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Abstract

Background—Inflammation is linked to cognitive decline in midlife, but the neural basis for
this link is unclear. One possibility is that inflammation associates with adverse changes in brain
morphology, which accelerates cognitive aging and later dementia risk. Clear evidence is lacking,
however, regarding whether inflammation relates to cognition in midlife via changes in brain
morphology. Accordingly, the current study examines whether associations of inflammation with
cognitive function are mediated by variation in cortical gray matter volume among midlife adults.

Methods—Plasma levels of interleukin (IL)-6 and C-reactive protein (CRP), relatively stable
markers of peripheral systemic inflammation, were assessed in 408 community volunteers aged
30-54 years. All participants underwent structural neuroimaging to assess global and regional
brain morphology and completed neuropsychological tests sensitive to early changes in cognitive
function. Measurements of brain morphology (regional tissue volumes and cortical thickness and
surface area) were derived using Freesurfer.

Results—Higher peripheral inflammation was associated with poorer spatial reasoning, short
term memory, verbal proficiency, learning and memory, and executive function, as well as lower
cortical gray and white matter volumes, hippocampal volume and cortical surface area. Mediation
models with age, sex and intracranial volume as covariates showed cortical gray matter volume to
partially mediate the association of inflammation with cognitive performance. Exploratory
analyses of body mass suggested that adiposity may be a source of the inflammation linking brain

morphology to cognition.

Conclusions—Inflammation and adiposity might relate to cognitive decline via influences on

brain morphology.
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INTRODUCTION

Aging engenders declines in multiple cognitive domains, including episodic and working
memory, attention, and executive functioning (Salthouse, 2004). Typically, these cognitive
declines begin in the late 20s and progress across adulthood (Salthouse, 2004). Trajectories
of cognitive aging are heterogeneous, however, with some individuals showing minimal
declines and others more precipitous deterioration (Raz et al., 2005). Understanding factors
that account for individual differences in cognitive aging is critical because age-related
impairments in cognitive function confer risk for dementia (Barberger-Gateau et al., 1999;
De Lepeleire et al., 2004), injuries (Sattin, 1992), hospitalization, and death (Bennett, 1997).

Preclinical changes in brain morphology precede and may contribute to cognitive declines
among healthy aging individuals, as well as predict risk for dementia (Burgmans et al.,
2009; den Heijer et al., 2006; Driscoll et al., 2009; Kramer et al., 2007; Persson et al., 2012;
Raz et al., 2005; Walhovd et al., 2011). These changes include reductions in total brain and
gray matter volume and in white matter integrity that accompany advancing age (Burgmans
et al., 2009; DeCarli et al., 2005; Fjell et al., 2013; Kennedy and Raz, 2009; Raji et al., 2012;
Raz et al., 2005; Ryan et al., 2011). On average, reductions in gray matter volume begin
around age 35 and accelerate thereafter (Fjell et al., 2013; Hedman et al., 2012), associating
with concomitant and future declines in cognitive function (Burgmans et al., 2009; Fjell and
Walhovd, 2010; Kramer et al., 2007). Individuals differ in rates of age-related brain atrophy,
with accelerated gray matter loss associated with earlier progression to dementia (Whitwell
et al., 2008). Thus, gray matter atrophy represents a midlife preclinical predictor of cognitive
aging. At present, however, the biological bases for early deterioration of global and
regional gray matter volumes remain unclear. On a cellular level, explanations for brain
atrophy in aging are manifold and include apoptosis, axonal degeneration, reduced dendritic
spine density, dendritic simplification, cell shrinkage, and reduced vascularity (von Bohlen
und Halbach, 2010). However, factors that affect these cellular changes and consequent
changes in gross morphology remain to be determined. In this regard, recent evidence
suggests that inflammation may play a critical role.

Peripheral inflammatory mediators (e.g., interleukin (IL)-6) can cross the blood-brain barrier
to modulate central inflammatory processes that result in neurodegeneration and impair
cognitive function (Arai et al., 2001; Ek et al., 2001; Heyser et al., 1997; Monje et al., 2003;
Poluektova et al., 2005; Pugh et al., 1998; Richwine et al., 2008; Trapero and Cauli, 2014;
Yirmiya and Goshen, 2011). Within the brain, proinflammatory cytokines and their
receptors are expressed by many cell subtypes throughout the cerebral cortex (Hampel et al.,
2005). Chronic increases in peripheral inflammation, such as those that accompany aging,
“prime” microglia to switch to an inflammatory phenotype, increasing central inflammatory
responses to peripheral inflammation (Chen et al., 2008; Perry et al., 2007; Ye and Johnson,
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1999) and possibly playing a pathogenic role in age-related neurocognitive decline. Human
studies support this possibility, with increases in circulating mediators of inflammation,
whether the result of exogenous administration or acute/chronic inflammatory conditions,
relating inversely to disturbances of, attention, memory, executive and global cognitive
function (Bucks et al., 2008; Capuron et al., 1999; Kozora et al., 2001; Krabbe et al., 2005;
Reichenberg et al., 2001; Smith et al., 1988). Poorer cognitive function also associates with
peripheral inflammation among the wellfunctioning elderly (Marioni et al., 2009; Rafnsson
et al., 2007; Schram et al., 2007; Weaver et al., 2002; Wright et al., 2006; Yaffe et al., 2003),
with higher levels predicting future cognitive decline in some (Marioni et al., 2009;
Rafnsson et al., 2007; Schram et al., 2007; Tilvis et al., 2004; Weaver et al., 2002; Yaffe et
al., 2003), but not all studies (Alley et al., 2008; Dik et al., 2005; Teunissen et al., 2003). We
have extended this evidence previously by showing an inverse association of circulating
IL-6 with performance on memory and executive function tasks among cognitively normal
adults of mean age 43 years (Marsland et al., 2006), raising the possibility that systemic
inflammation represents an early marker of cognitive risk.

Findings from studies of healthy older adults show inverse associations of markers of
systemic inflammation with aspects of brain morphology that decline with age, including
total brain volume (Jefferson et al., 2007), total gray matter volume (Satizabal et al., 2012),
temporal lobe volume (Bettcher et al., 2012; Taki et al., 2013), hippocampal volume
(Satizabal et al., 2012) and white matter integrity (Wersching et al., 2010). Our earlier work
extended these findings to a midlife community sample, showing associations of higher IL-6
and CRP with lower total gray matter volume and white matter integrity throughout the
brain, and with lower regional gray matter volume of the hippocampus and PFC (Gianaros et
al., 2013; Marsland et al., 2008; Verstynen et al., 2013). However, it is still unknown
whether these global or regional aspects of brain structure provide a plausible pathway
linking inflammation to preclinical neurocognitive decline among midlife adults.

Accordingly, the goals of this study were (1) to confirm inverse associations of markers of
systemic inflammation (IL-6 and CRP) with a broad range of cognitive functions and with
global and regional measures of brain structure among midlife adults and (2) to extend our
prior work by examining whether global or regional measures of gray matter volume
statistically mediate associations between inflammation and cognitive function. In regard to
brain structure, our early work was informed by animal models and focused on relationships
between inflammation and the structure and function of the hippocampus (Marsland et al.,
2008). More recently, however, we have found inflammation associated with global aspects
of brain morphology as well (Gianaros et al., 2013; Verstynen et al., 2013). In the current
study we explored two possibilities. One is that inflammatory associations are localized to
specific brain regions; the other is that they are global. Finally, in light of evidence that
adipocytes are a primary source of circulating IL-6 (Mohamed-Ali et al., 1997) and that
body fat covaries positively with IL-6 (Bermudez et al., 2002; Khaodhiar et al., 2004) and
inversely with gray matter volume (Marsland et al., 2008; Taki, 2008), cognitive function
(Marsland et al., 2006), and accelerated cognitive aging (Ho et al., 2011), we explored
whether inflammation accounts for associations of BMI with brain atrophy and associated
cognitive performance.
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METHODS AND MATERIALS

Participants

Participants were 408 adults 30-54 years of age drawn from the Adult Health and Behavior
Project — Phase 2 (AHAB-II) project (see Table 1). AHAB-II is an epidemiological registry
of biobehavioral correlates of cardiovascular disease risk among midlife adults. Participants
were recruited between 2008 and 2011 by mass-mail solicitation from Western Pennsylvania
(principally Allegheny County). To be eligible, participants had to be in good general health
and working at least 25 hours/week outside of the home (a substudy involving this cohort
focused on occupational stress and CHD risk). Participants were excluded if they (a) had a
history of cardiovascular disease, schizophrenia or bipolar disorder, chronic hepatitis, renal
failure, major neurological disorder, chronic lung disease, or hypertension (BP >160/100
mm Hg); (b) reported drinking >335 portions of alcohol per week; (c) took fish-oil
supplements (because of the requirements for another sub-study); (d) were prescribed insulin
or glucocorticoid, anti-arrhythmic, antihypertensive, lipid-lowering, psychotropic, or
prescription weight-loss medications; (e) were pregnant or lactating; (f) had less than 8th
grade reading skills; or (g) were shift workers. Remaining exclusion criteria were
claustrophobia, presence of medical devices, implants, or other metal objects in or on the
body that could not be removed, tattooed eyeliners, or a body habitus prohibiting MR
scanning.

Of the 490 participants in AHAB-II, 448 had reliable measures of CRP and IL-6, excluding
8 individuals who did not have blood drawn, 36 taking medications known to impact
immune function (e.g., cold medications/antihistamines) and 1 individual with rheumatoid
arthritis. In addition, we excluded 9 individuals with CRP levels greater than 10 ng/ml,
which is outside the normal range and suggests acute illness at the time of blood draw
(Biasucci, 2004; Pearson et al., 2003). Of the remaining 439 participants, brain imaging data
were available for 408. An initial examination of subjects included in the analyses (n = 408)
versus those excluded (n = 82) revealed no systematic differences in age, sex, race, SBP,
education, smoking status, current alcohol use, or cognitive performance. The investigation
was approved by the Institutional Review Board of the University of Pittsburgh; all
participants were paid for their participation.

Protocol and Measures

Measures for this study were circulating markers of inflammation, neuropsychological
assessments of cognitive function, brain structural imaging data, body mass index (BMI),
demographic characteristics, systolic blood pressure (SBP), and smoking status. Plasma
levels of IL-6 and CRP were assessed from blood samples drawn between 7:30AM and
12:35PM (M = 9:16 AM+/-0:54 min). Prior to the blood draw, participants were asked to
fast for 8 hours, avoid vigorous exercise for 12 hours and alcohol for 24 hours, and refrain
from using tobacco products that morning. The blood draw was rescheduled if the
participant reported symptoms of acute infection or use of antibiotics or antivirals in the
previous 2 weeks. Plasma samples were frozen at —80°C until analysis in batches. IL-6
levels were determined in duplicate by high sensitivity quantitative sandwich enzyme
immunoassay kit (R & D Systems, Minneapolis, MN) run according to manufacturer’s
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directions. CRP was measured at the University of Vermont’s Laboratory of Clinical
Biochemistry Research with the BNII nephelometer from Dade Behring utilizing a particle
enhanced immunonephelometric assay. Average inter- and intra- assay coefficient of
variation was <10%. Natural-log transformation was applied to IL-6 and CRP to correct
non-normal distributions. Because plasma IL-6 and CRP were correlated (r = .48), a
composite measure of systemic inflammation was calculated for each participant by
averaging Z-transformed values. Primary analyses employed the composite marker of
inflammation; however, correlations of each circulating marker with cognitive and structural
brain measures are also presented. There was no significant association of time of blood
draw with levels of either inflammatory marker or the composite measure.

Assessment of Cognitive Function—Neuropsychological tests were selected on the
basis of their ability to assess domains of cognitive functioning known to decline with age,
including (1) spatial reasoning (Block Design and Matrix Reasoning subtests from the
Wechsler Abbreviated Scale of Intelligence (WASI) (Coorporation, 1999; Wechsler,
1997a)), (2) working memory (Digit Span subtest from the Wechsler Adult Intelligence
Scale — III (Wechsler, 1997a)) and the Spatial Span subtest from the Wechsler Memory
Scale-IIT (Wechsler, 1997b)), (3) visuomotor processing speed (Part A of the Trail Making
Test (Reitan, 1985), and the Stroop Color-Word Test (Golden, 1978)), (4) verbal proficiency
(Vocabulary and Similarities subtests from the WASI), (5) verbal learning and memory
(Four Word Short-Term Memory Test (Kobayashi et al., 2010) and the Rey Verbal Learning
Test (Rey, 1958)), and (6) executive function (the Trail Making Test (Reitan, 1985) and the
Stroop Color-Word Test (Golden, 1978)). See Supplementary Material for details regarding
neuropsychological testing. To derive a single measure for each cognitive function, principal
components analyses with varimax rotation were conducted on the subtests within each
domain. In each case, the subtests loaded on a single factor (See Table 2 for factor loadings,
Eigenvalues ranged from 1.64—1.97 and percentage of variance explained from 58-83%).
For analysis, we created a factor scale for each domain, calculated as the unit-weighted
averages of standardized subtest scores.

Magnetic Resonance Imaging—High resolution T1-weighted structural MRI data were
collected using magnetization-prepared rapid gradient echo sequence (MPRAGE) on a 3T
Trio TIM scanner (Siemens, Erlangen, Germany) equipped with a 12-channel head coil.
MRI data were preprocessed and analyzed with methods detailed in Supplementary
Material. The FreeSurfer 5.3.0 software package (http://surfer.nmr.mgh.harvard.edu) was
used to measure cortical surface area, cortical thickness, and volumetric data (Fischl and
Dale, 2000). Total volumes of cortical lobes were computed as the sum of cortical regions
compromising each lobe for the left and right hemispheres (See Supplementary Material).

Control Variables—A number of variables were considered that might contribute to
associations between inflammation, brain structure and neurocognitive function. These
included age, sex, race (coded as Caucasian [1] and Other [2]), SBP, years of education,
smoking status (coded as current smoker [1] versus ex/non-smoker[0]) and current alcohol
use (number of alcoholic drinks in the past 7 days). Ex-smoking was defined as not current

Brain Behav Immun. Author manuscript; available in PMC 2016 August O1.


http://surfer.nmr.mgh.harvard.edu

1duiosnuey Joyiny 1duosnuepy Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Marsland et al. Page 6

smoker, but a lifetime history of smoking > 100 cigarettes. Finally, height and weight were
recorded to calculate BMI (weight (kg)/(height (m))

Data Analysis

All analyses were performed using SPSS for Windows (version 21). Partial correlation
analyses controlling for sex, age, and, in the case of brain structure, intracranial volume
(ICV) tested associations of inflammation with domains of cognitive function and with
global (total and cortical gray and white matter volumes) and regional (gray matter volumes
of the 4 cortical lobes and of subcortical structures) measures of brain structure. In addition,
the use of Freesurfer permitted us to conduct exploratory analyses parsing the contributions
of cortical surface area and thickness. To control for multiple testing, all correlations were
subjected to correction for false discovery rate.

Path analyses tested whether observed relationships of inflammation with cognitive function
were statistically mediated by variation in gray matter volume. Here, we first examined
associations of structural measures with cognitive functions in analyses that controlled for
age, sex, and ICV. Next, mediation analyses were conducted using a product-of-coefficient
regression approach with nonparametric bootstrapping (5000 iterations) to attain 95%
confidence intervals (CIs) for mediation effects (Preacher and Hayes, 2008). This
bootstrapped mediation analysis approach was performed with the PROCESS v2.13 macro
designed for SPSS (Preacher and Hayes, 2008). See Supplementary Material for details of
path models. In these analyses, the total gray matter volumes of all four lobes were treated
as mediators in the same model (i.e., they were entered simultaneously for multiple mediator
modeling). This method enabled the examination of whether the total effect and/or the
volumes of the four cortical lobes uniquely accounted for (mediated) the associations of
inflammation with cognitive function. Finally, exploratory analyses tested whether race,
SBP, education, smoking status, and BMI contributed to an indirect pathway linking
inflammation to cognitive function via gray matter volume. We also conducted exploratory
analyses examining associations of BMI with cognitive function and gray matter volume to
test the possible role of inflammation as a statistical mediator.

RESULTS

Inflammation and Cognitive Performance

In analyses that controlled for age and sex, inflammation associated inversely with
performance on tests of spatial reasoning, short-term memory, verbal proficiency, verbal
learning and memory, and executive function (Table 2; Figure 1). In all cases except
executive function, significant associations were retained following control for multiple

testing.

Inflammation and Brain Morphology

As expected, inflammation associated inversely with total gray and cortical gray and white
matter volumes and total volumes of all four cortical lobes in analyses that controlled for

age, sex, and ICV (see Table 3). There was no evidence for regional specificity at this level
of examination (cortical lobes). However, exploratory analyses that controlled for age, sex,
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and ICV revealed some evidence of specificity among subcortical structures, with
inflammation relating inversely to volume of the hippocampus, pallidum and thalamus, but
not other regions, such as the amygdala (Supplemental Table 1). Inflammation also
associated with total cortical surface area (r = —.19, pppRr-corrected<-01) and surface areas of
the frontal, occipital, parietal, and temporal lobes (r’s = —.13 to —.19, p’SgpR-corrected < 01).
There were no significant associations of inflammatory markers with measures of cortical

thickness.

Does Brain Structure Mediate the Association of Inflammation with Cognitive function?

Results supported testing global and regional gray matter volumes as mediators linking
inflammation to poorer spatial reasoning, short-term memory, verbal proficiency, verbal
learning, and executive function. In analyses that controlled for age, sex, and ICV, total and
cortical gray matter volumes associated positively with all of the inflammation-related
cognitive functions (Table 4). Mediation models showed a significant total indirect effect,
with the combined effects of the 4 cortical lobes partially mediating the association of
inflammation with all of the examined cognitive functions (See Figure 2 for ab indirect
effect sizes and confidence intervals; all p’s < .05). On analysis of spatial reasoning, verbal
proficiency and verbal learning/memory only, mediation analyses also revealed a significant
association of inflammation with cognitive function (direct ¢’ paths) that was independent of
the volumes of the four cortical lobes (indirect ab paths) (spatial reasoning direct effect = —.
14, p = .007; verbal proficiency direct effect = —.20, p <.001, and verbal learning direct
effect = —.14, p = .01). These findings suggest that inflammation relates to cognitive
function in part — but not entirely — via its association with global cortical structure. An
examination of the separate contributions of the 4 cortical lobes in the mediation analyses
showed gray matter volume of the temporal lobe to be a significant independent mediator of
associations between inflammation and spatial reasoning (ab indirect effect = —.03; SE = —.
02; 95% CI = -.07, —.004; p <.05) and short term memory (ab indirect effect = —.04; SE = —.
02;95% CI = -.08, —.01; p <.05) in models that controlled for volumes of the other three
cortical lobes, as well as age, sex and ICV. No other cortical lobes were significant
independent mediators (Supplemental Table 2). Exploratory analyses were conducted to
examine cortical white matter volume as a mediator linking inflammation to cognitive
function. Preliminary analyses controlling for age, sex and ICV showed a significant
association of cortical white matter with spatial reasoning and STM (Table 4). However,
mediation models showed no significant indirect pathway, suggesting that white matter
volume does not contribute to the association of inflammation with the assessed cognitive
functions.

Ancillary Analyses exploring covariates

Results of correlational analyses examining covariates are presented in Table 5. After
controlling for age and sex, greater inflammation associated with non-white race, fewer
years of education, current smoking, and SBP. In general, cognitive performance associated
positively with white race, more years of education, not smoking, and lower SBP. When
examining brain morphology, partial correlations controlling for age, sex and ICV revealed
no significant associations of education with global or regional gray or white matter
volumes. In contrast, non-white race, higher SBP, and, to a lesser extent, current smoking,
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were associated with lower gray matter volumes. There were no significant associations of
number of alcoholic drinks in the last 7 days with inflammation, cognitive performance or
brain morphology.

Based on associations of covariates with cortical gray matter volume, mediation analyses
were rerun including age, sex, ICV, race, smoking status and SBP as covariates. The pattern
of results did not change on analysis of spatial reasoning or short term memory, with total
gray matter volume (and volume of the temporal lobe) partially mediating the association of
inflammation with cognitive performance (spatial reasoning indirect effect = —.02, SE = .01;
95% CI = —-.05 and —.002; p <.05; Short term memory indirect effect = —.02, SE = .01, 95%
CI =-.05 and —.0003, p < .05). On analysis of verbal proficiency and executive function,
findings no longer supported total cortical gray matter volume as a mediator of the
association of inflammation with cognitive function; however, volume of the temporal lobe
continued as a significant indirect path after controlling for the 6 covariates and the volume
of the other 3 cortical lobes. Finally, for verbal proficiency and verbal learning, the
mediation analyses also revealed significant direct path effects (¢’ paths), showing
associations of inflammation with cognitive function after controlling for age, sex, ICV,
race, smoking status, SBP and the volumes of the four cortical lobes corresponding to the
indirect paths.

The Role of Body Mass

As expected, BMI related positively to inflammation and inversely to cortical gray matter
volume and performance on all cognitive functions except verbal leaning (See Table 5).
Hence, we reran the mediation analyses including age, sex, ICV and BMI as covariates.
Results no longer supported cortical gray matter volume as a significant mediator of
associations between inflammation and any of the cognitive functions. These findings
suggest that the relationship of inflammation with cognitive function via cortical gray matter
is largely related to variance in BMI.

To further examine covariance of BMI and inflammation, we conducted mediation analyses
examining whether associations of BMI with cortical gray matter volume and cognitive
function are mediated by inflammation. Results showed a significant indirect effect, with
inflammation partially mediating the association of BMI with cortical gray matter volume
after controlling for age, sex, and ICV (ab indirect effect size = —=309.9, SE = 146.3; 95% CI
=599 and — 31; p <.05). Furthermore, inflammation also mediated associations of BMI with
spatial reasoning, verbal proficiency, and verbal learning (spatial reasoning indirect effect =
—-.01, SE =.005; 95% CI = —.02 and —.001; p <.05; verbal proficiency indirect effect = —.01,
SE =.005; 95% CI = -.02 and —.003, p < .05; verbal learning indirect effect = —.01, SE =.
005; 95% CI - —.03 and — .004). These results suggest that BMI relates to cognitive function
in part via its positive association with inflammation. Exploratory analyses were conducted
to examine whether associations of BMI with cortical white matter volume (r=-.12,p=.
01) were also mediated by inflammation. Results showed a significant indirect effect with
inflammation statistically mediating the association of BMI with cortical white matter
volume after controlling for age, sex and ICV (ab indirect effect size = —549.5, SE = 202.0;
95% CI -951.2 and —170.4; p < .05).
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DISCUSSION

The present study examined relationships of peripheral inflammation to (1) performance on
cognitive tests assessing spatial reasoning, short term memory, verbal proficiency, verbal
learning and memory, visuomotor speed, and executive function and (2) global and regional
measures of brain morphology among a community sample of 408 adults aged 30-54 years.
After controlling for age and sex, we replicated and extended our earlier findings (Marsland
et al., 2006) showing inverse associations of inflammation with performance across all of
the cognitive domains except visuomotor processing speed. These associations are
consistent with findings from studies of older adults, showing IL-6 and CRP to associate
inversely with cognitive performance (Marioni et al., 2009; Rafnsson et al., 2007; Schram et
al., 2007; Tilvis et al., 2004). Based on the present findings and our earlier study (Marsland
et al., 2006), systemic inflammation appears to account for 2-5% of the variance in
cognitive function, net other explanatory factors (e.g., age and sex). Our findings show these
relationships apparent even in midlife, a period when trajectories of cognitive aging that
precede clinical impairment are also first noted (Hedman et al., 2012; Salthouse, 2004). This
raises the possibility that inflammation contributes to the preclinical cognitive decline that

accompanies normal midlife aging.

The current findings also show an inverse association of peripheral inflammation with
aspects of brain morphology that atrophy with age and presage cognitive decline, including
total gray, and cortical gray and white matter volumes and volumes of all four cortical lobes.
Results do not provide strong evidence for regional specificity at the level of the cerebral
cortex; however, an exploratory examination of the volume of subcortical structures
revealed inverse associations of inflammation with volumes of the hippocampus, pallidum,
and thalamus, but not with other regions, such as the amygdala. These findings also replicate
our earlier work, showing inverse associations of inflammatory markers with both global
measures of gray matter volume and white matter integrity, and with regional gray matter
volume of the hippocampus among healthy midlife adults (Gianaros et al., 2013; Marsland
et al., 2008; Verstynen et al., 2013). Recent evidence shows a similar relationship of IL-6
and CRP with total gray matter and hippocampal volumes among older adults (Bettcher et
al., 2012; Satizabal et al., 2012; Taki et al., 2013). Preclinical declines in brain size are
widely thought to begin in the third decade of life, contributing to the cognitive declines that
accompany healthy aging and risk for dementia (Burgmans et al., 2009; den Heijer et al.,
2006; Driscoll et al., 2009; Raz et al., 2005; Walhovd et al., 2011). Thus, the current
findings raise the possibility that inflammation relates to midlife cognitive function in part
via its inverse association with brain structure.

Our primary findings support associations of inflammation with global aspects of cortical
morphology; however, exploratory analyses also raise the possibility of hippocampal and
subcortical regional specificity. As noted above, we observed inverse associations of
inflammation with volumes of the hippocampus, pallidum, and thalamus, but not with other
regions. Prior work, including our own (Marsland et al., 2008), has focused on the
hippocampus because of its marked vulnerability to ‘shrinkage’ in typical aging, its key role
in memory function, and its systematic morphological associations with future memory
decline in healthy aging and with cognitive impairment and dementia risk in later life
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(Driscoll et al., 2009). It is possible that the hippocampus is particularly susceptible to the
effects of inflammation. Indeed, evidence shows that although proinflammatory cytokines
and their receptors are expressed by astroglia, microglia, neurons and endothelial cells
throughout the brain (Sawada et al., 1993), they are present at higher concentrations in the
hippocampus and cortex (Gadient and Otten, 1994; Hampel et al., 2005; Schobitz et al.,
1994; Vitkovic et al., 2000).These distributional patterns may foster both local (regional)
and global (distributed) inflammatory effects. It is also possible that the Freesurfer
automated image analysis does a better job of segmenting some subcortical structures than
others, resulting in the observed inconsistent associations. The use of surface-based
morphometry permitted a novel examination of whether cortical thickness and/or surface
area contributed to the association of inflammation with cortical volume. Growing evidence
shows that cortical thickness and surface are genetically and developmentally independent
characteristics with distinct cellular mechanisms that combine to determine cortical
volume(Panizzon et al., 2009). Neurons in the cerebral cortex are organized into ontogenetic
columns that run perpendicular to the surface of the brain (Mountcastle, 1997). Cortical
surface area is thought to reflect the number of these columns, whereas cortical thickness is
influenced by the number of cells within the columns (Rakic, 1988). The current results
suggest that the lower cortical volume that associates with midlife inflammation reflects less
cortical surface area rather than a lesser cortical thickness. Reductions in cortical surface
area have been shown to accompany normal brain aging (Dickerson et al., 2009; Hogstrom
et al., 2013; Lemaitre et al., 2012), rather than pathological brain changes, which associate
with reductions in cortical thickness rather than surface area (Dickerson et al., 2009). The
cellular bases for age-related reductions in surface area remain unclear; however, it is
proposed that they could result from loss of dendritic size and complexity and/or
demyelination (Hogstrom et al., 2013; Lemaitre et al., 2012). The possibility that
inflammation contributes to these or other histological changes that accompany early stages
of normal brain aging warrants further investigation.

We employed mediation analyses to examine the possibility that inflammation relates to
cognitive function in part via its association with brain structure. Results provide initial
support for this possibility, with total cortical gray matter volume partially mediating the
association of inflammation with spatial reasoning, short-term memory, verbal proficiency,
verbal learning, and executive function in analyses that controlled for age, sex, and ICV.
Findings also provide some—albeit circumscribed—support for regional specificity, with
gray matter volume of the temporal lobe partially mediating associations of inflammation
with spatial reasoning and shortterm memory. On examination, spatial reasoning and short-
term memory associations were independent of age, sex, ICV, race, education, smoking
status, and SBP. For verbal proficiency and executive function, mediation by total cortical
gray matter volume lost significance with race, education, smoking status and SBP in the
model; however, gray matter volume of the temporal lobe remained a significant
independent mediator. Overall, the current findings suggest that low grade systemic
inflammation contributes to preclinical cognitive decline via global or regional aspects of
brain structure, with inflammation-related variation in brain morphology associating with
midlife cognitive function. These findings may also help to explain the accelerated cognitive
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aging that accompanies pathologies that manifest with chronic systemic inflammation (e.g.
(Kozora et al., 2001).

Three pathways have been identified by which peripheral proinflammatory cytokines can
access the central nervous system (CNS): (1) cytokines can cross the blood brain barrier by
active transport mechanisms in the choroid plexus and the circumventricular organs (Banks
and Kastin, 1991; Trapero and Cauli, 2014); (2) cytokines can bind to their cognate
receptors on endothelial cells within the brain microvasculature, stimulating a central
response (Ek et al., 2001; Yirmiya and Goshen, 2011); and (3) cytokines can indirectly
induce changes within the CNS via activation of vagal-nerve sensory afferents (McAfoose
and Baune, 2009; Yirmiya and Goshen, 2011). Within the CNS, proinflammatory cytokines
and their receptors are expressed by astroglia, microglia, neurons and endothelial cells
throughout the brain, with the highest concentrations in the hippocampus and cerebral cortex
(Hampel et al., 2005; Schobitz et al., 1994). When stimulated by proinflammatory cytokines,
microglia adopt an inflammatory phenotype characterized by the production of high levels
of TNF-a and IL-6 (Sparkman et al., 2006; Van Dam et al., 1995). Animal studies show this
neuroinflammation to interfere with neurogenesis (Monje et al., 2003), synaptic plasticity
(Poluektova et al., 2005; Tancredi et al., 2000), neurotransmission (Trapero and Cauli,
2014), and dendritic branching (Richwine et al., 2008), resulting in neurodegeneration
(Campbell et al., 1997) and dendritic atrophy (Richwine et al., 2008) that is thought to
contribute to brain atrophy and associated cognitive disturbances (Trapero and Cauli, 2014).
One limitation of the current study is that we are unable to identify which of these
mechanisms might be accounting for observed effects.

Adults recruited for the current study were relatively healthy and free from symptoms of
infection at the time of testing, yet wide variation in markers of systemic inflammation were
noted (range for IL-6 = .06 — 9.83 pg/ml and for CRP = .15 — 9.9 ng/ml). Consistent with
existing literature (Kiecolt-Glaser et al., 2003; Krabbe et al., 2004), inflammatory markers
related positively to age (IL-6: r=.19, p <.001; CRP: r = .12, p = .02). Variation within this
subclinical range is known to predict risk for a range of age-associated diseases, including
cardiovascular disease, type 2 diabetes, frailty and general functional decline (e.g.,(Ferrucci
et al., 1999; Luc et al., 2003; Pradhan et al., 2001; Ridker et al., 2000a; Ridker et al., 2000b).
The current findings raise the possibility that midlife inflammation may also be a marker of
accelerated cognitive aging.

Many cells other than immune cells contribute to circulating levels of inflammatory
mediators. Of particular note, adipose tissue is a potent source of circulating IL-6
(Mohamed-Ali et al., 1997). The current findings suggest that body fat is a source of the
inflammation that associates with cortical gray and white matter volume and cognitive
function. Consistent with our prior findings and those of others (Elias et al., 2003; Gunstad
et al., 2006; Gunstad et al., 2007; Ho et al., 2011; Khaodhiar et al., 2004; Marsland et al.,
2008; Marsland et al., 2006; Taki, 2008; Willette and Kapogiannis, 2014), here, BMI
associated with greater inflammation, poorer cognitive function, and lower cortical gray and
white matter volume. Furthermore, results of mediation analyses suggest that inverse
associations of body mass with cognitive function may be secondary to inflammation-related
decreases in cortical volume, raising the possibility that inflammation contributes to the

Brain Behav Immun. Author manuscript; available in PMC 2016 August O1.



1duiosnuey Joyiny 1duosnuepy Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Marsland et al. Page 12

poorer cognitive performance and accelerated cognitive decline that accompanies obesity
(Ho et al., 2011; Willette and Kapogiannis, 2014). These associations may help to explain
the accelerated cognitive aging that accompanies pathologies that manifest with chronic

systemic inflammation.

These novel findings should be interpreted in context of recognized study limitations. First,
the cross-sectional design precludes causal inferences and, in particular, whether peripheral
inflammation predicts temporal decline in brain size and/or cognitive performance. It is
conceivable that the greater systemic inflammation relating to brain atrophy to cognitive
function derives from the CNS and is a marker of subclinical neuroinflammation (Licastro et
al., 2000). It is also possible that inflammation is a marker of individual differences in
cognitive ability and brain structure across the lifespan. Alternatively, observed associations
could be independently related to a third factor, such as genetic vulnerability or related
vascular or metabolic processes. Second, although evidence suggests that levels of systemic
inflammation are relatively stable over extended periods (Alley et al., 2007; Knudsen et al.,
2008; Rao et al., 1994), we employed only one assessment of systemic inflammation typical
of epidemiological studies. Third, future work would benefit from the use of cognitive tests
that engage discrete brain regions to shed further light on associations of inflammation with
regional brain morphology and function. Although the current cognitive battery was
relatively comprehensive, many of the employed tests engage multiple brain networks and
we did not have a focused test of psychomotor reaction time and associated cortico-striatal
circuit dysfunction, which have been demonstrated to relate to aging and inflammation
(Brydon et al., 2008; Raz et al., 2003). Finally, in the ideal, future longitudinal investigations
would commence in early adulthood and employ serial assessments of inflammation and
brain morphology to examine predictors of future cognitive decline.

In sum, the current findings in a relatively large sample make a novel contribution to our
understanding of inflammatory neurobiology of cognitive function and are consistent with
the possibility that inflammation accelerates midlife cognitive decline in part via its
influence on brain morphology.
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Figure 2.
Point estimates and 95% confidence intervals of indirect effects from mediation analyses.
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Table 1

Characteristics of the Sample (n = 408)

Characteristic | Mean (SD) or %

Sex (%) 47% male

Age (years) 42.8 (7.3)

Race (%) 83% white, 15% black
Education (years) 17.0 (2.9)

BMI (kg/m2: mean +/— SD) | 26.7 (5.0)

Current smokers (%)

15%

Alcohol Use (drinks/week) 3.27 (4.7)

Systolic blood pressure
IL-6 (pg/ml)
CRP (ng/ml)

115 (11)
1.10 (.97)
1.51 (1.86)

BMI - body mass index; IL-6: interleukin-6; CRP: C-reactive protein
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