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Abstract
Despite the enormous public health impact of Alzheimer’s disease (AD), no disease modifying
treatment has yet been proven to be efficacious in humans. A rate-limiting step in the discovery of
potential therapies for humans is the absence of efficient non-invasive methods of evaluating
drugs in animal models of disease. Magnetic resonance spectroscopy (MRS) provides noninvasive
way to evaluate the animals at baseline, at the end of treatment, and serially to better understand
treatment effects. In this study, MRS was assessed as potential outcome measure for detecting
disease modification in a transgenic mouse model of AD. Passive immunization with two different
antibodies, which have been previously shown to reduce plaque accumulation in transgenic AD
mice, was used as intervention. Treatment effects were detected by MRS, and the most striking
finding was attenuation of myo-inositol increases in APP-PS1 mice with both treatments.
Additionally, a dose dependent effect was observed with one of the treatments for myo-inositol.
MRS appears to be a valid in vivo measure of anti-Aβ therapeutic efficacy in pre-clinical studies.
Because it is noninvasive, and can detect treatment effects, use of MRS-based endpoints could
substantially accelerate drug discovery.
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1. Introduction
Alzheimer’s disease (AD) is the most common cause of dementia in elderly (Hebert et al.,
2003). The vast majority of cases are sporadic with symptom onset typically after age 65. A
small percentage of cases are familial with much younger onset. While quite uncommon,
genetically determined AD has provided invaluable insight into the etiology of the disease.
AD cases that are attributed to specific mutations involve one of three genes that alter
production, aggregation or clearance of β–amyloid protein (Selkoe, 1995, 1998). Murine
models of brain β–amyloidosis have been created by inserting one or more of these human
mutations into the mouse genome (Hsiao et al., 1996, Holcomb et al., 1998). These
transgenic mice display extensive amyloid plaque formation and enable controlled study of
disease mechanisms and testing of anti-amyloid interventions.

1H magnetic resonance spectroscopy (MRS) has been shown to be sensitive to age-
dependent metabolite changes in APP-PS1 mice which differ dramatically from the
metabolic profile of age-matched wild-type mice (Marjanska et al., 2005).

Peripheral administration of anti-Aβ antibodies to AD transgenic mice, so-called passive
immunization, can significantly reduce amyloid plaque burden and improve memory
performance in these mice (Bard et al., 2000, DeMattos et al., 2001, Wilcock et al., 2004a,
Wilcock et al., 2004b, Hartman et al., 2005). Passive immunization involves injection of
antibodies already raised against Aβ that bind to Aβ in circulation or to amyloid plaques in
the same manner as endogenously generated antibodies.

Despite the enormous public health impact of AD, no disease modifying treatment has been
approved for use in humans. A major rate-limiting step in discovery of potential disease
modifying therapies for humans is the absence of efficient, longitudinal and non-invasive
methods of evaluating drugs in animal models. MRS, due to its non-invasive nature, enables
the assessment of animals at baseline and at the end of treatment, as well as serially
throughout treatment. Each animal effectively serves as its own control and consequently
increases the power and precision of estimates.

The objective of the study was to use interventions that had already been proven to reduce
plaque accumulation in transgenic mice (Wilcock et al., 2006, La Porte et al., 2012) to
evaluate MRS as outcome measure for detecting disease modification. The intervention
employed was passive immunization with two different antibodies. Natural history studies
of MRS changes in transgenic mouse models of AD with a variety of mutations have been
published before (Dedeoglu et al., 2004, Marjanska et al., 2005, von Kienlin et al., 2005,
Choi et al., 2007, Oberg et al., 2008, Chen et al., 2009, Chen et al., 2012, Mlynarik et al.,
2012, Forster et al., 2013, Jansen et al., 2013, van Duijn et al., 2013). In addition, donepezil
(Westman et al., 2009) and anti-inflammatory (Choi et al., 2010) treatments have been
evaluated with MRS. In this study, we report for the first time MRS findings after
immunotherapy.

2. Experimental Procedures
2.1 Animals

Double-transgenic APP-PS1 mice were cross-bred in-house. Hemizygous transgenic mice
(mouse strain: C57B6/SJL; ID no. Tg2576) expressing mutant human APP695 containing a
double mutation (K670N, M671L) (Hsiao et al., 1996) were mated with a strain of
homozygous transgenic mice (mouse strain, Swiss Webster/B6D2; ID no. M146L6.2)
expressing mutant human PS1 containing a single mutation (M146L) (Holcomb et al.,
1998).
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2.2 Intervention
Ponezumab (PF-04360365) is a humanized IgG2Δa monoclonal antibody for the treatment
of AD. Ponezumab binds to the C-terminus and specifically recognizes amino acids 30-40 of
the Aβ1-40 peptide. It has been hypothesized that ponezumab sequesters Aβ in the blood and
shifts the brain-blood equilibrium towards the blood, depleting brain Aβ stores (Freeman et
al., 2012, La Porte et al., 2012). Previous studies have demonstrated that administration of
ponezumab to transgenic mice led to a dose-dependent reduction in hippocampal amyloid
load (La Porte et al., 2012).

The compound, 2H6-D, a murine version of ponezumab, is a deglycosylated mouse
monoclonal antibody which binds to the C-terminus of Aβ1-40. This antibody has been
shown to reduce amyloid deposition and eliminate cognitive deficits with considerable
reduction in some potentially adverse vascular changes, such as CAA and microhemorrhage
in transgenic mice (Wilcock et al., 2006, Karlnoski et al., 2008).

2.3 Treatment design
Sixty four APP-PS1 mice were pseudo-randomly assigned to one of the following four
treatment groups: 1 mg/kg ponezumab, 3 mg/kg ponezumab, 10 mg/kg ponezumab, and 10
mg/kg control antibody so that each treatment arm was equally represented within each
litter. An additional sixteen APP-PS1 mice were treated with 10 mg/kg of 2H6-D anti-Aβ
monoclonal antibodies. Sixteen B6SJL wild-type (WT) mice were treated with 10 mg/kg of
PBS negative control on the same schedule as the treated animals. Treatment was started at
12 months of age, lasted for 4 months, and consisted of weekly intra-peritoneal injections of
the antibodies supplied by Pfizer, Inc.

2.4 Animal preparation for MR experiments
Experimental protocols were approved by the Institutional Animal Care and Use
Committees in accordance with the National Institutes of Health Guide for the Care and Use
of Laboratory Animals. Mice were anesthetized by using 1.0-1.5% isoflurane and O2/N2O
and positioned in custom-built device to immobilize the head during experiments. Body
temperature was maintained at 37°C by warm water circulation, and physiological
monitoring was used for temperature, respiration, and EEG (Jack et al., 2004).

2.5 Magnetic Resonance
Transgenic and wild-type mice at 12 months of age (before the beginning of treatment) and
16 months of age (after 4 months of treatment) were scanned in vivo using a 9.4-T, 31-cm
horizontal bore magnet (Magnex Scientific, Oxford, UK) interfaced with a Varian INOVA
console. The magnet was equipped with a gradient insert capable of reaching 30 mT/m in
300 μs (Resonance Research, Inc., Billerica, MA). A quadrature 400-MHz 1H surface
radiofrequency coil (two loops, 10-mm diameter) was used to transmit and receive.

In vivo 1H MR spectra were acquired from an 8.7-μL volume of interest (voxel) placed in
the hippocampus, somatosensory cortex, and thalamus (Fig. 1a) using localized T2-weighted
multislice rapid acquisition with relaxation enhancement (RARE) images (Hennig et al.,
1986). Linewidths around 20 Hz for water were obtained after adjusting the first- and
second-order shims by using FAST(EST)MAP (Gruetter, 1993, Gruetter and Tkac, 2000).
Spectra were acquired with localization by adiabatic selective refocusing (LASER)
(Garwood and DelaBarre, 2001). Following water suppression performed with variable
pulse power and optimized relaxation delays (VAPOR) (Tkac et al., 1999), all resonances
were excited using a nonselective numerically optimized adiabatic half-passage (AHP) pulse
(Garwood and Ke, 1991). 3D localization was then performed with a pair of AFP pulses in
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each dimension. The AHP pulse duration was 4 ms, and each AFP pulse was an offset-
independent adiabatic pulse, HS1, with pulse length Tp of 1.5 ms and bandwidth of 16.7 kHz
(Silver et al., 1984, Garwood and DelaBarre, 2001). The echo time (TE) was 27 ms, and the
repetition time (TR) was 4 s. Each free induction decay (FID) was acquired with 4096
complex points using a spectral width of 10 kHz. FIDs were stored separately in the
memory, and both frequency and phase were corrected based on the total creatine (tCr =
creatine and phosphocreatine) signal at 3.03 ppm prior to summation. Small residual eddy
current effects were corrected using a reference water signal. The spectra used in fitting
were a sum of 384 scans obtained in 25 minutes.

The acquired spectra were analyzed using LCModel 6.1-4A (Provencher, 1993, 2001)
(Stephen Provencher, Inc., Oakville, Ontario, Canada). The basis set for LCModel was
generated using programs written in-house based on the density matrix formalism (Henry et
al., 2006) in Matlab (The MathWorks, Inc., Natick, MA, USA) using the known chemical
shifts and J-couplings (Govindaraju et al., 2000). The experimentally observed spectrum of
macromolecules (Pfeuffer et al., 1999) and the simulated spectra of the following eighteen
metabolites were included in the basis set for LCModel: alanine (Ala), aspartate (Asp),
creatine (Cr), γ-aminobutyric acid (GABA), glucose (Glc), glutamate (Glu), glutamine
(Gln), glutathione (GSH), glycerophosphorylcholine (GPC), phosphorylcholine (PCho),
myo-inositol (mIns), lactate (Lac), N-acetylaspartate (NAA), N-acetylaspartylglutamate
(NAAG), phosphocreatine (PCr), phosphorylethanolamine (PE), scyllo-inositol (sIns), and
taurine. No baseline correction, zero-filling or line broadening were applied to the in vivo
data prior to the analysis. The LCModel fitting was performed over the spectral range from
1.0 to 4.4 ppm. Quantification was obtained using tCr (assumed to be 8 mM) as an internal
standard.

The coefficients of variation for mIns and NAA were 0.07 and 0.05, respectively. mIns was
quantified with Cramér-Rao Lower Bounds (CRLBs) of 4.0 ± 0.8% and NAA with CRLBs
of 2.6 ± 0.6% in all groups for both scanning sessions.

2.6 Data exclusion criteria
The treatment study was started with 80 APP-PS1 transgenic mice and 16 WT mice. Data
from 31 APP-PS1 and 6 WT mice were excluded from the analyses for this study, for the
following reasons: (a) 14 mice died during the treatment and did not undergo the second
MRI and MRS scan; (b) 10 mice did not have plaques on Thio-S, (c) in 12 mice anti-drug
antibodies were detected, and (d) in 1 control antibody mouse anti-drug antibodies were
detected using antibody immunoassay in mouse plasma. At the end, data from 59 mice were
used for statistical analysis with 8 mice in 1 mg/kg ponezumab, 11 mice in 3 mg/kg
ponezumab, 7 mice in 10 mg/kg ponezumab, 12 mice in 2H6-D, 11 mice in control
antibody, and 10 mice in WT groups.

2.7 Biochemical analysis of brain Aβ concentration
Hemibrain tissues were homogenized in 5 M guanidine HCl, and the total Aβ1-x, Aβx-40, or
Aβx-42 concentrations were measured from the tissue homogenates as previously described
(La Porte et al., 2012).

2.8 Statistical analysis
Differences in Aβx-40 by group were assessed using pairwise nonparametric Wilcoxon
rank-sum/Mann-Whitney U tests due to strong departures from normality in this measure.
Analysis of MRS data were performed using ANCOVA models in which the four-month
follow-up value was the response/dependent variable, treatment group was the primary
factor, and the baseline value was an adjustment covariate. This method accounts for
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differences in groups at baseline and is generally preferred to analyzing change scores,
defined as the follow-up value minus the baseline value, in an ANOVA model (Bonate,
2000, Senn, 2006). A trend test was performed to evaluate a dose-response effect of
ponezumab by creating a numeric variable coded 0 for control, 1 for 1 mg/kg, 2 for 3 mg/kg,
and 3 for 10 mg/kg with indicator variables for the 2H6-D and WT groups. Residual plots
were examined to evaluate the ANCOVA assumptions of conditional normality and constant
variance across groups; these assumptions were found to be reasonable and approximately
satisfied. Mice not surviving to the four-month time period were treated as missing
completely at random and omitted from the analyses (Little and Rubin, 2002).

Pairwise group comparisons using contrasts from the ANCOVA models were performed.
Unadjusted p-values from these comparisons are reported but p-values to several significant
digits are provided to allow the reader to perform adjustments as desired (O’Brien, 1983). In
the context of the current study, maintaining statistical power rather than strongly
controlling the false positive rate is considered important.

To graphically summarize group-wise differences in ANCOVA models, box plots of partial
residuals from the model are used (Fox, 2008). These partial residual plots show the
marginal effect of treatment after accounting for baseline differences. If a is the regression
model intercept and b is the regression coefficient for the baseline value from the ANCOVA
model, the partial residuals are defined as the follow-up value minus a minus b times the
baseline value; by convention these results are centered to have mean zero. For simplicity,
the y-axes in these plots are labeled as the baseline-adjusted four-month value.

We assessed the associations between MRS and Aβx-40 measures using Spearman’s rank
correlation which does not assume normal distributions or linear relationships. All statistical
analyses were performed using R software version 2.13.2 (R Foundation for Statistical
Computing, Vienna; http://www.r-project.org).

3. Results
3.1 Association between treatment and brain Aβx-40 levels at 4 months

Brain Aβx-40 levels by treatment group are summarized in Fig. 2. The 2H6-D group had
reduced brain Aβx-40 levels relative to all groups (p < 0.001). Additionally, 1 mg/kg (p =
0.02), 3 mg/kg (p = 0.001), 10 mg/kg (p = 0.02) ponezumab groups had lower brain Aβx-40
levels than the control group.

3.2 Spectroscopy versus treatment group
The spectra shown in Fig. 1b are representative of the quality consistently achieved in this
study. These spectra were analyzed with LCModel to obtain ratios of concentrations of the
16 metabolites with respect to tCr. Similar linewidths of tCr (18.6 ± 4.4 Hz) were obtained
in all groups for both scanning sessions. Only changes in concentrations of mIns and NAA
were observed during the treatment. There was no change observed for other metabolites.

mIns—Fig. 3a shows box plots summarizing the baseline-adjusted 4 month values for
mIns/tCr by group with pairwise p-values from ANCOVA model contrasts summarized in
panel b. There are three main findings: (a) an increase in mIns over time in vehicle treated
APP-PS1 mice compared to WT mice (p = 0.004); (b) compared with untreated APP-PS1
mice, evidence of a dose-dependent response for ponezumab (p = 0.02); (c) the smallest
increase in mIns in APPPS1 mice is seen with 10 mg/kg ponezumab (p = 0.04) and a similar
difference was observed in the 2H6-D group relative to control (p = 0.08) with no difference
between 10 mg/kg ponezumab and 2H6-D groups.
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NAA—Fig. 3c shows box plots summarizing the baseline-adjusted 4 month value for NAA/
tCr by group with differences summarized in panel d. There was some evidence that NAA in
the 2H6-D treated mice declined less compared to 1 mg/kg ponezumab (p = 0.08) and 3 mg/
kg ponezumab (p = 0.03). The WT group appeared to decline somewhat less than the 3 mg/
kg ponezumab group (p = 0.06).

To evaluate whether MRS is sensitive to amyloid levels in APP-PS1 mice, the correlation
between MRS and Aβx-40 were assessed. The correlation was +0.48 for mIns (p = 0.001)
and -0.48 for NAA (p < 0.001).

4. Discussion
The major findings in this study were as follows: (a) evidence consistent with a treatment
effect in brain Aβx-40 levels for ponezumab and 2H6-D; (b) both ponezumab and 2H6-D
appeared to slow the rate at which mIns normally increases in APP-PS1 mice; (c) for
ponezumab, the slowing of the rate of mIns increase was dose dependent.

The purpose of this study was to test the hypothesis that MRS could detect a treatment effect
in APP-PS1 mice. Two treatments were evaluated that had already been shown to reduce
accumulation in plaque load in transgenic mice. While treatment efficacy was verified by
measuring Aβ immunochemistry (Wilcock et al., 2006) and Aβ levels in guanidine
homogenates (La Porte et al., 2012), comparison of two treatments was not under
investigation here. The two antibodies which were used are murine and humanized version
of the same antibody which binds to the C-terminus of Aβ1-40. Previously, the 2H6-D
antibody was successful in reducing the plaque load in the cortex and hippocampus after 3
or 4 months of treatment in 19 or 20 month-old Tg2576 transgenic mice with similar doses
as were used in this study (Wilcock et al., 2006, Karlnoski et al., 2008). In a prior study of
ponezumab, while there were no significant decreases in cortical Aβ levels, the hippocampus
showed evidence of a highly significant and dose-dependent treatment effect in 5.5 month-
old APP-PS1 transgenic mice treated once with similar doses as were used in this study (La
Porte et al., 2012). Based on those studies, we used 12 month old APP-PS1 mice with 4
month long treatment as in this particular mouse model plaques develop at an earlier age
than in APP mice and mIns allows the differentiation between APP-PS1 and wild-type mice
at this age (Marjanska et al., 2005). MRS data were obtained from a voxel placed primarily
in the hippocampus and cortex (with some inclusion of thalamus) since previous therapeutic
studies showed the most significant changes in plaque load in the hippocampus.

As anticipated, after 4 months of treatment, the data indicated reduced brain Aβx-40 levels
in ponezumab and 2H6-D treated mice relative to control mice.

mIns increases with age in untreated AD mice. This is a dramatic effect in APP-PS1 mice,
with exponential increases observed from the age of 12 months through 31 months
(Marjanska et al., 2005). Indeed, this is what was seen in the untreated APP-PS1 mice in the
current study. We attribute this to an association between plaque load and mIns. mIns is
considered to be a marker of glial proliferation (Brand et al., 1993). Plaques are surrounded
by a halo of reactive astrocytes and also have micro glia surrounding and within the plaques.

The most striking result in this study was the reduction in the rate of mIns in 2H6-D treated
mice. We found the same phenomenon in a dose dependent relationship in ponezumab
treated mice. The 10 mg/kg treated ponezumab mice had baseline adjusted 4 month mIns
levels similar to the 2H6-D treated mice, while the 1 mg/kg ponezumab treated mice had
levels similar to the vehicle control APP-PS1 mice. The fact that we found a treatment effect
with 2 different (albeit closely related) antibodies, and that a dose dependent response was
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seen for ponezumab, lends credibility to the conclusion that the mIns results reflect a true
drug effect. Another piece of evidence supporting the conclusion that mIns is measuring a
drug effect was that the concentrations of mIns at four months correlated moderately well
with Aβx-40 (Spearman rank correlation, + 0.48, p = 0.001). Although MRS voxel included
hippocampus, cortex and thalamus, the pathology is expressed equally in hippocampus and
cortex (Jack et al., 2007). In humans, MRS metabolite ratios of mIns/tCr are associated with
amyloid load as measured with PIB (Kantarci et al., 2011), and decrease in NAA/tCr is
associated with autopsy early-stage tau pathology and neuronal loss, and elevation in mIns/
tCr is associated with autopsy plaque load (Murray et al., 2013). Based on these MRS-
autopsy correlations in humans, we extrapolate our mIns findings in mice to indicate a
specific therapeutic effect related to amyloid plaques.

NAA is a marker of neuronal integrity. It normally declines with age in APP-PS1 mice
although not nearly as dramatically as mIns increases (Marjanska et al., 2005). The NAA
results suggested some evidence of neuro-protection afforded by 2H6-D as NAA levels by 4
months appeared greater than the low- and medium-dose ponezumab groups. It is likely that
NAA is a less sensitive marker than mIns to the phenotype expressed by APP-PS1 mice.
APP-PS1 mice are an excellent model of beta amyloidopathy. APP-PS1 mice do not,
however, fully recapitulate human AD in that they do not develop neuritic plaques with tau
positive neurites and do not develop notable neurodegenerative changes. Thus pathological
phenotype that APP-PS1 mice display is not particularly well matched to the properties that
NAA is sensitive to, i.e., neurodegeneration. Mouse models of AD provide guidance, but
translating preclinical findings directly to human AD has limitations.

In conclusion, 1H MRS was shown to be a valid in vivo measure of anti-Aβ therapeutic
efficacy in pre-clinical studies. This method can be used to speed drug discovery.
Accelerated throughput rates would lower costs for drug discovery and in turn translate into
a greater number of compounds that can be effectively tested.
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• Evaluation of MRS as an outcome measure for detecting disease modification.

• Passive immunization in transgenic mouse model of Alzheimer’s disease.

• Treatment effect detected by MRS with myo-inositol reduction.

• MRS shown to be a valid in vivo measure of anti-Aβ therapeutic efficacy.
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Figure 1.
(a) Representative image used for voxel placement and (b) representative spectra from
different groups obtained after 4 month long treatment. The spectra are shown with similar
linewidths and with amplitude adjusted using total creatine (tCr) peak at 3.03 ppm. The
variation in the signal-to-noise ratio in these four spectra comes from the different line-
broadening that was applied to make sure that the width of tCr peak is the same in each
spectrum. The areas corresponding to NAA and mIns have been colored in blue and red
respectively for visualization purposes. The largest mIns area is seen in the APP-PS1 mouse
dosed with control antibody. In contrast, the APP-PS1 mice treated with 10 mg/kg
ponezumab and 2H6-D show mIns peaks of similar magnitude to the WT mouse.

Marjańska et al. Page 12

Neuroscience. Author manuscript; available in PMC 2015 February 14.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
Pairwise nonparametric Wilcoxon rank-sum/Mann-Whitney U test results for brain Aβx-40.
Panel A shows box plots along with individual data points. The boxes show the 25th

percentile, the 50th percentile, and the 75th percentile of the data with “whiskers” extending
out 1.5 times the inter-quartile range. Panel B shows p-values from the pairwise
comparisons.
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Figure 3.
Analysis of covariance for (A, B) mIns/tCr and (C, D) NAA/tCr ratios. Panels A and C show
box plots of partial residuals along with individual data points. The boxes show the 25th

percentile, the 50th percentile, and the 75th percentile of the data with “whiskers” extending
out 1.5 times the inter-quartile range. A plus sign indicates the group-wise sample mean.
Panels B and D show p-values from the model contrasts.
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