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Differential effects of aging on dendritic spines in visual cortex
and prefrontal cortex of the rhesus monkey

Megan E. Young1, Daniel T. Ohm1, Dani Dumitriu1, Peter R. Rapp2, and John H.
Morrison1,3,*

1Fishberg Department of Neuroscience, The Friedman Brain Institute, Kastor Neurobiology of
Aging Laboratory, and The Graduate School of Biomedical Sciences, Icahn School of Medicine at
Mount Sinai, New York, NY 10029

2Laboratory of Behavioral Neuroscience, National Institute on Aging, Baltimore, MD 21224, USA

3Department of Geriatrics and Palliative Care, Icahn School of Medicine at Mount Sinai, New
York, NY 10029

Abstract

Aging decreases the density of spines and the proportion of thin spines in the non-human primate

(NHP) dorsolateral prefrontal cortex (dlPFC). In this study, we used confocal imaging of dye-

loaded neurons to expand upon previous results regarding the effects of aging on spine density and

morphology in the NHP dlPFC and compared these results to the effects of aging on pyramidal

neurons in primary visual cortex (V1). We confirmed that spine density, and particularly the

density of thin spines, decreased with age in the dlPFC of rhesus monkeys. Furthermore, the

average head diameter of non-stubby spines in the dlPFC was a better predictor than chronological

age of the number of trials required to reach criterion on both the delayed response test of

visuospatial working memory and the delayed nonmatching-to-sample test of recognition memory.

By contrast, total spine density was lower on neurons in V1 than in dlPFC, and neither total spine

density, thin spine density, nor spine size in V1 was affected by aging. Our results highlight the

importance and selective vulnerability of dlPFC thin spines for optimal prefrontal-mediated

cognitive function. Understanding the nature of the selective vulnerability of dlPFC thin spines as

compared to the resilience of thin spines in V1 may be a promising area of research in the quest to

prevent or ameliorate age-related cognitive decline.
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Introduction

Aging humans and NHPs often develop cognitive impairment revealed by dlPFC-dependent

cognitive tasks. Two tasks used to evaluate dlPFC function in NHPs are the delayed

nonmatching-to-sample recognition memory task (DNMS) and the delayed response test of

visuospatial working memory (DR) (Rapp and Amaral, 1989; Luebke et al., 2010). DR

performance critically requires dlPFC integrity (Gross and Weiskrantz, 1962; Divac and

Warren, 1971), and changes in dlPFC morphological and electrophysiological characteristics

correlate with changes in DNMS performance (Peters et al., 1998; Chang et al., 2005;

Shamy et al., 2011). Aging rhesus monkeys are generally impaired in both acquisition and

performance across increasing memory delays on DR and DNMS (Rapp and Amaral, 1989;

Roberts et al., 1997; Rapp et al., 2003; Nagahara et al., 2010), suggesting that dlPFC

function may be degraded in aged animals. This can be contrasted with the relative

preservation of function in aging humans and NHPs with respect to visual discrimination

tasks not reliant on dlPFC (Bartus et al., 1979; Rapp, 1990; Rapp et al., 2003).

The delineation of the molecular and structural alterations that underlie these deficits is an

important focus of research in cognitive aging. Normal aging is not associated with

significant neuronal loss in the human (Pakkenberg and Gundersen, 1997) or macaque

neocortex (Peters et al., 1994). Instead, age-related cognitive decline is thought to result

from more subtle synaptic alterations (Morrison and Hof, 1997).

Most excitatory synapses between cortical neurons occur on dendritic protrusions called

spines (Nimchinsky et al., 2002). Pyramidal neurons in the macaque dlPFC lose a significant

proportion of their dendritic spines with age (Hao et al., 2007; Dumitriu et al., 2010), and

morphologically distinct types of spines are differentially affected (Benavides-Piccione et

al., 2013). Among spines with a discernable neck (non-stubby spines), the density of spines

with large head diameters (mushroom spines) does not decrease with age in rhesus monkey

dlPFC (Hao et al., 2007; Dumitriu et al., 2010). Instead, the age-related decrease in spine

density is driven by the loss of long, thin spines (Hao et al., 2007; Dumitriu et al., 2010),

thought to be highly plastic (Kasai et al., 2010) and critically important for working memory

(Arnsten et al., 2012). We have hypothesized that the “synaptic strategy” underlying

function of dlPFC requires the extensive ongoing synaptic plasticity and flexibility that thin

spines provide (Morrison and Baxter, 2012). We hypothesize further that while synaptic

plasticity also occurs in sensory areas such as primary visual cortex ( Trachtenberg et al.,

2002; Gilbert and Li, 2012), the balance between stability and plasticity likely differs from

dlPFC, which should be reflected in regional differences in both spine populations and

vulnerability to age. Thus, we chose V1 for a regional comparison of age-related effects

relevant to synaptic stability vs. plasticity. Other groups have also drawn regional

comparisons between V1 and dlPFC in the context of synaptic aging (Peters et al., 1998,

2001; Amatrudo et al., 2012). To address this issue, we imaged pyramidal neurons in layer

III of Brodmann areas 46 (dlPFC) and 17 (V1) and examined the density and morphology of

dendritic spines along segments of apical and basal dendrites. We found that the density of

thin spines is reduced with age in dlPFC, but not in V1, and that the density of other spine

types does not change with age in either area.
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Methods

All neurons analyzed were newly loaded for this experiment using tissue that had been

stored at 4 °C in a solution of 0.1% sodium azide in phosphate buffered saline for up to 9

years prior to loading. Tissue slices were stored free-floating in well plates sealed with

Parafilm and checked periodically to ensure adequate solution was present. Storage solution

was changed whenever there was visible evidence of evaporation in one or more plates. Our

replication and extension of previous findings from Dumitriu et al., 2010 using these

methods from a subset of the same animals using an entirely different set of neurons is key

given the current discussions regarding difficulty in replication of preclinical findings

(Landis et al., 2012). In addition, demonstrating the validity of the use of stored tissue opens

up opportunities for multiple additional studies of other cortical regions.

Animals

Seven young adult (9-13 years old; mean, 10.9 ± 0.6 years old; 1 male, 6 females) and ten

aged (22-33 years old; mean, 27.2 ± 1.2 years old, 1 male, 9 females) rhesus monkeys

(Macaca mulatta) were used for the analysis of area 46. Data from different sets of neurons

from three of the young and two of the aged animals were reported previously in Dumitriu et

al., 2010. For the analysis of V1, four young adult (9-11 years old; mean, 10.6 ± 0.5 years

old; all female) and four aged (24-27 years old; mean, 26.1 ± 0.5 years old; all female)

rhesus monkeys were used, including seven of the same animals used in the analysis of area

46. Behavioral results from several of these animals have been reported previously

(Dumitriu et al., 2010). Animals were singly housed in colonies of approximately 40

individuals under the same conditions used in previous studies (Rapp et al., 2003; Hao et al.,

2006, 2007), and water and monkey chow were provided in excess of nutritional needs. All

experiments were conducted in compliance with the National Institutes of Health Guidelines

for the Care and Use of Experimental Animals approved by the Institutional Animal Care

and Use Committee at the University of California, Davis and Icahn School of Medicine at

Mount Sinai.

Behavioral testing

DR test

Cognitive assessment included a delayed response test of spatiotemporal working memory,

as previously described (Rapp et al., 2003; Shamy et al., 2011). Monkeys sat in a manual

Wisconsin General Testing Apparatus and watched through a clear Plexiglass panel while

the experimenter baited one of two wells and covered both with identical opaque covers.

The left/right position of the rewarded location was varied pseudorandomly and balanced

across trials. The Plexiglass panel was raised and the monkey was allowed to uncover one

well to find the food reward. The task was first acquired with no delay for 30 trials per day

until a criterion of 90% correct choices in 90 consecutive trials was reached. A one second

delay was then imposed, during which an opaque screen was lowered, and monkeys were

again required to reach a criterion of 90% correct choices in 90 consecutive trials. Monkeys

were then tested on increasing delay intervals of 5, 10, 15, 30, and 60 seconds for 90 trials

each.
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DNMS test

Monkeys were tested on a delayed nonmatching-to-sample test of visual recognition

memory as previously described (Rapp and Amaral, 1991; Rapp et al., 2003; Hara et al.,

2012). Monkeys were placed in the same manual Wisconsin General Testing Apparatus as

above and presented with a sample object covering the central well of the test tray, which

contained a food reward. After the reward was retrieved, an opaque screen was lowered for

the duration of the delay period. When the screen was again raised, the monkey was

presented with two objects: the pre-delay sample item and a novel object. The the novel

object covered the food reward. The intertrial interval was 30 seconds. The task was

acquired using a delay period of 10 seconds, tested for 20 trials per day until a criterion of

90% correct was met across 100 consecutive trials. After reaching criterion, monkeys were

tested on successively longer delay periods. Retention intervals of 15, 30, 60, and 120

seconds were tested for 100 trials each, 20 trials per day. The final delay period of 10

minutes was tested for 50 trials, 5 trials per day.

Quantitative analysis of dendritic spine density and morphology

Perfusion and tissue processing

Monkeys were perfused after behavioral testing was completed. Animals were first deeply

anesthetized with ketamine hydrochloride (25 mg/kg) and sodium pentobarbital (20-35 mg/

mg), intubated, and mechanically ventilated. Sodium nitrate (0.5%, 1.5 ml) was injected into

the left ventricle of the heart, and the descending aorta was clamped. Transcardial perfusion

was performed with cold 1% paraformaldehyde in 0.1 M phosphate buffer (pH 7.2) at a rate

of 250 ml/min for 2 minutes, followed by 10 minutes of 4% paraformaldehyde in 0.1 M

phosphate buffer at the same rate. The flow rate was then reduced to 100 ml/min for 50

minutes. If perfusion could not be scheduled immediately after completion of behavioral

testing, monkeys continued mock testing until the day before perfusion.

After perfusion, brains were removed and dissected into multiple standardized blocks. The

frontal block, containing all of Brodmann's area 46, and the occipital block, containing all of

the primary visual cortex, were cut on a Vibratome. A systematic random series of 8-12 400

μm-thick sections, each spaced 2.6 mm apart, throughout each of areas 17 and 46 was

obtained for intracellular injection of Lucifer yellow (Invitrogen). Intracellular injection of

layer III pyramidal cells with Lucifer yellow was performed according to methods

previously described (Hao et al., 2006; Dumitriu et al., 2011). Briefly, 400 μm sections were

first stained with 4,6-diamidino-2-phenylindole (DAPI) to enable visualization of neuronal

cell bodies and mounted on filter paper immersed in 0.1M PBS. Pyramidal cells in layer III

of areas 17 and 46 were identified using epifluorescence under a UV filter, and the cell

bodies were impaled with sharp micropipettes and filled with 5% Lucifer yellow in dH2O

for five to ten minutes under a 1-10 nA direct current. Approximately 6-8 neurons were so

loaded per section, sufficiently far apart to ensure no crossing of dendritic arbors. Sections

containing loaded neurons were mounted on slides with VectaShield mounting medium

(Vector Laboratories, Burlingame, CA).
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Imaging

All filled neurons had somata located in layer III and within the boundaries of area 17 or

area 46, as determined by analysis after counterstaining selected slices with DAPI. Neurons

used for analysis had completely filled dendritic trees, as demonstrated by well-defined

endings, and were located sufficiently far away from other loaded cells to unambiguously

determine the origin of every dendritic segment. To minimize fading during imaging,

segments were located using minimum laser power before being imaged at high power for

the briefest time possible to achieve good signal quality, i.e., a gain of less than 750V being

required to achieve dynamic range, in which there are only a few pixels of minimum and a

few pixels of maximum signal intensity.

In order to ensure systematic-random sampling of dendritic segments, well-filled neurons

were first imaged at low magnification, and concentric circles 60 and 120 μm in diameter (in

area 46) or 50 and 100 μm in diameter (in area 17) were drawn around the cell body. Only

dendritic segments intersecting these circles were used for high-magnification imaging and

analysis. Six apical and six basal secondary or tertiary dendritic segments were imaged on

each cell at these points of intersection. Each dendritic segment was imaged in a sequential

z-stack using a Zeiss LSM 510 confocal microscope (Carl Zeiss, Oberkochen, Germany)

using a Plan-Apochromat 100x 1.4 NA oil-immersion objective and an argon laser with

excitation at 458nm. Stacks were acquired at a resolution of 0.07 × 0.07 × 0.07μm. Care was

taken to completely image each dendritic segment, including a margin of whitespace on all

sides. Image stacks were deconvolved with AutoDeblur (Media Cybernetics, Silver Spring,

MD), and loaded into NeuronStudio software (Rodriguez et al., 2008) for automated

measurement of spine length, head diameter, and head volume.

Spines were classified as “thin,” “mushroom,” or “stubby” based on previously published

criteria (Dumitriu et al., 2010; Ohm et al., 2012). All spines lacking a detectable neck were

classified as “stubby.” The spines with a detectable neck were run through a two-way cluster

analysis directed to produce two groups on the basis of maximum spine head diameter alone.

The cluster analysis determined a cutoff value of 0.4709 μm for the best fit within the two

groups, very close to the value of 0.47 μm used in previous studies (Ohm et al., 2012). As

there were no spines with measured maximum head diameters falling between 0.47 and

0.471 μm, spines with a neck were classified as “mushroom” if the maximum spine head

diameter was ≥ 0.47 μm and “thin” if the maximum spine head diameter was < 0.47 μm.

Statistical analysis

All variables were normally distributed according to Shapiro-Wilk tests (p > 0.1 for all

variables). Statistical analyses were performed using one-way ANOVA, followed by

Bonferonni post hoc tests where appropriate, to assess possible differences in the various

morphometric parameters between groups. All post hoc tests were adjusted for multiple

comparisons. The values are shown as means ± SEM, calculated based on one aggregate

(mean) value per animal. Observed power was calculated in all ANOVA to confirm that the

sample size was sufficient to support the data. Two-tailed Pearson correlations were used to

examine the relationships between morphological and behavioral metrics. The statistical

significance level was set at p < 0.05.
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Results

Behavior

As previously shown using some of the same monkeys included in the current study

(Dumitriu et al., 2010), in this particular cohort of animals, there was no difference between

the young and aged groups in the number of trials required to reach the criterion of 90%

correct at 0 or 1 second delay or on percent correct selections with delay intervals of 5, 10,

15, 30, or 60 seconds on the DR test (Fig 1A). This was due in large part to several young

animals, which were slow to acquire the task and performed more poorly across increasing

retention intervals than expected for their age. Scores for the aged group, by comparison,

were comparable to the impaired performance reported in earlier studies of aged rhesus

monkeys (Rapp and Amaral, 1989; Rapp et al., 2003; Hara et al., 2012b).

The DNMS test is also used to measure age-related cognitive decline in nonhuman primates

(Rapp et al., 2003). As previously reported (Hara et al., 2012), in this cohort, we did find the

expected impairment in acquisition and performance of the DNMS task in the aged animals,

with aged animals requiring more trials to reach the criterion of 90% correct with a 10

second delay interval and scoring significantly less accurately across longer delays than

young animals (Fig 1B).

Spine density

In order to establish the morphological effects of aging on different brain regions, we

compared the total spine density and measures of spine morphology between V1 and dlPFC

in young and aged animals. We separated spines into groups of thin, mushroom, and stubby

spines based on head diameter and on the presence or absence of a spine neck (see

Methods). Numerical measures of spine density and morphology are summarized in Table 2.

Several studies have found that the total dendritic length of layer III pyramidal neurons in

macaque neocortex does not change significantly with age (Duan et al., 2003; Kabaso et al.,

2009), or, if any change is noted, that it is limited to a slight loss of length from some apical

branches of the dendritic tree (Kabaso et al., 2009). As such, any finding of lower spine

density in aged animals implies a significant decrease in the total number of spines per

neuron.

As there was no significant difference within any animal in the density or morphology of

any spine type between apical and basal branches in either area, all reported findings reflect

data combined from spines on both arbors. To allow for direct comparison between areas,

we replicated our previous study of dlPFC pyramidal neurons (Dumitriu et al., 2010) in

different neurons from a mostly new set of animals, using the same parameters for imaging

and analysis as for the V1 neurons. A representative image of a dendritic segment from each

group is shown in figure 2. In young animals, total spine density in V1 was significantly

lower than spine density in dlPFC (Fig 3A). This difference extended to the densities of both

thin and mushroom spines (p = 0.03 and p = 0.002, respectively), while the density of stubby

spines was the same on young layer III pyramidal neurons in the two areas (p > 0.5). In

terms of the proportion of different spine types on each neuron, young V1 neurons had a

significantly higher proportion of stubby spines (p = 0.002) and a lower proportion of
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mushroom spines (p = 0.01) than young dlPFC neurons, while the proportion of thin spines

did not differ between the two areas (p > 0.7).

Aging had different effects on spine density in V1 and dlPFC neurons. We found no age-

related difference in total spine density or in the density of any type of spine on the apical or

basal branches of layer III pyramidal neurons in V1 (Figure 3A; p > 0.1 for all

comparisons). Total spine density on dlPFC neurons was 30% lower in aged than in young

animals (p < 0.001; Fig 3A). The density of stubby spines did not change with age (p > 0.2).

As shown in figure 3B, among non-stubby spines in the dlPFC, the decline in spine density

occurred entirely among thin spines, i.e., those with a head diameter < 0.47 μm (p < 0.001),

with no change in the density of spines with larger head diameters (p > 0.3 for mushroom

spines).

Spine morphology

In young animals, the total average spine head diameter was significantly smaller in V1 than

in dlPFC (p = 0.04). This was due to smaller head diameters among stubby and mushroom

spines (p = 0.03 and p = 0.002, respectively), with thin spines having the same mean head

diameter (p > 0.9; Figure 4A). There was no significant difference in the mean length of any

type of spine between young V1 and young dlPFC (Figure 3B).

The total mean spine head diameter was significantly larger in aged than in young dlPFC (p

= 0.05; Figure 4A). This was due to a larger mean head diameter of thin spines (p = 0.03),

with no change in the mean head diameter of mushroom or stubby spines (p > 0.7 for both

comparisons). The mean length of all spines in dlPFC was significantly reduced with age (p

= 0.01; Figure 4B). This effect was significant for thin spines (p = 0.04), but not for

mushroom spines (p = 0.1). By contrast, there was no change in the mean head diameter of

all spines or of any spine type with age on pyramidal neurons in V1 (p > 0.3 for all

comparisons).

These results suggest that the resilience of V1 to age-related decline is not simply due to a

paucity of thin spines in this area. Additionally, the morphology of V1 thin spines is very

similar to that of the young dlPFC. However, while the profile of thin spines in dlPFC

changes toward larger head diameter and shorter spine length with aging, this effect was not

observed among thin spines in V1, indicating that the vulnerability of thin spines to aging is

not a property of thin spines per se but rather arises from their location within particular

vulnerable circuits.

Behavioral correlations

We found that no morphological index measured in V1 correlated with any behavioral

metric (p > 0.05 for all correlations). By contrast, in dlPFC, when spines were broken up by

type, the percentage of spines that were classified as “thin” in a given animal correlated with

fewer trials required to reach criterion on both the DR (r = -0.493; p = 0.04) and DNMS

tasks (r = -0.583; p = 0.02; data not shown). The percentage of spines that were classified as

“mushroom” correlated with a greater number of trials required to reach criterion on both

the DR (r = 0.571; p = 0.02) and DNMS (r = 0.533; p = 0.03) tasks, while the percentage of

spines classified as “stubby” did not correlate with acquisition on either task (p > 0.2).
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Combining these findings into one, we found that, among non-stubby spines, a smaller mean

head diameter correlated with fewer trials to reach criterion on both the DR (r = 0.652; p =

0.005) and DNMS tasks (r = 0.569; p = 0.02; Figure 3C). No index from dlPFC correlated

with delay performance on either task (p > 0.05 for all correlations).

Discussion

Methodological implications

These analyses were performed on pyramidal neurons that were stored at 4 degrees in

phosphate buffered saline containing 0.1% sodium azide for several years prior to

intracellular loading with Lucifer yellow and morphometric analyses. It is important to note

that while absolute spine densities were lower in this study, we fully replicated our previous

findings in area 46 regarding thin spine loss (Dumitriu et al, 2010) that were generated from

completely different neurons in a subset of the animals included here. Thus, this study not

only provides critical replication of a key finding regarding the synaptic basis of cognitive

aging, but also demonstrates that we can return to tissue from valuable monkeys years later

to perform important studies such as the analysis of V1, which is reported for the first time

here.

It is also worth noting that our findings on V1 differ from a recent publication that reported

an age-related decrease in mushroom spines on apical dendrites of layer III pyramidal

neurons in area 46, along with a decrease in thin spines on basal dendrites (Luebke et al.,

2013). This discrepancy likely results from the fact that very different preparations were

used in the two studies, and there were minor differences in data acquisition and design as

well. Luebke et al. used in vitro slices of rhesus monkey V1 to first obtain

electrophysiological data from layer III pyramidal cells and intracellular injection of

biocytin followed by immersion fixation at 4 degrees C, whereas we used LY injection into

fixed V1 slices taken from monkeys that had been perfusion-fixed. It is well known that

spine density in in vitro slice preparations can vary widely from spine number in perfusion

fixed tissue, and this is highly dependent on the temperature of the slice preparation (Kirov

et al., 2004; Bourne et al., 2007). In addition, different spine classes display different

responses to temperature in immature vs adult slices (Kirov et al., 1999). The cold

temperatures used to collect the slices and immersion fix the slices by Luebke et al. likely

affected spine density, and it would not be surprising if aged spines were more susceptible to

such effects than young adult spines. Additional minor factors that may have contributed to

the discrepant results are that the current study included more dendritic segments per neuron

and more neurons per animal than the previous study, the statistical analysis differed across

the studies, and if unknown selection biases exist for neuronal inclusion, they likely differ

when electrophysiological properties are the initial screen as opposed to successful

visualization of intracellular Lucifer yellow.

Variations in age-related declines in cognitive performance

The results of this study are consistent with previous studies, using some of the same

animals, in that the group of young animals in this study performed more poorly than

expected for their age group on DR (Dumitriu et al., 2010; Hara et al., 2012). We found a
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change with age in the mean number of trials required to reach criterion and in the mean

percent of correct responses across all delays on the DNMS task, but we did not find a

change with age in mean acquisition or performance measures on the DR task, due to

unusually poor performance of several young monkeys on DR. However, in our study, as

expected, we found an increase in the variance in the aged group compared to the young

group on both the number of trials required to reach criterion and overall percent accuracy

on both the DR and DNMS tasks. Interestingly, we found that a higher proportion of thin

spines was associated with fewer trials to criterion on the DR task, even without an overall

age effect. Moreover, though the young group had fewer animals, a higher proportion of thin

spines was associated with fewer trials to criterion on DR for young animals as well,

suggesting that a high proportion of long, thin spines in the dlPFC may be important for fast

DR acquisition at any age.

Functional correlates of spine type shifts

Spine size and shape have been linked to synaptic plasticity, spine stability, learning, and

memory, particularly with respect to mushroom and thin spines (Matsuzaki et al., 2001;

Grutzendler et al., 2002; Trachtenberg et al., 2002; Kasai et al., 2003, 2010a, 2010b; Zuo et

al., 2005; Holtmaat et al., 2006; Bourne and Harris, 2007). Mushroom spines have an

expanded head, are highly stable, AMPA receptor-dominated, and thought to transmit highly

stable information, whereas thin spines are highly motile, expand and retract, and are

NMDA receptor-dominated (Matsuzaki et al., 2001; Grutzendler et al., 2002; Trachtenberg

et al., 2002; Kasai et al., 2003, 2010a, 2010b; Zuo et al., 2005; Holtmaat et al., 2006; Bourne

and Harris, 2007). We have hypothesized that the unique cognitive functions mediated by

dlPFC are likely to require particularly robust plasticity as mediated by thin spines (Hao et

al, 2007; Dumitriu et al, 2010; Morrison and Baxter, 2012). This hypothesis is supported by

the strong correlation between thin spines and cognitive performance mediated by dlPFC in

rhesus monkeys (Dumitriu et al, 2010), and the proposed role of thin spines in mediating

working memory (Wang et al., 2011). By extension, in the current study, we hypothesized

that V1 and dlPFC would display divergent spine profiles by virtue of their divergent roles

as a primary sensory area and a high level polymodal association region. This hypothesis

was partially borne out, in that even though the relative proportion of total spines

represented by the thin class was equivalent in V1 and dlPFC, there were far fewer thin

spines in V1 than in dlPFC per unit dendrite, and this difference led to a large difference in

overall spine density. In fact, the density of thin spines in young and aged V1 was equivalent

to the density in aged dlPFC, which is far lower than the density in young dlPFC. These

regional differences suggest that there may be multiple classes of thin spines that may vary

in their stability, capacity for plasticity, and vulnerability to age. If such distinct classes of

thin spines exist with respect to stability and plasticity, they likely have a distinct molecular

phenotype as well, which may be evident with high resolution electron microscopic

immunocytochemistry. We are currently pursuing such studies.

Spines on layer III pyradmidal neurons in V1 age differently from those in dlPFC

In this study, we confirmed our previous findings about aging in dlPFC using a fresh

selection of tissue and twelve new monkeys not examined in Dumitriu et al., 2010. These

experiments verified that thin spine density declines with age on layer III pyramidal neurons
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in the dlPFC, while the density of mushroom or stubby spines does not change with age.

Aging also increased the average head diameter of dlPFC thin spines without altering the

head diameter of mushroom or stubby spines. Further, comparing our morphological results

to the behavioral data from these animals, we found that a larger proportion of spines with

small head diameters correlated with fewer trials required to reach criterion on both the DR

and DNMS tasks. This agrees with previous data linking thin spine density in the dlPFC to

acquisition of the DNMS task in young and aged rhesus monkeys (Dumitriu et al., 2010).

Though thin spine density was dramatically reduced with age in the dlPFC, this effect was

not present in primary visual cortex. Instead, we found that, while neurons in V1 tended to

have lower total spine densities than neurons in dlPFC, V1 neurons had an equal or higher

proportion of thin spines, and the mean head diameter of thin spines in V1 was equivalent to

that in young dlPFC. Despite this preponderance of thin spines, aging did not affect the

density or head diameter of any type of spine in V1. It is worth noting that this result may be

specific to the area surrounding layer III; an age-related loss of layer I synapses in monkey

V1 has been reported (Peters et al., 2001), and our sampling procedure systematically

excludes layer I dendritic segments.

It is not clear why thin spines in V1 would be resistant to the morphological effects of aging.

It is possible that this is the result of a floor effect, as V1 neurons from both young and aged

animals had spine densities approximately equal to those seen in aged dlPFC. It is also

possible that the loss of spines in dlPFC results from a change in inputs due to

demyelination and deafferentation with age in this area, though many of these white matter

alterations are also observed with age in V1 (Peters et al., 2000; Peters and Kemper, 2012).

On the other hand, the relative resilience of V1 may be due to some intrinsic property of the

V1 neurons. V1 neurons may be somewhat protected by their size and pattern of

connectivity, as they have smaller dendritic arbors and less corticocortical connectivity than

layer III dlPFC pyramidal neurons. Differential vulnerability may also be related to the

activity of the circuits in which these neurons are embedded. Further analyses of the

molecular characteristics of the thin spines in area 46 compared to V1 are needed to reveal

synaptic attributes that might confer resilience on thin spines in V1 as compared to those in

area 46. In addition, determining the morphological and molecular mechanisms underlying

the selective vulnerability of dlPFC thin spines may offer important implications for

treatments that preserve dlPFC-mediated cognitive functions in the aging population.

Conclusion

These results confirm prior findings (Peters et al., 2008; Dumitriu et al., 2010) that aging has

a profound effect on dendritic spines in dlPFC, with aged animals having lower spine

density and a smaller proportion of thin spines on both apical and basal dendritic trees than

younger animals. In addition, we confirm previous findings (Dumitriu et al., 2010) that the

proportion and size of thin spines in dlPFC correlates with the speed of DNMS task

acquisition. Finally, we found that V1 pyramidal neurons, despite having a large proportion

of thin spines, are largely impervious to the morphological effects of cognitive aging

commonly seen in the dlPFC. Taken together, these experiments show that cognitive aging

appears to reflect a selective loss of thin spines in the dlPFC in primates, with a primary
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sensory region such as V1 that is highly reliant on synaptic stability resilient to age-related

loss of spines.
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• Unlike neurons in dlPFC, neurons in V1 do not lose spines with age in rhesus

monkeys

• Aging decreases the proportion of thin spines in macaque dlPFC but not in V1

• Smaller dlPFC mean spine head diameter correlates with fewer trials to criterion

on DR and DNMS tasks
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Figure 1.
(A) In this cohort, there was no significant effect of age on the number of trials required to

reach criterion on the DR task or on performance accuracy on DR at any delay tested. (B)

Aged monkeys required a significantly higher number of trials to reach criterion on the

DNMS task, and performed significantly less accurately than young animals at all delays

tested. *p < 0.01, **p < 0.005, ***p < 0.0001.
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Figure 2.
Representative projections of z-stacks from analyzed dendritic segments in each group: (A)

young dlPFC (B) young V1 (C) aged dlPFC (D) aged V1. Scale bar = 2μm.
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Figure 3.
(A) Layer III pyramidal neurons in V1 have a lower total spine density, a lower proportion

of mushroom spines, and a higher proportion of stubby spines than those in young dlPFC.

There is no difference in the density of any spine type in V1 between aged and young

animals. In dlPFC, however, there is a significant decrease in the density of thin spines with

age, with no change in the density of mushroom or stubby spines. (B) In the dlPFC, the only

spines lost with age are long, thin spines; i.e., non-stubby spines with head diameters below

approximately 475nm. In V1, there is no change with aging of the density of non-stubby

spines, irrespective of spine head diameter. *p < 0.05, **p < 0.005, ***p < 0.001; asterisks

represent comparisons between young and aged dlPFC, crosses represent comparisons

between young dlPFC and young V1.
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Figure 4.
(A) While the mean head diameter of all spines and of thin spines increased with age in

dlPFC, there was no change with age in the mean head diameter of any type of spine in V1.

In young animals, mean head diameters of mushroom and stubby spines were smaller in V1

than in dlPFC, though there was no difference in the mean head diameter of thin spines

between the two areas. (B) The mean length of all spines and of thin spines decreased with

age in dlPFC. There was no difference in mean spine length with age in V1 or between

young V1 and the young dlPFC. (C) Larger mean spine head diameters among thin and

mushroom spines in dlPFC correlated positively with the number of trials required to reach

criterion on both the DR and DNMS tasks. *p < 0.05, **p < 0.005; asterisks represent

significant difference from young dlPFC.

Young et al. Page 18

Neuroscience. Author manuscript; available in PMC 2015 August 22.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript

Young et al. Page 19

T
ab

le
 1

A
ge

, s
ex

, a
nd

 b
eh

av
io

ra
l d

at
a 

fr
om

 a
ll 

an
im

al
s 

in
 th

e 
pr

es
en

t s
tu

dy
, w

ith
 in

di
ca

tio
n 

of
 w

hi
ch

 a
ni

m
al

s 
w

er
e 

us
ed

 f
or

 d
lP

FC
 a

nd
/o

r 
V

1 
an

al
ys

is
.

C
oh

or
t 

C
om

po
si

ti
on

A
ni

m
al

Se
x

A
ge

 G
ro

up
A

ge
 (

ye
ar

s)
T

ri
al

s 
to

 1
0s

 C
ri

te
ri

on
 (

D
N

M
S)

M
ea

n 
%

 C
or

re
ct

 (
D

N
M

S)
T

ri
al

s 
to

 1
s 

C
ri

te
ri

on
 (

D
R

)
M

ea
n 

%
 C

or
re

ct
 (

D
R

)
A

re
as

 A
na

ly
ze

d

1*
f

yo
un

g
9.

7
24

7
92

.6
10

0
52

.9
PF

C
, V

1

2*
f

yo
un

g
10

.1
10

0
90

.8
10

77
.1

PF
C

3
f

yo
un

g
10

.1
15

9
92

.4
14

0
77

.5
PF

C

4
f

yo
un

g
10

.1
43

87
.3

14
0

70
.9

PF
C

, V
1

5
f

yo
un

g
11

.1
80

90
.6

40
77

.8
PF

C
, V

1

6
f

yo
un

g
11

.1
23

7
86

.5
30

68
.9

PF
C

, V
1

7*
m

yo
un

g
13

.4
14

0
87

.0
0

90
.2

PF
C

8*
f

ag
ed

22
.8

65
4

73
.7

20
69

.8
PF

C

9
f

ag
ed

24
.4

n/
a

n/
a

13
0

79
.6

PF
C

10
f

ag
ed

24
.8

55
1

87
.0

80
71

.1
PF

C
, V

1

11
*

m
ag

ed
26

.0
95

7
77

.4
0

76
.2

PF
C

12
f

ag
ed

26
.1

-
-

-
-

V
1

13
f

ag
ed

26
.3

74
4

82
.7

87
74

.9
PF

C

14
f

ag
ed

26
.6

14
34

80
.4

34
0

64
.9

PF
C

, V
1

15
f

ag
ed

27
.0

40
6

79
.5

34
1

64
.3

PF
C

, V
1

16
f

ag
ed

29
.8

39
0

80
.6

40
73

.8
PF

C

17
f

ag
ed

32
.5

45
6

79
.2

11
0

71
.8

PF
C

18
f

ag
ed

33
.8

89
9

72
.6

60
62

.2
PF

C

A
st

er
is

ks
 r

ep
re

se
nt

 a
ni

m
al

s 
fr

om
 w

hi
ch

 d
lP

FC
 ti

ss
ue

 w
as

 p
re

vi
ou

sl
y 

an
al

yz
ed

 in
 D

um
itr

iu
 e

t a
l.,

 2
01

0.

Neuroscience. Author manuscript; available in PMC 2015 August 22.



N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript

Young et al. Page 20

T
ab

le
 2

M
ea

su
re

m
en

ts
 o

f 
sp

in
e 

m
or

ph
ol

og
y 

fr
om

 a
pi

ca
l a

nd
 b

as
al

 tr
ee

s 
of

 la
ye

r 
II

I 
py

ra
m

id
al

 n
eu

ro
ns

 in
 d

lP
FC

 a
nd

 V
1,

 b
ro

ke
n 

do
w

n 
by

 s
pi

ne
 ty

pe
 a

nd
 a

ni
m

al

ag
e.

 R
es

ul
ts

 a
re

 e
xp

re
ss

ed
 a

s 
m

ea
n 

±
 S

E
M

.

Sp
in

e 
M

or
ph

ol
og

y 
V

al
ue

s

dl
P

F
C

V
1

B
ot

h 
ap

ic
al

 a
nd

 b
as

al
 s

eg
m

en
ts

B
ot

h 
ap

ic
al

 a
nd

 b
as

al
 s

eg
m

en
ts

T
ot

al
T

hi
n

M
us

hr
oo

m
St

ub
by

T
ot

al
T

hi
n

M
us

hr
oo

m
St

ub
by

Sp
in

e 
nu

m
be

rs
yo

un
g

67
99

45
36

 (
66

.7
%

)
13

37
 (

19
.7

%
)

92
6 

(1
3.

6%
)

33
40

22
79

 (
68

.2
%

)
29

4 
(8

.8
%

)
76

7 
(2

3.
0%

)

(n
)

ag
ed

77
28

44
93

 (
58

.1
%

)
17

49
 (

22
.6

%
)

14
86

 (
19

.2
%

)
31

96
21

80
 (

68
.2

%
35

7 
(1

1.
2%

)
65

9 
(2

0.
6%

)

H
ea

d 
di

am
et

er
yo

un
g

40
3 

±
 8

36
5 

±
 5

54
5 

±
 4

39
2 

±
 9

37
6 

±
 5

36
6 

±
 4

51
7 

±
 6

35
2 

±
 1

0

(n
m

)
ag

ed
42

0 
±

 5
38

2 
±

 5
54

3 
±

 4
38

8 
±

 5
38

3 
±

 4
37

1 
±

 3
52

0 
±

 4
34

8 
±

 6

H
ea

d 
vo

lu
m

e
yo

un
g

0.
10

6 
±

 0
.0

08
0.

08
3 

±
 0

.0
04

0.
20

0 
±

 0
.0

11
0.

08
2 

±
 0

.0
07

0.
06

2 
±

 0
.0

03
0.

05
9 

±
 0

.0
02

0.
12

4 
±

 0
.0

09
0.

04
6 

±
 0

.0
03

(u
m

3)
ag

ed
0.

11
0 

±
 0

.0
06

0.
09

1 
±

 0
.0

05
0.

18
5 

±
 0

.0
07

0.
07

7 
±

 0
.0

03
0.

07
0 

±
 0

.0
05

0.
06

7 
±

 0
.0

04
0.

12
9 

±
 0

.0
05

0.
04

7 
±

 0
.0

04

Sp
in

e 
le

ng
th

yo
un

g
14

81
 ±

 3
6

15
70

 ±
 3

3
17

03
 ±

 3
9

72
2 

±
 2

0
13

88
 ±

 5
5

15
77

 ±
 5

0
17

81
 ±

 3
2

67
5 

±
 1

1

(n
m

)
ag

ed
13

36
 ±

 4
0

14
52

 ±
 3

8
15

99
 ±

 4
2

67
8 

±
 2

0
14

62
 ±

 5
1

16
29

 ±
 5

7
18

50
 ±

 7
2

70
0 

±
 4

0

A
pi

ca
l s

eg
m

en
ts

 o
nl

y
A

pi
ca

l s
eg

m
en

ts
 o

nl
y

A
ll 

sp
in

es
T

hi
n

M
us

hr
oo

m
St

ub
by

A
ll 

sp
in

es
T

hi
n

M
us

hr
oo

m
St

ub
by

Sp
in

e 
nu

m
be

rs
yo

un
g

31
45

20
63

 (
65

.6
%

)
63

4 
(2

0.
2%

)
44

8 
(1

4.
2%

)
15

68
10

18
 (

64
.9

%
)

13
8 

(8
.8

%
)

41
2 

(2
6.

3%
)

(n
)

ag
ed

39
22

22
48

 (
57

.3
%

)
90

3 
(2

3.
0%

)
77

1 
(1

9.
7%

)
16

02
10

45
 (

65
.2

%
)

18
5 

(1
1.

6%
)

37
2 

(2
3.

2%
)

H
ea

d 
di

am
et

er
yo

un
g

40
6 

±
 9

36
5 

±
 5

55
0 

±
 6

39
7 

±
 9

37
7 

±
 5

36
6 

±
 3

51
3 

±
 5

35
9 

±
 8

(n
m

)
ag

ed
42

1 
±

 6
38

1 
±

 6
54

1 
±

 4
39

4 
±

 6
38

1 
±

 4
37

0 
±

 3
52

1 
±

 4
34

2 
±

 6

H
ea

d 
vo

lu
m

e
yo

un
g

0.
11

2 
±

 0
.0

10
0.

08
6 

±
 0

.0
05

0.
21

1 
±

 0
.0

15
0.

09
0 

±
 0

.0
08

0.
06

2 
±

 0
.0

02
0.

06
0 

±
 0

.0
02

0.
12

2 
±

 0
.0

07
0.

04
9 

±
 0

.0
04

(u
m

3)
ag

ed
0.

11
5 

±
 0

.0
07

0.
09

4 
±

 0
.0

06
0.

19
1 

±
 0

.0
10

0.
08

4 
±

 0
.0

04
0.

07
0 

±
 0

.0
05

0.
06

9 
±

 0
.0

05
0.

13
1 

±
 0

.0
05

0.
04

4 
±

 0
.0

03

Sp
in

e 
le

ng
th

yo
un

g
14

63
 ±

 3
7

15
58

 ±
 3

2
16

46
 ±

 4
4

75
5 

±
 2

4
13

59
 ±

 5
8

15
58

 ±
 5

2
18

24
 ±

 1
2

69
6 

±
 3

8

(n
m

)
ag

ed
13

24
 ±

 4
6

14
36

 ±
 4

1
15

84
 ±

 4
7

70
3 

±
 2

7
14

37
 ±

 6
2

16
40

 ±
 7

8
17

77
 ±

 7
0

71
1 

±
 4

0

B
as

al
 s

eg
m

en
ts

 o
nl

y
B

as
al

 s
eg

m
en

ts
 o

nl
y

A
ll 

sp
in

es
T

hi
n

M
us

hr
oo

m
St

ub
by

A
ll 

sp
in

es
T

hi
n

M
us

hr
oo

m
St

ub
by

Sp
in

e 
nu

m
be

rs
yo

un
g

36
54

24
73

 (
67

.7
%

)
70

3 
(1

9.
2%

)
47

8 
(1

3.
1%

)
17

72
12

61
 (

71
.2

%
)

15
6 

(8
.8

%
)

35
5 

(2
0.

0%
)

Neuroscience. Author manuscript; available in PMC 2015 August 22.



N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript

Young et al. Page 21

Sp
in

e 
M

or
ph

ol
og

y 
V

al
ue

s

dl
P

F
C

V
1

(n
)

ag
ed

38
06

22
45

 (
59

.0
%

)
84

6 
(2

2.
2%

)
71

5 
(1

8.
8%

)
15

94
11

35
 (

71
.2

%
)

17
2 

(1
0.

8%
)

28
7 

(1
8.

0%
)

H
ea

d 
di

am
et

er
yo

un
g

40
1 

±
 7

36
5 

±
 4

54
0 

±
 4

38
8 

±
 1

0
37

5 
±

 6
36

6 
±

 6
51

9 
±

 7
34

4 
±

 1
1

(n
m

)
ag

ed
42

0 
±

 4
38

4 
±

 4
54

4 
±

 4
38

2 
±

 5
38

5 
±

 4
37

2 
±

 2
51

8 
±

 4
35

7 
±

 1
0

H
ea

d 
vo

lu
m

e
yo

un
g

0.
10

1 
±

 0
.0

06
0.

08
1 

±
 0

.0
04

0.
19

0 
±

 0
.0

08
0.

07
4 

±
 0

.0
07

0.
06

1 
±

 0
.0

03
0.

05
8 

±
 0

.0
01

0.
12

6 
±

 0
.0

10
0.

04
3 

±
 0

.0
04

(u
m

3)
ag

ed
0.

10
5 

±
 0

.0
04

0.
08

9 
±

 0
.0

04
0.

17
8 

±
 0

.0
05

0.
06

9 
±

 0
.0

02
0.

07
0 

±
 0

.0
04

0.
06

7 
±

 0
.0

03
0.

12
6 

±
 0

.0
06

0.
05

2 
±

 0
.0

07

Sp
in

e 
le

ng
th

yo
un

g
14

98
 ±

 3
9

15
82

 ±
 3

9
17

60
 ±

 4
5

68
7 

±
 2

3
14

13
 ±

 5
5

15
92

 ±
 5

0
17

42
 ±

 4
9

63
3 

±
 3

0

(n
m

)
ag

ed
13

42
 ±

 3
7

14
64

 ±
 3

9
16

07
 ±

 4
2

65
1 

±
 1

4
14

88
 ±

 5
3

16
19

 ±
 4

8
19

29
 ±

 9
2

70
6 

±
 4

5

* p 
<

 0
.0

1,

**
p 

<
 0

.0
01

,

**
* p 

<
 0

.0
00

1.

Neuroscience. Author manuscript; available in PMC 2015 August 22.




