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The creatine/phosphocreatine system, regulated by creatine kinase,
plays an important role in maintaining energy balance in the brain. Energy
metabolism and the function of creatine kinase are known to be affected in
Alzheimer diseased brain and in cells exposed to the B-amyloid peptide.
We used infrared microspectroscopy to examine hippocampal, cortical,
and caudal tissue from 21-89-week-old transgenic mice expressing dou-
bly mutant (K670N/M671L and V717F) amyloid precursor protein and
displaying robust pathology from an early age. Microcrystalline deposits
of creatine, suggestive of perturbed energetic status, were detected by
infrared microspectroscopy in all animals with advanced plaque pathol-
ogy. Relatively large creatine deposits were also found in hippocampal
sections from post-mortem Alzheimer diseased human brain, compared
with hippocampus from non-demented brain. We therefore speculate that
this molecule is a marker of the disease process.

Alzheimer disease (AD)® is a progressive neurodegenerative disorder char-
acterized by memory loss and dementia. The pathological hallmarks of AD
include extracellular deposits of B-amyloid (AB) peptides derived from the
amyloid precursor protein (APP695) and neurofibrillary tangles (NFT's) com-
posed of intracellular bundles of hyperphosphorylated tau protein bound into
paired helical filaments (1). Reduced or altered brain metabolism, together
with oxidative stress and elevated levels of AB, are believed to play a crucial role
in AD pathology; however, their respective roles in the disease process are still
not clear (2—6).

We are using Fourier transform infrared (FTIR) microspectroscopy to
examine the brains of TgCRNDS and littermate control (non-Tg) mice (7).
FTIR microspectroscopy combines spatial resolution at the IR diffraction limit
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with molecular fingerprint information, providing a unique tool for the study
of plaques and associated changes iz situ. The TgCRND8 mouse (8) expresses
a double mutant form of human APP695 (with two familial AD mutations,
K670N/M671L and V717F) and has both diffuse and congophilic dense-cored
plaques, with the cortex and hippocampus affected earliest. Dense-cored
plaques are associated with dystrophic neurites and an inflammatory response
accompanied by microglial activation. We report here the novel and unex-
pected discovery of large creatine (Cr) deposits in the hippocampi and cortex
of transgenic AD mice and in post-mortem sections of human AD
hippocampus.

The creatine-phosphocreatine system plays a key role in energy metabolism
in tissues such as neurons with high energy demand (9). Phosphocreatine
(PCr), synthesized from Cr and ATP in the mitochondria (site of ATP synthe-
sis), is used to regenerate ATP in the cytosol (site of ATP use) by the mito-
chondrial and cytosolic isozymes of creatine kinase (CK), respectively, thus
helping to maintain ATP homeostasis: Cr + ATP <> PCr + ADP + H*.

CK is very sensitive to oxidative stress and appears to be one of the specific
targets of post-translational oxidative modification in AD brain tissue (10). CK
activity is reduced in excised samples of human AD brain relative to age-
matched controls (11, 12). Cultured neurons exposed to AR exhibit oxidative
stress, including increase in protein carbonyl formation and a decline in CK
activity (13). Glucose transport is impaired, and ATP levels are reduced (14);
mitochondrial function is disturbed (15).

Following our initial identification of Cr deposits in small IR maps of brain
tissue from the four 47-week-old and one 21-week-old TgCRNDS, we mapped
the complete hippocampus in sections from sixteen animals (Tg and non-Tg
littermates from two different mouse lines expressing the same double mutant
form of APP695) and discovered extensive Cr load in all Tg mice. Large depos-
its of Cr were also identified in hippocampal sections from post-mortem AD
human brain. These deposits are absent or significantly lower in age-matched
control mice and in non-demented post-mortem human hippocampus; thus
we speculate that their presence is an important and hitherto unsuspected
marker of the disease process.

MATERIALS AND METHODS

Transgenic Mice—In the first study, Tg(K670N/M671L+V717F)8 (C3H/C57)
mice and non-transgenic littermates were sacrificed at 21 weeks (three TgCRNDS
and five non-Tg) and at 47 weeks (four TgCRNDS8 and four non-Tg). Following the
detection of Cr in the transgenics, an additional 16 mice, aged 34— 89 weeks, were
examined. This set included six pairs of TgCRND8 and non-Tg littermates, as well
as two pairs of Tg(K670N/M671L+V717F)19959 and their non-Tg littermates.
This independent Tg19959 line derives from the same transgene construct as
TgCRNDS (APP695, K670N/M671L+V717F) and has similar levels of APP holo-
protein expression and associated pathology but is maintained on a different
genetic background (129SvEv/Tac). All animals were bred at the Center for
Research in Neurodegenerative Diseases.

Tissue Preparation—Animals were killed by cervical dislocation; brains
were removed and bisected at the midline. The left half of the brain was cov-
ered in OCT medium and frozen on dry ice; the right half was placed in cold 3%
paraformaldehyde in 0.1 M phosphate-buffered saline for fixation, then dehy-
drated and embedded in paraffin. For general examination of tissue pathology
prior to data collection, paraffin-embedded sections were stained with hema-
toxylin and eosin, modified Bielschowsky silver stain, and Congo red. Immu-
nohistochemical staining with antibodies to tau and ubiquitin was also per-
formed. The animals were treated in accordance with the guidelines of the
Canadian Council on Animal Care, and the protocols were approved by the
University of Toronto and University of Manitoba.

For infrared and Raman microspectroscopy, the unfixed, flash-frozen tis-
sues were cryosectioned at 8 wm thickness and mounted on either IR reflective
slides (Low-e MirrIR™, Kevley Technologies, Chesterland, OH) or gold-
coated silicon chips, fabricated in-house at the Synchrotron Radiation Center.

Post-mortem Human Autopsy Tissue—In a pilot study, anonymized sam-
ples of hippocampus were acquired prospectively from hospital autopsies at
the Health Sciences Center (Winnipeg, Canada) within the scope of the
autopsy permission forms and the Autopsy Act. The study was approved by the
tissue access committee. Initial assessments (two AD and two non-demented)
were made from the available information: age, history of dementia or other
neurological disease including seizures, and interval between death and
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autopsy. After dissection of the temporal lobe to expose the hippocampus,
multiple coronal slices (3—4-mm-thick) were obtained by sharp dissection,
frozen immediately by immersion of the sealed container in isopentane cooled
in liquid nitrogen, and stored at —70 °C.

The remaining brain was fixed by immersion in 10% buffered formalin for
10-14 days, then samples of the contralateral and remaining ipsilateral hip-
pocampus, lateral frontal cortex, and middle temporal gyrus, as well as other
brain regions, were obtained and embedded in paraffin. The sections were
stained with the modified Bielschowsky method, and Congo red, to diagnose
Alzheimer disease according to the NIA-Reagan criteria (16). Both the plaque
scores and the NFT percentages were considered in this classification. Follow-
ing identification of acceptable normal and disease cases, frozen hippocampus
sections were warmed to about —30 °C, sectioned for microspectroscopy as
above, and air-dried.

IR Microspectroscopy—All spectra were collected in reflectance mode from
4000-700 cm ™' at 4 cm ™! resolution with Happ-Genzel apodization and
saved in log(1/R) format; thus these are raw data without any other post-
processing. Synchrotron data were recorded on a Nicolet Magna 500 FTIR
with Nic-Plan IR microscope (Synchrotron Radiation Center, University of
Wisconsin) or a Nicolet Magna 860 FTIR with Spectra Tech Continuum IR
microscope (National Synchrotron Light Source, Brookhaven National Labo-
ratories). Maps were analyzed with OMNIC/Atlus software (ThermoNicolet).
Additional survey maps were acquired on a Bruker Tensor 27 FTIR with
Bruker Hyperion microscope (in-house) and analyzed with CytoSpec software
(17). Pixel size in IR maps was 6 X 6 um? (National Synchrotron Light Source),
10 X 10 um? (Synchrotron Radiation Center), or 20 X 20 um? (in-house).

IR Spectral Analysis—IR spectroscopy can be used to study protein aggre-
gation, since the position of the amide I band is dependent on the secondary
structure of the protein (7, 18 —20). Plaques were identified by the presence of
a low frequency absorption (1635 cm™') in the amide I band (7). Reference
spectra of pure Cr (Sigma) were recorded in reflectance mode on MirrIR slides.

Raman Microspectroscopy—Spectra of the crystalline inclusions in
TgCRNDS8 mouse brain and human AD brain sections, and of pure Cr (Sigma)
mounted on gold-coated silicon chips, were recorded with a Renishaw Raman
microscope (Saskatchewan Structural Sciences Centre, University of Sas-
katchewan); illuminated with 5 milliwatts of 785-nm light, at one-micron spa-
tial resolution and 4 cm ™! spectral resolution.

RESULTS

Paraffin-embedded sections from the brains of the TgCRND8 mice and
non-transgenic littermate controls were first evaluated by histochemistry and
immunohistochemistry (data not shown). No neurofibrillary tangles were
apparent in either silver-stained or tau-immunostained sections. Subjectively,
in the 21- and 47- week-old transgenic mice, plaques were most abundant in
the cerebral cortex, corpus callosum, and hippocampus, slightly less abundant
in the striatum and thalamus, and rare in the olfactory bulb, brainstem, and
cerebellum. We found plaques in all seven TgCRND8 mice and none in the
controls.

We discovered spectral anomalies atypical of both normal and plaque tissue
in several IR maps of TgCRNDS brain (Fig. 1A4). The sharp spectral bands (Fig.
1A, red) indicated a high degree of order in the material, suggesting a crystal-
line nature. An IR spectral data base search targeted Cr as a candidate; we
confirmed this identity by IR spectroscopy of pure Cr (Fig. 1A, green). The
spectrum of the crystalline inclusion embedded in the tissue is readily seen to
exhibit all the characteristic peaks of pure Cr, superimposed on the spectrum
of normal tissue (Fig. 14, blue). The identity was confirmed by Raman
microspectroscopy of crystalline inclusions in human AD and TgCRNDS hip-
pocampus, which are compared with the Raman spectrum of pure Cr in Fig.
1B. Given the specificity of the number, position, and relative intensity of the
spectral bands in these samples, no other assignment is possible. Moreover,
there is no evidence of the PCr form, as typical phosphate bands are absent. For
Cr detection in the IR maps, we used the integrated intensity of the sharp band
appearing at 1304 cm ™', since it lies in a region that is relatively free of inter-
fering bands in normal tissue and can be readily identified. For each pixel that
tested positive, the entire spectrum was reviewed to confirm that it was a
complete match.

Subsequent re-examination of all maps revealed some intriguing results.
Numerous deposits were identified in the cortex of one of the 21-week-old
TgCRNDS mice (Fig. 2, A-C). Cr deposits were discovered in the caudate,
cortex, and hippocampus of all four of the 47-week-old TgCRNDS8 mice.
About one-third of these were intimately associated with plaques (Fig. 2, D-I);
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FIGURE 1.Spectra of normal tissue and pure creatine confirm presence of creatine in
AD brain tissue. A, FTIR spectrum in the 1900-800 cm ™~ fingerprint region of a crystal-
line inclusion embedded in brain tissue (red) corresponds to the sum of spectra from
pure creatine (green) and neuropil (blue). Vertical lines show the correspondence
between the signature lines of pure creatine and the matching lines in the AD tissue
spectrum. The integrated intensity of the 1304 cm ™" band was used to locate creatine in
all IR maps. Any spectrum that showed positive was examined to confirm that the entire
signature was present. B, the Raman scattering spectrum from 1800-400 cm ™' of crys-
talline inclusions in hippocampal tissue sections from AD human (top) and Tg mouse
brain (middle) compared with that of pure creatine (bottom). All the creatine bands are
present in the human and mouse crystalline deposits; a few additional weak bands not
seen in the pure creatine spectrum also appear in ordinary tissue and may be
disregarded.

the remainder occurred as isolated microdeposits (10 —20 um diameter). One
crystal was found beside one of the rare dense-cored plaques in the caudate of
a 47-week-old TgCRNDS. No such deposits were identified in any of the maps
from the nine control samples (21 and 47 weeks) or in the other two 21-week-
old TgCRNDS animals.

To better evaluate this anomalous Cr presence and its association with the
transgenic mice, we conducted a second series of studies. These were
expanded to include analysis of the entire hippocampal region in six pairs of
TgCRNDS8 and non-Tg littermates and two pairs from a second Tg line,
Tg19959 (8).

The IR signature of Cr was detected in the hippocampus of every Tg mouse,
from both lines. No Cr was detected in the young non-transgenic TgCRNDS8
littermates; a small deposit was identified in three of four controls sacrificed
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low
FIGURE 2. Crystallized deposits of creatine are found in cortex of TJCRND8 mouse
brain. A, CCD image of cortex tissue from 21-week-old brain mounted on gold-coated
silicon wafer (A), and 47-week-old brain on MirrIR slides (D, G) showing the location of the
IR map (blue outline). Dense-cored plaques are visible in each map region. Intensities of
spectral marker bands are shown with a color scale from high (red) to absent (blue-green)
to show either (B, E, H) B-sheet (plaque) or (C, F, ) crystalline deposits of creatine adjacent

to plaques. Data were collected at the National Synchrotron Light Source; A-C, IR pixel
edge = 10 X 10 uwm; D-/, pixel edge = 6 um. Scale bar = 100 um.
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after 15 months. Cr was detected throughout the 34-week-old Tg19959 brain
(Fig. 3, A and B), while none could be detected in the non-Tg littermate brain
(Fig. 3, Cand D). A few pixels (6 of 3724) were positive for Cr in the 38-week-
old non-Tg brain. In 72-week-old TgCRNDS8 mice, one Cr deposit was found
spreading across an area of 400 X 60 wm in the stratum radiatum, along with
numerous smaller deposits scattered throughout the hippocampus (Fig. 3, E
and F). A small deposit of Cr was detected around the CA2 of the 72-week-old
(Fig. 3G,H) and 89-week-old non-Tg animals.

Finally, we surveyed hippocampal sections from human brain (two AD and
two non-demented). The human hippocampus is far larger than the mouse;
thus only portions of the brain were surveyed, representative of CAl-4,
molecular layer, and dentate gyrus. The IR signature of Cr was detected in
sections from all brains, but the occurrence and intensity of the signal were
greater in the hippocampus of an advanced AD brain. Representative maps of
the CA1 show strong Cr signals detected in 8% of pixels in a CA1 map (Fig. 4,
A and B) and only traces in the non-demented (Fig. 4, C and D). Since the
intensity of the IR signal is directly proportional to the amount present, we can
state with confidence that the amount of Cr present in these AD hippocampus
sections was elevated in a manner that was very similar to that found in the Tg
mouse model.

DISCUSSION

Creatine is a normal component of brain tissue with an estimated average
concentration of 12 um/g wet weight in mouse brain (21). The Cr-PCr system
plays a crucial role in energy metabolism, maintaining ATP homeostasis
through the enzymatic additional or removal of phosphate (9). The fact that
the spectra correspond to Cr and not PCr is reasonable, since all PCr would be
depleted at death, leaving Cr as the only existing form. While there is no
obvious reason for Cr to be deposited in the AD brains, it is important to note
that reduced brain metabolism is almost always associated with AD and other
forms of dementia (3). CK has been identified as a target of post-translational
oxidative modification in AD brain tissue (10). As an antioxidant with a crucial
role in energy metabolism, Cr has been suggested as a potential therapy for AD
(9, 22, 23). Furthermore, the analysis of neural cell cultures has shown that Cr
concentration in oligodendrocytes and cortical astrocytes is greater than in
neurons (24, 25). The TgCRNDS8 mouse brain showed an inflammatory
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FIGURE 3. Creatine is found in hippocampus of both lines of Tg(K670N/M671L and
V717F) mice but not in non-transgenic litter mates. Photomicrographs show mouse
brain mounted on gold-coated silicon wafer (4X magnification); the mapped area is
outlined in black, and processed IR maps are shown. Dense-cored plaques scatter white
light and are easily visible in reflectance-mode photomicrographs. A, photomicrograph
of 34-week-old Tg19959; B, corresponding IR maps processed for creatine. C and D,
non-Tg littermate, photomicrograph and IR maps, respectively. Maps were recorded on
benchtop Bruker Hyperion; pixel edge = 20 um; the monochrome color scale is from
high (deep red) to absent (white). E, photomicrograph of 72-week-old TgCRNDS; G, cor-
responding IR maps processed for creatine. C and D, non-Tg littermate, photomicro-
graph and IR maps, respectively. The color scale is from high (blue) to low (red) or absent
(white). Maps recorded at the Synchrotron Radiation Center with NicPlan microscope;
pixel edge = 10 um. Scale bar = 500 pum.

FIGURE 4. Creatine is detected in AD but not in non-demented post-mortem human
hippocampus. Photomicrographs of post-mortem human hippocampus, CA1 region,
mounted on MirrIR slides (10X magnification). A and B, AD brain tissue and correspond-
ing IR map processed for creatine. C and D, photomicrograph of non-demented brain
and corresponding processed IR map. Maps were recorded on benchtop Bruker Hype-
rion; pixel edge = 20 um; the color scale is the same as described for Fig. 3, Band D. Scale
bar = 200 um.

response accompanied by microglial activation (8) that may be associated with
the Cr deposits found here.

The FTIR detection method employed here is critical to our discovery.
These small, soluble deposits would be removed by the repetitive solvent treat-
ments and washes employed in standard staining procedures. Under our pro-
tocols, the frozen, unfixed tissue is cryosectioned, and the mounted sections
are desiccated in air. Thus, the content of the sample is unaltered in that
nothing has been added or taken away (except water). We note that there is no
likelihood of contamination: tissues from control and AD brain were pro-
cessed at the same time. The same result was obtained when sections from Tg

JOURNAL OF BIOLOGICAL CHEMISTRY 7



ACCELERATED PUBLICATION: Elevated Creatine in APP Mouse and Alzheimer Disease Brain

and non-Tg mouse brain were mounted on different substrates (MirrIR and
gold-coated silicon). We have used animals from two different lines such that
the doubly mutant APP695 is maintained on different genetic backgrounds.
The only occurrences of Cr in a non-Tg mouse brain were relatively minor
deposits, found in the extremely aged animals (89 and 72 weeks, Fig. 3G,H), and
traces in the 38-week-old non-Tg19959 littermate brain. This indicates a grad-
ual, age-dependent increase in oxidative stress. The distribution in the human
tissue is similar to that in the Tg mouse; it is sometimes associated with a
plaque but frequently is widespread randomly across the tissue areas.

In magnetic resonance spectroscopy (MRS), the Cr/PCr signal has been
used extensively as an internal standard relative to which the concentrations of
other components (e.g. N-acetylaspartate, choline, myo-inositol, and gluta-
mate-glutamine complex) have been estimated (26). However, a quantitative
analysis reported elevated levels of Cr in the gray and white matter of elderly
and AD patients compared with young controls (27). In vivo (28) and ex vivo
(29) MRS studies pointed out the strong heterogeneity of the elderly subjects
and could not conclusively differentiate between AD and aged matched con-
trols based on the Cr content. However, a 1-2 mM elevation of Cr was found in
the five most severe AD cases in an in vivo study (30) of 21 AD patients and 17
age-matched controls. Voxels were 2.0 X 2.0 X2.0 cm®. We have found varying
amounts of Cr in the human autopsy samples, but the small sample size pre-
cludes any detailed conclusions on its relationship to the disease evolution. Cr
is likely an indicator of oxidative stress and thus may be associated with many
different conditions in humans. The extensive microdeposits of Cr found in
the Tg mice and the small localized deposits found in the hippocampus of our
most aged control mice mirror the results from the MRS studies.

The spatial resolution of MRS experiments is insufficient to detect the local-
ized nature of the deposits found here; relative concentration estimates are fre-
quently based on the assumption that the average Cr concentration is constant.
The striking and unexpected discovery reported here casts doubt on this assump-
tion and bears further detailed investigation. Many other intriguing questions are
raised by this discovery, including the form and micro-localization of the Cr in vivo
and the possible disease-associated pathways that control this accumulation.
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