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The “frontal aging hypothesis” has been proposed by many researchers suggesting that the earliest and most severe age-relate
the cortex occur in the frontal lobes. Two of these changes include decreases in cognitive functions mediated by the prefrontal co
and significant decreases in norepinephrine (NE) and dopamine (DA). To investigate whether the changes in these neurotransmit
are directly related to the cognitive decline seen in aging we utilized the rhesus monkey as a model of normal human aging. Our
to determine if age-related changes in cognition is associated with changes in norepinephrine and dopamine receptor binding de
PFC. Eight young monkeys between five and ten years of age (six males and two female) and eight aged monkeys between 25 and
age (five males and three females) were behaviorally characterized. Subsequently on-the-slide in vitro binding assays were used
theα-1 adrenergic,α-2 adrenergic and DA1 receptors as well as the NE and DA uptake receptors. Aged animals as a group dem
significant cognitive impairments and aging produced a significant decrease inα-1 adrenergic andα-2 adrenergic receptor binding in the PF
but no significant change in binding for the DA1 receptor or the NE or DA uptake receptors. Further analysis revealed a significant re
between monoamine receptor binding and cognitive performance on three tasks: delayed non-matching to sample, delayed recog
test and the conceptual set-shifting task.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Biological changes that occur during the aging process
have been extensively investigated in recent decades as the
number of individuals over the age of 65 years in the pop-
ulation has grown. Of the many changes that have been
described, impairments in cognitive function can signifi-
cantly impair the quality of life. Mild, age-related cogni-
tive changes have been identified in several cognitive do-
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mains but impairments in memory and executive funct
are among the earliest and most severely affected[1]. Al-
though loss of cortical neurons is an important underly
factor in the cognitive impairments seen in major demen
like Alzheimer’s disease, the majority of recent studies h
failed to find any significant evidence of neuron loss in
process of normal aging (for review see[57] but for an ex-
ception see[68]). Hence it appears unlikely that a loss
cortical neurons will be able to account for the decline s
in cognition. This leaves the precise neurobiological basi
these age-related impairments in cognition yet to be de
mined.
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One of the limitations of answering this question with
human studies is the difficulty in obtaining optimally pre-
pared tissue from cognitively characterized individuals. The
rhesus monkey has proven to be a useful model that al-
lows brain tissue from cognitively characterized subjects
to be optimally prepared for a variety of analyses (see
[52] for a review). This approach has identified age-related
changes in memory[13,28,58,62,70,74]and executive func-
tion [35,36,47,51,61,69]quite similar to the patterns seen in
humans. While examination of the brains has shown stability
in neuron numbers[62], a variety of changes have also been
reported including degenerative changes in forebrain myelin
[53,54,55], changes in neurotransmitter systems of the medial
temporal lobe[63] and changes in some synaptic properties
[40] and action potential generation[18] in layer 3 neurons
of the prefrontal cortex (PFC). While some of these variables
appear to correlate with some aspects of age-related decline in
recognition memory, others do not. Moreover, the profound
age-related impairments in executive function in the normal
aging rhesus monkey that we have recently described[47]
are as yet, unexplained.

Executive function in humans and monkeys is largely
attributed to the prefrontal cortex in general[23,42,43,44]
and is profoundly dependent upon normal function of
the monoamine systems of the frontal lobe[4,10,69].
Specifically, norepinephrine (NE) and dopamine (DA), two
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Despite numerous studies in non-human primates that
have demonstrated age-related changes in NE and DA con-
centrations and the role of monoamine agonists and antag-
onists to modulate executive functions[3,6,9,14,17,69,75],
few studies have investigated the effects of aging on the re-
ceptors of these two neurotransmitters or their relationship to
cognitive decline. Accordingly, using a non-human primate
model of normal human aging, the present study assessed the
effects of aging on NE and DA receptor binding density in
various regions of the PFC and the relationship between NE
and DA receptor binding and performance on three cogni-
tive tests. As previously published[28,47,49], aged monkeys
are significantly impaired on cognitive tests (delayed non-
matching to sample, delayed recognition span test and the
conceptual set shifting task) that rely in part on the PFC.
Based on these findings, we wanted to determine if there was
a relationship between age-related cognitive performance on
these tests and changes in NE and DA receptor binding den-
sities in the PFC.

2. Experimental procedures

2.1. Subjects

Sixteen rhesus monkeys (Macaca mulatta), both males and fe-
m onies
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e n age
f ales
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a were
c tudy.
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onoamine neurotransmitters known to play roles in the
itive functions subserved by the prefrontal cortex, are
uced in aged monkeys, with the most significant reduc
ccurring in the prefrontal cortices[8,22,25]. Further, ad
inistration ofα-2 adrenergic agonists, to aged monkeys
roves their performance on the delayed response task[5,15],
classic test of frontal lobe function.

able 1
his table shows the age and gender of each monkey and the behavi

onkey Age Sex DNMS (Acq, 2 and 10

oung
AM055 10 M Yes
AM057 10 M Yes
AM078 6 F Yes
AM094 5 M Yes
AM095 7 F Yes
HM034 9 M Yes
HM044 7 M Yes
HM059 7 M Yes

Mean 7.6

ged
AM024 29 F Yes
AM048 30 M Yes
AM051 32 F No
AM061 31 F Yes
AM063 25 F Yes
AM068 25 M Yes
AM073 30 M No
AM098 27 F Yes

Mean 28.6
ales, were used in this study. They were obtained from the col
f the Yerkes National Primate Research Center. As shown inTable 1
ight subjects were young, (six males, two females) ranging i

rom 5 to 10 with a mean of 7.6 and 8 were aged, (three m
nd five females) ranging in age from 25 to 32 years of age
mean of 28.6. Three young monkeys (HM 034, 044, 059)

ontrols from a related study and were included as part of this s
hey completed the behavioral tasks and their brains were proc

ts completed by each monkey
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at the same time as the other animals in the control group. Their
performance on all three tests and receptor binding densities fell
within the range of the other control animals. All of the monkeys
had known birth dates and complete health records were available.
Before entering the study, monkeys received medical examinations
that included serum chemistry, hematology, urine analysis and fe-
cal analysis. In addition, explicit criteria were used to screen the
health records and exclude monkeys with a history of splenectomy
or thymectomy, exposure to radiation, cancer, organ transplantation,
malnutrition, chronic illness, neurological diseases or chronic drug
administration.

The stratification of this cohort into young and old was based
on a survival study at the Yerkes National Primate Research Center
from which these monkeys were obtained. In that study Tigges et
al. [72], found that over half of the population was dead by about 16
years of age while almost no monkeys (<5%) lived beyond 30 years.
Since monkeys reach sexual maturity by 5 years of age, this suggests
a ratio of 1:3 between monkey and human years. Assuming that the
relationship between monkeys and humans is constant across the
life span, young monkeys between 5 and 10 likely correspond to
humans between 15 and 30 years of age, while monkeys over 20
likely correspond to humans 60 years of age and older and monkeys
30 years of age and older correspond to humans over 90 years of
age.

All monkeys were part of larger of study of normal aging (see
[52] for a review) and underwent magnetic resonance imaging
(MRI) to ensure that none of the monkeys had suffered a major
cerebrovascular event, such as a stroke or head trauma and all had
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sess the depth of immediate memory capacity. The spatial form
(DRST-Spt) requires the identification of each new stimulus in an
increasing array of stimuli based solely on spatial location since all
objects are identical, while the object form (DRST-Obj) requires
the identification of each new stimulus based solely on its visual
characteristics independent of spatial location. After completion of
these tests in the WGTA, subjects are then tested on a simple three-
choice visual discrimination task on a computer controlled touch
screen apparatus that assesses simple associative learning. They are
then tested in the same computer apparatus on the conceptual set
shifting task (CSST), a monkey analog of Wisconsin Card Sorting
Test that assesses executive functions including abstraction and set
shifting. As a group, aged animals were significantly impaired in
abstracting the non-matching principle (DNMS-Acq) and applying
this principle across the delay conditions (DNMS-2 and -10). They
evidence reduced memory capacity on the DRST task[28,49] and
were also impaired on both abstraction and set shifting on the CSST
as compared to young monkeys[47]. An examination of the error
pattern made by the aged monkeys showed evidence of increased
perseveration on the DRST and CSST as compared to young mon-
keys[47,49].

2.3. Tissue preparation for autoradiographic studies

Following completion of the battery of cognitive tasks[28,47,49]
the monkeys were sedated with Ketamine and then deeply anes-
thetized with sodium pentobarbital and killed by exsanguination
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.2. Behavioral testing

Monkeys that completed behavioral testing on our battery of
itive tasks are indicated inTable 1. The specific tasks that were us
ave been described in detail elsewhere[8,47,49]. In summary, th

est battery begins with five tests in a Wisconsin General Tes
aratus (WGTA). The first is acquisition of the delayed non-m

o sample task (DNMS-Acq) a test of rule learning. This is follow
y DNMS with delays of 2 min (DNMS-2) and 10 min (DNMS-1

hat assess recognition memory over delays. Subjects are then
n two forms of the delayed recognition span task (DRST) tha

able 2
orepinephrine and dopamine receptor binding protocols

eceptor H3-ligand Concentration (nM) Blocker

-1 Prazosin 0.5 Phenyle
-2 Clonidine 1.5 Norepine
EU Nisoextine 3.0 Mazindo
A1 SCH-23390 2.0 (+) Butac
AU WIN 35, 428 5.0 Cocaine
d

uring transcardial perfusion with ice-cold Krebs buffer (pH 7
he brains were then blocked, in situ, in the coronal stereo
lane, removed and quickly frozen in−70◦C isopentane. Time b

ween the beginning of anoxia and freezing of the brain ranged
0 to 15 min. Brains were stored at−80◦C until cut on a cryosta
t−20◦C into interrupted series of 15 um thick sections. Each

ion was thaw mounted onto a poly-l-lysine coated slide and ra
ried and stored at−20◦C until they were group-processed in bin

ng assays with series from all the other subjects. This proce
liminates between subject variance due to difference in proce

or the assays described below.

.4. Receptor binding assays

Standard published in vitro receptor assay techniques using
haracterized tritium labeled ligands were used to quantify the s
oncentration binding density of the following receptors:α-1 adren
rgic, α-2 adrenergic, norepinephrine uptake transporter (N
opamine-1 (DA1), and the dopamine uptake transporter (D
seeTable 2). Assays were run only with a single concentra
f ligand with the ligand type and concentration and other i
ation conditions based on published studies as summariz
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10 UM/L Lidow et al. (1991), deKeyser et al. (1990)

/L) Coulter et al. (1995)
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Table 2. The following general techniques were used for all the
assays. The slide-mounted cryostat sections were removed from the
freezer, rapidly thawed (10–20 s) on a warming plate (30–32◦C)
and then transferred directly into the incubation solutions outlined
in Table 2. Binding assays consisted of incubation in a solution
containing a known concentration of radioactively labeled ligand
known to bind to the receptor in question as well as appropriate
ions to facilitate that binding. After a sufficient period of incubation
to allow ligand binding to equilibrate, the sections were rinsed to
remove unbound ligand and then rapidly dried. This assay consti-
tuted total binding of that particular ligand. Non-specific binding
was assayed using an immediately adjacent section that was treated
in the same way except that an excess amount of an appropriate
unlabeled blocker was added to the incubation medium to competi-
tively block specific receptor binding sites. After drying overnight at
−80◦C with desiccant, the sections were loaded into an X-ray cas-
sette along with tritium standards (Amersham Corp.) and apposed
to tritium sensitive film. The cassettes were sealed and the film al-
lowed to expose in the dark for several weeks at 4◦C before being
developed.

2.5. Analysis of ligand binding

Quantification of binding densities was performed using Inquiry,
a computer based, receptor autoradiographic image analysis system
from Loats Associates (Westminster, MD). This system collects dig-
itized images of film autoradiographs. Samples are then collected
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Fig. 1. This a representative coronal section of the prefrontal cortex showing
the regions measured in the receptor binding experiments.

2.6. Data analysis

Since the non-specific assays for all ligands demonstrated no
significant non-specific binding, measures of specific binding were
taken from the total binding assays. For each receptor subtype the
optical density data was converted to fmol/mg of protein based on
tritium standards calibrated to brain paste (Amersham).

For α-1 adrenergic,α-2 adrenergic and DA1 receptors, in each
of the six regions, the total fmol/mg of protein was averaged over
all four sections and one number was assigned for each subject for
each region (and lamina) measured. These data were analyzed with
separate two way repeated measures analysis of variance with age
as a between group variable and layer (superficial or deep) as a
within subjects variable. These tests were followed, when appropri-
ate, (i.e., the group by layer interaction was statistically significant)
by between group comparisons using tests of simple main effects.

For the NEU and DAU, in each of the six regions, the total
fmol/mg of protein across all layers was analyzed with separate two
way repeated measures analysis of variance for each receptor, with
age as a between group variable and region as a within subjects vari-
able. These tests were followed, when appropriate (i.e., the group
by region interaction was statistically significant) by between group
comparisons using tests of simple main effects.

3. Results
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Sections from all 16 animals were used in each assay b
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he second batch to assess and control for any variability bet
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As shown inFig. 1, samples were acquired from six spec
egions of interest in the PFC on each of four sections from
ase. These sections were matched for level and were alwa
ated in the anterior half of sulcus principalis. The six regions
led in each section along with the cytoarchitectonic design
ere: (a) dorsolateral convexity—area 9; (b) dorsal bank of su
rincipalis—area 46; (c) ventral bank of sulcus principalis—are
d) ventrolateral convexity—area 12; (e) orbital frontal cortex—
1, 14; and (f) medial frontal cortex—area 25. In each region,
les were taken in both the superficial layers (layers 1, 2 and 3
eep layers (layers 5 and 6) for the DA1,α-1 adrenergic, andα-2
drenergic receptors since there were clear laminar differen
inding. However, for the NEU and DAU assays, no laminar di
nces were observed and a pilot study confirmed the homog
f binding so the entire cortex was sampled from layer 1 to lay
.1. α-1 Adrenergic receptors

The binding densities for theα-1 adrenergic receptor a
llustrated inFig. 2A. The detailed analysis indicated th
here was a significant effect of layer in all regions with hig
inding densities in the superficial compared to the deep
rs. As indicated there was no affect of age on binding in
eep layers but there was a significant age-related redu

n binding density in the superficial layers of three out of
ix regions examined with orbital, medial and dorsal ban
rincipalis not reaching significance.
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Fig. 2. These graphs depict the receptor binding densities for�-1 adren-
ergic (A), �-2 adrenergic (B) and DA1 (C) receptor binding. The areas of
cortex measured are displayed across the top of the bars, thex-axis repre-
sents superficial and deep layers in each region and they-axis represents a
density measure in fmol/mg of protein. Asterisk indicates a significant group
difference (p≤ 0.05).

3.1.1. Dorsolateral convexity
A two way repeated measures analysis of variance of

binding density in the dorsolateral convexity revealed an
overall effect of age group [F(1,14) = 6.39,p= 0.02], and
of cortical layer [F(1,14) = 115.9,p= 0.0001] and a group
by layer interaction [F(1,14) = 13.46,p= 0.002]. Follow-up

analyses with between group comparisons using a test of sim-
ple main effects revealed a significant difference between the
age groups in the superficial layers of the dorsolateral con-
vexity [F(1,28) = 15.45,p< 0.001] (Fig. 2A), with the aged
group showing a significant reduction inα-1 adrenergic bind-
ing density. There was no significant difference between the
groups in the deep layers [F(1,28) = 0.89,p< 0.36].

3.1.2. Sulcus principalis (dorsal bank)
A two way repeated measures analysis of variance of bind-

ing density in the dorsal bank of sulcus principalis revealed
an effect of layer [F(1,14) = 80.34,p< 0.0001] but no overall
effect of age group [F(1,14) = 2.54,p< 0.133]. There was a
trend towards significance for the group by layer interaction
[F(1,14) = 3.71,p= 0.07]. Follow-up comparisons with inde-
pendent samples one-way analysis of variance did not show
significant (p’s > 0.05) differences

3.1.3. Sulcus principalis (ventral bank)
A two way repeated measures analysis of variance of bind-

ing density in the ventral bank of principalis revealed an over-
all effect of layer [F(1,14) = 141.75,p< 0.0001] and a group
by layer interaction [F(1,14) = 8.25,p= 0.01]. However, there
was no effect of age group [F(1,14) = 2.04,p= 0.17] in this
region. Follow-up analyses with between group comparisons
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there was no group by layer interaction [F(1,14) = 0.007,
p= 0.93].

3.1.6. Medial frontal cortex
A two way repeated measures analysis of variance of bind-

ing density in the medial frontal cortex revealed no signif-
icant effect of age group [F(1,14) = 0.03,p= 0.85] and al-
though there was an overall effect of layer [F(1,14) = 120.81,
p< 0.0001] there was no significant group by layer interaction
[F(1,14) = 0.37,p= 0.55].

3.2. α-2 Adrenergic receptors

The binding densities for theα-2 adrenergic receptor are
illustrated inFig. 2B. Similar to theα-1 adrenergic recep-
tor findings, there was a significant effect of layer in all re-
gions. Moreover there was a significant age-related reduction
in binding density in the superficial layers of five of the six
regions examined with only the dorsolateral convexity failing
to reach significance.

3.2.1. Dorsolateral convexity
A two way repeated measures analysis of variance of bind-

ing density in the dorsolateral convexity cortex revealed an
effect of layer [F(1,14) = 18.37,p< 0.0008] but there was
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in Fig. 2B. There was no significant difference between the
groups in the deep layers [F(1,28) = 2.10,p= 0.17].

3.2.4. Ventrolateral convexity
A two way repeated measures analysis of variance of

binding density in the ventrolateral convexity revealed no
effect of age but there was a significant effect of layer
[F(1,14) = 40.51,p< 0.0001] as well as group by layer inter-
action [F(1,14) = 6.02,p= 0.02]. Follow-up analyses with be-
tween group comparisons using a test of simple main effects
revealed a significant difference between the groups in the su-
perficial layers of the ventrolateral convexity [F(1,28) = 5.12,
p< 0.05]. As shown inFig. 2B, there was a significant reduc-
tion in α-2 adrenergic binding density in this region for the
age group relative to the young. There was no significant dif-
ference between the groups in the deep layers [F(1,28) = 1.52,
p= 0.24].
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f binding density in the medial frontal cortex revealed
ignificant effect of age group [F(1,14) = 2.04,p= 0.17] but
here was a significant overall effect of layer [F(1,14) = 26.64
< 0.0001] and a group by layer interaction [F(1,14) = 6.15
= 0.02]. Follow-up analyses with between group com

sons using a test of simple main effects revealed a signifi
ifference between the groups in the superficial layers o
edial frontal cortex [F(1,28) = 3.62,p< 0.05] as shown i
ig. 2B with the aged group showing a significant reductio
-2 adrenergic binding density. There was no significant

erence between the groups in the deep layers [F(1,28) = 0.80
< 0.30].

.3. DA1 receptors

The binding densities for the DA1 receptor are illustra
n Fig. 2C. While there was an overall effect of layer in 4 of

regions (no effect in the dorsolateral convexity and me
rontal regions), there was no overall effect of age or any
y layer interactions in any of the regions. Hence there wa
vidence of an overall effect of age on binding density in
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Fig. 3. These graphs depict the receptor binding densities for NEU (A) and
DAU (B) receptor binding. The areas of cortex measured are displayed across
the top of the bars, and they-axis represents a density measure in fmol/mg
of protein.

of the regions or layers examined so the detailed ANOVAs
are not presented. These results indicate that in normal aging
monkeys, despite evidence of loss of DA innervation, DA1
receptor binding density is stable across age.

3.4. Norepinephrine uptake (NEU) transporter

The results of receptor binding assays for the nore-
pinephrine transporter are illustrated inFig. 3A. Separate
two-way repeated measures analysis of variance for bind-
ing density across all the regions examined revealed no
overall effect of group [F(1,14) = 1.61,p= 0.225], region
[F(1,70) = 8.50,p= 0.0001] or group by region interaction
[F(5,70) = 1.91,p= 0.10] These results suggest that the NEU
transporter is stable across age.

3.5. Dopamine uptake (DAU) receptors

The results of binding assays for the dopamine transporter
are illustrated inFig. 3B. A two-way repeated measures
analysis of variance of binding density for all the regions
examined revealed no effect of age group [F(1,12) = 0.07,
p= 0.791] but there was a significant overall effect of region

[F(5,60) = 4.01,p= 0.003] and a group by region interaction
[F(5,60) = 5.20,p= 0.0005]. Follow-up analyses with tests of
simple main effect revealed no significant difference between
the age groups for any of the 6 regions examined.

3.6. Principle component analysis of relationship of
binding changes to behavior

There were six to twelve regional density values for each
of the five receptors examined and multiple behavioral out-
come measures in the present study. In order to reduce the
numbers of variables in this data set to a manageable and sen-
sible number, we used a principle component analysis that
is a factor analysis procedure. This allowed us to reduce the
number of observed variables to a set of variables or principle
components that best describes or accounts for the variance
in all of the original variables. The first principle component
accounts for the maximum possible variance that exists in all
the variables. Then, the second principle component is es-
sentially identical to the first except that it accounts for the
variation remaining in the data after the variation attributed
to the first principle component is removed from the analysis.
Additional components are added until as many components
have been computed as there are variables. To the extent that
numbers of variables assess the same underlying processes,
they will “load” onto the same principle component. As a
r oad
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esult of this analysis, principle, multiple variables that l
eavily on a single principle component can be “collaps
r averaged together, resulting in a small number of de
ariables.

.7. Principle component analysis 1 (behavior)

For the DNMS and DRST the outcome variables inclu
otal errors, percent correct and total span. Given the s
umber of outcome variable for these tests a PCA app

o be unnecessary. Hence, the Principle Component An
PCA) was first applied to the error and perseverative
easures for each condition from the CSST and age to re

he number of these variables in this data set. This ana
evealed that total errors in each condition loaded heavie
single factor, and perseverative errors as a percent o

hift trials loaded on a separate factor. On the basis of
oadings, the error measures (total errors for the red, tria
lue and star conditions) were collapsed (averaged) tog
nd perseverative errors as a percent of total shift trials
sed as a second CSST measure (Table 3).

.8. Principle component analysis 2 (receptor binding)

In PCA 2, standardized z-scores for the receptor b
ng values from each receptor subtype were used to d

ine which of these variables loaded together. For theα-1
drenergic,α-2 adrenergic and DA 1 receptor subtypes,
CA was computed on the correlational matrix of 13 v
bles; age, receptor binding in the superficial and deep l
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Table 3
This table shows the results for the principle component analyses to reduce
the number of variable from the CSST and receptor binding experiments

PCA 1 reduced variables PCA 2 reduced variables

Total errors (CSST) Totalα-1 adrenergic binding
Total PE as a % of Shift trials (CSST) Totalα-2 adrenergic binding

Total NEU binding
Total DA1 binding
Total DAU Binding

of the medial frontal cortex, orbitofrontal cortex, dorsolat-
eral prefrontal cortex, ventrolateral cortex, and the dorsal
and ventral banks of sulcus principalis. For the NEU and
DAU receptor subtypes, the PCA was computed on the cor-
relational matrix of seven variables; age, receptor binding
in the medial frontal, orbitofrontal, dorsolateral, ventrolat-
eral and banks of the sulcus principalis. For all receptor
subtypes, binding in all regions and all layers loaded heav-
iest on a single factor for each receptor. On the basis of
these loadings, the values for all regions were grouped to-
gether to generate a single density value for each receptor
(Table 3).

3.9. Relationship between binding and behavioral
variables

Based on these findings total CSST errors, total CSST
perseverative errors as a percent of shift trials, total DNMS
errors, percent correct on DNMS delays, DRST span and
the collapsed receptor binding values for each receptor, were
used in five separate Pearson’s product moment correlations
to determine if there was a correlational relationship be-
tween any of these variables. The results are summarized
in Table 4and present in detail below according for each
receptor.
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Fig. 4. These graphs depict the relationship between�-1 adrenergic receptor
binding and perseveration on the CSST (A) and�-1 adrenergic receptor
binding and DNMS acquisition errors (B).

3.11. α-2 Adrenergic and behavior

The Principal Component analysis revealed a significant
linear relationship betweenα-2 adrenergic receptor bind-
ing in the PFC and total errors on the CSST (r =−0.655,
p< 0.05) and (Table 4andFig. 5A), and perseverative errors
as a percent of shift trials (r =−0.675,p< 0.05) (Table 4and
Fig. 5B).

3.12. NEU and behavior

The principal component analysis revealed no linear rela-
tionship between NEU receptor binding in the PFC and any
of the behavioral measures in this analysis.

3.13. DA1 and behavior

Since there was a trend towards a significant age-
related difference for the DA1 receptor and based on ev-
idence in the literature of an age-related changes in this
receptor it was included in this analysis. The principal
component analysis revealed a significant linear relation-
ship between DA1 receptor binding in the PFC and to-
tal span on DRST object (r = 0.698,p< 0.05) (Table 4and
F

.10. α-1 Adrenergic and behavior

The principal component analysis revealed a signifi
inear relationship betweenα-1 adrenergic receptor bindin
n the PFC and perseverative errors as a percent of sh
ls (r =−0.725,p< 0.05) (Table 4andFig. 4A) and errors

o criterion on DNMS (r =−0.820,p< 0.01) (Table 4and
ig. 4B).

able 4
his table shows the results from the Pearson’s product moment correla
nalysis using the reduced variables fromTable 3

eceptor CSST % PE
(of shift trials)

CSST
errors

DNMS
errors

DRST
object

-1 Adrenergic 0.05 N.S. 0.01 N.S.
-2 Adrenergic 0.05 0.05 N.S. N.S.
A 1 N.S. N.S. N.S. 0.05
AU N.S. N.S. 0.05 N.S.
EU N.S. N.S. N.S. N.S.
ig. 6A).
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Fig. 5. These graphs depict the relationship between�-2 adrenergic recep-
tor binding and CSST errors (A) and�-2 adrenergic receptor binding and
perseveration on the CSST (B).

Fig. 6. These graphs depict the relationship between DA1 receptor binding
and object memory span on the DRST (A) and DAU receptor binding and
DNMS acquistion errors (B).

3.14. DAU and behavior

The principal component analysis revealed a significant
linear relationship between DAU receptor binding in the
PFC and errors to criterion on DNMS (r =−0.727,p< 0.05)
(Table 4andFig. 6B).

4. Discussion

4.1. Receptor binding summary

The principal findings of this study were: (1) a significant
decrease inα-1 adrenergic receptor binding density in the
superficial layers of the dorsolateral convexity, ventrolateral
convexity and sulcus principalis of aged monkeys; (2) a sig-
nificant decrease inα-2 adrenergic receptor binding density
in the superficial layers of the ventrolateral convexity, sulcus
principalis, orbital frontal cortex and medial frontal cortex of
aged monkeys; (3) no significant age-related decrease in the
binding density of the dopamine DA1 receptor subtype in the
PFC and (4) no significant decrease in the binding density
of uptake receptors for either NE or DA in the PFC of aged
monkeys. The stability of the uptake sites suggests that in
normal aging both the NE and DA innervation are relatively
preserved even though the levels of transmitter present may
b sug-
g is rel-
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e reduced. In addition, the stability of the DA1 receptor
ests that dopamine neurotransmission for this subtype
tively preserved. In contrast, the significant and widesp
ge-related reduction in the density of theα-1 adrenergic an
-2 adrenergic receptor subtypes suggests that noradre
eurotransmission is likely to be significantly altered des

he apparent preservation of innervation.

.2. Behavioral correlation summary

The principle findings of the correlational analysis w
1) a significant relationship between age-related reduc
n α-1 adrenergic receptor binding and elevated perseve
esponses on the CSST and with impaired acquisition (
rrors to criterion) on DNMS; (2) a significant relations
etween age-related reductions inα-2 adrenergic recept
inding and elevated total errors and perseverative resp
n the CSST; (3) a significant relationship between DA1
eptor binding and memory span on the DRST object;
ignificant relationship between DAU receptor binding
otal errors on DNMS acquisition and (5) no relationship
ween NEU receptor binding and performance on the C
NMS or DRST.

.3. Age-Related changes in NE receptors

Age-related reductions in NE receptor binding were fo
n the superficial layers of the dorsal and ventral lateral
exities, both banks of sulcus principalis and in the orb
nd medial frontal cortices. These areas approximately c



T.L. Moore et al. / Behavioural Brain Research 160 (2005) 208–221 217

spond to Walker’s areas 8, 9, 10, 11, 12, 14, 25 and 46 in rhesus
monkey, which are areas of the PFC that contain high con-
centrations of NE fibers and receptors[24,37,38]. These find-
ings are supported by several studies demonstrating marked
decreases inα-2 adrenergic receptors in the PFC of aged
humans, and decreasedα-1 adrenergic andα-2 adrenergic
receptors in the non-human primate[7,8,11,14,16]. Findings
in rodents are quite variable though there does seem to be an
overall tendency towards a decrease in all NE receptors with
advanced age[27,30].

4.4. Age-related changes in DA receptors

The majority of studies quantifying receptor densities have
found an age-related decrease in DA1 receptor density in the
PFC [6,21,50,70]. In the present study, only post-synaptic
DA1 receptor binding in the cortex was measured and was
found not to be significantly affected by age. However, there
was a trend towards significance (p≤ 0.08) in the dorsolateral
prefrontal cortex. A power analysis revealed that to reach a
statistical level of significance for the deep layers of the dor-
solateral convexity approximately one more animal per group
would be needed and five more animals per group would be
needed for the superficial layers of the dorsolateral convex-
ity. In addition, variability in binding density within the aged
group may in part be responsible for falling just short of a sta-
t gh
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tor binding in this study. Whether a similar process accounts
for stability of DA uptake sites is unknown.

4.6. Possible mechanisms of age-related changes in NE
receptors

Though age-related changes in the NE system have been
demonstrated in a variety of different species, the precise
mechanisms that underlie these changes are not understood.
It is well known that NE receptors are located both presynapti-
cally on nerve terminals and postsynaptically on somata and
dendrites and act to modulate neurotransmission and neu-
ronal activity in the PFC[8,17,24,64,65,71,77]. Given the
marked decrease in NE levels and the increased turnover rate
that occurs with age[11] one might expect compensatory
upregulation of at least some of the NE receptor subtypes
[73]. Since up-regulation was not observed for either theα-
1 adrenergic andα-2 adrenergic receptors, it seems likely
that age-related decreases in binding densities result from
processes independent of those responsible for reductions in
neurotransmitter levels.

One possibility is that changes in neuronal function and/or
synaptic transmission may account for age-related changes
in NE receptors. For example, there is an increase in the elec-
trical excitability of LC neurons in the PFC with aging that
would likely lead to increased release of NE and could subse-
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istical level of significance in this study. Interestingly, thou
here was not an overall group effect of age for this re
or, there was a significant correlation between DA 1 den
nd age-related impairment on the DRST object span
ally, since the DA1 ligand used in this study only bind

he post-synaptic receptor, future studies with ligands
ind to the pre-synaptic receptor are necessary, as this
f receptors may account for the age-related changes i
eceptor binding widely reported in the literature.

.5. Stability of DA and NE uptake sites

In the present study, there was no significant chang
eceptor binding density for either NE or DA uptake rec
ors in the PFC of aged monkeys. The stability of the up
ites suggests that in normal aging both NE and DA in
ation to the PFC are relatively preserved. However, ano
tudy in this same animal model demonstrated a signifi
oss of neurons in three DA brainstem nuclei, the subs
ia nigra pars compacta (SNpc), the paranigral (VTApn),
he parabrachial pigmentosus (VTApbp) nuclei of the ven
egmental area, that project to the PFC[67]. Similar findings
ave been reported for age-related decreases in the den
rojections from the locus coeruleus to the PFC[30–32,46].
owever, there is also a marked increase in the degree o
inal arborizations and an increase in the electrical excit

ty of axon terminals of LC neurons in the PFC[31,32,66].
hile a decrease in innervation would typically alter the

ake site, the changes in the terminal branching of the
eurons may account for the stability in the NE uptake re
f

uently cause a down-regulation of NE receptors as obs
n this study[31,32,66].

An alternative explanation for the decrease in NE re
ors in the PFC with aging may be related to specific
elated changes in layer 1 of the PFC. These changes in
ecreased thickness, significant degeneration of apica
rites and loss of dendritic branches[56,62]. In conjunction
ith a loss of dendrites, there is a substantial loss of den
pines and synapses in layer 1 of the PFC[56,62]. These
ndings are of particular relevance to this study in that
ecrease in receptor binding density was localized to th
erficial layers of the cortex, including layer 1. Therefore,
egenerative changes in layer 1 could, very likely, und

hese decreases in receptor binding density.

.7. Relationship of monoamine receptors and cognitio

The use of a principle component analysis allowed f
omparison of several cognitive and receptor binding
bles to determine the strength of the relationship betw
erformance on DNMS, DRST and CSST and NE and DA
eptor binding in the prefrontal cortex. This analysis reve
relationship betweenα-1 adrenergic andα-2 adrenergic re
eptor binding and performance on the CSST and DN
cquisition and between DA1 receptor binding and pe
ance on the DRST object task.
The CSST is a test of abstraction and set shifting, w

re cognitive functions thought to be mediated primarily
he PFC. In addition, the acquisition phase of the DN
ask, requires the monkey to abstract and apply the co
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of “choosing the novel object”. The profile of performance
observed in the aged monkeys on the CSST and DNMS-Acq
resembles that of monkeys with lesions of the PFC (Walker’s
areas 46 and 9 and small portions of areas 8 and 10), which
results in a high incidence of perseverative errors and an
inability to shift set once established[48]. Similarly, these
subjects required over 1200 trials to acquire the basic princi-
ple of the DNMS task which is three to four times as many
trials as required by normal young monkeys[48]. Taken to-
gether, performance on the CSST and DNMS-Acq by mon-
keys with damage to the PFC suggests that, at least in part,
these tests rely on the functional integrity of the PFC. It is not
surprising therefore, that age-related impairments on these
tasks are thought to be the result of frontal lobe dysfunction
[19,26,29,34,39,45,59,60,76].

Cognitive functions subserved by the PFC include a vari-
ety of abilities such as abstraction, cognitive flexibility and
set shifting that are typically referred to as executive func-
tion. These abilities are thought to be modulated in part by
norepinephrine, which appears to be essential for reducing
the effects of interference, directing attention and integrat-
ing cognitive processes[5,15,20]. In fact, aged monkeys,
naturally depleted of catecholamines such as NE, are vul-
nerable to interference from irrelevant stimuli. Further, evi-
dence has shown that deficits demonstrated by aged monkeys
on frontal lobe tasks are reversed with the administration of
p
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the observed decreases inα-1 adrenergic receptor binding
density. Administration ofα-2 adrenergic agonists improves
working memory in young and aged monkeys while simi-
lar administration ofα-1 adrenergic agonists impairs perfor-
mance[9,69]. Therefore, it is not surprising that a significant
decrease inα-2 adrenergic receptors is related to impaired
performance on the CSST and DNMS tasks. However, if
activation of theα-1 adrenergic receptor impairs cognitive
performance on tasks of working memory it would seem
logical that a decrease in this receptor would not be related
to impaired cognitive abilities. While it is possible that the
correlation between the decrease inα-1 adrenergic recep-
tors and cognitive performance does not reflect a true func-
tional relationship there are two possible explanations that
may account for these findings. First, in the present study,
though there was a decrease in bothα-1 andα-2 adrener-
gic receptors, the decrease inα-2 receptors was between 5
and 30% greater in the dorsolateral and sulcus principalis
regions than for theα-1 receptor. Based on findings that
these receptors are co-localized in the superficial layers of
the PFC and are thought to be preferentially located on den-
dritic spines[24], a greater decrease inα-2 receptors may
allow an increased activation of remainingα-1 receptors at
any given level of NE release. This increased activation of
theα-1 receptor would produce impaired cognitive function
in the same way as systemic administration ofα-1 agonists
t n
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ostsynapticα-2 adrenergic agonists[5,11,25]. Also, it has
een demonstrated that theα-2 adrenergic agonists have
reatest effects on improving performance for stimulus t
ith distractors, which supports the notion that NE actio

heα-2 adrenergic receptors is involved in attention, con
f interfering information and inhibition of irrelevant stim
li [5,15]. So while age-related reduction in NE levels
een identified as a contributor to age-related cognitive
airments, the correlation reported here between age-re
eduction of�-2 adrenergic receptors and cognitive per
ance on tasks requiring the normal function of NE in
FC suggests that these receptor changes may also con
hether changes in NE levels and�-2 adrenergic recepto

re part of a unitary age-related change or reflect sep
rocesses remains to be determined.

Whereas evidence suggests that activation of�-2 adrener
ic receptors facilitates cognitive processes of the PFC,
inephrine actions at the�-1 adrenergic receptor appear
ave a detrimental effect on cognition. In young monkey�-
adrenergic agonists impair performance on spatial wo
emory tasks, though the administration of�-1 adrenergi
ntagonists does not further impair the performance of
onkeys[9,10,15]. This suggests that the�-1 and�-2 adren
rgic receptors may work together to maintain an “optim

evel of adrenergic tone for different behavioral situation
The extensive evidence of the opposing roles ofα-1 adren

rgic andα-2 adrenergic receptors in the cognitive functi
f the prefrontal cortex[9,10,12,41]supports the present fin

ngs of a relationship between impairments in cognition
ecreasedα-2 adrenergic receptor binding density but
.

hat cause high levels ofα-1stimulation and PFC dysfunctio
9,12].

However, while it is thought that theα-1 andα-2 recep
ors are likely co-localized on similar parts of the neu
ittle is known about the precise location of theα-1 recepto
i.e., whether it is on the dendritic shaft or spine). A g
eal is known though about the location of theα-2 receptor
heα-2 receptor is located most prominently on the dend
pines post-synpatically but it is also located pre-synapti
n the axon[2,10]. Pre-synapatically, it functions as an au
eceptor and inhibits NE release[2]. This function as an aut
eceptor provides a second possible explanation of the
elation betweenα-1 receptor binding density and cognit
mpairment. If the reduction of theα-2 receptor occurs
ts pre-synaptic sites as well as at postsynaptic sites t
ecrease in this receptor could alter its ability to inhibit the

ease of norepinephrine and therefore result in increased
inephrine levels in the synapse. This increase in NE ma
ctivating theα-1 receptors and as a result causes impa
ognitive function. This notion is supported by findings
he aged rhesus monkey that high levels ofα-1 receptor ac
ivation results in cognitive impairment[9]. While these two
cenarios provide possible explanations for the relation
etween decreasedα-1 receptor binding density and cog

ive impairment reported in this study, further investiga
f the localization and the functional interaction ofα-1 and
-2 receptors in the PFC is still needed.

While NE in the PFC may play a role in enhanc
ortical functioning by reducing the effects of interferen
opamine appears to support neuronal processing nec
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for the temporal integration of behaviors[17,65]. The role
of dopamine in this type of cognitive function is supported
by the findings in this study that DA1 receptor binding den-
sities were related to performance on the DRST with lower
densities associated with reduced performance. The DRST,
is a test of immediate memory capacity in which the mon-
key must identify, trial-by-trial, a new stimulus among an
increasing array of serially presented familiar stimuli, re-
quires temporal integration of behavior for successful com-
pletion of this task. Though there was no significant age-
related decrease in DA1 receptor or DAU binding in this
study, there was a modest decrease in binding in the dorso-
lateral convexity that while not statistically significant may
have been sufficient to contribute to cognitive impairment
on this task. Also, similar types of cognitive impairments on
frontal lobe tasks are observed in aged animals naturally de-
pleted of DA in the PFC and in young monkeys following
the administration of DA1 antagonists, whereas the impaired
performance demonstrated by the aged monkeys is signif-
icantly improved with the administration of DA1 agonists
[6,17,54,65].

5. Conclusions

In this study, we have demonstrated thatα-1 adrenergic,
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