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Abstract

Plasma levels of insulin-like growth factor binding protein-2 (IGFBP-2) have been associated with
Alzheimer's disease (AD) and brain atrophy. Some evidence suggests a potential synergistic effect
of IGFBP-2 and AD neuropathology on neurodegeneration, while other evidence suggests the
effect of IGFBP-2 on neurodegeneration is independent of AD neuropathology. Therefore, the
current study investigated the interaction between plasma IGFBP-2 and cerebrospinal fluid (CSF)
biomarkers of AD neuropathology on hippocampal volume and cognitive function. AD
Neuroimaging Initiative data were accessed (/7=354, 75+7 years, 38% female), including plasma
IGFBP-2, CSF total tau, CSF Ap-42, MRI-quantified hippocampal volume, and
neuropsychological performances. Mixed effects regression models evaluated the interaction
between IGFBP-2 and AD biomarkers on hippocampal volume and neuropsychological
performance, adjusting for age, sex, education, APOE e4 status, and cognitive diagnosis. A
baseline interaction between IGFBP-2 and CSF Ap-42 was observed in relation to left
(t(305)=-6.37, p=0.002) and right hippocampal volume (t(305)=-7.74, p=0.001). In both cases,
higher IGFBP-2 levels were associated with smaller hippocampal volumes but only among
amyloid negative individuals. The observed interaction suggests IGFBP-2 drives
neurodegeneration through a separate pathway independent of AD neuropathology.
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1. Introduction

The most common neuropathological presentation of Alzheimer's disease (AD) is a mixed
pathology which includes plaques, tangles, and cerebrovascular disease (Schneider,
Arvanitakis, et al., 2007; Schneider & Bennett, 2010; Troncoso et al., 2008). Thus, it is not
surprising that vascular risk factors have been associated with incident AD (Kivipelto et al.,
2002) and type-2 diabetes in particular has been associated with a two-fold higher risk of
incident AD (Sims-Robinson et al. 2010). There is some evidence that diabetes may have a
direct effect on the AD neuropathological cascade. Multiple interacting pathways between
insulin signaling and AD neuropathology have been identified, including insulin-related
alterations in glycogen synthase kinase 3 (a known tau kinase) and insulin-related alterations
in amyloid clearance via insulin degrading enzyme (for review see Stanley, Macauley, &
Holtzman, 2016). Moreover, insulin and its receptors are highly expressed in brain regions
relevant to AD pathogenesis, including the medial temporal lobe, and play an important role
in episodic memory functioning (McNay & Recknagel, 2011), suggesting that insulin
abnormalities may be particularly damaging in the presence of co-occurring AD
neuropathology. Yet, other findings suggest diabetes and insulin abnormalities drive
neurodegeneration through an independent pathway. Autopsy findings, for example, indicate
that the increased risk of clinical AD associated with type-2 diabetes is driven by
cerebrovascular pathology rather than amyloid plaques or tau tangles (Abner et al., 2016;
Ahtiluoto et al., 2010, Arvanitakis et al., 2006).

One pathway implicated in the interaction between insulin and AD neuropathology is the
insulin-like growth factor (IGF) signaling pathway (Laviola et al., 2007). This pathway
includes IGFs, IGF receptors, and IGF binding proteins (IGFBPSs). IGFs promote
hippocampal survival in the presence of neurotoxins (Dore et al., 1997), including the
amyloid-p peptide (Wei et al., 2002). However, IGFBPs restrict the availability of IGFs,
reducing their neuroprotective effects (Mackay et al., 2003). Peripheral levels of both IGF-1
(Westwood et al., 2014) and IGFBP-2 (Doecke et al., 2012) have been associated with an
increased risk of clinical AD. Additionally, there is growing evidence that of the six high-
affinity IGF-binding proteins, IGFBP-2 may have a specific role in AD pathophysiology.
Individuals with AD have elevated levels of cerebrospinal fluid (CSF) and plasma IGFBP-2
compared to cognitively normal older adults (Doecke et al., 2012; Hu et al., 2012; O'Bryant
et al., 2010; Toledo et al., 2013), and plasma levels of IGFBP-2 are associated with a
pronounced AD-like pattern of brain atrophy (Toledo et al., 2013). In the context of such
neurodegeneration, Toledo et al. 2013 noted that plasma IGFBP-2 levels correlate with CSF
total tau levels; thus IGFBP-2 may drive neurodegeneration by exacerbating IGF-1 signaling
defects among individuals with AD neuropathology. However, a second alternative
hypothesis is that the role of IGFBP-2 does not depend on the presence of AD
neuropathology per se, but rather promotes neurodegeneration through a non-AD
neurotrophic signaling pathway.

The current study will therefore assess the potential synergistic effect of plasma IGFBP-2
levels and CSF biomarkers of AD neuropathology. First, we extend previous work (e.g.,
Toledo et al., 2013) by assessing the association between IGFBP-2 and AD-relevant
outcomes, including hippocampal volume, episodic memory function, and executive
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function. Second, we assess the interaction between CSF biomarkers of AD neuropathology
and IGFBP-2 on these same AD-relevant outcomes. We hypothesize that, similar to effect of
vascular risk factors (Hohman et al., 2015), IGFBP-2 acts through a non-AD pathway and
thus will show the strongest association with hippocampal volume, episodic memory
performance, and executive function performance among biomarker negative individuals.

2. Methods and Materials

2.1 Participants

Participant data were drawn from the Alzheimer's Disease Neuroimaging Initiative (ADNI;
http://adni.loni.ucla.edu/) launched in 2004 to examine neuroimaging biomarkers in the
progression of MCI and AD. The original ADNI study enrolled approximately 800
participants, aged 55-90 years, excluding history of serious neurological disease other than
AD (e.g., Parkinson's disease, epilepsy, multiple sclerosis), brain lesion (e.g., infarction),
head trauma, or psychoactive medication use. For full inclusion/exclusion criteria see http://
www.adni-info.org. Informed written consent was obtained from all participants at each site,
and analysis of ADNI's publicly available database was approved by the Vanderbilt
University Medical Center Institutional Review Board prior to data analysis.

Data for the present study were accessed on 06/01/2015 and limited to ADNI 1 cohort
participants with available structural 1.5T neuroimaging, plasma IGFBP-2 and CSF
IGFBP-2, CSF AD biomarker, and neuropsychological data. After excluding participants
who did not pass the quality control procedures (defined in detail below), these restrictions
resulted in a baseline sample size of 354 participants for the current study.

2.2 Cognitive Diagnostic Classification

Normal cognition was defined as a) a Mini-Mental State Examination (MMSE; Folstein et
al., 1975) score between 24 and 30, b) a Clinical Dementia Rating (CDR; Morris, 1993)
global score of 0 (no dementia), c) preserved activities of daily living, and d) not meeting
MCI or dementia criteria as described below. MCI was based upon the Petersen criteria
(Petersen, 2004; Winblad et al., 2004) and defined as a) MMSE score between 24 and 30, b)
a memory complaint by participant, informant, or clinician, c) objective memory impairment
as measured by education-adjusted scores on the Wechsler Memory Scale-Revised Logical
Memory 11, d) a CDR<0.5, e) relatively spared activities of daily living, and f) not meeting
criteria for AD. AD was defined as a) MMSE score between 20 and 26, b) CDR of 0.5 or
1.0, c) objective cognitive impairment (i.e., performances falling 1.5 standard deviations
below the age-adjusted normative mean) in at least two cognitive domains (i.e., memory,
language, attention or executive functioning), (d) impairment in activities of daily living
directly attributable to cognitive decline; and e) meeting NINCDS/ADRDA criteria for
probable AD (McKhann et al., 1984).

2.3 Plasma IGFBP-2

Overnight fasting plasma samples were drawn during the baseline study visit and analyzed
as part of the Biomarkers Consortium Plasma Proteomics Project Rules Based Medicine
(RBM) multiplex data with the Luminex xXMAP platform by Myriad Rules-Based Medicing,
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which uses a flow-based laser apparatus and fluorescent polystyrene microspheres to detect
biomarker concentrations. The number of analytes in each panel is limited by dynamic
range, matrix interference, and cross-reactivity, and the actual combination of analytes in a
panel is proprietary to RBM. Each plate is run in triplicate to ensure high quality results.
Plasma IGFBP-2 levels were measured as part of analyte panels following strict quality
control procedures that included exclusion of analytes with more than 10% missing or more
than 10% recorded below the detectable assay limit, imputation of variables with less than
10% missing, removal of outliers, and transformation to normal distributions. The IGFBP-2
assay has a least detectable dose of 1.2ng/mL and a lower assay limit of 0.27ng/mL. The
least detectable dose is considered the lowest reliable level for the assay, and anything lower
is associated with greater error. All IGFBP-2 levels were greater than the least detectable
dose (1.48-2.56ng/mL). IGF-1 was measured by ADNI but failed to pass quality control
procedures and therefore was not used in these analyses. IGF-2 was not measured by ADNI,
so was unavailable for analysis. Further details regarding the plasma analysis can be found
at: http://adni.loni.usc.edu/wp-content/uploads/2010/11/
BC_Plasma_Proteomics_Data_Primer.pdf and http://adni.loni.usc.edu/wp-content/uploads/
2010/12/BC-Plasma-Proteomics-Analysis-Plan.pdf.

2.4 CSF Protocol

Overnight fasting CSF samples were drawn during the baseline study visit according to the
standard ADNI protocol. Full procedural details can be found at: http://www.adni-info.org/
Scientists/ ADNIStudyProcedures.html.

AB-42 and total tau were measured using the XMAP Luminex platform and Innogentics/
Fujirebio AlzBio3 immunoassay kits following study protocol at University of Pennsylvania
that utilizes standard manufacturer procedures (Kang et al., 2012; Olsson et al., 2005; Shaw
etal., 2011, 2009). Quality control procedures included retesting of a subset of the samples
to ensure reproducibility of results. Ap-42 and tau were treated as continuous variables in all
statistical models. For illustration, biomarker positivity was defined based on previously
established cut-points of AB-42 < 192 (amyloid positive) and total tau = 93 (tau positive,
Jagust et al., 2009).

For our secondary analyses, CSF IGFBP-2 was analyzed for a subsample of 298 individuals
as part of the Biomarkers Consortium Project with the Luminex immunoassay developed by
Myriad RBM (http://www.rbm.myriad.com). Analysis and quality control procedures were
the same as those procedures used for plasma analysis. Further details regarding the CSF
analysis can be found at: http://adni.loni.usc.edu/wp-content/uploads/2012/01/2011Dec28-
Biomarkers-Consortium-Data-Primer-FINAL1.pdf.

2.5 Neuroimaging Quantification of Hippocampal Volume

Brain MRI was captured at baseline and at each subsequent visit on a 1.5T MRI using a T1-
weighted sagittal volumetric magnetization rapid gradient echo sequence (1.25mm x
1.25mm x 1.20mm) following the ADNI protocol (Jack et al., 2008) standardized across
ADNI sites (Wyman et al., 2013). FreeSurfer Version 4.4 was utilized for cortical
reconstruction and volumetric segmentation of the hippocampus and intracranial volume
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(http://freesurfer.net/; Dale et al., 1999; Desikan et al., 2006; Fischl et al., 1999a, 1999b;
Reuter et al., 2012). Hemispheric hippocampal volumes were examined independently to
account for any asymmetrical differences (Shi et al., 2009).

2.6 Neuropsychological Assessment

A neuropsychological protocol was administered at baseline and each subsequent visit
capturing multiple cognitive domains (for details, see http://adni.loni.usc.edu/wp-content/
uploads/2010/09/ADNI_GeneralProceduresManual.pdf). Domain composite scores were
used for episodic memory (Crane et al., 2012) and an inclusive model of executive function
(Gibbons et al., 2012). These composites were previously derived using confirmatory factor
analysis at baseline and subsequent longitudinal evaluations and are available for download
from the ADNI website. The episodic memory composite is comprised of scores from the
Rey Auditory Verbal Learning Test, AD Assessment Scale Cognitive Subscale, 3 word recall
portion of the MMSE, and Logical Memory | and I1. The executive composite is comprised
of scores from Trail Making Test Parts A and B, Digit Span Backward, Digit Symbol,
Animal Fluency, Vegetable Fluency, and Clock Drawing Test. The executive function
measure was designed to be inclusive of all ADNI tests measuring some aspect of executive
function, rather than only frontal lobe function, to capture any AD-associated impairment
(Gibbons et al., 2012). For the current study, composite scores were chosen over item-level
analysis to reduce the number of comparisons.

2.7 Statistical Analyses

R Version 3.0.1 (http://www.r-project.org/) was used for all analyses. First we evaluated
baseline demographic characteristics in relation to plasma IGFBP-2 using a single linear
regression model with age, sex, education, diagnosis, Ap-42, tau, and APOE e4 status set as
predictors, and plasma IGFBP-2 levels set as the outcome. Additional analyses evaluated
demographic differences across diagnostic categories (Table 1). Significance for descriptive
comparisons was set a priori as a.=0.05.

For hypothesis testing, mixed effects regression tested the baseline and longitudinal
associations between plasma IGFBP-2 and left hippocampal volume, right hippocampal
volume, episodic memory performance, and executive function performance. A Bonferroni
correction was applied to account for multiple comparisons (0.05/24 comparisons resulting
in a family-wise error rate of a=0.002). To test the association between plasma IGFBP-2 and
baseline outcomes, the mixed model fixed effects included the intercept, baseline age,
education, sex, baseline diagnosis, APOE &4 status, time interval and intracranial volume (as
appropriate for brain MRI analyses). Random effects included intercept and time interval. To
test the association between plasma IGFBP-2 and AD relevant outcomes over time, models
included the interaction between plasma IGFBP-2 and time interval as an additional fixed
effect model term.

Next, mixed effects regression models tested the interaction between plasma IGFBP-2 and
CSF AD biomarkers (Ap-42 and tau) on baseline and longitudinal left hippocampal volume,
right hippocampal volume, episodic memory performance, and executive function
performance. Baseline models included the same fixed and random effects reported above
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with an additional plasma IGFBP-2 x CSF biomarker interaction term. Longitudinal models
included a three-way plasma IGFBP-2 x CSF biomarker x time interval interaction and also
included the relevant lower-order two-way interaction terms.

Supplemental analyses were performed in which plasma IGFBP-2 levels were replaced with
CSF levels of IGFBP-2 to assess potential differences across biological fluids.

3.1 Participant Characteristics

Age (F(1,344)=40367, p<0.001 was associated with plasma IGFBP-2 levels. Sex, education,
AB-42, tau, and APOE e4 status were not associated with plasma IGFBP-2 levels (all p-
values>0.05). We also observed an association between baseline diagnosis and plasma
IGFBP-2 (F(2, 347)=12.34, p<0.001) whereby MCI individuals had the highest plasma
IGFBP-2 levels compared to individuals with NC or AD.

3.2 Main Effect of Plasma IGFBP-2

After correction for multiple comparisons, plasma IGFBP-2 was unrelated to all baseline
and longitudinal outcomes. We did observe nominal associations between plasma IGFBP-2
and baseline right hippocampal volume (t(345)=-2.31, p=0.02; see Table 2) and baseline
episodic memory performance (t(346)=-2.06, p=0.04; see Table 2), such that higher plasma
IGFBP-2 was associated with smaller hippocampal volumes and worse episodic memory
performance.

3.3 Interaction between Plasma IGFBP-2 and AD Biomarkers

In biomarker interaction analyses, plasma IGFBP-2 interacted with Ap-42 levels on both left
(t(343)=-3.14, p=0.002) and right hippocampal volume (t(343)=-3.70, p=0.0002, see Table
2). Both interactions remained statistically significant after correction for multiple
comparisons. In both cases, plasma IGFBP-2 was associated with smaller hippocampal
volumes but only in those individuals with higher AB-42 levels (i.e., less biomarker evidence
of AD pathology; see Figure 1). We also observed a nominal interaction between plasma
IGFBP-2 and tau on executive function performance (t(1689)=2.08, p=0.04) that did not
survive correction for multiple comparisons. There were no additional interactions between
plasma IGFBP-2 levels and Ap-42 or tau on brain or cognitive outcomes.

In supplemental analyses, CSF IGFBP-2 levels were correlated with plasma levels of
IGFBP-2 (R=0.15, p=0.04). We observed associations consistent with our plasma IGFBP-2
analyses when using CSF IGFBP-2, although no effects survived correction for multiple
comparisons (see Supplemental Table 1).

4. Discussion

The current study investigated the interaction between IGFBP-2 and CSF AD biomarkers on
hippocampal volume, episodic memory performance, and executive function performance.
We observed an interaction between plasma IGFBP-2 and CSF Ap-42 on left and right
hippocampal volume at baseline whereby high IGFBP-2 levels were associated with smaller
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hippocampal volumes among amyloid negative individuals. Our results suggest that the
neurodegenerative effects of IGFBP-2 may act through an independent, non-amyloid
pathway.

The present results have important clinical implications, as findings highlight the effect of
IGFBP signaling among amyloid negative individuals. In previous work leveraging both
ADNI data and autopsy data from the National Alzheimer's Coordinating Center (NACC),
we observed a comparable interaction between the Framingham Stroke Risk Profile and CSF
biomarkers of AD neuropathology whereby the effect of vascular risk on hippocampal
volume and cognition was strongest among individuals who were AD biomarker negative
(Hohman et al., 2015). The results of both the current and previous work support the
possibility that vascular and insulin interventions for cognitive impairment may be most
beneficial among individuals who are AD biomarker negative.

The mechanism underlying the observed IGFBP-2 effect remains somewhat unclear. Among
the 6 known IGF binding proteins, IGFBP-2 is the most abundant in the brain (Hertze et al.,
2014) and has an active role in neural development and neuroprotection through IGF
signaling. The lack of an association between IGFBP-2 and hippocampal volume among
amyloid positive individuals suggests that any neuroprotective effects of IGFBP-2 may be
overwhelmed by the neurodegenerative effects of AD neuropathology. Unfortunately, the
present project was unable to evaluate IGF-1 or IGF-2 signaling that likely partially or fully
mediates the effects of IGFBP-2 on neurodegeneration and cognitive decline. There is
evidence that the neurotrophic effects of IGFs protect neurons against amyloid toxicity
(Dore et al.,1997), so without direct measurement of IGF it remains possible that
interactions between IGFs and amyloid result in an altered or reduced effect of IGFBP-2 in
the presence of high levels of amyloid. Co-measurement of peripheral and central levels of
IGFs and IGFBPs will be necessary to further elucidate the mechanisms of the interactions
observed in the current study.

In contrast to previous reports (Hertze et al., 2014; Hu et al., 2012; Tham et al., 1993), we
observed higher plasma IGFBP-2 levels in individuals with MCI compared to those with NC
and AD. Previous analyses did not assess MCI or collapsed MCI and AD into a single
group, so it is unknown whether the diagnostic group differences seen here were similarly
present in these previous cohorts. A second possibility is that, due to eligibility restrictions
limiting overt cerebrovascular disease in the ADNI cohort, the sample of AD patients here
underrepresents the prevalence of co-occurring cerebrovascular disease that likely underlies
previously observed IGFBP-2 effects. Such a selection bias may also reduce our ability to
detect IGFBP-2 effects within amyloid positive participants, leaving open the possibility of a
synergistic effect between IGFBP-2 and AD biomarkers on neurodegeneration within more
representative cohorts.

The current study has a number of strengths. First, by utilizing the ADNI cohort, we had
access to a number of factors that could be related to IGFBP-2, including a well
characterized cohort of participants, plasma and CSF markers of IGFBP-2 and CSF
biomarkers of AD, neuroimaging variables, and cognitive assessments. Few other cohorts
would allow for such an in-depth assessment of a single factor in human models.
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Additionally, we were able to expand upon prior work (Royall et al., 2015; Toledo et al.,
2013) and demonstrate an important interaction between IGFBP-2 and AD biomarkers.
Despite these strengths, there are a few weaknesses related to the current study. First, the
generalizability of the ADNI cohort is limited given the predominantly Caucasian and well-
educated participant sample. Second, ADNI's methodological design was intended to
support therapeutic discovery and the absence of repeat CSF or plasma IGFBP-2 levels
precluded examination of longitudinal changes in IGFBP-2. It is important for future work
to investigate such longitudinal associations to characterize relations between IGFBP-2 and
brain aging.

In conclusion, our results demonstrate that IGFBP-2 levels are related to neurodegeneration,
particularly among amyloid negative individuals. IGFBP-2 may therefore be an important
factor in predicting neurodegeneration through one or more non-AD pathological pathways.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
. IGFBP-2 and AD biomarkers interact on hippocampal volume
. Higher IGFBP-2 relate to smaller hippocampi among amyloid negative
individuals
. The effects of IGFBP-2 may drive neurodegeneration through independent,

non-AD pathways
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Figure 1. Hippocampal Volume and Plasma IGFBP-2 by AB-42 Biomarker Status
Transformed plasma Insulin-like growth factor binding protein-2 (IGFBP-2; box-cox

transformation) levels are on the x-axis, left (panel A) and right (panel B) hippocampus

volume is on the y-axis.

Points and lines are colored based on amyloid positivity as

previously defined in ADNI where CSF AB-42 <192 is classified as “Amyloid Positive” and
CSF AB-42 > 192 is classified as “Amyloid Negative”. Grey shading represents the 95%
confidence intervals. There is a negative association between increasing levels of IGFBP-2

Brain Imaging Behav. Author manuscript; available in PMC 2018 December 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Lane et al.

Page 14

and hippocampal volume among amyloid negative individuals. Amyloid groupings are for
illustration purposes only.
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Table 1
Participant Baseline Characteristics
Total NC MCI AD p-value
n=354 n=58 n=197 n=99

Age, years 757 75+6 757 75+8 0.87

Sex, % female 38 49 33 43 0 04*

Education, years 1643 16+3 1643 15+3 0.19
0, iti *

APOE, % e4 positive 50 9 52 69 <0.001
Plasma IGFBP-2, ng/mL 101457 85+43 115469 84+23 <0.001*

CSF IGFBP-2, ng/mL 104+19 101+16 105+19 103£19 0.34
Tau, pg/mL 101454 65+22 101453 122458 <0.001*
PR N

Tau Positive, % 46 17 45 64 <0.001
AB-42, pg/mL 170+59 249+25 162454 143+59 <0 001*
ApB-42 Positive, % 68 2 75 91 <0 001*
Left Hippocampal Volume, mm3 31214595  3641+427 31254546  2856+589 <0 001*
Right Hippocampal Volume, mm3 ~ 3160+610  3686x473  3170£573  2879+618 <0 001*
Episodic Memory Composite -0.16+£0.77 0.87+0.46 -0.13+0.57 -0.16+0.77 <0 001*
Executive Function Composite -0.18+0.91 0.70+0.57 -0.06+0.74 -0.18+0.91 <0 001*

Note: Data presented as mean and standard deviation or frequency

*
p<0.05
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