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8 Chemical modification of mouse Keapl by 1,2-NQ

(A) Covalent attachment of 1,2-NQ to cellular Keap1l. Primary mouse hepatocytes were exposed
to 1,2-NQ (10 or 25 puM) for 1 h, and the cell lysates were analyzed by using BPM-labeling
assay. (B) Concentration-dependent covalent attachment of 1,2-NQ to recombinant mouse
Keapl. Recombinant mouse Keapl (0.5 pg) was incubated with 1,2-NQ (0.25-5 pM) at 25°C
for 30 min in 20 mM Tris-HCI (pH 8.5). The reaction mixture was then analyzed by Western

blot with the indicated antibodies.
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9 MALDI-TOF/MS analysis of 1,2-NQ-modified cysteine residues in mouse Keapl
Recombinant mouse Keapl (10 pg) was incubated at 25°C for 30 min in the absence (A) or

presence (B) of 1,2-NQ (10 uM) in a total volume of 20 pL of 20 mM Tris-HCI (pH 8.5). After
reaction, the Keap1l proteins were digested with trypsin and analyzed using MALDI-TOF/MS.
Compared with the calculated mass of the unmodified peptides, modified peptides P-1 to P-5,

showed an increased mass of 156 Da, corresponding to the addition of a single equivalent of

1,2-NQ.

118



%2 Target Sites of 1,2-NQ Modification in Mouse Keapl

Peak Position  Peptide sequence Calculated  Observed
MS MS

P-1 273-279 CHALTPR+1,2-NQ 953.4 953.5

P-2 255261 YDCPQRR+1,2-NQ 1093.4 1093.7

P-3 288-296 CEILQADAR+1,2-NQ 1174.5 1174.6

P-4 484494 LNSAECYYPER+1,2-NQ 1500.6 1500.7

P-5 151-169 CVLHVMNGAVMYQIDSVVR+1,2-NQ 2290.1 2290.3

Amino acid sequences of the tryptic peptides containing 1,2-NQ-modified mouse Keapl.
Position corresponds to amino acid sequences of wild-type mouse Keapl. Peak no. corresponds
to the number of the peak in Figure 2 (arrows). Mouse Keapl (0.5 mg/mL) was incubated with
10 uM 1,2-NQ at 25°C for 30 min in 20 mM Tris-HCI (pH 8.5).
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10 Involvement of hydrogen peroxide in Nrf2 activation during exposure of primary mouse
hepatocytes to 1,2-NQ

(A) Accumulation of Nrf2 by 1,2-NQ. Primary mouse hepatocytes were exposed to 1,2-NQ at
the indicated concentrations for 1.5, 3, or 6 h, and total cell lysates (20 pg) were analyzed by
Western blot with the indicated antibodies. Actin was used as the internal control. (B) Detection
of intercellular oxidants during exposure to 1,2-NQ. Cells were pretreated with 20 pM
H,DCFDA for 1 h before incubation with DMSO or 10 uM 1,2-NQ for 20 min. To scavenge
intercellular hydrogen peroxide, hepatocytes were pretreated with PEG-CAT (1,000 U/mL) for 1
h. The panels represent intercellular oxidant generation (top) and bright field (bottom). (C)
Effect of PEG-CAT on Nrf2 activation by 1,2-NQ. Cells were pretreated with PEG-CAT (1,000
U/mL) for 1 h before incubation with DMSO or 10 pM 1,2-NQ for 1.5 or 3 h. Total cell lysates
(20 pg) were analyzed by Western blot with the indicated antibodies (top). Actin was used as the
internal control. The relative intensity of each band was quantified (bottom). Each value

represents the mean + SD of three independent experiments. N.S., not significant.
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] 11 Upregulation of Nrf2 downstream gene-products during exposure of primary mouse
hepatocytes to 1,2-NQ

Primary mouse hepatocytes were exposed to 1,2-NQ at the indicated concentrations for 6, 9, or
12 h, and total cell lysates (20 pg) were analyzed by Western blot with the indicated antibodies.

Actin was used as the internal control.
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X 12 Steady-state protein expression levels of Nrf2 and its downstream proteins in primary
mice hepatocytes

(A) Primary hepatocytes isolated from Nrf2”*, Nrf2”", Alb-Cre::Keapl™, or
Alb-Cre::Keap1™  mice were cultured for 2 days, and total cell lysates (20 pg) were analyzed
by Western blot with the indicated antibodies. Actin was used as the internal control. (B)
Primary  hepatocytes  isolated from Nrf2"*, Nrf2”,  Alb-Cre::Keapl™, or
Alb-Cre::Keap1™ mice were cultured for 2 days, and crude plasma membrane fractions (30
pg) were prepared and analyzed by Western blot with the indicated antibodies. 5°-NT was used

as the internal control.
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13 Chemical modification of cellular proteins and cytotoxicity during 1,2-NQ exposure in
primary mouse hepatocytes

(A) Primary hepatocytes isolated from Nrf2"*, Nrf2”", Alb-Cre::Keapl™, or
Alb-Cre::Keap1™ mice were exposed to 10 pM 1,2-NQ for 1 h, and total cell lysates (20 pg)
were analyzed by Western blot with anti-1,2-NQ antibody. (B) Primary hepatocytes isolated
from Nrf2"*, Nrf2™", Alb-Cre::Keap1™*, or Alb-Cre::Keap1™~ mice were exposed to 1,2-NQ
(1060 uM) for 24 h, and then an MTT assay was performed. Each value represents the mean +
SD of four independent experiments. *, P < 0.05. **, P <0.01.
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X 14 Effects of a variety of inhibitors on cytotoxicity during exposure of primary mouse

0

1 Control

B BSO (1 mM)
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- U Control

M Diclofenac (100 uM)

0

hepatocytes to 1,2-NQ

(A) Primary mouse hepatocytes wild-type were treated with 1 mM BSO for 6 h prior to
exposure to 1,2-NQ (040 pM) for 24 h, and an MTT assay was performed. (B) The cells were
treated with 50 UM dicumarol for 6 h prior to exposure to 1,2-NQ (040 uM) for 24 h, and an
MTT assay was performed. (C) The cells were treated with 100 pM diclofenac for 1 h prior to
exposure to 1,2-NQ (040 uM) for 24 h, and an MTT assay was performed. (D) The cells were
treated with 100 pM MKS571 for 1 h prior to exposure to 1,2-NQ (0-15 uM) for 24 h, and an

MTT assay was performed. Each value represents the mean + SD of three independent

*

*

5 10 20 40
1,2-NQ (uM)

experiments. *, P <0.05. **, P <0.01.
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B 15 Role of Nrf2 in the metabolic activation associated with oxidative stress and
detoxification of 1,2-NQ

1,2-NQR, semiquinone radical of 1,2-NQ; 1,2-NQ-SG, GSH adduct of 1,2-NQ; 1,2-NQH,,
1,2-dihydroxynaphthalene; 1,2-NQHG, monoglucuronide of 1,2-NQHS,.
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Transient receptor potential vanilloid subtype 1 (TRPV1) is a non-selective cation channel activated by cap-
saicin. TRPV1 is expressed not only on human sensory neurons but also on human epidermal and hair follicle
keratinocytes. Therefore, TRPV1 could have the potential to be a therapeutic target for skin disorders. To search
for novel TRPV1 agonists, we screened 31 essential oils by using human TRPV1-expressing HEK293 cells.
TRPV1 was activated by 4 essential oils: rose, thyme geraniol, palmarosa, and tolu balsam. The dose-response
curves for TRPV1 activation by the essential oils revealed a rank order potency [the half-maximal effective con-
centration (EC,,)] of rose>>palmarosa>>thyme geraniol>tolu balsam, and rank order efficiency (% activity in re-
sponse to 1 um capsaicin) of tolu balsam>rose>palmarosa>thyme geraniol. Moreover, the dose-response curves
for TRPV1 activation by citronellol (main constituent of rose oil) and geraniol (main constituent of thyme gerani-
ol and palmarosa oils) were consistent with the potency and efficiency of each essential oil. In contrast, benzyl
cinnamate and benzyl benzoate (main constituent of tolu balsam oil) and geranyl acetate (main constituent of
thyme geraniol oil) did not show TRPV1 activity. In this first-of-its-kind study, we successfully investigated the
role of some essential oils in promoting human TRPV1 activation, and also identified two monoterpenes,
citronellol and geraniol, as new human TRPV1 agonists.

Key words: transient receptor potential vanilloid subtype 1; monoterpene; essential oil

Transient receptor potential vanilloid subtype 1 (TRPV1)
is a nonselective cation channel activated by capsaicin (a
pungent ingredient of red pepper),” heat (>43°C), acidic
pH,? lipid,> and various natural products.*~ Although
TRPVI1 is known to be involved in peripheral nocicep-
tion,'®! it is also widely expressed on human epidermal'>—'¥
and hair follicle keratinocytes.'® In addition, TRPV1 signal-
ing plays physiologically important roles in normal function-
ing of the human skin. Bodd et al. have recently provided the
first evidence towards this with their discovery that TRPV1
activation promotes hair follicle regression, hair matrix ke-
ratinocyte apoptosis, inhibits hair matrix keratinocyte prolif-
eration, and retards hair shaft elongation.'® TRPV1 agonists
have been recently proposed as therapeutic targets not only in
acute neuropathic pain but also in skin disorders.'”

Many plant-derived essential oils have been used tradition-
ally to treat various skin disorders.'® The medicinal use of
essential oils that began in ancient Egypt has continued ever
since and aromatherapy'® has recently become popular
worldwide. In addition, essential oils may provide a thera-
peutic alternative to western medicine.”” However, the lack
of a scientific basis evaluating the effectiveness of essential
oils is an impediment to its increased use.

Essential oils are naturally occurring complex, multicom-
ponent systems composed mainly of monoterpenes in addi-
tion to some non-terpene components.”” Because TRPV1 is
known to be activated by certain monoterpene, including
camphor,”® we speculated that the various pharmacological
actions of essential oils may exercise through TRPV1.

The aim of this study was to search for novel compounds
that activate human TRPV1, for which we screened 31 com-
mercially available essential oils noted for their remedial
properties against skin disorders.'”® This was achieved by

measuring the intracellular Ca’>* concentration ([Ca’*]) in

* To whom correspondence should be addressed.  e-mail: jinno@nihs.go.jp

human TRPV1-expressing HEK293 cells.
MATERIALS AND METHODS

Materials Capsaicin, capsazepine (CPZ), citronellol,
geraniol, geranyl acetate, benzyl benzoate and dimethyl
sulfoxide (DMSO) were purchased from Sigma-Aldrich Co.
(St. Louis, MO, U.S.A.). Benzyl cinnamate was purchased
from Tokyo Kasei Kogyo Co., Ltd. (Tokyo, Japan). Essential
oils were purchased from PLANAROM International
(Ghislenghien, Belgium).

Cloning of Human TRPV1 Oligo(dT) primed cDNA
was synthesized from 5mg of the total RNA isolated from
human dorsal root ganglion (Clontech, Mountain View, CA ,
US.A.) using a SuperScript™ III first-strand synthesis sys-
tem for reverse transcription-polymerase chain reaction (RT-
PCR) (Invitrogen, Carlsbad, CA, U.S.A.) according to the
manufacturer’s instructions. An aliquot of the first cDNA
(2 pul) was then subjected to PCR amplification with the use
of Pfx DNA polymerase (Invitrogen) using the following
primers 5'-CACCATGAAGAAATGGAGCAGC-3" (N-ter-
minal forward primer with CACC sequence) and 5'-CTT-
CTCCCCGGAAGCGGCAG-3' (C-terminal reverse primer
without the stop codon). The PCR products were then sep-
arated on a 0.7% agarose gel, and the bands were excised,
purified using the MinElute Gel Extraction Kit (Qiagen, Va-
lencia, CA, U.S.A.). Purified PCR products were subcloned
into pENTR™/d-TOPO vector (Invitrogen) and named as
hTRPV1-pENTR/d-TOPO. Next, hTRPV1-pENTR/d-TOPO
was recombined with the pcDNAS/FRT mammalian expres-
sion vector (Invitrogen) using a#fL and atfR reaction with
Gateway™ LR Clonase™ enzyme mix (Invitrogen) and
named as hTRPV1-pcDNAS5/FRT.

Development of Human TRPV1-HEK293 Stable Cell

© 2010 Pharmaceutical Society of Japan
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Line HEK293 cells containing FLP recombination site (In-
vitrogen) were cotransfected with hTRPV1-pcDNAS/FRT
and pOG44 vectors (Invitrogen) using lipofectamine LTX
(Invitrogen). Stable clones expressing TRPV1 were then se-
lected using hygromycin B antibiotic selection and colonies
were expanded to produce a large stock of TRPV1-express-
ing cells. TRPV1 protein expression was confirmed by West-
ern blotting.

Western Blotting Cells were lysed in 200 ul of lysis
buffer [20 mm Tris—HCI, 150 mm NaCl, 1 mm EDTA, 1% Tri-
ton X-100, and protease inhibitor cocktail (Sigma-Aldrich
Co.), pH 7.5]. After 30 min of solubilization at 4 °C under
agitation, lysates were centrifuged (16000g, 10 min, 4 °C).
Protein extracts were diluted in 2X Laemmli buffer, resolved
by SDS-polyacrylamide gel electrophoresis, and transferred
to polyvinyliden difluoride membranes. Blocking was per-
formed using 5% nonfat dry milk in Tris-buffered saline con-
taining 0.1% Tween 20 followed by incubation with anti-V5-
HRP antibody (diluted at 1:5000: Invitrogen) in the block-
ing buffer at 4 °C overnight. After a 15-min wash with Tris-
buffered saline containing 0.1% Tween 20, membranes were
incubated for 1h with anti-rabbit horseradish peroxidase-
conjugated secondary antibody (diluted at 1:1000) from GE
Healthcare (Chalfont St. Giles, Buckinghamshire, UK.).
Chemifluorescence (enhanced chemiluminescence-plus; GE
Healthcare, Piscataway, NJ, U.S.A.) was detected using the
Typhoon 9400 Variable Mode Imager and ImageQuant analy-
sis GE Healthcare.

Intracellular Calcium Measurement on the FlexStation
Cells were plated at 80—90% confluence on 96-well, poly-p-
lysine black-walled, clear-bottomed plates (Griner bio-one,
Frickenhausen, Germany) 24 h prior to initiating the experi-
ments. The cells were incubated for 1h at 37°C in Hank’s
balanced salt solution (HBSS) buffer (HBSS plus 20 mm
HEPES buffer, pH 7.4) containing FLIPR® calcium 4 assay
reagent (Molecular Devices, Sunnyvale, CA, U.S.A.) fol-
lowed immediately by fluorescence measurement. Fluores-
cence was measured using FlexStation (excitation at 485 nm
and emission at 525nm, using a 515nm cut off) and Soft-
Max Pro 4.7.1 software (Molecular Devices). Experiments
were performed at room temperature (30 °C). In some exper-
iments, CPZ (10 um) was added at least 1 min prior to the ad-
dition of the test compounds and essential oils. The test com-
pound and essential oils were prepared in DMSO and add to
the HBSS buffer (final DMSO conc. 0.2%). EC,, values were
determined using Prism 4 software (GraphPad Software, La
Jolla, CA, U.S.A)).

RESULTS AND DISCUSSION

Firstly, expression of human TRPV1 in cloned TRPV1-ex-
pressing HEK293 cells were confirmed by the Western blot-
ting (Fig. 1A). TRPV1 positive bands were detected with ap-
parent molecular weights of 95kDa, and a highly glycosy-
lated form of TRPV1 at 120kDa, consistent with the pre-
vious report by Vos et al”® No bands were detected for
TRPV1 from nontransfected HEK293 cells. In addition, cap-
saicin produced a dose-dependent increase in [Ca®*]; levels
in this cloned TRPV1-expressing HEK293 cells (Fig. 1B), an
estimated EC,, of 0.0158 ziM, similar to the values previously
reported for human TRPV1 obtained using the FLIPR assay
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Fig. 1. TRPV1 Protein Stably-Expressed in HEK293 Cells Detected by
Western Blotting

The band stands for TRPV1 protein fused with V5-epitope protein (A). The fusion
protein was d d in chemilumi by anti-V5-HRP antibody. The molecular
weight calculated from amino acid sequence is 95 and 125 kDa. Dose—response curves
of capsaicin to elevate [Ca®*]; in human TRPV1-expressing HEK293 cells (B). Data
are expressed as percentage of the maximal effect observed with 1 um capsaicin. Data
are the mean=S.E. of at least three separate experiments.
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Fig. 2. The Effect of Essential Oils on [Ca’*], in Human TRPV 1-Express-
ing HEK293 Cells

Data are expressed as the percentage of the maximal effect observed with 1 um cap-
saicin. Data are mean=*S.E. of at least three separate experiments.

(ECj, values of 0.0173 um; Bianchi et al.?¥).

Next, thirty-one essential oils were examined at two con-
centrations (0.005, 0.02%) for TRPV1 activation by calcium
imaging of TRPV1-expressing HEK293 cells (Fig. 2). We
discovered four essential oils (thyme geraniol, tolu balsam,
palmarosa, and rose) that increased [Ca*]; levels in TRPV1-
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expressing HEK293 cells. The dose—response curves for
TRPV1 activation by these essential oils revealed a rank
order potency (ECy,) of rose (0.001%)>palmarosa (0.002%)
>thyme geraniol (0.003%)>tolu balsam (0.005%) oils,
and rank order efficiency (% activity in response to 1 um cap-
saicin) of tolu balsam (61*4.5%)>rose (45£0.3%)>pal-
marosa (36*1.1%)>thyme geraniol (30+1.6%) oils (Fig.
3A). The response of these essential oils were inhibited by
10 um CPZ (Fig. 3B) and were not observed in nontrans-
fected HEK293 cells (data not shown), proving that these es-
sential oils are specific agonists of human TRPV1.

To determine the specific essential oil constituents that
contribute to the TRPV1 activation, we analyzed all oils and
compared the activities of their main constituents. These
constituents are listed in Table 1.

The dose—response curves for TRPV1 activation by cit-
ronellol (main constituent of rose oil), geraniol (main con-
stituent of thyme geraniol and palmarosa oils) revealed a
rank order potency of citronellol (43 tm)>geraniol (102 um),
and rank order efficiency of citronellol (45+4.9%)>geraniol
(39%4.1%) (Fig. 4B). The response of these constituents
were inhibited by 10 um CPZ (Fig. 4C) and were not ob-
served in nontransfected HEK293 cells (data not shown),
proving that these essential oils are specific agonists of
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Fig. 3. Dose-Response Curves of Essential Oils to Elevate [Ca?*}; in
Human TRPV1-Expressing HEK293 Cells (A)

Data are expressed as percentage of the maximal effect observed with 1 um cap-
saicin. Data are the mean=S.E. of at least three separate experiments. Effects of the
TRPV1 CPZ on the responses of TRPV1-expressing HEK293 cells to essential oils (B).
Data are the mean+S.E. of at least three separate experiments. * p<0.01 (unpaired ¢
test).
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human TRPV1. Citronellol accounted for 39% with a con-
centration of 40 um in 0.001% of rose oil as compared to
geraniol which accounted for 39% and 78% with a concen-
tration of 90 uM in 0.002% and in 0.003% of palmarosa and
thyme geraniol oils, respectively. Consequently, because the
potency and efficiency of citronellol and geraniol were con-
sistent with that of essential oils, we concluded that human
TRPV1 activation by rose, thyme geraniol, and palmarosa
oils can be explained by the activity of each of their main
constituents. ‘

Geraniol has recently been described to activate rat
TRPV1.% However, there are no reports evaluating the effect
on geraniol on human TRPV1 activity accompanied by its
EC,, value. Therefore, this study is the first of its kind to in-
vestigate these aspects. Apart from this, our findings also
suggest that benzyl cinnamate and benzyl benzoate (main
constituents of tolu balsam) do not affect TRPV1 activity.
This is in conflict with the results for tolu balsam. Further in-
vestigation is required to elucidate the role played by each
essential oil constituent in TRPV1 activation.

The activation of TRPV1 by capsaicin and other vanilloids
is believed to occur via a non-covalent binding pocket in the
transmembrane domain through m-stacking interactions be-
tween the aromatic moiety of Tyr 511 and the vanilloid ring
moiety of capsaicin.’® Allicin (garlic-derived sulfide compo-
nents) also activate TRPV1?” and recently they have been
shown to activate by covalent binding to intracellular cys-
teine residue in the N-terminal region of TRPV1.2® Although
information regarding to citronellol and geraniol remain elu-

Table 1. Main Constituent (%) of the 31 Essential Oils Analyzed in This
Study

Essential oil Main constituent (%)
Atlas cedar fB-Himachalen (49%)
Elemi Limonene (51%)
Chamomile (German) B-Farnesene (48%)
Sage oa-Thujone (29%)
Thyme geraniol Geraniol (31%), Geranyl acetate (42%)
Thyme linalool Linalool (80%)
Tolu balsam Benzyl benzoate (57%),

Benzyl cinnamate (29%)

Niaouli CT1 1,8-Cineol (50%)
Patchouli Patchoulol (31%)
Palmarosa Geraniol (78%)
Hyssop JB-Pinene (11%)
Himalaya cedar [B-Himachalen (37%)
Petigrain Linalool (25%), Linalyl acetate (50%)
Frankincense o-Pinene (32%)
Helichrysum o-Pinene (27%)
Benzoin Benzoic acid (15%)
Myrtle CT1 a-Pinene (59%)
Mandarin Limonene (77%)
Myrrh Curzerene (31%)
Yarrow Camphor (14%)
Lavender angustifolia Linalool (41%), Linalyl acetate (38%)
Lavender super Linalool (37%), Linaly! acetate (31%)
Lavender stoechas Fenchone (48%)
Lavender spica Linalool (40%)
Lantana B-Caryophyllene (13.4%)
Rose Citronellol (39%)
Rosewood Linalool (84%})
Rosemary verbenone a-Pinene (28%)
Laurel 1,8-Cineol (47%)
Rock rose Camphene (33%)
Wild carrot o-Pinene (13%)
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Fig. 4. Chemical Structure of the Major Essential Oils Constituents (Cit-
ronellol, Geraniol, Geranyl Acetate, Benzyl Benzoate, and Benzyl Cinna-
mate) (A) and [Ca®*]; Dose-Response Curves of the Major Constituents of
Essential Oils in Human TRPV1-Expressing HEK293 Cells (B)

Data are expressed as percentage of the maximal effect observed with 1 um cap-
saicin. Data are the mean*+S.E. of at least three separate experiments. Effects of the
CPZ on the responses of TRPV1-expressing HEK293 cells to citronellol and geraniol
(C). Data are the mean*S.E. of at least three separate experiments. * p<<0.01 (unpaired
t test).

sive, it has been shown that some monoterpenes could selec-
tivity react to cysteine residue in bovine serum albumin.?”
Therefore, the mechanism of TRPV1 activation by citronellol
and geraniol may similar that of allicin.

The human TRPV1 activity brought about by these oils
has not been previously reported, and has been successfully
investigated by this study. Apart from determining the effect
exhibited by four essential oils, this study was also the first to
reveal the effect of citronellol, the main constituent of rose
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oil, and geraniol, the main constituent of palmarosa and
thyme geraniol oils, on human TRPV1 activity. Further de-
tailed studies are required on the structure and physiological
function of these active constituents to understand their po-
tential as therapeutic remedies for various skin disorders.
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Development of a SYBR Green Real-time Polymerase Chain
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N-methyl-D-aspartate Receptors Subtype 1 Splice Variants
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N-methyl-D-aspartate receptors (NMDAR}) belong to the ionotropic glutamate receptor subclass and are widely
distributed in the vertebrate brain. Molecular cloning has revealed the existence of seven NMDAR subunits: one
NMDARI1 (NR1), four different NMDAR2 (NR2A-D), and two different NMDAR3 (NR3A,B). Alternative splicing
of the single NR1 gene generates eight isoforms with distinct functional properties. So far, the transcripts of the NR1
splice variants have been discriminated by Northem blot, ir sifu hybridization, or competitive polymerase chain
reaction (PCR) methods all of which have their intrinsic limitations. In this study, we have developed a method
to quantify the mRNAs of the NR1 splice variants by real-time PCR with the double-stranded DNA-binding dye
SYBR Green I. The implementation of this assay will allow a better understanding of the regulatory mechanisms
of the NR1 splice variants, and hence, their role in neuronal disease pathogenesis.

Key words —— N-methyl-D-aspartate, splice variants, real-time polymerase chain reaction

INTRODUCTION

Glutamate receptors are the primary mediators
of excitatory synaptic transmission in the mam-
malian brain.D The N-methyl-D-aspartate (NMDA)
subtype of glutamate receptor has been implicated
in several critical central nervous system functions,
including learning and memory.? NMDA recep-
tor (NR) abnormalities may underlie a number of
pathological conditions.¥ The molecular cloning
studies showed that NR consists of three subunits
named NR1,¥ NR2A-D,% and NR3A,B.”™ Fur-
thermore, functional studies have revealed that NR1
subunits need to be coexpressed with NR2 subunits
in order to produce cation transport activity.'?

The human NR1 (hNR1) subunit mRNA is al-
ternatively spliced at three exons to form eight
splice variants.!1-1 Splicing of the N-terminal cas-

*To whom correspondence should be addressed: Division of
Environmental Chemistry, National Institute of Health Sci-
ences, 1-18-1 Kamiyoga, Setagaya-ku, Tokyo 158-8501,
Japan. Tel.: +81-3-3700-9298; Fax: +81-3-3700-9298; E-mail:
jinno@nihs.go.jp

sette (exon 4) results in NR1-a (absence) or NR1-b
(presence) variants. In the C-terminal tail, individ-
val splicing of the C1 (exon 20) or C2 (exon 21)
cassette results in transcripts designated as NR1-2
or NR1-4, respectively. The presence or absence
of both C1 and C2 cassettes results in NR1-1 and
NR1-3 splice variants, respectively. Furthermore,
the deletion of the C2 cassette alters the read-
ing frame, generating an unrelated sequence of 22
amino acids designated as C2 .13 These alterna-
tively spliced regions of NR1 regulates the sensitiv-
ity to physiological pH,'* and influences protein in-
teractions!® and intracellular trafficking.'® Various
studies have also shown that these splice variants
vary in Alzheimer disease,!”!® schizophrenia,'®
aging,”® and exposure to various chemicals.?' 2%
Hence, examination of the expression of the NR1
splice variants is crucial for determining their po-
tential relevance in neurological diseases.
Evaluation of NR1 splice variants expression
in these conditions presents critical restrictions and
has been limited to research protocols partly due to
analytical difficulties. Methods employed so far in-
clude Northern blotting,?V in situ hybridization,?®
©2010 The Pharmaceutical Society of Japan
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Table 1. Sequence of Oligonucleotides Used as Primers

mRNA target Primer name Sequence Amplicon size

NR1-1 NR1-1/2F 5 -CTGGGATCTTCCTCATTTTCATC-3 128 bp
NRI1-1R 5 -CAGTGGGATGGTACTGCTGC-3

NR1-2 NR1-1/2F 5 -CGGGATCTTCCTGATTTTCATC-3 123 bp
NR1-2R 5 -CCCCCGGTGCTCTGCA-3

NR1-3 NR1-3/4F 5 -GATAGAAAGAGTGGTAGAGCAGAGC-3 122 bp
NRI1-3R 5 -ACCCCCGGTGCTCGTG-3

NR1-4 NR1-3/4F 5 -GATAGAAAGAGTGGTAGAGCAGAGC-3 126 bp
NR1-4R 5 -CAGTGGGATGGTACTGCGTG-3

NR1-a NR1-aF 5 -GGAGCGTGAGTCCAAGGC-3 117 bp
NR1-aR 5 -GGCAGAAAGGATGATGACCC-3

NR1-b NR1-bF 5 -AACTATGAAAACCTCGACCAACTG-3 83 bp
NRI1-bR 5 -GGTCCCTGGGTCAAACTGC-3

and competitive PCR.>Y These methods provide
only qualitative or semi-quantitative information,
and a truly quantitative and reproducible evaluation
of NR1 splice variants expression is still needed.

This study aimed to develop a reliable and ac-
curate real-time PCR method using SYBR Green I
dye that allows cost effective measurement of NR1
splice variants expression levels.

MATERIAL AND METHODS

cDNA Synthesis —— The human hippocampus
PolyA* RNA (500ng) from Clontech (Mountain
View, CA, U.S.A.) was reverse transcribed using
SuperScript IIT Reverse transcriptase and random
hexamers (Invitrogen, Carlsbad, CA, U.S.A.). In
addition, total RNA (Spg) from a normal hip-
pocampus and Alzheimer disease hippocampus ob-
tained from BioChain (Hayward, CA, U.S.A.) were
reverse transcribed using High-Capacity cDNA
Archive Kit (Applied BioSystems, Foster City, CA,
U.S.A).

Primer Design —— Primers were purchased from
Invitrogen and were designed using the Primer
Premier software (PREMIER Biosoft International,
Palo Alto, CA, U.S.A.). Two forward primers des-
ignated hNR1-1/2F and hNR1-3/4F, and four re-
verse primers designated hNR1-1R (four bases an-
nealing to the 3 end of exon 19), hNR1-2R (five
bases annealing to the 3 end of exon 19), hNR1-
3R, and hNR1-4R (four bases annealing to the 3
end of exon 20), were designed to permit discrimi-
nation between the C-terminal splice variants. Two
forward primers designated hNR 1-aF and hNR1-bF,
and two reverse primers designated hNR1-aR and
hNR1-bR (two bases annealing to the 5 end of exon

5) were designed to permit discrimination between
the N-terminal splice variants. The real-time PCR
primer sequences are shown in Table 1.

Plasmid Standard —— A 164-bp NR1-1 sequence
(GenBank accession no. NM 000832.5, 2478-
2658 bp); 230-bp NR1-2 sequence (GenBank ac-
cession no. NM (21569.2, 2478-2706 bp); 341-
bp NR1-3 (GenBank accession no. NM 007327.2,
2478-2817 bp); 274-bp NR1-4 (GenBank acces-
sion no. U08106.1, 2478-2769 bp); 257-bp NRI1-
a (GenBank accession no. NW017008, 439-694
bp); and 320-bp NR1-b (GenBank accession no.
NWO017008, 439-757 bp) were amplified from the
hippocampus cDNA by PCR. The PCR products
were then separated on 1% agarose gel, and the
bands were excised, purified using the MinElute
Gel Extraction Kit (Qiagen, Valencia, CA, U.S.A.),
and cloned in the pCR4-TOPO vector of TOPO
TA Cloning Kit (Invitrogen) as per the standard
protocols. Plasmid cDNA constructs were pre-
pared with the QILAprep Spin Miniprep Kit (Qiagen)
and their identity was verified by DNA sequenc-
ing on a 3700 sequencer (Applied BioSystems).
Plasmid cDNA concentrations were measured by
UVmini-1240 absorbance spectrophotometer (Shi-
madzu, Kyoto, Japan). Serial dilutions of the ex-
tract were prepared containing 10’-10° copies of

the plasmid.
Real-time Quantitative PCR Using SYBR
Green I—— Real-time PCR was performed on

a SDS7000 (Applied BioSystems). The dilution
series of the standard plasmid DNA for each
hNR1 splice variant and 100 ng cDNA (total RNA
equivalent) of samples was amplified in a 50l
reaction containing 1 X SYBR Green I Master
Mix (Applied BioSystems) and 50nM of each
primer and nuclease-free water. We performed
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Fig. 1. Amplification Plots of SYBR Green I, Real-time PCR for Human NR1 Splice Variants
PCR was carried out using primers specific for NR1-1 (A), NR1-2 (B), NR1-3 (C), NR1-4 (D), NR1-a (E) and NR1-b (F) in the presence of each
standard plasmids containing each splice variant specific cDNA sequence.
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Fig. 2. Dissociation Curve Analysis of hNR1 Splice Variant Amplicons

A C-terminal splice variant amplicon (A) and N-terminal splice variant (B) is subjected to melting curve analysis and a plot of fluorescence versus
temperature is indicated. The presence of a single peak is consistent with the formation of a single amplicon. It also indicates the lack of primer-dimer
formation.
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each amplification three times. The thermal profile
consisted of one cycle at 95°C for 10 min followed
by 40 cycles at 95°C for 15 s and at 62°C for 1 min.
Melting curves were generated after amplification.
Real-time PCR efficiencies for each reaction were
calculated using the formula: efficiency (E) =
[10(/s1P®)] — 1, from the slope values given in the
SDS7000.

Quantification and Data Analysis —— For each
run, data acquisition and analysis was done by the
SDS7000 System software. The relative mRNA
level of each hNR1 splice variants was determined
by interpolating the threshold cycle (Ct) values of
the unknown samples to each standard curve and the
obtained values were normalized to glyceraldehyde-
3-phosphate-dehydrogenase (GAPDH) mRNA lev-
els in same samples as determined by a TagMan hu-
man GAPDH Control Reagent kit (Applied BioSys-
tems).

RESULTS AND DISCUSSION

Specific detection of different hNR1 splice vari-
ants was achieved with the following primer pairs:
NR1-1, primer pair NR1-1/2F-NR1-1R; NR1-2,
primer pair NR1-1/2F-NR1-2R; NR1-3, primer pair
NR1-3/4F-NR1-3R; NR1-4, primer pair NR1-3/4F-
NR1-4R; NR1-a, primer pair NR1-aF-NR1-aR; and
NR1-b, primer pair NR1-bF-NR1-bR. For every
splice variant, 107 copies of standard plasmid cDNA
were detectable with the appropriate primer sets
with a mean Cr of 16. Real-time reverse tran-
scription (RT)-PCR with “nonspecific” primer set
for NR1-1, NR1-2, NR1-3, NR1-4, and NR1-a,
and 107 copies of standard plasmid cDNA did not
generate any reporter fluorescence signal even af-
ter 35 PCR cycles. On the other hand, real-time
RT-PCR for NR1-b standard plasmid cDNA gen-
erated a reporter fluorescence signal in 28 cycles,
and achieved a 8000-fold specificity with standard
plasmid cDNA (Fig. 1). Specificity was also con-
firmed in a melting curve analysis performed on the
SDS7000 (Fig.2). Dissociation curves showed a
single peak corresponding to a melting temperature
of 81.6°C for NR1-1 and NR1-3, and correspond-
ing to 85.3°C for NR1-2 and NR1-4 splice variants
(Fig.2A). Similarly, dissociation curves showed a
single peak corresponding to melting temperatures
of 83.5 and 81.6°C for NR1-a and NRI-b, respec-
tively (Fig. 2B). These results demonstrate specific
amplification and the absence of primer dimers.
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To quantify the number of molecules of each
hNR1 splice form, we constructed six different stan-
dard curves (Fig.3). A linear relationship was ob-
served between the initial copy numbers and each
10-fold dilution from 107-10% copies per reaction
mixture, and the Ct values for each standard curve.
A regression analysis of the Ct values generated by
the logl0 dilution series resulting in a correlation
coefficient (r2) value > 0.99 was performed for each
standard curve. The efficiency of the PCR reaction
was typically > 87%.

We also examined the relative expression (%) of
hNR1 splice variants, i.e., the ratio of a specific vari-
ant to the sum of all hNR1 splice variant mRNAs
in hippocampus from normal and Alzheimer dis-
ease patients. In normal hippocampus, the relative
expression of C-terminal splice variants was 47, 6,
30, and 17% for NR1-1, NR1-2, NR1-3, and NR1-
4, respectively; in hippocampus of Alzheimer pa-
tients, the relative expression was 32, 9, 37, and
21% for NR1-1, NR1-2, NR1-3, and NR1-4, re-
spectively (Table 2), suggesting similar expression
patterns between the two groups. This result was in
accordance with those of previous studies that used
a different technology namely competitive PCR.2¥
On the other hand, we found different expression
patterns of the N-terminal splice variants between
the hippocampus from normal and Alzheimer pa-
tients (Table 3). We observed that, in normal pa-
tients the percentage of NR1-a and NR1-b, as part
of total N-terminal splice variants, was 84 and 16%,
while in the Alzheimer patient the percentage was
39 and 61%, respectively. However, it must be noted
that these mRNA samples were from single donors
and hence the issue of interindividual variation has
not been addressed in this study.

As NR involvement has been implicated in a
number of pathologic conditions and as these con-
ditions may be reflected in altered patterns of NR1
mRNA expression, quantification of mRNA ex-
pression is essential for the assessment of NR1-
mediated mechanisms. A number of different meth-
ods are used for the quantification of mRNA, such
as competitive RT-PCR, Northern blotting, and in
situ hybridization. Of all these methods, compet-
itive RT-PCR has proven to be the most accurate
and sensitive method to study NR1 splice variant
mRNA expression in the brains of Alzheimer pa-
tients.2¥ However, this method has some drawbacks
such as post-PCR manipulations, impaired quantifi-
cation due to either a lack of sensitivity in gel quan-
tification, variations in PCR efficiencies between in-



