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ABSTRACT

Aging in humans may be accompanied by alter-
ations in several functional abilities. However, there
is a great deal of individual variability in the func-
tions that may be altered with age within and across
aged people. One potential source of age-related
behavioral variation may lie in a differential vul-
nerability of neurobiological systems to the aging
process in particular individuals. Aged monkeys
demonstrate behavioral and brain alterations that
have many parallels with those observed in aged
humans and are valuable animal models in which to
investigate the interrelationships between age, be-
havior and neurobiological measures. This review
outlines the similarities of functional and neuro-
biological aging in monkeys and humans, notes the
variability that exists in both behavioral and neural
systems in aging, and identifies some of the areas of
aging that are in need of further investigation.

KEY WORDS: monkeys, aging, learning, memory, at-
tention, motor skills, neurotransmitters, morphology,
pharmacology

INTRODUCTION

There is considerable evidence that several functional
abilities may be altered with normal aging of humans,
including aspects of learning, memory, attention and
motor skills (Welford, 1982; Plude & Hoyer, 1985; Poon,
1985; Albert, 1988; Craik & Jennings, 1992; Hartley,
1992). However, not all aged individuals necessarily wilt
demonstrate alterations in functional abilities. More-
over, within a given aged individual, not all functional
abilities may be equally compromised. The reasons for
this heterogeneity with age are unclear. One potential
source of age-related behavioral variation may lie in a
differential vulnerability of neurobiological systems to
the aging process. However, the regional distribution of
neural changes in normal aging or the relationship of
these neural changes to behavioral impairments have
not been well analyzed and can be problematic to
investigate in humans.
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In view of the limitations of determining the neural
basis of age-associated functional impairments in hu-
mans, numerous animal models have been employed
to pursue these analyses. Aged rhesus monkeys have
proven to be a very valuable animal model in which to
study the functional and neurobiological effects of the
aging process as they demonstrate behavioral and
brain alterations that have many parallels with those
observed in aged humans. This review outlines the
similarities between functional and neurobioclogical ag-
ing in monkeys and humans, notes the variability that
exists in both behavioral and neural systems in aging,
and identifies some of the areas of aging that are in
critical need of further investigation.

Functional Aging

One of the first reports of the effects of normal aging on
learning in monkeys appeared in 1962 (Fletcher &
Mowbray, 1962). Since that time, numerous behavioral
studies of aged monkeys have identified several func-
tional domains that are compromised by age. Not sur-
prisingly, there are some functions that appear to re-
main intact in aged monkeys. Moreover, recent studies
note that individual variation in functional abilities also
can be found in aged monkey populations as has been
reported in aged humans. The following sections dis-
cuss the alterations in learning, flexibility, memory,
attention and motor skills that have been discovered in
aged monkeys and the parallels that they have with
observations made in aged humans.

Leaming. There are numerous studies that have
demonstrated impairments in learning new information
in aged humans (Poon, 1985; Shimamura, 1990; Craik
& Jennings, 1992). Acquisition of new information has
been examined in the majority of studies of elderly
humans by presenting the individual with some informa-
tion to learn and then measuring the recall or recognition
of this information after some delay. Aged monkeys
demonstrate difficulties in initially acquiring the strate-
gies required to perform similar complex memory tasks
(e.g., delayed response and delayed nonmatch-to-
sample, see below) (Presty et al., 1987; Moss et al,,
1988; Rapp and Amaral, 1989; Voytko, unpublished
observations). However, in general, acquisition of new
information has been assessed in aged monkeys prima-
rily with the use of discrimination tasks. In one version
of this task, a pair of stimuli (objects, patterns, colors or
spatial location) is simultaneously presented to the
subject until the subject is consistently responding to



the stimuius that is associated with delivery of a reward.
In a majority of studies, groups of aged monkeys did not
take longer to learn this type of information than young
monkeys regardless of the stimulus classification (Bartus
et al., 1979; Amsten & Goldman-Rakic, 1985a; Moss et
al., 1988; Rapp, 1990; Bachevalieretal., 1991; Lai et al.,
1995). Although group means were not significant in
these studies, within several of the groups of aged
monkeys there were some monkeys that were demon-
strating greater difficulty in the learning of visual dis-
criminations than the other aged monkeys. In contrast to
these studies, a group of aged monkeys in my labora-
tory have demonstrated significantimpairmentsin learn-
ing object discriminations compared to young monkeys
(Voytko, 1993). Interestingly, on a subsequent pattern
discrimination, and with additional nhumbers of aged
subjects, only a subset of the group of aged monkeys
demonstrated significant learning deficits compared to
the young monkeys (Voytko, unpublished observa-
tions). The remaining subset of aged monkeys were not
significantly different in learning the pattern discrimina-
tion from the young monkeys, but were significantly
better than the impaired group of aged monkeys.

There are several reasons to explain why impair-
ments in learning visual discriminations were observed
in my colony of aged monkeys and not in previously
reported aged monkey populations. For example, aged
monkeys in all but one (Moss et al., 1988) previous
study of learning had been exposed to more demanding
memory tasks such as delayed nonmatching-to-sample
or delayed response prior to assessment of visual
discrimination learning. The prior training and testing on
these memory tasks may have influenced subsequent
learning of visual discriminations. In contrast, the mon-
keys in my study were behaviorally naive at the start of
visual discrimination assessments. Additionally, the
larger number of aged subjects (n=12 vs n=5-6 in other
studies) and the greater age of the monkeys involved in
my study (28-34 years old vs 18-28 years old in other
studies) also may have been factors contributing to the
observation of impairments and the ability to detect
significant individual differences in learning.

The effects of interference on learning ability have
been assessed in aged monkeys with the use of a
concurrent visual discrimination task in which several
visual discriminations are learned more or less simulta-
neously. Learning under these conditions was dis-
rupted in aged monkeys (Bachevalier et al., 1991;
Bakner & Treichler, 1993). Although data from an addi-
tional study of this issue were interpreted to suggest no
impairment of acquisition of concurrent discrimination
problems by aged monkeys (Medin et al., 1973), the
discrepancy between studies may be explained by the
procedural properties that were used to define acquisi-
tion and retention measures (Bakner & Treichler, 1993).
In particular, Medin et al. (1979) interpreted an impair-
ment following a 24 hour delay as a retention deficit,
whereas Bakner and Treichler (1993) interpreted a
similar impairment as an acquisition deficit.
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Flexibility. Reductions in cognitive flexibility, i.e. the
ability to shift from one strategy of problem solving to
another, occurwith advanced age in humans (Botwinick,
1978). Reductions in flexibility also have been observed
in some aged monkey populations. The reversal learn-
ing problem has been used to assess this functional
construct in monkeys. In this task, the subject first learns
a visual discrimination. Following this original learning,
the reward contingencies of the stimuli are reversed so
that now the previously unrewarded stimulus becomes
the rewarded stimulus and vice versa. Thus, the subject
must unlearn the original stimulus-reward association
and learn a new one.

Although the findings from studies of reversal learn-
ing in aged monkeys may seem contradictory at first, in
general the results do support the notion that reductions
in flexibility exist in aged monkey populations. For
example, impairments in performing reversals of pat-
tern discriminations have been reported in some stud-
ies of aged monkeys (Bartus et al., 1979; Voytko, 1993)
but not others (Rapp, 1990). Similar conflicting reports
have been made regarding object reversals (Davis,
1978; Rapp, 1990; Voytko, 1993; Lai et al., 1995) and
spatial reversals (Voytko, 1993; Lai et al., 1995). Again,
prior behavioral testing experience may have influ-
enced the outcomes in several of these investigations.
Specifically, prior experience in performing a delayed
response task in which reward is provided for returning
to a previous location may have established a particular
response strategy that may have been difficult to over-
come in performance of reversals in which reward is
provided for switching to a different stimulus (Bartus et
al., 1979). Conversely, most recent experience in per-
forming a delayed nonmatching-to-sample task in which
reward is provided for approaching a new stimulus may
have favored reversal learning performance in aged
monkeys (Rapp, 1990; Lai et al., 1995). Regardless of
the specific conflicting findings, overall these studies
still emphasize the fact that aged monkeys may not be
as flexible in shifting their strategies as younger mon-
keys. Thus, prior behavioral exposure to a particular
task by aged monkeys may encourage development of
certain strategies to solving problems that may either
enhance or diminish performance on subsequent be-
havioral tasks that may depend upon either similar or
novel strategies for success.

Although prior behavioral experience was not a
confoundment in my reversal study (Voytko, 1993),
there is a possibility that an order effect amongst rever-
sal problems was present as deficits were observed in
object and pattern reversals but not subsequent spatial
reversals. These results were initially interpreted as
potentially indicating that the type of information being
processed may be of importance in reversal learning.
However, a recent study found that spatial reversal
learning was impaired in a group of aged monkeys (Lai
et al, 1995); although a subset of aged monkeys
performed within the range of young monkeys by the
second spatial reversal in that study. Additional studies
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will be needed to clarify the issue of modality specificity
and prior behavioral experience on reversal learning in
aged monkeys.

Memory. A great deal of research has focused on
age-associated impairments in memory as alterations
in memory are clearly the most significant symptom of
cognitive decline noted by aged humans. Many types of
memory can decline with age including memory for
verbal and nonverbal items, recall and recognition (see
reviews in Poon, 1985; Craik & Jennings, 1992; Kausler,
1994). Despite the evidence of memory failure with age,
there are marked individual differences in memory per-
formance among aged people (Craik et al., 1987; West
et al, 1992; Morse, 1993; Zelinski et al., 1993). More-
over, there is evidence that memory can be improved in
aged people with practice and training (Ciocon & Potter,
1988; La Rue, 1992). As is discussed below, aged
monkeys share many of these phemonena with aged
people.

Spatial memory was one of the first types of memory
to be examined in aged monkeys with the delayed
response task (DR}. In this task, recent memory for
spatial information is assessed by cueing the animal to
observe a spatial location during a cue phase of a trial.
After some delay, two or more spatiai iocations may be
shown to the animal and the correct strategy is to
respond to the same location that was presented in the
cue phase. Numerous studies have demonstrated that
older monkeys have significantly greater difficulty re-
membering spatial information as delays are increased
inthe DR task (Medin, 1969; Bartus et al., 1978: Marriott
& Abelson, 1980; Rapp & Amaral, 1989; Bachevalier et
al., 1991; Voytko, 1993). Parallel impairments in de-
layed memory for spatial location have been reported in
aged humans on a similar delayed spatial recognition
task in which the subjects must remember which room
of a house had been illuminated (Flicker et al., 1984).
There is potential for considerable proactive interfer-
ence in the DR task and an increased sensitivity to
interference found in aged monkeys is thought to con-
tribute to their impairments in DR (Bartus & Dean, 1979).

Despite the overwhelming data that support the no-
tion that spatial recent memory is impaired with age in
monkeys, there is evidence to suggest that spatial
memory can improve with practice in aged monkeys and
that notallaged monkeys have deficits of spatial memory.
For example, aged monkeys showed considerable im-
provements in correct responding at long delays with
repeated exposure to DR (Marriott & Abeison, 1980;
Davis et al., 1982). Similar observations have been
made in my own laboratory. In a study in which | was
determining the appropriate delays to use in a DR task
to obtain-an accuracy function that ranged from 100% -
65% correct, | found that aged monkeys continued to
improve in their accuracy with repeated practice over 5
months so that the delays continually had to be length-
ened to maintain a 65% accuracy level at the longest
delay (Voytko, unpublished observations). Furthermore,
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some aged monkeys may learn and perform DR at
levels that are comparable to young monkeys. For
example, Rapp & Amaral (1989) reported that 2 aged
monkeys outperformed all of the young monkeys in
learning DR, 2 aged monkeys took longer to learn than
any ofthe young monkeys, and 1 aged monkey achieved
learning criterion within the range of scores for the
young group of monkeys. In a study by Bachevalier et al.
(1991), some aged monkeys failed to learn DR while
others did achieve learning criterion. Moreover, some
aged monkeys are capable of performing as accurately
as young monkeys across a series of delays ranging
from 0-30 sec (Bachevalier et al., 1991; Voytko, unpub-
lished observations).

Visual recognition memory has been examined in
aged monkeys with the delayed nonmatching-to-sample
task (DNMS)that uses a similar procedure to DR except
that the correct strategy is to respond to the novel
stimulus rather than the familiar stimulus. In contrast to
the delay-dependent impairments in DR accuracy of
aged monkeys, the majority of studies examining DNMS
performance of aged monkeys have reported only gen-
eral impairments that were related to age or delay alone
(Presty et al., 1987; Moss et al., 1988; Rapp & Amaral,
1989). Interestingly, the interaction between age and
delay was not significant in these studies indicating that
the aged monkeys were not disproportionately affected
by the increased demands on memory. These findings
in aged monkeys are in agreement with delayed match-
ing-to-sample performance by aged humans (Oscar-
Berman & Bonner, 1385; Albert & Moss, 1992). More-
over, studies of aged people suggest that the rate of
forgetting may not be impaired if older subjects initially
learn the material to the same level of proficiency as
younger subjects (Petersen et al., 1992). Although rate
of forgetting over a 24 hour interval during four days of
acquisition of concurrent visual discriminations was
found to be impaired in aged monkeys (Medin et al.,
1973), if aged monkeys are initially trained to criterion
on a task, retention may not be impaired (Davis, 1974,
pp. 170-173; Bakner & Treichler, 1993). Thus, some
aged people and aged monkeys may require more time
to learn certain types of information but their rate of
forgetting this information may be comparable to that of
young subjects.

It seemed curious that the type of memory assessed
by DNMS should be spared by the aging process in
monkeys when spatial memory was so sensitive to
increased age. Closer examination of visual recognition
memory of aged monkeys revealed two important points.
Firstly, although memory of aged monkeys was not
impaired when the standard version of DNMS was used
inwhich a different pair of objects appeared as stimuli on
each tnal (trial-unique version), significantly greater
difficulty with increasing delays was observed when the
same pair of objects appeared as stimuli on each trial
(repeated-object version of DNMS) (Rapp & Amaral,
1989). It was reasoned that memory of aged monkeys



was impaired on the repeated-object DNMS because
this version of the task involved temporal memory
requirements related to performing a recency discrimi-
nation; subjects must remember which of two objects
was most recently presented in order to respond cor-
rectly (Rapp & Amaral, 1989). Alternatively, it was
proposed that an increased sensitivity to interference
associated with using the same pair of objects on every
trial could explain the greater memory impairment of
aged monkeys in repeated-object DNMS, as aged mon-
keys demonstrated a hypersensitivity to interference in
DR studies (Bartus & Dean, 1979). Secondly, in each of
these DNMS studies of aged monkeys, performance
was not homogeneous but the small sample sizes
precluded closer examination of the greater variability
of performance among aged monkeys. This individual
variation of DNMS performance of aged monkeys was
investigated further in a separate study of nine aged
monkeys (Rapp & Amaral, 1991). As a group, the aged
monkeys were not disproportionately affected by in-
creasing memory demands. However, six of the aged
monkeys demonstrated significantly greater difficulty
with increasing delays than the young monkeys or the
remaining three aged monkeys. This study was the first
to specifically examine the issue of behavioral variation
of aging in monkeys and served to highlight the fact that
greater individual variability occurs in aged monkey
populations as had been noted in aged human popula-
tions.

Recognition memory of aged monkeys also has been
assessed using adelayed recognition spantask (DRST).
In this task, the subject must respond to the novel
stimulus (location, color, object) in an increasing array
of familiar stimuli. Aged monkeys are impaired relative
to young monkeys on both spatial and color conditions
of this task (Moss, 1993). Similar results were obtained
in assessing young and aged people on spatial and
color versions of DRST (Moss, 1993). Moreover, longi-
fudinal assessments of the aged monkeys revealed
marked individual differences where some aged mon-
keys continued to decline in recognition span, others
remained stable, and others improved in their ability
(Moss, 1993).

Attention. Several attentional processes decline with
age in humans (Schneider et al., 1977; Plude & Hoyer,
1985; Ponds et al., 1988; McDowd & Birren, 1990) and
others appear to be relatively unaltered (Hartley et al.,
1990; Greenwood et al., 1993). Although several cogni-
tive domains have been examined in aged monkeys,
interestingly, attentional processes have not been well
investigated. Other than a study by Davis (1974, pp.
164-169), which demonstrated that aged monkeys are
more distracted during initial registration of information,
the extent to which aging alters attention in monkeys is
unknown. Because attentional processing of informa-
tion controis allocation of information processing re-
sources to incoming stimuli, the integrity of attention
processes is an important issue in aged monkeys as
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deficits in attention could produce behavioral impair-
ments that are unrelated to the specific cognitive de-
mands of the tasks.

We have begun to investigate aspects of attention in
aged monkeys in my laboratory. Our initial investiga-
tions have focused on visuospatial attention using a
peripherally-cued task that was adapted from one de-
veloped by Posner (Posner, 1980; Posner & Cohen,
1984). In this task, a peripheral cue identifies the prob-
able location of a target appearing in one of two spatial
locations. The cue can be “valid”, appearing in the same
location as the target, “invalid”, appearing in the oppo-
site location as the target, or “neutral”’, providing no
information about the spatial location of the target.
Facilitation of processing was determined by having the
target appear at different times following the cue (stimu-
lus onset asynchrony). Usually, response times to the
target are faster when the target is preceded by a valid
cue than when it is preceded by an invalid cue, espe-
cially when the target appears shortly after the cue. This
increased efficiency in responding to a target following
a valid cue (benefits) and decreased efficiency in re-
sponding following an invalid cue (costs) is an index of
shifting or orienting of attention (Posner, 1980).

This task was chosen for our initial assessments of
attention in aged monkeys for two major reasons. Firstly,
the aged monkeys in our colony had significant difficulty
on DR (Voytko, 1993). In this task, a peripheral cue
identifies the spatial location that is to be remembered.
An impairment in shifting or orienting attention to a
spatial location could impair performance in DR even if
mnemonic ability were intact. Thus, it was important to
determine if shifting of attention to a peripheraily-cued
location was impaired in these aged monkeys. Sec-
ondly, the efficiency with which attention is shifted to a
peripheraliy-cued spatial location appears to be rela-
tively unaltered with normal aging in humans (Hartley et
al., 1990; Robinson & Kertzman, 1990; Folk & Hoyer,
1992; Greenwood et al., 1993; Madden et al., 1994).
Because one of our aims in studying aged monkeys is
to identify the extent to which functional aging is similar
in monkeys and humans, we were interested in deter-
mining if shifting of attention to a peripherally-cued
location was unaltered with normal aging in monkeys.

In our investigation, aged monkeys demonstrated
equivalent proficiency as young monkeys at shifting
attention to a peripherally-cued spatial location (Baxter
& Voytko, 1996). Both young and aged monkeys had
faster reaction times following valid cues and slower
reaction times following invalid cues. In general, the
costs or benefits associated with attention to the cues
were equivalent in young and aged monkeys in three
separate experiments. Furthermore, facilitation of pro-
cessing at the cued location was not affected differen-
tially by age, was most apparent at a stimulus onset
asynchrony of 200 msec, and was eliminated at longer
asynchrony durations. Our findings in aged monkeys
are in direct correspondence with reports of intact
orienting of attention in aged humans when examined
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with similar peripherally-cued tasks (Hartley et al., 1990;
Folk & Hoyer, 1992; Greenwood et al., 1993). In those
studies, young and aged subjects were faster in re-
sponding to targets following valid cues than following
invalid cues and age did not alter the combined costs
pius benefits associated with attention to a peripheral
cue. Moreover, the time course of facilitation of process-
ing the peripheral cues in young and aged humans were
analogous to that of our study of young and aged
monkeys (Baxter & Voytko, 1998). Thus, orienting of
attention to peripheral cues is preserved with age in
humans and monkeys. The extent to which this corre-
spondence is generalizable to other aspects of attention
remains to be determined.

Motor Skills. Another function for which little informa-
tion exists in aged monkeys is that of the integrity of
motor skills. Slowed motor responses are commonly
observed in older people (Welford, 1982; Spirduso &
MacRae, 1990). However, motor performance variabil-
ity increases in aged human populations (Light &
Spirduso, 1990; Spirduso & MacRae, 1990). Complex-
ity of stimulus display and required movements to the
stimulus can influence the degree of age-related motor
slowing. For example, simple reaction time in which a
single movement is made at the appearance of a target
can be maintained into old age (Gottsdanker, 1982;
Welford, 1982; Stuss et al., 1989; Spirduso & MacRae,
1990). However, age-related differences in reaction
time increase as stimulus discriminations and choices
increase (Welford, 1982; Light & Spirduso, 1990). Nev-
ertheless, individuals of all ages will improve reaction
time with practice (Jordan & Rabbitt, 1977; Light, 1990;
Spirduso & MacRae, 1990).

Measures of reaction time or response speed have
been assessed directly in only a handful of studies of
aged monkeys. The first reports of measures of re-
sponse time of aged monkeys were from Davis and
colleagues (Davis & Ruggiero, 1973; Davis, 1978) who
recorded response speeds in a version of a DR task. In
this study, the monkeys observed the illumination of 1-
4 cells of a 4 x 4 matrix of translucent panels. After a
delay, responses were to be made to the previously
illuminated cells. Thus, response speeds were recorded
as a measure of remembering 1-4 light displays in the
matrix. Old monkeys were considerably slower than
young monkeys in their response speeds, even when
only one cell had been illuminated. Response speed
decreased as a function of delay particularly in the oid
monkeys but was not influenced by pattern complexity.
Simiiar age-related impairments in reaction time of
monkeys have been reported recently by Bachevalier et
al. (1991). In this study, an illuminated bar was dis-
played in the center of a touch screen. Following a
response to this bar, it disappeared and an identical bar
appeared on either the right or left side of the screen.
The position of the bar and duration of its appearance
was varied from trial to trnal. Response latencies, but not
number of trials to criterion, were greater in older than
young monkeys on this test of reaction time.
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In contrast to these studies, we did not find that
reaction time was increased with age in monkeys. We
recently assessed simple reaction time of aged mon-
keys using a fairly straightforward task (Baxter & Voytko,
1996). In this task, the monkeys had to release hold of
a centrally illuminated screen and respond to a periph-
erally illuminated side screen (“target’). The target al-
ways appeared in the same spatial location and the
duration of target appearance was decreased incre-
mentally until the time at which the monkey could no
longer make a response while the target was available.
Fastest reaction time was defined as the shortest time
in which the target could appear and a response made
to it. Using this task, we found that the fastest reaction
time achieved by aged monkeys was comparable to that
achieved by young monkeys. Moreover, the number of
trials to achieve the fastest reaction time was equivalent
in young and aged monkeys.

The differences between these studies of reaction
time in aged monkeys may be explained on the same
basis as differences noted in the human literature, i.e.,
by the complexity of the tasks used to measure reaction
time. For example, the DR task used by Davis {Davis &
Ruggiero, 1973; Davis, 1978)to assess response speeds
(calculated from response latencies) contained mne-
monic elements that may have slowed response speeds
in the aged monkeys. The task used by Bachevalier et
al. (1991) contained an element of uncertainty in terms
of where and when the target would appear. There were
no mnemonic or unpredictable elements in the simple
reaction time task used in our experiment (Baxter &
Voytko, 1996). For example, the target appeared in the
same location on each trial, the target was present for a
stable period of time within a block of trials, and as many
trials as was necessary to achieve the individual fastest
reaction time possible was provided. Our findings par-
allel reports that simple reaction time is not increased
with age in people when task parameters are kept stable
(Gottsdanker, 1982; Stuss et al., 1989; Light, 1990).
Additional evidence that impairments in reaction time
may not be observed under all testing conditions in aged
monkeys comes from a recent investigation in which
response latencies were not slower in aged monkeys
compared to young monkeys in learning hierarchial
relationships (Rapp et al., in press). However, itis clear
from studies of aged humans that age effects on reac-
tion time are more striking as task complexity increases.
The studies of Davis and Bachevalier suggest that this
phenomenon also may occur in aged monkey popuia-
tions, but further investigations specifically addressing
this issue are necessary.

Brain Aging

Neurobiological studies of the changes that occur in the
brain with normal advanced age have not kept pace with
the concentrated efforts to identify the neurobiological
alterations associated with Alzheimer's disease. More-

over, the findings between studies of aging have not
been consistent. Nevertheless, the available informa-



tion indicates that the aging primate brain undergoes
structural and chemical changes that may underlie the
functional alterations noted in aging populations. Many
of the age-related brain changes that occur in humans
also occur in monkeys. In both instances; these brain
changes are not global but tend to be region-specific
and sometimes variable. It is this regional specificity and
variability that may piay an important role in the indi-
vidual variations in behavior that have been noted with
aging in people and monkeys.

Morphology. Early investigations of the brains of aged
monkeys reported neuronal loss in the CA1 region of the
hippocampus, the principal gyrus and cortical regions 1,
3, and 4 (Ordy, 1975, Brizzee et al., 1980). Subseguent
investigations have found that the neuronai loss in
hippocampus or neocortical regions may be regionaily
specific as several hippocampal and neocortical re-
gions do not show a loss of neurons in aged monkeys
(Vincent et al., 1989; Tigges et al, 1990; Peters &
Sethares, 1993; Peters, 1993; Rosene, 1993; West et
al., 1993; Peters et al., 1994). Similar observations have
been made in studies of the aged human brain; numer-
ous studies have reported loss of neurons in hippocam-
pus and cerebral cortex (see reviews in Coleman &
Flood, 1987 and Kemper, 1994; West, 1993) but several
suggest that there is no change in numbers of neurons
{Haug, 1984; Terry et al., 1987).

Neuronal loss has been reported in some subcortical
structures in aged human brains (e.g. locus coeruleus
and substantia nigra) but not in others (e.g. mammillary
bodies, dorsal tegmental nucleus) (see review in
Coleman & Flood, 1987). The extent of subcortical
neuronal loss has not been weil investigated in aged
monkey brains. Age-related loss of neurons was found
in the brainstem nucleus raphe dorsalis and nucleus
centralis superior of aged monkeys (Kemper, 1993) and
preliminary studies indicate a loss of neurons with age
in the substantia nigra and ventral tegmental area of
monkeys (Siddigi et al., 1994, Siddigi et al., 1995).

Recently, three studies have examined the integrity of
the nuclei in the cholinergic basal forebrain complex of
aged monkeys. Inthe medial septal nucleus (Stroessner-
Johnson et al., 1992), loss of choline acetyltransferase-
positive neurons was observed only at caudal levels but
not at rostral levels, while neuronal hyperirophy was
marked in rostral levels. This neuronal hypertrophy was
present in two aged monkeys that previously had dem-
onstrated impairments on a DNMS task, but was not
present in two other aged monkeys that were unim-
paired on this task. in the nucleus basalis of Meynert
(Voytko et al., 1995), numbers of cholinergic neurons
(nerve growth factor receptor p75-positive neurons)
were preserved with age across the subdivisions of the
nucleus, but the size of basal forebrain neurons was
larger overall in the aged monkeys than young mon-
keys, particularly in the posterior aspects of the nucleus
basalis. Partial correlation analyses revealed that in-
creased age was associated with declines in perfor-
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mance on several behavioral tasks independent of
cholinergic cell number. However, decreased numbers
of cholinergic neurons in the intermediate regions of the
nucleus basalis were associated with poorer spatial
recent memory on a DR task and difficulty learning
concurrent object discriminations independent of age
(Voytko etal., 1995). These relationships are consistent
with the innervation of lateral prefrontal and lateral
temporal cortices by the intermediate regions of the
nucleus basalis and the involvement of these brain
regions in these behaviors.

In contrast to these basal forebrain studies, a pro-
gressive loss of cholinergic (acetylcholinesterase-posi-
tive) neurons was observed in the medial septal nucleus,
nuclei of the diagonal band of Broca, and the nucleus
basalis of Meynert in aged monkeys (Rosene, 1893).
The reasons for the discrepancy between this study and
the others are not clear as each study used cholinergic
markers to identify neurons in the basal forebrain.
Similar conflicting reports regarding the integrity of the
basal forebrain cholinergic system exist in aged human
brains, especially for the nucleus basalis which has
been the most well studied. For example, reduced
numbers of nucleus basalis neurons were reported in
some studies of aged humans (Mann et al., 1984ab;
McGeer et al., 1984; Lowes-Hummel et al., 1989; De
Lacalle et al., 1991), but not others (Whitehouse et al.,
1983; Chuietal., 1984, Bigletal., 1987). Moreover, age-
related increases (De Lacalle et al., 1991) and de-
creases (Mann et al., 1984ab) in the size of nucleus
basalis neurons also have been reported in aged hu-
mans. Explanations for the discrepancies between hu-
man studies of the nucleus basalis are not evident but
do not seem to be related to the ages of the subject or
the regions of the nucleus sampled. For example, cell
loss was not reported in the anterior or intermediate
nucleus basalis in subjects 25-90 years of age in three
separate studies (Whitehouse et al., 1983; Chui et al.,
1984; Bigi et ai., 1987) whereas celi ioss was reported
in the anterior nucleus basalis in similarly aged subjects
of another study (Mann et al., 1984a). One possibility
may be related to the fact that all these studies in
humans were performed on Nissl-stained preparations.
Thus, the inconsistency between these studies may be
because neurochemical-specific methods were not
employed to identify the cholinergic neurons in the basal
forebrain and therefore, the neuronal counts included
both cholinergic and noncholinergic neurons in this
region.

Dendritic extent appears to be variable and region-
specific in people and monkeys. Reports of dendritic
growth (Buell & Coleman, 1979, 1981; Flood et al.,
1985; Flood et al., 1987), stability (Flood, 1991; Hanks
& Flood, 1991) and regression (Scheibel et al., 1975,
1976; Flood et al., 1985; Nakamura et al., 1985; Flood
et al., 1987) have been made for aged humans. While
dendritic growth in the frontal lobe and subiculum has
been observed in middle-aged monkey brains, dendritic
regression was observed in older monkeys (Cupp &



Functional and Neurobiological Aging of Monkeys

Uemura, 1980; Uemura, 1985). Moreover, synaptic
density is reduced by almost 20% in the prefrontal
cortex of aged monkeys (Uemura, 1980), but only 3% in
the dentate gyrus (Tigges et al., 1995).

Biochemistry. Markers of a variety of neurotransmit-
ter systems are reduced with age in humans but these
reductions may be neurotransmitter- and region-spe-
cific. For example, dopamine concentrations are re-
duced significantly in the striatum but not in the cerebral
cortex or hippocampus (DeKosky & Palmer, 1994).
Levels of choline acetyltransferase (ChAT) are de-
creased in the cortex and striatum but not necessarily in
the hippocampus (DeKosky & Palmer, 1994). For the
most part, concentrations of norepinephrine or its major
metabolite and markers of serotonin are not reduced
with age (DeKosky & Palmer, 1994).

Relatively few studies specifically have investigated
the integrity of neurotransmitter systems in aged mon-
key populations. As in aged humans, the changes that
have been noted are regional and sometimes variable.
For example, while reductions in endogenous levels of
dopamine and serotonin were reported in the frontal
pole of aged monkeys, they were not found in other
prefrontal cortical regions (Wenk et al., 1989). In con-
trast, another study reported significant drops in levels
of dopamine but not serotonin in prefrontal cortex of
aged monkeys (Goldman-Rakic & Brown, 1981). Nore-
pinephrine and serotonin levels are reduced in the
postcentral gyrus of aged monkeys, while dopamine
and norepinephrine levels are reduced in the temporal
cortex (Goldman-Rakic & Brown, 1981). However, these
neurochemical alterations were not noted in a subse-
quent study of aged monkeys (Wenk et al., 1989).
Similar variability has been reported for monoaminergic
levels in striatum (Goldman-Rakic & Brown, 1981; Wenk
et al., 1989; Irwin et al., 1994; Gerhardt et al., 1995).
Levels of norepinephrine, several markers of serotoner-
gic activity, and neuropeptides were significantly re-
duced in the occipital iobe but not the posterior cingulate
cortex of aged monkeys (Beal et al, 1991). In aged
human brains, there is considerable evidence that lev-
els of dopamine decline with age especially in the
striatum, however there is little indication of age-related
changes in the concentrations of serotonin or norepi-
nephrine (Morgan et al., 1987; McEntee & Crook, 1991;
DeKosky & Palmer, 1994).

Measures of cholinergic activity have also been vari-
able across and within studies of aged monkeys and
aged humans. Levels of ChAT activity were reduced in
the frontal pole and motor cortex, but notin other cortical
regions of aged monkeys (Wenk et al., 1989). However,
a later study from the same laboratory reported that
ChAT activity was not reduced in any cortical region
examined (Wenk et al., 1991). Still others report signifi-
cant declines in ChAT activity as a function of age in
several cortical regions (Gorman, 1993). The appre-
ciable degree of variability in levels of ChAT activity that
exists between individual monkeys of various ages
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(Wenk et al., 1989) may account for the discrepancies
between studies (Wenk, 1993). In aged humans, re-
duced levels of ChAT have been reported in frontal,
temporal or parietal cortex (Davies, 1978, 1979; McGeer
et al.,, 1984; DeKosky et al., 1985) hippocampus and
entorhinal cortex (Davies, 1978, 1979; Perry et al.,
1992) and nucleus basalis (Sparks et al., 1992). How-
ever, others have found relatively small or no age-
related changes in ChAT activity in cortex or hippocam-
pus of people (reviewed in Decker, 1987 and DeKosky
and Paimer, 1994). :

Neurotransmitter receptors are reduced in aged mon-
key and human brains, but these alterations may be
variable. Age-related decreases in D2 dopamine recep-
tors were found in the caudate and putamen of mon-
keys, however there was some variability within the
aged monkeys (Laietal., 1987). There is some discrep-
ancy between studies of aged human brains regarding
the status of dopamine receptors. For example, de-
clines in D2 receptors have been noted in the basal
ganglia of some studies (Severson et al., 1982; Rinne,
1987; Rinne et al., 1990), but not others (De Keyser et
al., 1991). Similar inconsistencies have been found with
D1 receptors (Morgan et al., 1987; De Keyser et al,
1990ab; Rinne et al., 1990).

There is regional and laminar specificity in the age-
related reductions in adrenergic and serotonergic re-
ceptors noted in monkeys (Bigham & Lidow, 1995). For
example, densities of a1 receptors were decreased in
somatosensory cortex, densities of a2 receptors were
decreased in prefrontal, motor and somatosensory cor-
tex, 5-HT1 receptors were decreased in somatosensory
cortex and 5-HT2 receptors decline in visual and motor
cortex of aged monkeys (Bigham & Lidow, 1995). in
contrast, no age-related declines were found for adren-
ergic beta receptors in any brain region of aged mon-
keys. Reductions in the density of serotonin 5-HT2 also
have been described in the frontal pole of aged monkeys
(Wenk et al., 1988). These findings in aged monkeys
paralle! to some extent the observations of adrenergic
and serotonergic receptors in aged human brain. For
example, decreases in a2 receptors were found in the
prefrontal cortex of aged humans (Kalaria & Andorn,
1991) and reductions in binding of several subtypes of
serotonergic receptors have been found in a number of
cortical and hippocampal regions and in the raphe
nuclei with advanced age in humans (Morgan et al,,
1987; Dillon et al., 1991; McEntee & Crook, 1991;
DeKosky & Palmer, 1994). In contrast to aged monkeys,
numbers of beta-1 adrenergic receptors in prefrontal
cortex showed a weak negativecorrelation with age in
people (Kalaria et al., 1989).

Muscarinic receptor binding (M1 or M2} is reduced in
prefrontal, motor, somatosensory, temporal and
parahippocampal cortices of aged monkeys (Wenk et
al., 1989; Wagster et al., 1990; Vannucchi & Goldman-
Rakic, 1991). Moreover, significant correlations have
been noted between individual differences in task per-
formance and muscarinic receptor binding in aged



monkeys. Specifically, M1 binding in the inferior parietal
lobe was related to visuospatial abilities and M1 binding
in motor cortex was related to reaction time in aged
monkeys (Wagster, 1993). Nicotinic binding also is
reduced in temporal cortex of aged monkeys (Wenk et
al., 1989; Wagster et al., 1990). The data from studies
of aged human brains are inconsistent regarding cholin-
ergic receptors. For example, there are some reports of
reduced M1 and M2 muscarinic receptors in aged
human brains (Nordberg & Winblad, 1986; Decker,
1987; Rinne, 1987; Nordberg et al., 1992), but not in
others (Whitehouse & Au 1986; Decker, 1987). Reduc-
tions in nicotinic receptors also have been reported in
frontal cortex and hippocampus of aged humans
(Nordberg & Winblad, 1986; Nordberg et al., 1992).

in concert with studies of aged humans, there are two
reports of reduced N-methyl-D-aspartate (NMDA) re-
ceptors in aged monkey brain. In particular, NMDA-
displaceable I-[*H]glutamate binding sites were signifi-
cantly reduced in many regions of the frontal and
temporal lobes of aged monkeys (Wenk et al., 1991).
More recently, a 30% decrease in the dendritic intensity
of NMDA, but not non-NMDA, receptor immunofluores-
cence was noted in the outer molecular layer relative to
the inner molecular layer of the hippocampus of aged
monkeys but not young monkeys (Gazzaley et al.,
1996). These reductions were observed in the presence
of intact dendritic area and synaptic density in these
hippocampal regions. In agreement with these monkey
studies, age-related declines in NMDA receptors have
been reported in frontal cortex (Brodmann area 8 or 9)
and hippocampus of humans (Kornhuber et al., 1988;
Mouradian et al., 1988; Kornhuber et al., 1989; Piggott
et al,, 1992).

Another means by which the integrity of neurotrans-
mitter systems in aged individuals has been deter-
mined, without the need for autopsy material, is through
in vivo functional imaging studies using Positron Emis-
sion Tomography (PET). Using this technology, several
studies have observed significant age-related reduc-
tions in human brain in D2 receptors in the striatum
(Wong et al., 1984; Antonini et al., 1993; Antonini &
Leenders, 1993; Rinne et al., 1993), in D1 receptors in
striatum and frontal cortex (Suhara et al., 1991), in
serotonin 5-HT2 receptors in frontal cortex (Wong et al.,
1984), and in muscarinic receptors in several cortical
regions, the striatum, and the hippocampus (Dewey et
al., 1990; Lee et al., 1991; Suhara et al., 1993). Until
recently, PET methodology has not been used to as-
sess the effects of age on the integrity of neurotransmit-
ter systems in aged monkeys. Currently, my laboratory
is in the process of addressing this issue by conducting
a series of PET studies to determine the functional
activity of the cholinergic system in aged monkeys. For
these studies, we are using ["®Flfluorobenzyltrozamicol
(['®FIFBT) as the cholinergic radiotracer. ['®F]FBT has a
high affinity and selectivity for the vesicular acetylcho-
line transporter (Parsons & Rogers, 1993; Parsons et
al., 1993; Efange et al., 1994; Efange et al., 1995a).

36

Moreover, binding of this radiotracer is correlated with
ChAT activity (Enfange et al., 1995b). Thus, this ligand
provides information about the presynaptic functional
activity of the cholinergic system. in preliminary PET
studies of young and aged rhesus monkeys using
['®FJFBT, we have found that the highest uptake of this
radiotracer is in the basal gangtia and that the binding of
['*F]FBT is significantly reduced in aged monkeys com-
pared to young monkeys. However, we also have found
individual differences in the binding of ["®F]FBT in aged
monkeys, so that binding in some aged monkeys was
comparable to that observed in young monkeys.

Regional cerebral metabolic rates for giucose
(rCMRglc) also have been investigated recently with
PET in aged rhesus monkeys. As a group, aged mon-
keys demonstrated lowered rCMRglc in the left tempo-
ral cortex compared to adult monkeys (Eberling et al.,
1995). However, there was a great amount of variability
amongst the aged animals so that some individual
animals also showed lowered rCMRglc in the other
brain regions studied (parahippocampal gyrus, hippo-
campus, frontal cortex). Declines in rCMRglc with aging
of humans have been reported in some studies (Kuhl et
al., 1982; Moeller et al., 1996) but not others (Del.eon et
al., 1983; Duara et al., 1983; Duara et al., 1984; Yoshii
et al., 1988). Several reasons have been postulated to
explain the discrepancies between clinical studies of
rCMRglc with age including differences in the health of
the patients studied, in the resting state of the patients,
and in the methods of scan analysis. An alternative
possibility is that changes in rCMRglc may be variable
enough across aged individuals to diminish the ability to
detect specific age-related topographic group differ-
ences in rCMRglc in aged human populations, as sug-
gested by the study conducted in aged monkeys (Eberling
et al., 1995). Moreover, heterogeneity in level of cogni-
tive functioning within the aged subject population also
may contribute to the variability across and within meta-
bolic studies of aged humans and may explain some of
the inconsistencies between clinical studies of (CMRglc.

Although PET measures of cerebral glucose metabo-
lism provide information about generalized physiologi-
cal changes in the brain, the underlying specific neu-
roanatomical or neurochemical alterations responsible
for these physiological changes cannot be determined
by this methodology. Nevertheless, measures of cere-
bral metabolic rates for glucose (or cerebral blood flow
or oxygen) can be used as a screening device to guide
subsequent PET investigations employing receptor-
specific ligands.

The individual differences in cholinergic activity and
cerebral glucose metabolic rate of aged rhesus mon-
keys that are beginning to be revealed by PET serve to
emphasize the individual variation that occurs in the
neurobiology of the brain of aged monkeys. This neuro-
biological variability may underlie some of the variations
in cognition that we and others have noted in aged
rhesus monkey populations. Thus, the variability within
and between biochemical studies of aged monkeys may
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be due in part to inclusion of mixed populations of
monkeys that may be cognitively-impaired and
cognitively-intact. Indeed, significant biochemical
changes may occur selectively among aged monkeys
with cognitive impairments but not in aged monkeys that
are cognitively intact, as has been demonstrated re-
cently for morphological measures of neurons in the
septal nuclei of aged rhesus monkeys (Stroessner-
Johnson et al., 1992). These points highlight the impor-
tance of performing behavioral and neurobiological
evaluations in the same subjects to clarify the relation-
ship between these measures and their contribution to
the variability observed within aged populations.

Pharmacology. Pharmacological approaches have
been another fruitful means of determining the neural
substrates of cognitive impairments that occur with
advanced age and for determining potential therapeutic
treatments of memory impairments associated with
normal and pathological aging. Aged monkeys have
proven to be particularly valuable resources in this
research endeavor. Pharmacological enhancement of
the cholinergic and catecholaminergic systems can
improve some aspects of cognitive function in aged
monkeys. For example, Arnsten and colleagues have
repeatedly demonstrated that augmentation of the
dopaminergic and adrenergic systems will improve spa-
tial recent memory of aged monkeys (Arnsten &
Goldman-Rakic, 1985b, 1990; Arnsten et al., 1988;
Arnsten & Contant, 1992; Arnsten et al., 1994; Amsten
etal., 1985), although there has been some controversy
regarding the enhanced effects produced by the a2
adrenergic receptor agonist clonidine (Bartus & Dean,
1988). Numerous studies have demonstrated that
memory or attention can be impaired in young monkeys
with the anticholinergic agent scopolamine (e.g., Bartus
& Johnson, 1976; Aigner & Mishkin, 1986; Rupniak et
al., 1989; Aigner et al., 1991; Callahan et al., 1993) and
improved in aged monkeys following treatment with a
variety of cholinomimetic drugs, including acetylcho-
linesterase inhibitors and muscarinic and nicotinic re-
ceptor agonists (Bartus, 1979; Bartus et al., 1980;
Bartus et al., 1983; Fitten et al., 1988; Buccafusco &
Jackson, 1991; Jackson et al., 1995). Several other
pharmacological approaches also improve cognitive
function of aged monkeys, including the calcium chan-
nel blocker, nimodipine (Sandin et ai., 1990; LeVere and
Levere, 1994) several neuropeptides (Bartus et al.,
1982), and combined treatment strategies (Terry et al.,
1993). An important caveat to the majority of these
studies is that the cognitive improvements have been
quite variable and sometimes dependent upon deter-
mining the “best dose” of each pharmacological agent
for each individual monkey. Similar caveats apply to the
improvements in cognitive functioning observed in pa-
tients with Alzheimer’s disease who have been treated
with some of these same pharmacological agents
(Chnistieetal., 1981; Davidson & Stern, 1991; Eagger et
al., 1991; Ebmeier et al., 1992; Growdon, 1992). Thus,
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individual differences in response to these treatments
by both aged monkeys and aged humans may diminish
the potential for generalized use of these agents to
enhance cognitive function in aged or demented human
populations. Nevertheless, a great deal of information
about the neurobiological substrates of age-related
cognitive impairments has been gained from pharma-
cological studies of aged monkeys.

CONCLUSIONS

Although the intense effort to determine the neural basis
of cognitive impairments in Alzheimer's disease has
overshadowed to a large part the continuing efforts to
understand the development, extent, and neurai basis
of functional impairments associated with normal agmg,
there is a considerable base of knowledge about many
of the functional changes that may accompany the
normal process of senescence in people. In addition, we
are cognizant of the variation in behavior that can be
present within and across elderly individuals. As this
review has identified, there are several parallels be-
tween functional aging in humans and functional aging
in monkeys. In particular, more recent studies of aged
monkeys have noted unique parallels in aspects of
learning, memory, attention and motor skills with those
of aged humans and have identified variations in behav-
ior in aged monkey populations. However, several other
aspects of cognition (e.g., divided attention, choice
reaction times) remain to be investigated in aged mon-
keys to fully realize the correspondence between psy-
chological aging of humans and monkeys.

It is evident that the quantity and depth of neurobio-
logical information that is available about the integrity of
brain systems in normal aged humans and monkeys is
minimal compared to our knowledge about the psychol-
ogy of aging. To remedy this situation, a great deal of
further investigation is required at all levels of neura!
circuitry and with a vanety of neurobiological approaches,
including molecular and functional imaging, to unvell
the full complement of structural and neurochemical
changes that occur with advanced age in particular
individuals. Most importantly, as new neurobiological
information becomes available, we need to continue to
take advantage of the opportunities to determine the
neural substrates of age-related cognitive impairments.
Such endeavors require behavioral and neurobiological
evaluations to be conducted in the same subject popu-
lations. Although difficult to pursue in humans (as few
aged people are behaviorally well characterized just
prior to death), these studies can be performed in
monkeys. Because aged monkeys demonstrate impair-
ments in cognition and exhibit some of the brain changes
observed in aged people, these animals will continue to
be an extremely valuable resource in which to conduct
brain/behavior studies to determine these relationships.
Furthermore, the existence of individual differences in
the behavior of aged monkeys provides the unique
opportunity to continue to explore the interrelationships



between age, cognition and neurobiological measures.
Although to date rarely performed in either humans or
monkeys, continued efforts along these lines clearly are
important as recent studies in monkeys suggest that
age alone cannot account for certain impairments in
cognition (Voytko et al., 1995). Thus, the continued
study of aged monkeys not only will provide information
about the neurobiological basis of age-related cognitive
impairments, but also will identify unique relationships
between neural and behavioral changes that are inde-
pendent of age and that may underlie the behavioral
variation that occurs in aged monkeys and aged hu-
mans.
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ABBREVIATIONS
DR Delayed Response Task
DNMS Delayed Nonmatching-To-Sample Task

DRST Delayed Recognition Span Task

ChAT choline acetyltransferase

PET - Pgsitron Emission Tomography

[®FIFBT [*®Flfluorobenzyltrozamicol
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