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Abstract

We report the use of matrix-assisted laser desorption/ionization (MALDI) imaging mass spectrometry combined with
capillary electrophoresis (CE) mass spectrometry to visualize energy metabolism in the mouse hippocampus by imaging
energy-related metabolites. We show the distribution patterns of ATP, ADP, and AMP in the hippocampus as well as
changes in their amounts and distribution patterns in a murine model of limbic, kainate-induced seizure. As an acute
response to kainate administration, we found massive and moderate reductions in ATP and ADP levels, respectively, but no
significant changes in AMP levels—especially in cells of the CA3 layer. The results suggest the existence of CA3 neuron-
selective energy metabolism at the anhydride bonds of ATP and ADP in the hippocampal neurons during seizure. In
addition, metabolome analysis of energy synthesis pathways indicates accelerated glycolysis and possibly TCA cycle activity
during seizure, presumably due to the depletion of ATP. Consistent with this result, the observed energy depletion
significantly recovered up to 180 min after kainate administration. However, the recovery rate was remarkably low in part of
the data-pixel population in the CA3 cell layer region, which likely reflects acute and CA3-selective neural death. Taken
together, the present approach successfully revealed the spatiotemporal energy metabolism of the mouse hippocampus at
a cellular resolution—both quantitatively and qualitatively. We aim to further elucidate various metabolic processes in the
neural system.
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Introduction

In the life sciences, transcripts are localized using in situ

hybridization with oligonucleotide probes, and proteins are

localized using immunohistochemical analysis with antibodies. On

the basis of microprobe mass analysis which has been used for the

localization of atoms [1] and small molecules [2], recently, imaging

mass spectrometry (IMS) of biological organic metabolites has been

practically utilized [3,4,5]. Metabolites, which include metabolic

intermediates such as lipids, amino acids, organic acids, and small

signaling molecules, are the end products of cellular regulatory

processes. Their concentrations can be altered by changes in

physiological or pathological conditions; they can regulate various

biological phenomena depending on their concentrations. There-

fore, metabolites can act as functional entities within cells and

tissues. Recent progress in IMS has established a method that

enables the simultaneous visualization of a wide range of

metabolites with high sensitivity and spatial resolution [6].

At present, 2 ionization methods—secondary ion mass spec-

trometry (SIMS) and matrix-assisted laser desorption ionization

(MALDI)—are widely used for performing IMS for biological [6]

and medical samples [5,7]. An advantage of the SIMS-based IMS

is that it offers high spatial resolution (a few hundred nanometers)

because of the highly focused primary ion beam for molecular

ionization. Another advantage is that interference of matrix cluster

ions can be eliminated, because SIMS enables matrix-free

ionization, which is particularly useful in the analysis of small

molecules. At present, SIMS-based IMS is applied to surface

imaging of small molecules in small cells [8,9]. However, SIMS is a

relatively ‘‘hard ionization’’ technique compared to MALDI, and

this property limits the analyzable molecules to only a part of ions

over a narrow m/z range (m/z,1,000).

On the other hand, MALDI-IMS can measure ions over a wide

mass range (from m/z of several hundreds to several ten thousands).

Owing to the its ‘‘soft ionization’’ property, a variety of studies thus

far have applied MALDI-IMS for visualization of molecules, from

small metabolites [10,11,12] to much larger proteins [13,14], in the

biological/medical samples. In addition, MALDI-IMS can be

applied for molecular identification via detailed structural analysis

by tandem mass spectrometry (MSn) [15]. At present, MALDI-IMS
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involves several types of MALDI-ion sources coupled with advanced

mass analyzers and enables complete analysis of metabolites in

tissue sections [16,17]. However, at present, a limitation is that the

spatial resolution of MALDI instruments, which is determined by

the spot diameter of the MALDI laser (10–100 mm), is much lesser

than that of SIMS.

In the present study, we report the results of using this MALDI-

based imaging technique to visualize energy metabolism in the

mouse hippocampus via the imaging of energy-related metabolites.

Cellular metabolic processes utilize ATP as an energy source,

thereby converting it to ADP or AMP. Therefore, techniques for the

simultaneous visualization of these adenosine nucleotides provide

valuable information regarding the energy production and

consumption in the tissues. We studied the changes in the

distribution and amounts of such energy-related metabolites under

neural stimulation within a short time scale in vivo. In order to do so,

we used a murine model of kainate-induced limbic seizure. Kainate

is an analogue of glutamate, and its administration causes severe

seizures primarily observed at 30 minutes after administration [18];

it also causes some rather selective neuronal effects, including cell

losses, gliosis [19], and mossy fiber sprouting [20], particularly in

CA3 regions in the hippocampus. In this study, we visualized CA3–

cells selective energy consumption during seizures as well as the

accelerated production of energy to compensate for the depletion.

Furthermore, high-resolution imaging analysis revealed that partial

populations of the CA3 cells failed to recover after the energy

depletion, presumably reflecting acute neuronal degradation. Since

we were able to visualize heterogeneous responses of the cells in the

microtissue region to kainate with respect to energy consumption

and recovery at cellular resolution in vivo, the presented approach is

a powerful tool for studying the mechanisms behind selective

kainate toxicity in CA3 neurons. In the future, we aim to further

elucidate various metabolic processes in the nervous system.

Results and Discussion

Massive consumption of adenosine nucleotides in CA3
cell layer during kainate-induced seizure

First, we determined the distribution patterns of ATP, ADP,

and AMP in the basal state of the mouse hippocampus by

performing MALDI imaging with 9-aminoacridine as the matrix

[21] (Fig. 1A, upper panels). It is interesting to note that ATP

and AMP were localized in the cell-layer regions of the

hippocampus, whereas AMP was widely distributed among

dendritic regions of the hippocampus. Next, we proceeded to

study the changes in the distribution and amounts of these

energy-related metabolites under neural stimulation in a short

time scale (control vs. 30 min after stimulation). To do so, we

used a murine model of kainate-induced limbic seizure. The

administration of kainate causes severe seizures that are primarily

observed at 30 minutes after administration [18]. MALDI

imaging during such acute seizures (at 30 minutes) showed

massive and moderate reductions in ATP and ADP levels

respectively (p,0.01 and p,0.05, n = 4 for each group); there

were no significant changes in AMP levels, suggesting enhanced

energy consumption at the anhydride bonds of ATP and ADP

during the seizure (Fig. 1a, lower panels). In particular, cells in

the CA3 layer, which are particularly rich in neurons that

express kainate receptors [22,23], exhibited massive reductions in

ATP and ADP levels (arrows); ATP was reduced by approxi-

mately 75% within 30 minutes after administration. In addition,

we validated the quantitative changes obtained by MALDI

imaging using CE-MS-based metabolomics [24]. Due to its high

quantitative ability and wide molecular coverage, the

CE-MS technique is helpful for quantitative validation [25].

Absolute quantifications of ATP, ADP, and AMP in the mouse

cerebrum were performed by CE-MS and revealed massive

reductions in the levels of ATP and ADP (both p,0.005), but not

AMP during the seizure (Fig. 1b and Table 1).

Next, to visualize the two-dimensional information regarding

energy metabolism, we calculated the energy-charge index for

each pixel (i.e., data point); this index represents the amount

of stored cellular energy and was calculated as follows:

Energy charge (EC)~
½ATP�z 1

2
½ADP�

½ATP�z½ADP�z½AMP� [26]

According to this equation, a high index value indicates a high

proportion of ATP and ADP, and a low proportion of AMP

among the adenosine nucleotides. Furthermore, we constructed

pseudocolor maps of this index that clearly show enhanced

metabolic turnover in the CA3 subfield (Fig. 1d, arrows). The

characteristic high energy-charge index in the CA3 cell layer

observed in the hippocampus of the control mice almost

completely disappeared after the administration of kainate; this

suggests the presence of distinct energy metabolism at the

anhydride bonds of ATP and ADP in the hippocampal neurons

during the seizure. MALDI imaging and CE-MS were also

performed for other nucleotides—namely guanosine and uridine

nucleotides—and revealed that among all 3 nucleotides, adenosine

nucleotide exhibits the most characteristic and prominent cellular

dynamics (Fig. S1). Furthermore, consumed ATP and ATP

appeared to be metabolized not only to AMP, but also to further

downstream nucleotides—namely IMP, inosine, and hypoxan-

tine—reflecting rather severe degradation of energy-storing

metabolites (Fig. 1d).

Kainate stimulation rapidly activates the various ATP-consum-

ing pathways in neurons [27], and the observed CA3-selective

energy depletion can be accounted for by the strong affinity of

kainate in the CA3 region [23]. The rich kainate receptors there

[22,23] as well as trans membrane AMPA associated protein

(TARP) associated AMPA receptors, which also excite hippocam-

pal neurons efficiently and have critical role in kainate-induced

neuronal toxicity, could be stimulated under presence of kainate

[28], and for both, CA3 specific neural circuit structure in vivo, i.e.,

recurrent excitation could magnify the stimulation in region

specific manner [29]. Under such stimulation, acute ATP

depletion would primarily result in the inactivation of Na-K+

pumps, because such Na+/K+-ATPases are the most energy-

consuming pathway in neurons [30]; this in turn causes the

disruption of intracellular ion homeostasis. Repeated or prolonged

depolarization as a result of such disrupted ion homeostasis can

eventually lead to excitotoxicity; in this case, excitotoxicity is likely

to occur in the CA3 hippocampal region, resulting in a massive

intracellular calcium influx and leading to the activation of Ca2+

dependent phospholipases, the irreversible disruption of the

membrane, and cellular lysis [22]. The observed massive

reductions in ATP level (Fig. 1a) as well as the EC index

(Fig. 1d) were remarkably greater than in the other hippocampal

regions. For example, the reduction in ATP levels was 2.5 and 1.4

times greater than in the whole hippocampus and CA1 cell-layer

region respectively. Therefore, this could be one of the primary

reasons for the particular vulnerability of CA3 to enhanced

neuronal discharge produced by kainate—particularly for the

nuronal degradation observed during the early phase of kainate-

induced seizures [31,32].

Imaging Mass Spectrometry of Energy Dynamics
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Accelerated energy production pathways compensate
for ATP depletion during seizure

Analyses of important energy ‘production’ pathways, including

the glycolysis pathway and tri-carboxylic acid (TCA) cycle,

revealed their acceleration, presumably in response to ATP

depletion. Fig. 2A shows the metabolic snapshots of the glycolysis

pathway indicating enhanced glycolytic activity as an initial

response to kainite treatment; most of the glycolytic intermediates

were significantly decreased 30 min after kainate administration

(blue-colored graphs), suggesting the occurrence of acute glycol-

ysis. While considering previous studies reporting enhanced

glucose uptake in the hippocampus—especially the CA3 region

in response to kainate-injection [18,33]—our data indicate an

accelerated molecular flux of the glycolytic pathway to down-

stream pathways, which in turn enhances the production of ATP

and NADH, presumably to compensate for the aforementioned

ATP depletion.

Another important finding of the present study is that lactate did

not exhibit any significant changes, therefore indicating that

anaerobic respiration did not accelerate at this time point. It is well

known that when anaerobic respiration is dominant, (e.g., under

ischemic conditions) lactate is increasingly produced from

Figure 1. CA3 cell-selective consumption of ATP and ADP during a kainate-induced seizure. a. MALDI imaging of adenosine nucleotides
in a mouse hippocampus. b. Absolute quantification of ATP, ADP, and AMP in a mouse cerebrum using CE-MS. Massive reductions in the levels of ATP
and ADP, but not AMP were observed during kainate-induced seizures. (n = 4 mice for each group; *p,0.05, **p,0.01; Welch’s t-test). c. Results of the
relative quantification of ion intensity for ATP, ADP, and AMP calculated from the averaged mass spectra of each hippocampal sub-region obtained
using MALDI imaging. The values shown are logarithmic ratios of ion intensities between sham-operated (sham) and kainate-treated mice (KA). (n = 4
mice for each group; *p,0.05, **p,0.01; Welch’s t-test). d. Mapping of energy-charge index values on tissue sections. The region-specific reduction
of these values in the CA3 region (arrows) suggests massive energy metabolism in CA3 neurons. e. Relative quantitative comparison of adenosine
nucleotides and related metabolites using CE-MS. Each result is mapped on the metabolic pathway and clearly shows the depletion of ATP and ADP
due their conversion into downstream metabolites. Colored graphs indicate significant increases (orange) and decreases (blue). (n = 4, *p,0.01,
**p,0.05; Welch’s t-test).
doi:10.1371/journal.pone.0017952.g001
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pyruvate and subsequently accumulates [25]. Therefore, in the

presented early time points of kainate-induced seizures, it is

reasonable to suggest that the increased molecular flux of the

glycolytic pathway was then transferred into the TCA cycle for

further aerobic respiration via acetyl-CoA in the mitochondrial

organization. Actually, a significant increase in acetyl-CoA

(p,0.01, n = 4 for each group; 1.5-fold increase; orange-colored

graph), and increases in citrate and cis-aconitic acid (both show

1.2-fold increases; Table 1) were observed (Fig. 2b); this appears to

imply that increased influx into the TCA cycle. Furthermore, the

results of MS/MS imaging confirmed that the increase in citrate

primarily occurred in the CA3 region (Fig. 2b, arrows).

To further determine the presence of an active TCA cycle, we

also studied changes in NADH and NAD+; the ratio between these

dominantly affects mitochondrial TCA cycle activity [34,35].

NADH and the NADH/NAD+ ratio were significantly reduced by

32% and 24% respectively (p,0.01 and p,0.05, n = 4 for each

group) (Fig. 2c); imaging revealed that these decreases occurred

especially in cells of the CA3 layer, (Fig. 2c, arrows), suggesting

CA3 neuron selective reduction. Since both measures are known

to increase when the TCA cycle is blocked [25], the observed

reductions in NADH and NADH/NAD+ ratio suggest active

oxidative phosphorylation via the TCA cycle at this time point.

Our assumption is consistent with previously reported increases in

hippocampal blood flow and CO2 pressure and a reduction of

oxygen pressure observed 30 min after kainate injection, which

indicate accelerated aerobic respiration as an initial response to

kainate [32]. Together with the data shown in Fig. 2, it is

reasonable to suggest that the occurrence of active or even

accelerated energy production through glycolysis fueled by the

consumption of glycolytic intermediates as well as oxidative

phosphorylation via the TCA cycle by the consumption of NADH,

compensates for the acute and large degree of ATP consumption

as an acute response to kainate—especially in CA3 neurons.

Recovery of the depleted-energy state in cells in CA1 and
CA3 regions within 3 hours

Next, we determined whether the observed energy consumption

was recoverable—particularly in cells in the CA1 and CA3 layers.

This was done because knowing this would increase the

Table 1. Results of quantitative CE-MS metabolomics comparing 27 metabolites which showed significant change between
control and kainate-treated mouse brain extracts.

Concentration (nmol/g){, n = 4

Control group Kainate group

metabolite Mean S.D. Mean S.D. ratio t-test

3-Phosphoglyceric acid 80.8 13.4 33.9 6.2 0.42 0.001 **

Fructose 6-phosphate 7.0 0.7 3.0 0.4 0.44 0.0001 ***

ATP 106 17 52 12 0.49 0.002 **

Fructose 1,6-diphosphate 115 15 65 13 0.56 0.003 **

Glucose 6-phosphate 36.5 5.7 22.7 1.8 0.62 0.004 **

Ornithine 4.6 0.9 3.0 0.2 0.65 0.011 *

Dihydroxyacetone phosphate 13.2 2.1 8.8 2.0 0.67 0.021 *

UDP 9.1 1.8 6.2 0.7 0.68 0.024 *

CDP 3.6 0.6 2.5 0.5 0.69 0.031 *

ADP 448 36 323 46 0.72 0.005 **

3-Hydroxybutyric acid 42.2 6.8 33.4 1.3 0.79 0.044 *

GTP 48.3 5.9 38.4 4.6 0.79 0.037 *

S-Adenosylmethionine 17.1 1.0 13.8 0.6 0.81 0.001 **

Asn 92.4 3.4 80.4 0.8 0.87 0.0004 ***

Leu 65.0 1.3 59.3 2.9 0.91 0.011 *

Gln 3882 26 4012 76 1.03 0.018 **

Thr 221 7 251 5 1.14 0.0004 ***

cis-Aconitic acid 6.2 0.2 7.6 1.0 1.22 0.032 *

Choline 139 14 176 13 1.27 0.008 **

Ala 582 6 778 120 1.34 0.017 *

Inosine 142 19 193 28 1.36 0.024 *

Hypoxanthine 83.5 9.6 116.4 18.9 1.39 0.021 *

Betaine aldehyde 0.30 0.04 0.44 0.06 1.46 0.010 *

Acetyl CoA 1.4 0.2 2.1 0.2 1.48 0.003 **

Trp 7.8 0.9 12.2 1.0 1.56 0.001 **

2-Hydroxybutyric acid 4.4 0.7 7.7 1.0 1.74 0.002 **

Cys 2.0 0.3 4.1 1.1 2.06 0.008 **

The full name of each abbreviated metabolite name is shown in Table S1.
doi:10.1371/journal.pone.0017952.t001
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understanding of whether the presented energy depletion is

correlated with the observed CA3-selective neuronal death by

kainate in vivo. In order to do so, we performed time-course

MALDI imaging of mouse hippocampus on both control and

kainate-administered mice at 30 and 180 minutes after adminis-

tration. The signals of adenosine nucleotides as well as the

calculated EC-index values on the each pixel were collected from

the CA1 and CA3 cell-layer regions and averaged (Fig. 3). The

results revealed that the acute energy depletion that was mainly

observed in CA3 rather than in CA1 cells and was a reversible

phenomenon in the both cell layers.

At their basal state, cells in CA3 exhibited significantly greater

EC values than those of CA1 (p,0.001, n = 4 for each group,

Fig. 3a) mainly due to lower AMP levels (Fig. 3d). As acute

responses to kainate administration, both the decreased rates of

ATP and ADP, and the increased rate of AMP after 30 min were

significantly higher in CA3 than in CA1 cells. Interestingly, at

180 min after administration, both CA1 and CA3 cells exhibited a

significant recovery in energy consumption—namely, increases in

ATP and decreases in AMP. In particular, CA1 cells demonstrated

higher recovery rates of adenosine nucleotides than CA3 cells,

resulting in a clear recovery in the EC index; this value was even

higher than those of the control mice (Fig. 3a).

The observed recoveries imply that accelerated energy produc-

tion compensates for the energy depletion caused by kainate

stimulation, thus supporting our assumption presented in Fig. 2

discussion. However, it is worth noting that CA3 cells did not

recover to the same level as those in the control mice. In particular,

ADP levels remained at only 66% of the intensity of the control mice

(p,0.01, n = 4 for each group). On the other hand, CA1 cells

recovered to almost the same energy conditions of the control mice.

Heterogeneous energy recovery capacity within cells in
the CA3 cell layer

The detailed analyses of energy-state changes of CA3 cells

revealed a heterogeneous energy recovery capacity within CA3

cells populations (Fig. 4). Here, we show two-dimensional EC-

value maps on optical images of HE-stained tissue sections

(Fig. 4a–c, g–i); changes in the appearance frequency of pixels in

each EC-index value are displayed as histograms calculated from

the time-course MALDI imaging (Fig. 4c–f, j–l). Since the scan

pitch was set at 22 mm (similar in size to a few CA3 neurons), the

pixel appearance frequency (Y-axis) can be interpreted as CA3

neuron appearance frequency in each EC-index value range. As

seen at the basal state, the CA3 cell layer shows remarkably high

EC values (Fig. 4a), and the histogram of EC-index values exhibits

a Gaussian distribution (fitted to a single-peaked curve, R2 = 0.87)

in the relatively higher EC-value range (Fig. 4d). At 30 min after

kainate administration, pixels with higher EC values completely

disappeared from the CA3 region (Fig. 4b). Reflecting this

reduction, the entire part of the histogram shifted towards lower

EC-values where it could be better fitted into a double-peaked

Gaussian curve than a single-peaked one. This means that there

were 2 populations of data pixels in the CA3 cell layer that have

different sensitivities to kainate (Fig. 4e). At 180 min after kainate

administration, most of the pixels returned to having mid-ranged

EC values (Fig. 4c). However, partial populations of CA3 pixels

were still observed at low EC values (Fig. 4f). In fact, the histogram

was also better fitted to a double-peaked Gaussian curve by

subdividing the CA3 region-derived pixels into a dominant

population that shows a large recovery and a sub-population with

a lower recovery capacity. Such heterogeneity caused the

histogram to have a planular shape. In contrast, CA3 regions of

Figure 3. Recovery of energy consumption in CA1 and CA3 cells. The MALDI-imaging results of mouse hippocampus of control and kainate-
administered mice at 30 and 180 minutes after administration. The signals of adenosine nucleotides as well as the calculated EC-index values on each
pixel, were collected from CA1 and CA3 cell-layer regions and averaged. Values are presented as means (S.E.M.) Control (sham-operated, n = 3),
30 min (n = 4), and 180 min (n = 4).
doi:10.1371/journal.pone.0017952.g003

Figure 2. Enhanced energy production pathways compensate for ATP consumption. Relative quantitative comparisons of glycolysis and
TCA cycle-related metabolites using CE-MS. In addition, IMS results of key metabolites for each pathway, including fructose 1,6-bi-phosphates in
glycolysis and citrate in the TCA cycle, are also presented. Each result is mapped on the metabolic pathway (n = 4; *p,0.05, **p,0.01; Welch’s t-test).
Colored graphs indicate significant increases (orange) and decreases (blue). Open graphs indicate ‘‘not detected.’’ The full name of each abbreviated
metabolite is shown in Table S1.
doi:10.1371/journal.pone.0017952.g002
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outside of the cell layer containing radial layer and stratum

lucidum (Fig. 4g–i) showed severe EC-index reduction (Fig. 4k),

but almost complete recovery at 180 min after dose (Fig. 4l). We

additionally note that a small population which seemed to be

insensitive to kainate could be observed in this region (red arrows).

In the present study, we suggest the possibility that CA3-

selective and massive ATP depletion within 30 min after dose

contributes to acute necrotic degradation—especially for partial

CA3 cell populations that exhibit severe energy depletion (Fig. 4f).

Previous studies report that the kainate-induced preferential

degradation of CA 3 neurons at various time points—generally

within several hours [33,36], tens of hours, and days after dose

[31,32,36]—and the underlying toxic mechanism are explainable

by both apoptotic pathways [31] as well as the necrotic one [36].

However, since it takes several hours to go through the neural

apoptotic pathway [37,38,39], the toxic mechanism behind acute

and late-onset neural degradation might be different, and the

pathological features at different phases might be described

distinctly. In the present study, with respect to the energy state,

we distinguished the acute phase, in which early energy depletion

(Fig. 1) and the acceleration of energy production (Fig. 2) were

observed, from the latter phase (3 hours after kainate administra-

tion), in which the cellular energy state showed significant recovery

(Fig. 3). In addition to such time-dependent changes in energy

state, while taking advantage of high-resolution imaging analyses,

we found different kainate responses between CA1 and CA3 cells,

and among CA3 cell populations (i.e., spatially dependent energy

changes) (Fig. 4). Although cllasical studies demonstrate kainate-

induced ATP degradation using cultured neurons [40], such in vitro

observations cannot distinguish hippocampal cell types or sub-

populations of the same cell type. In this study, both the time-

course and spatially resolved analyses in vivo indicate that the

energy depletion is limited to some CA3 neurons at the acute

phase; therefore, the observed effect of the energy degradation

might be larger than when studying with cultured neurons. Due to

these reasons, it is not unreasonable to suggest that acute CA3

neuron-selective death may be attributed to the necrotic pathway

primarily due to the observed energy depletion.

From the methodological aspect, IMS has several important

advantages for the assessment of dynamic changes in the amount

of metabolites in small tissue regions. Researchers could employ

physical separation procedures to dissect small tissue regions, such

as laser capture microdissection technology, however, IMS has

several important advantages over such physical separation

procedures, which we consider to be important, especially for

metabolites with rapid turnover rates. These advantages are as

follows: (i) Energy metabolites with rapid metabolic turnover rates,

such as ATP and ADP, would be degraded during the physical

separation process that lasts several minutes at room temperature.

Unthawed tissue sections should not be left at room temperature in

order to prevent them from undergoing postmortem degradation.

In this regard, IMS could minimize such degradation during

sample preparation, because matrix containing an organic solution

was immediately sprayed on unthawed tissue sections. The matrix

solvent applied to the tissues could suppress most of the

postmortem enzymatic activities by denaturing the enzymes;

furthermore, the metabolites were extracted from tissues and co-

crystallized with the matrix on the sample surface. Therefore,

owing to the simple and fast sample preparation procedures,

MALDI-IMS has an important advantage because it minimizes

postmortem metabolite degradation, compared to the physical

separation procedures coupled with biochemical analyses. (ii)

Another advantage of IMS is that because it is a type of a

molecular imaging technique, it can yield unexpected results that

otherwise cannot be obtained by analysis of dissected tissues only

from predefined regions. As shown in Fig. 4, we found that the

data pixels in CA3 cell layer region consisted of 2 different clusters,

depending on changes in energy metabolism in response to the

kainate administration. This result could be obtained only by the

imaging experiment.

In conclusion, we obtained images reflecting the metabolic

status of mouse hippocampal cells. In the future, we aim to further

uncover various spatiotemporal metabolic processes in the nervous

system by using IMS coupled with CE-MS technology.

Materials and Methods

Kainate administration
All experiments on mice were conducted according to protocols

approved by the Animal Care and Use Committee of the

Hamamatsu School of Medicine. Eight-week-old male C57BL/

6J mice were intraperitoneally injected with kainate (25 mg/kg

body weight, in saline) and then sacrificed at the indicated time

points (n = 4 for each group). The treated animals were rated for

seizure severity on the basis of a previously defined rating scale

[41]; those with scores less than 5 were used for analysis.

Sacrifice of animals and tissue extraction
Brain is susceptible to postmortem changes in contents of

cerebral metabolites, thus care should be paid to minimize

autolytic changes of metabolites. To achieve this, traditionally, in-

situ freezing method [42,43], which enables to lower the tissue

temperature while maintain blood flow during the freezing process

under anesthesia was usually employed [25]. However, in present

study, since kainate-treated mice had severe and conclusive

seizure, therefore we could not fix mice for anesthesia. Because

of the reason, alternatively, we here strictly controlled time for

brain extraction; mouse brains were extracted within 1 minute

(typically 40 seconds) after sacrifice. The trimmed tissue blocks

were immediately frozen in powdered dry ice (allowing tissues to

be frozen without cracking) and stored at 280uC until use. Due to

the large metabolic changes between control and kainate-treated

mice as shown, here we obtained reproducible and significant

results, however, we note that despite of the short handling time,

the detected brain adenylate levels were seemed to be degraded

when compared in-situ freezing method [25].

Tissue section preparation
Tissues blocks were sectioned at 216uC using a cryostat (CM

3050; Leica, Germany) to a thickness of 5 mm, as described in

previous reports [44]. Although brain blocks were held by an

optimum cutting temperature (OCT) polymer, they were not

embedded into it, because it was thought that any residual

polymer on the tissue slices might degrade the mass spectra [45].

Figure 4. Heterogeneous energy recovery capacity within CA3 cell populations. Two-dimensional EC-value maps were reconstructed from
MALDI-imaging data (at a spatial resolution of 22 mm) by calculating EC values at each pixel using adenosine nucleotide signals; these are shown in
optical images of HE-stained tissue sections (a–c). The pixel appearance frequencies of each EC-index value range are displayed as histograms (d–f).
The histograms were fitted into single- and double-peaked Gaussian distribution curves; for the 3 presented conditions, the curve with greatest
correlation factor (R2) was adopted and shown.
doi:10.1371/journal.pone.0017952.g004
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The frozen sections were thaw-mounted on indium-tin-oxide

(ITO)-coated glass slides (Bruker Daltonics).

Sample preparation and MALDI imaging
Tissue preparation and MALDI-IMS were performed using 9-

aminoacridine as the matrix (10 mg/mL, dissolved in 70%

methanol). Matrices were simultaneously applied to the tissue

sections in order to maintain consistent analyte extraction and co-

crystallization conditions. MALDI imaging was performed using

an Ultra Flex 2 MALDI-time-of-flight (TOF) mass spectrometer

(Bruker Daltonics, Leipzig, Germany) equipped with a Nd:YAG

laser. Data were acquired in the negative reflectron mode. Each

spectrum was the result of 100 laser shots at each data point. In

this analysis, signals between m/z 100 and 1000 were collected.

The interval between data points was 20 mm; in total, we obtained

approximately 6000 data points for each hippocampal region.

Image reconstruction was performed using FlexImaging 2.0

(Bruker Daltonics).

MS/MS and MS/MS imaging
Molecular identification was performed with LTQ-XL (Thermo

Fisher Scientific) equipped with an intermediate-pressure MALDI

ion source. All MS/MS spectra were shown in Fig. S2 in the

supporting information. Since the ions at m/z 191 corresponding

to citrate contain multiple ions within the same nominal mass, we

performed MS/MS imaging with LTQ-XL at a raster scan pitch

of 40 mm. Image reconstruction was performed using Image Quest

(Thremo Fisher Scientific).

Data analysis
Energy Charge calculation was performed by in-house software

constructed by MATLABTM software (Mathworks, Inc., Sher-

born, MA, USA). Creation of histograms presented Fig. 4 and

their fitting to Gaussian profile were performed by Origin 8.0

software (Microcal Software Inc., Northampton, Massachusetts,

USA).

CE-MS-based metabolomics
Frozen mouse brains were homogenized in methanol (500 mL/

100 mg tissue) using a beads homogenizer (Micro Smash MS-

100R; Tomy, Tokyo, Japan), followed by the addition of an equal

volume of chloroform and 0.4 times the volume of Milli-Q water.

After centrifugation (3 cycles at 4,000 rpm for 60 s), the aqueous

phases were ultrafiltered using an ultrafiltration tube (Ultrafree-

MC, UFC3 LCC; Millipore, USA) and the filtrates were dried.

The dried residues were redissolved in 50 mL Milli-Q water and

were used for CE-MS.

CE-MS experiments were performed using Agilent CE systems

equipped with a time-of-flight mass spectrometer (TOF-MS) and a

built-in diode-array detector (Agilent Technologies). Cationic

metabolites were analyzed with a fused-silica capillary (50 mm

i.d. 680 cm total length) with cation buffer solution (Human

Metabolome Technologies) as the electrolyte. The samples were

injected at a pressure of 5.0 kPa for 10 s (approximately 10 nL).

The applied voltage was set at 30 kV. Electrospray ionization-

mass spectrometry (ESI-MS) was conducted in the positive ion

mode, and the capillary voltage was set at 4,000 V. The

spectrometer was scanned from m/z 50 to 1,000. Other conditions

were the same as in the cation analysis [46].

Anionic metabolites were analyzed with a fused-silica capillary

(50 mm i.d. 680 cm total length), with anion buffer solution

(Human Metabolome Technologies) as the electrolyte.

The samples were injected at a pressure of 5.0 kPa for 25 s

(approximately 25 nL). The applied voltage was set at 30 kV. ESI-

MS was conducted in the negative ion mode, and the capillary

voltage was set at 3,500 V. The spectrometer was scanned from

m/z 50 to 1,000. Other conditions were the same as in the anion

analysis [47].

Metabolites in the samples were identified by comparing the

migration time and m/z ratio with authentic standards, and

differences of 60.5 min and 610 p.p.m. were permitted respec-

tively and quantified by comparing their peak areas with those of

authentic standards using ChemStation software (Agilent Tech-

nologies).

Supporting Information

Figure S1 Analyses of dynamic changes in guanosine
and uridine nucleotides during kainate-induced sei-
zures. Visualization of the energy-charge index values by

MALDI imaging, and absolute quantification by CE-MS for

guanosine (A) and uridine (B) nucleotides. Due to their low

concentration, cytidine nucleotides could not be detected by either

method.

(DOC)

Figure S2 Results of MS2 structural analysis of metab-
olite ions, corresponding to the ATP, ADP, AMP,
fructose bi-phosphate, NADH, and citrate. Data were

obtained with LTQ-XL (Thermo Fisher Scientific) equipped with

an intermediate-pressure MALDI ion source.

(DOC)

Table S1

(DOCX)

Acknowledgments

We acknowledge fruitful discussion with Dr. Y. Konishi.

Author Contributions

Conceived and designed the experiments: YS MS. Performed the

experiments: YS. Analyzed the data: YS. Contributed reagents/materi-

als/analysis tools: SK KO. Wrote the paper: YS RT MS.

References

1. Hillenkamp F, Unsold E, Kaufmann R, Nitsche R (1975) Laser microprobe

mass analysis of organic materials. Nature 256: 119–120.

2. Kupka KD, Schropp WW, Schiller C, Hillenkamp F (1980) Laser-micro-mass

analysis (LAMMA) of metallic and organic ions in medical samples. Scan

Electron Microsc. pp 635–640.

3. Cornett DS, Reyzer ML, Chaurand P, Caprioli RM (2007) MALDI imaging

mass spectrometry: molecular snapshots of biochemical systems. Nat Methods 4:

828–833.

4. Garrett TJ, Prieto-Conaway MC, Kovtoun V, Bui H, Izgarian N, et al. (2006)

Imaging of small molecules in tissue sections with a new intermediate-pressure

MALDI linear ion trap mass spectrometer. International Journal of Mass

Spectrometry 260: 11.

5. Shimma S, Sugiura Y, Hayasaka T, Hoshikawa Y, Noda T, et al. (2007)

MALDI-based imaging mass spectrometry revealed abnormal distribution of

phospholipids in colon cancer liver metastasis. J Chromatogr B Analyt Technol

Biomed Life Sci 855: 98–103.

6. Harada T, Yuba-Kubo A, Sugiura Y, Zaima N, Hayasaka T, et al. (2009)

Visualization of volatile substances in different organelles with an atmospheric-

pressure mass microscope. Anal Chem 81: 9153–9157.

7. Morita Y, Ikegami K, Goto-Inoue N, Hayasaka T, Zaima N, et al. (2010)

Imaging mass spectrometry of gastric carcinoma in formalin-fixed paraffin-

embedded tissue microarray. Cancer Science, in press.

8. Ostrowski SG, Van Bell CT, Winograd N, Ewing AG (2004) Mass spectrometric

imaging of highly curved membranes during Tetrahymena mating. Science 305: 71–73.

Imaging Mass Spectrometry of Energy Dynamics

PLoS ONE | www.plosone.org 9 March 2011 | Volume 6 | Issue 3 | e17952



9. Altelaar AF, Klinkert I, Jalink K, de Lange RP, Adan RA, et al. (2006) Gold-

enhanced biomolecular surface imaging of cells and tissue by SIMS and MALDI
mass spectrometry. Anal Chem 78: 734–742.

10. Hayasaka T, Goto-Inoue N, Sugiura Y, Zaima N, Nakanishi H, et al. (2008)

Matrix-assisted laser desorption/ionization quadrupole ion trap time-of-flight
(MALDI-QIT-TOF)-based imaging mass spectrometry reveals a layered

distribution of phospholipid molecular species in the mouse retina. Rapid
Commun Mass Spectrom 22: 3415–3426.

11. Sugiura Y, Setou M (2009) Imaging Mass Spectrometry for Visualization of

Drug and Endogenous Metabolite Distribution: Toward In Situ Pharmacome-
tabolomes. J Neuroimmune Pharmacol.

12. Sugiura Y, Shimma S, Konishi Y, Yamada MK, Setou M (2008) Imaging mass
spectrometry technology and application on ganglioside study; visualization of

age-dependent accumulation of C20-ganglioside molecular species in the mouse
hippocampus. PLoS One 3: e3232.

13. Sugiura Y, Shimma S, Setou M (2006) Two-step matrix application technique to

improve ionization efficiency for matrix-assisted laser desorption/ionization in
imaging mass spectrometry. Anal Chem 78: 8227–8235.

14. Yao I, Sugiura Y, Matsumoto M, Setou M (2008) In situ proteomics with
imaging mass spectrometry and principal component analysis in the Scrapper-

knockout mouse brain. Proteomics 8: 3692–3701.

15. Shimma S, Sugiura Y, Hayasaka T, Zaima N, Matsumoto M, et al. (2008) Mass
imaging and identification of biomolecules with MALDI-QIT-TOF-based

system. Anal Chem 80: 878–885.
16. Jackson SN, Ugarov M, Egan T, Post JD, Langlais D, et al. (2007) MALDI-ion

mobility-TOFMS imaging of lipids in rat brain tissue. J Mass Spectrom 42:
1093–1098.

17. Ridenour WB, Kliman M, McLean JA, Caprioli RM (2010) Structural

characterization of phospholipids and peptides directly from tissue sections by
MALDI traveling-wave ion mobility-mass spectrometry. Anal Chem 82:

1881–1889.
18. Lothman EW, Collins RC (1981) Kainic acid induced limbic seizures: metabolic,

behavioral, electroencephalographic and neuropathological correlates. Brain

Res 218: 299–318.
19. Nithianantharajah J, Hannan AJ (2006) Enriched environments, experience-

dependent plasticity and disorders of the nervous system. Nat Rev Neurosci 7:
697–709.

20. Ratzliff AH, Santhakumar V, Howard A, Soltesz I (2002) Mossy cells in epilepsy:
rigor mortis or vigor mortis? Trends Neurosci 25: 140–144.

21. Benabdellah F, Touboul D, Brunelle A, Laprevote O (2009) In situ primary

metabolites localization on a rat brain section by chemical mass spectrometry
imaging. Anal Chem 81: 5557–5560.

22. Meldrum B, Garthwaite J (1990) Excitatory amino acid neurotoxicity and
neurodegenerative disease. Trends Pharmacol Sci 11: 379–387.

23. Mulle C, Sailer A, Perez-Otano I, Dickinson-Anson H, Castillo PE, et al. (1998)

Altered synaptic physiology and reduced susceptibility to kainate-induced
seizures in GluR6-deficient mice. Nature 392: 601–605.

24. Soga T, Ohashi Y, Ueno Y, Naraoka H, Tomita M, et al. (2003) Quantitative
metabolome analysis using capillary electrophoresis mass spectrometry.

J Proteome Res 2: 488–494.
25. Hattori K, Kajimura M, Hishiki T, Nakanishi T, Kubo A, et al. Paradoxical

ATP Elevation in Ischemic Penumbra Revealed by Quantitative Imaging Mass

Spectrometry. Antioxid Redox Signal.
26. Atkinson DE (1968) The energy charge of the adenylate pool as a regulatory

parameter. Interaction with feedback modifiers. Biochemistry 7: 4030–4034.
27. Wang XQ, Xiao AY, Sheline C, Hyrc K, Yang A, et al. (2003) Apoptotic insults

impair Na+, K+-ATPase activity as a mechanism of neuronal death mediated by

concurrent ATP deficiency and oxidant stress. J Cell Sci 116: 2099–2110.

28. Tomita S, Byrd RK, Rouach N, Bellone C, Venegas A, et al. (2007) AMPA

receptors and stargazin-like transmembrane AMPA receptor-regulatory proteins

mediate hippocampal kainate neurotoxicity. Proc Natl Acad Sci U S A 104:

18784–18788.

29. Lebovitz RM, Dichter M, Spencer WA (1971) Recurrent excitation in the CA3

region of cat hippocampus. Int J Neurosci 2: 99–107.

30. Griffiths T, Evans MC, Meldrum BS (1984) Status epilepticus: the reversibility of

calcium loading and acute neuronal pathological changes in the rat

hippocampus. Neuroscience 12: 557–567.

31. Pollard H, Charriaut-Marlangue C, Cantagrel S, Represa A, Robain O, et al.

(1994) Kainate-induced apoptotic cell death in hippocampal neurons. Neuro-

science 63: 7–18.

32. Pinard E, Tremblay E, Ben-Ari Y, Seylaz J (1984) Blood flow compensates

oxygen demand in the vulnerable CA3 region of the hippocampus during

kainate-induced seizures. Neuroscience 13: 1039–1049.

33. Tremblay E, Ottersen OP, Rovira C, Ben-Ari Y (1983) Intra-amygdaloid

injections of kainic acid: regional metabolic changes and their relation to the

pathological alterations. Neuroscience 8: 299–315.

34. LaNoue K, Nicklas WJ, Williamson JR (1970) Control of citric acid cycle activity

in rat heart mitochondria. J Biol Chem 245: 102–111.

35. LaNoue KF, Bryla J, Williamson JR (1972) Feedback interactions in the control

of citric acid cycle activity in rat heart mitochondria. J Biol Chem 247: 667–679.

36. Fujikawa DG, Shinmei SS, Cai B (2000) Kainic acid-induced seizures produce

necrotic, not apoptotic, neurons with internucleosomal DNA cleavage:

implications for programmed cell death mechanisms. Neuroscience 98: 41–53.

37. D’Mello SR, Galli C, Ciotti T, Calissano P (1993) Induction of apoptosis in

cerebellar granule neurons by low potassium: inhibition of death by insulin-like

growth factor I and cAMP. Proc Natl Acad Sci U S A 90: 10989–10993.

38. Padmanabhan J, Park DS, Greene LA, Shelanski ML (1999) Role of cell cycle

regulatory proteins in cerebellar granule neuron apoptosis. J Neurosci 19:

8747–8756.

39. Konishi Y, Bonni A (2003) The E2F-Cdc2 cell-cycle pathway specifically

mediates activity deprivation-induced apoptosis of postmitotic neurons.

J Neurosci 23: 1649–1658.

40. Biziere K, Coyle JT (1978) Effects of kainic acid on ion distribution and ATP

levels of striatal slices incubated in vitro. J Neurochem 31: 513–520.

41. Schauwecker PE, Steward O (1997) Genetic determinants of susceptibility to

excitotoxic cell death: implications for gene targeting approaches. Proc Natl

Acad Sci U S A 94: 4103–4108.

42. Levy DE, Duffy TE (1977) Cerebral energy metabolism during transient

ischemia and recovery in the gerbil. J Neurochem 28: 63–70.

43. Lust W, Ricci A, Selman W, Ratcheson R (1989) Methods of fixation of nervous

tissue for use in the study of cerebral energy metabolism. In: Boulton A, Baker G,

Butterworth R, eds. Carbohydrates and Energy Metabolism. Totowa, NJ:

Humana Press.

44. Sugiura Y, Shimma S, Setou M (2006) Thin Sectioning Improves the Peak

Intensity and Signal-to-Noise Ratio in Direct Tissue Mass Spectrometry. J Mass

Spectrom Soc Jpn 54: 4.

45. Schwartz SA, Reyzer ML, Caprioli RM (2003) Direct tissue analysis using

matrix-assisted laser desorption/ionization mass spectrometry: practical aspects

of sample preparation. J Mass Spectrom 38: 699–708.

46. Soga T, Heiger DN (2000) Amino acid analysis by capillary electrophoresis

electrospray ionization mass spectrometry. Anal Chem 72: 1236–1241.

47. Soga T, Ishikawa T, Igarashi S, Sugawara K, Kakazu Y, et al. (2007) Analysis of

nucleotides by pressure-assisted capillary electrophoresis-mass spectrometry

using silanol mask technique. J Chromatogr A 1159: 125–133.

Imaging Mass Spectrometry of Energy Dynamics

PLoS ONE | www.plosone.org 10 March 2011 | Volume 6 | Issue 3 | e17952


