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Dopamine D2 Receptor Mechanisms Contribute to Age-Related 
Cognitive Decline: The Effects of Quinpirole on Memory and Motor 
Performance in Monkeys 
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The D2 dopamine (DA) receptor agonist, quinpirole, was 
characterized in young adult monkeys, young reserpine- 
treated monkeys and aged monkeys to assess the contri- 
bution of DA to age-related loss of prefrontal cortical (PFC) 
cognitive function. Monkeys were tested on a delayed re- 
sponse memory task that depends on the PFC, and a fine 
motor task that taps the functions of the motor cortex. In 
young adult monkeys, low quinpirole doses impaired per- 
formance of the PFC and fine motor tasks, while higher 
doses improved memory performance and induced dyski- 
nesias and “hallucinatory-like” behaviors. The pattern of 
the quinpirole response in reserpine-treated monkeys sug- 
gested that the impairments in delayed response and fine 
motor performance resulted from drug actions at D2 au- 
toreceptors, while the improvement in delayed response 
performance, dyskinesias and “hallucinatory-like” behav- 
iors resulted from actions at postsynaptic receptors. In 
aged monkeys, low doses of quinpirole continued to impair 
fine motor performance, but lost their ability to impair de- 
layed response performance. The magnitude of cognitive 
improvement and the incidence of “hallucinatory-like” be- 
haviors were also reduced in the aged animals, suggesting 
some loss of postsynaptic D2 receptor function. The pat- 
tern of results is consistent with the greater loss of DA 
from the PFC than from motor areas in aged monkey brain 
(Goldman-Rakic and Brown, 1981; Wenk et al., 1989), and 
indicates that DA depletion contributes significantly to age- 
related cognitive decline. 
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Research on the neural mechanisms underlying age-related cog- 
nitive decline continues to focus on acetylcholine, despite ac- 
cumulating evidence that normal aging has little effect on cho- 
linergic systems. For example, intensive studies of the monkey 
brain have shown that cholinergic markers show little (Wenk et 
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al., 1989) or no change with age (Wenk et al., 1991), and there 
are only minor differences in the number and size of cholinergic 
neurons (Stroessner-Johnson et al., 1992). Furthermore, careful 
and thorough lesions of the basal forebrain in young monkeys 
have only limited effects on cognitive function (Voytko et al., 
1994). Thus, it is doubtful that degeneration of cholinergic neu- 
rons contributes substantially to age-related cognitive deficits. 

In contrast to acetylcholine, biochemical studies have shown 
marked and consistent depletion of dopamine (DA) and its me- 
tabolites in the aged monkey brain. DA in the prefrontal cortex 
(PFC) is particularly vulnerable to the effects of age: DA in the 
PFC is depleted early in the aging process (e.g., 20+ years; 
Goldman-Rakic and Brown, 1981; Wenk et al., 1989), and PFC 
DA is almost undetectable in very old monkeys (e.g., 30+ years; 
Wenk et al., 1989). By comparison, the nearby motor cortex 
(Brodmann area 4; Goldman-Rakic and Brown, I98 1) and stria- 
turn (Goldman-Rakic and Brown, I98 1; Wenk et al., 1989) show 
less pronounced DA age-related depletion, indicating that vari- 
ous DA systems are differentially affected by the aging process. 

Cognitive functions are also differentially influenced by ad- 
vancing age: PFC cognitive deficits are evident early in the ag- 
ing process, and become marked in advanced age (Bartus et al., 
1978; Bartus, 1979; Walker et al., 1988; Rapp and Amaral, 1989; 
Bachevalier et al., 1991) while recognition memory (Rapp and 
Amaral, 1989) and motor skill learning (e.g., the Rosette task; 
Bachevalier et al., 1991) are less affected by the aging process. 
These parallels in neurochemical and behavioral changes suggest 
that DA loss may contribute to PFC age-related cognitive de- 
cline, particularly as DA is vital to proper PFC function (Bro- 
zoski et al., 1979). However, the functional relationship between 
DA loss and PFC cognitive deficits in aged individuals has rare- 
ly been examined (Luine et al., 1990; Arnsten et al., 1994). 

The current study addressed this issue by assessing the func- 
tional integrity of the DA system in young versus aged monkeys 
using the D2 agonist, quinpirole. D2 agonists have both pre- and 
postsynaptic effects in brain, including the PFC: D2 autoreceptor 
stimulation inhibits DA release from terminals in the rodent PFC 
(Plantje et al., 1987) while stimulation of post-synaptic D2 re- 
ceptors inhibits PFC cell firing (Thierry et al., 1986; Sesack and 
Bunney, 1989). Thus, D2 agonists can be used to probe the 
status of the presynaptic element (i.e., endogenous DA and au- 
toreceptor function) as well as postsynaptic D2 function. The 
following research examined pre- versus postsynaptic effects of 
quinpirole on PFC and motor functions in young adult monkeys, 
aged monkeys with naturally occurring monoamine loss, and 
young monkeys experimentally depleted of monoamines using 
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chronic reserpine treatment. The delayed response task was used 
to assess PFC function (Goldman-Rakic, 1987), while a fine mo- 
tor task was used as a measure of the functional status of the 
motor cortex, a cortical region with a very dense DA projection 
in primates (Lewis et al., 1987; Williams and Goldman-Rakic, 
1993). The results of this study indicate that loss of DA function 
in the PFC contributes substantially to age-related cognitive de- 
cline. 

Materials and Methods 

Subjects. Three groups of adult female rhesus monkeys (Macaca mu- 
lutta) were used in this study: five young adult monkeys estimated as 
ranging between 4 and 9 years; eight aged monkeys ranging in age 
from about 20 to 40 years, and three young rhesus monkeys ranging in 
age between 8 and I5 years who were chronically treated with reserpine. 
All animals were housed individually under standard laboratory con- 
ditions. The three reserpine-treated young monkeys were treated and 
tested at the Kunming Institute of Zoology in Kunming, China, under 
the supervision of DT. Cai; the remaining animals w&e housed and 
tested at the Yale Medical School. New Haven. CT Dr. Cai had ure- 
viously trained at Yale Medical School with Drs. Arnsten and Goldman- 
Rakic, thus ensuring comparable methods between the two institutions. 
As actual birth dates were unavailable for most monkeys, ages were 
estimated on the basis of prior breeding and behavioral testing records, 
dental records, and general appearance. Rhesus monkeys in captivity 
have been reported to live 20-25 years and occasionally longer (Lapin 
et al., 1979; Tigges et al., 1988). 

Delayed response &sting. Cognitive testing was conducted in a Wis- 
consin General Test Apparatus (WGTA) in a sound-attenuating room. 
Background masking noise (60 dB, wideband) was used to minimize 
auditory distractions. 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 min- 
imize the need for dietary regulation. Using these conditions, no prob- 
lems with motivation were evident. 

The monkeys had been previously trained on the two-well delayed 
response task. During delayed response, the animal watches as the ex- 
perimenter baits one of two food wells. The food wells are then covered 
with identical cardboard plaques, and an opaque screen is lowered be- 
tween the animal and the test tray for a specified delay. At the end of 
this delay, the screen is raised and the animal is allowed to respond. 
Reward is quasirandomly distributed between the left and right wells 
over the 30 trials that make up a daily test session. 

In order to observe the effects of drug on memory capacity, the 
animals were trained on a variable delayed response task in which the 
delays varied between less than I set (“0” set) and the temporal in- 
terval that produced performance near chance levels for each animal 
within a session. Five different delay lengths were quasi-randomly dis- 
tributed over the 30 trials that made up a single test session. For ex- 
ample, the range of delays for young monkey #442 was “0,” 35, 70, 
105, and 140 sec. All monkeys performed perfectly at “0” set and 
exhibited increasing difficulty with progressively longer delays, a pat- 
tern consistent with memory impairment. Delays were adjusted until 
the animals showed stable baseline performance of approximately 83% 
correct for the 30 trials, thus leaving room for improvement or impair- 
ment in performance. The aged animals performed at a baseline level 
of only about 70% correct, even at lower delays (e.g. delays of “0,” 4, 
8, 12, and I6 set for the youngest aged monkey, 502), consistent with 
age-related deficits on this task. Chronic reserpine treatment also re- 
duced the baseline performance of young monkeys to about 70% cor- 
rect. The young and aged monkeys were tested twice a week, with 3- 
4 d separating test sessions (e.g., Mondays and Thursdays). The reser- 
pine-treated monkeys were injected everyday with reserpine, and thus 
were tested on a daily basis. 

Fine rn~f~r performance. Fine motor abilities were assessed in the 
WGTA by allowing the animals to retrieve small food rewards placed 
closely together on a modified pegboard. Successful retrieval of the 
rewards required precise grasping between the thumb and an opposing 
digit. Access time was limited to maximize an animal’s speed of re- 
sponding. The number of rewards retrieved in the allotted time (e.g., 
30 set) was used as an estimate of fine motor ability. All drug responses 
were compared to performance on vehicle (previous test session). Fine 
motor testing immediately followed delayed response testing for most 

animals. Two young monkeys were tested on the fine motor and delayed 
response tasks on separate days due to motivation problems when the 
tasks were administered in tandem. Only four of five young monkeys 
and five of eight aged monkeys were able to participate in this exper- 
iment due to missing digits or unstable performance. 

Reserpine treatment significantly decreased tine motor performance 
from about 24 rewards retrieved/30 set without reserpine to approxi- 
mately 3.5/30 set following reserpine treatment. In order to diminish 
the bias of floor effects, the amount of time allotted to perform the task 
was increased to 30 min to restore the previous level of performance 
prior to challenge with quinpirole. 

General behavioral observations. Changes in behavior were evalu- 
ated during cognitive testing and in the home cage by an experimenter 
who was familiar with the animal, but was “blind” to the drug treatment. 
conditions. Sedation and agitation were rated using a nine point scale, 
where 0 = normal level of arousal, I = quieter than usual, II = sedated 
(drooping eyelids, slowed movements), III = intermittent sleeping, and 
IV = too sedated to finish testing; -I = more alert than usual, -11 = 
slight agitation, but not sufficient to disrupt testing, -111 = agitation 
disrupting testing, and -IV = too agitated to test. Aggression was rated 
using a 7 point scale, where 0 = normal level of aggression, -I = 
slightly more aggressive, -11 = moderately more aggressive, and -III 
= extremely aggressive; I = slightly more docile, II = moderately more 
docile, and III = very docile. 

The animals were also observed for: changes in gross motor function 
(e.g., circling), dyskinesias (including chewing, yawning, grimacing, ex- 
aggerated blinking, and ballistic movements of the arms), excessive 
grooming or scratching, oral behaviors including licking or gnawing 
(e.g., on cage bars), hyperreactivity to stimuli (assessed by the presence 
of a startle response to a small movement of a pencil), and general 
appearance (e.g., pallor). Unexpectedly, monkeys also exhibited “hal- 
lucinatory-like” behaviors, complex, coordinated behaviors which were 
directed at seemingly nonexistent stimuli. For example, animals would 
exhibit a series of focused eye movements, as if tracking a moving 
object, followed by a swatting movement directed at the center of their 
gaze. These behaviors resembled those produced by chronic high dose 
amphetamine treatment in monkeys (e.g., Nielsen et al. 1983). The ex- 
perimenters only scored an episode of “hallucinatory-like” behavior if 
it was clear that no actual object was directing the animal’s behavior. 
“Hallucinatory-like” behaviors were distinguished from dyskinesias 
and from simple scratching movements, which were also increased by 
high dose quinpirole administration. It is recognized that these behav- 
iors are difficult to study in a rigorous manner; however, an attempt 
was made to describe these abnormal behaviors given their potential 
clinical significance. A more detailed characterization of this phenom- 
enon is being conducted in an independent study. 

Drug administrarion. Drug solutions were made fresh each day under 
aseptic conditions. Quinpirole, raclopride or SCH23390 were diluted in 
sterile saline. Drug or sterile saline vehicle was injected intramuscularly 
I hr prior to delayed response testing. With the exception of reserpine 
(see below), all drug doses were acute. The quinpirole doses ranged 
from 0.000001 to 1.0 mg/kg; the doses of antagonist needed to block 
the quinpirole response are described in the Results. Quinpirole doses 
were administered quasi-randomly with the one caveat that the initial 
dose was never greater than 0.1 mg/kg for health reasons. The health 
of the animals was also protected by not administering the highest doses 
to animals who exhibited significant distress (i.e., impaired performance 
due to marked hypotension, dyskinesias, etc.). On completing a dose/ 
response curve, selected doses that produced performance above base- 
line performance were repeated for replicability of the response. Re- 
sponses that were replicable were then challenged with antagonist. The 
two experimenters testing or rating the animal were “blind” to the drug 
treatment conditions. Drug administration occurred only after an animal 
had returned to baseline performance for two consecutive test sessions. 
Therefore, all washout periods between drug injections were at least 
IO d. 

Reserpine-treated young monkeys were injected once daily with 0. I 
mg/kg reserpine solution for at least 5 d prior to challenge with quin- 
pirole. Previous research has shown that at least 3-4 days of daily re- 
serpine injections are needed to produce stable deficits in delayed re- 
sponse performance (Cai et al., 1993). On the challenge day, 
reserpine+saline or reserpine+quinpirole were injected I hr prior to 
delayed response testing. The dose of reserpine was 0.1 mg/kg, the 
doses of quinpirole used in this experiment ranged from 0.00001 to 
0.08 mg/kg. 
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YOUNG MONKEYS 
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Figure 1. The effects of quinpirole on the delayed response perfor- 
mance of young, adult monkeys. Individual dose/response curves and 
estimated ages for the five monkeys who participated in this study are 
shown. The mean of matched saline (0 mglkg) performance for each 
individual animal in this experiment is indicated by the hon’zonru/ line; 
the range of matched saline performance for each individual animal in 
this experiment is indicated by the dashed horizontal lines. Quinpirole 

Quinpirole was kindly provided by Lilly Research Laboratories (In- 
dianapolis, IN), raclopride by Dr. S. Ogren (Astra Pharmaceuticals, 
Sweden), haloperidol for injection by the R. W. Johnson Pharmaceutical 
Research Institute (Spring House, PA) and SCH23390 maleate by Sch- 
ering Corp. (Bloomfield, NJ). Reserpine solution for injection (I mgl 
ml) is no longer obtainable in the United States but is still available in 
China. Injectable reserpine was generously supplied to Dr. Cai by the 
Qiaoguang Pharmaceutical Factory (Guangzhou City, Guangzhou Prov- 
ince, China). 

Data urdysis. Delayed response performance on drug was compared 
with matched vehicle (saline) control performance for the same week. 
Fine motor performance was also compared to matched vehicle control 
performance. Since the animals served as their own controls, statistical 
analyses employed repeated measures designs: paired t test (also called 
dependent t test or r-dep), and one- or two-way analyses of variance 
with repeated measures followed by post hoc tests (I-ANOVA-R on 
drug dose; or 2-ANOVA-R with factors of drug and delay). For young 
monkeys, the effect of dose of quinpirole was tested using a I-ANO- 
VA-R for doses 0, 0.0001, 0.001, 0.01, 0.05, and 0.1 mglkg. Higher 
doses were not included in the analysis as they were not tolerated by 
one animal. For aged monkeys, the effect of quinpirole dose was tested 
using a I-ANOVA-R for doses 0, 0.0001, 0.001, and 0.01 mg/kg, as 
the oldest animal could not tolerate doses higher than 0.01 mg/kg. Com- 
parisons between quinpirole+ saline versus quinpirole+antagonist uti- 
lized paired T tests, while comparisons between young and aged animals 
utilized unpaired T tests (also called independent T test or t-ind). Cor- 
relations between age and drug efficacy (largest effect of drug) utilized 
a nonparametric analysis, (Spearman test), due to the use of estimated 
ages. Differences in behavioral ratings between young and aged mon- 
keys also used a nonparametric test (Mann-Whitney U). Statistical anal- 
ysis was conducted on a Macintosh LC III computer using a statistics 
package (SYSTAT). 

Results 
Observations of quinpirole’s effects on behavior 
The effects of quinpirole on delayed response and fine motor 
performance occurred within a constellation of behavioral 
changes. In young adult monkeys, low doses of quinpirole fre- 
quently produced behavioral quieting, while higher doses pro- 
duced a spectrum of behaviors including increased agitation, 
scratching/grooming, dyskinesias, sedation, pallor, hyper-reactiv- 
ity to stimuli, and “hallucinatory-like” behaviors (Fig. 1). The 
potency of quinpirole in eliciting “hallucinatory-like” behaviors 
showed a relationship with age: “hallucinatory-like” behaviors 
were evident in the 0.05-0.1 mg/kg range in the three post- 
adolescent animals (666, 613, and 643), while the two animals 
estimated to be 9 years (442 and 443) required doses of 1 .O mg/ 
kg to induce these abnormal behaviors (Fig. 1). “Hallucinatory- 
like” behaviors were also less prominent in the aged monkeys; 
these behaviors were seen in five of five young monkeys but 
only four of eight aged animals (young vs aged: Mann-Whitney 
lJ = 30, p = 0.068; Figs. I, 2). In contrast, aggression was more 
apparent in the aged group (0.05 mg/kg quinpirole: median ag- 
gression scores of 0 for the young monkeys and -II for the 
aged monkeys: Mann-Whitney U = 0.0, p = 0.007). 

Quinpirole had marked effects on the behavior of reserpine- 
treated monkeys. Quinpirole produced a significant, dose-related 
reduction of reserpine’s sedative effects (Fig. 3A; Friedman sta- 
tistic = 8.5, p = 0.037), suggesting that the quieting effects of 
low doses of quinpirole in young adult animals resulted from 
drug actions at DA autoreceptors. At higher doses, quinpirole 
frequently induced agitation, dyskinesias, and “hallucinatory- 

t 

also induced changes in behavioral ratings. Sedation/agitation scores 
different from 0 are indicated; description of these scores is given in 
Materials and Methods. HLE indicates that “hallucinatory-like” behav- 
iors were observed at that dosage during cognitive testing. 
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Figure 2. The effects of quinpirole on the delayed response perfor- 
mance of five representative aged monkeys (partial dose/response 
curves for the three remaining monkeys are shown in Fig. 8). With 
increasing age, the typical biphasic dose/response curve is lost and is 
replaced by monophasic improvement (e.g., monkey 343) or no effect 
(e.g., monkey 121). Results represent the number correct out of a pos- 
sible 30 trials. The mean of matched saline (0 mglkg) performance for 

like” behaviors 

changes resulted 

tors. 

(Fig. 3A), suggesting that these behavioral 

from quinpirole actions at postsynaptic recep- 

Quinpimle’s effects on deluyed response petfbrmunce 

Young adult monkeys. Quinpirole significantly altered the de- 
layed response performance of young adult monkeys [I-ANO- 
VA-R: significant effect of quinpirole dose: F(5,20) = 3.49, p 
= 0.021. As can be seen in Figure 1, quinpirole produced a 
complex dose/response curve in these animals: very low doses 
(CO.0 I mg/kg) impaired performance, moderate doses (0.0 I-O. 1 
mg/kg) often improved performance, while the highest doses 
(>O. 1 mg/kg) produced many side effects which often interfered 
with performance [polynomial contrasts 3”: F( 1,4) = 10.63, p 
= 0.03]. 

A more intensive analysis of the impairment induced by very 
low quinpirole doses (0.0001-0.005 mg/kg) was performed to 
determine whether the pattern of errors was consistent with cog- 
nitive deficits (impairment at non“0” delays) or with nonspecific 
impairment (e.g., errors at “0” set delays). Analysis of variance 
(2-ANOVA-R) with variables of drug [quinpirole (optimal dose) 
vs saline], and delay showed a significant effect of drug [F( I ,4) 
= 35.7 I, p = 0.0041, a significant effect of delay [F(4,16) = 
3.12, p < 0.045), and no significant drug by delay interaction 
[F(4,16) = I .61, p = 0.221. The absence of a drug by delay 
interaction appeared to result from floor effects at the longest 
delays, as an interaction emerged if the longest delays were re- 
moved from the analysis [F(2,8) = 3.76, p = 0.071. Post hoc 
tests revealed that low dose quinpirole treatment significantly 
impaired performance following intermediate delays only 
[F( I ,4) = 23.1, p = 0.0091. As delayed response impairment 
could be dissociated from drug-induced changes in sedation or 
fine motor performance (Table I), this pattern was considered 
compatible with impaired PFC cognitive function. 

Higher doses (>O.Ol mg/kg) of quinpirole improved (>27/30 
trials correct) the delayed response performance of four of five 
young adult monkeys (all but 613; see Fig. I). Analysis of the 
pattern of improvement produced by the most efficacious dose 
of quinpirole indicated that beneficial effects were most evident 
following the longest delays [2-ANOVA-R with variables of 
quinpirole (optimal dose) and delay: significant effect of quin- 
pirole- F( I ,4) = 15.36, p = 0.017; post hoc tests: significant 
effect of quinpirole at longest delays- F( 1,4) = 16.00, p = 
0.0161. Improvement was repeated in only three of five monkeys 
(443, 643, 666); thus, challenge with antagonists was limited to 
these animals (see below). 

Young, reserpine-treated monkeys. To test for drug actions at 
pre- versus postsynaptic D2 receptors, the response to quinpirole 
was characterized in young monkeys chronically treated with 
reserpine to deplete endogenous catecholamines. If  quinpirole 
remained effective in reserpine-treated monkeys, a postsynaptic 
site of action would be supported, while loss of efficacy would 
support a pre-synaptic site of action at DA autoreceptors. Al- 

t 

each individual animal in this experiment is indicated by the horizontal 
line; the range of matched saline performance for each individual ani- 
mal in this experiment is indicated by the dtrshed horizontul lines. Se- 
dation and agitation scores different from 0 are indicated; description 
of these scores is given in Materials and Methods. HLR indicates that 
an “hallucinatory-like” behavior was observed at that dosage during 
cognitive testing. 
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A. DELAYED RESPONSE AND SEDATION Table 1. Quinpirole doses that impair delayed response versus 
fine motor performance 

Dose (mg/kg) that impairs performance of the: 

Delayed response Fine motor Sedation 
task task score” 

Monkey 442 0.000 1 0.01 I 
Monkey 443 0.001 0.00 I 0 
Monkey 666 0.005 0.01 I 
Monkev 6 13 0.005 0.01 I 
Monke; 643 0.000 1 -III to 0. 

” Sedation scores produced by dose of quinpirole that produced maximal im- 
pairment on the delayed response task. 

DOSE OUINPIROLE (mgkg) 

+ 0.1 mgkg RESERPINE 

B. FINE MOTOR 

SALINE 0.01 
WIN 

+ 0.1 mglkg RESERPINE 

C. RESERPINE VS AGED: DELAYED RESPONSE 

0 .ooooo1 .Oool a01 .Ol .02 .03 .04 .05 

Dose Quinpirole (mgkg) 

Figure 3. The effects of quinpirole in young monkeys (n = 3) chron- 
ically treated with the catecholamine-depleting agent, reserpine (0.1 mg/ 
kg). A, The effects of quinpirole on delayed response performance and 
sedation in the reserpine-treated monkeys. Results represent mean trials 
correct t range of performance on the delayed response task, and me- 
dian sedation scores (description of these scores is given in the Mate- 
rials and Methods). Quinpirole significantly improved delayed response 
performance and alleviated sedation in the reserpine-treated monkeys. 
“Hallucinatory-like” behaviors (HLB) were evident following higher 
doses (0.06-0.08 mg/kg). B, The effects of quinpirole (0.01 mglkg) on 
the mean ? SEM number of rewards retrieved on the fine motor task 
during a 30 min time interval. Quinpirole did not induce fine motor 
impairment in reserpine-treated monkeys. C, Comparison of quinpiro- 
le’s effects on delayed response performance in reserpine-treated young 
monkey 8 (aged 9 years; solid circles) and aged monkey 343 (estimated 
age 33 years; open circles). Results represent the number correct out of 
a possible 30 trials. Mean ? SEM saline performance is shown (0 mg/ 
kg). Note that the young, reserpine-treated monkeys and the aged mon- 
keys have a similar level of baseline performance following saline treat- 
ment (0 mg/kg quinpirole), yet quinpirole was more efficacious in the 
young, reserpine-treated monkeys. 

though reserpine-treated monkeys exhibit deficits in delayed re- 
sponse performance (Cai et al., 1993), their baseline perfor- 
mance is approximately 70% correct (Fig. 3A), permitting room 
for either drug-induced impairment or improvement in perfor- 
mance. Results of this experiment showed that, in contrast to 
normal animals, reserpine-treated monkeys demonstrated a mon- 
aphasic response to quinpirole (Fig. 3A). Both low and high 
doses of quinpirole produced a significant improvement in de- 
layed response performance in these animals [ I-ANOVA-R on 
quinpirole dose: F( l2,4) = 18.85, p = 0.0091. Post-hoc analysis 
showed that even the lowest doses significantly improved per- 
formance [F( I ,2) = 1 I I .73, p = 0.009 for the 0.000 I mg/kg 
dosage]. Drug-induced improvement in delayed response per- 
formance did not correlate significantly with changes in sedation 
scores (all p values > 0. I ; Fig. 3A), indicating that improved 
delayed response scores were not due to simply to changes in 
arousal. The robust improvement in delayed response perfor- 
mance produced by quinpirole in reserpine-treated animals in- 
dicates that quinpirole’s beneficial effects on cognitive perfor- 
mance result from actions at postsynaptic receptors. Conversely, 
the absence of delayed response deficits following low quinpir- 
ole doses in reserpine-treated animals suggests that the low dose 
impairment observed in young adult monkeys may result from 
actions at presynaptic autoreceptors. 

Aged monkeys. As can be seen in Figure 2, the effects of 
quinpirole on delayed response performance weakened with in- 
creasing age. Two of the youngest aged animals (e.g., monkey 
502, Fig. 2) still exhibited dose/response curves resembling 
those of young adult animals, but the amplitude of the impair- 
ment at low doses was less than that seen in young animals. 
Two other monkeys in this younger age group exhibited irregular 
dose/response curves, showing both impairment and improve- 
ment with quinpirole treatment, but with no simple relationship 
to dose (e.g., monkey 499, Fig. 2). In these monkeys, quinpirole 
induced marked agitation (e.g., sedation scores of -III), which 
may be responsible for their erratic responses. The four oldest 
aged animals exhibited simpler dose/response curves. Three of 
these animals had monophasic dose/response curves (e.g., mon- 
key 343, Figs. 2, 3C; monkey 107, Fig. 2), exhibiting improve- 
ment at very low doses. This improvement disappeared at higher 
doses as hypotension disrupted performance. The fourth very 
old monkey showed a flat dose/response curve (monkey 121, 
Fig. 2), with delayed response impairment at high doses again 
being associated with hypotension and/or general behavioral dis- 
ruption. It is noteworthy that a low dose of quinpirole induced 
behavioral quieting (sedation score of I) in aged monkey 121, 
without evidence of delayed response impairment. The altered 
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Figure 4. A, The correlation between estimated age and the efficacy of low doses of quinpirole (CO.01 mg/kg) to impair delayed response 
performance. Data from young monkeys are represented using solid squures; from aged monkeys using open squares. The impairment produced 
by low quinpirole doses diminished with advancing age (Spearman test: r = 0.746, n = 13, p < 0.01). B, The correlation between estimated age 
and the efficacy of any dose of quinpirole to improve delayed response performance. The improvement produced by quinpirole tended to decrease 
with advancing age, but this relationship did not reach statistical significance (Spearman test: r = -0.47, n = 13, p < 0.1). C, Selected dose/ 
response curves illustrating age-related changes in the response to quinpirole. With advancing age, there was a (1) loss of low dose quinpirole- 
induced impairment of delayed response performance, and (2) a leftward shift in doses capable of improving delayed response performance. Results 
represent percent change from saline control performance for monkeys 443 (est. age 9 years), 502 (est. age 20-t years), and 107 (est. age 40 years). 

drug responses in the aged animals resulted in a nonsignificant 
overall effect of quinpirole [ I-ANOVA-R: effect of quinpirole 
dose: F(3,24) = 0.155, p = 0.9251. 

Inspection of the quinpirole dose/response curves in aged 
monkeys suggested that the low dose response was particularly 
altered in aged animals relative to young adults. Statistical com- 
parison confirmed this observation: low doses (CO.01 mg/kg) of 
quinpirole produced significantly less impairment in the aged 
versus young adult monkeys (comparison of most efficacious 

dose in young vs aged monkeys: t-ind = 3.5 I, df = 12, p = 
0.004). Additional analysis revealed this to be a progressive 
change with advancing age: a significant inverse correlation was 
found between estimated age and the magnitude of the impair- 
ment produced by low doses of quinpirole (Spearman r = 0.746, 
p < 0.01, n = 14; Fig. 4A). Figure 4C illustrates this successive 
loss of quinpirole’s efficacy to impair delayed response perfor- 
mance in three representative monkeys. The 9 year old monkey 
was impaired by quinpirole (0.0001-0.001 mg/kg), the 20 year 
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Fig~rr 5. The efficacy of equimolar doses of D2 (raclopride) and Dl 
(SCH23390) antagonists in blocking the detrimental effects a low dose 
of quinpirole on delayed response performance in young monkeys (n 
= 4). Results represent mean + SEM number of trials correct. The low 
dose quinpirole iesponse was significantly blocked by coadministration 
of raclouride. but not bv SCH23390). SAL. saline: OUIN. auinoirole 
(most eifecti;e dose); RAC, raclopride (0.001 mg/kg);%f, &Hi3390 
(0.00065 mg/kg); *, significant difference from saline control perfor- 
mance; :, significant difference from quinpirole+saline. 

old showed milder impairment, while the 40 year old animal 
was improved in this same dose range. These very old animals 
did not exhibit drug-induced impairment in delayed response 
performance even following extremely low doses (O.OOOOOl- 
0.00005 mg/kg; e.g., Fig. 2, monkey 343). The change in re- 
sponse with advancing age was not simply an artifact of the 
aged animals performing at a lower baseline, as a significant 
inverse correlation was found between estimated age and the 
magnitude of the impairment produced by low doses of quin- 
pirole for the aged monkeys by themselves (Spearman r = 0.79, 
p < 0.05, n = 8). 

Statistical analysis of the high dose (>O.Ol mg/kg) quinpirole 
response also suggested a loss of beneficial drug effects with 
advancing age (Spearman test: r = -0.637, n = 13, p < 0.02). 
However, this relationship resulted in part from a leftward shift 
in the effective doses for the old animals below 0.01 mg/kg. 
With increasing age, progressively lower doses were needed to 
improve performance above baseline performance (correlation 
between estimated age and most effective, beneficial dose of 
quinpirole in the aged monkeys: Spearman r = -0.839, p = 
0.05). This shift in potency is illustrated in Figure 4C, where 
the 9 year old animal was improved by higher quinpirole doses 
(0.01-0.1 mg/kg), the 20 year old animal by an intermediate 
dose, and the oldest animal by the lowest doses of quinpirole. 
When these lower doses were included in the correlative anal- 
ysis, a loss of drug-induced improvement with advancing age 
was no longer apparent (Fig. 4B). 

The quinpirole dose/response curves of several very old mon- 
keys showed only improvement, resembling those of young, re- 
set-pine-treated monkeys, although of lesser magnitude. Both 
aged and reserpine-treated young monkeys had comparable lev- 
els of baseline performance (about 20/30 trials correct), but the 
mean optimal improvement observed in the reserpine-treated 
monkeys was 22.0% 5 3.8% over baseline, while the mean 
optimal improvement for the aged monkeys was only 12.5% + 
2.0% (t-ind = 2.68, df = 9, p = 0.025). A comparison between 
quinpirole’s effects in a young, experimentally depleted monkey 
and aged monkey 343 can be seen in Figure 3C. Although quin- 
pirole produced larger improvement in monkey 343 than in any 
other aged animal, it produced still greater improvement in the 
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Figure 6. The efficacy of a D2 (raclopride) and DI (SCH23390) an- 
tagonist in blocking the beneficial effects of quinpirole on delayed re- 
sponse performance in young and aged monkeys. Results represent 
mean A SEM number of trials correct. Higher doses of raclopride 
(0.01-0.2 mg/kg) were needed to block the beneficial effects of quin- 
pirole treatment. SCH23390 (0.0065 mg/kg) was also effective, sug- 
gesting an interaction between D2 and Dl receptors. SAL, Saline; 
QUIN, quinpirole (most effective dose); RAC, raclopride; SCH, 
SCH23390; * indicates significant difference from saline control per- 
formance. 

young, reserpine-treated animals who were able to achieve per- 
fect performance following an optima1 dose of quinpirole. These 
findings suggest decreased postsynaptic D2 function in the aged 
monkeys. 

Receptor mechanisms. To determine whether the impairment 
in delayed response performance produced by low doses of 
quinpirole in young adult monkeys resulted from actions at D2 
receptors, the quinpirole response was challenged with either the 
D2 antagonist, raclopride, or the Dl antagonist, SCH23390. As 
can be seen in Figure 5, treatment with raclopride (0.001 mgl 
kg) significantly reversed the impairment produced by a low 
dose of quinpirole (quinpirole doses listed in Table I ; quinpirole 
+ saline vs quinpirole + raclopride: t-dep = 3.16, df = 3, p = 
0.05). In contrast, an equimolar dose of the Dl antagonist, 
SCH23390 (0.00065 mg/kg), did not reverse the impairment 
produced by quinpirole (r-dep = 1.09, df = 3, p = 0.35). As 
these low doses of raclopride (Fig. 5) and SCH23390 (Arnsten 
et al., 1994) do not in themselves impair delayed response per- 
formance, the results indicate that the impairment produced by 
low doses of quinpirole is due largely to actions at D2 receptors. 

The receptor mechanisms underlying the beneficial effects of 
quinpirole on delayed response performance were tested in both 
the young and aged monkeys in whom improvement was re- 
peated (young monkeys: n = 315, aged monkeys: n = 315). The 
improvement in delayed response performance was blocked by 
the D2 antagonist, raclopride (Fig. 6; quinpirole + saline vs 
quinpirole + raclopride: t-dep = 6.76, df = 5, p = 0.001). 
However, while the 0.001 mg/kg raclopride dose was sufficient 
to block the impairment produced by low quinpirole doses in 
young monkeys, higher doses of raclopride (0.01-0.2 mg/kg) 
were needed to reverse quinpirole’s beneficial effects. This was 
true even for the aged monkey who was improved by a very 
low dose of quinpirole (0.00001 mg/kg): the 0.001 mg/kg dose 
of raclopride did not block the improvement, while the 0.01 mg/ 
kg raclopride dose was effective. 

The beneficial effects of quinpirole were also challenged with 
a Dl antagonist. Cotreatment with an equimolar dose of 
SCH23390 (e.g., 0.0065 mg/kg for those monkeys receiving 
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0.01 mg/kg raclopride) also significantly reversed the high-dose 
improvement by quinpirole (Fig. 6; quinpirole + saline vs quin- 
pirole + SCH23390: t-dep = 4.39, df = 5, p = 0.007). Thus, 
the beneficial effects of quinpirole appear to involve interactions 
between Dl and D2 receptors. As quinpirole has very low af- 
finity for Dl receptors (Dearry et al., 1990), it is most likely 
that this interaction involves endogenous DA stimulation of Dl 
receptors, a result commonly found in rodent studies (White et 
al., 1988; Waddington, 1989). 

Quinpirole’s effects on fine motor perjbrmance 

Young adult monkeys. Low doses (O.OOOl-0.01 mg/kg) of quin- 
pirole produced significant impairment in the fine motor perfor- 
mance of young adult monkeys (Fig. 7B; saline vs. most effec- 
tive dose quinpirole: t-dep = 7.56, df = 3, p = 0.005). In 
contrast to delayed response performance, however, higher doses 

did not improve fine motor performance in most animals. It is 
noteworthy that the dose of quinpirole which impaired fine mo- 
tor performance was higher than the dose needed to impair de- 
layed response performance in all but monkey 443 (Table I). 

Young, reserpine-treated monkeys. The role of pre- vs post- 
synaptic drug actions was explored in monkeys chronically treat- 
ed with reserpine. In order to minimize the bias of floor effects 
in these debilitated animals, the time allotted to perform the task 
was increased to restore previous levels of baseline performance 
(see Materials and Methods). 

In contrast to normal monkeys, quinpirole did not impair re- 
serpine-treated monkeys performing the line motor task (Fig. 
3B). Although 0.01 mg/kg quinpirole impaired most of the non- 
reserpine-treated monkeys, this dose had no effect in any reser- 
pine-treated monkey. These results are consistent with a presyn- 
aptic mechanism underlying the detrimental effects of low 
quinpirole doses on line motor performance. 

Aged monkeys. Similar to previous results on the Rosette re- 
trieval task (Bachevalier et al., 1991), fine motor performance 
was not impaired in the aged monkeys. Aged animals, like 
young monkeys, were able to retrieve large numbers of rewards 
(>20/30 set) following saline treatment (young vs. aged: t-ind 
= 0.29, df = 7, p = 0.78; Fig. 7A). Although there were dif- 
ferences between animals in levels of baseline performance, 
there was little within subject variation. For example, the aver- 
age SEM in performance for the aged animals was only 2 I.5 
rewards retrieved ( t 0.3). The consistency in saline performance 
allowed meaningful analysis of drug effects on fine motor func- 
tion. 

As with young, adult monkeys, low doses of quinpirole sig- 
nificantly impaired fine motor performance in the aged monkeys 
( 0.01 mg/kg quinpirole vs saline: t-dep = 3.67, df = 4, p = 
0.02; Fig. 7C). There was no significant difference between 
quinpirole’s efficacy in young vs aged monkeys (largest impair- 
ment seen in young monkeys: - 10.7 t 4. I, in aged monkeys: 
-8.4 & 1.3; t-ind = 0.62, NS). 

Receptor mechanisms. To determine whether quinpirole’s ef- 
fect on fine motor performance involved actions at D2 receptors, 
the quinpirole response was challenged with the D2 antagonist, 
raclopride. Concomitant treatment with raclopride (0.001-0.01 
mg/kg) significantly blocked the impairment produced by an op- 
timal dose of quinpirole in both the young (quinpirole + saline 
vs quinpirole + raclopride: t-dep = 6.05, df = 2, p = 0.026), 
and aged monkeys (0.001 mg/kg quinpirole+saline vs 0.001 mg/ 
kg quinpirole + 0.00 I mg/kg raclopride): t-dep = 6. IO, df = 2, 
p = 0.026). 
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Fi~nre 7. A, Aged (n = 5) and young (n = 4) monkeys showed 
comparable performance on the fine motor task following saline pre- 
treatment. Results represent mean + SEM number of rewards retrieved 
in 30 sec. B, The effects of increasing doses of quinpirole on the fine 
motor performance of four young monkeys. Results represent the mean 
difference between performance on drug versus matched saline control 
(i.e., number retrieved quinpirole minus number retrieved saline). Low 
doses of quinpirole significantly impaired fine motor performance with- 
out general behavioral disruption. C, The effects of increasing doses of 
quinpirole on the fine motor performance of five aged monkeys. Results 
represent the mean difference between performance on drug versus 
matched saline control (i.e., number retrieved quinpirole minus number 
retrieved saline). As with young monkeys, low doses of quinpirole sig- 
nificantly impaired fine motor performance. 

Summary. Figure 8 illustrates quinpirole’s effects on tine mo- 
tor versus delayed response performance in three representative 
aged monkeys compared to a representative young monkey. In 
the young monkey (top graph), low doses of quinpirole impaired 
both fine motor and delayed response performance, while in the 
aged monkeys (lower graphs), low doses of quinpirole markedly 
impaired fine motor performance without impairing delayed re- 
sponse performance. As fine motor testing followed delayed re- 
sponse testing, the lack of efficacy on delayed response perfor- 
mance in the aged monkeys cannot be explained by termination 
of the drug’s activity. Thus, there was a clear dissociation in 
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Figure X. The effects of low doses of quinpirole on the delayed re- 
sponse versus tine motor performance of young monkey 442 and aged 
monkeys 484, 485, and 446. Results represent differences in number of 
trials correct (delayed response) or number of rewards retrieved (fine 
motor) between drug and matched saline control. Low doses of quin- 
pirole significantly impaired both delayed response and fine motor per- 
formance in young monkeys, but impaired only fine motor performance 
in aged monkeys. The score of -IV indicates too agitated to perform 
the delayed response task at this dose. 

quinpirole’s effects on delayed response vs fine motor perfor- 
mance in the young and aged monkeys. 

Discussion 

Receptor mechunisms 
In young monkeys, low doses of quinpirole impaired delayed 
response and fine motor performance and produced behavioral 
quieting, while higher doses improved delayed response perfor- 
mance and produced a spectrum of behavioral changes including 
dyskinesias and “hallucinatory-like” behaviors. Data from re- 
serpine-treated monkeys suggest that the changes produced by 
low doses of quinpirole resulted from actions at presynaptic D2 
autoreceptors, while the responses produced by higher quinpi- 
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role doses resulted from drug actions at postsynaptic receptors. 
Although the reserpine model does not provide definitive sup- 
port for this hypothesis, particularly given the debilitated state 
of these animals, the results are consistent with several other 
factors. For example, presynaptic drug actions agree with the 
shape of the dose/response curves in young monkeys: the im- 
pairment in delayed response and tine motor performance di- 
minished with increasing dose. Quinpirole’s affinity for D2 re- 
ceptor subtypes is also in accordance with this hypothesis: 
quinpirole has highest affinity for the D3 site which has been 
localized both pre- and postsynaptically (Sokoloff et al., 1990), 
and slightly lower affinity for the D2 (ibid) and D4 subtypes 
(van Tol et al., 1991) the latter of which appears to be exclu- 
sively postsynaptic (ibid). The results of the raclopride challenge 
are similarly supportive. Raclopride has high affinity for the two 
subtypes which can be found presynaptically (D2 and D3; So- 
koloff et al., 1990), and much lower affinity for the D4 subtype 
(van Tol et al., 1991). Low doses of raclopride were able to 
block the impairment in delayed response performance produced 
by low doses of quinpirole, while higher doses were needed to 
block the improvement produced by quinpirole. Higher raclo- 
pride doses were also needed to block the improvement pro- 
duced by very low quinpirole doses in aged monkeys, indicating 
that the requirement for higher raclopride doses was not simply 
a mass action effect. These data suggest that low doses of quin- 
pirole impair delayed response performance through actions at 
D2 or D3 autoreceptors, while the agonist may improve delayed 
response performance through actions at postsynaptic D4 recep- 
tors. The latter effect appears to involve an interaction with Dl 
receptors, as SCH23390 was also effective in blocking the ben- 
eficial effects of quinpirole on delayed response performance. 

Evidence jofor 02 injuence on higher cortical ,function 
It is not known whether the low dose quinpirole response rep- 
resents a true impairment in cognitive function, or a nonspecific 
change in performance. For example, D2 receptor mechanisms 
are known to play a powerful role in the functions of the nucleus 
accumbens and neostriatum, and thus it is very likely that quin- 
pirole alters factors such as motivation (e.g., Taylor and Robbins, 
1984; White et al., 199 1; Beninger and Ranaldi, 1992) and motor 
responding (e.g., Barone et al., 1986), respectively. However, 
several lines of evidence support a direct effect of drug on cog- 
nitive functioning. First, delayed response impairment, fine mo- 
tor impairment, and changes in sedation ratings occurred at dif- 
ferent doses of quinpirole, indicating independent drug actions 
on these behaviors. Second, in aged monkeys, low doses of 
quinpirole impaired fine motor but not delayed response perfor- 
mance. These dissociations suggest that quinpirole impairs de- 
layed response performance through direct effects on cognitive 
function, rather than indirect effects on performance variables 
which would produce a more unitary profile of impairment. 

This pattern of deficits similarly implicates changes in cortical 
rather than striatal function. Disruption of striatal mechanisms 
might be expected to effect both the delayed response and fine 
motor tasks concurrently. Furthermore, monkeys with striatal 
dopamine depletion performing the delayed response task ex- 
hibit a qualitatively distinct pattern of impairment from that ex- 
hibited by quinpirole-treated monkeys: striatal dopamine deple- 
tion results in errors of omission on the delayed response task 
(Schneider, 1992) while low doses of quinpirole impair accu- 

racy without altering the number of trials completed (current 
study). Given the relatively low levels of dopamine in the cortex 
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compared to the striatum, the cortex may be more sensitive to 
the inhibitory effects of very low doses of quinpirole. 

Previous research has suggested that D2 mechanisms do not 
underlie DA’s beneficial effects on PFC cognitive functioning 
(Sawaguchi and Goldman-Rakic, I99 I ); however, this conclu- 
sion was based solely on results with raclopride, an antagonist 
with little D4 activity (van Tol et al., 1991). The current results 
of delayed response improvement following quinpirole treatment 
suggests that the D2 family of receptors, as well as the Dl/D5 
sites, may influence higher cognitive function. Stronger support 
for this hypothesis will require characterizing quinpirole’s effects 
on the performance of tasks with the same motor needs as de- 
layed response, but varying cognitive demands. 

Relevance to aging 
In contrast to young monkeys who exhibited impairment on both 
the delayed response and fine motor tasks following low doses 
of quinpirole, aged monkeys were impaired on the fine motor 
but not the delayed response task (e.g., Fig. 8). Doses as low as 
0.000001 mg/kg were examined, but evidence of drug-induced 
impairment on the delayed response task was only seen in the 
youngest aged animals. These negative effects with quinpirole 
cannot be explained by floor effects, because low doses of clo- 
nidine were able to significantly impair many of these same aged 
monkeys using the identical delayed response paradigm (Arnsten 
et al., 1988). A more likely explanation is that the change in 
quinpirole’s effects in the aged animals resulted from the het- 
erogeneous pattern of DA loss in cortex. DA depletion is more 
pronounced in the PFC than the motor cortex of aged monkeys 
(Goldman-Rakic and Brown, l981), a finding which may un- 
derlie the pronounced delayed response deficits and preserved 
fine motor function in these animals. Low doses of quinpirole 
may impair fine motor performance by inhibiting DA release in 
motor cortex through actions at D2 autoreceptors. Comparable 
drug actions at D2 autoreceptors in the DA-depleted PFC might 
have little effect on DA release, and thus produce no further 
impairment in the delayed response performance of aged mon- 
keys. The highly significant correlation between the estimated 
age of a monkey and the ability of low quinpirole doses to im- 
pair delayed response performance is consistent with increasing 
loss of DA from the PFC with advancing age. Wenk et al. re- 
ported a drop in frontal pole DA levels from a mean of 1.8 ng/ 
mg at 7-9 years, to a mean of 0.5 ng/mg at 21-23 years, to a 
mean of 0.1 ng/mg at 3 l-37 years (numbers estimated from Fig. 
2 of Wenk et al., 1989). The current data provide functional 
evidence for progressive DA depletion in the PFC with advanc- 
ing age. The exceptional vulnerability of the PFC DA system 
should not be unexpected, given the increased sensitivity of 
these cells to stress and pharmacological treatment in rodent 
biochemical studies (Deutch and Roth, 1990). 

In contrast to quinpirole’s adverse effects on delayed response 
performance at low doses, its ability to improve delayed re- 
sponse performance remained relatively stable with advancing 
age. Five aged monkeys showed quinpirole-induced improve- 
ment which was blocked by raclopride, consistent with drug 
actions at D2 receptors. In three of the oldest animals, improve- 
ment shifted from the high dose to the low dose (CO.01 mg/kg) 
range, resembling the dose/response curves of young monkeys 
experimentally depleted of catecholamines with chronic reser- 
pine treatment. However, there was evidence of decreased post- 
synaptic eflicacy as well: the improvement seen in aged mon- 
keys was of lesser magnitude than that seen in reserpine-treated 

young animals, and one of the oldest monkeys (I2 1) did not 
show improvement following any dose of quinpirole. D2 recep- 
tor loss with age has been reported in the monkey and human 
striatum (e.g. Wong et al., 1984; Lai et al., 1987; Rinne et al., 
1990), but has never been studied in the cortex where receptor 
numbers are much lower (Lidow et al., 1991). 

There was also an age-related decline in the potency of quin- 
pirole in inducing “hallucinatory-like” behaviors. Hallucina- 
tions are common side effects of D2 agonist (e.g., bromocripti- 
ne) and L-dopa treatment of Parkinson’s disease (Physician’s 
Desk Reference), and thus the finding of “hallucinatory-like” 
behaviors in monkeys in the current study should not be unex- 
pected. Furthermore, the decreased response with increasing age 
is consistent with the time course of positive symptoms in 
schizophrenia: hallucinations are most common during postado- 
lescence and decrease with advancing age (Bleuler, 1968; Ciom- 
pi, 1980; Harding et al., 1987; Winokur et al., 1987). The 
presence of these abnormal behaviors in an animal model rep- 
resents a unique opportunity to examine the neural mechanisms 
underlying an important clinical phenomenon. 

Additional evidence supporting a role,ftir DA loss in 
age-related cognitive decline 

Previous studies of aged rats and monkeys affirm that loss of 
DA contributes to PFC cognitive deficits in aged individuals. 
Aged rats exhibit a marked loss of DA and its metabolites from 
the PFC, and this depletion correlates with age-related spatial 
working memory deficits better than any other biochemical mea- 
sure (Luine et al., 1990). With advancing age, monkeys no lon- 
ger exhibit PFC cognitive impairment when treated with a Dl 
antagonist, but do show improvement when treated with a Dl 
partial agonist, findings consistent with endogenous DA deple- 
tion in the PFC (Arnsten et al., 1994). Aged humans also de- 
velop marked PFC cognitive deficits (e.g., Hochanadel and Kap- 
lan, 1984; Davis et al., 1990) and pronounced decreases in PFC 
blood flow (Kuhl et al., 1984; Riege et al., 1985; Waldemar et 
al., 1991). Although the very low levels of DA in the cortex 
have as yet precluded an accurate biochemical analysis of DA 
levels from human postmortem tissue, the studies of aged ani- 
mals suggest that DA depletion in the PFC may provide a major 
contribution to age-related cognitive decline. 
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