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ABSTRACT 

The present study employed an imaging mass 
spectrometry (IMS) method to evaluate the effect 
of dietary n – 3 fatty acids on the fatty acid com- 
position in rat brain. Rats were divided into two 
groups and fed either an n – 3 fatty acid-deficient 
or adequate diet. We determined the decreased  
n – 3 fatty acids in the hippocampus of rats fed an 
n – 3 fatty acid-deficient diet compared to the 
control. IMS visualization was achieved at a re- 
solution of 100 m in rat brain, and showed de- 
creased docosahexaenoic acid (DHA)-containing 
phosphatidyl choline (PC) or phosphatidyl etha- 
nolamine (PE) in the hippocampus of rats fed an 
n – 3 fatty acid-deficient diet. 
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1. INTRODUCTION 

Docosahexaenoic acid (DHA, 22:6n – 3) is one of the 
n – 3 polyunsaturated fatty acids (PUFAs) has important 
role to our physiological activity. DHA is critical for cel-
lular functioning, normal brain development, and mem-
ory and cognitive processes in animals and humans [1-4]. 
In aged animals, memory impairment is associated with 
reduced levels of cerebral DHA [5,6]. Moreover, loss of 
brain DHA content in patients with Alzheimer’s disease 
is accompanied by loss of memory and learning [7]. 
Further, a decrease in the level of serum DHA is corre-
lated with cognitive impairment [8]. Escape latency is 
increased in n – 3 PUFA-deficient animals compared to 
control rats, suggesting that an n – 3 PUFA-deficient diet 
may affect the process of habituation, a simple form of 
learning [9]. DHA deficiency thus affects mostly the 
cortex and hippocampus, areas that mediate learning and 

memory. Previous reports revealed that dietary supple-
mentation of DHA has been shown to improve the brain 
function and focused on the hippocampal area as the site 
of DHA accumulation [10,11]. If we visually indicate 
whether DHA-containing lipids concentrate in the hip-
pocampus, the information helps us to reveal the effect 
of dietary supplementation of n – 3 PUFAs. Conventional 
staining methods required fluorescence or antibodies to 
visually reveal the localization of target molecules, 
whereas the use of two-dimensional mass spectrometry 
(MS) analysis of biomedical tissues, by means of what is 
known as imaging mass spectrometry (IMS), has become 
more commonplace for analyzing analyte distribution in 
several fields such as biology, medicine, pharmacology 
and agriculture. IMS has a potential for discovery of new 
biomarkers as well as common important target mole-
cules. After two-dimensional MS measurements on 
sample section at regular interval, re-construction for 
target signals is given as an ion image. IMS enables si- 
multaneous detection of multiple analytes even in the 
absence of target-specific markers such as antibodies 
(Figure 1) [12-14]. Here, we adopted three techniques 
in an effort to reveal the destination of DHA by feeding 
in the brain. To detect multiple molecules in raw tissue 
 

 
Figure 1. Schematic illustration of imaging mass spectrometry 
(IMS). 
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sections, 1) matrix-assisted laser desorption/ionization 
(MALDI) was used as a soft ionization technique, where- 
in a chemical matrix is used to assist the ionization of the 
molecules of interest [15,16]; 2) Fourier-transform ion 
cyclotron resonance (FT-ICR) mass spectrometry (MS) 
offers high resolution (R = 105 - 106) and accuracy (m = 
10−4 - 10−3 u) [17-19]. Thus, we were able to classify the 
molecular species from exact mass (Me) without tandem 
mass spectrometry (MS/MS); 3) PUFA lipids were visu-
alized at a resolution of 100 m in the rat brain by IMS. 
This is the first report to demonstrate decreased n – 3 
PUFAs in the rat brain after intake of a PUFA-deficient 
diet as compared to normal diet. 

2. MATERIALS AND METHODS 

2.1. Animals 

The rats were maintained and sacrificed in accordance 
with the procedures outlined in the Guidelines for Ani- 
mal Experimentation of Shimane University (Shimane, 
Japan), compiled from the Guidelines for Animal Experi- 
mentation of the Japanese Association for Laboratory 
Animal Science. The animals were housed in a room un- 
der controlled temperature (23˚C ± 2˚C), relative humidity 
(50% ± 10%) and light-dark cycles (light: 08:00 to 20:00; 

dark: 20:00 to 08:00). Wistar rats (generation 0, G0) (Jcl: 
Wistar; Clea Japan Co., Tokyo, Japan) were housed in a 
room under controlled temperature (23˚C ± 2˚C), relative 
humidity (50% ± 10%), and light-dark cycle conditions, and 
were provided with either an n − 3 fatty acid-deficient pellet 
diet (F-1 group, F-1®; Funabashi Farm, Funabashi, Japan) 
or an n − 3 fatty acid-adequate pellet diet (MF group, MF; 
Oriental Yeast Co., Ltd., Osaka, Japan) with water ad libi-
tum. The fatty acid composition of the F-1® and MF pellet 
diets is shown in Table 1. Inbred second-generation male 
rats, raised with either F-1® or MF diet, were anaesthetized 
with sodium pentobarbital (65 mg·kg–1 BW, i.p.) and blood 
was drawn for plasma analysis (n = 15, 20-week old, re-
spectively). The hippocampus was removed in 10 rats from 
each group, as previously described [11]. The tissues were 
stored at –80˚C by flash-freezing in liquid N2 until use. 
Whole brains of the remaining five rats from each group 
were removed and used in IMS analysis.  

2.2. Determination of Fatty Acid Profile 

The fatty acid composition of plasma and brain tissues 
was determined using a modification of the one-step re-
action of Lepage and Roy [20] by gas chromatography 
(GC) as previously described [11]. Protein concentrations 
were estimated by the method of Lowry et al. [21].  

 
Table 1. Composition of the n − 3 fatty acid-deficient (F-1®) and -adequate pellet diets (MF). 

F-1® diet MF diet 

Composition of the diet (g/kg) Composition of the diet (g/kg) 

Water 80 Water 79 

Crude protein 215 Crude protein 231 

Fat 44 Fat 58 

Fiber 26 Fiber 28 

Carbohydrate 586 Carbohydrate 553 

Fatty acid composition (g/kg) Fatty acid composition (g/kg) 

Palmitic acid C16:0 13.5 Palmitic acid C16:0 15.4 

Stearic acid C18:0 4.2 Stearic acid C18:0 3.0 

Oleic acid C18:1(n – 9) 14.4 Oleic acid C18:1(n – 9) 22.5 

Linoleic acid C18:2(n – 6) 32.5 Linoleic acid C18:2(n – 6) 51.6 

Linolenic acid C18:3(n – 3) 2.5 Linolenic acid C18:3(n – 3) 3.5 

Arachidonic acid C20:4(n – 6) ND Arachidonic acid C20:4(n – 6) 0.1 

Eicosapentaenoic acid C20:5(n – 3) ND Eicosapentaenoic acid C20:5(n – 3) 0.8 

Docosahexaenoic acid C22:6(n – 3) ND Docosahexaenoic acid C22:6(n – 3) 0.9 

ND: Not detected. 
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2.3. IMS 

The extirpated tissue samples were immediately fro- 
zen in powdered dry ice. Frozen cerebellar sections (10 
m) were sliced at –16˚C using a cryostat (Leica, CM 
3050) and were thaw-mounted on indium tin oxide (ITO)- 
coated glass slide for IMS, and non-coated glass slide for 
HE-staining. 2,5-dihydroxybenzoic acid (DHB) matrix 
solution (50 mg·mL–1 DHB, 70% methanol, and 0.1% 
tri- fluoroacetic acid) fluid was sprayed on cerebellar 
sections using an air brush (nozzle caliber, 0.2 mm). We 
scanned the sections and determined the laser spot area 
(2700 spots/measurement) with a spot-to-spot center dis- 
tance of 100 m in each direction. A laser energy of 150 J 
was used in IMS. The tissue surface was irradiated with 
100 laser shots using the positive ion detection mode 
(Bruker, Solalix as FT-ICR MS). To discriminate brain 
area, nuclear and cytoplasmic staining was performed 
using HE-staining. The glass-mounted sections were im- 
mersed in hematoxylin solution for 5 min and washed 
with tap water for 5 min. Next, sections were immersed 
in 80% ethanol (EtOH) and subsequently immersed in 
eosin solution for 1 min. After washing with tap water, 
the sections were immersed in a series of EtOH solutions 
(70%, 80%, 90% and 100%) to dehydrate. The labeled 
glass slide was mounted with a coverslip and Entellan 
reagent. 

2.4. Statistical Analysis 

Results are expressed as means ± SEM. Statistical 
evaluation of the data (Tables 2 and 3) was performed  
 
Table 2. Plasma fatty acid profiles in rats fed n – 3 fatty acid- 
deficient (F-1 group) and -adequate (MF group) diets. 

 F-1 group MF group 

Palmitic acid C16:0 369.6 ± 26.0* 527.7 ± 36.9 

Stearic acid C18:0 174.0 ± 5.1 161.1 ± 6.9 

Oleic acid C18:1(n – 9) 174.9 ± 17.1* 324.6 ± 32.2 

Linoleic acid C18:2(n – 6) 401.9 ± 37.4* 784.6 ± 55.9 

Linolenic acid C18:3(n – 3) 11.0 ± 1.5* 30.5 ± 3.0 

Arachidonic acid C20:4(n – 6) 489.3 ± 11.7* 335.2 ± 14.3 

Eicosapentaenoic acid C20:5(n – 3) 5.4 ± 0.7* 43.5 ± 3.1 

Docosapentaenoic acid C22:5(n – 3) 11.3 ± 0.9* 45.9 ± 4.9 

Docosahexaenoic acid C22:6(n – 3) 60.5 ± 2.3* 128.6 ± 9.2 

n – 6/n – 3 11.1 ± 0.2* 5.0 ± 0.1 

Values of fatty acids are expressed as μg/mL. Values are means ± SEM, *P < 
0.05. n – 6/n – 3: Ratio of n – 6 to n – 3. n – 6: Total (n – 6) fatty acid con-
tents; n – 3: Total (n – 3) fatty acid contents (n = 10). 

Table 3. Major fatty acid composition of hippocampus in rats 
fed n – 3 fatty acid-deficient (F-1 group) and -adequate (MF 
group) diets. 

 F-1 group MF group 

Arachidonic acid C20:4(n – 6) 35.17 ± 0.40* 33.67 ± 0.54

Eicosapentaenoic acid C20:5(n – 3) 0.18 ± 0.01* 0.21 ± 0.01 

Docosahexaenoic acid C22:6(n – 3) 43.94 ± 0.28* 46.08 ± 0.67

C22:6(n – 3)/C20:4(n – 6) 1.16 ± 0.01* 1.27 ± 0.02 

Values of fatty acids are expressed as μg/mg protein. Values are means ± 
SEM, *P < 0.05. C22:6(n – 3)/C20:4(n – 6): Ratio of C22:6(n – 3) to C20:4(n – 
6) (n = 10). 

 
using unpaired Student’s t-test. StatView 4.01 (MindVision 
Software, Abacus Concepts, Inc., Berkeley, CA, USA) was 
used for statistical analyses. Statistical significance was set 
at P < 0.05. 

3. RESULTS AND DISCUSSION 

3.1. Plasma and Brain Fatty Acid Profiles 

The plasma fatty acid composition of rats fed n – 3 
fatty acid-deficient (F-1 group) and -adequate (MF group) 
diets is shown in Table 2. The plasma levels of palmitic, 
oleic, linoleic, linolenic, eicosapentaenoic, docosapen-tae- 
noic acids and DHA were significantly lower in F-1-fed 
rats than in MF-fed rats, while the arachidonic acid (AA) 
level and the molar ratio of n – 6 to n – 3 fatty acids were 
significantly higher (P < 0.05) in F-1-fed rats than in 
MF-fed rats. The major fatty acid composition in the rat 
hippocampus is shown in Table 3. Long-term administra- 
tion of n – 3 fatty acid-deficient diet significantly de- 
creased the eicosapentaenoic acid and DHA contents and 
increased the AA content in the hippocampus of F-1-fed 
rats compared to MF-fed rats, resulting in a significant 
decrease in the ratio of DHA/AA in the hippocampus. 

3.2. MS 

Using rat brain sections, we investigated whether the MS 
system is applicable for raw biological samples. In the rep-
resentative mass spectrum obtained for the tissue section 
sprayed with matrix solution, we detected various high- 
resolution signals in an m/z range of 750 to 850 for lipids 
using FT-ICR MS. We focused on five exact masses ob-
tained at m/z 762.5073, 766.5308, 786.5073, 790.5386, 
804.5464 and 806.5699 from F-1 and MF (Figure 2). Ow-
ing to the high resolution, we were able to recognize isotope 
peaks and determine their molecular species from databases 
(Lipid search: http://metabo.umin.jp/index-English.htm and 
Lipid maps: http://www.lipidmaps.org/). The m/z 762.5073, 
786.5073, 790.5386 and 806.5699 were identified as doco-
sahexaenoic acid (DHA)-containing phosphatidyletha no-
lamine (PE) (1-acyl 16:1/22:6), PE (1-acyl 18:3/22:6), 
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Figure 2. MALDI via DHB spectra of cryostat-prepared rat brain sections. The m/z 762.5073, 786.5073, 7905386 and 806.5699 
correspond to DHA-containing lipids. The m/z 804.5464 and 766.5308 correspond to AA- and EPA-containing lipids, respectively. 
 
PE(1-acyl 18:1/22:6) and phosphatidylcholine (PC) (1- 
acyl 16:0/22:6), respectively. DHA preferentially binds to 
aminophospholipids in the cell membrane compared to 
other lipids. Interestingly, we were able to determine DHA- 
containing PC lipid from m/z 806.5699, and this lipid 
was observed throughout the entire brain region in this 
time. For comparison, we also identified the m/z 766.5308 
and 804.5464 as eicosapentaenoic acid (EPA)-containing 
PC(1-acyl 15:0/20:5) and arachidonic acid (AA)-con-
taining PC(1-acyl 18:3/20:4), respectively. 

3.3. IMS 

Next, we performed IMS using rat hippocampal sec- 
tions. Successive brain sections were stained with HE 
observed. Optical images of the brain sections used for 
IMS were obtained, which indicated that the hippocam- 
pal regions were similar to those observed with HE 
staining. We visualized brain sections for five DHA-, one 
AA- and one EPA-containing lipids and the red dashed 
line indicates the IMS region (Figure 3(b)). With respect 
to DHA, in both the F-1 and MF sections, distinct lipid 
distributions were revealed with ions at m/z 762.5073: 
PE(1-acyl 16:1/22:6), 786.5073: PE(1-acyl 18:3/22:6) as 
representative image data. With respect to m/z 762.5073: 
PE(1-acyl 16:1/22:6), the relevant lipid in both F-1 and 
MF was specifically detected to the hippocampus com- 
pared with other brain regions (Figure 3(c)). For m/z 
786.5073: PE(1-acyl 18:3/22:6), the relevant lipids were 
observed not only in the hippocampus but also in the 
brain cortex (Figure 3(d)). These images also indicated 
that DHA-containing lipid was decreased in F-1 com- 
pared with that of MF. As a control, we imaged AA- and 
EPA-containing lipids. The majority of AAs were dis- 
tributed throughout the whole brain. The lipid with an 

ion at m/z 804.5464: PC(1-acyl 18:3/20:4) was barely 
exhibited higher levels in the MF hippocampus com- 
pared to that of the F-1 (Figure 3(e)). We were success-
ful in imaging the EPA-containing lipid (Figure 3(f)). 
From these results, a semiquantitative analysis was per-
formed by correlating the MS intensities and hippocam-
pus region (Figure 4). For the DHA-containing lipids, a 
significant difference was detected between MS intensity 
in the F-1 and MF groups, respectively. The total ion 
count and the decreased ratio of both F-1 and MF were 
augmented with an increase in molecular weight. With 
respect to AA- and EPA-containing no significant differ- 
ences was detected between MF and F1, and its signal 
intensity was about 4 times lower than that of DHA- 
containing lipid (PE(1-acyl 22:0/22:6)) (Figure 4). The 
signal intensity corresponding to DHA-containing lipids 
in the MF rat group was greater, and conversely, the in-
tensity of AA- and EPA-containing lipids was smaller, 
than that in F1, although the IMS data for AA- and EPA- 
containing lipids were not significantly different (Figure 
4). We speculated that the AA- (m/z 804.5464) and EPA- 
(m/z 766.5308) containing lipids were present in smaller 
amounts in the hippocampus than DHA (Table 3). The 
ion intensity of the MS spectra also showed smaller ion 
intensity for AA- and EPA-containing lipids than that of 
DHA (Figure 2). The IMS data were also based on MS 
spectra and, therefore, we detected distinct differences and 
imaged multi lipids at single measurement without anti-
body and fluorescent reagent. 

4. CONCLUSION 

The IMS technique is widely used in the localization 
of biological compounds. A decrease in hippocampal 
docosahexaenoic acid of rats fed a lipid-poor diet was 
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Figure 3. MALDI imaging of lipids in rat brain sections. (a) HE-stained rat brain tissue; and (b) Optical images of rat brain tissues. 
The red line indicated IMS region; (c)-(f) Obtained MS spectra reconstructed as ion images. The scale bar is 2 mm.

 

Figure 4. Semi-quantitative analysis of DHA-containing lipids 
using IMS. Total MS intensity in the brain of F-1- and MF-fed 
rats. MS intensities in the hippocampal regions were deter-
mined. Obtained values were commuted to per unit area. The 
values are expressed in terms of means ± SEM. *P < 0.05 with 
Student’s t-test. n = 5. 

imaged using IMS. DHA was stored in the hippocampus 
as PC- and PE-lipids and the amount of these lipids was 
affected by the composition of the diet. IMS was able to 
image DHA-containing lipids from one section without the 
use of antibodies and fluorescent reagents. We will investi-
gate the distribution of additional PUFAs in future studies. 
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