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Overweight and obesity are associated with neuronal
injury in the human cerebellum and hippocampus in
young adults: a combined MRI, serum marker and gene
expression study

K Mueller®, J Sacher2®, K Arelin"??, § Holiga', J Kratzsch*, A Villringer"** and ML Schroeter’>*

There is growing evidence that obesity represents a risk for enhanced gray matter (GM) density changes comparable to those
demonstrated for mild cognitive impairment in the elderly. However, it is not clear what mechanisms underlie this apparent
alteration in brain structure of overweight subjects and to what extent these changes can already occur in the adolescent human
brain. In the present volumetric magnetic resonance imaging study, we investigated GM changes and serum levels of neuron-
specific enolase (NSE), a marker for neuronal injury, in a set of overweight/obese subjects and controls. We report a negative
correlation for overweight and obese subjects between serum NSE and GM density in hippocampal and cerebellar regions. To
validate our neuroimaging findings, we complement these data with NSE gene expression information obtained from the Allen
Brain atlas. GM density changes were localized in brain areas that mediate cognitive function—the hippocampus associated with
memory performance, and the cognitive cerebellum (lateral posterior lobes) associated with executive, spatial and linguistic
processing. The data of our present study highlight the importance of extending current research on cognitive function and brain
plasticity in the elderly in the context of obesity to young adult subjects and include serum biomarkers to validate imaging

findings generally.
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Introduction

Obesity, a medical condition with increasing prevalence,
compromises health and personal well-being. Obesity has
been discussed in the neurobiological framework of addiction,
because it might result from food addiction that strongly
resembles addiction to drugs.’? Cognitive abnormalities,
specifically learning and memory deficits, have been reported
for obesity and typical comorbid disorders, such as hyperten-
sion® and diabetes type 2.* Even more alarmingly, compelling
evidence is growing for cognitive dysfunction to be associated
with obesity in otherwise healthy adults (for review see
Sellbom and Gunstad®). Based on this evidence, obesity has
been discussed as a risk factor for neurodegenerative
disorders, such as Alzheimer’s disease, a disorder character-
ized by learning and memory deficits.® Neuroimaging studies
have identified regional cerebral atrophy paralleling high body
mass index (BMI) using computed tomography’ and magnetic
resonance imaging (MRI).5"® However, the mechanisms
underlying this apparent alteration in brain structure of obese
subjects are yet unclear.

We combine the neuroimaging method MRI and the
assessment of a biochemical marker for neuronal damage
to study the effects of higher BMI on brain plasticity.

Specifically, we investigate cerebral gray matter (GM) density
in brain regions implicated in learning and memory, such as
the hippocampus. In order to clarify whether obesity-asso-
ciated brain atrophy could be explained by a putative brain
injury, we include measurements of neuron-specific enolase
(NSE) serum levels. NSE is primarily localized in the
cytoplasm of neurons and not secreted. Thus, this enzyme
can be used as reliable marker for structural neuronal damage
and increased serum NSE concentrations have been
observed in patients suffering from traumatic brain injury’
and neurodegenerative disease.'? In the present study, we
hypothesize a higher BMI to be associated with increased
NSE serum levels and decreased hippocampal GM. To
validate our results we include an analysis of NSE gene
expression data in the whole human brain. We propose NSE
expression to be increased in brain regions that reveal the
most prominent GM density changes in the neuroimaging.

Materials and methods

Subjects. A total of 43 (27 overweight/obese: 15 female, 12
male; and 16 controls: 6 female, 10 male) young adult
subjects (aged 20-41) without cognitive impairment were

Max Planck Institute for Human Cognitive and Brain Sciences, Leipzig, Germany; *Clinic of Cognitive Neurology, University of Leipzig, Leipzig, Germany; *Leipzig
Research Center for Civilization Diseases, University of Leipzig, Leipzig, Germany; “Institute of Laboratory Medicine, Clinical Chemistry and Molecular Diagnostics,
University of Leipzig, Leipzig, Germany and ®Consortium for Frontotemporal Lobar Degeneration, Ulm, Germany

Correspondence: Dr K Mueller, Max Planck Institute for Human Cognitive and Brain Sciences, Stephanstr 1A, 04103 Leipzig, Germany.

E-mail: karstenm@cbs.mpg.de
®These authors contributed equally to this work.

Keywords: hippocampus; magnetic resonance imaging; neuronal injury; neuron-specific enolase; obesity

Received 2 August 2012; revised 17 September 2012; accepted 6 October 2012


http://dx.doi.org/10.1038/tp.2012.121
mailto:karstenm@cbs.mpg.de
http://www.nature.com/tp

@ Cerebellar and hippocampal neurodegeneration in overweight and obesity
9 K Mueller et a/

2

Table 1 Demographics for subjects included in the MRI-scanning protocol.

Control subjects Overweight and obese Control versus overweight/obese
(BMI< 25) subjects (BMI> 25) Subjects P-values
N 16 (6 female/10 male) 27 (15 female/12 male)

BMI (kgm~2; mean £ s.d.; range)
age (years; mean + s.d.; range)
NSE (ug!~'; mean+s.d.; range)

22.5+2.0 (18.5-24.9)
24.8+ 3.0 (20-34)
8.4+1.7 (5.3-11.3)

33.0 6.4 (25.3-50.7) P<0.000001
26.4+5.4 (19-41) NS (P=0.28)
9.1+1.4 (6.9-13.6) NS (P=0.14)

Abbreviatons: BMI, body mass index; MRI, magnetic resonance imaging; NSE, neuron-specific enolase; NS, not significant.

included in the study. Demographic details are shown in
Table 1. The study was approved by the ethics committee of
the University of Leipzig adhering to the Declaration of
Helsinki. All subjects provided written informed consent.

Measurements. MRI: Scanning was performed with a
3-Tesla TIM Trio Scanner (Siemens, Erlangen, Germany).
High-resolution anatomical images were acquired using a
T1-weighted 3D magnetization-prepared rapid gradient
echo (MPRAGE) sequence with selective water excitation
and linear phase encoding.’® Scanning was done using a
sagittal slice orientation with the following imaging para-
meters: T/I=650ms; TR=1300ms; TE=3.5ms; alpha=10°;
bandwidth=190Hz per pixel; image matrix=256 x 240;
FOV=256mm x 240mm;  spatial  resolution=1mm x 1
mm x 1 mm; 2 acquisitions.

Serum NSE: Blood samples were collected on the day of
MR scanning and stored at —80°C until assayed. Serum
NSE levels were determined by monoclonal 2-site immuno-
luminometric assays, respectively, in one batch as described
in more detail previously.''®

NSE gene expression: Gene expression was investigated
in the The Allen Human Brain Atlas, a publicly available online
resource of gene expression (www.brain-map.org). It char-
acterizes gene expression in human brain tissue with
genome-wide microarray-based gene expression profiles
including over 62000 gene probes for 500 samples from
each hemisphere covering the whole brain. Microarray
analysis data, normalized across each individual brain, are
included in the Allen Human Brain Atlas data set and
illustrated in heat map format as Zscores. Zscores represent
individual regional gene expression normalized to whole brain
expression of that gene. To date (search conducted on the 17
July 2012), three subjects without a history of neuropsychia-
tric or neurological conditions are contained in the database
(age 57, 24 and 39 years; all male). Note that these subjects
were not included in our imaging study. NSE is coded in the
Allen Human Brain Atlas as enolase 2 (gamma, neuronal)
(ENO2), which is a synonym and, hence, describes the same
enzyme. Gene expression of NSE was analyzed in two
probes in the Allen Human Brain Atlas. We report and
analyzed both probes to ensure high validity of the data—
described as NSE-1/probe 1 or NSE-2/probe 2 in Figure 4
(Probe 1 A_24_P236091, sequence TTCATTCATCCCATTA
ATCATTTCCCCATAACTCAATGGCCTAAAACTGGCCTG
ACTTGG; Probe 2 CUST_15875_PI1416261804, sequence
ATCGTGATGGCAAATATGACTTGGACTTCAAGTCTCCC
ACTGATCCTTCCCGATACATCA). Detailed information for
subjects included and analysis methods is available at
www.brain-map.org. To calculate mean values of normalized
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expression in brain regions of interest we extracted normal-
ized Zscores from the database for each individual and region
of interest. Thereafter, expression values were compared
using two-tailed Student’s t-tests against O to investigate
significant changes in expression compared with whole brain
and thereafter tested with paired Student’s t-tests to compare
expression between different brain regions.

Analysis. Structural T71-weighted images were processed
with the VBM8 toolbox (dbm.neuro.uni-jena.de/vbm/) using
SPM8 (Wellcome Trust Center for Neuroimaging, UCL,
London, UK) and Matlab 7 (Mathworks, Sherborn, MA,
USA). Pre-processing included bias-field correction, seg-
mentation and normalization to the standard MNI (Montreal
Neurological Institute) space including modulation to account
for local compression and expansion during transformation.
GM density was obtained using the normalized and
modulated GM segmentations. Subsequently, images were
smoothed with a Gaussian kernel of 8 mm full width at half
maximum (FWHM). GM density values and serum NSE
concentrations were correlated using age, total GM volume
and the serum soluble leptin receptor (sObR) level repre-
senting sensitivity of tissue to leptin, a hormone closely
associated with obesity"®'” as covariates in the general
linear model. In a second approach, we repeated the
analysis without sObR as a covariate. We further assessed
the interaction between BMI and NSE using both groups of
subjects within a full-factorial design. Clusters were obtained
using a voxel-threshold of P<0.005, and the anatomical
localization of significant clusters (P<0.05, false discovery
rate (FDR)-corrected) was investigated with the SPM
Anatomy toolbox. To calculate mean values of normalized
gene expression of NSE in brain regions of interest we
extracted normalized Z scores from the Allen Human Brain
Atlas database for each individual and region of interest.
Thereafter, expression values were compared with two-tailed
Student’s t-tests.®

Results

In the group of overweight and obese subjects, we found a
negative correlation between GM density values and serum
NSE concentrations in the left and right cerebellum (Figure 1,
middle row). In this region, an increased body weight was
associated with decreased GM density values accompanied
with elevated serum NSE concentrations. Note that NSE
serum levels were in the normal range in all of our subjects
(Table 1) as the upper limit of the normal range was
determined as 18.3ugl~" in our test system in agreement
with the literature.'®
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p < 0.005

Negative correlation between GM density and serum NSE detected in a set of lean (BMI < 25) and overweight and obese (BMI > 25) participants, color coded in

red/yellow, using a voxel threshold of P<0.005 and a cluster threshold of P<0.05, FDR-corrected. In the group of 27 overweight and obese subjects, we found a significant
negative correlation between GM density and serum NSE concentration in the left and right cerebellum (middle row). Such a negative correlation was also detected bilaterally
in the medial temporal lobe (see middle row, axial view). For the control group we were not able to show a negative correlation between GM density and NSE levels in the
cerebellum (top row). The interaction contrast between both factors of body weight and NSE shows the difference between lean and non-lean subjects with respect to the
negative correlation between GM density and NSE (bottom row). In that interaction contrast, both cerebellar clusters remained significant showing the negative correlation

between GM density and NSE specific to overweight and obese subjects.

Using the SPM Anatomy toolbox, local maxima of both
cerebellar clusters were assigned to lobule Vlla Crus | (Hem)
(for details, see Figure 2, top row and Table 2). We also
observed a negative correlation between GM density and
serum NSE concentration in the left and right medial temporal
lobe, which were assigned to the entorhinal cortex (Figure 2,
bottom row and Table 2). In the control group of lean subjects,
we detected a negative correlation between GM density and
serum NSE concentration in the temporal lobe in the left
hemisphere (see Figure 1, top row). However, the maxima
within that cluster were not assigned to a specific homo-
genous anatomical region within the SPM Anatomy toolbox.

The interaction contrast between both factors of body
weight and NSE showed the difference between lean and
non-lean subjects with respect to the negative correlation
between GM density and NSE concentration: in that interac-
tion contrast, both cerebellar clusters remained significant
showing the negative correlation between GM density and
NSE specific for overweight and obese subjects (Figure 1,
bottom row). Figure 3 depicts this interaction between BMI
and NSE concentration within the cerebellum as a dot-plot,
revealing the relationship between GM density and NSE
concentration to differ with BMI category.

Figure 4 illustrates normalized Z scores for gene
expression of NSE in the whole human brain. To identify
brain regions with increased expression in comparison to
whole brain, we calculated mean values for each region
across the three subjects in the database (see top bar chart in
Figure 4) and compared these values against 0 with a
Student’s t-test. One-tailed P is reported, because we
expected higher expression in the cerebellum according to
Herculano-Houzel."® Moreover, we report only regions that
showed significant changes for both NSE probes to guarantee
a high consistency.

Brain regions with significantly increased normalized
gene expression included the frontal and parietal lobes,
the claustrum and cerebellar cortex, whereas gene expres-
sion of NSE was significantly reduced in the white
matter (Figure 4). For these regions gene expression was
highest in the claustrum followed by the cerebellar cortex in
probe 1 (1.03 £ 0.44 and 0.92 + 0.28) and probe 2 (0.99 + 0.33
and 0.79+0.35) without significant differences for gene
expression between both brain regions (P=0.40, P=0.53
for probe 1 and 2, respectively; paired two-tailed Student’s
ttest). Cerebellar gene expression of NSE was higher
than in the white matter (P=0.003/P=0.014), without
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Figure 2 Anatomical localization of GM density decrease accompanied with an increase of serum NSE concentration in overweight and obese subjects.
Significant negative correlation between GM density and NSE was detected in hippocampal and cerebellar regions using a voxel threshold of P<0.005 and a cluster
threshold of P<0.05, FDR-corrected, color coded in red/yellow. Using the SPM Anatomy toolbox, both cerebellar clusters were assigned to Lobule Vila
Crus | (Hem) (top row, color coded in red/yellow, see also Table 2). Both clusters located in the medial temporal lobe were assigned to the left and right entorhinal

cortex (bottom row).

Table 2 Spatial localization of significant clusters showing a negative correlation between GM density and serum NSE concentration for the group of 27 overweight
and obese subjects (BMI>25) with a voxel threshold of P<0.005 and a cluster threshold of P<0.05, FDR-corrected

Prpr X y z Hem T Assigned to Probability (%) Range (%)
0.017 —28 —16 —36 L 5.27 Hippocampus (EC) 80 (50-100)
—28 3 —38 L 419 Hippocampus (EC) 40 (20-60)
-27 14 —45 L 3.67 — — —
0.033 30 - 16 -39 R 4.49 — — —
27 4 —38 R 4.28 Hippocampus (EC) 90 (60-100)
24 —-17 —28 R 4.22 Hippocampus (EC) 100 (80—-100)
0.003 —32 —60 —33 L 5.29 Cerebellum, Lobule Vlla Crus | (Hem) 75 (59-86)
—52 —54 —38 L 3.79 Cerebellum, Lobule Vlla Crus | (Hem) 94 (91-100)
—45 —46 —44 L 3.40 Cerebellum, Lobule Vlla Crus | (Hem) 56 (56-78)
0.000 56 - 63 —-32 R 6.01 Cerebellum, Lobule Vlla Crus | (Hem) 86 (61-100)
54 —60 —47 R 5.99 Cerebellum, Lobule Vlla Crus | (Hem) 74 (73-83)
36 —64 —33 R 5.20 Cerebellum, Lobule Vlla Crus | (Hem) 100 (91-100)

Abbreviations: BMI, body mass index; FDR, false discovery rate; GM, gray matter; Hem, Hemisphere; L, left; MNI, Montreal Neurological Institute; NSE, neuron-
specific enolase; Pgpp, cluster-level FDR-corrected P-value; R, right; x,y,z, MNI coordinates.

Anatomical localization was obtained using the SPM Anatomy toolbox. Right columns show the probability of finding the assigned anatomical structure with the local
cluster maximum. Range shows the range of those probabilities including the surrounding voxels.

significant differences to gene expression in the frontal
or parietal lobe (P=0.14, 0.31/P=0.22, 0.47 again for probe
1 and 2).

Finally, we analyzed gene expression of NSE in cerebellar
sub-regions (bottom bar chart in Figure 4; data were from
both NSE probes, because data were not available for
some sub-regions in single subjects): gene expression was
significantly increased in vermis (lobules Ill, V, VI, VIIA and
VIIB) and cerebellar lobules IlI, 1V, V, VI, VIIB, VIIIA, VIIIB,
Crus | and Il, dentate nuclei and significantly decreased in
globose nuclei.
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Discussion

In summary, we found that in overweight and obese young
adult subjects, reduced GM correlates with increased serum
NSE levels. The brain regions revealing GM density to
correlate with serum NSE concentration in the overweight/
obese group include bilateral hippocampal areas (Figure 1,
middle row), as well as bilateral cerebellar areas (Figure 1,
bottom row). In the control group, we found a negative
correlation between GM density and NSE in the temporal lobe
for the left hemisphere (Figure 1, top row). The interaction
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Figure 3 Interaction between both factors of NSE and BMI in the right
cerebellum. Filled circles (red: BMI> 25; blue: BMI < 25) show fitted GM density
representing the interaction between NSE and BMI, while dots show fitted
GM density including the error term of the general linear model. Thus, the dots
show original GM density values adjusted for the confounds of age and total GM
volume. For the spatial localization of the NSE and BMI interaction, see Figure 1,
bottom row.

between body weight and NSE revealed a significant
difference between groups for both hippocampal and cere-
bellar clusters (Figure 2). In the right cerebellum, we found the
relationship between GM density and NSE to be determined
by weight category (Figure 3). Interestingly, whole brain gene
expression of NSE was highest in the cerebellum in healthy
subjects of another cohort (Figure 4), although this finding has
to be replicated if a higher number of subjects is available in
the Allen Human Brain Atlas database.

This is the first study to examine indicators of brain atrophy
in a combination of blood biomarkers with a neuroimaging
design. One other structural MRI study has investigated the
relationship between heightened BMI and brain atrophy in
adults; in a voxel based morphometric (VBM) MRI study,
Pannacciulli et al.,'® showed a negative association between
BMI and GM density of the left post-central gyrus in obese
subjects. However, they also found higher BMI to correlate
with increased GM density in some brain regions, and
concluded that the exploratory nature of their study design
did not allow for valid interpretation regarding the nature of
these differences of brain morphology in obesity. This
limitation can be partly overcome by detection of serum
markers specific for neuronal damage; the negative correla-
tion between GM density and serum NSE concentration we
found in overweight and obese subjects suggests a potential
structural damage of neuronal brain cells.

In rodents, it has been demonstrated that the induction of an
obesity phenotype can lead to impaired structural integrity of
the hippocampus via downregulation of hypothalamic insulin
receptors.?° This model of deficits in hippocampal plasticity in
combination with compromised leptin signaling following
symptoms of a metabolic syndrome?® may provide a theoretic
framework for the preclinical cognitive impairment observed in
obesity. Our data extend results from a cohort study revealing
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Figure 4 Expression of NSE in the human brain. Individually normalized gene
expression is shown in Z scores normalized to whole human brain expression. (a)
Heat map across the whole human brain and for each of the three subjects beside
each other, where green indicates low and red high expression. For the cerebellum
cortex (C) and nuclei (N) are separated. Bars represent mean normalized gene
expression £ s.d. across three male subjects for (b) the whole brain and (c)
cerebellar sub-regions. In (a), NSE-1/NSE-2, and in (b), probe 1/probe 2 (white and
black bars, respectively) represent data for the two NSE probes analyzed in the
Allen Human Brain Atlas (see Materials and methods section). In (c), probes 1 and 2
are pooled. Accordingly, white and black color is only used to contrast adjacent bars
here. **P<0.001, **P<0.01, *P<0.05 one-tailed Student’s ttest against 0.
Cereb: cerebellum, Form: formation, Ncl: nucleus.

greater waist-hip ratio to negatively correlate with hippocam-
pal volume in a sample of advanced age that could not be
sufficiently accounted for by vascular factors, such as
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comorbid hypertension and diabetes.?! Given that human
preclinical cognitive impairment has been shown to correlate
with smaller hippocampus size,?22* and that the hippocam-
pus exhibits signs of atrophy in Alzheimer’s disease,?>® our
finding of decreased hippocampal GM to correlate with
heightened NSE levels in obese subjects is the first evidence
in young adults to link obesity with a specific indicator for
neuronal injury in a brain region of particular sensitivity to
neurodegeneration and cognitive decline. Interestingly, trans-
genic mouse models overexpressing tau protein solely in the
entorhinal cortex suggest that neurofibrillary tangles spread to
other connected areas such as the dentate gyrus, Cornu
Ammonis (CA) fields of the hippocampus and cingulate
cortex.?’

We further found the decrease of GM density to reveal a
significant difference between groups for the interaction
between body weight and NSE levels in the bilateral
cerebellum. We acknowledge the limitation that this finding
could reflect a higher signal-to-noise ratio rather than a true
signal due to the cerebellum containing the majority of all brain
neurons regardless of brain size (for review, see Herculano-
Houzel'®). However, gene expression data obtained from the
Allen Brain Atlas clearly identify the cerebellum as a brain
structure where NSE is highly expressed (Figure 4) and, thus
highlight the potential heightened sensitivity of the cerebellum
to indicate early processes of subtle axonal injury, regenera-
tion or re-innervation. Second, in line with the model of
compromised neural plasticity in combination with impaired
leptin signaling, GM in the cerebellum has been observed to
correlate with leptin levels in elderly overweight and obese
subjects.?® Interestingly, structural changes in the cerebellum
were also shown in childhood obesity leading to reduced
cerebellar volume.?® Our findings can thus be interpreted as a
confirmation of the vulnerability of the cerebellum to neuronal
injury linked with obesity in young adulthood.

Specifying the clinical consequences of cerebellar injury in
overweight/obesity, sub-regional information for the cerebel-
lum is of particular interest. Our analysis identified two sub-
regions as mainly impaired—Lobule Vlla and Crus I. As
discussed recently by Stoodley and Schmahmann® these
lateral structures are part of the neocerebellum that has
expanded massively through evolution together with cerebral
association areas. Of particular interest to the interpretation of
our current findings, lobule VII and Crus | represent parts of
the cognitive cerebellum, whereas areas assigned to the
sensorimotor and limbic (or emotional) cerebellum did not
reveal any GM density changes in our data set. Lesions of the
cognitive cerebellum lead to cognitive impairments via
disruption of cerebellar modulation of cognitive loops with
cerebral association areas. Impairments include a range of
executive, spatial and linguistic deficits. Interpreting these
cerebellar GM density changes in the context of the
hippocampal findings, one might speculate that overweight/
obesity in young age could contribute to the heightened
vulnerability brain regions, that host cognitive function, exhibit
to neurodegeneration in later life, such as observed in
Alzheimer’s disease.

A very recent study has identified aerobic exercise as a
significant beneficial factor for maintenance of cognitive
function and integrity of brain structure vulnerable to
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obesity-related decline in older adults.*' The data of our
present study highlight the importance of extending this line of
work in young overweight and obese adults to maximize
the potential benefits of such a fitness regimen on brain
plasticity and to further explore this promising strategy to
maintain optimal cognitive function. Our study suggests the
inclusion of serum biomarkers to validate imaging findings in
future studies.
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