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of alectinib in murine brain using
quantitative mass spectrometry
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In the development of anticancer drugs, drug concentration measurements in the target tissue have
been thought to be crucial for predicting drug efficacy and safety. Liquid chromatography-tandem
mass spectrometry (LC-MS/MS) is commonly used for determination of average drug concentrations;
however, complete loss of spatial information in the target tissue occurs. Mass spectrometry imaging
(MSI) has been recently applied as an innovative tool for detection of molecular distribution of
pharmacological agents in heterogeneous targets. This study examined the intra-brain transitivity of
alectinib, a novel anaplastic lymphoma kinase inhibitor, using a combination of matrix-assisted laser
desorption ionization—-MSI and LC-MS/MS techniques. We first analyzed the pharmacokinetic profiles
in FVB mice and then examined the effect of the multidrug resistance protein-1 (MDR1) using Mdrla/b
knockout mice including quantitative distribution of alectinib in the brain. While no differences were
observed between the mice for the plasma alectinib concentrations, diffuse alectinib distributions were
found in the brain of the Mdrla/b knockout versus FVB mice. These results indicate the potential for
using quantitative MSI for clarifying drug distribution in the brain on a microscopic level, in addition
to suggesting a possible use in designing studies for anticancer drug development and translational
research.

During the drug development process, determination of whether a new compound can reach its intended target
or not is one of the key factors for obtaining the proof of mechanism and concept'. A previous study has shown
that plasma drug concentrations do not accurately predict the exposure in some organs and tissues?. To determine
drug exposure in the target tissues, today, homogenized tissues are now commonly used for quantitative assess-
ments by liquid chromatography tandem mass spectrometry (LC-MS/MS).

Although LC-MS/MS can accurately determine the average levels of a compound in a target organ or tis-
sue, there is a disadvantage when using this technique, as there is a complete loss of the spatial information
for the compound in the target tissue. When estimating the efficacy and safety of a compound, particularly for
anti-tumor drugs, it is very important to know both the specific location of the compound and the concentration
that is present at these points within the target tissue. In order to understand the complex biochemical interac-
tions that occur between a drug and its target tissue, it is necessary to detect not only the level of exposure, but
also the spatial distribution within the target tissue. Thus, the use of only LC-MS/MS analysis is insufficient for
clarifying the behavior of compounds such as anti-tumor drugs’.
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Figure 1. The plasma concentration of alectinib following oral administration in mice (FVB and Mdrla/b
(—/—)). (A) Chemical structure of alectinib. MW: 482.3. For the LC-MS/MS analysis, the main fragment, m/z
483.2 to 396.0, was chosen for quantitative purposes. (B) Plasma concentrations of alectinib in FVB mice (4 mg/
kg dose: filled circle, 20 mg/kg dose: filled squire) and in Mdrla/b (—/—) knockout mice (4 mg/kg dose: open
circle, 20 mg/kg dose: open square). The plasma concentrations were measured by LC-MS/MS at 1, 1.5, 2, and
4hours after an oral administration of alectinib. Data shown are the mean 4 SD, n=4.

Matrix-assisted laser desorption ionization mass spectrometry imaging (MALDI-MSI) is one of the newer
innovative technologies that are highly sensitive and can provide mass spectrum information in two dimensions.
This technology makes it possible to measure the distribution of diverse molecular species in a tissue section,
including endogenous molecules at a specific time, without destroying the target tissue or requiring the use of
target-specific molecular labeling reagents®*~®. Even though this technique has proved to be beneficial, some
challenges remain regarding the quantitative capability and reproducibility.

Assessment of the drug concentration and distribution is not only of interest in tumors but also in the brain
as well. The blood-brain barrier (BBB), in particular the multidrug resistance protein 1 (MDR1, also known as
P-glycoprotein or ATP-binding cassette, sub-family B, member 1: ABCBI) has a central role in the drug distri-
bution and transition to the brain parenchyma!®. MDR1 is an important transporter protein located in the cell
membrane that pumps many endogenous substances out of the cells. Moreover, this protein is highly expressed
in various tissues, including the endothelial cells of the brain blood vessels and the intestinal epithelium!®. While
MDRI has been shown to regulate the intestinal absorption of a wide variety of drugs, it has been frequently
reported that the blood concentration of a drug does not necessarily correlate with the MDR1-determined
substance properties!!~!°. For instance, a pharmacokinetics (PK) study showed that after administration of the
anti-cancer drug, docetaxel, in FVB (wild-type, WT) and the Mdrla/b knockout (KO) mice, there was no differ-
ence in the plasma concentrations. However, the brain concentrations in the Mdrla/b KO mice were much higher
than that observed in the FVB mice'®.

In our current study, we employed a quantitative MSI (qQMSI) method in a preclinical mouse model to evaluate
the intra-brain distribution of a new anti-cancer drug, the echinoderm microtubule-associated protein-like 4 and
anaplastic lymphoma kinase (EML4-ALK) inhibitor, alectinib!’~'%, which was approved for use in Japan on July
4, 2014. Using serial sections, we used the combination of MALDI-MSI and LC-MS/MS techniques to facilitate
inter-sample comparisons and improve reproducibility of the analysis, in addition to investigating the effect of
MDRI1 on the intra brain transitivity of alectinib in Mdrla/b KO mice. The aim of this study was to examine the
potential of utilizing QMSI to translate drug delivery evaluations for use in new drug development and practical
applications.

Results
Pharmacokinetics of alectinib in mice. Recently, there has been an increased interest in the pharma-
cokinetics of anti-tumor drugs in the brain from an efficacy and toxicity viewpoint?*?!. Therefore, our current
study focused on alectinib, which was recently approved for the treatment of lung cancer in Japan (Fig. 1A). We
performed a pharmacokinetic analysis of alectinib in FVB and Mdrla/b KO mice; Plasma, cerebrospinal fluid
(CSF), and brain tissue were collected 1, 1.5, 2, and 4 hours after a single oral administration of a 4 and 20 mg/kg
dose. In mice, a 20 mg/kg administration of alectinib resulted in higher plasma concentrations as compared to
a 4mg/kg administration (Supplemental Table 1). There were no significant differences in the alectinib plasma
concentrations observed between the FVB and Mdrla/b KO mice at each dosage (Fig. 1B).

The majority of the alectinib concentrations in the CSF were lower than the limits of quantitation (4 mg/kg
group: 16/16 samples in FVB mice, 15/16 samples in Mdrla/b KO mice; 20 mg/kg group: 9/16 samples in FVB
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Figure 2. Alectinib distribution in the mouse brain at 4 hours after administration of a 4 mg/kg dose.
(A,E) HE staining of sagittal brain sections from FVB and Mdrla/b (—/—) mice, respectively. (B,F) Molecular
images of alectinib. (C,G) Molecular images of internal standard (IS). (D,H) gMSI images of alectinib. MSI data
were acquired at a spatial resolution of 80 um in the positive ion mode, and the optimal transition of alectinib
used for the MALDI-MSI was m/z 483.3 to 396.2. In the gMSI images of alectinib, ion intensity was converted
into the amount of alectinib by using LC-MS/MS analysis of serial sections.

mice, 7/16 samples in Mdrla/b KO mice). In the samples that could be evaluated, there was no apparent correla-
tion observed (Supplemental Table 2).

Use of qMSI to visualize alectinib distribution in the mouse brain. To determine alectinib tran-
sitivity into the mouse brain, we performed qMSI analysis (Methods and Supplemental Figure 1) using FVB
and Mdrla/b KO murine brain sections. Brain tissue collected included the cerebrum, cerebellum, and choroid
plexus (Fig. 2). Alectinib qMSI was performed on mouse brains that were collected at 1, 1.5, 2 and 4hours after
the administration of alectinib (4 mg/kg, 20 mg/kg). There was a higher level of drug accumulation and a greater
diffusion in the brain tissue section after the administration of 4 mg/kg of alectinib in the Mdrla/b KO versus
the FVB group (Fig. 2) (Supplemental Figure 2). After administration of 20 mg/kg of alectinib, there was a sig-
nificantly increased alectinib exposure and diffused distribution of alectinib in Mdr1a/b KO versus FVB murine
brains (Fig. 3).

LC-MS/MS quantitation using serial sections of qMSI showed no obvious differences in section size among
the samples (Supplemental Table 3) and indicated significantly higher average alectinib concentrations (per
unit of section) in the Mdrla/b KO murine brain versus the FVB brain under all conditions examined (Fig. 4)
(Supplemental Figure 3). At 4hours after administration of the 4 mg/kg (Fig. 4A) and the 20 mg/kg (Fig. 4B)
doses, we observed an approximately a 20-fold (10.64 £ 1.58 vs. 0.53 £ 0.16 ng/mm?, P < 0.0001; unilateral ¢-test)
and 14-fold (119.08 +2.31 vs. 8.24 & 1.63 ng/mm?, P < 0.0001; unilateral ¢-test) accumulation of alectinib in the
Mdrla/b KO murine brains versus the FVB brains, respectively (Supplemental Table 4).

Quantitative distribution of alectinib shown by the gMSI was confirmed by using laser microdissection
(LMD) of additional serial sections (Supplemental Figure 4). The calculated concentrations of the arbitrary
regions R1 to R8 from the images of qMSI correlated well with the concentration of the corresponding LMD R1
to R8 regions measured by LC-MS/MS (Supplemental Table 5).

Localization of alectinib in the brain blood vessels. The final step of the experiment focused on the
histological intra brain localization of alectinib. After treating the FVB and Mdrila/b KO mice with 20 mg/kg of
alectinib, we used MSI at a 20-micrometer resolution and immunohistochemistry (IHC) to examine the local-
ization of alectinib in the brain blood vessels (Fig. 5). In the FVB mice, MSI showed that the distribution of
alectinib was mostly co-localized with the heme that was derived from the red blood cells (Fig. 5B), while IHC
demonstrated there was distribution in the CD31 and MDR1 (Fig. 5A), which indicated the location of the blood
vessels in the choroid plexus. On the other hand, a diffuse distribution of alectinib was observed in the Mdrla/b
KO mouse brain (Fig. 5B). By using MSI, it was possible to visualize the true distribution of alectinib in the brains
of both the Mdrla/b KO and the FVB mice. Thus, we were able to evaluate the precise pharmacokinetics of the
drug in target tissues or organs at the micro level.
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Figure 3. Comparison of the gMSI images of alectinib at each time point after administration of a 20 mg/
kg dose. (A-H) HE staining and (a-h) gMSI images of alectinib of the brain tissue sections at 1, 1.5, 2, and
4hours after oral administration of a 20 mg/kg dose in FVB and Mdrla/b (—/—) mice, respectively. MALDI-
MSI was performed with a spatial resolution of 80 um. Scale bar: 1000 pum.
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Figure 4. Quantification of alectinib in brain tissue sections by LC-MS/MS. Alectinib concentrations
(ng/mm?®) in brain tissue sections after a dose of 4 mg/kg (A) and 20 mg/kg (B) were measured by LC-MS/MS.
FVB: open bars, Mdrla/b KO: filled bars. Data shown are the mean =+ SD. Statistically significant differences:
*P<0.05and *"*P < 0.0005.

Discussion

In this study, we propose application of this quantitative MSI method, which would add the quantitative capability
to conventional MSI by using concurrent LC-MS/MS analysis of serial sections, into the visualizing study of spa-
tial distribution of pharmaceutical agent in the brain. We evaluated the intra-brain distribution of alectinib and
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Figure 5. Localization of alectinib and blood vessels in FVB and Mdr1a/b knockout mouse brains. Both
MSI and immunohistochemical (IHC) staining were used to determine the location of alectinib and blood
vessels in the brains of FVB mice. (A) HE and IHC staining with anti-CD31 and anti-MDR1 antibody.

(B) MALDI-MSI image of alectinib and heme in the area including the choroid plexus at a resolution of 20 um
at 4hours after administration of the 20 mg/kg dose. The slices used for HE and IHC staining were the same
serial sections examined during MSI analysis in the FVB brain.

the effect of MDRI1 (p-glycoprotein) on pharmaceutical profiles with MSI concurrently with a general LC-MS/
MS approach by using an in vivo murine model. The alectinib PK study using Mdrla/b KO mice showed that
while the alectinib brain distribution was affected by MDR1, it was not associated with the blood concentration.

MSI can directly detect diverse molecular species on tissue sections simultaneously and utilize this infor-
mation to create a drug distribution map without the use of target-specific molecular labeling reagents?. This
technique could potentially be useful for detecting drug concentrations and distributions within target tumors
and organs, which have complicated structures. Furthermore, maturation and standardization of this procedure
could also contribute to the prediction of efficacy and safety during the drug development process. Several studies
have reported on the development of quantitative MSI methodologies?**. One quantitative approach is to create
a standard curve by determining known concentrations of a target drug in sections of control tissue, after which
this curve is then compared to the signal intensity observed for adjacent dosed tissue sections®*-2%; however, some
problems may occur with this technique including issues with choosing an appropriate control tissue, difficulties
when trying to examine cases with heterogeneous tissues that have been determined to be the cause of differences
in ion suppression, or difficulties in deciding what the concentrations may be in dried spot areas. To avoid these
potential problems, in this study, we selected a quantitative method using LC-MS/MS of adjacent serial sec-
tions?** and combined this with the use of an internal standard that was sprayed within the matrix.

Recent studies have used MSI to analyze the activity of various compounds with regard to their pharmaceu-
tical transit into the brain'6**-32, However, there have been few reports that have mentioned the reproducibility
and quantitative capacity of targeting compounds. Even when a compound is a substrate of MDR1, which closely
regulates intestinal absorption as well as brain distribution, there have been other cases reported, similar to our
current study, where the brain transitivity differed from the blood concentrations found after an oral adminis-
tration of a drug!*-'>. Generally, the drug transport and transit into the brain has been evaluated through the
use of radioisotopes or LC-MS/MS analyses of homogenized brain tissue, precluding accurate determination of
where the druglocalized in the brain tissue, brain parenchyma, CSE, or brain blood. In addition, the calculation
of drug concentrations in the CSF is currently a controversial subject®. Therefore, our current approach was able
to precisely evaluate drug distribution at the microscopic level in wild-type and Mdrla/b KO mice and could be
a powerful tool in drug development.

While the resolution of the MSI images was a limitation of our current study, a conflict still exist between the
analytical resolution and sensitivity in our MSI system®. There are recent reports that have described single cell
imaging through the use of different MALDI-MSI system?®>%. Although our data showed the positional relation-
ship between alectinib and the brain blood vessels, further improvements in the specificity, sensitivity, and image
resolution may give us further novel insights into PK research at a cellular level.
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Another limitation of our study is that even though our results showed an association between the brain dis-
tribution of alectinib and the substrate property of MDR1, we did not specifically examine the efficacy of alectinib
with regard to brain metastasis. The reason for this is that we did not use a tumor xenografted model. Since it
has been reported that alectinib has exhibited promising activity in lung cancer patients with brain metastasis®,
our data might support the speculation that the intact brain transitivity of drugs or the substrate property of
MDRI do not directly correlate with the drug penetration and treatment efficacy in brain metastatic tumors'”-.
Interestingly, a recent study showed that even macromolecule such as antibody-drug was possible to localize at
metastatic brain lesions of breast cancer by PET imaging of ®*Cu-labeled trastuzumab®. Further translational
research using brain metastatic samples and MSI of drugs might be able to resolve this controversial clinical
question.

In conclusion, the spatial measurement of drug concentrations in target tissues and organs is crucial for
predicting efficacy and safety during drug development and clinical application, and MSI technology is widely
expected to contribute to this evaluation. It is hoped that present approach of using quantitative MSI and Mdrla/b
KO mice during the evaluation of brain drug distribution might be helpful in the determination of reproducible
PK and pharmacodynamic studies of investigational new compounds.

Methods

Chemicals. Alectinib (Alecensa®) was purchased from Chugai Pharmaceutical Co., Ltd. (Tokyo, Japan).
Erlotinib-d6 was purchased from Toronto Research Chemicals Inc. (Ontario, CA). a-Cyano-4-hydroxycinnamic
acid (o.-CHCA) was purchased from Sigma-Aldrich (St. Louis, MO, USA). Formic acid (FA), acetonitrile,
methanol, ethanol, isopropanol, NaCl, CaCl,, KCl, Mayer’s hematoxylin solution, 1% eosin Y solution for HE
staining were purchased from Wako Pure Chemical Industries Ltd. (Osaka, Japan). HPLC grade 0.1% FA was
prepared with de-ionized water, which was purified using a Milli-Q purification system (Millipore, MA, USA).
All other chemicals and reagents required for the LC-MS/MS were of analytical grade and used without further
purifications.

Animal experiments. Animal studies were carried out according to the Guideline for Animal Experiments,
drawn up by the Committee for Animal Experimentation of National Cancer Center, which meet the ethical
standards required by the law and the guidelines about experimental animals in Japan. All experimental animal
protocols were approved by the Institutional Animal Ethics Committee (IAEC) of the National Cancer Center
(Permit Number: T14-025). Animal treatment experiments were performed at K.A.C, Ltd. (Kyoto, Japan). For the
in vivo studies on the PK and drug distribution in the brain, male FVB (6-8 weeks, wild-type) and Mdrla/b KO
mice*’ (6-8 weeks) were purchased from Taconic Biosciences, Inc. (Oxnard, CA, USA). For the oral injections,
alectinib was dissolved in a 0.5% (w/v) methyl cellulose 400 solution.

Pharmacokinetic studies in mice. Alectinib was administered orally to the FVB and Mdr1a/b KO mice at
doses of 4 and 20 mg/kg (n=4). At 1, 1.5, 2 and 4 hours after the drug administration, brain, blood and cerebro-
spinal fluid (CSF) samples were collected from each mouse. Blood samples were collected in heparinized tubes,
and centrifuged at 1500 x g at 4°C for 10 min to obtain the plasma. After freezing the brains in liquid N,, they
were stored at —80 °C until analyzed. Plasma and CSF were also stored at —80 °C until analyzed.

Measurement of alectinib in plasma, CSF, and tissue sections by LC-MS/MS.  Sample preparation.
Alectinib was extracted from the plasma and CSF samples by a solid-phase extraction method that used Oasis
HLB 96-well plates (10 mg sorbent per well, Waters Corporation, Milford, MA, USA). Alectinib calibration stand-
ards ranging from 5-1000 ng/mL (linearity range R*= 0.9977, accuracy: +9%) and 3.75-375 ng/mL (linearity
range R*=0.999, accuracy: +-14%) (Supplemental Figure 6) were prepared from standard solutions with mouse
pooled plasma (Sigma-Aldrich) and artificial CSF buffer*! (buffer: 147 mM NaCl, 2.3 mM CaCl,, and 4mM KCl),
respectively, and used during the measurements of the mouse plasma and CSE, respectively. Erlotinib-d6 was used
the internal standard (100 ng/mL).

LC-MS/MS analysis. Chromatographic separation of the alectinib, the plasma internal standard, erlotinib-de,
CSE, and the tissue sections was performed using an XBridge C18 HPLC column (2.1 x 5.0 mm, 3.5 um) main-
tained at 40 °C. Mobile phases A and B consisted of 0.1% FA aqueous solution and methanol containing 0.1% FA,
respectively. Separation was performed using an isocratic elution (A:B = 1:1) at a flow rate of 0.2 mL/min with a
Nexera X2 series (Shimadzu, Co., Kyoto, Japan). The column was equilibrated with the mobile phase for 10 min,
with a run time of 6 min for each 2 uL injection volume.

Quantitation was conducted by selected reaction monitoring on a QTRAP4500 mass spectrometer (AB
SCIEX, Framingham, MA, USA) with electrospray ionization in the positive mode. The optimized electrospray
ionization parameters were as follows: ion source temperature, 700 °C; curtain gas, setting 30; nebulizing gas
(GS1), setting 60; turbo-ionspray gas (GS2), setting 60; ionspray voltage, 4500 V; declustering potential, 121 V;
collision energy, 35 V. The selected reaction monitoring transitions were m/z 483.2 to 396.0 for alectinib and m/z
400.0 to 338.9 for erlotinib-d6. The dwell time was 500 ms for each transition channel. All data were acquired and
analyzed using the Analyst version 1.6.1 software (AB SCIEX).

gqMSI.  Sectioning. qMSI requires at least three serial sections (8 um). Tissue was sliced at —20°C with a cry-
omicrotome (Leica CM 1950, Tokyo, Japan). Brain tissues were sliced in both the coronal and sagittal directions
(Supplemental Figure 1). The first and third sections were used for the LC-MS/MS measurements of the amount
of alectinib contained in the tissue, while the second section was used for MALDI-MSI. The MSI sections were
placed on indium-tin-oxide coated glass slides (ITO glass, Matsunami Glass Ind., Ltd., Tokyo, Japan).
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Extraction. For the alectinib extraction, after vortexing the first and third tissue sections in 300 pL of 50%
methanol/water for 1 min, sections were centrifuged at 12,000 x g for 10 min at 4°C and the supernatants
were collected. A portion of the supernatant was used to measure the protein concentration using a Qubit
2.0 Fluorometer (Thermo Fisher Scientific, MA, USA) and was also used as a reference for the quantitation of
alectinib. A standard addition method*? was used for quantitating alectinib in the samples to avoid the matrix
effect. Alectinib in the pieces that were cut off by LMD (Leica LMD 6500, Tokyo, Japan) from parts of the three
additive serial sections of the tissue was also extracted using the above procedure. The processed samples were
then analyzed by LC-MS/MS.

MALDI-MSI.  The two-step matrix technique was used**. o.-CHCA was first coated on the slide using a home-
built sublimation apparatus at 250 °C for 8 min, after which 10 mg/mL of a-CHCA solution containing 30%
acetonitrile, 10% isopropanol, and 0.1% FA was sequentially sprayed onto the slide using a sprayer (PS270, GSI
Creos Corp., Tokyo, Japan) according to the following 10 cycles: first three cycles of spraying for 3 seconds at
90-second intervals, next seven cycles of spraying for 1second at 30-second intervals. For examination of the
ionization efficiency of alectinib on the tissue section, erlotinib-d6 was used as the internal standard (IS) in the
a-CHCA solution (2 pg/mL).

MALDI-MSI acquisition was performed using an iMScope (Shimadzu). This instrument consisted of an
optical microscope and a quadrupole ion trap time-of-flight (qIT-TOF) analyzer with an atmospheric pressure
MALDI source consisting of a 355-nm Nd:YAG laser (1,000 Hz, minimum spot diameter <10 um)**. MSI data
for the brain sections were acquired with a pixel step size for the surface raster set to a spatial resolution of 80 or
20 um. A mass spectrum was obtained with 150 (50 x 3 times) laser shots each over a mass range of 50-500 Da at
a resolution of 10,000 at m/z 1,000.

The optimal transitions for the alectinib and erlotinib-d6 as IS used for the MSI were m/z 483.3 to 396.2
(Supplemental Figure 5) and m/z 400.2 to 339.2, respectively. The IS data were acquired with 40 pm shift from the
laser spot obtained with alectinib. Heme was measured as a surrogate marker of the vasculature by monitoring
the ion of m/z 616.2 + 0.02%, and the specificity of heme was confirmed by MS/MS analysis (m/z 616.2 to 557.2,
data not shown).

Molecular images were visualized using the Imaging MS Solution ver. 1.11 (Shimadzu) with a scale bar of
absolute ion intensity. Biomap 3.8.0.4 (Novartis Institutes for BloMedical Research, Basel, Switzerland) was also
used to display the divided images by the IS or qMSI images, in which we converted the ion intensity of the scale
bar into the amount of alectinib using the sum of intensity in MSI and the total quantity of alectinib using LC-MS/
MS analysis of serial sections.

Immunohistochemistry. Brain tissue sections were serially sectioned at an 8 um thickness for immuno-
histochemical detection of vascular endothelial cells and MDR1. After fixing the sections with cold methanol at
—20°C for 10 min, sections were dried at ambient temperature, and then incubated with the primary anti-CD31
antibody (#ab28364, Abcam, Cambridge, MA, USA) at a 1:50 dilution or with anti-MDR1 (#ab170904, Abcam) at
a 1:50 dilution overnight at 4 °C. After the incubation, sections were washed with 1 x TBS buffer and then further
incubated with SignalStain Boost IHC Detection Reagent (anti-rabbit, Cell Signaling Technology, Tokyo, Japan)
at room temperature for 30 minutes. BZ-X710 microscope (Keyence, Itasca, IL, USA) was used for the observa-
tion of stained sections and calculation of the section area.

Statistical analysis. Unless stated otherwise, all data are presented as the mean = standard deviation of the
mean (SD) from three or more animals. All quantification and calibration data were statistically processed using
JMP software version 12.0.1 for MAC (SAS Institute Japan, Tokyo, Japan). The significance of differences was
evaluated using a unilateral ¢-test, with a P value < 0.05 considered to be statistically significant. Pharmacokinetic
parameters for alectinib in the mouse plasma were calculated using the non-compartmental analysis of the
WinNonlin software (version 6.3, Pharsight Corp., Mountain View, CA, USA).

References
1. Dobbelstein, M. & Moll, U. Targeting tumour-supportive cellular machineries in anticancer drug development. Nat Rev Drug Discov
13, 179-196, doi: 10.1038/nrd4201 (2014).
2. Prideaux, B. & Stoeckli, M. Mass spectrometry imaging for drug distribution studies. ] Proteomics 75, 4999-5013, doi: 10.1016/j.
jprot.2012.07.028 (2012).
3. Fuso Nerini, I. ef al. Intratumor heterogeneity and its impact on drug distribution and sensitivity. Clin Pharmacol Ther 96, 224-238,
doi: 10.1038/clpt.2014.105 (2014).
4. Sugiura, Y. & Setou, M. Imaging mass spectrometry for visualization of drug and endogenous metabolite distribution: toward in situ
pharmacometabolomes. ] Neuroimmune Pharmacol 5, 31-43, doi: 10.1007/s11481-009-9162-6 (2010).
5. Bennet, R. V., Gamage, C. M. & Fernandez, F. M. Imaging of biological tissues by desorption electrospray ionization mass
spectrometry. J Vis Exp €50575, doi: 10.3791/50575 (2013).
6. Kim, J. H. et al. Label-free calcium imaging in ischemic retinal tissue by TOF-SIMS. Biophys J 94, 4095-4102, doi: 10.1529/
biophys;j.107.119800 (2008).
7. Gode, D. & Volmer, D. A. Lipid imaging by mass spectrometry - a review. Analyst 138, 1289-1315, doi: 10.1039/c2an36337b (2013).
8. Seeley, E. H., Schwamborn, K. & Caprioli, R. M. Imaging of intact tissue sections: moving beyond the microscope. ] Biol Chem 286,
25459-25466, doi: 10.1074/jbc.R111.225854 (2011).
9. Stoeckli, M., Chaurand, P., Hallahan, D. E. & Caprioli, R. M. Imaging mass spectrometry: a new technology for the analysis of
protein expression in mammalian tissues. Nat Med 7, 493-496, doi: 10.1038/86573 (2001).
10. Borst, P. & Schinkel, A. H. P-glycoprotein ABCB1: a major player in drug handling by mammals. J Clin Invest 123, 4131-4133, doi:
10.1172/JC170430 (2013).
11. Zhou, L. et al. The effect of breast cancer resistance protein and P-glycoprotein on the brain penetration of flavopiridol, imatinib
mesylate (Gleevec), prazosin, and 2-methoxy-3-(4-(2-(5-methyl-2-phenyloxazol-4-yl)ethoxy) phenyl) propanoic acid (PF-407288)
in mice. Drug Metab Dispos 37, 946-955, doi: 10.1124/dmd.108.024489 (2009).

SCIENTIFIC REPORTS | 6:23749 | DOI: 10.1038/srep23749 7



www.nature.com/scientificreports/

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Brown, S. M. et al. P-glycoprotein is a major determinant of norbuprenorphine brain exposure and antinociception. ] Pharmacol Exp
Ther 343, 53-61, doi: 10.1124/jpet.112.193433 (2012).

Kodaira, H., Kusuhara, H., Ushiki, J., Fuse, E. & Sugiyama, Y. Kinetic analysis of the cooperation of P-glycoprotein (P-gp/Abcb1) and
breast cancer resistance protein (Bcrp/Abcg?2) in limiting the brain and testis penetration of erlotinib, flavopiridol, and mitoxantrone.
J Pharmacol Exp Ther 333, 788-796, doi: 10.1124/jpet.109.162321 (2010).

Yokogawa, K. et al. P-glycoprotein-dependent disposition kinetics of tacrolimus: studies in mdrla knockout mice. Pharm Res 16,
1213-1218 (1999).

Hudachek, S. F. & Gustafson, D. L. Incorporation of ABCB1-mediated transport into a physiologically-based pharmacokinetic
model of docetaxel in mice. ] Pharmacokinet Pharmacodyn 40, 437-449, doi: 10.1007/s10928-013-9317-1 (2013).

Yano, K. et al. Role of P-glycoprotein in regulating cilnidipine distribution to intact and ischemic brain. Drug Metab Pharmacokinet
29, 254-258 (2014).

Kodama, T. et al. Antitumor activity of the selective ALK inhibitor alectinib in models of intracranial metastases. Cancer Chemother
Pharmacol 74, 1023-1028, doi: 10.1007/s00280-014-2578-6 (2014).

Kodama, T. et al. Alectinib shows potent antitumor activity against RET-rearranged non-small cell lung cancer. Mol Cancer Ther 13,
2910-2918, doi: 10.1158/1535-7163.MCT-14-0274 (2014).

Kodama, T., Tsukaguchi, T., Yoshida, M., Kondoh, O. & Sakamoto, H. Selective ALK inhibitor alectinib with potent antitumor
activity in models of crizotinib resistance. Cancer Lett 351, 215-221, doi: 10.1016/j.canlet.2014.05.020 (2014).

Chen, Y., Wang, M., Zhong, W. & Zhao, J. Pharmacokinetic and pharmacodynamic study of Gefitinib in a mouse model of non-
small-cell lung carcinoma with brain metastasis. Lung Cancer 82, 313-318, doi: 10.1016/j.lungcan.2013.08.013 (2013).

Cai, L. et al. A comparative analysis of EGFR mutation status in association with the efficacy of TKI in combination with WBRT/
SRS/surgery plus chemotherapy in brain metastasis from non-small cell lung cancer. ] Neurooncol 120, 423-430, doi: 10.1007/
$11060-014-1570-7 (2014).

Nilsson, A. et al. Mass spectrometry imaging in drug development. Anal Chem 87, 1437-1455, doi: 10.1021/ac504734s (2015).
Koeniger, S. L. et al. A quantitation method for mass spectrometry imaging. Rapid Commun Mass Spectrom 25, 503-510, doi:
10.1002/rcm.4891 (2011).

Sun, N. & Walch, A. Qualitative and quantitative mass spectrometry imaging of drugs and metabolites in tissue at therapeutic levels.
Histochem Cell Biol 140, 93-104, doi: 10.1007/s00418-013-1127-4 (2013).

Crapo, J. D. et al. Morphometric characteristics of cells in the alveolar region of mammalian lungs. Am Rev Respir Dis 128, S42-46,
doi: 10.1164/arrd.1983.128.2P2.542 (1983).

Fehniger, T. E. et al. Direct demonstration of tissue uptake of an inhaled drug: proof-of-principle study using matrix-assisted laser
desorption ionization mass spectrometry imaging. Anal Chem 83, 8329-8336, doi: 10.1021/ac2014349 (2011).

Nilsson, A. et al. Fine mapping the spatial distribution and concentration of unlabeled drugs within tissue micro-compartments
using imaging mass spectrometry. PLos One 5, e11411, doi: 10.1371/journal.pone.0011411 (2010).

Hamm, G. et al. Quantitative mass spectrometry imaging of propranolol and olanzapine using tissue extinction calculation as
normalization factor. ] Proteomics 75, 4952-4961, doi: 10.1016/j.jprot.2012.07.035 (2012).

Hattori, K. et al. Paradoxical ATP elevation in ischemic penumbra revealed by quantitative imaging mass spectrometry. Antioxid
Redox Signal 13, 1157-1167, doi: 10.1089/ars.2010.3290 (2010).

Liu, X. et al. Molecular imaging of drug transit through the blood-brain barrier with MALDI mass spectrometry imaging. Sci Rep 3,
2859, doi: 10.1038/srep02859 (2013).

Choo, E. F. et al. Role of P-glycoprotein on the brain penetration and brain pharmacodynamic activity of the MEK inhibitor
cobimetinib. Mol Pharm 11, 4199-4207, doi: 10.1021/mp500435s (2014).

Pokorny, J. L. et al. The Efficacy of the Weel Inhibitor MK-1775 Combined with Temozolomide Is Limited by Heterogeneous
Distribution across the Blood-Brain Barrier in Glioblastoma. Clin Cancer Res 21, 1916-1924, doi: 10.1158/1078-0432.CCR-14-2588
(2015).

Liu, X. et al. Unbound drug concentration in brain homogenate and cerebral spinal fluid at steady state as a surrogate for unbound
concentration in brain interstitial fluid. Drug Metab Dispos 37, 787-793, doi: 10.1124/dmd.108.024125 (2009).

Harada, T. et al. Visualization of volatile substances in different organelles with an atmospheric-pressure mass microscope. Anal
Chem 81, 9153-9157, doi: 10.1021/ac901872n (2009).

Schober, Y., Guenther, S., Spengler, B. & Rompp, A. Single cell matrix-assisted laser desorption/ionization mass spectrometry
imaging. Anal Chem 84, 6293-6297, doi: 10.1021/ac301337h (2012).

Passarelli, M. K. et al. Single-Cell Analysis: Visualizing Pharmaceutical and Metabolite Uptake in Cells with Label-Free 3D Mass
Spectrometry Imaging. Anal Chem 87, 6696-6702, doi: 10.1021/acs.analchem.5b00842 (2015).

Gadgeel, S. M. et al. Safety and activity of alectinib against systemic disease and brain metastases in patients with crizotinib-resistant
ALK-rearranged non-small-cell lung cancer (AF-002]JG): results from the dose-finding portion of a phase 1/2 study. Lancet Oncol
15, 1119-1128, doi: 10.1016/S1470-2045(14)70362-6 (2014).

Lin, N. U. et al. Multicenter phase II study of lapatinib in patients with brain metastases from HER2-positive breast cancer. Clin
Cancer Res 15, 1452-1459, doi: 10.1158/1078-0432.CCR-08-1080 (2009).

Kurihara, H. et al. (64)Cu-DOTA-trastuzumab PET imaging and HER2 specificity of brain metastases in HER2-positive breast
cancer patients. EINMMI Res 5, 8, doi: 10.1186/s13550-015-0082-6 (2015).

Schinkel, A. H. et al. Normal viability and altered pharmacokinetics in mice lacking mdr1-type (drug-transporting) P-glycoproteins.
Proc Natl Acad Sci USA 94, 4028-4033 (1997).

Ventura, R. & Puglisi-Allegra, S. Environment makes amphetamine-induced dopamine release in the nucleus accumbens totally
impulse-dependent. Synapse 58, 211-214, doi: 10.1002/syn.20197 (2005).

Stuber, M. & Reemtsma, T. Evaluation of three calibration methods to compensate matrix effects in environmental analysis with
LC-ESI-MS. Anal Bioanal Chem 378, 910-916, doi: 10.1007/s00216-003-2442-8 (2004).

Sugiura, Y., Shimma, S. & Setou, M. Two-step matrix application technique to improve ionization efficiency for matrix-assisted laser
desorption/ionization in imaging mass spectrometry. Anal Chem 78, 8227-8235, doi: 10.1021/ac060974v (2006).

Shimma, S. et al. Alternative two-step matrix application method for imaging mass spectrometry to avoid tissue shrinkage and
improve ionization efficiency. ] Mass Spectrom 48, 1285-1290, doi: 10.1002/jms.3288 (2013).

Acknowledgements

We thank Dr. T. Shimada for his helpful discussion, Y. Minamide and S. Kudoh for their helpful advice, and M.
Ohuchi and T. Nishijo for their technical help. This work was supported in part by the Project for Development
of Innovative Research on Cancer Therapeutics (P-DIRECT) (15cm0106153h0002 to A.H.), the Practical
Research for Innovative Cancer Control (15ck0106181h001 to M.H.), Japan Agency for Medical Research and
Development (AMED), and Accelerating Regulatory Science Initiative (to Y.E.), Ministry of Health, Labour and
Welfare, Japan.

SCIENTIFICREPORTS | 6:23749 | DOI: 10.1038/srep23749 8



www.nature.com/scientificreports/

Author Contributions

H.A., M.H. and A.H. conceived and designed the experiments, and wrote the manuscript. H.A. designed the
animal experiments and did the majority of the data analysis. M.H. performed data analysis and contributed to
the manuscript preparation. S.R. and N.O. performed the LC-MS/MS quantitation, mass spectrometry imaging,
tissue sectioning, and the staining. H.A., M.H., S.R.,N.O., M.Y,, M.N,, Y.F. and A.H. contributed to editing of the
manuscript.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep

Competing financial interests: A.H. has received grant support from the Shimadzu Corporation, Daiichi
Sankyo Company, Chugai Pharmaceutical, and AstraZeneca. M.N. is an employee of Chugai Pharmaceutical.
Other authors declare no potential conflict of interest.

How to cite this article: Aikawa, H. et al. Visualizing spatial distribution of alectinib in murine brain using
quantitative mass spectrometry imaging. Sci. Rep. 6, 23749; doi: 10.1038/srep23749 (2016).

This work is licensed under a Creative Commons Attribution 4.0 International License. The images

M o1 other third party material in this article are included in the article’s Creative Commons license,
unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

SCIENTIFIC REPORTS | 6:23749 | DOI: 10.1038/srep23749 9


http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	Visualizing spatial distribution of alectinib in murine brain using quantitative mass spectrometry imaging

	Results

	Pharmacokinetics of alectinib in mice. 
	Use of qMSI to visualize alectinib distribution in the mouse brain. 
	Localization of alectinib in the brain blood vessels. 

	Discussion

	Methods

	Chemicals. 
	Animal experiments. 
	Pharmacokinetic studies in mice. 
	Measurement of alectinib in plasma, CSF, and tissue sections by LC-MS/MS. 
	Sample preparation. 
	LC-MS/MS analysis. 

	qMSI. 
	Sectioning. 
	Extraction. 
	MALDI-MSI. 

	Immunohistochemistry. 
	Statistical analysis. 

	Acknowledgements
	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ The plasma concentration of alectinib following oral administration in mice (FVB and Mdr1a/b (−/−)).
	﻿Figure 2﻿﻿.﻿﻿ ﻿ Alectinib distribution in the mouse brain at 4 hours after administration of a 4 mg/kg dose.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ Comparison of the qMSI images of alectinib at each time point after administration of a 20 mg/kg dose.
	﻿Figure 4﻿﻿.﻿﻿ ﻿ Quantification of alectinib in brain tissue sections by LC-MS/MS.
	﻿Figure 5﻿﻿.﻿﻿ ﻿ Localization of alectinib and blood vessels in FVB and Mdr1a/b knockout mouse brains.



 
    
       
          application/pdf
          
             
                Visualizing spatial distribution of alectinib in murine brain using quantitative mass spectrometry imaging
            
         
          
             
                srep ,  (2016). doi:10.1038/srep23749
            
         
          
             
                Hiroaki Aikawa
                Mitsuhiro Hayashi
                Shoraku Ryu
                Makiko Yamashita
                Naoto Ohtsuka
                Masanobu Nishidate
                Yasuhiro Fujiwara
                Akinobu Hamada
            
         
          doi:10.1038/srep23749
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 Macmillan Publishers Limited
          10.1038/srep23749
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep23749
            
         
      
       
          
          
          
             
                doi:10.1038/srep23749
            
         
          
             
                srep ,  (2016). doi:10.1038/srep23749
            
         
          
          
      
       
       
          True
      
   




