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FFECTS OF AGING ON THE ELECTROPHYSIOLOGICAL
ROPERTIES OF LAYER 5 PYRAMIDAL CELLS IN THE MONKEY

REFRONTAL CORTEX
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. I. LUEBKE* AND Y.-M. CHANG

epartment of Anatomy and Neurobiology, 715 Albany Street, M949,
oston University School of Medicine, Boston, MA 02118, USA

bstract—A significant decline in executive system function
ediated by the prefrontal cortex (PFC) often occurs with
ormal aging. In vitro slice studies have shown that layer 2/3
yramidal cells in the monkey PFC exhibit increased action
otential (AP) firing rates which may, in part, contribute to
his decline. Given that layer 5 cells also play a role in exec-
tive system function, it is important to determine if similar
ge-related changes occur in these cells. Whole-cell patch-
lamp recordings in in vitro slices prepared from the PFC of
oung and aged behaviorally characterized rhesus monkeys
ere employed to answer this question. Basic membrane and

epetitive AP firing properties were unaltered with age. Aged
ells exhibited significantly decreased single AP amplitude,
uration and fall time and increased slow afterhyperpolariza-
ion (sAHP) amplitude, but these changes were not associ-
ted with cognitive performance. This study demonstrates
hat layer 5 pyramidal cells, unlike layer 2/3 pyramidal cells,
ndergo only modest electrophysiological changes with ag-

ng, and that these changes are unlikely to contribute to
ge-related cognitive decline. © 2007 IBRO. Published by
lsevier Ltd. All rights reserved.

ey words: in vitro slice, whole cell patch clamp, prefrontal
ortex, normal aging, cognitive performance.

he prefrontal cortex (PFC) mediates executive function
omains such as working memory, cognitive flexibility, and
et shifting (review: Fuster, 1997; Constantinidis and Pro-
yk, 2004). Layer 2/3 cortico-cortical connections and a
losed loop layer 5 cortico-striatal–thalamic–cortical circuit
re both involved in the mediation of these functions, which
re essential for normal daily living (for review: Alexander
t al., 1986; Owen, 1997; Cavada et al., 2000). The pro-
ess of normal, non-pathological aging is often accompa-
ied by a significant decline in executive function in hu-
ans (review: Albert and Moss, 1999) and monkeys (re-

iew: Moss et al., 1999). Since changes in the action
otential (AP) firing rates of pyramidal cells in the PFC are
irectly associated with transitions between different ep-
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bbreviations: AHP, afterhyperpolarization; AP, action potential;
NMS, delayed non-match to sample; DRST, delayed recognition
pan task; FA, fast adapting; fAHP, fast afterhyperpolarization; IR-DIC,
nfrared-differential interference contrast; ISI, interspike interval; KAsp,
otassium aspartate; LASC, Laboratory Animal Science Center;
t
AHP, medium afterhyperpolarization; PFC, prefrontal cortex; RS,

egular spiking; sAHP, slow afterhyperpolarization.
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chs of PFC-dependent cognitive tasks (for review: Gold-
an-Rakic, 1995; Fuster, 1997; Owen, 1997; Cavada et
l., 2000), it is reasonable to postulate that perturbations in
he electrophysiological properties of these neurons, such
s AP firing rates, may contribute to cognitive deficits in
enescence. Indeed, age-related alterations in firing rates
ave been reported. For example, in vivo single unit re-
ordings of supragranular cells in the visual cortex
Schmolesky et al., 2000; Leventhal et al., 2003) and in
itro whole cell patch clamp recordings of layer 2/3 pyra-
idal cells in the PFC (Chang et al., 2005) demonstrate

hat neurons from aged monkeys exhibit significantly in-
reased AP firing rates compared with those from young
onkeys. In the aged monkey visual cortex in vivo, in-

reased AP firing rates are associated with decreased
timulus selectivity (Schmolesky et al., 2000), and the

ncreased AP firing rates of layer 2/3 pyramidal cells in
n vitro PFC slices are associated with degree of cognitive
mpairment in aged monkeys (Chang et al., 2005). Wilson
nd coworkers (2005) have also demonstrated that the
ring rates of CA3 pyramidal cells recorded in freely be-
aving rats are significantly increased with age, resulting in
failure to rapidly encode new spatial information. Taken

ogether, these studies indicate that principal cells in a
umber of brain areas exhibit significantly altered AP firing
roperties with age, which may, at least in part, underlie
ge-associated cognitive decline.

Very little is known about the effects of age on the
asic electrophysiological properties of layer 5 pyramidal
ells. Given the importance of AP firing rates in the normal
odulation of cognition, and the importance of the cortico-

triatal–thalamic–cortical circuit in the modulation of exec-
tive functions, the current study was undertaken to deter-
ine whether there are significant alterations in the basic
lectrophysiological properties of neurons in layer 5 from
he PFC of aged, cognitively characterized rhesus mon-
eys.

EXPERIMENTAL PROCEDURES

xperimental subjects

even young (6–12 years old) and eight aged (20–29 years old)
hesus monkeys (Macaca mulatta) were obtained from the Yerkes
ational Primate Research Center at Emory University (Atlanta,
A, USA) and then housed at the Boston University Laboratory
nimal Science Center (LASC) in strict accordance with animal
are guidelines as outlined in the NIH Guide for the Care and Use
f Laboratory Animals and the U.S. Public Health Service Policy
n Humane Care and Use of Laboratory Animals (Table 1). Both

he Boston University LASC and the Yerkes Center are fully

ved.
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ompared with young cells with mean values of
2.2�0.6 mV and 85.7�1.1 mV respectively (P�0.05;
ig. 2A, C). AP rise time did not differ in the two age
roups with mean times of 0.73�0.03 ms (aged) and
.78�0.04 ms (young) (Fig. 2D). The AP duration at
alf-maximal amplitude was significantly shorter in aged
ells than young cells with mean times of 1.2�0.07 ms
nd 1.42�0.1 ms respectively (P�0.01, Fig. 2E). Fi-
ally, AP fall time was also significantly shorter in aged
ells than in young cells with mean times of 1.8�
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