num-
bers in the range of two to four animals, (e.g., Friedman
and Goldman-Rakic 1994). The small number of sub-
jects arises in large part from the extensive time re-
quired for adaptation to the challenging procedures
necessary for imaging studies, and the difficulty in
identifying animals who will perform under these strin-
gent conditions. Studies of this kind are much more fea-
sible in humans for these reasons.

A second limitation in this study is the relatively low
resolution of SPECT imaging, particularly when imaging
a smaller monkey brain. However, the coregistration of
the SPECT scans to the MRI along with use of subtrac-
tion image analysis allows homologous regions to be ac-
curately compared and verified against the subject’s own
anatomy. Although SPECT imaging does not permit the
exquisite spatial resolution possible with 2-deoxyglucose
(2-DG) autoradiography, resolution is sufficient to doc-
ument changes in rCBF in the dorsolateral region of the
PFC. The temporal resolution of SPECT is also inferior
to functional MRI (fMRI) for measuring rCBF changes,
but is sufficient for the generalized changes tested in
this study. Future studies using fMRI in humans may

Figure 4. The effects of saline (SAL) vs. guanfacine (GFC) on relative rCBF values in the mid dlPFC, caudal dlPFC, and
STG. Bar graphs represent mean counts for the four monkeys. Relative rCBF counts for individual monkeys are represented
by solid circles; the saline and guanfacine values for each animal are interconnected by lines. * indicates significantly differ-
ent than saline (p , .05).

Figure 5. The percent change in rCBF values between
saline and guanfacine treatment in the mid dlPFC, caudal
dlPFC, and STG. Bar graphs represent mean percent change
for the four monkeys; percent changes for individual mon-
keys are represented by solid circles. * indicates significant
difference between saline and guanfacine values (p ,.05).
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be able to examine whether guanfacine increases rCBF
in PFC over a long time frame (i.e., producing a state
change) or whether increases are specific to times when
working memory is engaged (e.g., during the several
seconds of the delay period).

The SPECT [or PET] imaging method has many ad-
vantages for research in nonhuman primates. The mon-
key can be tested in the WGTA as usual, and can be in-
fused with the tracer from a distance without the
subject being aware of the injection, thus reducing po-
tential disruption. Although fMRI has better temporal
resolution, SPECT has the advantage of not requiring
the monkey to be awake and immobile in the scanner.
SPECT is also noninvasive, and unlike 2-DG studies,
monkeys can be used repeatedly as their own controls.
This is particularly important for drug studies. SPECT
also has some advantages for pharmacological studies
in monkeys, where sites of drug action are often deter-
mined by infusing drug into a single brain region to see
if it effects behavior in a similar fashion to systemic ad-
ministration. SPECT imaging permits visualization of
drug effects on multiple brain regions at once instead of
the single region analysis used with infusion studies.
For example, in the current study both the PFC and
STG were examined, rather than solely focusing on PFC
as infusion studies have required. However, the small
number of subjects in the current study limited this op-
portunity.

Finally, SPECT imaging permits examination of drug
effects on regions such as the STG which are distant
from the cortical surface and therefore very difficult to
infuse. It is understood that imaging studies of this kind
cannot determine whether a drug is acting directly or
indirectly in a brain region to alter rCBF. However,
combined with other findings, these data can provide
an important corroboration of drug effects on regional
brain activity.

One advantage of performing imaging studies in
rhesus monkeys is the rich literature on PFC function
available for comparison. Extensive lesion and electro-
physiological studies have established the dlPFC sur-
rounding the principal sulcus as the critical region for
spatial working memory (reviewed in Goldman-Rakic
1987). For example, neurons in this region have been
identified which increase their firing rate during the de-
lay period when the spatial position must be remembered
(Funahashi et al. 1989). Imaging studies using 2-DG
autoradiography have also shown that the principal
sulcal region is activated by working memory in rhesus
monkeys performing the same delayed response task as
used in the current study (Friedman and Goldman-
Rakic 1994). The results of this 2-DG study showed that
working memory processing significantly increased lo-
cal cerebral glucose utilization by 19% in the principal
sulcus region of the PFC compared to levels during a
sensory-motor or discrimination control task (Friedman

and Goldman-Rakic 1994). Indeed, more detailed 2-DG
studies by Davachi and Goldman-Rakic have high-
lighted the importance of the medial ventral bank of the
principal sulcal cortex as a critical area for both spatial
and object working memory (Davachi 1999). This is the
same general region demonstrating increased rCBF fol-
lowing guanfacine administration in the current study,
although it is understood that the poorer resolution of
SPECT imaging does not allow direct comparisons.

A recent infusion study in rhesus monkeys indicates
that guanfacine acts directly in this dlPFC region to en-
hance working memory performance (Mao et al. 1999).
Infusions of guanfacine into the caudal two-thirds of the
principal sulcal dlPFC produced a delay-related improve-
ment in spatial working memory performance, whereas
guanfacine infusions outside this cortical area were inef-
fective (ibid). Thus, the combined imaging and infusion
data reinforce the importance of alpha-2 adrenoceptor
mechanisms to dlPFC working memory function.

Relevance to Neuropsychiatry

Deficits in PFC cognitive function such as impaired
working memory, sustained attention and behavioral
inhibition are prominent symptoms in many neuropsy-
chiatric disorders. Alpha-2 agonists such as guanfacine
and clonidine are currently being tested in patients
with PFC impairment. The alpha-2 agonist, clonidine,
has been shown to lessen tics in children with Tourette
syndrome (Cohen et al. 1979) and to ameliorate symp-
toms of ADHD (Hunt et al. 1985). Clonidine has been
shown to improve memory and performance of the
Stroop interference task in patients with Korsakoff’s am-
nesia (Mair and McEntee 1986) and to enhance memory
and Trails B performance in schizophrenic patients
(Fields et al. 1988). Most recently, clonidine has been
shown to improve word fluency and working memory
performance in patients with Alzheimer’s Disease (Riek-
kinen and Riekkinen 1999). Guanfacine has been the fo-
cus of more recent research given its superior side effect
profile. This drug has been shown to improve symp-
toms of ADHD and enhance responding on a continu-
ous performance task in open label studies of children
with ADHD (Chappell et al. 1995; Horrigan and Barnhill
1995; Hunt et al. 1995). Recent controlled trials in ADHD
adults (F. Taylor, personal communication) and children
(L. Scahill, personal communication) are also indicating
improvement with guanfacine. Thus, alpha-2 agonist
treatment may be helpful for treating symptoms of PFC
dysfunction in a variety of neuropsychiatric disorders.
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