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The working-memory functions of the prefrontal cortex (PFC) are improved by stimulation of postsynaptic,
a2A-adrenoceptors, especially in aged animals with PFC cognitive deficits. Thus, the a2A-adrenoceptor agonist,
guanfacine, greatly improves working-memory performance in monkeys and rats following systemic administration
or intra-PFC infusion. a2A-adrenoceptors are generally coupled to G;, which can inhibit adenylyl cyclases and
reduce the production of cAMP. However, no study has directly examined whether the working-memory
enhancement observed with guanfacine or other a2A-adrenoceptor agonists results from cAMP inhibition. The
current study confirmed this hypothesis in both rats and monkeys, showing that treatments that increase
cAMP-mediated signaling block guanfacine’s beneficial effects. In aged rats, guanfacine was infused directly into the
prelimbic PFC and was challenged with co-infusions of the cAMP analog, Sp-cAMPS. In aging monkeys, systemically
administered guanfacine was challenged with the phosphodiesterase 4 inhibitor, rolipram, using intramuscular doses
known to have no effect on their own. In both studies, agents that mimicked the actions of cAMP (rats) or increased
endogenous cAMP (monkeys) completely blocked the enhancing effects of guanfacine on working-memory
performance. These results are consistent with «2A-adrenoceptor stimulation enhancing PFC working-memory

function via inhibition of cAMP-mediated signaling.

The prefrontal cortex (PFC) mediates working memory, the abil-
ity to transiently hold task-relevant information “on line” in or-
der to guide behavior in the absence of environmental cues. The
information held in working-memory buffers is constantly up-
dated and is thought to rely on reverberating networks of PFC
neurons with shared mnemonic characteristics. In contrast,
other memory processes, such as memory consolidation, require
the long-term fixation of information through architectural
changes in brain circuitry and/or activation of translational
mechanisms. Not surprisingly, working memory and long-term
memory consolidation appear to be modulated in very different
ways. The varying influences of norepinephrine (NE) and cAMP
on working memory vs. long-term memory consolidation are
especially striking. Whereas memory consolidation is strength-
ened by stimulation of B-adrenoceptors and the production of
cAMP, working memory appears to be enhanced by stimulation
of a2A-adrenoceptors and the inhibition of cAMP signaling.

NE enhances PFC function via a2A-adrenoceptor stimula-
tion in a number of different species. a2A-adrenoceptor agonists
enhance PFC cognitive functions in mice (Franowicz et al. 2002),
rats (Tanila et al. 1996), monkeys (Arnsten and Goldman-Rakic
1985; Arnsten et al. 1988; Arnsten and Cai 1993), and humans
(Jakala et al. 1999a,b), including patients with PFC cognitive dis-
orders (Hunt et al. 1995; Scahill et al. 2001; Taylor and Russo
2001). Conversely, blockade of these receptors in the monkey
PFC impairs spatial working memory (Li and Mei 1994). In con-
trast to the PFC, stimulation of a2A-adrenoceptors impairs or has
no effect on hippocampal memory functions (Tanila 2001).
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Thus, the beneficial effects of «2A-adrenoceptor stimulation are
specific for the working-memory functions of the PFC, since their
activation improves spatial working-memory performance (Arn-
sten et al. 1988; Carlson et al. 1992; Coull et al. 1995; Rama et al.
1996), but have a small effect or even impair tasks dependent on
posterior cortices or hippocampus (for review, see Arnsten 1998).
Similarly, activation of a cAMP-dependent cascade impairs work-
ing-memory functions (Taylor et al. 1999; Ramos et al. 2003;
Arnsten et al. 2005), but improves memory consolidation and
long-term potentiation (LTP; late phase) (Frey et al. 1993; Abel et
al. 1997; Bernabeu et al. 1997; Bourtchouladze et al. 1998; Huang
and Kandel 1998; Barros et al. 2000; Huang et al. 2000; Rotenberg
et al. 2000; Schafe and LeDoux 2000).

Most research has focused on presynaptic a2A-
adrenoceptors, which inhibit NE release and NE cell firing (Ce-
darbaum and Aghajanian 1977; Engberg and Eriksson 1991). It is
noteworthy that guanfacine is 10 times less potent than cloni-
dine at these presynaptic sites (Engberg and Eriksson 1991). How-
ever, the majority of a2A-adrenoceptors in brain are actually
postsynaptic to NE neurons (U’Prichard et al. 1979) and electron-
micrographic studies of monkey PFC have documented both pre-
synaptic receptors (likely on NE axons), and postsynaptic a2A-
adrenoceptors on the dendritic spines of PFC pyramidal cells
(Aoki et al. 1998). Previous research indicates that the working-
memory enhancing effects of a2-adrenoceptor agonists result
from stimulation of postsynaptic receptors, as drugs become
more, rather than less potent when the presynaptic element is
destroyed with 6-OHDA in the PFC of monkeys (Arnsten and
Goldman-Rakic 1985), or when NE is depleted in the PFC of both
monkeys (Cai et al. 1993) and humans (McEntee and Mair 1990).
Previous research has also shown that the a2A-receptor subtype
likely underlies guanfacine’s beneficial effects on PFC function-
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ing (Arnsten et al. 1988), as a2 agonists lose efficacy in mice with
a functional knockout of the a2A-adrenoceptor subtype, but re-
main effective in a2C-adrenoceptor knockout mice (Tanila et al.
1999; Franowicz et al. 2002). Finally, low doses of guanfacine are
able to improve working memory without inducing hypotension
or sedation (Arnsten et al. 1988). Despite the extensive research
on a2A-adrenoceptors and the use of guanfacine in the treat-
ment of PFC disorders, no study until now has examined which
intracellular pathway mediates the enhancing effects of guan-
facine.

Previous research in the lab has shown that activation of the
cAMP pathway impaired PFC function in both rats and monkeys,
particularly in aged animals (Taylor et al. 1999; Ramos et al.
2003; Arnsten et al. 20035). Since a2-adrenoceptors are generally
coupled to G; proteins, guanfacine’s enhancing effects may be
due to inhibition of cAMP production. We tested this hypothesis
in aging rats and monkeys with a pronounced response to guan-
facine. In rats we examined whether intra-PFC infusions of the
cAMP analog, Sp-cAMPS could reverse the beneficial effects of the
a2A-adrenergic agonist, guanfacine. We also performed a parallel
study in monkeys to determine whether the indirect activator of
the cAMP-pathway, rolipram, could reverse the beneficial effects
of guanfacine. Rolipram inhibits the cAMP catabolic enzyme,
phosphodiesterase type 4 (PDE4), and thus increases endogenous
levels of cAMP. To our knowledge, rolipram is the only PDE4
inhibitor that can be administered systemically and penetrate
into the brain. Working memory was assessed by a spatial de-
layed alternation task in a T-maze (rats) or by a spatial delayed
response task (monkeys). The results from this study suggest that
guanfacine’s beneficial effects result from inhibition of cAMP-
dependent signaling.

Results

Rats

Aged rats (~24 mo when tested) were pre-trained on the spatial
delayed alternation task in a T-maze. They were surgically im-
planted with guide cannula directed above the medial PFC (Fig.
1), and adapted to infusion procedures. After stable baseline cog-
nitive performance of 60%-70% was established, they were in-
fused with either saline, guanfacine (0.0001 pg/0.5 uL), Sp-
cAMPS (0.21 or 0.021 nmol), or guanfacine + Sp-cAMPS, 30 min
prior to testing. The 17 rats in the current study were randomly
divided into two groups: those that received the 0.21 nmol dose
of Sp-cAMPS (n =9, group 1 in Fig. 2) and those that received the
0.021 nmol dose of Sp-cAMPS (n = 8, group 2 in Fig. 3). It should
be noted that the 0.21-nmol dose of Sp-cAMPS is 10 times lower
than the dose needed to impair working-memory performance in
aged animals.

The 0.21-nmol dose of Sp-cAMPS reversed the enhancing
effects of guanfacine on working memory (Fig. 2). 2-ANOVA-R
analysis demonstrated a significant main effect of guanfacine
infusion, (F(; ) =17.54, P =0.002), a significant main effect of
0.21-nmol Sp-cAMPS, (F, o, =33.13, P =0.0002), and a signifi-
cant interaction between guanfacine and Sp-cAMPS infu-
sions, (F4 9, =14.7, P =0.004). Planned comparisons (test of ef-
fects) showed that infusion of guanfacine alone significantly im-
proved accuracy of responding compared with saline control
(81.25 = 1.88% correct after guanfacine treatment vs.
66.00 = 2.33% correct after saline: F; o) = 30.89, P =0.0004).
Planned comparisons also showed that Sp-cAMPS infusion had
no effect on its own (64.29 = 1.45% after Sp-cAMPS vs.
66.00 *+ 2.33% after saline: F(; o) = 0.60, P =0.46), but signifi-
cantly reversed the enhancing effects of guanfacine
(81.25 = 1.88% after guanfacine treatment vs. 67.14 = 2.06%
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Figure 1. Location of cannula tips in the rat medial PFC (prelimbic
cortex). All bilateral infusions of 0.5 pL occurred at 4.5 mm DV. Coronal
slices indicate distance (mm) anterior from bregma.

after guanfacine +0.21 nmol Sp-cAMPS: F; 4, = 48.0, P = 0.00007;
guanfacine +0.21 nmol Sp-cAMPS not significantly different
from saline: F; 9, = 0.14, P = 0.72).

A lower dose of Sp-cAMPS was tested in the second experi-
ment to examine a dose/response for Sp-cAMPS (Fig. 3). For
group 2 rats, there again was a significant main effect of guan-
facine (F(; 5 = 8.34, P = 0.02). However, there was no main effect
of Sp-cAMPS treatment (F, g, = 0.94, P = 0.36) and no significant
interaction between Sp-cAMPS and guanfacine infusions
(Fa,s =0.95, 0.36). Planned comparisons showed that guan-
facine significantly improved working-memory performance for
the group 2 rats compared with their own performance on saline
(F1 8 =9.59, P=0.02). The 0.021 nmol Sp-cAMPS had no effect
on its own (77.14 + 3.84% after 0.021 nmol Sp-cAMPS vs.
71.67 * 3.06% after saline: F, ) = 1.96, P = 0.2). This very low
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Figure 2. Guanfacine’s beneficial effects on workmg-memory perfor-
mance of rats are via inhibition of cAMP actions. Guanfacine (0.0001
ug/0.5 pL) improves rats’ performance in the delayed alternation task in
a T-maze when compared with performance following a vehicle treat-
ment. Activation of cAMP signaling, with a dose of 0.21 nmol of Sp-
cAMPS that has no effect on its own blocks guanfacine’s beneficial effects.
Results represent mean = SEM percent correct, n=9. *P = 0.0004 com-
pared with vehicle; **P = 0.00007 compared with guanfacine alone.
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Figure 3. Pharmacological specificity of Sp-cAMPS ability to reverse
guanfacine’s beneficial effects. A lower dose of Sp-cAMPS (0.021 nmol),
that has no effects on its own, fails to block guanfacine’s beneficial effect
on working-memory performance. Results represent mean = SEM per-
cent correct, n=8. *P=0.02 compared with vehicle; **P = 0.003 com-
pared with guanfacine alone.
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dose of Sp-cAMPS did not reverse guanfacine’s beneficial effects
(81.43 = 2.75% after guanfacine vs. 81.43 + 3.47% after guan-
facine + 0.021 nmol Sp-cAMPS: F 4y =0, P =1; guan-
facine + 0.021 nmol Sp-cAMPS significantly different from sa-
line: F(; gy = 17.15, P = 0.003). Thus, the 0.21-nmol dose, but not
the 0.021-nmol dose, reversed guanfacine’s enhancing effects on
the delayed alternation task.

Monkeys

Sp-cAMPS does not cross the blood brain barrier, and thus cannot
be administered systemically. However, the PDE4 inhibitor, ro-
lipram, is capable of penetrating the brain following systemic
administration. Thus, rolipram was administered to monkeys,
with or without guanfacine, 2 h prior to cognitive testing on the
spatial delayed response task. Within each test session, perfor-
mance was assessed across a variety of delay lengths, ranging
between a “0” sec delay control condition and the delay where
each monkey performed at chance (50%). Three intermediate
delay intervals were also used so that drug effects could be ex-
amined across the span of each monkey’s abilities. A wide guan-
facine dose range was examined (0.0001-0.5 mg/kg) to deter-
mine the most effective dose to enhance working-memory per-
formance. For each monkey, a rolipram dose between 0.001 and
0.05 pg/kg that had no effect on its own was selected based on
previous work in the lab (Ramos et al. 2003). That rolipram dose
was then readministered to verify that it did not have any cog-
nitive effect in the current study, and was then coinjected with a
dose of guanfacine that previously improved working-memory
performance. Treatments were administered in random order
with at least 1-wk washout between doses.

Rolipram significantly reversed the enhancing effects of
guanfacine in eight monkeys (Fig. 4). Analysis using 2-ANOVA-R
revealed a significant main effect of guanfacine injection,
(F1,77=9.03, P=0.02), a significant main effect of rolipram,
(F1,7)=6.83, P=0.04), and a significant interaction between
guanfacine and rolipram injections, (F , = 93.41, P <0.001).
Planned comparisons (test of effects) showed that guanfacine
significantly improved accuracy of responding compared with
saline control (81.67 + 1.65% correct after guanfacine treatment
vs. 67.63 + 0.76% correct after saline: F; ,, = 46.34, P < 0.001).
Rolipram had no effect on performance on its own
(70.42 = 2.25% after rolipram vs. 67.63 = 0.76% after saline:
F 7 =3.23, P=0.17), but reversed the enhancing effects of guan-
facine (81.67 = 1.65% correct after guanfacine treatment vs.
69.88 + 1.11% after guanfacine + rolipram: F, ,, = 51.3,
P =0.0002; no significant difference between saline treatment
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and guanfacine + rolipram: F, ;) = 3.57, P =0.101). An analysis
of guanfacine’s effects on performance at each delay length con-
firmed the previous statistical analyses. There was a significant
main effect of guanfacine treatment (F, ;) = 25.46, P =0.002)
and a significant main effect of delay (F 4 s, = 6.48, P =0.001).
However, there was no significant interaction between guan-
facine and delay, because guanfacine improved performance at
every delay length. There was no evidence of side effects with any
of the treatments used in these studies (median sedation score of
“0”, normal behavior), suggesting that effects seen in the current
study arose from altered cognitive ability rather than from non-
specific effects on performance. Thus, similar to rat studies, guan-
facine’s enhancement of PFC function is consistent with inhibi-
tion of cAMP signaling.

Discussion

The current study examined the hypothesis that «a2A-
adrenoceptor stimulation improves PFC cognitive function by
inhibiting cAMP signaling. The results showed that infusion of
the a2A-adrenoceptor agonist, guanfacine (0.0001 ng/0.5 uL),
into prelimbic PFC-enhanced delayed alternation performance
in aged rats. This improvement in PFC cognitive function was
completely blocked by coinfusion of the cAMP analog, Sp-cAMPS
in a dose-related manner. As Sp-cAMPS mimics the effects of
cAMP, these data indicate that guanfacine improves working-
memory functions in PFC by inhibiting cAMP actions. Results in
monkeys also supported this hypothesis, as the improvement
observed with systemic guanfacine was blocked by coadministra-
tion of rolipram, a PDE4 inhibitor that increases endogenous
cAMP levels. Importantly, the reversal of guanfacine’s beneficial
effects on working memory by Sp-cAMPS and rolipram could not
be explained by additive effects of the two treatments, because
the latter drugs were given at doses that had no significant effect
on their own. Guanfacine may be particularly efficacious in ag-
ing animals by inhibiting excessive cAMP signaling in the aged
PFC (Ramos et al. 2003).

The fact that cAMP activation has different effects on work-
ing memory compared with long-term memory processes should
not be surprising, since working memory requires the continuous
and dynamic updating of memory buffers, whereas long-term
memory consolidation involves changes that are long-lasting
and less dynamic. Thus, hippocampal memory functions are im-
paired by stimulation of a2-adrenoceptors (Tanila 2001) and en-
hanced by activation of the cAMP-dependent protein kinase A
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Figure 4. Inhibition of the cCAMP pathway mediates the beneficial ef-
fects of systemic administration of guanfacine on the working-memory
performance of monkeys. Systemic administration of guanfacine
(0.0001-0.5 mg/kg) improves the monkeys’ performance in the delayed
response task when compared with performance following a vehicle
treatment. Similar to the rat studies, increasing cAMP actions with rolip-
ram at a dose that has no effects on its own, blocks guanfacine’s benefi-
cial effects on working-memory performance. Results represent
mean + SEM percent correct, n=8. *P<0.001 compared with saline
vehicle; **P = 0.0002 compared with guanfacine alone.
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(PKA) pathway. For example, memory consolidation and LTP
(late phase) depend on activation of cAMP/PKA signaling (Frey et
al. 1993; Abel et al. 1997; Bernabeu et al. 1997; Bourtchouladze et
al. 1998; Huang and Kandel 1998; Barros et al. 2000; Huang et al.
2000; Rotenberg et al. 2000; Schafe and LeDoux 2000). In con-
trast, PFC working-memory functions are impaired by activation
of the cAMP pathway in both young (Taylor et al. 1999) and aged
(Ramos et al. 2003) animals. However, it is possible that cAMP/
PKA activation in the PFC may be necessary in paradigms using
long delays that require hippocampal interactions with the
PFC or that involve encoding mechanisms similar to those used
in the hippocampal studies mentioned above. Consistent with
this hypothesis, a study by Beninger and colleagues has suggested
that cAMP/PKA activation in the PFC may be necessary in para-
digms using long delays that require hippocampal interactions
with the PFC (Aujla and Beninger 2001). Thus, inhibition of
cAMP/PKA signaling in the PFC immediately before testing
impaired working-memory performance when long delays
(30 min) were used (Aujla and Beninger 2001). Moreover, work
from Seamans and colleagues has shown that dopamine D, re-
ceptors, which couple to G, and can increase cAMP levels, selec-
tively modulate hippocampal afferents to the PFC during the
performance of a long-delay spatial win-shift task, but
not during performance of a nondelayed task (Seamans et al.
1998). Thus, the ability to use previously acquired spatial infor-
mation to guide responding 30 min later on a radial arm maze
requires D, receptor activation in the PFC and D, receptor modu-
lation of hippocampal inputs to the PFC. Finally, a more re-
cent study found that cAMP/PKA activation within the PFC im-
paired information storage for seconds, but not for minutes
(Runyan and Dash 2005). Taken together, these data suggest that
cAMP/PKA activation may be beneficial for PFC cognitive func-
tions under conditions that require hippocampal-PFC interac-
tions or long-term changes in PFC architecture. In contrast,
transient working-memory operations relying on existing PFC
networks would be strengthened by inhibition of cAMP signal-
ing.

It is not yet clear whether the beneficial effects of cAMP
inhibition are due to direct actions of cCAMP itself, CAMP activa-
tion of PKA, or cAMP actions on other intracellular signaling
pathways (e.g., EPAC). If the beneficial effects of reducing cAMP
levels are via PKA inhibition, then it is possible that a cell-
permeable, direct inhibitor of PKA would mimic the effects of
guanfacine or Rp-cAMPS and reverse the impairing effects of Sp-
cAMPS or rolipram. Conversely, CAMP could be improving work-
ing memory via its direct modulatory actions on other mol-
ecules. Our research in progress indicates that cAMP may influ-
ence PFC function through direct actions on Hyperpolarization-
activated Cyclic Nucleotide-gated cation (HCN) channels, but it
is likely that other downstream targets are altered as well. Either
way, cAMP actions appear to be very rapid, and likely do not
involve traditional translational processing.

The current study cannot fully rule out a presynaptic effect
of guanfacine, since the presynaptic terminals are intact and
a2A-adrenoceptors are localized pre- as well as postsynaptically
in PFC. There is also some controversy as to whether cAMP
mechanisms contribute to the regulation of NE release from NE
terminals (Hertting et al. 1990; Schwartz 1997; Tsuda et al. 2003).
However, as described above, the cognitive enhancing effects of
guanfacine are likely occurring at postsynaptic receptors on PFC
neurons that receive NE innervation.

In summary, guanfacine enhances PFC function in both
aged rats and monkeys. The data suggests that this effect is due,
at least in part, to the a2A-adrenoceptor’s ability to decrease
cAMP-mediated signaling in the PFC. The current study suggests
that levels of cAMP signaling could be altered with guanfacine

treatment to benefit individuals with advancing age or with PFC
disorders such as Attention Deficit Hyperactivity Disorder.

Materials and Methods

All procedures were approved by the Yale Institutional Animal
Care & Use Committee. Care of the rats and monkeys followed
the guidelines in “Guide for the Care and Use of Laboratory Ani-
mals.”

Rat studies

Subjects

Aged (20 mo), retired breeder Sprague Dawley rats from Harlan
were single-housed in filter frame cages. Aged rats were ~24 mo
old upon initiation of pharmacological testing. Given the fragile
health of the aged rats, only a total of 17 of over 30 rats were
healthy enough to complete training, surgical implantation of
cannula, and drug infusions. Animals were kept on a 12-h light/
12-h dark cycle, and experiments were conducted during the
light phase. Rats were slowly habituated to a restricted diet (16
gm/day per rat) of autoclaved Purina rat chow during the first 2
wk. Food was given immediately after behavioral testing and wa-
ter was available ad libitum. Rats were weighed weekly to confirm
that they were not undergoing irregular weight loss due to regu-
lated diet. Food rewards during cognitive testing were highly pal-
atable miniature chocolate chips. Rats were assigned a single ex-
perimenter who handled them extensively before behavioral
testing.

Delayed alternation in T-maze

Rats were habituated to a T-maze (dimensions, 90 X 65 cm) until
they were readily eating chocolate chips placed at the end of each
arm and were acclimated to handling. After habituation, rats
were trained on the delayed alternation task. On the first trial,
animals were rewarded for entering either arm. Thereafter, for a
total of 10 trials per session, rats were rewarded only if they
entered the maze arm that was not previously chosen. Between
trials the choice point was wiped with alcohol to remove any
olfactory clues. The delay between trials started at “0” sec (i.e.,
about 1.5 sec, minimum possible for delayed alternation) and
was subsequently raised in 5-sec intervals as needed to maintain
performance at 60%-70% correct.

Cannulae implantation

After training on the delayed alternation task, animals under-
went stereotaxic implantation of chronic guide cannulae as de-
scribed previously (Taylor et al. 1999). Guide cannulae (Plastics
One; 2.8 mm) with stylettes were aimed dorsal to the medial PFC
(see Fig. 1; prelimbic PFC; stereotaxic coordinates- anterioposte-
rior: +3.2 mm; mediolateral: +0.75 mm; dorsoventral: stylette
reaching to —4.2 mm). Due to the rats’ age and fragility, surgery
was performed under low doses of a mixture of ketamine (80
mg/kg) and xylazine (10 mg/kg) injected (i.p.) prior to the start of
the procedure. These agents were supplemented with gas anes-
thesia (isoflurane) administered during surgery via nose cone.
Sterile stylettes were inserted in the cannula to maintain patency.
Great care was taken to minimize pain and infection postopera-
tively to decrease stress to the animal. The region surrounding
the cemented guide cannula was treated with triple antibiotic
and cleaned daily if needed for a period of about a week. Animals
were also acutely treated with Buprenex (0.01 mg/kg) to decrease
pain.

Drug infusions

Rats were initially adapted to a mock infusion protocol to mini-
mize any stress associated with the procedure. Rats were gently
restrained while the stylets were removed and replaced with 30-
gauge sterile infusion needles that extended to 4.5 mm dorso-
ventral below the skull. Bilateral infusions were driven by a Har-
vard Apparatus syringe pump set at a flow rate of 0.25 puL/min
using 25 pL Hamilton syringes for an infusion time of 2 min.
Needles remained inserted in place for 2 min after completion of
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the infusion. Stylettes were inserted back into the cannulae, and
behavioral testing was performed 30 min after the infusion pro-
cedure. Drug treatments and vehicle were administered in a
counterbalanced order with at least 1 wk between each infusion.
Counterbalancing ensured that rats received drug infusions both
early in the study when delays were short as well as later in the
study when delays were longer. Animals were required to exhibit
stable baseline performance (two consecutive test sessions of
60%-70% correct) prior to drug administration.

Sp-cAMPS was purchased from Sigma RBI. Sp-cAMPS was
dissolved in sterile PBS as described previously (Punch et al. 1997)
to a dose of either 0.21 or 0.021 nmol. Guanfacine was gener-
ously provided by Shire Pharmaceuticals. Guanfacine was dis-
solved in sterile saline solution to the appropriate dose (0.0001
png/0.5pL). The dose presented in the current study was based on
a pilot study that identified this dose as the most effective. The
experimenter testing the animal was unaware of drug treatment
conditions. Note: due to the fragility of the aged rats’ health and
limited number of infusions that can be done after surgery, we
performed the lower and higher Sp-cAMPS doses in separate
groups of aged rats and were unable to get a dose response curve
for guanfacine in these animals.

Histology

Rats were placed in a knock jar that contained a gauze that was
moistened with a large dose of isoflurane and sacrificed by de-
capitation. Brains were removed, stored in formalin, sectioned,
and analyzed for histological verification of cannulae placement.
All rats had correctly placed cannulae within the prelimbic or
infralimbic regions of the rat cortex (Fig. 1).

Data analysis

The guanfacine vs Sp-cAMPS data (both 0.21- and 0.0021-nmol
doses) were analyzed using a two-way analysis of variance with
repeated measures (2-ANOVA-R) with within-subject factors of
guanfacine treatment and Sp-cAMPS treatment. Planned com-
parisons (user defined contrasts) were performed to examine
whether (1) vehicle/saline significantly differed from guanfacine/
saline, (2) vehicle/saline differed from Sp-cAMPS/saline, (3) guan-
facine/saline differed from guanfacine/Sp-cAMPS, (4) vehicle/
saline differed from guanfacine/Sp-cAMPS. A paired t-test was
also used to analyze the data from all of the rats in the study that
had been treated with guanfacine alone.

Monkey studies

Subjects

The animals used in this study were rhesus monkeys (Macaca
mulatta, n = 8) ranging in age from 13 yr (middle-aged) to over 30
yr. Two of eight monkeys were between 13 and 16 yr old; the rest
were 18 yr or older. However, actual birthdates were not available
for several of the aged animals who were wild caught. Ages were
estimated by the veterinarians based on health records, teeth,
and known history; several had been in the Yale colony for more
than 15 yr. These animals were selected for inclusion in the cur-
rent study as all had previously shown robust improvement with
guanfacine treatment. The monkeys were individually housed
and maintained on a diet of Purina monkey chow supplemented
with fruit. 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 minimize the need for dietary regulation.

Delayed response testing

Cognitive testing occurred in a Wisconsin General Testing Ap-
paratus (WGTA) situated in a sound-attenuating room. Back-
ground masking noise (60 dB, wideband) was also used to mini-
mize auditory distractions. Each monkey was assigned to a single
experimenter who knew the animal well, but was unaware of the
drug treatment conditions. The animals were tested twice a week
with 3-4 d separating each test session (e.g., Monday and Thurs-
day). The monkeys had been previously trained on the spatial
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delayed response task as described (Arnsten et al. 1988). During
delayed response, the animal watched as the experimenter baited
one of several foodwells with a food reward. The number of
foodwells varied from two to four wells depending on the mon-
key’s performance level and experience with the task. Care was
taken by the experimenter to ensure that the animal attended the
baiting procedure. The foodwells were then covered with identi-
cal cardboard plaques, and an opaque screen was lowered be-
tween the animal and the foodwells for a specified delay. At the
end of the delay, the screen was raised and the animal was al-
lowed to choose. Reward was quasirandomly distributed between
the left and right wells over the 30 trials that made up a daily test
session. Five different delay lengths (referred to as delays A
through E) were quasirandomly distributed over these 30 trials.
The shortest of these delays was <1 sec (the “0”-sec A delay). A
transparent screen was lowered for the “0”-sec delay condition.
However, as many monkeys are distracted by this event, this
“0”-sec delay condition likely requires PFC function for success-
ful performance. The remaining delays were in the range which,
for each individual monkey, yielded baseline performance of
about 70% across all delays (i.e., 18-22 trials correct of the pos-
sible 30 trials). For example, the delays for one animal might be
A=0,B=5,C=10,D =15, and E = 20 sec.

Sedation assessment

During each cognitive testing session, the experimenter rated the
animals’ level of sedation/agitation and aggression on rating
scales. Sedation and agitation were rated using a 9-point scale
where —4 =too agitated to test, —3 = agitation that interferes
with testing, —2 = slight agitation that does not interfere with
testing, —1 = more alert than usual, O = normal level of arousal,
1 = quieter than usual, 2 = sedated (drooping eyelids, slowed
movements), 3 = intermittent sleeping, and 4 = too sedated to
test. Aggression was rated using a similar scale, where —3 = dra-
matically more aggressive, —2 = moderately more aggressive,
—1 = mildly more aggressive, O = normal, 1 = mildly less aggres-
sive, 2 = moderately less aggressive, 3 = dramatically less aggres-
sive.

Drug administration

Guanfacine was generously provided by Shire Pharmaceuticals.
Guanfacine was dissolved in saline to the appropriate dose. Ro-
lipram (purchased from Sigma RBI) was dissolved in 0.2 mL 100%
ethanol and 0.8 mL sterile saline and diluted with saline to the
appropriate concentration, based on a previous study (Ramos et
al. 2003). We first determined which dose of guanfacine was the
most effective in enhancing working-memory performance in
the monkeys that participated in the study. The effective dose of
guanfacine varied between monkeys (0.0001-0.01 mg/kg; with
the exception of one agitated older monkey who was most im-
proved by 0.5 mg/kg). The rolipram dose also varied between
monkeys (0.001-0.05 ng/kg). Please note that a fixed dose of
both guanfacine and rolipram was used for each individual mon-
key; however, these doses varied between animals. Once an ef-
fective dose of guanfacine was found that reliably improved
working-memory performance, the guanfacine vs. rolipram
study was started. Drug solutions were made up fresh each day
under sterile conditions. The drug treatments saline, guanfacine,
rolipram, and guanfacine/rolipram were administered in random
order with at least 1-wk washout between treatments, and the
experimenter testing the animal was unaware of the treatment
condition. A dose of rolipram that had no effect on its own was
injected with or without guanfacine 2 h before testing. A wash-
out period of at least 10 d occurred between drug treatments.
Monkeys were required to return to stable baseline performance
for two consecutive testing days prior to new drug treatment.
Given these prolonged washout conditions, the research took
~10 mo to complete. Note: no significant correlation was found
for drug treatment vs. estimated age of monkeys (all r < 0.3) due
to the fact that all monkeys used in the study were selected based
on a pronounced response to guanfacine, and all monkeys were
middle aged or older. However, a significant correlation between
age and guanfacine efficacy would likely have been seen if
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younger monkeys (under 10 yr old) were included in the study as
well (Arnsten 1999).

Data analysis

The data was analyzed using a two-way analysis of variance with
repeated measures (2-ANOVA-R) with factors of systemic drug
administration (vehicle, guanfacine or rolipram). Planned com-
parisons (user defined contrasts) were performed to examine
whether (1) vehicle/saline significantly differed from guanfacine/
saline; (2) vehicle/saline differed from rolipram/saline; (3) ve-
hicle/saline differed from guanfacine/rolipram; (4) guanfacine/
saline differed from guanfacine/rolipram. A detailed analysis of
the effects of guanfacine at each delay interval was also per-
formed on the data (2-ANOVA-R; within subjects factors of guan-
facine and delay interval).
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