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Abstract

Glutamate (Glu) is associated with excitotoxic cell damage. Memantine modulates the glutamate
induced excitotoxicity in Alzheimer’s disease (AD). No information is available as to the influence
of memantine on in vivo brain glutamate levels.

Hippocampal Glu levels were measured in cognitively impaired and normal individuals (n=10)
before and after six months of memantine treatment, using three dimensional high spatial resolution
(0.5 cm3 voxels) proton magnetic resonance spectroscopy at 3 Tesla. These measurements were also
repeated in a non-treated cognitively normal group (n=6).

Treatment with memantine decreased GIu/Cr (creatine) ratio in the left hippocampal region.
Memantine reduced hippocampal glutamate levels, which may be consistent with its anti-excitotoxic

property.
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Introduction

Glutamate (Glu) excitotoxicity through N-methyl-D-aspartic acid receptor (NMDAr) is a
feature of Alzheimer’s disease (AD) (Lipton2004). Glutamate is the main excitatory
neurotransmitter in hippocampal circuits (Ottersen1991) and the hippocampus, crucial for
memory performance, is an early affected target in the course of AD. Memantine, an NMDAr
antagonist, is an approved treatment of moderate to severe AD. The mechanism of memantine
is based on the modulation of NMDAr stimulation by glutamate. Recent reports suggest that
it is also effective in mild to moderate stages (Bakchine and Loft2007).

Proton magnetic resonance spectroscopy (*H-MRS) enables a non-invasive sampling of
biochemical composition of the brain. Studies of hippocampal region show a reduction in N-
acetylaspartate (NAA) levels (Schuff et al.1997;Block et al.2002) in AD patients as compared
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with normal controls. Some authors suggested that the decrease in NAA was a disease, but not
age-related phenomenon, as they observed that NAA levels declined significantly with age in
the frontal cortex, but not in the hippocampus (Chen et al.2000). Also reduction in cortical
glutamate were reported in a few single voxel 'H-MRS AD studies (Antuono et al.2001;Hattori
et al.2002), but the effects of memantine on in vivo hippocampal glutamate levels has not been
examined.

The subjects were recruited at the Center for Brain Health of the New York University (NYU)
School of Medicine. All gave their written informed consent to NYU IRB (Institutional Review
Board) approved protocols and received full clinical assessments (general medical,
neurological, psychiatric, and laboratory examinations), a blood work-up and an MRI (to
exclude possible confounding comorbidities affecting cognition). The assessment included a
Mini Mental State Examination (MMSE) (Folstein1983) and a Global Deterioration Scale
(GDS) (Reisberg et al.1993). A semi-structured interview based on the Brief Cognitive Rating
Scale (BCRS) (Reisberg et al.1983) was used to query the informant for the subject’s recent
memory performance and global functioning. A diagnosis of mild cognitive impairment (MCI)
corresponded to GDS rating of 3 (Reisberg et al.1993). A diagnosis of AD was based on DSM
IV criteria (American Psychiatric Association1994) and severity assessed using the GDS
(subjects scored GDS=4 or 5 (Reisberg et al.1993)).

The study included two treated groups: normal elderly (NE-T, n=3) and cognitively impaired
elderly (IE-T, n=7,4 MCl and 3 AD patients) and two non-treated groups: normal elderly (NE-
NT, n=3) and normal young (NY-NT, n=3). For all groups, the MRS examination was
performed at baseline and after 6 months: in the treated groups this was before and after
treatment. Memantine treatment began with 5 mg daily that gradually increased to 10 mg twice
a day, over four weeks. For the next five months a dose of 20mg/ day was maintained.

MRS imaging and data post-processing

All MRI and IH-MRS were performed in a 3 Tesla whole-body scanner (Trio, Siemens AG,
Erlangen, Germany) using a TEM3000 transmit-receive head coil (MRInstruments,
Minneapolis, MN). Subject was lying in the supine position with legs bent 45 degrees. The
foam wedges placed on both sides of the head immobilized it in the coil. Each subject’s head
was positioned using the imager’s standard orthogonal laser beams. Contiguous sagittal, and
coronal T1-weighted spin-echo (TE/TR=7.3/600 ms) were obtained at 240x240 mm? field-of-
view (FOV) 512x512 matrix and 5 mm slice thickness. A paraxial MRI angulated along the
anterior-posterior hippocampal axis followed, as shown in Figure 1. These MRI were used to
manually image-guide a 9 cm left-right (LR) x7cm anterior-posterior (AP) x2cm inferior-
sperior (1S) =126 cm?3 volume-of-interest (VOI) paralleling the hippocampal axis to cover both
hippocampi (Figure 1). Our custom three dimensional chemical shift imaging (3D CSI) based
shimming produced consistent 19+4 Hz full-width at half maximum water from this VOI (Hu
et al.1995).

The VOI was selectively excited using TR/TE = 1600/ 39 ms point resolved spectroscopy
(PRESS) with WET (water suppression enhanced through T1 effects), as shown in Figure 2
(Bottomley1987;0q9g et al.1994). No outer-volume-suppresion was applied. The PRESS
partitioned the VOI using Hadamard encoding along a 2 cm FOV into four slices along its
short - IS direction, each of which was subdivided with uniform sampling 16x16 2D-CSI in
the LRxAP planes as shown in Figures 1 and 2 (Goelman et al.2006b). At a FOV of 16x16
cm? this lead to a localization grid comprising nominal 1.0x1.0x0.5=0.5 cm3 voxels. The actual
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voxel size (full width at half maximum of the point spread function) for this uniform 2D phase
encoding is 1.12x1.12x0.5=0.63 cm? (Mareci and Brooker1991;Brooker et al.1987). (Note
that in the third, Hadamard direction the nominal equals the actual voxel size (Goelman et al.
2006a)). For consistency reasons, however, in the ensuing discussion we will refer to the
nominal voxel size. The MR signal was digitized for 512 ms [determined by the 150 — 230 ms
T2 values of cerebral metabolites (Zaaraoui et al.2007)] with 1024 complex points for a 2 Hz/
point spectral resolution.

Reducing the chemical shift displacement artifact for more accurate localization at the higher
By requires stronger selective gradients and commensurate larger radio-frequency (RF) pulse
bandwidths (larger, B1). To retain the VOI size, yet minimize the chemical shift displacement,
the novel multi-slab approach of Fig. 2b, was used (Goelman et al.2006b). Exploiting the
property that Hadamard slices do not have to be contiguous, we segmented the VOI into two
slabs, only half of which was excited at each acquisition, as shown in Fig. 2b. Consequently,
only half the B1 needed to cover the whole VOI was required, allowing use of the strong, 9
mT/m, HSI slice-select gradient shown in Fig. 2a. Since the slabs excited different parts of the
VOI and each required under 800 ms to acquire, both were obtained sequentially during each
TR=1600 ms, halving the 16x16x4 MRSI matrix acquisition time to 13.7 min. (27.5 min. for
the two averages applied) at a near-ideal 100% receiver duty cycle due to this “multiplexing
in space and time” scheme (Goelman et al.2006b). The four slices were reconstructed by two
2"d order inverse Hadamard transforms as shown in Fig. 2c.

The IH-MRS was post-processed offline using in-house software. Residual water signals were
removed in the time domain using the method of (Marion et al.1989), and the time data apodized
with a 4Hz Lorentzian, zero-filled from 1024 to 2048 points in the time domain and from a
spatial grid of 16x16 to 32x32 in the LRxAP planes, yielding interpolated 0.125 cm3 voxels
(no spatial filters were applied). Although zero-filling does not add any information content to
the raw data, our rationale for choosing this strategy is that it can increase the effective
resolution by providing overlapping voxels, thereby reducing partial volume artifacts (Du et
al.1994;Bernstein et al.2001). This was followed by Fourier transforms along the LR, AP and
time directions, and Hadamard reconstruction along the 1S direction (Goelman et al.2006b).
Automatic frequency and zero-order phase corrections were made in each voxel in reference
to its NAA peak. Relative metabolites levels were estimated from their peak areas using
parametric spectral modeling and least-squares optimization of Soher et al., as shown in Figure
3b (Soher et al.1998). Eight model functions (aspartate, choline, Cr, Glu, glutamine, myo-
inositol, NAA and taurine) were used to fit our data. The software also accounted for metabolite
line-widths differences amongst voxels (although it assigns a single linewidth to all metabolites
within a given voxel) that could arise from magnetic field inhomogeneities due to variable
susceptibility gradients around the hippocampus.

In every case three hippocampal regions were established: anterior, middle and posterior. The
regions were equally spaced along the anterior-posterior axis of the hippocampus (from the
most anterior to the most posterior margin of the hippocampus on the axial projections).
Depending on the subject’s anatomy and a slice, anterior hippocampal margin was demarcated
by the border between amygdala and the hippocampus or was visible posterior to the temporal
bone at the level of the temporal horn. Posterior margin was demarcated by the fimbria. VVoxels
from the posterior part of each hippocampus were interactively selected, for two main reasons:
First, the hippocampus is not a homogenous structure (Vermathen et al.2000), thus one standard
region was selected. Second, the posterior yields the highest quality spectra. Glutamate and
NAA are presented as ratio to Cr in order to correct for variations in susceptibility, coil loading,
partial volume and changes in the receiver gain over time. For subjects, the ratio is the average
value derived from all voxels in the posterior region.
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Statistical analysis

Results
1H-MRS

Baseline

U Mann-Whitney and x2 tests were used to compare the demographic and metabolites data
between subject groups. The rates of change in metabolites over time were expressed as

(Metgyiiowup Metpageline)” /time between exams

The within-group comparisons between baseline and follow-up metabolite ratios were done
with Wilcoxon test.

Sample spectra from a paraxial slice containing the bilateral hippocampi of a 72 year old healthy
female elderly control is shown in Figure 3, superimposed on the MRI from the corresponding
slice for anatomical reference. Metabolic maps from this slice are also presented to demonstrate
the quality of localization, as reflected by the metabolic voids in the cerebrospinal fluid (CSF)
spaces.

The SNRs for the metabolites, defined as their peak-height divided by twice the root-mean-
square of the noise [see 4.3.14 in (Ernst et al.1987)], were (mean + standard-deviation) NAA:
8.0£3.3, Cr: 5.3+1.9, Cho: 4.7+1.8 Glu: 6.4%£3.2 and GlIn: 3.3+0.3. Peak heights for this
calculation were obtained by dividing their area by the line-width in that voxel, both estimated
by the spectral modeling procedure, as shown in Fig. 3 (Soher et al.1998). The noise was
estimated from a peak-free region ca. 3-4 ppm upfield from the NAA. SNRs under “3” were
discarded as "uncertain signal” for the metabolite in that voxel, e.g., in the ventricles. The
linewidths determined from the spectral modeling procedure were 12.1+1.4 Hz. Recalling that
this value also contains the 4 Hz line-broadening filter used in the post processing leads to an
actual linewidth of 8.1+1.4 Hz, or a To* of 39 ms.

Cognitively normal elderly (NE-NT&NT-T, n=6) were slightly younger than impaired elderly
subjects (IE-T n=7) (Z=-2.1, p<.05) and had lower BCRS ratings (Z=-2.9, p<.01) (Table 1).

When whole treated and non-treated groups were compared significant differences were found
only for age (Z=-2.6, p<.01) and BCRS (Z=-3.3, p<.01), with non-treated group being younger
and having lower BCRS scores. Neither baseline Glu/Cr nor NAA/Cr ratios differed between
normal elderly and cognitively impaired subjects, or between treated and non-treated subjects.

Treatment effects

The rate of change for Glu/Cr in the left hippocampus was significantly reduced (Z=-2.8, p<.
01) in the total treated group (NE-T&IE-T: -.04 (x.06) unit/month) as compared with the non-
treated group (NY-NT and NE-NT: .07 (£.04) unit/month). After exclusion of the younger
subjects (n=3), the analysis yielded similar results (Z=-1.8, p=.06). No Glu/Cr effects were
found for the right hippocampus (Z=-.21, p>.05). A within-group comparisons of baseline and
follow-up metabolite ratios revealed in the total non-treated group an increase with time
(Z=-2.2, p<.05) for the Glu/Cr in the left hippocampus. In the total treated group, there was a
trend towards lower Glu/Cr after memantine treatment (Z=-1.8, p=.06). At follow-up the left
Glu/Cr was significantly lower in the treated than the non-treated group (Z=-2.4, p<.05), no
difference was found for the right hippocampus (Z=-1.4, p>.05).
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No changes over time were found for NAA/Cr ratios. This was true both for the rates of NAA/
Cr change in the left (Z=-.76, p>.05) and right (Z=-.65, p>.05) hippocampus, as well as for
within-group comparisons of baseline and follow-up metabolite ratios in the treated and non-
treated group. Consequently, there were no differences between the two groups in the left (Z=-.
54, p>.05) or right (Z=-1.3, p>.05) NAA/Cr at follow-up.

Discussion

This is the first clinical data, showing that treatment with an uncompetitive NMDAr antagonist
(memantine) decreases the Glu/Cr in the hippocampus. Others have observed an increase in
cingulate glutamatergic turnover (Rowland et al.2005) and an increase in frontal and cingulate
blood flow, a surrogate for glutamate release (Holcomb et al.2005), after acute ketamine
administration. Moreover, in animal hippocampal homogenates ketamine stimulated the
phosphate-activated glutaminase (PAG) activity (an enzyme converting glutamine to Glu)
(Dawson and Wallace1993).

Although both ketamine and memantine represent the same class of drugs, they differ in
blocking kinetics and voltage dependence (Danysz and Parsons1998). In addition, the above
experiments consisted of an acute challenge while we measured steady-state glutamate levels
after 6 months of treatment. There is no information about brain glutamate changes in response
to chronic treatment with NMDAr antagonists in humans and the information from animal
models is limited. A recent paper reports on the decrease in CSF glutamate in rats treated with
ketamine (Tomiya et al.2007), consistent with our finding. Moreover, repetitive administration
of ketamine was shown to reduce PAG activity (Moran et al.1999). This suggests that chronic
administration of uncompetitive NMDAr antagonist may result in glutamate decrease. An
increased glutamate concentration in the CSF of AD patients was found (D’ Aniello et al.
2005;Jimenez-Jimenez et al.1998), and consequently, changes in the opposite direction, a
reduction in glutamate, might be of beneficial effect.

NMDAr activation induced the endocytosis of EAAC1 (neuronal transporter excitatory amino
acid carrier 1) in hippocampal cultures. An NMDAr antagonist inhibited this effect (Waxman
et al.2007). It is hence possible that chronic treatment with NMDA antagonist can change
glutamate uptake. As some glutamate uptake is also fueling de novo synthesis of GABA
(Gonzalez et al.2007), a change in glutamate uptake might change its total concentration.

Excitotoxicity plays a major role in AD (Lipton2004). Atrophy-corrected NAA concentrations
(Schuff et al.1997) and NAA/Cr hippocampal ratios (Block et al.2002) are lower in AD
(reflecting cell death). Although cortical Glu/Cr reductions were also observed (Hattori et al.
2002), no information on hippocampal levels is available. There is an evidence from MRS
studies of other excitotoxicity related conditions like amyotrophic lateral sclerosis (Pioro et al.
1999) and Huntington disease (Reynolds et al.2005) that glutamate is elevated in vulnerable
regions. Thus, the decrease in hippocamal glutamate with memantine (without changes in
NAA/Cr) is a potential explanation for the therapeutic effects.

The lack of Glu/Cr and NAA/Cr differences across diagnostic groups at baseline and the
laterality effect also merit a discussion. With respect to this first finding, we believe it is most
likely due to small sample sizes. With regard to the second: In AD left hemisphere seem to be
more affected with more pronounced atrophy of the left MTL and other cortical regions (see
in (Glodzik-Sobanska et al.2005)). Memantine is expected to work better for more advanced
conditions, better blocking higher than lower receptor activity (Wenk et al.2006). Thus, the
effects in the left hippocampus might be consistent with greater pathological involvement of
the left hemisphere.
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Another possible explanation for our findings cannot be dismissed: The decrease in Glu/Cr
ratio may represent neuronal loss, not a drug effect. Few arguments speak against this
possibility: First, no changes in NAA/Cr were found. Second, the IE-T group did not represent
advanced stage of AD pathology: 4 MCI and 3 AD subjects, with the mean MMSE score above
24. Still, glutamate might be more sensitive marker of cellular dysfunction, and thus its decrease
would be observed earlier. This possibility must be considered, as non-treated subjects with
cognitive impairment were not studied.

The Glu/Cr CVs (coefficients of variation) were high in treated and non-treated groups. This
is a possible limitation of our study. As additionally for all Glu/Cr measurements the means
approach zero and SNR falls below 3, relying on the CVs to estimate the detection limits is
somewhat problematic. Nevertheless, in the analysis of this data we did not rely on one
experiment but rather on the pattern of changes amongst all subjects. Although there was no
difference from baseline, at follow-up the left Glu/Cr was significantly lower in the treated
than non-treated group, and a within-group comparisons of baseline and follow-up metabolite
ratios revealed a decrease in GIu/Cr in the treated group. The decrease was not observed in any
of the subjects in the non-treated group.

Finally, regarding our choice of the hippocampus: the action of memantine is not limited to
this structure. However, because hippocampal intrinsic neurons are glutamatergic
(Greenamyre and Porter1994) and hippocampal cells bear a great number of glutamatergic
receptors (Kornhuber et al.1989), it seemed to be an anatomy of choice for our examination.
The best spectra were obtained from the posterior parts of the hippocampus, underscoring
shimming difficulties in the anterior part. Others also encountered this problem (Schuff et al.
1997). The CSF surrounds posterior part of the hippocampus laterally and in most cases
medially. Therefore, voxels which may have partial volume outside the hippocampus will have
this volume full of CSF. Consequently, taking ratios would eliminate the CSF scaler. It is still
possible, that, due to variable hippocampal thickness and shape, voxels might have contained
parahippocampal white matter. However, small voxel volumes and uniform tissue sampling
should reduce the contamination from CSF and other anatomical variations.

Conclusion

Overall, the results suggest that memantine decreases hippocampal Glu/Cr, possibly consistent
with this drug’s anti-excitotoxic properties. As decline in neuronal function cannot be entirely
rejected, these data require replication with larger samples sizes.
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Figure 1.

Sagittal (a) and coronal (b) and paraxial (c) T1-weighted images, along the hippocampus axis,
depicting the position and angulation of the 165px16| gx2;5 cm3 FOV (dashed line) and
7ap%9 X215 cm3 VOI (solid line) centered on the hippocampi (arrows). The red indicates the
region of the hippocampus from where the spectra were sampled.
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Figure 2.

Top, a: Schematic description of the TE=39ms PRESS with WET water suppression.
Localizationalong Xand Y (LRxAP) was x16 CSI. The x4 partitions along Z (1S) were achieved
by sequentially encoding two slabs each TR=1600 ms, with 2"d order HSI, as shown in 2b,
with the 5.12 ms PRESS 90° pulse. The two refocusing 180°s were 12.8 ms long numerically
optimized Shinnar-LeRoux pulses under the selective-gradient strengths indicated. Bottom,
left, b: The spatial excitation profiles of the two 2" order HSI slabs in the VOI. The goal was
to reduce the B1 demands and the inter-slice “bleed” (Goelman et al.2006b;Goelman et al.
2006a). Bottom, right, c: The four slice profiles obtained by the two inverse 2" order Hadamard
transforms, H, 1, indicated as i+j with i and j indicating the pulse numbers in 2b.
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Figure 3.

a. Real part of the 18x14 (LRxAP) axial matrix of H spectra in the VOI of Fig. 1c (Solid
frame) superimposed on the MRI of this slice for anatomical reference (right side of the figure
corresponds to the left side of the head). Spectra representing (0.5 cm)3=0.125 cm3 interpolated
voxels share the same 1.6 - 3.7 ppm and intensity scales. The linewidths in this slice were 12.1
+1.4 Hz (mean * standard deviation).

b: Top: Voxels marked “1-4” from the left hippocampus in the matrix above; raw spectra (solid
thin lines) overlaid with the metabolite fitted function (gray thick curves) with the residual
(raw spectrum — fit) plotted below. Spectra and residuals are on the same horizontal and PPM
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scales. Note the SNR, spectral resolution and quality of the fit (reflected from the noise-only
residual, from these small voxels acquired in 27 minutes.

b: Bottom: Axial metabolic maps of the N-acetylaspartate (NAA), glutamate (Glu), glutamine
(GIn), creatine (Cr), and choline (Cho) obtained from the fit of the above matrix. Note the
excellent correspondence between the metabolic images and the morphology of the image
above, reflecting the overall quality of the spectra, spatial resolution and localization. The
metabolite maps presented are formed from the quantified amplitude of each metabolite.
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