
Review Article
Application of MRS to mouse models
of neurodegenerative illness

Ji-Kyung Choi,1 Alpaslan Dedeoglu2 and Bruce G. Jenkins1*

1Department of Radiology, Athinoula A. Martinos Center for Biomedical Imaging, Massachusetts General Hospital and Harvard Medical School,
Charlestown, MA, USA
2Department of Neurology, Boston University School of Medicine, Bedford VA Medical Center, Bedford, MA, USA

Received 15 September 2006; Revised 5 December 2006; Accepted 9 December 2006

ABSTRACT: The rapid development of transgenic mouse models of neurodegenerative diseases, in parallel with the rapidly

expanding growth of MR techniques for assessing in vivo, non-invasive, neurochemistry, offers the potential to develop novel

markers of disease progression and therapy. In this review we discuss the interpretation and utility of MRS for the study of

these transgenic mouse and rodent models of neurodegenerative diseases such as Alzheimer’s (AD), Huntington’s (HD) and

Parkinson’s disease (PD). MRS studies can provide a wealth of information on various facets of in vivo neurochemistry,

including neuronal health, gliosis, osmoregulation, energy metabolism, neuronal–glial cycling, and molecular synthesis

rates. These data provide information on the etiology, natural history and therapy of these diseases. Mouse models enable

longitudinal studies with useful time frames for evaluation of neuroprotection and therapeutic interventions using many of

the potential MRS markers. In addition, the ability to manipulate the genome in these models allows better mechanistic

understanding of the roles of the observable neurochemicals, such as N-acetylaspartate, in the brain. The argument is made

that use of MRS, combined with correlative histology and other MRI techniques, will enable objective markers with which

potential therapies can be followed in a quantitative fashion. Copyright # 2007 John Wiley & Sons, Ltd.

KEYWORDS: MRS; N-acetylaspartate; neurodegenerative disease; Alzheimer’s disease; Huntington’s disease;

Parkinson’s disease; transgenic mice

INTRODUCTION

Since its introduction for human study in the early 1980s,
MR has proved to be an extremely versatile technique for
evaluating many different parameters of anatomical,
physiological, and metabolic interest. The number of
phenomena amenable to analysis with MR techniques is
increasing every year. This versatility arises from the
many different sources of magnetic contrast that can be
generated using either endogenous or exogenous contrast,
from the versatility of the techniques for manipulation of
the nuclear spins that generate the observed signals, and
from the extremely safe nature of MR which lends itself
to longitudinal studies and large patient populations.

MR techniques can now evaluate tissue parameters
relevant to tricarboxylic acid (TCA) cycle metabolism,
anaerobic glycolysis, adenosine ATP concentrations,
blood–brain barrier permeability, macrophage infiltra-
tion, cytotoxic edema, spreading depression, cerebral
blood flow and volume, and neurotransmitter function.
The paramagnetic nature of certain oxidation states of
iron allows brain function to be mapped out using
deoxyhemoglobin as an endogenous contrast agent;
local tissue iron concentrations can also be assessed.
In addition to these metabolic parameters, the number of
ways to generate anatomical contrast using MR is also
expanding, and, in addition to conventional anatomical
scans, mapping of axonal fiber tracts can be performed
using anisotropy of water diffusion. A selective, non-
exhaustive, summary of the various parameters of relevance
to neurodegeneration that can be measured using MR
techniques is presented in Table 1. A schematic representing
the ‘phylogenetic tree’ of MR techniques for chemical,
physiological and structural purposes is shown in Fig. 1.

Current trends suggest that multimodal imaging
approaches to a given neurobiological problem are likely
to be more fruitful than a single tool such as MRS;
however, space precludes a competent review of all these
various techniques. Therefore, we will describe the use of
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Table 1. Parameters of relevance to neurodegeneration amenable to MR analysis

Parameter
and/or chemical

Relevance to
neurodegeneration

MR techniques
and/or parameters used

MR
references

ATP ATP defects noted in mitochondrial disorders 31P MRS (143–145)
Lactate Marker for impaired energy metabolism and/

or reduced blood flow

1H MRS (41,61,146)

Glucose Can be used in labeled form (13C) to examine
TCA cycle flux

13C MRS; 1H MRS (100,147,148)

Glutamate Marker for potential excitotoxicity; in labeled
form (13C) marker for TCA cycle metabolism

13C MRS; 1H MRS (70,100,149)

Glutamine Marker for determination of neuronal/glial
Glu/Gln cycling or ammonia toxicity

13C MRS; 1H MRS (101,150,151)

N-Acetylaspartate Marker for neuronal number, integrity and health 1H MRS (39,56,152)
myo-Inositol Marker for glial cells and cerebral osmolarity 1H MRS (35,77,78)
Phosphoesters May be markers for neuronal membrane integrity 31P MRS (81)
Macromolecular/
lipid resonances

Potential markers for macrophage/microglial activity 1H MRS (60,85)

Apparent diffusion
coefficient

Markers for cytotoxic edema, vasogenic edema,
cell swelling, and fiber tract mapping

Pulsed field gradient
spin echoes

(153–156)

Blood–brain barrier
permeability

Impairment during ischemia, tumors and
possibly AD

Decreased T1 after
injection of contrast
agents

(157,158)

Iron content Can be used to look for evidence of increased
iron in PD or fractional anisotropy (FA)

Mapping of T�
2 and T 0

2
relaxivity changes

(159–161)

Blood oxygenation
level-dependent
contrast

Marker for neuronal activity; can derive
relative oxygen consumption.

Fast gradient echo, or
asymmetric spin echo imaging

(162,163)

Cerebral blood flow
and volume

Markers for tissue perfusion,
neuronal and neurotransmitter activity

FAIR or arterial spin
labeling (T1-based),
contrast injections (T�

2 -based)

(164–167)

References are non-exhaustive and weighted towards those of direct relevance to in vivo study of neurodegenerative disorders.

Figure 1. Schematic for the ‘‘phylogenetic tree’’ of various MR techniques. We have divided MR
techniques into metabolic (including MRS and functional MRI) and anatomic techniques. The metabolic
are further subdivided into those that measure hemodynamic or chemical parameters. The anatomic
have been subdivided into those used for brain morphometry and those used for brain tractography.
Obviously the cladistics are somewhat arbitrary.

Copyright # 2007 John Wiley & Sons, Ltd. NMR Biomed. 2007; 20: 216–237
DOI: 10.1002/nbm

MRS OF MOUSE MODELS OF NEURODEGENERATION 217



MRS for examination of neurodegeneration and potential
therapeutic strategies in transgenic mouse models of
neurodegenerative illness. MRS techniques have much to
offer for the evaluation of brain physiology, chemistry and
function of neurodegenerative disorders. These types of
study can generally be divided into three main areas:
etiology, natural history and progression of the disease,
and therapy. The development of transgenic mice has led
to large increases in the efficiency of testing potential
therapeutics and pathology in mouse models of neuro-
degeneration. A number of the models that have been
developed closely replicate many of the symptoms and
pathological features of the corresponding human
disease, in spite of the large differences in lifespan
between mice and humans. The great flexibility with
which the mouse genome can be manipulated allows a
number of fascinating questions about which aspects of a
gene mutation is most lethal or deleterious to be
answered. For instance, knockout of the native gene
responsible for Huntington’s disease (HD) is embryonic
lethal (1), whereas expression of the HD mutation (an
expanded CAG repeat) on another gene can lead to a
completely different phenotype (2). The progress in
generating and understanding these mouse models has
been as rapid as the proliferation of MR techniques for
understanding the brain, but the number of MRS studies
of mouse models of neurodegeneration is still rather
limited.Wewill summarize some of the data and concepts
generated by studies of models of the most common
neurodegenerative diseases.
Although a surprising convergence of evidence

indicates that many neurodegenerative illnesses have a
common mechanism of aberrant protein folding and
aggregation (3–6), understanding disease progression and
finding potential therapies are still quite difficult. This is
not surprising, as many of the pathways leading to
neuronal death are common and progressive. This results
in what can be termed the ‘neurodegenerative cascade’.
We use the model of focal ischemia as an example
because so much effort has gone into understanding this
cascade. The initial insult in focal ischemia is clear,
an interruption of blood flow, leading to cessation of
ATP production. However, the cascade of events that
results from this process is extremely complicated,
and the ultimate neuronal destruction is a result of
multiple interactive pathways. This is exemplified by the
large number of different therapeutic approaches that
prove efficacious in experimental ischemia. Aside from
the obvious ‘clot busting’ therapies such as tissue
plasminogen activator, effective reduction of final infarct
size can be demonstrated using Glu antagonists (e.g.
MK-801) to decrease excitotoxicity, inhibition of
apoptosis using caspase inhibitors, trapping of free
radicals using spin traps [e.g. n-t-butyl-a- (2-sulfophenyl)
nitrone] to block the negative consequences of excess
free-radical production, energy repletion, calcium chan-
nel blockers to inhibit intracellular calcium influx, and the

list goes on [see reviews in (7–12)]. Each of these
approaches targets one component of an interactive
mesh. Similar observations have been made with a toxin
model of neurodegeneration, acute N-methyl-4-phenyl-
pyridinium (MPPþ) toxicity, where the initial insult is
impairment of ATP production via blockade of complex I
in the electron transport chain, yet multiple therapeutic
strategies are effective in ameliorating the lesions
(13–15).

It is therefore easy to see why many deleterious factors
observed in a neurodegenerative illness may be the result,
rather than the cause, of a given disease. Once the
neurodegenerative process has been initiated, other
negative factors, associated with natural aging for
instance, may accelerate it. Thus, questions need to be
framed about the etiology in order to address both the
primary insult itself and the secondary consequences of
the primary insult that may lead to further progressive
degeneration. The secondary consequences can be
considered to be part of the ‘natural history’ of the
disease. Such a parsing of primary, secondary and even
tertiary effects with respect to energy metabolism has
been proposed by Blass and colleagues (16). Irrespective
of questions about etiology or natural history, the multiple
factors involved in the ‘neurodegenerative cascade’
provide many potentially efficacious therapeutic entry
points for either preventing or slowing down the
neurodegenerative process. It is for this reason that the
mouse models of neurodegeneration are so appealing, as
they allow more efficient testing of potential therapies
than could ever be attained in humans. Mice have
much shorter lifespans allowing large numbers of animals
to be tested in short time periods, and, further, environ-
mental factors can be controlled with much more
precision than with human studies. Indeed, many of
therapeutic entry points have been tested in mousemodels
of neurodegeneration. Several mouse studies have used
MRS to test either efficacy as a surrogate end point (17) or
mechanistic aspects, such as increases in brain creatine
(Cr) associated with Cr therapy (18,19).

One of the most powerful features ofMRI/MRS studies
is that they allow interrogation of a problem at both the
molecular and systems level. The various features
amenable to analysis using various MR techniques are
outlined in Table 1. Elements of this story have also been
reviewed in animal models (20). A brief summary of
results from rodent models of neurodegeneration is
presented in Table 2.

EVALUATION OF NEUROCHEMISTRY

MRS is one of the few available techniques that can
provide in vivo information on neurochemistry non-
invasively. It is extremely versatile with respect to the
many chemicals and brain processes that can be
examined, as seen in Table 1. A number of different
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nuclei can be observed using MR, and those that are most
commonly seen in brain disorders (in decreasing order of
number of studies) are 1H, 31P, 13C, 19F, 15N, 23Na, and
7Li, with the first three accounting for approximately 99%
of all studies. Although only 1H and 31P have been applied
extensively to neurodegenerative conditions, a number of
potential studies of neurodegeneration could be per-
formed using either 13C and 23Na. With 13C, TCA cycle
dynamics can be assayed, and the efficacy of a given
neuroprotective compound in improving cellular ener-
getics determined. On the other hand, 23Na may be useful
for examining changes in intracellular and extracellular
sodium content during a stroke (21–24).

Because of its sensitivity, 1H MRS is the most common
application in brain. At lower field strengths such as 1.5 T
and even 3 T, the number of chemicals that can be reliably
quantified is relatively low, including lactate (if present),
N-acetylaspartate (NAA), Glx (Glu plus Gln), Cr/

phosphocreatine (PCr), trimethylamine (choline)-
containing compounds, myo-inositol, and, in the rodent
brain, taurine (in primate brain, not much taurine is
routinely observed, whereas in rodent brain taurine
concentrations are quite high at about 5mM). The current
large impetus for higher field strengths doubly benefits
MRS (as opposed to MRI) because of the increase in
signal-to-noise ratio (SNR) coupled with the increase in
spectral dispersion, leading to much easier identification
of many overlapping resonances.

At much higher field strengths, such as 7 T in humans
and 9.4 T in animals, it is possible to quantify even more
chemicals (25,26). As an example, we show the ultimate
in neurochemical detection: in vitroMRS spectra of brain
extracts at high field. Figure 2 shows a spectrum from a
mouse at 600MHz (14T). The assignments of the
resonances can be found in numerous sources (27–29). It
is clear that many chemicals can be detected. A brief

Table 2. Summary of MRS in animal models of neurodegenerative diseases

Disease Summary References

HD In vivo MRS in transgenic mice (R6/1 line): reduced NAA (26%) in the corpus striatum at
5 months of age; cholines and Cr/phosphocreatine not altered

(135)

HD MAS 1H MRS in R6/2 mice: lower levels of NAA, GABA, Asp, Ala, acetate, choline and
phosphocholine in decreasing order of significance (from striatum). Raised levels of
glycerophosphocholine, scyllo-inositol, Gln, taurine, myo-inositol, lactate and Cr in decreasing
order of significance

(138)

HD 2% Cr administration (R6/2): attenuated reductions in striatal NAA assessed by MRS (18)
HD MRS in Cr-supplemented mice (R6/2): increased brain Cr concentration and delayed decreases

in NAA concentration
(19)

HD MRS in CGS21680-treated mice (R6/2): CGS reduced the increased choline concentrations in
the striatum

(17)

HD Chronic 3-nitropropionic acid (3NP) treatment: a region-selective increase in lactate was
detected in the striatum and a progressive and region-specific decrease in striatal NAA, Cr, and
choline occurring as early as 3 weeks before the first detection of lactate

(168)

HD R6/2 mice (mutant htt with 141 CAG repeat): 53% fall in NAA, large increase in glucose (600%)
(in vivo). In vivo and in vitro shows increases in Gln (100%), taurine (95%), cholines (200%),
scyllo-inositol (333%) and decreases in Glu (24%), succinate (47%).

(39)

HD 3NP injection in rat: chemical shift imaging (CSI) measurement showed raised lactate in the
striatum and decreased NAA

(15)

PD MPPþ injection in rat: CSI measurement showed raised lactate in the striatum and decreased NAA (15)
PD Long-term neurodegenerative and bioadaptive neurochemical changes in a primate model

(14� 5 months): 23-fold increase in lactate and macromolecules in the striatum region of the
brain for up to 10 months after the last administration of MPTP but returned to normal level by
2 years after MPTP

(140)

PD MPTP-treated mice: NAA was significantly diminished in the substantia nigra pars compacta
and striatum

(141)

PD MPTP-treated C57BL/6 mice: marked increases in lactate/Cr ratio were observed at 2 h and
then quickly returned to about basal level by 7 h after injection of MPTP

(169)

PD MPPþ injection in rat: CSI showed a marked increase in striatal lactate and a depletion of ATP
up to 48 h after the injections

(115)

MND/ALS Mutant wobbler mice: the ratio of NAA to total Cr was significantly lower in affected mice
(0.79� 0.05) vs 0.98� 0.10

(170)

ALS SOD1 (G93A) mice: in vivo MRS showed significantly increase cortical Glu at 115 days. Creatine
attenuated the increase in Glu at 75 days of age but no effect at 115 days

(71)

AD Mice (APPTg2576) in vivo and in vitro MRS: decreases in NAA (17%), Glu (22%), glutathione
(36%) in the cerebral cortex at 19 months. Increase in taurine (21%), but not myo-inositol.

(122)

AD APP�PS1 mice: a reduction in the concentrations of NAA and Glu compared with total Cr
with advancing age. A dramatic increase in myo-inositol with age.

(86)

AD APP�PS2 mice: in vivo MRS showed significantly reduced NAA and Glu in the older animals.
NAA concentrations correlated with plaque area. No change in inositol

(123)
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synopsis of the relevance of the major neurochemicals,
and their utility as markers for neurodegeneration and
neuroprotection, is given below.

N-Acetylaspartate

There seems to be little doubt that NAA is a marker for
neurons because it is found almost exclusively in neurons
but not in glial cells (30–33). The concentration of NAA is
spatially fairly uniformwithin both gray and white matter,
with the major distinction that neurons with extensive
axonal projections, such as in the substantia nigra, have
higher concentrations than those with shorter projections,
such as in the striatum. NAA concentration seems to be
similar in the major neurotransmitter neuronal subtypes,
including cholinergic, noradrenergic, GABAergic (g-
aminobutyric acid) and Glutamatergic neurons (31). The
biochemical literature indicates that NAA concentration
is higher in graymatter than in white matter (by a factor of
about 2) [see Table 1 in reference (30)]. Some in vivo
studies seem to have found NAA to be higher in white
matter (34), whereas others have found it to be higher in
gray matter (27). The controversy may be resolved by
more detailed study of the relaxation times of NAA in
gray and white matter. Accurate relaxation times are
essential for accurate metabolite concentrations [unless
ultrashort TE values (1–5ms) and long TR values (>5 s)
are used], but their acquisition is time consuming, and few
studies have attempted adequate measurements. NAA
seems to have a longer spin-spin relaxation time (T2) in
white than in gray matter (27), leading to overestimates of

its concentration in white versus gray matter either alone
or when Cr is used as a denominator, as Cr seems to have a
similar T2 in white and gray matter. NAA also has a longer
T1 in gray than in white matter (34), again leading to
overestimates in white matter if shorter TRs are used.

Given the neuronal localization of NAA, it is reason-
able to expect it to be a marker for neuronal loss in
neurodegenerative conditions; and this is exactly what is
found. The association is borne out by the data for
Alzheimer’s disease (AD): a number of studies indicate
diffuse neuronal loss in various regions in the cortex. In
addition, comparisons of AD with other dementias
indicate NAA loss in patients with dementia as well
(35). In the case of HD, there is NAA loss in the striatum,
as might be expected, but no significant loss in the cortex
in the patient populations that have been examined
(36,37). It might be expected that, in patients with late
stage HD, there would be NAA loss in the cortex, as MRI
and histopathology indicate considerable neuronal loss at
this time. However, examination of these patients is
complicated by their severe chorea and fragile health.
Postmortem spectroscopy of tissue extracts in patients
with HD revealed about 50% NAA loss in the putamen
(38), and studies of HD transgenic mice showed extensive
NAA loss in the striatum (39). In the case of mitochon-
drial encephalopathies, NAA loss is consistently found
in most patients (40,41). Thus in almost every neurode-
generative condition examined to date, there is extensive
NAA loss in the region of the brain affected by the
pathology. This is also true in conditions such as infarcts
after stroke, when NAA decreases dramatically and
irreversibly (42–44).

Figure 2. Spectra from a brain extract of a wild-type mouse taken at 600MHz (14 T). The high field
strength provides excellent spectral dispersion and discrimination of many different neurochemicals. TR
in this spectrum is 10 s, so the peak areas are proportional to concentration directly after correction for
the number of protons giving rise to a particular resonance.
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Thus, large decreases in NAA concentration are
probably the result of some neuronal loss and/or axonal
damage in most pathologies. However, it should be kept
in mind that, in certain conditions, NAA concentration
can fall and then return to normal. This has been shown in
plaques found in multiple sclerosis and demyelinating
lesions (40,45,46). Furthermore, two comparisons of
histopathological measurements of neuronal/glial content
and NAA loss from hippocampal tissue resected for
surgical treatment of temporal lobe epilepsy showed a
surprising lack of correlation between NAA loss and
neuronal loss (47,48). The last two results might be
explained by data that we collected from transgenic HD
mouse models which showed that, although there is
extensive NAA loss in the striatum, it is accompanied by a
decrease in neuronal area, not number (19,39). This
finding was extended in two other transgenic mouse HD
models in which we found excellent correlation with
neuronal area, but not number (49). These findings lead to
the important conclusion that decreased NAA can reflect
a decline in neuronal health as well as number.

It is unfortunate that, although NAA seems to be a
more or less reliable marker for neuronal loss and/or
dysfunction in almost all the neurodegenerative dis-
orders in which it has been examined, little is understood
about its exact role in the brain. As most studies of
neurodegeneration have assumed it to be a neuronal
marker, it would be of value to understand its role in the
brain, as this may shed light on the neurodegenerative
process itself. NAA seems to have no role as a
neurotransmitter, as it is neither excitatory nor inhibitory
to other neurons. Postulated roles include involvement in
lipid synthesis in myelin, both precursor and breakdown
product of N-acetylaspartylglutamate, and as a storage
form of aspartate (30). Although these roles for NAA are
reasonable, they remain speculative for the most part.
Some data indicate that NAA may play a role in
osmoregulation (50). This study, using microdialysis,
determined that hypo-osmolarity caused an increase in
NAA in the extracellular space. As no other amino acids,
except taurine, increased under these conditions, this
increase in NAAwas interpreted to be a specific response
to hypo-osmolarity. Taurine has already been shown
to play a role in osmoregulation, and it was reasoned
that NAA may also serve this function to reduce osmotic
stress and possibly prevent neuronal swelling. This
hypothesis has been taken a step further with the
proposal that NAA represents a ‘molecular water pump’
to remove the metabolic water produced during both
ordinary glucose oxidation and pathological conditions
(51,52). Interestingly, the enzyme that synthesizes NAA,
L-N- acetylaspartyl transferase, seems to be localized in
mitochondria. Thus, some of the postulated mitochon-
drial abnormalities in neurodegenerative disorders may
also lead to changes in the concentration of NAA.

The rate of NAA synthesis and turnover has been
estimated from a number of 13C label studies. It has been

proposed that complete label turnover of NAA is
relatively slow (16–70 h) (53–55). The rate of NAA
labeling is consistent in rats and humans at about 10 nmol/
g/min (53,55). This relatively slow rate (compared with
other energetic metabolites such as Glu) has led to the
suggestion that NAA does not have a crucial role in
energy regulation (53). Whatever its ultimate role in the
brain, it seems fairly well established that, quantification
problems notwithstanding, it will serve as a useful marker
for neuronal dysfunction, and potential therapies (56), in
neurodegenerative illnesses.

Lactate

Lactate is the end product of anaerobic glycolysis. It is
present in normal brain in barely detectable amounts, as
evaluated by MRS (�0.5mM). Therefore, when lactate is
detected in measurable amounts, the result is significant.
The question is significant of what? Increases in lactate
can be stimulated by neuronal activation (57), and lactate
can be used as a fuel by the brain (58). Lactate is
postulated to play a role as a metabolic fuel by coupling
Glu reuptake in glial cells after neuronal stimulation to
increased glycolysis in glial cells (59). The increase in
lactate concentration caused by neuronal stimulation is,
however, quite small – only about a factor of two – which
makes it still barely, albeit reliably, above the noise level.
The amount of lactate detected in mitochondrial
disorders, or in some patients with HD, is quite a bit
higher than this, in some cases being fourfold to tenfold
above baseline in normal controls. The amount of lactate
detected by MRS represents the net balance between
production and efflux and/or consumption. Therefore, it is
difficult to decide whether these increases represent
increased production rates or decreased rates of efflux,
either through the blood–brain barrier or by reconversion
to pyruvate via lactate dehydrogenase. In this regard, it is
usually more important to know the lactate/pyruvate ratio
because this quantity truly represents the cellular redox
state through its relationship with concentrations of
NADH and NADþ (the oxidized form of NADH).
Unfortunately, endogenous pyruvate concentrations are
too low to be measured in vivo by MRS.

There are other sources of increased lactate in the brain
which may not necessarily involve impaired oxidative
phosphorylation. Increased macrophage activity in
cerebral infarcts has been demonstrated to lead to raised
lactate concentrations as a result of the high glycolytic
rates of the macrophages themselves (60). Lactate
concentrations were highest, and NAA and Cr concen-
trations lowest, in regions of high macrophage density.
This type of process might be possible in late stage HD,
but seems unlikely to occur in the striatum in Parkinson’s
disease (PD) or other slowly progressing neurodegen-
erative conditions. Another possible source of raised
lactate concentrations is hyperventilation. It has recently
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been shown that hyperventilation can induce increases in
lactate concentration in normal subjects and even higher
concentrations in patients with panic disorders (61). The
mechanism by which this occurs is not yet clear, but, as in
neuronal stimulation, lactate concentrations only increase
by about a factor of two. When the mechanism by which
this increase occurs is found, it may shed some light on
the increases seen in the neurodegenerative disorders.
A final word about quantification of lactate is that

increased lipids and macromolecules with resonances that
are quite strong at 1–1.5 ppm will interfere with the
lactate signal at 1.33 ppm, especially when lactate
concentrations are low. In addition, use of echo times
of 136ms can often lead to gross underestimates of lactate
concentration in STEAM sequences (62).

Glutamate and aspartate

Glu and aspartate are amino acids that are excitatory
neurotransmitters in the brain. The role of Glu as an
excitotoxin is well documented elsewhere in a number
of recent reviews (63–66) and it will not be recapitulated
here. Aspartate may also function in such a role, although
its concentration in the brain is about five times lower
than that of Glu. Owing to their high concentrations
(� 5–10mM for Glu at various locations in the brain),
these neurotransmitters should be easy to detect using
MRS. However, one must distinguish between the
metabolic pool, neurotransmitter pool, and extracellular
pool of Glu. For instance, increases in extracellular Glu
are likely to lead directly to excitotoxicity even though
this pool is very small (much less than 1% of the
intracellular pool). The intracellular pool is more closely
related to metabolism than direct excitotoxic potential. In
many neurodegenerative conditions, there is a decrease in
Glu associated with neuronal loss. Unfortunately, detec-
tion is not easy in vivo at the commonly used field strength
of 1.5 T. The reasons for this are the complicated spectral
patterns induced by strong J-coupling at low fields and the
large overlap with other metabolites, especially Gln, but
including macromolecules as well. Accurate quantifica-
tion of Glu and aspartate at these low field strengths is, in
our opinion, nearly impossible. At 4 T, with an
exceptionally good shim, it may be possible to separate
Glu from Gln (67), although more routine separation is
found at field strengths higher than 4 T. Almost nothing
has been carried out with regards to quantification of
aspartate, and this molecule will be a ‘very tough nut to
crack’ given its large spectral overlap with the NAA
methylene protons and its complicated coupling patterns.
Thus, elucidation of the role of Glu and aspartate in

neurodegenerative illness using MRS awaits higher field
strengths. Because Glu reuptake systems in glial cells are
so potent, it may be that increases in neuronal Glu will be
difficult to detect, even in cases where there may actually
be transient increases. In a condition such as amyotrophic

lateral sclerosis (ALS), impaired glial uptake of Glu is
found via damage to the Glu transporter excitatory amino
acid transporter (EAAT2) (68,69). Thus, in ALS,
increases in Glu might be postulated. This has been
detected [as the sum of GluþGln (Glx)] using MRS in
both humans in the medulla (70) and transgenic mice with
mutations in superoxide dismutase 1 (71). Certainly the
presence of raised Glu, as a potential neurotoxin in early
HD or PD, would be amenable to testing using MRS
techniques at high fields. We have detected Gln increases
in transgenic HD mice, possibly as a result of impaired
Glu/Gln neuronal/glial cycling (39), and a similar finding
has been made in rats with quinolinic acid lesions in the
striatum (an older model of HD) (72). Such a finding in
humans remains to be obtained. In addition, the increases
in ammonia seen in patients with hepatic encephalopathy
lead to increased Gln, which is the end product of
ammonia detoxification in the brain [see review in (73)].

Choline (Cho), Cr and myo-inositol

For the sake of brevity, we have lumped these chemicals
together. The peak labeled Cr at 3.03 ppm is composed of
both Cr and PCr as well as smaller contributions from
GABA and macromolecules. In conditions where there is
impairment of energy metabolism, hydrolysis of PCr to
Cr can be expected. In this case, the total resonance
intensity would not change, assuming that the relaxation
times were the same for both molecules. As most data
indicate that the total PCrþCr content is constant under a
variety of conditions (excluding tissue necrosis or
potentially cell density decrease), it is reasonable to
use this chemical as a denominator in ratio methods as
long as it is realized that it may not really be constant.

Cho compounds are trimethylamines which may be
chemically heterogeneous. What appears to be a singlet
resonance at 1.5 T often appears more complicated at
higher field strengths. The Cho observed in MRS may not
be entirely water soluble because in vitro acid extracts of
brain tissue often yield smaller intensities than in vivo
measurements (74). Also, glial cells have a 2–3-fold
higher Cho concentration than neurons (33). Thus, it is
possible for Cho to serve as a marker of gliosis; however,
this requires histopathological correlation. It is clear that
many brain tumors (as well as other tumor types) derived
from glial cells are highly enriched in Cho, as rapid
membrane turnover leads to a high glycerophosphocho-
line/phosphocholine signal (75,76), which may reflect
phospholipid synthesis and breakdown rather than gliosis.

Lastly, we discussmyo-inositol.myo-Inositol is present
at a much higher concentration in glial cells than in
neurons (77), thus it may also be a good marker of gliosis.
It also has an established role in osmoregulation, as
proposed by Thurston et al. (78) and verified in other
studies (79).
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We have examined our data for the occipital cortex of
35 patients with HD and found no significant change in
myo-inositol in this brain region compared with normal
controls. The data for AD, however, seem to indicate an
increase in this compound in various cortical regions. By
combining this increase with the decrease in NAA, Ross
and colleagues were able to distinguish AD from other
dementias (35). Numerous other studies have confirmed
the increase in myo-inositol and decrease in NAA in AD
(80,81). The possible significance of this increase is not
clear at this time (i.e. gliosis or osmoregulatory
problems), although these authors have speculated that
it may be related to changes in osmoregulation. A
potential problem with measurement of myo-inositol is
that glycine has its CH2 resonance at 3.55 ppm. Although
myo-inositol is present at an approximately 2–3-fold
higher concentration than glycine, it has a shorter T2. This
should be kept in mind when analyzing purported changes
in myo-inositol.

QUANTIFICATION OF 1H MRS

Quantification of 1H MRS has been slowly evolving over
the years because of the many difficulties in ‘absolute
quantification’. The problem can be largely attributed to
difficulties in determining accurate relaxation times or
avoiding macromolecular contamination. Often the
denominator is chosen to be the Cr/PCr peak at
3.0 ppm because of its supposed insensitivity to the state
of the tissue. It has also become common practice to
report ‘absolute’ concentrations using water as an internal
standard because of its relative molar invariance. This
practice is also fraught with some difficulty, especially in
neurodegenerative diseases. As much brain tissue in older
subjects and patients with neurodegenerative diseases
will be somewhat atrophied, the possibility of cerebrosp-
inal fluid (CSF) contamination is high. As CSF has
spin-lattice relaxation time (T1) and T2 properties quite
different from tissue water and neurochemicals, the
degree to which it contaminates the voxel must be known.
Further, metabolite relaxation times can vary between
white and gray matter (27,34), which means that how
much each of the large spectroscopic voxels is composed
of white and gray matter must be known. This problem is
more severe in humans than in mice because of the
lisencephalic brain of the mouse. In addition, because of
the large overlap of metabolites with tissue macromo-
lecules, the unique determination of T1 and T2 for each
neurochemical is quite difficult, as the macromolecular
contamination is much higher at the shorter TEs. Going to
higher magnetic field strength helps in this regard, as
there are now more Hz per ppm, but even at 9.4 T there is
substantial macromolecular intensity under the NAA,
Glu/Gln and Cr resonances (82).

A brief, but general, discussion of the quantification
problem is given below. To convert the observed

resonance intensity at a given frequency (here chosen
to be NAA at 2.0 ppm) into a concentration using water
(at 4.7 ppm) as an internal standard, we arrive at an
equation that looks something like the following (for a
simple spin echo sequence):

½2:0 ppm� ¼ Að2:0 ppmÞ
Að4:7 ppmÞ 80M
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where A (ppm) is the area at a given frequency, Mi
0 is the

magnetization of the ith resonance at that frequency
(necessary because so many neurochemical resonances
overlap, such as NAA and Glu at 2.0 ppm), and likewise
the Ti

1 and Ti
2 are the longitudinal and transverse

relaxation times of the ith components, M
j
0 is the water

magnetization of the jth compartment, with its long-
itudinal (T1) and transverse (T2) relaxation times
(necessary because a given voxel may contain white
matter, gray matter, and CSF in different amounts and
these all have different relaxation times), and we have
assumed that the molar proton concentration of water in
the brain is �80M. It is apparent that this is a tricky
problem, notwithstanding the fact that a further compli-
cation relating to the splitting of resonances by
‘J-coupling’ is ignored in the equation above.

A common approach to quantification fits linear
combinations of metabolite sub-spectra to the observed
spectra [the LC model approach (83)]. This is an
eminently reasonable approach and incorporates con-
straints into intensities by fitting all the peaks of a given
molecule together. It should be noted that this can lead to
decreased accuracy when either or both of two likely
conditions apply. The first is if different resonances have
different effective T2 values. This is probably the case for
NAA, where the methyl peak at 2.0 ppm has a much
longer T2 than the methylene at 2.62 ppm. The second is,
if the radio frequency pulse profile is not uniform across
the spectral width, this can adversely affect the intensities.
This problem is somewhat averted by using the
metabolite basis spectra acquired on the same scanner,
but can be significantly affected by subject motion
(unpublished observations). Any method will suffer from
the problem that the relaxation times for both metabolites
and water go undetermined (indeed they have to for a
reasonable total acquisition time) and the macromolecule
contributions are undetermined except as baseline noise
or as basis sets from healthy controls. The obvious
solution to this problem is to collect with as short an echo
time as is possible (down to <3ms) thereby minimizing
the contribution of T2 to the uncertainty. This is, of course,
quite useful; however, it also introduces the problem of
macromolecules. It has been shown that, without
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incorporation of prior knowledge of the macromolecules,
it is impossible to obtain concentrations of metabolites
consistent with the biochemical literature (84). The
macromolecular components are largely undetermined
biochemically, and it is not known how they may change
in disease. Thus they may prove very difficult to remove
using a priori information from ‘template’ spectra of
controls. It is apparent that this is a major problem, and
most ‘absolute’ quantifications reported in the literature
should be taken with a grain of salt. That this is true can
be seen from ‘absolute’ determinations of NAA
concentration in human cortex by MRS ranging from 7
to 11mM in the literature. Further, the macromolecular
resonances yield large signal intensity under the Glx peak
as well as, to a lesser extent, the Cr peak at 3.0 ppm.
Therefore, if one uses very short echo times, it becomes
paramount to have excellent lipid suppression in place.
Collection of metabolite nulled spectra and macromole-
cule nulled spectra using a preceding inversion pulse
can be extremely helpful in this regard for identification
of the macromolecular profile (82). The macromolecular
resonances have been histologically associated with
microglial infiltration in stroke patients (85), potentially
turning them into useful markers for that important
process.
If one wishes to merely compare control populations

with neurodegenerative populations or patient popula-
tions longitudinally, then, as long as one uses consistent
methods, useful and statistically significant data can be
obtained. Often this problem is dealt with by taking ratios
of peaks rather than absolute concentrations. Usually the
Cr peak at 3.0 ppm is used as the denominator because of
its relative invariance in multiple pathologies compared
with the other major peaks. When comparing the ratios, it
is important to note that, because of the complexity of the
equations above, the ratios will probably change at
different TE values. Thus, the NAA/Cr ratio, for instance,
is greater at TE¼ 272ms than at 136ms. This means that
direct conversion of a decrease in NAA/Cr ratios into
percentage neuronal loss is dangerous.

SPECTROSCOPY IN MICE – HARDER
THAN IN RATS!

The increasing use of higher magnetic fields allows
increased SNR (and consequently smaller voxels) as well
as increased spectral dispersion in MRS. This means that
in areas of the brain where the magnetic field is quite
uniform, such as the thalamus or striatum, beautiful
spectra can be obtained [see for instance (25,72)].
Unfortunately, the increased magnetic field can also make
the collection of high-quality spectra in mice more
problematic than in larger animals such as rats or humans.
The small size of the mouse raises two challenging
problems. The first is the air/tissue interface leading to
large gradients as a result of the large differences in

magnetic susceptibility between the air and the tissue. As
the mouse head is smaller than, for instance, the rat head,
the brain is closer to the air and the air/tissue
susceptibility interface can lead to difficulty in shimming
(the act of making the magnetic field more homogeneous
using auxillary gradient coils) the superficial cortex. As
with humans, areas near sinuses suffer from worse line
broadening at higher fields than at lower fields. In rodents,
at high field, it is quite difficult to obtain high-quality
spectra in areas such as the amygdala and inferior
temporal cortex. Yet another problem presents itself as the
result of the small size of the mouse. The air-filled lungs
are much closer to the brain than they are for a rat, and the
movement of the lungs during breathing leads to periodic
oscillations in the B0 field. As a mouse breathes at about
100–200 breaths per minute (1.7–3.3Hz), there may be
line broadening that may potentially be corrected for by
respiratory gating and binning of the data, although to our
knowledge this has not been attempted in mice yet. As
noted, it is possible to collect individual spectra during the
acquisition. In this way, each of the spectra can be
individually corrected for frequency shifts and eddy
current effects (if the water spectrum is obtained), even in
the absence of gating, and this can improve the overall
spectral quality (86). Obviously, with the exception of the
breathing, these issues become more or less problematic
depending on which brain region one wishes to
investigate. If one makes a B0 field map of the mouse
brain (or even a T�

2 histogram), it is quite clear that the B0

varies in a predictable manner.
Other than the problems noted above, MRS in mice

presents the same problems as for other species, including
quantification, often unmeasured relaxation times, water
and lipid suppression. Owing to the small sizes involved, it
places more of a burden on eddy current performance of the
gradients (because of the increased gradient strengths
necessary for selection of the smaller voxels), but this
presents few problems with modern spectrometers and can,
in principle, partially be corrected for by simultaneous
(interleaved) collection of unsuppressed water spectra.
There are two other problems when scanning mice. The first
is the fact that mice are very sensitive to temperature
fluctuation, so body temperature must be controlled more
carefully than is necessary with larger animals. The second
is, owing to the small respiratory capacity (or tidal volume)
of the mouse, more care must be taken than for larger
animals to constructmasks that avoid rebreathing in animals
that receive gaseous anesthesia. The small sizes mean that
spectroscopic imaging is more challenging because of the
smaller voxel sizes and the requisite SNR constraints. On
the other hand, signal averaging for periods of time up to
hours is not problematic in most situations.

Another very important issue to be considered in MRS
studies of transgenic mice is the potential variability of
metabolite concentrations in different strains of mice. An
older study of NAA concentrations in a variety of
different mouse strains showed that they varied by up to
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almost a factor of two between various strains (87). It is
very much the case that different strains of mice are used
to generate the transgenic neurodegenerative models.
Thus, it is imperative to control for background strain
when comparing a transgenic animal with a wild-type
animal as a control. A more important question is why are
NAA concentrations so variable between strains? In this
regard, the value of correct tissue handling post mortem
for in vitro neurochemical analysis cannot be over-
estimated. Smaller tissue specimens degrade faster than
larger ones as the result of thermal equilibration. One
problem in analysis of in vitro spectra, whether from
brain extracts or from intact tissue samples using
high-resolution magic angle spinning (HRMAS), is
that the tissue must be processed and frozen
quickly, otherwise significant degradation can take place.
This degradation will involve loss of NAA and
concomitant increases in acetate (88). Lactate will also
show large increases compared with tissue that is
processed more quickly. Presumably, if wild-type and
transgenic mice are handled in a similar manner, the
results will be comparable.

We compared a number of different mouse models in a
recent paper (49). There was little variation in the NAA
concentrations of wild-type mice of different strain,

reinforcing, to some degree, the value of in vivo
spectroscopy, which is largely immune from questions
of sample handling.

13C NMR SPECTROSCOPY

Although carbon is less sensitive than even phosphorus
(the relative sensitivities of proton/phosphorus/carbon is
100:6.7:0.018), it is a useful marker for a number of
interesting biological pathways. Advances in indirect
detection of 13C through coupling to protons has greatly
increased the potential sensitivity (89–91). Further gains
in sensitivity have been attained using hyperpolarized
13C (92,93), although the hyperpolarization decays rather
quickly as a result of T1. Because the natural abundance of
13C (the MRS active isotope with spin 1/2) is only 1.1%,
molecules can be labeled and seen as they are
metabolized. Such studies can be performed using
glucose as a label to be followed as it passes through
the TCA cycle. Usually the C1 position of glucose is
labeled using 13C, then the metabolism of the glucose
molecule through the glycolytic pathway and then the
TCA cycle is followed. A schematic for this is shown in
Fig. 3. On the first passage through the TCA cycle, the

Figure 3. (A) Schematic for the metabolism of glucose and its conversion into observable 13C-labeled compounds. The
Cs in bold represent the carbon as it passes through the TCA cycle. Note that, on the first passage, the Glu and Gln are
labeled at the C4 position. If the TCA cycle is blocked by, for instance, 3-nitropropionic acid, an increase in lactate and
alanine is seen, as well as a build up of succinate. (B) Schematic of neuronal/glial metabolism and Glu/Gln cycle.
Neurotransmitter release of Glu is taken up by the astrocyte where it is converted into Gln and shuttled back to the neuron,
where it is reconverted into Glu. Also shown is the metabolism of acetate, which is only taken up by glial cells, and hence
can provide a means to discriminate neuronal from glial metabolism using 13C MRS.
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primary detectable molecule is 13C-labeled Glu in the C4
position, followed quickly by Gln at the C4 position.
Subsequent passages through the TCA cycle produce
labeling at the C3 and C2 positions of Glu and Gln. The
absolute amount of 13C-labeled glucose in the brain can
also be detected at the same time. At later time points,
other metabolites, such as lactate, GABA and NAA, start
to appear.
In addition to glucose, acetate can also be labeled. This

provides an interesting comparison with glucose labeling,
as acetate is only taken up by glial cells and can be used to
probe altered glial metabolism as shown in Fig. 3(94–97).
Much work has gone into modeling the kinetics of

the reactions and determining, for instance, TCA cycle
flux and Glu–Gln cycling from these numbers. Space
precludes a full discussion here; however, most research-
ers who study brain make the assumption that the reaction
from oxoglutarate to Glu is much faster than the rate at
which the substrate enters (i.e. TCA cycle flux), therefore
the rate of C4 labeling is essentially the rate of TCA cycle
flux. Although this approach is somewhat controversial,
its validity does not affect our qualitative understanding
here. The rate at which the various TCA cycle
intermediates become labeled yields the desired informa-
tion in the context of a metabolic model (98–102). Thus,
administration of 13C-labeled glucosewould yield a lower
rate of labeling of Glu in a patient with a suspected defect
in glycolysis than in a control subject. At this point, such
an observation would be indistinguishable from a defect
in the TCA cycle. Preliminary data have been obtained for
AD: Glu labeling correlated with both reduced NAA (and
NAA/myo-inositol) and measures of cognitive impair-
ment (103). Large increases in lactate labeling and
decreased Glu and NAA labeling were found in
13C spectra in two patients with mitochondrial disorders
(95). We have shown increased Glu metabolism in mouse
models of ALS, and decreased Glu and increased Gln
labeling in an HD mouse model (104). These results are
consistent with impaired neurons in HD and impaired
glial function in ALS.

13C NMR has also proved useful for investigating rates
of synthesis of molecules such as NAA and glutathione in
the brain. A number of studies have examined NAA
turnover either using 13C-labeled glucose infusion or by
feeding an animal a 13C-enriched ‘chow’ (54). The results
all agree that complete NAA turnover is quite slow, of the
order of days (53,54,105).
Although the biochemical specificity of 13C MRS is

tantalizing in its potential, it is unlikely to be used as
extensively as 1H MRS because the cost of 13C-labeled
glucose and the limited spatial (and temporal) resolution
obtainable are likely to limit widespread application to
humans. Nonetheless, it remains a very useful tool for
investigating etiological and symptomatic questions in
neurodegenerative illness, especially when combined
with 1H MRS and other techniques such as positron
emission tomography (PET).

USE OF MRS IN STUDIES OF THERAPEUTICS
IN HUMANS

The use of MRS to study neuroprotection can only be
defined as being in its infancy for any number of reasons
that are not worth digressing into here. Suffice it to say
that, at this point, as the end point in any human
therapeutic trial, MRS can only be considered as
complementary to other end points including clinical
metrics. On the other hand, there are numerous animal
studies in which MRS data can be considered a major
criterion for evaluation of the animal’s neurochemistry.
Instead of cataloguing the various studies that have been
performed, let us examine what major end points may
prove useful in future studies.

Because NAA is typically the largest peak in the MR
spectrum, it remains an attractive target for assessment of
therapeutic interventions. There are two reasons for this.
First, in any trial, reproducibility from one time point to
the next is important. Owing to the low sensitivity ofMRS
as well as the relatively low concentrations of neuro-
chemicals such as NAA, it is imperative to maximize
intra-subject reliability. This is best attained using
resonances with the highest SNRs. This is a useful, but
hardly compelling, reason. Secondly, as NAA is a marker
for the health of neurons, it can be imagined to be a
therapeutic marker in any pathology in which the loss of
neurons is expected, such as AD, HD and ALS. As
neuronal loss in these pathologies proceeds fairly rapidly,
NAA is a reasonable choice for following neuronal loss.
Among the complications that make such a study difficult
is the need for reproducibility of the voxels (whether they
are acquired as single voxels or as multiple voxels from a
spectroscopic image). Because gray and white matter
have different amounts of NAA, it is important to collect a
high-resolution three-dimensional MR image to assess
the amount of gray and white matter in each voxel as well
as to correctly register the voxels (34).

A number of studies have used NAA as a therapeutic
marker in humans. A study of epilepsy showed
re-normalization of NAA in patients rendered seizure-
free after surgery (this re-normalization was significant
compared with both before surgery and patients whowere
not rendered seizure-free) (106). NAA has also been used
as a marker for recovery in treatment of ALSwith riluzole
(56,107). In this case, a small increase in NAA
concentration (6%) was recorded in the motor cortex
in patients treated with riluzole. The untreated group
showed a decrease in NAA of about 4%. Studies of other
more affected brain regions, such as the medulla where
NAA is decreased by 17% compared with controls (70),
may provide better sensitivity. Furthermore, large
increases in NAA/Cr ratios were found to correlate with
improved recovery from traumatic head injury (108).

An intriguing use of MRS has been proposed for
following the results of treatment for PD in both primate
models (109) and human patients (110) after grafting of
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dopaminergic fetal cells into the striatum. As fetal cells
possess very little NAA, it is possible to measure changes
in NAA concentration longitudinally after grafting.
Presumably increases in NAA concentration would
indicate that the graft is surviving and generating axonal
sprouting (110). Evaluation of NAA concentration may
prove complementary in this regard in the study of
dopamine transporter concentrations and binding using
PET.

Use of NAA could thus be a powerful adjunct to other
techniques for assessing neuroprotective strategies such
as N-methyl-D-aspartate antagonists in stroke, anti-
epileptic drugs, and potential treatments for ALS, AD,
and HD. Indeed, any neurodegenerative condition in
which progression of symptoms is rapid enough to assess
neuroprotection in a reasonable time window could be
studied. One important issue that must be settled in such a
study is that of neuronal loss versus neuronal health. In
the former case, one would expect to find a slower rate of
NAA loss than in untreated controls, whereas in the latter
one may actually see an increase in NAA concentration if
the neurons have not actually died.

NEUROPROTECTION IN ANIMAL MODELS

The non-invasive nature of MR makes studies of
neuroprotection attractive. The ability to follow an
animal longitudinally, and as its own control, allows
evaluation of neuroprotection with smaller numbers of
animals than might be required for histological methods.
These types of MRS experiment have been performed in
many of the transgenic mouse models. In addition, many
of the principles have been demonstrated in toxin models
of neurodegeneration. Many, but not all, of the toxin
models have been supplanted by the transgenic models.
For instance, although HD, AD, and ALS pre-clinical
therapeutic studies have now migrated to the excellent
transgenic animal models discussed below, PD is largely
still modeled using the toxin, 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP), as it faithfully replicates a
wide spectrum of the PD pathology. Examples of the
neuroprotective strategies evaluated usingMR techniques
include:

(a) Glu blockade by either antagonists such as MK-801
or ablation of the cortical input of Glu into the
striatum via decortectomy (15,111–115);

(b) blockade of free-radical production using blockers of
neuronal nitric oxide synthase or trapping of free
radicals after they are formed with compounds such
as n-t-butyl-a-(2-sulfophenyl)nitrone (116,117);

(c) administration of neuronal growth factors such as
basic fibroblast growth factor (118);

(d) energy repletion strategies whereby attempts are
made to restore ATP concentrations with, for instance,
mitochondrial electron transport chain substrates (e.g.

coenzyme Q10 or ubiquinone) or Cr supplementation
(13,18,19,71,119,120).

Many of these strategies have proved useful in models of
focal ischemia.

MRS may have a role in assessing the efficacy of such
potential therapies by monitoring their effects on:
neuronal health and number using NAA; oxidative
phosphorylation using lactate or ATP; lesion size as
measured by water imaging.

NAA has been shown to be a useful marker for
neuroprotection against MPPþ lesions using neuronal
growth factors (118). In this study, basic fibroblast growth
factor was found to protect against neuronal loss, as
measured by spectroscopic imaging of NAA determining
absolute NAA relative to water from proton density-
weighted images (i.e. images in which TR is long and TE
is short and in which CSF, edema and brain are nearly
iso-intense) in the same animals. It is important to note
that all the neurochemicals from one spectrum can be
measured, and thus neurodegeneration can be analyzed
from a number of different perspectives with regard to
neuronal loss and energy metabolism.

Numerous other animal studies have used NAA as a
marker for neuroprotective strategies. Our own studies
have used NAA as a marker for neuroprotection in both
neurotoxin models of neurodegenerative illness using
blockade of mitochondrial complex II (succinate dehy-
drogenase) (120) or complex I (MPPþ) (118), as well as in
transgenic mouse models of HD (19). In the latter study, it
was found that dietary Cr supplementation (2% Cr in the
food) leads to an increase in lifespan of R6/2 mice from
about 15 weeks to about 17.5 weeks. Cr supplementation
also leads to a 30% increase in NAA in the striatum of
these mice. These mice typically suffer loss of more than
50% of NAA in the striatum (39). MRS can simulta-
neously measure the Cr increase in the brain and NAA
and other neurochemicals by using, for instance, water as
an internal reference standard. Thus, in the latter study,
we showed an increase in brain Cr concentration of 21%.
Most importantly, the increase in NAA concentration
correlated with the increase in Cr concentration.
Protection of the NAA concentration also correlated
with protection of neuronal size (about 31%) by Cr
supplementation. As NAA has an exclusively neuronal
localization, the decrease in neuronal size leads to a
decrease in the total NAA signal detected. These results
show that the time course of neuronal shrinkage is
roughly parallel to that of NAA loss in the absence of Cr
treatment. Cr supplementation delays both the loss of
NAA and neuronal shrinkage to approximately the same
degree. These again reflect the utility of NAA as a
neuronal marker.

We also studied the ability of Cr to neuroprotect in a
transgenic mouse model of ALS using a mutation in
superoxide dismutase. The lifespan of these mice was
prolonged by about 20% with 2% oral Cr supplementa-
tion (18). Further, the Cr lowered the raised Glu

Copyright # 2007 John Wiley & Sons, Ltd. NMR Biomed. 2007; 20: 216–237
DOI: 10.1002/nbm

MRS OF MOUSE MODELS OF NEURODEGENERATION 227



concentrations as measured by 1HMRS. The peak labeled
Glx is smaller in the mouse with ALS after Cr
supplementation at about 80 days of age. Unfortunately,
the effect wears off at 120 days, at which time the raised
Glx reappears in spite of Cr supplementation (18).

ALZHEIMER’S DISEASE MOUSE MODELS

A number of different mouse models of AD have been
developed based on genes associated with human familial
AD [reviewed in (121)]. The first model developed was
the amyloid precursor protein (APP) model based on
known familial mutations in this gene. This is known as
the Tg2576 model, which overexpresses a human APP
cDNA transgene with the K670M/N671L double muta-
tion (APPswe or Swedish mutation from the location of the
family where the gene was originally identified). This
model develops plaques starting at about 6 months of age
and shows memory deficits when tested on a water maze.
The plaque distribution is primarily in the cortex and
hippocampus, and, at later ages, is quite pronounced in
the cingulate cortex. Our group studied this model using
both in vivo spectra at 4.7 T and in vitro spectra. The data
show that at 18–20 months of age, there was decreased
NAA and Glu and increased taurine compared with the
wild-type controls (122). Using the in vitro spectra, we
were also able to show a decrease in GSH. Interestingly,

myo-inositol, a compound that is often raised in AD brain,
was not increased in this model. These findings were
confirmed in a subsequent study of these mice (86). The
latter study also examined the age-dependent spectro-
scopic changes noted in another mouse model of AD,
the so-called APP� PS1 (presenilin 1) model. The
APP� PS1 model starts to develop plaques at an earlier
age than the single transgene APPmice. In the APP� PS1
model, there was an age-dependent increase in
myo-inositol and decreases in NAA and Glu. The changes
in myo-inositol were only significant after about 400 days
of age. Figure 1 from the Marjanska et al. paper (86)
showing the age-related changes is reproduced here as
Fig. 4. Both these models showed decreased NAA and
Glu. Whereas the APP� PS1 mice showed increased
myo-inositol, the APP mice showed increased taurine.
Interestingly, both myo-inositol and taurine have postu-
lated roles as brain osmolytes, as mentioned above. Why
there should be this difference between these two models
is not known. In patients with AD, there is an increase in
myo-inositol; however, as humans have little taurine in the
brain, it is unlikely that there would be increased taurine
in the AD brain.

A third MRS study examined yet another model of AD
using the same APP mutation but a different PS mutation
referred to as PS2 (123). These mice developed plaques at
a later age than the APP� PS1 mice. The APP� PS2
mice showed a similar age-dependent decrease in NAA

Figure 4. Age-related changes in metabolites in APP� PS1 mice at 9.4 T. Representative image and spectra of mouse
brain. (A) An image of mouse brain with placement and size of the voxel. (B–E) Localized in vivo1H NMR spectra obtained
from 18mL voxel (box in A) from the brain of a 23-month-old B6 SJL wild-type (WT) mouse (B) and an APP� PS1 mouse
scanned at 16 (C), 20 (D), and 23 (E) months of age. The spectra are shown with similar linewidths and with amplitude
adjusted by using the total Cr (tCr) peak at 3.03 ppm. Reproduced, with permission of authors and publisher, from (86).
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and Glu that correlated with the plaque burden in the
24-month-old animals. No spectroscopic abnormalities
were found before 16 months of age. Interestingly, in this
model there was no increase inmyo-inositol, similar to the
APP model. These authors also found increased
ventricular size in the animals with AD, but no gross
brain atrophy like that seen in patients with AD.

We have been studying yet a third model of AD,
so-called triple-transgenic animals, with mutations in
APP� PS1 as well as a tau mutation to generate the
neurofibrillary tangles found in humans, but lacking in the
other mouse models (124). We have used both in vivo and
in vitro spectra using HRMAS. Data from the hippo-
campus are shown in Fig. 5. At 6 months of age, there is
already a decline in NAA in these mice.

As NAA decreases andmyo-inositol increases, the ratio
of these two has been proposed as a more sensitive
spectroscopic marker for following the human disease
(35). This would appear to be true also in mouse models
such as the APP�PS1. However, one should be cautious
in the use of such ratios. One reason is that, if NAA

and myo-inositol represent two different pathological
mechanisms and tissue/cellular compartments, they may
show independent temporal profiles as the disease
progresses and the ratio may mask this. For instance,
in the study of APP� PS1 mice (86), NAA appears to
decline fairly linearly with age, whereas the myo-inositol
does not show an increase until after 400 days of age. This
fact may reflect the different roles and cellular compart-
ments of NAA and myo-inositol, the former being
primarily neuronal and the latter glial.

One trend in the use of MR techniques is greater use of
the multifarious MR parameters that are measurable
(125). Therefore, once a mouse is placed in the magnet,
there is great incentive to collect other data besides MRS.
A number of interesting studies of AD mice have
appeared. Jack and colleagues (126) showed that one
could image plaques in APP� PS1 mice using MRI
microscopy of ex vivo brains. The plaques generate T�

2

contrast with surrounding tissue as a result of the large
iron accumulation in the plaques. These results were
extended to in vivo studies (with the concomitant decrease
in spatial resolution), and there was some evidence that, at
later ages, increased T2/T

�
2 contrast attributable to plaques

could be detected (126). The use of spin echo images
allowed detection of the plaque geometry, whereas
gradient echo MRI allowed detection of plaque iron
content. As field strengths continue to increase, thereby
increasing SNR and susceptibility contrast, it should
become more attractive to combine such studies for both
animal and human systems with MRS studies. Other
authors have examined hemodynamic parameters in APP
mice, showing decreases in cerebral blood volume at 4
months in the cortex, hippocampus and thalamus (127).
Such studies are relatively quick to perform and may
greatly add to the total information obtained from the MR
examination. These data should allow more comprehen-
sive comparisons with histological and molecular
information.

HUNTINGTON’S DISEASE MODELS:
EFFECTS OF GENE CONSTRUCTS, GENE
MUTATIONS, GENE EXPRESSION AND
GENE CONTEXT

HD is a relatively rare neurodegenerative disorder that is
part of a family of neurodegenerative disorders called
triplet repeat diseases. In the case of HD, the mutation
turned out to be in a previously unknown gene coding for
a 364 kDa protein now called huntingtin (htt), the function
of which is still unknown. In normal controls, the triplet
repeat (CAG)n varies from 6 to 35. Most HD sufferers
have 40–45 repeats. The triplet codes for polyglutamine,
and it is known that when the gene is cleaved, to give
polyglutamine oligopeptides, it is much more toxic.
Human MRS data show decreased NAA (36,128,129).
Small increases in lactate have also been noted in this

Figure 5. Spectra from the hippocampus of 3�Tg ADmice.
Top, Spectrum from the hippocampus (4mL) at 9.4 T using a
PRESS sequence (TR/TE 2200/12ms). Bottom, Piece of hip-
pocampal tissue (�2mL) scanned at 14 T using HRMAS after
T2 filtering with a CPMG sequence. The spectrum is
similar to, although not as rich as, in vitro brain extract
spectra. The spectra show decreased NAA compared with
the wild-type.
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disease (36,130). The decreases in NAA correlate with
CAG repeat length in patients in a manner similar to
neuronal loss (37).
A number of different transgenic mouse models have

been created with various numbers of CAG repeats. One
of the first strains created was the R6/2 mouse. These
mice express an N-terminal fragment (exon I only) of the
human HD gene with 150 CAG repeats and develop a
progressive neurological disorder with features similar to
juvenile-onset HD (131). At 6 weeks of age, R6/2 mice
show loss of body and brain weight, at 9–11 weeks they
develop abnormal motor function and epileptic seizures,
and they die at around 100 days of age (131). The brains
show striatal neuronal atrophy, without much neuronal
cell loss, and intranuclear inclusions that are immuno-
positive for htt and ubiquitin (19,132). Another strain of
mice referred to as N171-82Q express a cDNA encoding a
171-amino acid N-terminal fragment of htt containing 82
CAG repeats (133). The findings for these mice are
similar to those obtained for the R6/2 mice, but they have
a more delayed disease onset and longer survival, with the
phenotype beginning at about 90 days of age and death at
around 135 days of age (18,133). These mice also show
selective striatal pathology, unlike the R6/2 mice in which
the striatum and cortex are equally affected. Hayden and
coworkers (134) produced yeast artificial chromosome
(YAC) transgenic mice expressing mutant htt with 72
CAG repeats (YAC72). Two strains of these mice were
developed, one with a relatively normal expression level
of htt (line 2498) and another with a low expression
level of htt (line 2511). Mice of the 2498 line have a
similar disease phenotype to the R6/2 and N171-82Q

mouse models above, but an even later onset, with
electrophysiological abnormalities from 6 months of age
and striatal neurodegeneration appearing at 12 months of
age (134). Mice of the 2511 strain have milder symptoms
still and a very mild phenotype. The use of these mice
allows comparison of the effects of expression levels as
well as CAG repeat length. In addition, to study the
effects of gene context, we also studied a model in which
an expanded CAG repeat is introduced into the mouse
hypoxanthine phosphoribosyltransferase (HPRT) gene
(2). These mice develop motor abnormalities and nuclear
inclusions similar to the other mice, but also have many
different phenotypic characteristics, such as weight gain.

van Dellen et al. (135) characterized R6/1 mice. These
mice have only exon I of the human htt gene with
111–121 CAG repeats. They typically show an onset of
symptoms at approximately 4–5 months of age. At this
age they have no overt neuronal loss, although there is a
small decrease in striatal volume. There is also a 26 %
decrease in NAA. We examined R6/2 mice, which also
have the same exon I of human htt but have about 150
CAG repeats. We used in vivo and in vitro spectroscopy
and compared the strain with the other strains noted above
(39,49). Figure 6 shows spectra from the striatum
comparing an HD mouse with 141 CAG repeats with a
wild-type mouse. Also shown are spectra from a
wild-type and HD mouse brain extract. There is extensive
loss of NAA, and increases in taurine, Cho and Gln are
detectable in vivo. Owing to overlap of the taurine triplet
at 3.27 ppm with the Cho resonance at 3.23 ppm, it is
possible that some or all of the Cho increase is due to the
increase in taurine. In the in vitro spectra, the greatly

Figure 6. (A) Typical 1H spectrum from striata in a wild-type mouse (WT) and a transgenic HD mouse with 141 CAG
repeats (TR/TE 2000/136ms; 4.7 T). Note the increases in taurine (Tau) and Cho and the decrease in NAA. (B) Comparison
of 1H spectra from striatal extracts of a wild-type and the same HD mouse model as in (A). The greatly increased spectral
resolution and sensitivity allows many more resonances to be quantified. The same pattern is detected as is found in vivo.
Spectra were acquired at 500MHz.
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increased spectral resolution and sensitivity demonstrate
changes in other peaks such as increases in scyl-
lo-inositol. The data we collected showed decreases in
NAA, Glu, and succinate, and increases in Gln, taurine,
scyllo-inositol, but not myo-inositol, and glucose. Inter-
estingly, we discovered a huge increase in glucose in R6/2
mice using MRS. This led us to discover that they had
diabetes at the later stages, a fact we, and others, later
confirmed using other techniques and tools. This provides
a good example of how MRS can be used to make a
completely novel ancillary biological finding.

The decrease in NAAwas exponential from the onset of
symptoms to death. We confirmed this relationship in a
later study with even more mice showing that the NAA
decline matched the functional form of the decline, not in
neuronal number, but neuronal area (49). Thus, the
neurons shrink, but can still be measured. This shrinkage
in neuronal area may well explain why an increase in
taurine is noted in these mice, as it has been implicated
in regulation of brain volume (136).

The decline in NAA over time fits well to the following
exponential function:

NAAðobsÞ ¼ NAAðdÞ þ ½NAAðpÞ � NAAðdÞ�
� exp½�ðage� AOÞ=NAAðtÞ�

where NAA(d) is the NAA concentration at death,
NAA(p) is the pre-symptomatic concentration (equal to
the wild-type concentration), and AO is the age of onset.
This same exponential-like loss was seen in the neuronal
area. Interestingly, the increases in taurine and Cho were
apparently linear with age in the R6/2 mice. In the same

study, we examined a number of other HD mouse models
developed to examine various aspects of the gene
mutation (49). These models explored the effects of
CAG repeat length (18 vs 82 CAG repeats), gene
expression levels, and even the effects of expanding a
CAG repeat on a completely different gene (HPRT mice).
One of the more striking findings is that reducing the
CAG repeat length leads to a much less severe phenotype,
with NAA loss only in the striatum and not in the cortex.
Further, these mice showed a linear decrease in NAA
rather than an exponential loss as noted in the R6/2 mice.
Similar to the R6/2 mice, there was also excellent
correlation in these mice of NAA loss with neuronal
shrinkage, rather than frank neuronal loss (49). These
effects are shown in Fig. 7.

R6/2 mice also show large increases in Gln. The
separation of Glu from Gln at field strengths lower than
7 T is difficult. However, we simulated the effects of
increases in Gln and decreases in Glu using GAMMA
(137). From these simulations, measured line shapes of
the Glx peaks and comparisons with the in vitro MR
spectra, we were able to assign an increase in Gln and
decrease in Glu to R6/2 mice (39). This feature, of
decreased NAA and Glu and increased Gln, seems to be
consistent with neurodegeneration in general. As well as
being noted in the AD and HD models, it has also been
found in other models of neurodegeneration, such as toxic
lesions generated with, for instance, quinolinic acid (72).

Another study of R6/2 mice used HRMAS and in vitro
MRS of urine and plasma to assess metabolic defects
(138). The results were generally consistent with previous
studies showing increased Gln and taurine in a number of

Figure 7. (a) Neuronal area and NAA concentrations in the striatum as a function of time in R6/2mice (150 CAG repeats).
Note that both neuronal area and NAA show an exponential decrease. (b) Comparison of neuronal area in mice with 82
and 18 CAG repeats over time with NAA measurements. In these two less severe phenotypes, NAA (and neuronal area)
shows a linear decrease with age.
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brain regions, as well as decreased NAA and Glu. This
study also found increased glucose. The presence of
acetate in a number of the spectra raises questions about
sample handling. This study used a variety of statistical
methods based on principle components analysis to
discriminate between the wild-type and HD animals.
Such studies show the value of high field strength
(whether in vivo or in vitro) where so many different
metabolites can be measured.

PARKINSON’S DISEASE MODELS

PD is one of the few neurodegenerative disorders that can
be reproduced fairly accurately using a toxin model. The
toxin, MPTP, replicates almost all the pathological
features of PD consequent on dopamine receptor loss,
with the possible exception of Lewy bodies. A number of
spectroscopic studies of PD have been reported in patients
and animal models. The results in patients have been
somewhat mixed, with some studies reporting little
difference between PD and controls and others finding
large differences. One of the problems is that the brain
region most affected by PD is the substantia nigra, a
region that is quite small with high iron content. As
dopamine neurons make up only about 5% of the total
neurons in the striatum (the projections from the nigra), at
first glance it would appear that loss of these neurons
would be difficult to detect using MRS. However, if there
are metabolic changes consequent on loss of dopamine
neurons, then changes might be detected. One recent
study at 4 T showed no change in NAA in the nigra (139).
On the other hand, toxin models have tended to show
more change than observed in patients. We showed in a
monkey model that there was a small loss of NAA
subsequent to chronic, low-dose MPTP treatment, which
progressed with time in concert with progressive loss of
the dopamine transporter (a marker for pre-synaptic
dopamine input) (140). A recent study used spectroscopic
imaging to examine therapeutic interventions in
MPTP-treated mice (141). Chemical shift imaging data
with voxels approximately 1mL in volume were
collected. Protection against MPTP-induced toxicity
using injection of lymph cells from mice immunized
with the chemical copolymer-1 (Cop-1) was demon-
strated. The proposed mechanism of action is that Cop-1
induces autoimmune T-cells, preventing additional
degeneration of the central nervous system, possibly
through anti-inflammatory mechanisms. It remains to be
seen how practical such studies of protection can become.

INTERPRETATION OF SPECTROSCOPIC
RESULTS

There are common threads that run through the
interpretation of the data obtained in the mouse models

of neurodegeneration. Clearly, to no one’s surprise, NAA
is proving to be a useful model for neuronal dysfunction
and loss, and has proved useful for following several
therapeutic interventions. This has been validated in a
number of studies. The roles of the other molecules were
discussed above. One possible interpretation that seems
consistent with a number of the conclusions about the
neurodegenerative models is a change in the glial/
neuronal balance. Glial cells possess more myo-inositol
and Gln and little NAA, whereas neurons have large
concentrations of NAA and more Glu. Thus a change in
the neuronal/glial volume balance could lead to
observations of decreased NAA and Glu, and increased
Gln. This is illustrated in the Fig. 8. We took
concentrations from cell culture data of a variety of
sources for glial and neuronal cells. Unfortunately, cell
cultures are probably not representative of the metabolic
situation in vivo, but there is no way to separate the MRS
signals in vivo from the glial and neuronal cells. The
changes in the relative concentrations of selected
chemicals are presented as a function of changing the
neuronal/glial volume ratio. It can be seen that the general
features observed in the neurodegenerative models above
are noted. By measurement of the various metabolite
ratios, it may be possible to assess this balance. For
instance, in comparing the R6/2 mice with wild-type, we
correlated the ratios from Fig. 8 (including a number of
other chemicals) with those determined from the in vitro
spectra. On the basis of maximizing the correlation

Figure 8. Changes in normalized neurochemical concen-
tration ratios as a function of the ratio of glial/neuronal
volume using data from in vitro cultured neurons and
astrocytes from a variety of sources. By correlation of the
observed ratios with those determined here, the glial/
neuronal volume balance can potentially be estimated.

Copyright # 2007 John Wiley & Sons, Ltd. NMR Biomed. 2007; 20: 216–237
DOI: 10.1002/nbm

232 J.-K. CHOI ET AL.



coefficient, the data suggest that the glial/neuronal
volume ratio is about 50–60% neuronal in the wild-type
and about 35–45% neuronal in the HDmodel. This would
accord with the neuronal shrinkage noted above.

Other possible interpretations are altered glial–
neuronal cycling, which is something that can be readily
assessed using 13CMRS. Increased metabolism in general
may lead to increased Glu and Gln (or Glx). One very
interesting paper showed that, in patients with epilepsy,
therewas good correlation between PETmeasurements of
2-[18F]fluorodeoxy-D-glucose uptake and Glx measure-
ments using MRS (142). The implication was that
increased Glx could be interpreted as an increase in
glucose metabolism. Obviously, this is a far less
sophisticated measure than can be obtained using
13C MRS, but has the advantage of being readily
available and easier to measure than the carbon studies.
Correlations were noted between decreased Glu meta-
bolism measured using 13C MRS and NAA in a small
number of patients with AD, suggesting the utility of
13C NMR in AD studies (103).

SUMMARY

MRS shows great promise for the study of mouse models
of neurodegeneration. In addition to its role in under-
standing fundamental changes in the neurochemistry
relevant to etiological mechanisms such as excitotoxicity,
MRS may prove most useful in longitudinal monitoring
of potential therapeutic interventions. The efficiency with
which mice can be used for this purpose, combined with
the non-invasive nature of MRS, makes it a powerful
means of performing translational studies. Further, the
different tissue compartments and neurochemical path-
ways represented by the various chemicals observable by
MRS mean that multiple components of the neurode-
generative cascade can be studied. Other complementary
techniques, such as histology, genetics, behavioral testing,
are still required to allow the different neurochemicals to
become true ‘biomarkers’ that could potentially be used as
surrogate end points for therapeutic trials.
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