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ABSTRACT

Research of the human brain metabolismivo has largely focused on total glucose use (via FHEJ)
and, until recently, did not examine the use otghe outside oxidative phosphorylation which isvkno
as aerobic glycolysis (AG). AG supports importamtdtions including biosynthesis and neuroprotection
but decreases dramatically with aging. This mu#icér PET study evaluated the relationship between
AG, total glucose use (CMRGIc), oxygen metabolisbfMRQO;), tau and amyloid deposition in 42
individuals, including those at preclinical and gtomatic stages of Alzheimer disease (AD). Our
findings demonstrate that in individuals with amgldurden, lower AG is associated with higher tau
deposition. No such correlation was observed folRGW or CMRQ. We suggest that aging related loss
of AG leading to decreased synaptic plasticity am&lroprotection may accelerate tauopathy in
individuals with amyloid burden. Longitudinal AG dmD pathology studies are needed to verify
causality.
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INTRODUCTION

Alzheimer disease (AD) is characterized by a lorg0(years) preclinical period during which pathglog
accumulates in the absence of overt clinical symptqPrice et al., 2009). The neuropathological
hallmarks of AD are amyloi@-(AB) plaques and neurofibrillary tangles, which priityaare composed
of hyperphosphorylated tau protein. Disruptionsthie balance of B production and clearance are
considered to be initiating events in a biologicalscade that leads tofAplaque formation and
neurodegenerative tau pathology (Jack et al., 20d8jabolic dysfunction is another pathologicalttea
that occurs early in the disease in humans (Langhetwal., 2009).

Research on glucose metabolism in the brain haséaton total glucose use (CMRGIc) as measured by
fluorodeoxyglucose*{F-FDG) positron emission tomography (PET) and,luatiently (Vlassenko et al.,
2010), did not examine the use of glucose outsidexadative phosphorylation, known as aerobic
glycolysis (AG). AG, a highly investigated featwkcancer metabolism (Lunt and Vander Heiden, 2011;
Vlassenko et al., 2015), in the healthy brain mgypert metabolic functions which includes biosysihe

of glycogen, proteins, lipids and nucleic acidsynoprotection by managing reactive oxygen speaies a
apoptosis; production of lactate, a potential faetl signaling molecule (Suzuki et al., 2011); aast f
local generation of energy for membrane pumps @dako and Raichle, 2015). Recent studies indicate
that AG supports synaptic and neurite formation amdover (Goyal et al., 2014; Goyal et al., 2017,
Shannon et al., 2016). However, total glucose @@RGIc) is largely driven by oxidative metabolism
for synaptic activity and therefore may mask indef@nt information provided by AG.

PET studies with multiple tracers allow measurem@ftAG, glucose (CMRGIc) and oxygen (CMRO
metabolism in the same individual, and may delivarious important details otherwise missed by
conventionaf®F-FDG PET and MRI (Vlassenko et al., 2015). PED afordsin vivo measurements of
AP and tau deposition, which, with quantitative esties of CMRGIc, CMR@®and AG, allows more
explicit evaluation of the pathological progressiompreclinical and symptomatic stages of AD. Heve,
present preliminary findings with PET on the redaship between metabolism, including AG, and tau
pathology. Specifically, we evaluate this relatiopsin a set of brain areas vulnerable to tau hurde
during preclinical AD.

MATERIALS AND METHODS

Participants: A total of 42 individuals (21 men) aged 53-88 yearse recruited from the Washington
University Knight Alzheimer Disease Research CerftedDRC). Forty participants were cognitively
normal. Two participants demonstrated very mild detia due to AD at the time of the study. The 2
symptomatic individuals were newly diagnosed widmentia (~1 year) but had demonstrated brgin A
plaque burden for ~7 years.

All assessments and imaging procedures were apprbyeHuman Research Protection Office and
Radioactive Drug Research Committee at Washingtaivddsity in St. Louis. Written consent was
provided from each participant.

MRI: MRI scans were obtained on Biograph mMR or Trio ($lemens, Erlangen, Germany) scanner
using a 3D sagittal T1-weighted magnetization-prepaiapid gradient-echo (MPRAGE) sequence with 1
mm isotropic resolution.

FreeSurfer 5.3 (http://freesurfer.net) was used to segmeatMIR| into cortical and subcortical regions
of interest (ROIs)(Su et al., 2013). These ROIsewgsed for regional estimation of all PET measures,
including those for brain metabolism, tau and anaytteposition. An average for each of PET measures
was defined for a composite ROI that combines regiknown to accumulate high levels of tau, which
include bilateral entorhinal, amygdala, precuneuerior temporal, inferior and superior parietal,
fusiform and lateral occipital cortex (Gordon et, &016; Johnson et al., 2016; Scholl et al., 2016)
(Figure 1).




Partial volume correction (PVC) of PET data was performed for all PET measuresguie regional
spread function approach (Su et al., 2015).

AG, CMRGIc and CMRO, PET imaging In all individuals, *®F-FDG and'°O PET scans were
performed on a Siemens model 962 ECAT EXACT HR+ BEAnner as described previously (Vaishnavi
et al., 2010; Vlassenko et al., 2010). All subjaatslerwent one FDG scan and two setS0fCO, *°O-
H,0, and®0-O; scans.

FDG scans were performed after injection of ~5 no€CiFDG. Cerebral blood volume (CBV) was
measured with a 5-min emission scan beginning 2 aftr brief inhalation of ~75 mCi ofJ0]CO in
room air. Dynamic scans of 3 min were acquiredraiftgection of ~50 mCi TO]H,O in saline or
inhalation of 60 mCi of fO]O, in room air. The CMR@parametric image was derived from thé¥@
scans and corrected for CBV.

The local-to-global images obtained as describedvabfor CMRGIc, CMRG@, and CBF were
summarized to the FreeSurfer ROIs. These were itindhplied by age-specific literature-based whole
brain estimates for each of the metabolic parars¢@oyal et al., 2014; Goyal et al., 2017).

AG was defined by subtracting the oxidative fractad CMRGlIc, calculated by dividing molar CMRO
by six, from total molar CMRGI (Goyal et al., 2017)

AG = [CMRGIc — (CMRQ = 6)].

Tau PET Imaging: Tau PET imaging was performed usitf§-AV-1451. Participants received a bolus
injection of between 7.2 and 10.8 mCi of AV-1451at® were acquired on a Biograph 40 PET/CT
scanner and converted to standardized uptake vatios (SUVRS) using a cerebellar cortex reference.

Amyloid PET imaging: Amyloid-p PET imaging was performed using either florbetépi= 35) or''C-
Pittsburgh compound B (PIB, n = 7) on a SiemengiBiph mMR. For PIB and florbetapir scans, data
were converted to SUVRs using a cerebellar cortéarence. A PIB mean cortical binding potential of
0.18 has been used to denote amyloid positivityn{ivhi et al., 2006; Vlassenko et al., 2016), and PVC
equivalent PIB SUVR (1.42) and florbetapir SUVR2@). was used (Gordon et al., 2016). Using these
cutoffs the individuals were classified as eitherylid-positive (43", n=13) or amyloid-negative (X,
n=29).

Statistical analysis: Demographic parameters and PET measures wereag@lwith Student t tests or
Chi-Square test as appropriate. Stratifying ourocblnto A3™ and A3~ groups, we used a linear
regression model, adjusted for age, with metabmdiameters (AG, CMRGIc, CMRP predicting tau
deposition. All analyses were performed using IBMSS Statistics v. 24 (IBM Corp., Armonk, NY).
Probability values < 0.05 indicated statisticahgiigance.

RESULTS

Participant demographics and PET results for allpaRicipants are shown in thigable 1 The A"
(n=13) group was older (t=2.612, p=0.013) and edibsignificantly higher tau deposition (t=3.246,
p=0.006).

There was a significant interaction witt Atatus in the entire cohort, such that the ratatiip between
AG and tau deposition was different betweef” An=13) and A~ (n=29) individuals (E3~=7.062,
p=0.012;Figure 2). AB" and A~ individuals did not differ in the relationship leten tau deposition and
CMRGIc (R 37=2.047, p=0.161) and CMRQF; 3=0.146, p=0.704). In & individuals (n=13), there was
a significant relationship between tau depositiond &AG (R 15~6.402, p=0.030), but not CMRGlc
(F116=0.615, p=0,.451) nor CMRO(F; 15~1.892, p=0.199) Kigure 2). No significant correlation
between any of the three metabolic parametersanddposition was demonstrated in tige Aroup.



When restricting analyses to the subset with fltmpie (n=35) to examine continuous levels di, Ao
significant differences were found betweef”Aand A3~ groups in the relationship between AG,
CMRGIc or CMRQ, and A3 deposition; and no significant association wasntbbetween amyloid
burden and metabolic PET measures in any group.

Similar findings were demonstrated after excludihg two symptomatic AD individuals from the
analysis. There was a significant interaction betwag status and the relationship between AG (but not
CMRGIc nor CMRQ) and tau deposition (Bs=7.135, p=0.011). Preclinical AD @A cognitively
normal) individuals (n=11) demonstrated significaglationship between AG {E=6.799, p=0.031) but
not CMRGilc (k g=0.073, p=0.794) nor CMROF; s=1.913, p=0.204) and tau deposition. After exclgdin
the symptomatic individuals there were still nongiigant correlation between florbetapir uptake #@,
CMRGIc or CMRQ in any group, and no significant differences wéend between A" and A3~
groups in these relationships.

DISCUSSION

Our findings demonstrate that in preclinical andyvenildly symptomatic AD individuals, lower AG is
associated with higher tau deposition in vulnerablgions of the brain. This finding is unaffecteg b
adjusting for age (which itself correlates with Adathology and lower AG) and by removing the 2
symptomatic AD individuals in our cohort. No sudtationship was observed for CMRGIc nor CMRO
While the relationship between tau and metabolisay tme specific to AG in this cohort, our modest
sample size may be insensitive to more subtleiogistiips between tau and CMRGIc or CMR®8urther
research in a larger cohort is needed to explasethelationships and to pursue more detailed mabio
analysis.

With aging, AG decreases dramatically (especiallyunctionally important areas, including thosehwit
high accumulation of B and where AG is the highest in young adulthoodspmably resulting in loss of
the biosynthetic and neuroprotective functions Anmally supports (Goyal et al., 2017). We beligvat t
ongoing neuronal activity in the aging brain, deed of proper AG-related synaptic maintenance and
protection, might in part be responsible for theederation of neurodegeneration including tau patio
However, it should be noted that aging-related els® in AG can occur unaccompanied by AD
pathology suggesting that other, presently unknoslements may also be playing a role in the causal
chain of events.

The relationship between AG and tau depositiothéngresence of fAburden warrants more research in
AD as well as in other primary tauopathies (notoagged with accumulation of Aplaques). Our
findings highlight the importance of measuring A4S, this relationship was not evident for total gke
use (CMRGIc) alone. One possible explanation ferrtHationship between AG and tau deposition is tha
tau, among its various toxic effects (Shi et ab1?2), might impair processes that demand AG, ssch a
synaptic plasticity. Alternatively, AG loss couldtpntially accelerate tauopathy. Our findings sstge
that longitudinal studies of AG and AD pathologylwelp to further define this relationship.
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FIGURE LEGENDS

Figure 1. Region of interest combining FreeSurderprone regions, which includes precuneus, amggdal
(not shown), entorhinal, inferior temporal, inferiand superior parietal, fusiform and lateral oitalp
cortex.

Figure 2. Relationship between AG (A), CMRGIc (B)JdaCMRQ (C) and tau deposition defined for
composite ROI (see Figure 1) inBA(opened circles; n=29) andpA (triangles; n=13) individuals. Of

note, whereas AG correlates with CMRGIu (D) becaitise derived from total glucose consumption
measurements, CMRGIu does not perfectly predict &@s, as shown in our study, AG may provide



independent information on the relationship betwinenlevels of AD biomarkers and brain physiology.
There is no correlation between AG and CMRf@bt shown).



Table 1. Demographics and PET data.

Characteristic Amyl_oid- Amylo_id- P-value
positive negative
No. 13 29
Age, yrs (xSD) 74.1+7.8 67475 0.013
Gender, M, % 53.8 48.3 0.739
APOE &4, positive, % 46.1 10.3 0.009
MMSE (£SD) 29.6 £ 0.7 29.2+1.4 0.173
Symptomatic AD, No. 2 0
Interval, AG and tau PET, months (xSD) 76+11.7 11.3+9.0 0.268
Interval, AG and amyloid PET, months (£SD) 46+12.1 11.8+11.7 0.072
AG, pmol/100g/min 25+1.8 3.0+£1.2 0.341
CMRGiIc, pmol/100g/min 34.3+1.7 35.1+1.6 0.192
CMRO,, pmol/100g/min 198.0+7.3 203.0+8.2 0.058
Tau (AV-1451), SUVR 14+0.2 11+0.1 0.006
Amyloid (florbetapir), SUVR (No.) 1.6 +0.3(12) 0.9+0.1(23) <0.0001
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HIGHLIGHTS

» Aerobic glycolysis delivers important information missed by conventional FDG study
» Agingrelated loss of aerobic glycolysis may accelerate AD pathology
» Low aerobic glycolysisis associated with high tau deposition in preclinical AD



VERIFICATION
AGV, BAG, MSG, YS, TMB, TJD, LEC, KMJ, HJ and MER have nothing to report.

TLSB recelves research support from grants from NIH, and from Eli Lilly, Avid
Radiopharmaceuticals, and Eli Lilly, Avid, Roche, Johnson & Johnson, and Biogen (clinical
trias), outside the submitted work.

JCM is currently participating in clinical trials of antidementia drugs from Eli Lilly and
Company, Biogen, and Janssen. JCM serves as a consultant for Lilly USA. Hereceives research
support from Eli Lilly/Avid Radiopharmaceuticals and is funded by NIH grants #
P50AG005681; PO1AG003991; PO1AG026276 and UF01A G032438.

All coauthors of this article have contributed significantly to and share in the responsibility for
the release of all of the material contained within this article. They al have reviewed and
approve the contents of the manuscript. The material submitted to the Neurobiology of Aging is
new, original and has not been and is not under consideration el sewhere.

Human studies under-taken as part of the research, from which this manuscript was derived, are
in compliance with regulations of our institution and with generally accepted guidelines
governing such work.



