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Abstract

Aging in humans is associated with parallel changes in cognition, motivation, and motoric
performance. Based on the human aging literature, we hypothesized that this constellation of age-
related changes is mediated by the medial prefrontal cortex and that it would be observed in aging
mice. Toward this end, we performed detailed assessments of cognition, motivation, and motoric
behavior in aging mice. We assessed behavioral and cognitive performance in C57BI/6 mice aged
6, 18, and 24 months, and followed this with microarray analysis of tissue from the medial
prefrontal cortex and analysis of serum cytokine levels. Multivariate modeling of these data
suggested that the age-related changes in cognition, motivation, motor performance, and prefrontal
immune gene expression were highly correlated. Peripheral cytokine levels were also correlated
with these variables, but less strongly than measures of prefrontal immune gene upregulation. To
determine whether the observed immune gene expression changes were due to prefrontal
microglial cells, we isolated CD11b-positive cells from the prefrontal cortex and subject them to
next-generation RNA sequencing. Many of the immune changes present in whole medial
prefrontal cortex were enriched in this cell population. These data suggest that, as in humans,
cognition, mativation, and motoric performance in the mouse change together with age and are
strongly associated with CNS immune gene upregulation.

Keywords

Aging; prefrontal cortex; motivation; locomotion; gene expression; microarray analysis; RNA
sequencing; microglia; cognition

© 2011 Elsevier Inc. All rights reserved.

"Addressfor correspondence: Yale University School of Medicine Department of Psychiatry Divisions of Molecular Psychiatry,
Human Genetics, and Aging Research. 300 George Street, Suite 901 New Haven CT 06511-6624 Phone: 203-785-7361 Fax:
203-785-7357 arthur.Simen@yale.edu.

kelly.bordner@yale.edu rob.kitchen@yale.edu becky.carlyle@yale.edu eau@mail.med.upenn.edu milind.mahajan@yale.edu
shrikant. mane@yale.edu jane.taylor@yale.edu

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our

customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of

the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Page 2

1 Introduction

Human aging, both normal and in age-related disorders, is associated with highly correlated
changes in cognition, motivation, and motor performance. The frequent comorbidity of these
changes has led to a growing interest in determining the biological mechanisms that may
account for their association (Granholm and others 2008). Aging effects on the prefrontal
cortex (PFC) are a particularly parsimonious explanation for age-related changes in
cognition, motivation, and locomotor behavior. While aging does not solely affect the PFC
(Dennis and others 2008; Raz and others 2005), this region exhibits age-dependent
architectural changes (Peters and others 1998) and is particularly sensitive to age-related
decline.

Normal aging is associated with declines in PFC performance (Mattay and others 2006;
Rajah and D’Esposito 2005). For example, older individuals perform worse in tasks such as
the Wisconsin Card Sort (MacPherson and others 2002) and the Stroop Task (Baena and
others 2010). Other consequences of aging, such as reduced motivation (Brodaty and others
2010), often examined in the context of apathy, are also associated with PFC dysfunction.
Apathy is more common in individuals with cognitive dysfunction, and may also serve as a
predictor of cognitive decline (Onyike and others 2007). Although symptoms of apathy
partially overlap with those of depression, which is also associated with PFC dysfunction
(Drevets and others 2008), the two constructs can be distinguished based on the extent of
strong negative emotions, depressed mood, and suicidal ideation which are unique to
depression (Levy and others 1998). Apathy and depression also differ with regard to their
association with cognition; apathy is more strongly correlated with cognitive dysfunction
(Kuzis and others 1999; Levy and others 1998). Lastly, motoric behavior is also influenced
by the PFC. In aging individuals, gait speed is correlated with executive function (de Bruin
and Schmidt 2010) and gait slows with increasing cognitive demands (Cho and others
2008). Imaging studies have demonstrated significant correlations between PFC activation
and walking speed (Harada and others 2009; Mihara and others 2010).

Although the rodent PFC is less sophisticated than that of the primate (Simen and others
2009; Uylings and others 2003), the mouse does serve as a suitable model organism for
PFC-dependent tasks (Brown and Bowman 2002; Robbins 2002). As in higher organisms,
the murine PFC can be defined by its reciprocal connections with the mediodorsal nucleus
of the thalamus (Guldin and others 1981; Rios and Villalobos 2004). Similarly, certain
subregions within the PFC have also been related to specific aspects of cognitive
performance. The rodent medial PFC, for example, has been found to play a role in attention
(Bissonette and others 2008) and motivation (Gourley and others 2010; Walton and others
2003). As discussed in detail below, PFC functioning also depends on structures with which
it interconnects, which may also contribute to age-related decline. Given evidence that the
mouse PFC is functionally and anatomically homologous to the PFC in higher mammals,
and that motivation, cognition, and locomotor activity can easily be assessed using common
laboratory paradigms, we sought to determine whether the aging mouse exhibits similar
patterns to those seen in aging humans. Because peripheral inflammatory cytokines have
also received attention in relation to normal and pathological aging (De Martinis and others
2006) we also sought to compare the impact of these factors on the same outcomes.

Using microarray analyses, previous work designed to investigate gene expression changes
in aging have determined that immune genes account for many of those upregulated within
the aging brain (Godbout and others 2005; Park and others 2009; Prolla 2002). Despite
multiple studies being conducted on this subject, we are not currently aware of any
systematic examination of age-related alterations in gene expression within the mouse PFC.
We are also unaware of any previous attempts to relate cognitive performance, motivation,
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and locomotor behavior to whole genome expression data in the aging mouse. We
hypothesized that, as in the human, parallel declines in cognition, motivation, and
locomotion would be observed in aging mice. We further hypothesized that these changes
would be highly correlated with age-related gene expression changes within the medial PFC,
particularly those related to immune pathways.

Here, we describe age-related changes in cognition, motivation and motoric behavior in the
mouse. These changes are highly correlated with one another, and with age-related
upregulation of immune genes in the medial PFC. Peripheral cytokine levels were found to
be less correlated with these age-dependent deficits. Furthermore, the observed immune
changes in the medial PFC were strongly enriched in Cd11b-positive cells isolated from this
region. Overall, our results indicate that the aging mouse is a suitable model organism for
understanding the mechanisms responsible for parallel age-related changes in cognition,
motivation, and motoric behavior, and that immune gene upregulation in the medial PFC is
likely to contribute to these deficits.

2 Materials and methods

2.1 Subjects

Adult (6 months), Middle-aged (18 months) and Old-aged (24 months) male C57BL/6J mice
were used as experimental subjects. With the exception of Cohort 1, in which mice were
obtained from Jackson Laboratories and aged in-house, animals were obtained from the
National Institute of Aging and housed 1-2 months prior to behavioral testing. Animals were
group housed (2-4 animals/cage) whenever possible, and maintained in a temperature
controlled environment (22°C), on a 12 hour light-dark cycle beginning at 0700 hr. In all
cases, mice were food-restricted to 80-90% of their free-feeding body weight. Those that fell
below this target weight were given 2hr ad /ibitum access to food in a separate cage
(autoclaved Purina mouse chow; St. Louis, MO). Animals were maintained and treated in
accordance with procedures approved by the Yale University Institutional Animal Care and
Use Committee (protocol 2008-10975). Necropsies were performed on every animal
immediately following sacrifice to rule out gross abnormalities and tumors; all animals used
in this study were free of any identifiable pathology. A summary of the four cohorts of mice
is shown in Table 1.

2.2 Choice Serial Reaction Time Task (CSRTT)

In order to investigate the involvement of PFC dysfunction in age-related cognitive
impairment, we used a modified version of the 5-Choice Serial Reaction Time Task
(CSRTT), a well established test of attention and response inhibition in rodents (Bari and
others 2008; Robbins 2002). This task was modified to include three, rather than five
response apertures and consisted of several phases (i.e., Magazine training, Pre-CRSTT,
CSRTT), all of which took place in a standard operant chamber (Med Associates) with a
liquid dipper, house light, reward light, clicker and three apertures positioned on a curved
wall, opposite the liquid dipper (Krueger and others 2006).

The first phase, magazine training, allowed for the association of auditory (clicker) and
visual (reward light) cues with dipper presentation and ensuing reward availability. During
this phase, all apertures were covered and, at random intervals, the house light would flash,
the clicker would sound, the reward light would illuminate and the reward dipper would
become available. The liquid reward consisted of roughly 30wl of commercially available
chocolate whole-milk and was available for 5 seconds. Magazine training was conducted
during the first three sessions and lasted 15 minutes.
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For the subsequent phase (Pre-CSRTT), mice received daily sessions (30 minutes in
duration) during which a stimulus (i.e., light) was randomly presented in one of the three
apertures. An aperture was continuously illuminated until an animal made a correct response
(i.e., nosepoke into the illuminated aperture) at which point the auditory and visual cues
indicated reward availability. Following reward availability (5 seconds) a new trial was
initiated and the stimulus light was randomly presented in one of the three apertures until the
animal made another correct response. During the Pre-CSRTT phase, incorrect responses
into non-illuminated apertures were not punished. The Pre-CSRTT was conducted until an
individual animal exceeded 40 rewards with at least 40% of their responses being correct
(note that chance performance is 33%) on two consecutive days, at which point the animal
was graduated into the subsequent phase (CSRTT).

For the CSRTT phase, stimulus presentation times were initially established at 60 seconds
and became progressively shorter in duration as mice met behavioral criterion. In order to
progress through the task, mice were required to make more than ten successful responses
on two consecutive days, with the total percentage of correct responses being greater than or
equal to 80%. Once each animal had met criterion for advancement, the stimulus
presentation time became shorter (6, 5, 4, 3, 2, 1 sec, 750, 500, 250, 125, 62, 31, 15ms),
effectively increasing the difficulty of the task. Responses in the non-illuminated apertures
(errors of commission), failure to respond during the stimulus presentation time (omission
errors), and responses in one of the apertures prior to onset of the stimulus (premature
errors) resulted in a 2 sec timeout, during which the house light and all other lights were
extinguished.

2.3 Progressive Ratio

Following completion of the CSRTT, mice were given a test of progressive ratio responding
in order to determine possible underlying differences in motivation to work for the reward.
As previously described (Gourley and others 2008), response requirements (nose-pokes)
began with a single nose-poke and increased by N+2 with each subsequent trial. Progressive
ratio was assessed on three consecutive days and break point was deemed as the greatest
number of response requirements met on any of the three days of testing.

2.4 Open Field

To assess potential age-related differences in locomotor speed, mice were placed in the
center of a circular open field (diameter 55 cm) with an opaque floor and 30 cm opaque
walls. In contrast to a square arena, the circular open field allows for the unambiguous
assessment of distance from both the center and sides of the chamber (Lipkind and others
2004). The arena was placed in the center of a dimly lit room, devoid of any obvious visual
cues, and was lit with a single lamp placed directly above the center. A video camera,
suspended 3 ft above the middle of the arena, recorded each mouse during the exploration
period at 30 frames per second. Testing was performed for 15 minutes and videos were
scored offline using software written by the authors to determine position in the open field at
each time point. Data were used to calculate speed, distance from the center, and distance
traveled in 5 minute intervals over the course of testing.

2.5 Novel object responding

Exploration of a novel object (Carey and others 2008) was performed similarly to what has
been reported elsewhere (Zueger and others 2005). Immediately following the completion of
the open field assessment, mice were briefly removed while a novel object (black rubber
stopper, roughly 3.5cm in diameter) was placed into the center of the arena. Mice were
returned to the field for an additional 5 minutes, during which their behavior was video
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recorded. Total time in contact with the object and the number of contacts with the novel
object were scored offline by a blind observer.

2.6 Visual Placing Test

We performed the Visual Placing Test (Pinto and Enroth-Cugell 2000), a measure of gross
visual acuity, to determine whether age-related deficits in the CSRTT were an indication of
a loss of visual function in old-aged mice. Mice were suspended by their tails and slowly
lowered to a solid surface. Behavior was video recorded and the distance from the surface at
which the animal extended its forelimbs was recorded. The average distance that elicited
reaching on three separate tests of Visual Placing was analyzed for assessment of visual
deficits.

2.7 Statistical analysis of behavioral data

All behavioral data were analyzed using SAS version 9.2 (SAS Institute, Cary NC).
Repeated measures data (CSRTT, Open Field) were analyzed using mixed-effects repeated
measures models (Brown and Prescott 1999; Pinheiro and Bates 2000) with the SAS
MIXED procedure. The remaining data (Progressive Ratio, Visual Placing Test, and Novel
Obiject interactions) were analyzed using analysis of variance models with the SAS GLM
procedure. Mediation analysis was computed using a SAS macro (http://www.comm.ohio-
state.edu/ahayes/sobel.htm). Principal components analysis was conducted using R software
(http://cran.r-project.org). Statistical graphics were generated using SYTAT versions 12 and
13.

2.8 CD11b selection

For CD11b enrichment, animals were given an overdose of chloral hydrate (1500mg/kg;
i.p.), decapitated, and brains were rapidly removed. A single coronal slice was made just
anterior to the hypothalamus and both the frontal block and remaining tissue were placed in
a tube containing 10% RNAIlater (Qiagen). Pilot work determined that ice cold 10%
RNAIater (1:10 dilution in water) maintains RNA integrity while still allowing for sufficient
antibody recognition of CD11b using the Easy Sep kit (StemCell Technologies). Following
a 24 hour incubation in 10% RNAlater (4°C), the PFC was microdissected, minced with a
razor and placed in 500l of PBS. A single-cell suspension was achieved by passing the
tissue through a 1ml pipette tip followed by a 20g, and then 23g syringe needle. Microglial
isolation was performed using the Easy Sep CD11b Positive Selection Kit (StemCell
Technologies), according to the manufacturer’s protocol with slight modifications. Briefly,
cells were incubated with CD11b PE labeling reagent (20 minutes) followed by PE selection
cocktail (20 minutes) and finally with the magnetic beads (15 minutes). All incubations were
performed on ice. Following the last incubation period, cells were placed on a magnet and
all unbound cells (Unselected population) were aspirated off, transferred to a new 1.5ml tube
and reserved for RNA/DNA/protein extraction. Bound (CD11b-positive) and unbound
(CD11b-negative) cell populations were lysed in 350 and 600 I RLT buffer (with 30l/ml
[B-mercaptoethanol), respectively, and sonicated for 5 seconds at 10% power and again at
13% power (Branson Sonifier S-450). RNA, DNA and protein extractions were conducted
immediately, using the Qiagen All Prep Kit, according to the manufacturer’s protocol

(Qiagen).

2.9 Whole Genome Microarray

Tissue was obtained as follows: Mice were anesthetized with chloral hydrate (1500 mg/kg;
i.p.), decapitated, and brains were immediately submerged in ice-cold RNAlater (Qiagen).
Tissue was incubated overnight at +4°C, and subsequently stored at —20°C. At the time of
dissection, brains were sectioned at 300 wm on a vibratory microtome (Vibratome), and
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sections were stored in 0.025% methylene blue in RNAlater at —20°C for 48 hours. Sections
were examined microscopically to rule out intracranial tumors. Medial prefrontal cortex
(PFC) was dissected under a stereomicroscope from two sections, placed in RNAlater at
4°C, and processed within 24 hours. Our “medial prefrontal cortex” dissections included
anterior cingulate, pre-limbic, and infra-limbic prefrontal cortex as defined by comparison to
a standard anatomical atlas, from two sections between approximately 2.1 and 1.5 mm from
the Bregma (Paxinos and Franklin 2001).

At the time of processing, RNAlater was replaced with 600 .l of buffer RLT (Qiagen)
containing p-mercaptoethanol, and tissue was sonicated for 5 seconds at 10% power. RNA
and DNA were extracted using the Qiagen AllPrep mini kit, according to manufacturer’s
instructions. RNA quality was first verified using Agilent 2100 Bioanalyzer RNA chips. An
RNA integrity (RIN) cutoff of 8.0 was used for these analyses and all samples passed this
quality control criterion. RNA was then hybridized to lllumina WG-6 microarrays which
include 6 arrays per beadChip, at the Yale Keck Center. Data were normalized using the R/
Bioconductor LUMI package (http://www.bioconductor.org/packages/2.2/bioc/html/
lumi.html) and analyzed using one-way mixed-effects ANOVA models on a high
performance computing cluster using R/Bioconductor and the Maanova package (http://
www.bioconductor.org/packages/2.3/bioc/html/maanova.html). Models included beadChip
and cohort as random effects, and age cohort as a fixed effect. P values were calculated
using 1000 permutation tests and then adjusted to maintain a false discovery rate (Storey
2002) of 5% or 10%, as noted in the text.

Results were subjected to informatics analysis using MetaCore software (GeneGo Inc.) and
PASTA software (http://trap.molgen.mpg.de/PASTAA.htm). PASTAA uses the TRAP
method of defining the likely affinity of known transcription factors to a list of gene
promoters associated with a set of dysregulated genes (Roider and others 2007).

2.10 RNA Sequencing

Independent pools of RNA (5-6 animals/pool) were analyzed using next generation RNA
sequencing (RNA-seq) on the CD11b selected cells. RNA quality was first verified using
Agilent 2100 Bioanalyzer RNA chips. An RNA integrity (RIN) cutoff of 8.0 was used for
these analyses and all samples passed this quality control criterion. Quantity of RNA
extracted from the CD11b selected cells was determined using Bioanalyzer readings as well
as Nanodrop readings and Cd11b+ cellular fractions from N=5-6 mice were pooled and
contained equivalent amounts of RNA from representative animals. RNA sequencing was
performed by the Yale Genome Sequencing Center on an lllumina GA2 with 75 nt read
lengths. Data were mapped to the mouse genome (mm39) using Cassava software (I1lumina)
and were subsequently analyzed using the DEGseq package (Wang and others 2010) in R/
Bioconductor. P values were adjusted for multiple comparisons (Storey 2002).

2.11 Real Time PCR

cDNA synthesis was performed on 0.1 g of RNA extracted from PFC lysates using
SuperScript 11 reverse transcriptase (Invitrogen) and a blend of random hexamers and
oligoDT primers, and included an RNAseH treatment step (Invitrogen). Quantitative PCR
was performed on samples diluted 1:7 with RNAse free water and included 7.5ul of 2X
QuantiTect SYBR Green Master Mix (Qiagen), 0.08.1 of the forward primer (50 uM),
0.08pl of the reverse primer (50 M), 4.59ul RNAse free water, 0.751]1 DMSO, and 2l of
template cDNA. Following a 10 minute incubation period at 95° C, cycling consisted of 20
sec denaturation at 95° C, 20 sec annealing at 60° C, a 20 sec extension at 72° C, and a 10
second step at 80° C, for a total of 45 cycles. Fluorescence was determined during the step at
80° C for each cycle. PCR cycling was conducted using a Stratagene Mx3000p real-time
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PCR machine. Following amplification, a melt-curve beginning at 55° C and increasing to
95° C in 0.5° C increments was used to ensure that only a single PCR product resulted. All
Ct values were normalized to the mean of Thp and Rps27a. The following primers were
used:

B2m (F),TGGCTCACACTGAATTCACCCCCA.
B2m (R),TCTCGATCCCAGTAGACGGTCTTGGGC.
C4 (F), TGAGCTCAGAGAGCCAGAGTCC

C4 (R),TGCCTTCAGAACAAATGTGCAA

Cd52 (F),GCCATTGGCTGTCAACTTTAGC

Cd52 (R),GCCACCATCAGTAGCGAGAGAC
H2-k1(F),TCTCCAACATGGCGACCGTTGCT.
H2-k1(R),AGGTCTGGGAGCCTGGAGCCAG.

Ifi27 (F), ATCAGCAGGGGTCCTTGGACTCTCC.
Ifi27 (R),GAGCAAGGCTCCAACAGCTGCCC.
Lgals3bp (F),GGTAGAAGGGGCGTATGACCAC
Lgals3bp (R),GACTCCCTCCCTCTTTCCCTGT
Psmb8 (F),AAGTGGTCATGGCGTTACTGGA

Psmb8 (R),CTTGCGCGGAGAAACTGTAGTG
Rps27a (F),GCTAGTGGCGCTACGCGTCGCT
Rps27a (R),GAGGGTTCAACCTCGAGCGTGATGGT
Thp (F), AGCGGTGGCGGGTATCTGCTGGGC

Thp (R), ATGGCGCCCTGTGGGGAGGCCAA

2.12 Serum cytokine analysis

Serum cytokine analyses were conducted as follows: Trunk blood was obtained after
sacrifice and was subjected to coagulation on ice followed by centrifugation at 1000 x g.
Serum was subsequently frozen at —80°C until the time of analysis. Samples were analyzed
using a multiplexed ELISA method (Meso Scale Discovery) for IFN-gamma, IL-10, I1L-12,
IL-1, IL-6, TNF-alpha, and Cxcl1 (“KC antigen”). All data were calibrated using standard
curves generated for each cytokine, and analyzed according to manufacturer’s directions.

2.13 Principal components analysis and regression analysis

Principal components analyses were conducted on the behavioral and molecular data using
R version 2.11. All analyses were conducted on correlation matrices of the data after
confirming that the data were reasonably linear by examining all possible bivariate scatter
plots. Cytokine and microarray data were log transformed as this was found to cause the
data to be approximately normally distributed. Eigenvalues were sorted and plotted (“scree
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plots™) to assess the adequacy of low-dimensional solutions. Factor scores were then
computed for the retained factors and used in linear regression models as described in
Results.

We used the Choice Serial Reaction Time Task (CSRTT) to determine whether aging mice
exhibit impairments in spatial divided attention. Performance in this task is thought to be
driven primarily by the medial PFC since selective lesions to areas such as the dorsal
anterior cingulate lead to deficits in response accuracy (Chudasama and others 2003;
Passetti and others 2002). A cohort of 23 C57BI/6 mice (‘Cohort 1’; see Table 1) aged 6mo
(n=6, “‘Adult’), 18mo (n=6, ‘Middle-aged’), and 24mo (n=11, ‘Old-aged’), were evaluated
for the stimulus presentation time at which each animal could maintain a fixed level of
response accuracy. Analysis of task acquisition revealed significant main effects of age,
session, and a significant age x session interaction such that older animals required longer to
acquire the task than younger mice (Fig. 1A). Age-related deficits remained evident during
the last five days of testing (Fig. 1A), consistent with an age-associated decline in
performance even after extended training.

Because aging in humans is associated with PFC dysfunction, and the PFC is known to
mediate effort and motivated responding (Rushworth 2008; Walton and others 2003; Walton
and others 2002; Walton and others 2006; Walton and others 2007), we analyzed the
CSRTT data for evidence of age-related motivational differences. Preliminary analyses of
the CSRTT data indicated that age was inversely related to the total number of responses
made on the task (F(2,22)=335.70, p<.0001; 38.47+1.57, 17.56+0.83, 7.55+0.35; mean
+standard error for the adult, middle-aged and aged mice, respectively). We therefore
divided the number of correct responses as well as the numbers of errors made by the
number of responses made by the animal on each trial. In addition, because the difficulty of
the task is governed by the stimulus presentation time, we controlled for this variable in our
statistical analyses of the error data. After controlling for stimulus presentation time, age
was still highly related to the number of responses made per trial (F(2,22)=414.06, p<.0001)
with the younger animals making more responses than the older animals (30.18+0.68;
16.61+0.62; 11.92+0.51; marginal means and standard errors for adult, middle-aged and
aged mice, respectively) further justifying the need for controlling for the number of
responses made per trial.

Age cohort was significantly associated with overall performance (proportion of correct
responses) on the CSRTT. As shown in Fig 1B, adult mice made a higher proportion of
correct responses than the other groups at the lower (more difficult) presentation times.
Analysis of the distinct error types (omission, premature, perseverative, and commission)
revealed that the strongest effect of age was evident for omission errors where the effects of
age cohort (F(2,19)=68.48, p<.0001), stimulus presentation time (F(1,811)=842.70, p<.
0001), and the age cohort x stimulus presentation time interaction (F(2,811)=21.74), p<.
0001) were all highly significant. As shown in Fig. 1C, younger animals made fewer
omission errors than the middle aged and old aged mice especially at the shorter (more
difficult) presentation times. The age effect on omission errors is consistent with an effect of
age on attentional performance.

The results of the CSRTT were replicated in a second, independent cohort of C57BI1/6J mice
(‘Cohort 27; see Table 1) that included eight 6mo and nine 24mo old mice. Again, we
observed more rapid acquisition in the younger animals (F(1,15)=158.49, p<.0001), a
significant effect of trial (F(55,781)=13.63, p<.0001), and a small interaction effect that
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approached significance (F(55,781)=1.33, p=0.0574; data not shown). As we observed in
Cohort 1, aged animals obtained fewer rewards than adult animals (F(1,15)=44.01, p<.0001)
and a significant session x age group interaction was again noted (F(1,885)=20.29, p<.0001;
data not shown).

Overall, results from CSRTT testing suggest that older mice acquired the task more slowly
and received fewer rewards than younger animals. Older animals failed to obtain as many
rewards as the younger animals per trial and failed to progress to more difficult levels of the
task as quickly as the younger mice, and performed less well than younger animals after
controlling for task difficulty. Analysis of the number of rewards retrieved also suggested
the possibility that aging is associated with changes in motivation.

3.2 Old age mice exhibit evidence of decreased motivation on progressive ratio testing

The findings with respect to the number of responses made on the CSRTT led us to
speculate that aging may affect motivated responding in addition to cognition. The dorsal-
medial PFC has been shown to be involved in motivated behavior in rodents, non-human
primates, and humans (Rushworth 2008; Walton and others 2003; Walton and others 2002;
Walton and others 2006; Walton and others 2007). Age-related changes in motivation were
initially suggested by the fact that older animals retrieved fewer rewards during magazine
training on the CSRTT than older animals (Figure 1D). To confirm that aging is associated
with changes in motivated responding, we used a progressive ratio operant task where mice
were required to make increasing numbers of responses (nose pokes) in order to receive
reward. The test was repeated over three consecutive days and the maximum level of
responding (“breakpoint”) was analyzed. Adult animals extended a significantly greater
number of nosepokes (higher breakpoint) than both Middle-aged and Old-aged mice (Cohort
1; Fig 1E). These results demonstrate that older mice show a reduction in motivated
behavior compared to younger mice. We used the statistical method of mediation analysis
(Preacher and Hayes 2008) to determine whether these motivational changes were
responsible for the changes observed in CSRTT acquisition. Motivated responding as
assessed by the progressive ratio task did not appear to mediate the effects of age on CSRTT
acquisition (p=0.113 by mediation analysis).

3.3 0ld age mice exhibit evidence of decreased interest on novel object testing

To obtain evidence for an age-dependent reduction in exploration, another apathy-like
behavior, we examined interaction with a novel object (Carey and others 2008). While the
novel-object recognition test is frequently used to assess differences in memory and
recognition, exploration of a novel object has also served as an index of anhedonia (Bevins
and Besheer 2005). Mice from Cohort 1 were subjected to a novel object exploration test in
which the number of interactions with the object were recorded. Significant differences were
noted between the age groups such that interactions with the object were smaller in number
in the older animals (Fig 1F). These results are consistent with those observed in the CSRTT
and progressive ratio tests, suggesting a decline in exploration and motivation with
advancing age in the mouse.

We used the statistical method of mediation analysis to determine whether the observed
effects on novel object responding where due to direct effects of age on object exploration or
an indirect effect of age mediated by locomotor activity. This was motivated by the fact that
distance traveled on the open field and novel object interactions were highly correlated
(r=0.75, p<.0001). Mediation analysis demonstrated that motor speed does appear to
underlie the relationship between age and novel object interactions (p=.0160). We also
examined this using another statistical method. When locomotor speed was entered first in a
hierarchical ANOVA model (F(1,17)=26.17, p<.0001), age cohort was no longer significant
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(F(1,17)=0.64, p=0.5414). However, when age cohort was entered first (F(1,17)=7.92,
p=0.0037), locomotor speed remained significant (F(1,17)=11.60, p=0.0034). Taken
together, these analyses are consistent with a model where locomotor speed mediates at least
some of the relationship between age and novel object interactions.

3.4 Old-aged mice show evidence of motoric slowing and increased anxiety

3.5Agingin

3.6 Aging is

Aging in humans is associated with changes in motoric behavior (i.e., gait speed) that
parallel changes in cognition and motivation. We, therefore, sought to determine whether
this is also true in the aging mouse. Open field activity, including total distance traveled and
distance from the center of an open circular arena, was examined in order to determine
whether aged mice show changes in locomotion and anxiety. Analysis of total distance
traveled in an open field during a 15 minute test demonstrated that older animals traveled a
shorter distance than younger animals (Cohort 1; Fig 1G).

Distance from the center of the open field is an index of unconditioned anxiety-like behavior
and can also be determined from the open field test (Choleris and others 2001; Walsh and
Cummins 1976). Older animals spent significantly more time further from the center of the
open field than younger mice (Cohort 1; Fig 1H), consistent with increased avoidance of the
center of the open field. Together, these results suggest both motoric slowing and heightened
anxiety-like behavior in old aged mice.

C57BL/6 mice is not associated with gross visual deficits

Since behavior in both the CSRTT and the open field may have been affected by reductions
in visual acuity, we used the Visual Placing Test (Pinto and Enroth-Cugell 2000) to
determine whether Old-aged mice used in the current experiment were impaired in this
regard. Analysis of the distance at which a mouse being lowered by its tail to a solid surface
first extended its forepaws did not differ as a function of age (Cohort 1; F(2,19)=2.011,
p=0.1614; data not shown). While not ruling out the possibility of small differences in
acuity, these results suggest that there are no gross visual differences between Adult,
Middle-aged and Old-aged in this cohort. Furthermore, the CSRTT task that we employed is
dependent on stimulus duration, not intensity, and is therefore not likely to be confounded
by differences in visual acuity.

related to immune gene expression changes in the PFC

Thus far, our behavioral data suggest that aging mice, like humans, show correlated
cognitive, motivational, and locomotor changes. We hypothesized that these changes are
attributable to age-related molecular changes in the medial PFC. Subsequent to the
behavioral analyses, we extracted RNA from the PFC of the animals in Cohort 1 (see Table
1) to assess age-related changes in gene expression. To control for the possibility that
lengthy behavioral testing affected gene expression, we also analyzed RNA extracted from
the PFC of a separate group of 30 animals (‘Cohort 3”) consisting of 10 mice per age group
(see Table 1).

Microarray analysis of Cohorts 1 and 3, using a mixed effects ANOVA model that included
beadChip (there were 6 arrays per beadChip) and Cohort as random effects and Age and
Age x Cohort as fixed effects, revealed that the age effect yielded 85 and 112 significant
probe sets representing 72 and 100 unique genes with a false discovery rate cutoff of Q<0.05
and Q<0.10, respectively. No genes were significant for the Age x Cohort interaction term.
The 72 most significant genes identified (Q<.05) were subjected to Gene Ontology Analysis
using GeneGo software (Metacore), revealing that “Immune gene upregulation, Interferon
Signaling” (-log(P)=3.727), “Immune gene upregulation, Complement Signaling”
(-log(P)=3.027) and “Immune gene upregulation, Innate inflammatory response”
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(-log(P)=2.896) were the top three GeneGo process networks affected by aging. Overall,
aging was found to be associated with very strong upregulation of genes involved in
immunity as well as other categories (Table 2; Supplementary table 1). A significant
association was also found between age and genes known to be regulated by interferons
(Fig. 2A), consistent with the results of our gene ontology analysis. Other major classes of
dysregulated genes included genes involved in neuronal projection, motility, and/or
migration, genes involved in cell cycle control and/or differentiation, and genes involved in
transcriptional regulation, including transcription factors. We performed real-time PCR
validation of selected immune-related genes from multiple classes (C4b, Lgal3bp, Ifi27b,
B2m, Psmb8, Cd52, and H2k1) and all assays confirmed the upregulation observed in the
array data (Fig. 2B).

Furthermore, bioinformatic analysis of transcription factor binding sites present in the
promoter region of upregulated genes (—400bp to +400bp of the transcription start site)
using PASTAA (Roider and others 2007) found significant enrichment of immune related
transcription factor binding sites. A highly significant overlap was observed between the
upregulated genes and multiple interferon related transcription factors, namely Irf-1, Irf-2,
Irf-7a, Irf-8, and Irf-10 (p<10719) as well as Statlalpha (p=0.000043). Significant
enrichment was also observed for NFkappaB related transcription factor binding sites,
including Rela (p<0.00001) and NFkappaB1/NFkappaB2 (p=0.00017). Thus, all significant
associations detected between transcription factor binding sites and the genes upregulated
with age were immune related.

To determine whether the increase in immune-gene expression was merely a reflection of a
larger number of inflammatory cells in the aged brain, we examined whether there was an
increase in markers for microglia. Importantly, the expression of Aifl (Ibal), a marker of
activated microglial cells, was not affected by age on any of the three microarray probes for
this gene (Q values 0.10, 0.15, and 0.88). We also examined the expression of Itgam
(CD11b) and Ptprc (CD45), both of which were expressed at levels that fell below the
expression cutoff of our microarray analysis but we did not see any evidence of age-related
dysregulation. Although indirect, these analyses suggest that the observed expression
changes were not merely due to an increase in the number of microglial cells in the aged
samples, or an increase in the number of cells with a macrophage phenotype (i.e., high Ptprc
expression). To provide more direct evidence that the expression changes discussed above
are not simply due to an increased number of microglial cells but due to gene expression
changes in this cell type, we isolated Cd11b+ cells and analyzed expression within this cell
type in isolation, as described below.

3.7 Aging is related to gene expression changes in purified Cd11b+ cells from PFC

The results of the microarray analysis suggest upregulation in immune related genes in the
aging PFC. In order to determine whether these changes are occurring in Cd11b+ cells (a
marker of microglia also expressed in macrophages and dendritic cells), we performed next-
generation RNA sequencing (RNA-seq) on Cd11b+ cells immunopurified from the PFC of a
fourth cohort (‘Cohort 4’; see Table 1) that included six 6mo and six 24mo old mice.
Importantly, the Cd11b+ fraction was significantly enriched for genes characteristic of
microglia relative to the non-selected fraction (e.g., Cd53 (3.4 fold change from CD11b-
population by RNA-seq), Csflr (2.4 fold), Emrl (2.3 fold), Fcerlg (2.9 fold), Fcgr2b (2.6
fold), Aifl (“lbal”; 2.9 fold), and Itgam (“Cd11b”; 2.6 fold)), confirming the effectiveness
of the immunoaffinity selection process. Analysis of the RNA-seq dataset demonstrated that
a large number of genes were differentially expressed at 6mo as compared to 24mo (i.e.,
4047 at Q<.05, 2542 at Q<.01, and 1591 at Q<.001). Interestingly, the Cd11b+ fraction was
enriched for many of the same changes observed in whole PFC, in addition to other immune
genes not previously identified. Aging was associated with upregulation of numerous CD
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antigens, chemokine related genes, complement genes, genes in the Jak-Stat and/or
intereferon signaling pathway, cellular adhesion genes, MHC related genes, and Toll-like
receptors in the Cd11b+ cells (see Table 3 and Supplementary table 2). Of note, there were
no age-related changes in Ptprc (CD45), a marker that is highly expressed in macrophages
and low in microglial cells, suggesting that the results are not due to a shift toward an
increased proportion of infiltrating macrophages in the aged brain. Although we cannot
exclude the possibility that other cell types also contribute to the gene expression changes
observed in our microarray analysis of whole medial PFC, these results confirm the
differential expression of immune-related genes in the aging PFC, and suggest that many of
these changes are occurring within Cd11b+ cells, and likely in microglial cells.

3.8 Peripheral immune gene upregulation

There is substantial evidence that aging is associated with increases in peripheral immune
gene upregulation and that this is, in turn, associated with cognitive dysfunction (Gimeno
and others 2008; Hilsabeck and others 2010; Rafnsson and others 2007; Reichenberg and
others 2001; Rothenburg and others 2010; Tonelli and Postolache 2005). To address this
possibility in the current experiment, we examined levels of pro-inflammatory cytokines in
the serum of mice from Cohorts 1 and 3. Trunk blood was collected immediately after
sacrifice and serum was extracted via coagulation and centrifugation. Samples were
analyzed using a multiplexed ELISA method (Meso Scale Discovery) for IFN-gamma,
IL-10, IL-12, IL-1, IL-6, TNF-alpha, and Cxcll (“KC antigen”). Significant age-related
increases in IFN-gamma, 1L-10, IL-1, IL-6, and TNF-alpha were observed (Fig. 3).

3.9 Integrative analysis of behavioral, microarray, and cytokine data

Because we noted changes in multiple behavioral variables, genes, and cytokines with age,
we sought to determine whether these changes were occurring in parallel. To address this
issue, we utilized the statistical technique of Principal Components Analysis (PCA). In PCA,
the variation in a group of variables is summarized by a smaller set of surrogate variables
(“principal axes” or “factors”) that are linear functions of the original variables (Morrison
2005). Thus a set of highly correlated variables that are all functions of a single process
should be well summarized by a single factor and should all show high correlations
(“loadings™) with that factor.

We computed linear correlations between the behavioral measures for animals in Cohort 1.
As shown in Fig. 4A, CSRTT acquisition, average number of rewards obtained on the
CSRTT, average number of responses made on the CSRTT, progressive ratio breakpoint,
novel object interactions, and distance traveled in the open field were all highly correlated
with one another. With the exception of two relationships (progressive ratio breakpoint with
novel object interaction, and CSRTT acquisition with average rewards obtained on the
CSRTT) all of the corresponding linear correlations were significant (p<.05) before multiple
comparison correction, and 8 of these remained significant following Bonferroni correction
(Fig. 4A). In addition, a principal components analysis of these data strongly suggested the
presence of only a single factor; the first principal component accounted for 65.7% of the
variance in the behavioral data. This first principal component was associated with better
CSRTT performance, more rewards retrieved on the CSRTT, more responses on the
CSRTT, a higher breakpoint in progressive ratio testing, more novel object interactions, a
greater distance traveled on the open field, and more time spent toward the center of the
open field (Table 4), and was significantly associated with age by ANOVA (Fig. 4B). These
results suggest that, as in humans, cognition, motor performance, and motivation in the
mouse are both highly correlated and age dependent (Granholm and others 2008) and also
suggest an association with anxiety.
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Analysis of the microarray data also revealed significant correlations between genes
dysregulated by aging, which was more pronounced for immune related genes than non-
immune related genes (see Fig. 4C). PCA of the microarray data was also consistent with a
single major factor that was strongly associated with age; the 85 array probes analyzed in
this analysis yielded one eigenvalue that was much larger (48.01) than the next largest (6.63)
and accounted for 56% of the variance in the data. We then calculated scores on the first
principal component of the most highly correlated immune genes (Alox5ap, B2m, Ccl3,
Cyba, H2-D1, H2-K1, Ifit3, ligp2, Irf9, Lat2, Lgals3bp, Psmb8, Slc1lal, TIr2, TIrl3) which
differed significantly between the age groups (see Fig. 4D). PCA on peripheral cytokine
levels obtained from individual mice, however, was consistent with two major sources of
variation. IFN-gamma, IL-10, IL-1, IL-6, and TNF-alpha loaded heavily on the first factor,
whereas Cxcll and IL-12 levels loaded heavily, and in opposite directions, on the second
factor (Table 5). Both factors were significantly related to age (see Fig. 4E).

The results from PCA of the behavioral, microarray, and cytokine data were all consistent
with aging acting on these outcome variables through one primary mechanism or a set of
highly correlated mechanisms. We therefore determined how the microarray and cytokine
data were related to the behavioral data. To determine whether the immune gene
dysregulation observed in aging PFC is associated with behavior in the CSRTT, the first
principal component from the microarray immune gene data was correlated with individual
behavioral outcomes, and significant correlations were obtained for many of the behavioral
measures (Table 6). The two serum cytokine factors described above were also related to
these same behavioral measures (Table 6).

Central immune gene upregulation, as determined by the microarray based principal
component, was significantly associated with progressive ratio performance, average reward
obtained on the CSRTT, average responses on the CSRTT, average distance traveled on the
open field, average distance from the center of the open field, and the number of interactions
with a novel object. All but progressive ratio performance survived Bonferroni correction
for multiple comparisons. Although significant associations were also noted for the two
peripheral cytokine factors and some of the behavioral measures, none of these relationships
survived Bonferroni correction. We also observed modest correlations between peripheral
and central immune upregulation (see Table 6); although peripheral and central immune
upregulation are correlated, this relationship was weak, accounting for no more than 25% of
the variance in one another. Overall, central immune gene upregulation was more highly
associated with the behavioral indices than were the peripheral cytokine levels.

4 Discussion

The current series of experiments were designed to test the hypotheses that aging in the
mouse is associated with correlated changes in cognition, motivation, and locomotion, and
that this aging phenotype is associated with gene expression changes within the medial PFC.
We used several tests to examine these behavioral domains and confirmed that the aging
mouse shows correlated alterations in cognition, motivation, and locomotion, paralleling
what is observed with aging of humans. Microarray analyses of the medial PFC from two
separate cohorts of mice revealed significant age-related gene expression changes, the
majority of which were associated with immune gene upregulation. To investigate these
immune related changes further, we examined isolated Cd11b+ from the PFC of Adult and
Old-aged mice, and subjected RNA from these cells to RNA sequencing. As expected, there
were a large number of age-related changes in the expression of immune genes within the
Cd11b+ cells of the older animals.
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Examination of behavior on the CSRTT, a well established test of attention in rodents (Bari
and others 2008; Robbins 2002), revealed significant age-related impairments in task
acquisition for the older mice. Analyses of task performance were complicated by the fact
that younger animals made many more responses than older animals and progressed in the
acquisition of the task more quickly than older animals. When CSRTT errors were
normalized by the total number of responses made on the task and task difficulty was
controlled for, older animals were found to make a lower proportion of correct responses
and a greater fraction of omission errors than younger animals. A statistical test using
mediation analysis was not consistent with motivation as determined from progressive ratio
testing causing a spurious relationship between age and CSRTT acquisition, providing some
evidence for a direct effect of age on CSRTT performance. Our results are similar to those
of Harati et al. (Harati and others 2009) who found that aging in rats was associated with
decreased performance on a five-choice version of the CSRTT.

Progressive ratio testing revealed a significant reduction in motivated responding in the
older animals. Altered motivation to work for and consume an edible reinforcer could be
driven by several factors, such as differences in caloric needs or taste. Indeed, it is possible
that older animals were under a state of reduced caloric demand, therefore lessening their
motivation to consume the edible reward. Age-related reductions in appetite have been
described in humans, especially in the very old (Chapman and others 2002). This seems less
likely in rodents, however, since age, body weight, and food intake have been found to be
positively correlated with one another (Wolden-Hanson and others 2002). Although food
intake was not directly assessed in the current experiment, body weights of animals used
herein were greatest in the old mice (data not shown). Additional support for alterations in
motivation in the absence of caloric confounds is provided by behavioral tests in which an
edible reinforcer was not used. Importantly, in the case of both open field activity and novel
object interaction, old mice exhibited comparable age-related deficits to those observed in
the CSRTT. Similarly, there is evidence that aging affects olfaction (Cavallin and others
2010; Kondo and others 2010; Richard and others 2010), which also may have affected
motivation to receive the reward. We cannot entirely rule out potential influences of age-
related changes in appetite or olfaction with respect to the reinforcer on the basis of our data.
Future studies should include assessments of these potential confounds.

We observed very significant age-related differences in the acquisition of the CSRTT task
between the age groups. Numerous studies have demonstrated that aging humans also show
deficits in the acquisition of a variety of skills. For example, when young and older subjects
were compared on two probabilistic reward-based stimulus association learning tasks older
subjects were found to show poorer acquisition of the task than younger subjects (Weiler
and others 2008). Although procedural memory is not generally thought to be adversely
affected by aging, there is evidence that older subjects show poorer skill consolidation than
younger subjects based on performance at retest (Brown and others 2009). Similarly, there is
evidence that older subjects acquire perceptual-motor skills more slowly than younger
subjects (Rodrigue and others 2005). It has been demonstrated that older persons show
slower acquisition and poorer asymptotic performance on a memory search task than
younger subjects (Strayer and Kramer 1994). The neurobiological basis of these deficits in
skill acquisition is not known with certainty. However, there is some evidence that both
maximum performance and acquisition rate on PFC-dependent tasks are mediated by
cellular architecture within the PFC. For example, a recent study examined the effects of
aging on layer 111 pyramidal neurons in the dorsolateral PFC of rhesus monkeys (Dumitriu
and others 2010). The authors determined that aging was associated with a loss of spines,
especially small and thin spines, and a reduction in axospinous synapses. Synapse density
and spine morphology were found to correlate with acquisition and performance on the
delayed non-matching-to-sample test, a well established test of PFC performance.
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As suggested by the principal components analysis, we observed parallel changes in
performance on the CSRTT, open field, progressive ratio, and novel object tests with age.
On the basis of our data, it is impossible to determine precisely which brain structures are
contributing to these functional changes. The most likely model involves contributions from
multiple brain regions. Here we will discuss some of the brain regions that are likely to
contribute, in combination, to the observed cognitive and behavioral changes.

It is likely that age-related changes in the PFC are partially responsible for the observed
cognitive and behavioral changes. The medial PFC in rodents has been found to mediate
both motivation (Gourley and others 2010; Walton and others 2003) and performance on the
CSRTT (Chudasama and others 2003; Passetti and others 2002). There is a growing
literature on the mechanism of aging effects on gait speed in humans (Atkinson and others
2007; Holtzer and others 2006; Inzitari and others 2007). The PFC may also underlie age-
related locomotor effects in the open field, as recent evidence from humans is consistent
with an important role for PFC functioning in determining gait speed (Harada and others
2009; Mihara and others 2010). Although nearly all research conducted to date on gait in
older persons has been conducted using laboratory-based tasks which typically involving
walking in straight, predefined paths, some recent work has demonstrated that older persons
take fewer steps than younger persons per unit time in their regular home environments
(Harris and others 2009) and such measures of unstructured locomotion are analogous to the
open field test (Choleris and others 2001; George and others 2010; Jahkel and others 2000).
A recent study has implicated insufficient PFC activation in worry-related anxiety in the
elderly (Andreescu and others 2011).

However, changes in the PFC are unlikely to be solely responsible. First, it is important to
note that the functioning of the PFC depends heavily on other brain structures. For example,
the PFC receives dopaminergic and GABAergic inputs from the ventral tegmental area
(VTA) (Carr and Sesack 2000), and age-related changes in the VTA could therefore affect
PFC function and could also affect motivation. Dopaminergic deficits, for example due to
alterations in the substantia nigra which projects to the basal ganglia (Smith and Kieval
2000), could affect motor movements. In addition, the increased anxiety-like behavior that
we observed in the aged animals on open field testing may be due in part to regions other
than the PFC, including the locus coeruleus (Chiba and others 2009; Lacosta and others
1999) which provides significant noradrenergic inputs into the PFC. The infralimbic portion
of the PFC plays an important role in suppressing amygdala activity (Quirk and others 2003;
Vertes 2004) and therefore dysfunction of this circuit could cause an increase in anxiety-like
behavior

Despite a likely role for the PFC in the observed cognitive and behavioral changes, we do
not believe that age-related changes in this structure are solely responsible since aging
affects numerous structures with a likely role in the tasks that we studied. Aging affects the
hippocampus (Driscoll and Sutherland 2005; Lister and Barnes 2009), which also plays a
role in CSRTT performance (Le Pen and others 2003). The hippocampus and other temporal
lobe structures mediate at least some of the effects of age on object recognition (Baxter
2010; Burke and others 2010). Gait speed in humans is associated not only with PFC
activity but also with activity of the supplementary motor area and medial sensorimotor
cortex (Harada and others 2009), and the premotor cortex (Suzuki and others 2004). Age-
related changes in the amygdala (Malykhin and others 2008; St Jacques and others 2010)
could have played a role in the increased anxiety-like behavior we observed. Aging is also
associated with a loss of neurons in the locus coeruleus (Lohr and Jeste 1988; Manaye and
others 1995), a structure which sends noradrenergic projections to many brain regions,
including the cortex and amygdala, which may have contributed to the observed behavioral
and cognitive changes. Finally, aging is associated with changes in the striatum (Wang
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2008), which would be expected to impact on the locomotor, motivational, and cognitive
changes we observed.

The principal components analysis used here allowed us to determine the “dimensionality”
of the behavioral and molecular data. Caution is required when inferring biological meaning
from such statistical conclusions, and we cannot conclude that a single brain region, gene, or
molecular pathway is responsible for the observed behavioral changes. However, the PCA
analysis suggests that if multiple processes are involved, they are correlated. Therefore, a
model positing that aging effects on the PFC cause these cognitive and behavioral changes is
parsimonious and consistent with our data and the known function of the PFC, but will
require further investigation to prove conclusively.

By examining changes in gene expression within the PFC of animals that were behaviorally
characterized, we were able to identify age-dependent differences in gene expression, and
test for association of these changes with performance on the behavioral tasks. Although
causality cannot be established from these data, these analyses serve to synthesize a great
deal of information and constrain models of brain aging to inform future studies. We report
that immune-related genes within the PFC were significantly correlated with several
behavioral measures, including days to criterion in the CSRTT, breakpoint in progressive
ratio testing, average distance traveled in the open field, and average distance from the
center of an open field. These results are consistent with a model in which age-related
increases in immune signaling within the PFC are associated with reductions in both
motivated responding and locomotion in Old-aged mice.

Immune gene upregulation, especially within the CNS, has been demonstrated to impair a
variety of cognitive domains, including learning (Barrientos and others 2009; Barrientos and
others 2006; Hein and others ; Terrando and others 2010), memory (Abraham and Johnson
2009; Frank and others ; Hirshler and others 2010; Wang and others 2009), and attention
(Holden and others 2008). Administration of non-steroidal anti-inflammatory agents (e.g.,
celecoxib) has improved cognitive function in aging rodents (Trompet and others 2008) .
While this study is the first, to our knowledge, to relate behavior with whole genome
expression changes within the PFC of rodents, others have investigated PFC related
behavior under inflammatory conditions. For example, rats given chronic ventricular
administration of lipopolysaccharide (LPS), a potent activator of innate immunity, are
significantly impaired in PFC dependent spatial working memory tasks (Rosi and others
2006). Similarly, there is evidence that age-related neuroimmune gene upregulation in
humans is associated with cognitive decline (Simen and others 2011). The precise molecular
mechanisms of such associations, however, have yet to be defined. Together with the
existing literature, the data described here are consistent with a model where age-related
neuroinflammatory changes lead to declines in prefrontal performance. One possible
mechanism suggested by our datasets involves interferon-like signaling. An important
function of interferons is to upregulate MHC Class | to enhance the presentation of peptides
on the cell surface, effectively augmenting immune surveillance (Lampson and George
1986; Neumann and others 1997). Importantly, MHC Class | has recently been found to
affect synaptic transmission (Shatz 2009) and could be, at least in part, responsible for some
of the deficits in PFC function observed in older subjects. However, we cannot exclude an
important role for other molecular mechanisms on the basis of our data as other classes of
genes were also found to be dysregulated by aging.

With regard to our statistical association analyses, we observed a stronger relationship
between measures of “central immune gene upregulation” and behavioral and cognitive
indices than we did with measures of peripheral cytokine levels. There are a number of
important caveats with regard to these analyses and any conclusions regarding which
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component is most important in relation to behavior and cognition. We employed different
methods to assess cytokine levels in the periphery and gene expression in the CNS. Within
the CNS, RNA expression was used to determine immune gene expression. In contrast,
serum cytokine ELISAs were employed to assess peripheral cytokine expression. One would
expect the protein-level quantification performed on peripheral tissue to be more
biologically relevant than RNA expression. However, it is possible that temporal fluctuation
in serum cytokine levels may have diminished the apparent impact of these factors on
behavior and cognition (Lange and others 2010). Although there is evidence that peripheral
inflammatory cytokines can induce inflammatory changes in the CNS, as reviewed above,
CNS immune gene upregulation is likely to have additional determinants including age-
dependent changes in microglial cells. Further research will be needed using alternative
methods to assess our hypothesis that gene expression changes intrinsic to the CNS are the
primary determinant of behavioral and cognitive changes with aging.

Given the evidence for dysregulation of immune processes within the PFC of the aging
mouse, it is perhaps surprising that none of the prototypic proinflammatory cytokines (e.g.,
pro-1L-1b, IL-6, TNFa, INFg) were found to be differentially regulated by age. In the
microarray analysis, RNAs for these factors fell below our expression cutoff, and focused
analyses revealed no significant changes in the RNAs for these molecules. There is evidence
to suggest that these cytokines can be elevated within areas such as the hippocampus
(Blalock and others 2003) and cerebellum (Park and others 2009) of aging mice. However,
cytokine expression in the brain is not uniform and may be differentially regulated in
different brain regions (Simen and others 2011). Further research will be required to
characterize the distribution of these factors in aged as compared to young brain.

Numerous publications have highlighted a possible neuroprotective role for microglia and a
relative deficiency of microglial function in aging and neurodegenerative disease (Garden
and Moller 2006; Lucin and Wyss-Coray 2009; Sawada and others 2008). We report an
inverse relationship between immune-related gene expression in the PFC and various indices
of behavior. Although we suspect that the increases in immune gene expression adversely
affects behavior, it is possible that these changes in gene expression are the consequence of
other gene expression changes that took place during the aging process, and that the
immune-related changes are homeostatic responses or are in some other way secondary to
other pathophysiological processes (Neumann and others 2009; Streit 2005; Streit and others
2008). Additional research will be needed to determine which of the upregulated immune
genes that we observed have a neuroprotective role rather than a pathological role.

Despite the limitations of our study, as discussed above, this study has a number of unique
strengths. This is the first detailed analysis of age-related gene expression changes in the
medial prefrontal cortex of the rodent, including in Cd11b+ cells from this region, and the
first attempt to relate such data to behavior and cognition that we are aware of. Given the
importance of this brain region in age-related disability in humans such an analysis is of
great importance. This is also the first demonstration that we are aware of that the aging
rodent, like the aging human, shows highly correlated changes in cognition, motivation, and
locomotor behavior, and highlights the suitability of the rodent as a model organism to study
the mechanism of this phenomenon.

Overall, our results strongly suggest that age-related deficits in cognitive performance,
motivation, and locomotion occur in healthy, aging mice, as they do in humans. These
changes occur in parallel with dysregulation of immune gene expression within the medial
prefrontal cortex of the aging brain. Further research will be required to establish additional
brain regions involved in these changes. Understanding the biological mechanisms that link
changes in cognition, motivation, and motor behavior during normal and pathological aging
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is important since these changes are associated with disability in humans (Granholm and
others 2008). An adequate animal model is necessary for such progress to be made. Based
on the data presented here, we believe that the aging mouse is a promising model for such
mechanistic studies.

5 Conclusions

The series of experiments presented here are, to our knowledge, the first to show that aging
in the mouse is associated with parallel declines in cognition, motivation, and motoric
performance, and that such declines occur in conjunction with immune gene upregulation in
the medial PFC. We believe that the aging mouse is a promising platform for future studies
focused on the biological mechanisms responsible for the association in age-related changes
in thinking, moving, and feeling in the elderly.
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FIGURE 1.

A Acquisition of the CSRTT was analyzed by analysis of the stimulus presentation time
during each session as a function of test day, age group, and their interaction, using mixed
effects analysis of variance. Significant main effects of age (F(2,20)=243.65, p<.0001),
session (F(54,1080)=29.99, p<.0001), and a significant age x session interaction
(F(108,1080)=2.56, p<.0001)) were noted. Age-related deficits remained evident during the
last five days of testing (F(2, 20)=12.94, p=0.0002), consistent with an age-associated
decline in performance even after extended training. Inset shows acquisition averaged across
all sessions for the three age groups.

B Proportion of correct trials (number of correct trials/number of trials) as a function of age
group and stimulus presentation time. Age cohort was significantly associated with overall
performance on the CSRTT (F(2,19)=14.60, p=0.0001), stimulus presentation time
(1,811=73.10, p<.0001), and the age cohort x stimulus presentation time interaction effect
(F(2,811)=14.38) was significant. Younger animals performed better than older animals at
the lower (more difficult) stimulus presentation times than older animals. Error bars
represent the standard error of the mean.

C Proportion of omission errors (number of omission errors/number of trials) as a function
of age group and stimulus presentation time. The effects of age cohort (F(2,19)=68.48, p<.
0001), stimulus presentation time (F(1,811)=842.70, p<.0001), and the age cohort x
stimulus presentation time interaction (F(2,811)=21.74), p<.0001) were all highly
significant. Younger animals made fewer omission errors than older animals particularly at
lower (more difficult) stimulus presentation times. Error bars represent the standard error of
the mean.

D Number of rewards received during acquisition during the magazine training portion of
the CSRTT is shown as a function of age group and day of training. Age group was
associated with the number of rewards retrieved (F(2,20)=21.20, p<.0001), with Adult mice
retrieving more rewards than Middle aged mice (F(1,20)=8.34, p=0.0091) and Middle aged
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mice retrieving more rewards than Old aged mice (F(1,20)=9.97, p=0.005). Error bars
represent the standard error of the mean.

E Motivated responding was assessed using the progressive ratio test using an N+2 protocol.
Adult animals extended a significantly greater number of nosepokes (higher breakpoint)
than both Middle-aged and Old-aged mice [Cohort 1; F(2,20)=18.492, p= 0.000028]. Adult
animals differed from Middle Aged animals (p=.008) and Adult animals differed from Old
aged animals (p<.0001) by Tukey HSD comparisons. Error bars represent the standard error
of the mean.

F Mice from Cohort 1 were subjected to novel object testing and the number of interactions
with the novel object were recorded. Significant differences in the number of interactions
with the object between the age groups were noted (F(2,20)=5.19, p=0.0153) such that
interactions with the novel object declined with advancing age. Adult animals differed
significantly from Old aged animals (p<.05) but not from Middle aged animals by Tukey
HSD comparisons. Error bars represent the standard error of the mean.

G Motoric behavior was tested using the open field test. Analysis of total distance traveled
in the open field during a 15 minutes test revealed significant main effects of age (Cohort 1;
F(2,18)=60.24, p<0.0001) but no effect of time and no age group x time interaction effect.

H Anxiety-like behavior was also assessed from the open field, using distance from the
center of the open field as an index of anxiety-like behavior. We noted a significant effect of
age (Cohort 1; F(2,20)=55.12, p<.0001) and a significant effect of time (F(14,280)=4.21, p<.
0001) but no age x time interaction. Error bars represent the standard error of the mean.
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FIGURE 2.

A. The significantly changed gene list was intersected with a list of known interferon
regulated genes (IRGs) derived from the Interferome Project database
(www.interferome.org). A significant association was noted between IRG status and age-
related dysregulation on microarray by Pearson Chi-squared analysis (p<2.2:10716),

B. PCR validations were conducted on RNA samples from Cohort 1. Data were normalized
to the average of Thp and Rps27a which were found not to be regulated by age based on
microarray and real-time PCR analysis (p>0.9). C4 F(2,19)=46.45, p<.0001. Lgal3bp
F(2,19)=7.31, p=0.0044. Ifi27b F(2,19)=20.40, p<.0001. B2m F(2,19)=13.73, p=0.0002.
Psmb8 F(2,19)=5.60, p=0.0123. Cd52 F(2,19)=6.97, p=0.0054. H2k1 F(2,19)=7.06,
p=0.0051. Error bars represent the standard error of the mean.
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FIGURE 3.

Serum samples from Cohorts 1 and 3 were analyzed using a multiplexed ELISA method
(Meso Scale Discovery) for IFN-gamma, 1L-10, IL-12, IL-1, IL-6, TNF-alpha, and Cxcl1.
Data were analyzed using mixed effects ANOVA with cohort as a random effect. Significant
age-related increases in IFN-gamma (F(2,50)=7.29, p=0.0017), IL-10 (F(2,50)=25.24, p<.
0001), IL-1 beta (F(2,50)=11.68, p<.0001), IL-6 (F(2,50)=5.60, p=0.0064), and TNF-alpha
(F(2,50)=5.87, p=0.0051) were noted.
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FIGURE 4.

A Heat map depicting Pearson correlation coefficients between CSRTT acquisition, average
number of rewards obtained on the CSRTT, average number of responses made on the
CSRTT, locomotor speed, distance from the open field center, and novel object interactions.
With the exception of two relationships (progressive ratio breakpoint-novel object
interaction and CSRTT acquisition-average rewards obtained on the CSRTT) all of the
relationships were significant (p<.05) without multiple comparison correction (“*”) and
seven relationships remained significant after Bonferonni correction (“a”

B The first principal component of the cognitive-behavioral data was significantly
associated with age by analysis of variance (F(2,20)=48.79, p=0.000001). Error bars
represent the standard error of the mean.

C Linear correlation coefficients between immune-related and non-immune-related genes
(see Fig 2) were calculated and used to generate kernel density plots to illustrate the
distributions of the correlation coefficients. The non-immune-related genes showed negative
as well as positive correlations with one another, whereas the immune genes showed only
positive inter-correlations, with a large proportion of strongly positive correlations,
consistent with a high degree of internal consistency for this set of genes.

D The first principle component of the microarray data set (described above) was
significantly associated with age for both cohorts (Cohort 1 F(2,20)=17.26, p=0.000044;
Cohort 3 F(2,27)=15.56, p=0.000032). Error bars represent the standard error of the mean.
E The factor scores from the first two principal components of the cytokine data were
related to age group by analysis of variance. Both factor 1 (left panel; F(2,53)=11.729,
p<0.0001) and factor 2 (right panel; F(2,53)=8.410, p=0.001) were significantly related to
age.
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Table 1
Summary of cohorts used in study.
Behavioral
Cohort | N6months | N 18 months | N 24 months analyses Molecular analyses

CSRTT; PR; OF; | Microarrays; Serum cytokines;
1 6 6 11 NO Quantitative PCR
2 8 0 9 CSRTT None
3 10 10 10 None Microarrays; Serum cytokines
4 6 0 6 None RNA sequencing of microglia
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Table 2

Genes decreased and increased by age by microarray analysis.

Genes decr eased with aging

Cell cycle/growth/differentiation
1gfbpll
Wdr6
Neuronal projection/motility/migration
Crmpl
DOH4S114
DpyslI3
Ndn
Other genes
1810018F18Rik
DOH4S114
Mog
Pbk
Rem2
Transcription factor gregulation
Cdca7
Dix1
Sox4
Sox11
Tcfl5
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Genesincreased with aging

Cell cycle/growth/differentiation
Anin
Cendl

Immunerelated genes

Other genes
Ang
B230209E15Rik
B230209E15Rik

Alox5ap H2-K1 Oasl2 Cyp27al
B2m H2-K2 Psmb8 ENSMUSG00074561
Clga H2-Q8 Serpina3n Fbxo34
Clqc H2-T22 Slamf9 Gfap
Cdal/b Ifi27/Ifi2712a  Slcllal Gm4951
Caspl Ifi2711 Slcllal Hvenl
Ccl12 [it3 Statl Isgl5
Ccl3 1fitm3 TIrl3 Ms4a6d
Ccl4 Igtp TIr2 Pisd-ps1
Cd52 latp Tnfsf13b Pisd-ps3
Cd6s ligp2 Trem2 Plcg2
Cdseé 1rf9 Trim21 Pmp22
Cxcl16 Lat2 Pygl
Cyba L gals3bp Rab32
Fcerlg Lohllcr2a Rnf213
Fegrd Ly6a Samd9l
Gbp3 Lyzl Satl
Gm10499 Lyz2 Skap2
H2-D1 Oaslg Slcl5a3

Neuronal projection/motility/migration Uspl8
Ntn5 Xafl
Pcdhb14 Transcription factor s/regulation
Pcdhb3 Srrt
Upklb Trim25

M RG
M Non-IRG
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Table 3
Genesfound to be upregulated in purified CD11b+ cellsby RNA sequencing

Cd11b+ cells were isolated from the PFC of Adult and Old-aged mice as described in Methods and RNA was
subjected to next-generation RNA sequencing. Aging was found to be associated with upregulation of
numerous CD antigens, chemokine related genes, complement genes, genes in the Jak-Stat and/or intereferon
signaling pathway, cellular adhesion genes, MHC related genes, and Toll-like receptors in microglial cells.

CD antigens Integrins Other immunerelated genes
Cd3eap Bcam Atplb3
cds2 [tga3 Bst2
Cd59a Itgax (“Cd11ic") Csf2ra
Cd63 Itgh4 Ctsd
Cd74 Ncaml Ddrl
Cdsi MHC related E3
Cd9 B2m Fgfrl

Chemokines H2-abl Fgfr2
Cxcl10 H2-d1 Fgfr3
Cxcl13 H2-k1 FIt3
Cxxcl Lag3 Fthl

Complement factors Jak-Stat pathway 1gsf8
Clga Cntfr 114ra
Clgb 1111ral Lampl
C3 Irf2bpl Lpl
C4b 1rf3 Ltbr

Osmr Mcam
Prir Plxnb2
Ptpnil Rps6kb2
Stat2 Serpingl
Stat3 Sirpa
Toll-likereceptors Slc44al

Tir2 Trf

M RG

M Non-IRG
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PCA analysis of behavioral measures. Principal components analysis of the cognitive-behavioral data shown
in Figure 4A was performed and revealed only a single significant factor (4.6) accounting for 65.7% of the
variance. Loadings on this first principal component are shown here.

PCA loading
Best CSRTT -0.69
Avg. Rewards 0.85
Avg. Responses 0.81
Breakpoint 0.81
Interactions 0.74
Dist. Traveled 0.88
Dist. Center -0.88
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Principal components loadings for serum cytokines. Principal components analysis of the cytokine data was

consistent with two factors. After removing the variance due to cohort, the first principal component
accounted for approximately 49% of the variance in the data and the second component accounted for

approximately 21% of the variance. Factor loadings are shown here.

PCA1l | PCA2

IFN-gamma 0.73 -0.13
IL-10 0.84 0.41
IL-12 0.37 -0.74
IL-1 beta 0.81 0.07
IL-6 0.87 0.12
TNF-alpha | 0.79 | -0.08
Cxcll -0.08 0.83
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Table 6
Associations between behavioral measures and molecular analyses

Associations between behavioral measures and molecules analyses. Correlation coefficients were calculated
between central immune gene upregulation, as determined by the first microarray gene expression factor, and
peripheral immune gene upregulation, as determined by the first and second cytokine factors, and the
behavioral endpoints. We observed that “central immune gene upregulation”, as indexed by PFC immune gene
expression, was a better predictor of behavior than “peripheral immune gene upregulation” as indexed by
peripheral cytokine levels. Central immune gene upregulation was associated with significant associations
with PR performance, average reward obtained on the CSRTT, average responses on the CSRTT, average
distance traveled on the open field, average distance from the center of the open field, and the number of
interactions with a novel object. All but PR performance survived Bonferonni correction for multiple
comparisons. We also observed significant correlations between peripheral and central immune gene
upregulation: r=0.495 for central immune gene upregulation and peripheral immune gene upregulation, factor
1, p=0.02; r=0.43, p=0.04 for central immune gene upregulation and peripheral immune gene upregulation,
factor 2.

GenePCAl1 | CYTOPCAL | CTYO PCA2

Breakpoint 0550 -0.33 046

Best CSRTT 0.22 0.19 0.39
Avg.rewards | -0.77 0 -0.37 -0.39

Avg. responses | -0.64 4 -0.29 -0.45 ~

Dist. Traveled | -0.65 % —049 -0.40

Dist. Center 0670 046 * 042 "
Interactions —0.69 0 —051 * —043 *

bp<.05 (Bonferonni corrected)

*
p<.05
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