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Abstract

The renin-angiotensin (RA) system plays an important role in regulating blood pressure and fluid balance. In the search for bioactive
peptides with an antibody binding to the N-terminal portion of angiotensin II (Ang II), we isolated a new angiotensinogen-derived pep-
tide from the rat small intestine. Consisting of 12 amino acids, this peptide was termed proangiotensin-12 based on its possible role of an
Ang II precursor. Proangiotensin-12 constricted aortic strips and, when infused intravenously, raised blood pressure in rats, while both
the vasoconstrictor and pressor response to proangiotensin-12 were abolished by captopril and by CV-11974, an Ang 1I type I receptor
blocker. Proangiotensin-12 is abundant in a wide range of organs and tissues including the small intestine, spleen, kidneys, and liver of
rats. The identification of proangiotensin-12 suggests a processing cascade of the RA system, different from the cleavage of angiotensin-

ogen to Ang I by renin.
© 2006 Published by Elsevier Inc.

Keywords: Proangiotensin-12; Renin-angiotensin system; Pressor peptide; Angiotensinogen; Processing

A number of mechanical or humoral mechanisms are
involved in blood pressure and body fluid homeostasis in
mammals. Among them, the renin-angiotensin (RA) sys-
tem plays a pivotal role, regulating the vascular tone of
resistant vessels and glomerular filtration or re-absorption
of electrolytes in the kidneys. The protease enzyme renin
secreted from kidneys cleaves specifically angiotensinogen
circulating in the blood to produce angiotensin I (Ang I),
a peptide consisting of 10 amino acid residues, which in
the presence of angiotensin-converting enzyme (ACE), is
in turn converted to Ang 11, a potent pressor peptide medi-
ating the major actions of the RA system as a circulating
hormone [1,2]. On the other hand, recent research has
revealed new aspects of the RA system. For example, the
tissue RA system has been vigorously studied, and its acti-
vation is assumed to be regulated independently of the sys-
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temic RA system [3-5]. Another example is the
identification of Ang Il-derived peptides that are shorter
than Ang II, such as Ang(1-7), Ang IIl, or Ang IV, having
pharmacological properties different from those of Ang II
{6-11]. Meanwhile, consisting of 10 amino acid residues,
Ang | has been thought to be produced by renin directly
from angiotensinogen, a protein of 452 amino acids for
humans or 453 for rats [12,13], but there has been no report
on the occurrence of angiotensinogen-derived peptides of
amino acid sequences longer than Ang I. In the present
study, on searching for peptides structurally related to
Ang II, we purified an angiotensinogen-derived pressor
peptide of 12 amino acids, which is thought to be one of
the major components of the RA system.

Materials and methods

Reagents and animals. Ang 1 and Ang II were purchased from Peptide
Institute Inc. (Osaka, Japan) and proangiotensin-12 was synthesized by
Bex. Co., Ltd. (Tokyo, Japan). CV-11974 was kindly provided by Takeda
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Pharmaceutical Company Limited (Osaka, Japan). Wistar rats of 6-7
weeks of age were purchased from Charles River Laboratories (Kanaga-
wa, Japan) and New Zealand white rabbits from Kyudo Co., Ltd. (Saga,
Japan). The present study was performed in accordance with the Animal
Welfare Act and with approval of the University of Miyazaki Institutional
Animal Care and Use Committee (2004-100-2, 2004-101-2).

Detection of immunoreactive N-terminal Ang II. To prepare antiserum
against the N-terminal of Ang II, synthesized Ang II-Cys was conjugated
with keyhole limpet hemocyanin at room temperature over 2 h. After
dialyses repeated four times in 50 mmol/L PBS, the conjugate solution was
emulsified with an equal volume of Titer Max Gold (Sigma-Aldrich,
Tokyo, Japan) and injected subcutaneously into New Zealand white
rabbits every two weeks over three months. A specific radioimmunoassay
(RIA) was prepared with the antiserum obtained from an immunized
rabbit, as previously described [14,15]. This RIA cross-reacted with Ang I
and Ang III at levels of 50% and 12.5%, respectively, without cross-re-
actions with Ang IV and Ang(1-7). To characterize the immunoreactive
N-terminal Ang II in tissues, 1.0 g of sample from various rat tissues was
immediately boiled for 10 min and acidified with acetic acid to a final
concentration of 1.0 mol/L to inactivate proteases. Then the samples were
homogenized and centrifuged for 20 min at 12,000 rpm, and the super-
natant was applied to Sep-Pak C18 cartridges. After elution with 60%
CH;CN in 0.1% trifluoroacetic acid, the peptide extracts were subjected to
reverse-phase high-performance liquid chromatography (RP-HPLC) with
an ODS-120A column, and the immunoreactive N-terminal Ang II of each
fraction was measured by the RIA.

Purification procedure. The peptide extract was obtained with the
above-described method from 380 g of small intestine, a rat tissue showing
the largest peak of immunoreactive N-terminal Ang II at a position clearly
different from that of Ang I or Ang II in the RP-HPLC analysis. The
sample was applied to a SP Sephadex C-25 column eluted with 2.0 mol/L
pyridine, and subjected to gel filtration with Sephadex G-50 and an affinity
column (Affi-Gel 10 Active Ester Agarose, Bio-Rad) which had been
prepared with the anti-N-terminal Ang II antiserum. These purification
steps were done while monitoring immunoreactive N-terminal Ang II with
the RIA. The extract was further purified by three steps of HPLC with
columns of ODS-120A, diphenyl, and Chemco sorb3-ODS-H. The amino
acid sequence of the finally purified peptide was analyzed by a time-of-
flight mass spectrometric method.

Mass spectrometry. To determine the amino acid sequence and
molecular weight of the purified peptide, a tandem mass spectrometric
analysis was performed with positive electrospray ionization using a
QTof-2 quadrupole time of flight mass spectrometer (Micromass, UK).
The sample was dissolved in a solution of water/methanol/acetic acid
mixed at 49:49:2 by volume and nanosprayed from off-line MS emitters
(Proxeon, Denmark) with a capillary voltage of 1.5 kV and a cone voltage
of 30 V. The mass spectrum was acquired from m/z 200 to 2000. For
tandem mass spectrometry, the triply charged ion with m/z 524.97 was
subjected to collision-induced dissociation with argon gas in the 30eV
collision energy range. Data acquisition and processing were performed
using MassLynx v4.0 (Micromass). The resultant tandem mass spectrum
was subjected to a Mascot MS/MS ion search (Matrixscience, UK) and
also interpreted by PepSeq (Micromass).

Radioimmunoassay for the C-terminal portion of proangiotensin-12. To
specifically detect proangiotensin-12 in tissues and plasma, we developed a
RIA, as previously described, with antiserum raised against the C-terminal
portion of the peptide [14,15]. Synthetic proangiotensin-12 was conjugated
with bovine thyroglobulin at room temperature for 15 min by the glu-
taraldehyde method. New Zealand white rabbits were immunized with the
dialyzed conjugate, according to the procedure described above. After the
immunization, specific antibody was purified from the antiserum using an
affinity column (NHS-activated Sepharose 4 Fast Flow) with the C-ter-
minal peptide of proangiotensin-12, Ile-His-Pro-Phe-His-Leu-Leu-Tyr.
The proangiotensin-12 levels in tissues and plasma of male Wistar rats
were determined by RIA with the purified antibody, following extraction
with a Sep-Pak CI8 cartridge, as described previously [14.15]. This RIA
detected 1.6 and 3.1% of angiotensinogen(1-14) and angiotensinogen(1-
17), respectively, but showed no cross-reactivity with Ang I, Ang I, Ang

11, Ang IV, or Ang(1-7). The Ang I or Ang II levels in tissues and plasma
were similarly determined by RIAs with anti-C-terminal of Ang I and Ang
11 antisera purchased from Miles and Cortex Biochem, Inc. (San Leandro,
USA), respectively [16,17]. To characterize the immunoreactive C-terminal
proangiotensin-12 in the extract of rat small intestines, a RP-HPLC
analysis was done with an ODS-120A column as described above.

Pharmacological studies ex vivo and in vivo. We examined the effects of
proangiotensin-12 on vascular tone with perfused aorta isolated from rats
as reported previously [18]. The aortic rings were mounted under a passive
tension of 1.0 g in organ baths containing Krebs—Henseleit solution oxi-
dized with 95% O, and 5% CO; at 37 °C, and left for 60 min for equili-
bration. The viability of the aortic rings was confirmed by exposing the
samples to 60 mmol/L KCI, 1077 mol/L phenylephrine, and 10~¢ mol/L
acetylcholine. Contractions of the aortic samples were recorded before and
after Ang I, Ang 11, or proangiotensin-12 was added to the perfusion
solution at the indicated concentration. The responses to these peptides
were also tested in the presence of 10~ mol/L captopril, an ACE inhibi-
tor, or 1078 mol/L CV-11974, an Ang II type 1 (AT1) receptor antagonist.
Next, the effects of proangiotensin-12 on blood pressure were examined
in vivo with rats fed a normal rat chow, as previously described [19}. Male
Wistar rats weighing 220-260 g were anesthetized with an intraperitoneal
injection of 50 mg/kg pentobarbital sodium. Synthetic proangiotensin-12
dissolved in 100 ul saline was injected into the jugular vein at the bolus-
dose indicated, and blood pressure and heart rate were monitored before
and after the injection by a carotid artery catheter connected to a pressure
transducer with the Power Lab system (MLT0699 Disposable BP Trans-
ducer, AD Instruments, Australia). The responses to proangiotensin-12
were similarly tested 2 min after the intravenous injection of 0.03 mg/kg
captopril or 0.3 mg/kg CV-11974.

Statistical analysis. Comparisons of all data were made with an anal-
ysis of variance (ANOVA) followed by Scheffe’s test. Values are presented
as means % SE and statistical significance was set at P <0.05.

Results
Purification of proangiotensin-12

As a first step in the isolation of Ang II-related peptides,
we analyzed immunoreactive N-terminal Ang II in peptide
samples extracted from various tissues of rats with RP-
HPLC and a RIA. In those analyses, we found three clear
peaks of immunoreactive N-terminal Ang II in rat tissues
including the small intestine (Fig. 1): the earliest peak
and the next peak corresponded to Ang II and Ang I,
respectively. Interestingly, the largest peak emerged later
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Fig. 1. Immunoreactive N-terminal Ang II in rat small intestine. An
extract of the small intestine was subjected to RP-HPLC, where the
immunoreactive N-terminal Ang II of each fraction was determined by
specific radioimmunoassay, as described. An elution gradient of 10% to
60% CH;CN was made in 0.1% trifluoroacetic acid over 60 min with a
flow rate at 1 mi/min.
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than Ang I in the small intestine, suggesting the presence of
an unknown peptide similar in sequence to the N-terminal
portion of Ang II. Therefore, we tried to purify this
unknown peptide from 380 g of rat small intestine by sev-
eral steps of ion-exchange, gel-filtration, and affinity chro-
matography, and RP-HPLC, as described in the Materials
and methods section. Fig. 2A shows the final step of puri-
fication with RP-HPLC, where the unknown peptide was
obtained as a single peak. The purified peptide sample
was then subjected to the tandem mass spectrometry and
found to consist of 12 amino acid residues (Fig. 2B). In
comparison of the sequences of Ang I and the N-terminal
portion of angiotensinogen, the unknown peptide was
deduced to be a C-terminal extended form of Ang I
(Fig. 3). We have termed this novel peptide proangioten-
sin-12, based upon the results of the tissue distribution
and pharmacological experiments of the present study, sug-
gesting a role for this peptide as a precursor of Ang II.

Measurement of tissue and plasma levels of proangiotensin-
12

Next, we developed a radioimmunoassay specifically
detecting the C-terminal portion of proangiotensin-12 to
clarify the presence of this novel peptide in rat tissues includ-
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Fig. 2. Final purification by RP-HPLC (A) and tandem mass spectro-
metric analysis of the purified peptide (B).
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Asp-Arg-Val-Tyr-lle-His-Pro-Phe-His-Leu-Leu-Tyr

| ]
Ang ll

Angl
Fig. 3. Amino acid sequence of proangiotensin-12.
Table 1

Specific measurement of immunoreactive proangiotensin-12, Ang I, and
Ang II levels in rat tissues and plasma

Proangiotensin-12  AngI Ang I1

Small intestine 663.1 £ 1233 283.6 £43.0 2549 £48.3
Spleen 419.1 + 184 71.1+£4.0 302.0 + 8.7
Kidneys 380.3 £27.0 365.2+29.7 1164+ 6.9
Liver 2520+ 13.8 79.6 +£2.6 879+4.6
Stomach 2417+ 155 148.2 +23.0 81.5+6.8
Lungs 227.8 £20.1 56.7+5.7 236.2 £31.7
Adrenal glands  223.8+£82 121.4+27.7 3049.2 £ 779.5
Heart 150.6 £ 11.3 849178 423+73
Brain 1474+ 8.1 520+2.7 29.6 3.6
Pancreas 87.2+13.8 37.8+11.6 93.0£17.6
Aorta 241175 39.6+24 1185 +£6.6
Plasma 10.1 £2.7 382.5+799 289+8.38

The tissue or plasma levels of proangiotensin-12 were determined by a
radioimmunoassay specifically detecting the C-terminal portion of the
peptide as described in the Materials and methods section. The tissues are
listed in order of immunoreactive proangiotensin-12 levels. The results are
shown as means = SE for eight rats examined (fmol/g tissue or fmol/ml
plasma).

ing the small intestine. As shown in Table 1, proangiotensin-
12 was abundantly detected in a variety of tissues, where its
levels were higher than those of Ang I or Ang II, except for
the lungs, adrenal glands, pancreas, and aorta. These tissue
levels determined by the RIA specific to the C-terminal were
found to be mostly identical to those estimated by an immu-
noreactive peak corresponding to proangiotensin-12 (Fig. 1)
by RP-HPLC analyses with RIA detecting the N-terminal
AngII. In contrast to the tissue levels, the plasma concentra-
tion of proangiotensin-12 was lower than that of Ang I or
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Fig. 4. Characterization of immunoreactive C-terminal proangiotensin-12
in rat small intestine by RP-HPLC and radioimmunoassay. RP-HPLC
was conducted as described in the legend for Fig. 1. The arrow indicates
the position of the full-length synthetic proangiotensin-12 peptide.
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Ang II. The HPLC analysis revealed that immunoreactive
proangiotensin-12 in the small intestine was eluted at the
same position as the complete synthetic peptide (Fig. 4), fur-
ther confirming the amino acid sequence and presence of
proangiotensin-12.

Pharmacological studies ex vivo and in vivo

To study the biological actions of proangiotensin-12, we
first looked at the effects on the vascular tonus of perfused
rat aortic rings ex vivo. As shown in Fig. 5, proangiotensin-
12 dose-dependently constricted the rat aorta as did Ang I

O proangiotensin-12 ® Angl
O proangiotensin-12+captopril B Angll
§ %07 A proangiotensin-12+Cv-11974
E 4
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c
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E 404
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Fig. 5. Vasoconstrictor effects of Ang I, Ang II, and proangiotensin-12 on
perfused rat aorta ex vivo. Captopril and CV-11974, an AT1 receptor
antagonist, were used at 1077 and 10~% mol/L, respectively. The results are
shown as means + SE of % of maximum contraction induced by 60 mmol/
L KCl for six to seven samples. *P < 0.05 vs proangiotensin-12 alone.

A

or Ang II. Ang I and proangiotensin-12 had weaker vaso-
constrictor effects than Ang II at concentrations of 3-
30 nmol/L, but similar maximum contractions were
obtained at 100 nmol/L of all three peptides. The constric-
tor action of proangiotensin-12 was mostly abolished in the
presence of captopril, an ACE inhibitor, or CV-11974, an
ATI receptor blocker. Next, we examined the effects of
proangiotensin-12 on blood pressure levels in vivo in anes-
thetized rats. A rise in arterial blood pressure was observed
immediately after the intravenous injection of a bolus of
proangiotensin-12 in rats, with a return to the basal level
in 3-4 min (Fig. 6A). The pressor effects were dose-depen-
dent and attenuated by pre-administration of captopril or

"CV-11974 (Figs. 6B and C), a result consistent with the

ex vivo study.
Discussion

In this report, we describe the purification, sequence
determination, tissue distribution, and vasoconstrictor
properties of the novel angiotensinogen-derived peptide,
Ang I-Leu-Tyr, which consists of 12 amino acid residues.
We have termed this novel peptide proangiotensin-12,
based upon the present results that suggest its role as a pre-
cursor of Ang II.

A concern may be raised over non-specific cleavage
between Tyr-12 and Ser-13 of rat angiotensinogen, result-
ing in the occurrence of proangiotensin-12 as a non-specif-
ically fragmented product during the extraction procedure;
however, this possibility is unlikely based on the following
reasons or findings. First, samples of rat small intestine
were immediately boiled and acidified after resection in
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Fig. 6. (A) Representative blood pressure recording following the intravenous injection of a 200 pmol/kg bolus of proangiotensin-12 in anesthetized rats,
(B) dose-dependent pressor effects, and (C) attenuation of the effects of proangiotensin-12 by captopril or CV-11974, an AT1 receptor blocker. AMBP
indicates the maximum rise of mean blood pressure from the baseline. Either captopril or CV-11974 was intravenously injected at the indicated dose 2 min
before the injection of proangiotensin-12. The results are shown as means + SE for five rats examined. *P < 0.05 vs proangiotensin-12 alone.
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the extraction procedure. Non-specific cleavage of peptides
can be avoided with this step which inactivates enzymes
with proteolytic activity {20,21]. Second, the HPLC analy-
sis of immunoreactive N-terminal Ang II (Fig. 1) showed
three clear peaks, which correspond to Ang 11, Ang I, and
proangiotensin-12, without fragmentation of peptides. The
specific radioimmunoassay (Table 1) also revealed that pro-
angiotensin-12 is ubiquitously present in various organs and
tissues, as are Ang I and Ang II. Last, the immunoreactive
proangiotensin-12 in the small intestine was eluted at the
position of the full-length peptide in the RP-HPLC analysis
and radioimmunoassay detecting the C-terminal portion of

proangiotensin-12 (Fig. 4). These findings are clearly indica-

tive of the endogenous occurrence of proangiotensin-12.

A number of mechanisms, either mechanical or humor-
al, have been known to be involved in regulating blood
pressure and body fluid balance in mammals. Among the
humoral factors, the RA system plays a pivotal role: renin
secreted mainly from kidneys cleaves angiotensinogen cir-
culating in the blood to produce Ang I, which is then con-
verted to Ang II exerting various effects particularly
important for blood pressure and body fluid homeostasis.
In the meantime, recent progress in research has revealed
new aspects of the RA system. One example is identifica-
tion of the Ang II-derived bioactive peptides with amino
acid sequences shorter than Ang II such as Ang(1-7),
Ang III or Ang IV [6-11]. Given this fact, it should be not-
ed that proangiotensin-12 is a peptide longer than Ang I
and such an angiotensinogen-derived peptide had not been
identified. The second example is an active role of the tissue
RA system probably independent of the systemic RA sys-
tem [3-5]. In the present study, radioimmunoassay specifi-
cally detecting the C-terminal portion of proangiotensin-12
revealed ubiquitous presence of this novel peptide in vari-
ous tissues and organs at the concentrations comparable
with those of Ang I and Ang II, while the plasma concen-
tration was lower than that of Ang I or Ang II. The rela-
tively higher tissue levels suggest a significant role of
proangiotensin-12 as a molecule of the tissue RA system.

In the present study, proangiotensin-12 exerted vaso-
constrictor activity ex vivo on rat aortic rings, potency of
which was similar to Ang I, while somehow weaker than
Ang II at concentration of 3-30 nmol/L, showing the max-
imum contraction similar to Ang II. When injected intrave-
nously in rats, proangiotensin-12 immediately raised blood
pressure levels, and both the vasoconstrictor and pressor
effects mostly disappeared following administration of cap-
topril or CV-11974, an ATI1 receptor blocker. These find-
ings suggest prompt conversions of proangiotensin-12 to
Ang I, and then Ang I to Ang II by ACE. Although the
enzymes involved in the conversion to Ang I remain to
be identified, the prompt cleavages of proangiotensin-12
to produce Ang II support the hypothesis of a significant
role of proangiotensin-12 as an important molecule of the
RA system.

Angiotensinogen is recognized to be produced and sup-
plied to the blood mainly by the liver, though this precur-

sor protein has been shown to be expressed widely in other
tissues {22-25]. Consistent with this, according to our
quantitative PCR, angiotensinogen mRNA was detected
in various rat organs and tissues including the small intes-
tine with the highest level in liver (data not shown).
Because renin is an exclusively specific enzyme which
cleaves angiotensinogen directly to produce Ang 1, it is
unlikely that renin is involved in the production of proan-
giotensin-12 [1,2]. An important question related to this is
where the cleavage of angiotensinogen to proangiotensin-
12 occurs: in tissues or in plasma. Clarifying the processing
cascade of angiotensinogen would therefore provide us
with information not only on the production of proangio-
tensin-12 but also on the mechanism activating the RA sys-
tem and the role of proangiotensin-12 in blood pressure
and body fluid homeostasis. Indeed, we are currently work-
ing on characterization and purification of enzymes that
produce or cleave proangiotensin-12. Additionally, it
should be clarified whether or not Ang I precursor peptides
similar to proangiotensin-12 are present in other species
including humans. Thus, the identification of proangioten-
sin-12 warrants future research on the RA system, which
should be aimed at addressing a number of these unan-
swered questions.
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Fyn-mediated tyrosine phosphorylation of N-methyl-p-aspartate
(NMDA) receptor subunits has been implicated in various brain
functions, including ethanol tolerance, learning, and seizure sus-
ceptibility. In this study, we explored the role of Fyn in haloperidol-
induced catalepsy, an animal model of the extrapyramidal side
effects of antipsychotics. Haloperidol induced catalepsy and muscle
rigidity in the control mice, but these responses were significantly
reduced in Fyn-deficient mice. Expression of the striatal dopamine
D, receptor, the main site of haloperidol action, did not differ
between the two genotypes. Fyn activation and enhanced tyrosine
phosphorylation of the NMDA receptor NR2B subunit, as measured
by Western blotting, were induced after haloperidol injection of the
control mice, but both responses were significantly reduced in Fyn-
deficient mice. Dopamine D, receptor blockade was shown to
increase both NR2B phosphorylation and the NMDA-induced cal-
cium responses in control cultured striatal neurons but not in Fyn-
deficient neurons. Based on these findings, we proposed a new
molecular mechanism underlying haloperidol-induced catalepsy,
in which the dopamine D, receptor antagonist induces striatal Fyn
activation and the subsequent tyrosine phosphorylation of NR2B
alters striatal neuronal activity, thereby inducing the behavioral
changes that are manifested as a cataleptic response.

Typical antipsychotic agents, such as haloperidol and chlorproma-
zine, have extrapyramidal side effects (EPS)? that resemble Parkinson
disease. Drug-induced catalepsy, the impairment of movement initia-
tion, in rodents is an animal model of EPS and is mainly caused by
blockade of the dopamine D, receptor (D,-R) (1, 2).

Haloperidol-induced responses are also dependent on N-methyl-p-
aspartate receptor (NMDA-R) activity, because prior administration of
the NMDA-R antagonist MK-801 attenuates haloperidol-induced cat-
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alepsy (3, 4). D,-R and NMDA-R are co-expressed in close proximity
along the dendrites of medium spiny neurons in the striatum, and they
are functionally coupled in terms of controlling extrapyramidal
functions (5).

The NMDA-Rs are hetero-oligomeric ligand-gated ion channels
composed of a single NR1 subunit and one type of NR2 (A-D) subunit
(6). The most abundant receptor subunits in the striatum are NR1,
NR2A, and NR2B (7, 8). These three subunits are involved in extrapy-
ramidal functions (5), and we have found that an NR2B-selective antag-
onist attenuates haloperidol-induced catalepsy (9).

Phosphorylation of tyrosine residues on the NMDA-R has been
reported to modulate its channel characteristics (10, 11). Depriving the
striatum of dopaminergic input increases the tyrosine phosphorylation
of the striatal NMDA-R and the motor response (12, 13), but infusing
the striatum with a tyrosine kinase inhibitor, genistein, attenuates both
the tyrosine phosphorylation and the motor response induced by
dopaminergic deprivation (13).

Fyn is a member of the Src family kinases (SFKs) and is associated
with the NMDA-R at postsynaptic densities. Fyn phosphorylates
NMDA-R subunits and modifies their channel activity (14). One of the
NMDA-R subunits, NR2B, is preferentially phosphorylated by Fyn, and
its phosphorylation has been implicated in several brain functions,
including ethanol tolerance, long term potentiation, and seizure suscep-
tibility (15-18). The Tyr-1472 of NR2B is a particularly key site for
Fyn-mediated phosphorylation (17, 19).

To investigate the role of Fyn in the cataleptic behavior induced by
haloperidol, we studied these haloperidol effects in Fyn-deficient mice
and biochemically analyzed the Fyn-mediated signal transduction initi-
ated by haloperidol. Based on our results, we discuss the significance of
Fyn activation in haloperidol-induced catalepsy within the scope of sig-
nal transduction from D,-R inhibition to modulation of the extrapyra-
midal system.

MATERIALS AND METHODS

Animals—Fyn tyrosine kinase-deficient mice were generated by
inserting the B-galactosidase gene (/acZ) into the reading frame of the
fyn gene as described previously (20). Because the lacZ introduced is
expressed in both heterozygous (+/n®) and homozygous (FynZ/fyn®)
mice, heterozygous mice were mainly used as the controls instead of
wild-type mice to compensate for the possible effect of lacZ expression
as a foreign gene. The background of this mutant’s strain is C57BL/
6]. Genotypes were analyzed by the PCR. All animals were maintained
under standard laboratory conditions as described previously (15). All
experimental procedures were in accordance with the 1996 National
Institutes of Health guidelines and were approved by the Animal Care
Committee of the Chiba University Graduate School of Medicine,
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Osaka University, and the National Institute of Neuroscience, National
Center of Neurology and Psychiatry.

Pharmacological Agents—Haloperidol, the dopamine D,-R-selective
antagonist L-741,626 (21), and the D,-R-selective agonist (—)-quinpi-
role were purchased from Sigma. The drugs were administered by intra-
peritoneal injection in a volume of 10 ul/g body weight. All solutions
were prepared immediately prior to the experiments. To exclude the
effect of drug tolerance, no animals were used more than once in the
pharmacological experiments.

Antibodies—Goat polyclonal anti-D,-R antibody (N19) was pur-
chased from Santa Cruz Biotechnology (Santa Cruz, CA). Rabbit poly-
clonal anti-tyrosine hydroxylase (TH) antibody was obtained from
Chemicon (Temecula, CA). A mouse monoclonal anti-phosphoty-
rosine antibody (Tyr(P)-100) was purchased from Cell Signaling Tech-
nology (Beverly, MA). Phosphorylation site-specific rabbit polyclonal
antibody against p-Src (Y418) and p-Src (Y529) was obtained from BIO-
SOURCE (Camarillo, CA) and against p-NR2B (Y1472) was from
Sigma. Rabbit polyclonal anti-NR2B antibody was a gift from Dr. Masa-
hiko Watanabe (22). Anti-Src mouse monoclonal antibody (GD11) was
purchased from Upstate Biotechnology, Inc. (Lake Placid, NY). The
anti-Fyn rat monoclonal antibody (yC3) was raised by Dr. Masahiro
Yasuda (23). The anti-BIII tubulin mouse monoclonal antibody was
purchased from Promega (Madison, W1).

Assessment of Catalepsy—Catalepsy was measured by a bar test (24).
The test was carried out 1 h after intraperitoneal injection of haloperidol
(0-1.0 mg/kg) or L-741,626 (0—10 mg/kg). A 3-mm-diameter wooden
bar was fixed horizontally 4 cm above the floor of a Plexiglas cage. The
animals were placed inside the test cage and allowed to acclimatize for 5
min prior to performing the bar test. Both forepaws were then gently
placed on the bar, and the length of time during which each mouse
maintained the initial position was measured (maximum cut-off time,
180 s).

Analysis of Rigidity—Muscle rigidity after haloperidol administration
was assessed by a mechanographic technique using a modified device
designed for rat experiments (25). The mouse was placed in a narrow,
well ventilated plastic tube to restrict body movement, and one hind leg
was bound to a force sensor (AD4937-5N, A & D Co. Ltd,, Tokyo, Japan)
that records linear reciprocating motion (15-mm distance, 15 cycles/
min) via a crank and motor. The raw data from the force sensor were
analyzed on a Macintosh computer connected to an A/D converter and
software (PowerLab 4s, chart version 3.6 ADInstruments, Mountain
View, CA), and the resistance of the flexor and extensor muscles to
forced extension and flexion of the knee and ankle joint was measured.
The mice were attached to the above device, and the difference in mus-
cle resistance before and after the administration of vehicle or haloper-
idol (1.0 mg/kg) was recorded. The mean amplitude of 10 consecutive
waves at each time point was calculated. Spikes that indicated sponta-
neous movements of the mice were excluded from the count.

In Situ Hybridization Histochemistry—The distribution of D,-R gene
expression in the striatum of the control and Fyn-deficient mice was
compared. The probe was prepared as follows. A ¢cDNA fragment
encoding the sequence of mouse D,-R (1.3 kbp, a gift from Dr. T.
Kaneko, Kyoto University) was cloned into the pBluescript II/KS— vec-
tor, and the clone was digested and used as a DNA template to synthe-
size an antisense or sense digoxigenin-labeled cRNA probe. The probe
was prepared with T7 or T3 RNA polymerase and a digoxigenin RNA
labeling kit (Roche Applied Science). Staining was performed as
reported previously (26). The sense cCRNA probe was employed as the
control, and no signals in the brain were detected with it.
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Immunoblot Analysis—One hour after administration of the vehicle,
haloperidol (1.0 mg/kg), or L-741,626 (5 mg/kg), the striatum was
immediately dissected and frozen in liquid nitrogen. The striatum was
placed in buffer containing 10% sucrose, 3% SDS, 10 mM Tris-HCl, pH
6.8, 1 mM sodium orthovanadate, and 1 mm phenylmethylsulfony! flu-
oride and homogenized with a Polytron homogenizer (Kinematica AG,
Lucerne, Switzerland). Samples were spun down (20,000 X g, 15 min) to
remove insoluble material, and the protein concentration was deter-
mined with the BCA protein assay reagent (Pierce). After the addition of
40 mwm dithiothreitol, the samples were boiled for 5 min, and an equal
amount of protein (40 g per lane) from each sample was separated by
electrophoresis on 10% polyacrylamide gels. The gels were transferred
onto Immobilon membranes (Millipore, Bedford, MA). The mem-
branes were blocked with 1% bovine serum albumin in Tris-buffered
saline (TBS; pH 7.5) containing 0.1% Tween 20 (TBS-T) or 10% skim
milk in TBS-T for 1 h and probed with primary antibodies (1:750 dilu-
tion for TH, 1:4000 for anti-8III tubulin, and 1:1000 for other antibod-
ies). After washing three times with TBS-T, the membranes were incu-
bated with horseradish peroxidase-labeled secondary antibodies (anti-
goat, anti-rabbit, anti-rat, or anti-mouse IgG, 1:20,000 dilution, all
purchased from The Jackson Laboratories, West Grove, PA). After
washing three times, the signals were detected with ECL Plus (Amer-
sham Biosciences) and ATTO Cool Saver (ATTO Corp., Tokyo, Japan).
The membranes were then incubated with stripping buffer (100 mm
2-mercaptoethanol, 2% SDS, 62.5 mm Tris-HCI, pH 6.7) at 50 °C for 30
min, washed, blocked, and reprobed with other antibodies.

Immunoprecipitation and Western Blotting—The procedures for
immunoprecipitation were as described previously (15). Striatum
obtained 1 h after vehicle or haloperidol (1.0 mg/kg) administration was
placed in lysis buffer (10 mm Tris-HCl, pH 7.4, 1% Triton X-100, 0.1%
sodium deoxycholate, 0.1% SDS, 0.15 M NaCl, 1 mm EDTA, and 1 mMm
sodium orthovanadate) and homogenized with a Polytron homoge-
nizer. Samples were spun down to remove insoluble material, and the
protein concentration was determined. Equal amounts of protein (500
g) were then used for immunoprecipitation. Samples were precleared
with protein G-Sepharose (Amersham Biosciences), incubated for 1 hat
4 °C with 1 pg of the anti-Fyn or anti-Src antibody, and then incubated
for 1 h at 4°C with 10 ul of protein G-Sepharose. After three washes
with lysis buffer, the pelleted protein G-Sepharose was boiled for 5 min
in 30 ul of SDS sample buffer, and 15 ul of the supernatant was sub-
jected to SDS-PAGE. The separated proteins were subsequently blotted
onto Immobilon, probed with each antibody, and visualized as
described above.

Primary Cultures of Striatal Neurons—Primary cultures of striatal
neurons were prepared from the fetal striata of wild-type and Fyn-defi-
cient mice at embryonic day 17. Striata from 6 to 8 fetal brains were
dissected and placed in Hanks’ balanced salt solution (Invitrogen) and
then were transferred into a dissociation medium containing Hanks’
balanced salt solution, 0.05% DNase I, and 1% trypsin/EDTA and incu-
bated at 37 °C for 7 min. After sedimentation, the supernatant was
removed, and the pellet was washed three times with Hanks’ balanced
salt solution containing 1% penicillin/streptomycin. The tissue was
gently placed in Hanks’ balanced salt solution containing 0.05% DNase I
and triturated with a plastic pipette until a homogeneous suspension
was obtained. After centrifugation at 130 X g for 8 min, the cell pellet
was resuspended in Neurobasal/B27 medium (Invitrogen) containing
0.5 mm L-glutamine and penicillin/streptomycin (100 units/ml). The
cell cultures were seeded at a density of 3 X 10° cells/cm? on 0.1%
polyethyleneimine-coated cover glasses in 1.9 cm?/well dishes (Nun-
clon, Nunc). Cells were maintained at 37 °C under a humidified 5% CO,
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atmosphere. The cultured striatal neurons were identified immunocy-
tochemically with anti-GAD65 antibody (Chemicon) and anti-MAP2
antibody (Sigma). More than 95% of both the wild-type and Fyn-defi-
cient neurons were double-labeled by anti-GAD65 and anti-MAP2
(supplemental Fig. S1).

Calcium Imaging—Calcium imaging was carried out as described
previously (27). Briefly, striatal primary cells were incubated with 10 um
fura-2/AM (Dojindo) for 1 h at 30°C in balanced salt solution (BSS)
consisting of (in mm) NaCl 130, KCl 5.4, glucose 5.5, HEPES 10, and
CaCl, 2, and adjusted to pH 7.4 with NaOH. After washing, the cover
glasses that contained cultured neurons were mounted on the stage of
an inverted fluorescence microscope (IX50; Olympus) and perfused
with BSS at a flow rate of 1.8 ml/min. The perfusion medium was pre-
warmed and maintained at 32.6 = 1.1°C in the measurement dish.
Fluorescence images obtained by alternate excitation with 340 and 380
nm light through the X20 objective lens and CCD camera (C2400-8;
Hamamatsu Photonics, Hamamatsu, Japan) were fed into an image
processor (Argus 50, Hamamatsu) for ratiometric analysis. The effect of
the D,-R antagonist L-741,626 on the channel activity of NMDA recep-
tors was investigated in the presence of the selective D,-R agonist quin-
pirole in the perfusion medium. As shown in supplemental Fig. S2,
quinpirole alone had a dose-dependent inhibitory effect on the channel
activity of the NMDA receptors of the striatal primary neurons of the
control mice consistent with its inhibitory effect reported in the striatal
slice culture (28). Quinpirole was observed to have almost the same
degree of the inhibitory effect on Fyn-deficient neurons (49% decrease
at 50 um).

Preparation of Protein Samples from the Cultured Neurons—Striatal
neurons were cultured in 1.9 cm?/well dishes (Nunclon, Nunc) as
described above. Each solution used in the following experiments was
pre-warmed to 37 °C in a water bath. Culture dishes were warmed on a
heat block to 37 °C. The culture medium was removed, and the cultured
cells were incubated with BSS for at least 5 min. The cells were then
incubated with the following: 1) BSS for 7 min followed by incubation in
quinpirole (50 um) in BSS for 7 min, or 2) in quinpirole (50 pm) in BSS
for 7 min followed by a mixture of quinpirole (50 uM) and L-741,626 (10
M) in BSS for 7 min. The solution was removed, and the cells were
immediately lysed in 150 ul of SDS sample buffer.

Statistical Analyses—The results of the catalepsy assessment and cal-
cium imaging were evaluated by the Kruskal-Wallis test followed by the
Mann-Whitney U test. The results of the muscle rigidity analysis were
evaluated by a two-way repeated measure ANOVA. The results of
Western blotting were evaluated by one-way ANOVA followed by Bar-
tlett’s test. All data are expressed as the mean * S.E.

RESULTS

Haloperidol induced catalepsy in the +/fynZ mice, and the duration
of the catalepsy increased in a dose-dependent manner (Fig. 1). By con-
trast, the duration of the catalepsy in the yn“/fyn” mice was signifi-
cantly shorter (Fig. 1). At the 1.0 mg/kg dose, there was no difference in
the cataleptic response between the +/fynZ mice and the wild-type
mice (154.5 * 47.1 s). The D,-R-selective antagonist L-741,626 was
confirmed to induce catalepsy in the control mice (supplemental Fig.
S$3), as reported previously in rats (29), but the duration of the catalepsy
was significantly reduced in fyn®/fyn® mice (supplemental Fig. S3).
Because there was no significant difference in the temporal patterns of
the locomotor activity between +/fyn” mice and fyn®/fyn” mice (30),
the altered cataleptic response in the fyn”/fyn” mice was concluded not
to be due to a locomotion defect.

Because Fyn-deficient mice are more fearful than control mice (31),
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FIGURE 1. A t of catalepsy following haloperidol administration. The cata-

leptic response to haloperidol administration increased dose-dependently in +/fyn?
mice but was significantly reduced in fyn?/fyn® mice. Eight to twelve animals were used
in each group. The columns represent the means, and the bars represent the S.E. Statis-
tically significant differences were identified by the Mann-Whitney U test; *, p < 0.001.
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FIGURE 2. Mean amplitude of muscle resistance before and after haloperidol (HAL)
injection. In +/fyn” mice, muscular rigidity increased as early as 45 min after haloperido!
administration (1 mg/kg), and the increase persisted for more than 2 h. By contrast, no
increase in muscle rigidity was detected in the fyn?/fyn? mice after haloperidol adminis-
tration. Administration of vehicle (Veh) alone did not affect rigidity in either genotype. Six
animals were used in each group. Data are expressed as means = S.E. Statistically signif-
icant differences were identified by two-way repeated measure ANOVA; *, p < 0.05; **,
p < 0.005.

we suspected that they might avoid a procedure like the “bar test” and
that the duration of catalepsy would be misleadingly short as a result.
We therefore also measured muscular rigidity to minimize any such
emotional influence on the response to haloperidol. Haloperidol
induced a marked increase in hind limb muscle rigidity in the +/fn”
mice that was detectable as early as 45 min after administration (1.0
mg/kg) and persisted for more than 2 h, but no increase in muscle
rigidity was detected in the fyn®/fyn” mice (Fig. 2 and supplemental
Fig. S4).

To exclude the possibility that the failure to respend to haloperidol
was because of a difference in D,-R expression, in situ hybridization of
D,-R mRNA and Western blotting of D,-R protein were performed on
the striatum of +/fyn” and fyn“/fyn? mice. As shown in Fig. 3, no clear
difference was observed in either striatal D,-R gene expression (Fig. 34)
or the protein level (Fig. 3B). Western blotting analysis of striatal TH
was also performed to determine whether there was any difference
between the two genotypes in the abundance of the rate-limiting
enzyme in dopamine biosynthesis, but little difference in the amount of
TH protein was found (Fig. 3C).

The effect of haloperidol on protein tyrosine phosphorylation in the
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striatum of the +/fyn? and fyn®/fyn” mice was compared by Western
blotting. One hour after haloperidol administration (1.0 mg/kg), a
marked increase in tyrosine phosphorylation of several proteins, includ-
ing 60-, 110-, and 180-kDa proteins, was observed in the striatum of the
+/fyn® mice but not of the fyn“/fyn” mice (Fig. 44).

Because the 60-kDa protein corresponds.in size to SFKs, we meas-
ured tyrosine phosphorylation of the activation-related Tyr-418 residue
on SFKs. As shown in Fig. 4B, phospho-Tyr-418 increased after halo-
peridol injection of the +/fym” mice, but no such effect was observed in

“the fyn?/fyn” mice. Basal Tyr(P)-418 immunoreactivity was much lower
in the fyn®/fyn® mice. Because the anti-pY418 antibody recognizes both

fynéfyn?

(C) Anti-TH

(8 Anti-D2-R
Y

Az,

Sk
+Myn?  tyn2ftyn?

FIGURE 3. Expression of dopaminergic markersin the striatum. A, in situ hybridization
histochemistry for dopamine D, receptor mRNA. Strong D, receptor expression in the
striatum was seen in both genotypes, and there was little difference in its distribution.
Scale bar, 500 um. B, Western blotting analysis of the dopamine D, receptor in the stria-
tum. The intensity of the upper band (crrow) around 85 kDa, corresponding to the D,-re-
ceptor, was essentially the same in both genotypes. C, Western blotting analysis of stri-
atal tyrosine hydroxylase (TH). The intensity of the band at around 70 kDa differed little
between the two genotypes.

Fyn and Src, we immunoprecipitated Fyn and Src, and we examined the
phosphorylation of the activation-related residue, Tyr-418, and of the
inhibition-related residue, Tyr(P)-529, by Western blotting in the
+/fyn” mice. As shown in Fig. 4C, Fyn but not Src was activated at
Tyr-418 by haloperidol, and no change was observed in the phospho-
rylation at Tyr-529. Because the 180-kDa protein corresponds in size to
the NR2B subunit, we also measured the phosphorylation of the Tyr-
1472 of NR2B, the key phosphorylation site, by Fyn. The results showed
that phospho-Tyr-1472 increased in the +/fyn” mice but not in the
fyn?/fyn® mice (Fig. 4D). The basal level of Tyr(P)-1472 in the fyn”/fyn”
mice was not significantly different from the basal level in the +/fyn”
mice. Marked increases in tyrosine phosphorylation of the 60-, 110-,
and 180-kDa proteins and up-regulation of Tyr(P)-418 and Tyr(P)-1472
were also observed following L-741,626 administration to the control
mice, but no such effects were observed in the fyn“/fyn” mice (supple-
mental Fig. S5). .

There were no sex differences in the results of either the behavioral or
biochemical studies (data not shown). The same findings in regard to
the haloperidol-induced enhancement of tyrosine phosphorylation
were also observed in the wild-type mice, and no clear difference was
detected between +/fyn” mice and wild-type mice (data not shown). To
investigate whether the Fyn-mediated increase in NMDA receptor
phosphorylation by D,-R blockade affects NMDA receptor activity, we
prepared striatal primary cultures and assessed the channel activity of
NMDA receptors by the calcium imaging method.

After 4-7 days of culture, we loaded 10 uMm fura-2/AM into the pri-
mary cells and measured the increase in intracellular calcium concen-
tration ([Ca®*],) by calcium fluorimetry. Exposure to 3 uM NMDA/10
M glycine for 30 s induced a robust response in more than 95% of the
cells analyzed, and repeated applications of NMDA/glycine at 5-min
intervals evoked reproducible responses (data not shown), indicating
little’ desensitization of the NMDA receptors under our experimental
conditions. :

We first examined the effect of a D,-R-selective antagonist,
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FIGURE 4. Tyrosine phosphorylation in the striatum after haloperidol administration. A, haloperido! (HAL) administration (1.0 mg/kg) increased the tyrosine phosphorylation of
several proteins, including 60-, 110-, and 180-kDa proteins, in +/fyr” mice compared with vehicle (Veh) administration, but no such difference was found in the fyn?/fyn” mice. 8, the
same tendency toward a haloperidol-induced increase in tyrosine phosphorylation was observed in regard to Tyr-418 of Src family kinases (pY418) in the +/fyn? mice, but no such
increase was observed in the fyr?/fyn” mice. The amounts of Src and Fyn were unchanged. Densitometric analysis revealed a significant increase in the band density of the Tyr(P)-418
of Src family kinases after injection in +/fyn” mice with haloperidol. No such increase was detected in the fyn’/fyr” mice, and the basal band density was also'much lower in fyr/fyn”
mice. C, haloperidol-induced increase in the phosphorylation of the Src family kinases Src and Fyn in the control mice demonstrated by immunoprecipitation (/) and Western
blotting. Haloperidol (1.0 mg/kg) induced an increase in Tyr(P)-418 following anti-Fyn immunoprecipitation but not following anti-Src immunoprecipitation. No clear change was
observed in Tyr{P)-529. The amounts of Src and Fyn were unchanged. Densitometric analysis revealed an increase after haloperidol injection in the band of Tyr(P)-418 on Fyn butnot
Sre. D, there was also a significant increase in the band density of Tyr(P)-1472 on NR28 following haloperidol injectionin +/fyn? mice. No such difference was detected in the iy’ /fyn”
mice. The basal level of Tyr(P)-1472 in the fyn?/fyn? mice tended to decrease in comparison with the +/fyn? mice, but the difference was not significant. The amount of NR28 was
unchanged. HAL, haloperidol (1.0 mg/kg); Veh, vehicle. Four to six animals were used in each group. The columns represent means, and the bars represent means = S One-way
ANOVA; *, p < 0.01;**, p < 0.05. :
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FIGURE 5. Effect of a D,-R selective antagonist, L-741,626, on the channel activity of
NMDA receptors in primary striatal neurons assessed by Ca* fluorimetry. A,
[Ca?™]; responses of wild-type neurons in the presence of quinpirole (50 um). A repre-
sentative trace of wild-type neurons exposed to two applications of 3 um NMDA, 10 um
glycine (control response) and two applications of 3 um NMDA, 10 umglycine 5 min after
starting L-741,626 (10 um) addition to the perfusion buffer. The addition of L-741,626
significantly enhanced NMDA/glycine-induced (Ca?*); responses compared with the
control responses. B, histogram of [Ca%*]; responses induced by 3 um NMDA, 10 um
glycine inthe presence of L-741,626 (10 uwm) relative to those in the absence of L-741,626
(control response). Large numbers (74.7%) of the wild-type neurons (open bars) exhib-
ited larger NMDA/glycine-induced [Ca%*); responses after the addition of L-741,626
(mean change, 125.7 * 34.1% of the control responses), whereas the number of Fyn-
deficient neurons (filled bars) showing larger responses was significantly decreased
(46.6%, mean change, 105.8 * 26.9% of the control responses). There was also a group of
Fyn-deficient neurons that exhibited larger responses after L-741,626 addition that
peaked at around 120% of the contro! responses. Eight wild-type and six Fyn-deficient
striatal neuronal cultures were used. Mann-Whitney U test.

L-741,626, on the channel activity of NMDA receptors of wild-type
neurons in the presence of a D,-R-selective agonist, quinpirole (50 um).
After confirming that the responses evoked were reproducible by two
successive applications of 3 umM NMDA, 10 uM glycine (control
responses), we added 10 um L-741,626 to the perfusion buffer BSS. After
5 min, we measured the 3 um NMDA, 10 uM glycine-induced increases
in [Ca®*]; and compared them with the control responses. As shown in
Fig. 5A, larger responses than the control responses were detected in the
presence of L-741,626, but in some neurons, almost identical responses
were observed both in the presence and absence (control) of L-741,626.
The distribution of changes in [Ca®*], responses after the addition of
L-741,626 is shown in Fig. 5B (open bars). After the addition of
L-741,626, a large number of neurons (74.7%) showed larger responses
than the control responses (mean change, 125.7 = 34.1%).

To determine whether the larger NMDA /glycine-induced responses
induced by L-741,626 were mediated by Fyn, we performed the same
experiments on primary cultures prepared from Fyn-deficient mice.
After the addition of L-741,626, only 46.6% of the Fyn-deficient neurons
showed larger responses than the control responses, and L-741,626
addition had little enhancing effect on the responses (mean change,
106.8 = 26.9% of the control responses; see Fig. 5B, filled bars). A subset
of Fyn-deficient neurons exhibited larger responses after L-741,626
addition, and their responses peaked at around 120% of the control
responses. In addition, the numbers of neurons exhibiting larger
responses after 1.-741,626 addition was lower in the presence of the Src
family inhibitor PP2 (10 uM) (mean change, 99.9 * 15.7% of the control
responses).
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FIGURE 6. Western blot analysis of striatal primary neurons. A, neurons were exposed
to or not exposed to L-741,626 (10 uwm) in the presence of quinpirole. L-741,626 (10 um)
markedly increased the tyrosine phosphorylation at Tyr-1472 of NR28 (pY1472) and at
Tyr-418 of Src family kinases (pY418) in the wild type, but no such difference was found in
Fyn deficiency. B, densitometric analysis revealed a significant increase in the band den-
sity of the Tyr(P)-1472 of NR2B in the wild type. No such increase was detected in Fyn
deficiency. C, there was also a significant increase in the band density of the Tyr(P)-418 of
the Src family kinases when £-741,626 was added to the wild type. No such difference
was detected in Fyn deficiency. Six wild-type and six Fyn-deficient striatal neuronal cul-
tures were used. The columns represent means, and the bars represent S.E. One-way
ANOVA; *, p < 0.0001; **, p < 0.005.

We then examined the effect of L-741,626 on Fyn activation and
NMDA receptor phosphorylation in the presence of quinpirole (50 um)
by Western blot analysis, as shown in Fig. 6. Primary cells were exposed
or not exposed (control) to 10 M L-741,626 for 7 min prior to sample
preparation. In the wild-type cells, immunoreactivity for anti-pY1472
antibody and anti-pY418 antibody in the L-741,626-treated cell extracts
was stronger than in the control cell extracts. By contrast, when Fyn-
deficient cells were used, there were no significant differences inimmu-
noreactivity for anti-pY1472 antibody and anti-pY418 antibody
between the L-741,626-exposed cell extracts and the control cell
extracts.

DISCUSSION

The results of this study show that Fyn is required for haloperidol-
induced catalepsy. We also found that haloperidol induces Fyn activa-
tion and a Fyn-dependent increase in NR2B phosphorylation in mouse
striatum. We used striatal primary neurons to verify that D,-R blockade
induced Fyn activation, enhancement of NR2B phosphorylation, and
potentiation of the channel activity of NMDA receptor at the cellular
level, and the latter two effects were significantly reduced in Fyn-defi-
cient neurons. On the basis of these findings, we propose a new molec-
ular mechanism that underlies haloperidol-induced catalepsy in which
the D,-R antagonist induces Fyn activation in the striatum, and the
subsequent phosphorylation of the NR2B subunit by the activated Fyn
increases the channel activity of NMDA receptors, which leads to
changes in neural transmission and results in the cataleptic response.

Because haloperidol-induced catalepsy and muscular rigidity are
mainly caused by blockade of dopamine D,-Rs in the striatum (1, 2),
sensitivity to haloperidol should be altered by changes in dopaminergic
transmission. However, there were no clear differences between Fyn-
deficient mice and control mice in the expression pattern of the D,-R
gene or the amounts of D,-R protein and tyrosine hydroxylase, and
measurements by microdialysis showed no significant difference in stri-
atal basal dopamine levels (32). Thus, it is rather unlikely that the
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reduced sensitivity to haloperidol in the Fyn-deficient mice is because of
defective dopaminergic transmission.

We found that haloperidol increased phosphorylation of the Tyr-418
residues of Fyn. The catalytic activity of SFKs is controlled through
autocatalytic phosphorylation and dephosphorylation, particularly at
amino acid residues Tyr-418 and Tyr-529 (14), and the phosphorylated
Tyr-529 intramolecularly interacts with an Src homology 2 domain to
form a loop, thereby suppressing kinase function. Intermolecular auto-
phosphorylation at Tyr-418, on the other hand, activates SFKs by dis-
placing Tyr-418 from the substrate-binding site, thus allowing the
kinase to gain access to substrates (33). We found that the haloperidol-
induced increase in Tyr-418 phosphorylation occurred specifically in
Fyn and did not occur in Src, whereas phosphorylation of Tyr-529 was
the same in both Src and Fyn. Thus, Fyn is specifically activated by
haloperidol in vivo.

Haloperidol also increased the phosphorylation of Tyr-1472 in the
NR2B subunit, and because no increase was observed in Fyn-deficient
mice, the haloperidol-induced phosphorylation of NR2B subunit must
be dependent on Fyn. Moreover, we confirmed this D,-R antagonist
induced Fyn-mediated enhancement of NR2B phosphorylation at the
cellular level in primary cultures of striatal neurons.

Fyn-mediated phosphorylation of NR2B and potentiation of
NMDA-R channel activity are involved in several brain functions,
including ethanol tolerance (15), seizure susceptibility (23), and long
term potentiation (17). Activation of EphB receptors has also been
reported to result in increased phosphorylation of NR2B and an
increase in NMDA-R channel activity measured by Ca’>* imaging in
hippocampal primary cultures (34). The use of HEK293T cells trans-
fected with a mutant NR2B construct in this study also showed that
Fyn-mediated tyrosine phosphorylation of NR2B is required for the
increase in NMDA-R channel activity. In our study, NMDA-R channel
activity in most wild-type striatal neurons was increased by the blockade
of D,-R, and the proportion of such neurons was significantly reduced in
Fyn deficiency. Thus, the increased NMDA-R activity after D,-R block-
ade in most of the striatal neurons was Fyn-dependent. However,
NMDA-R may also be activated by a Fyn-independent pathway,
because a certain proportion of the neurons in the Fyn-deficient striatal
culture exhibited increased NMDA-R activity.

It has been repeatedly observed that the NMDA-R antagonist
MK-801 attenuates haloperidol-induced catalepsy (9, 35-37), and we
recently reported that prior exposure to the NR2B-selective antagonist
CP-101,606 significantly reduces haloperidol-induced catalepsy (9).
Thus, haloperidol-induced catalepsy is specifically dependent on NR2B
function, and activation of NR2B function by Fyn-mediated phospho-
rylation is likely to be required for catalepsy to occur.

NMDA-R dysfunction is hypothesized to be the pathogenetic mech-
anism responsible for schizophrenia, because NMDA-R antagonists
cause psychotic states resembling schizophrenia (38—-40), and mice
with reduced NMDA-R expression have been reported to display schiz-
ophrenia-related behaviors (41). Because unmedicated schizophrenic
patients exhibit attenuated EPS shortly after haloperidol administration
compared with healthy controls (42), the lower responsiveness to halo-
peridol in Fyn-deficient mice may mimic a feature of schizophrenia.

Several mutant mice, including mice deficient in the D,-R (24), A, ,-
adenosine receptor (43), retinoid X receptor y1 (44), and protein kinase
A (PKA) (45), show reduced cataleptic responses to haloperidol. The
reduced cataleptic response in one of them, the PKA-deficient mutant,
is likely to be caused by a molecular mechanism similar to that in Fyn
deficiency, because an increase in PKA-mediated serine phosphoryla-
tion of striatal NR1 subunits increases following haloperidol adminis-
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tration (46). The scaffolding protein RACK1 binds to both Fyn and
NR2B, and the three molecules form a complex in rat hippocampus (16,
47). Dissociation of RACK1 from this RACK1-Fyn-NR2B complex facil-
itates Fyn-mediated phosphorylation of NR2B (47). Because PKA acti-
vation has been demonstrated to dissociate RACK1 from this complex
(16), the above PKA-RACK1-Fyn pathway may also exist downstream
of D,-R in the striatum.

Another molecule that may act between D,-R and Fyn is PKC. Acti-
vation of G-protein-coupled receptors, such as muscarinic and metabo-
tropic glutamate receptors, in the hippocampus increases NMDA-
evoked currents via protein kinase C (PKC) (48). The increase in
NMDA-R function is mediated by the activation of SFKs, because the
PKC-induced NMDA-R up-regulation is blocked by an inhibitor of Src
and Fyn and does not occur in Src-deficient cells (48). D,-R is another
G-protein-coupled receptor, and because haloperidol administration
acutely increases PKC activity in the rat striaturn (49), Fyn activation
after D,-R blockade may be mediated by the PKC pathway.

Other molecules, including receptor tyrosine kinases (34, 50) and a
cytokine receptor (51), have also been reported to be involved in SFK-
mediated phosphorylation and activation of NMDA-R, and they may be
involved in the striatal activation of Fyn after D,-R inhibition.

In this study we found that blockade of D,-R causes Fyn activation,
Fyn-mediated NMDA-R phosphorylation, and potentiation of its chan-

"nel activity in the striatal neurons that may be responsible for haloper-

idol-induced catalepsy. Further investigation should focus on the
above-postulated Fyn-activation mechanisms initiated by D,-R block-
ade, and these transduction steps should be drug targets for controlling
not only motor function but higher cognitive brain function.
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Direct interaction of post-synaptic density-95/Dlg/Z0-1 domain-
containing synaptic molecule Shank3 with GluR1 a-amino-
3-hydroxy-5-methyl-4-isoxazole propionic acid receptor
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Abstract

A class of scaffolding protein containing the post-synaptic
density-95/Dlg/Z0-1 (PDZ) domain is thought to be involved in
synaptic trafficking of a-amino-3-hydroxy-5-methyl-4-isoxaz-
ole propionic acid (AMPA) receptors during development. To
clarify the molecular mechanism of AMPA receptor trafficking,
we performed a yeast two-hybrid screening system using the
cytoplasmic tail of the GIuR1 subunit of AMPA receptor as a
bait and identified a synaptic molecule, Shank3/ProSAP2, as
a GluR1 subunit-interacting molecule. Shank3 is a PDZ
domain-containing multidomain protein and is predominantly
expressed in developing neurons. Using the glutathione
S-transferase pull-down assay and immunoprecipitation
technique we demonstrated that the GluR1 subunit directly
binds to the PDZ domain of Shank3 via its carboxyl terminal
PDZ-binding motif. We raised anti-Shank3 antibody to

investigate the expression of Shank3 in cortical neurons. The
pattern of Shank3 immunoreactivity was strikingly punctate,
mainly abserved in the spines, and closely matched the pat-
tern of post-synaptic density-95 immunoreactivity, indicating
that Shank3 is colocalized with post-synaptic density-95 in the
same spines. When Shank3 and the GluR1 subunit were
overexpressed in primary cortical neurons, they were also
colocalized in the spines. Taken together with the biochemical
interaction of Shank3 with the GIuR1 subunit, these resuilts
suggest that Shank3 is an important molecule that interacts
with GluR1 AMPA receptor at synaptic sites of developing
neurons. )

Keywords: a-amino-3-hydroxy-5-methyl-4-isoxazole propi-
onic acid receptor, development, GluR1 subunit, post-synaptic
density-95/ Dig/ ZO-1 domain, Shank3, synapse.

J. Neurochem. (2006) 97, 1203—1214.

Transmission at excitatory synapses is primarily mediated by
glutamate acting on three classes of ligand-gated ion
channels, a-amino-3-hydroxy-5-methyl-4-isoxazole propi-
onic acid (AMPA), kainate and NMDA receptors (Wisden
‘and Seeburg 1993; Hollmann and Heinemann 1994). In
addition to their role in synaptic transmission, these glutam-
ate receptors (GluRs) have been thought to play a crucial role
in many brain functions, including activity-dependent syn-
aptogenesis during development and synaptic plasticity
{McDonald and Johnston 1990; Bliss and Collingridge
1993).

Many excitatory synapses in young developing neurons
have been found to express only NMDA receptors, which are
continuously blocked by magnesium at resting membrane
potentials. As no evoked transmission is observed even when
glutamate is present, these synapses are referred to as ‘silent
synapses’. During later development, AMPA receptors are
delivered and clustered on the synaptic membrane in an
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activity-dependent manner, and the synapses subsequently
become functionally active (Durand et al. 1996; Wu et al.
1996; Pickard et al. 2000; Liao et al. 2001; Isaac 2003).
Thus, the clustering of AMPA receptors on the synaptic
membrane is an essential event during synaptogenesis.
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The AMPA receptors are heteromeric complexes of four
homologous subunits, GluR1-GluR4 (Wisden and Seeburg
1993; Hollmann and Heinemann 1994). The expression of
GluR1-GluR3 subunits increases during development,
whereas the expression of GluR4 subunit is seen in earlier
development (Zhu et al. 2000). Recent studies have shown
that induction of long-term potentiation or activation of Ca>*/
calmodulin-dependent protein kinase I promoted delivery of
GluR1 subunit-containing AMPA receptors to synapses, and
that this effect was diminished by mutating the post-synaptic
density-95 (PSD-95)/Dlg/Z0O-1 (PDZ) domain binding motif
at the C-terminal end of the GluR1 subunit (Shi et al. 1999;
Hayashi et al. 2000). This finding indicates that PDZ
domain-containing proteins participate in regulating the
synaptic localization of GluR1 subunit-containing AMPA
receptors; however, this protein remains to be identified. So
far, biochemical analysis has shown that GluR1 subunit
binds to synapse-associated protein 97 (SAP-97) via its
C-terminal PDZ-binding motif (Leonard et al. 1998). In
developing neurons, however, expression of SAP-97 is
distributed more in the somatic region than in the synapses.
Thus, SAP-97 is thought to be associated with intracellular
AMPA receptors, including GluR1 subunit, and to be
mvolved in the early secretory pathway of AMPA receptor
trafficking (Sans et al. 2001).

In this study, we used a yeast two-hybrid screening system
to search for the protein that interacts with the PDZ-binding
motif of GluR1 AMPA receptor, and we identified Shank3/
ProSAP2 from the mouse brain cDNA library. Shank3 is a
multidomain protein that contains ankyrin repeats, a Src
homology 3 (SH3) domain, a PDZ domain, a long proline-
rich region and a sterile alpha motif, and is predominantly
expressed in spines during synaptogenesis (Lim ez al. 1999;
Naisbitt ez al. 1999; Sheng and Kim 2000; Bockers ef al.
2001, 2002). In the present study we found that Shank3
biochemically interacts with the PDZ-binding motif of
GluR1 subunit and that Shank3 is colocalized with GluR1
AMPA receptor in the spines. These findings suggest that
Shank3 is a candidate clue molecule for clarifying the
molecular mechanism of AMPA receptor trafficking to
synapses during synaptogenesis.

Materials and methods

Yeast two-hybrid screening

The cDNA fragment encoding the C-terminal 81-amino-acid
segment [amino acids (aa) 809-889] of mouse GluR1 subunit was
inserted into pLexA to yield a bait plasmid, pLexA-GluR1/C. The
bait plasmid was transformed with yeast strain L40 and a mouse
brain cDNA library (Clontech, Palo Alto, CA, USA) was used to
screen for proteins that interacted with LexA-GluR1/C fusion
proteins. Interactions were detected by induction of reporter genes,
HIS3, TRPI, LUE? and LacZ, which resulted in cell growth and the
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formation of blue colonies on histidine-, tryptophan- and leucine-
depleted yeast synthetic media containing X-gal (80 pg/mL).
Plasmid construction cDNA fragments encoding the full-length
mouse Shank3 (mShank3; aa 1-1730), the SH3 and PDZ domains
of mShank3 (mShank3/SH3-PDZ; aa 461-671), the PDZ domain
(mShank3/PDZ; aa 552-671), the C-terminal fragment containing
the PDZ domain (mShank3/PDZ + C; aa 552-1730) and the
C-terminal fragment without the PDZ domain (mShank3/C; aa
670-1730) were constructed by PCR and subcloned into a
mammalian expression vector, pPCMV-Myc (Clontech), to obtain
pCMV-myc-mShank3, pCMV-myc-mShank3/SH3-PDZ, pCMV-
myc-mShank3/PDZ, pCMV-myc-mShank3/PDZ + C and pCMV-
myc-mShank3/C, respectively. Fusion proteins of the regions of
mShank3, GluR1 subunit and mouse NMDA receptor 2B (NR2B)
(GluRe2) subunit with glutathione S-transferase (GST) (and myc)
were constructed by subcloning PCR-amplified DNA fragments into
pGEX-4T-2 (Amersham, Piscataway, NJ, USA) containing a
thrombin cleavage site or into pGEX-5X-2 (Amersham) containing
a factor Xa cleavage site to obtain: pGEX-4T-2, pGEX-mShank3/
SH3-PDZ (aa 461-671), pGEX-mShank3/SH3 (aa 461-551),
pGEX-mShank3/PDZ (aa 552-671), pGEX-myc-mShank3/SH3-
PDZ (aa 461-671), pGEX-GIuR1/C (aa 809-889), pGEX-GluR1/
del (deletion of four aa from the C-terminal end) (aa 809-885),
pGEX-GluR1/mu (exchange of four aa in the C-terminal end, ATGL
to AAGA), pGEX-C-terminal segment of NR2B (aa 1279-1456),
pGEX-5X-2 and pGEX-5X-GuR1/C (aa 809-889). All of the -
constructs were confirmed by DNA sequencing.

Cell culture and DNA transfection
Chinese hamster ovary cells or COS7 cells were grown at 37°C in a
humidified 5% CO, atmosphere in Dulbecco’s modified Eagle’s
medium (Gibco BRL, Grand Island, NY, USA) containing 10%
heat-inactivated fetal bovine serum (Irvine, Santa Ana, CA, USA).
For the transient expression studies, the cells were transfected with
expression vector by using Lipofectamine Plus (Invitrogen,
Carlsbad, CA, USA) according to the manufacturer’s protocol.

Embryonic day 15-16 mouse cortical primary neurons were
prepared as described previously (Hirasawa et al. 2003). Briefly,
cerebral cortices were dissected, minced and dissociated with a
papain. The dissociated ceils were plated onte 0.1% polyethylen-
imine-coated plates at a density of 1.0-1.5 x 10* cells/cm? for
immunocytochemistry and 1.0 x 10° cells/em® for pull-down
assays, and maintained in Neurobasal medium (Gibco BRL)
containing 2% B-27 supplement (Gibco BRL) and 0.5 mm
glutamine at 37°C under a humidified 10% CO, atmosphere for
the periods indicated. For the transient expression studies, the cells
were transfected with expression vector by using Lipofectamine
2000 (Invitrogen) according to the manufacturer’s protocol.

The experimental protocols were approved by The Animal Care
and Use Committee of the National Institute of Neuroscience.

Purification of recombinant proteins and pull-down assay

The GST fusion proteins were expressed in Escherichia coli BL21
and purified on glutathione sepharose 4B (Amersham) according to
the manufacturer’s protocol. The pull-down assay was performed
essentially as described previously (Tu et al. 1999). Briefly, the
Chinese hamster ovary cells transfected with myc-tagged protein or
mouse cortical primary cells were lysed at 4°C for 1 h with a buffer
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composed of 50 mM Tris-HCt (pH 7.5), 100 mm NaCl, | mM
EDTA, protease inhibitor cocktail (Roche, Penzberg, Germany)
and 0.1% Triton X-100 (for Chinese hamster ovary cells) or 1%
Triton X-100 (for primary cultured cells). After removing the
insoluble material by centrifugation (15 000 g for 20 min at 4°C),
the protein concentration in the supematant was determined with a
protein assay kit (Pierce, Rockford, IL, USA). Soluble extracts were
incubated for 12 h at 4°C with purified GST fusion protein bound to
20 pL of glutathione sepharose in phosphate-buffered saline (PBS)
containing 0.1% Triton X-100 and protease inhibitor cocktail. The
sepharose suspensions were washed four times with lysis buffer.
Bound proteins were eluted by boiling in sodium dodecyl sulfate
(SDS) sample buffer, separated by SDS-—polyacrylamide gel
electrophoresis and analysed by immunobiot.

Immunoprecipitation assay

COS7 cells were transfected with each of the expression vectors. At
2 days after transfection, cells were lysed at 4°C for 1 h with
immunoprecipitation (IP) buffer composed of 50 mm Tris-HCl
(pH 7.5), 150 mm NaCl, 0.5 mm EDTA, 10% glycerol, 0.5% Triton
X-100 and protease inhibitor cocktail. After removing the insoluble
material by centrifugation (15 000 g for 20 min at 4°C), the protein
concentration in the supematant was determined with a protein assay
kit. Soluble extracts were incubated at 4°C for 2 h with rabbit
polyclonal anti-enhanced green fluorescent protein (EGFP) antibody
bound to protein A- and G-Sepharose beads (Amersham). The
immunoprecipitates were washed three times with IP buffer, eluted
by boiling in SDS sample buffer, separated by SDS—polyacrylamide
gel electrophoresis and analysed by immunaoblot.

Antibody production
Rabbit polyclonal antibody against a GST-fused mShank3 fragment
(aa 1016-1357) was produced by Biotest Inc. (Tokyo, Japan).

Preparation of the synaptosomal fraction

The synaptosomal fraction was prepared essentially according to the
procedures described previously (Carlin et al. 1980). In brief, cortex
was dissected from mouse at 2 weeks of age and homogenized in 10
volumes of solution A (0.32 M sucrose, | mM NaHCO;, 1 mMm
MgCl, and 0.5M CaCly) with a Teflon homogenizer. The
homogenate was centrifuged (1400 g for 10 min at 4°C) and the
supematant was saved. The pellet was suspended in solution A and
centrifiged (700 g for 10 min at 4°C). The supematants were
pooled and then centrifuged (13 800 g for 10 min at 4°C). The
resulting pellet was resuspended in solution B (0.32 M sucrose and
1 mm NaHCOs), layered onto a discontinuous sucrose gradient
containing 0.8 M/1.0 M/1.2 M sucrose and centrifuged (82 500 g for
2 h at 4°C). The fraction at the 1.0 M/1.2 M sucrose interface was
isolated as the synaptosomal fraction and the protein concentration
was determined with a protein assay kit.

Immunoblot analysis

The proteins were separated by electrophoresis through an SDS
polyacrylamide gel (Daiichi Pure Chemicals, Tokyo, Japan) and
then electrophoretically transferred to nitrocellulose membranes
(Schleicher & Schuell, Dassel, Germany). The membranes were
blocked by incubation for 1 h at room temperature (15~25°C) with
5% skim milk (Becton Dickinson, Sparks, MD, USA) in buffer A
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(10 mM Tris-HCI, pH 7.5, 100 mM NaCl and 0.1% Tween 20) and
then incubated for 1 h at room temperature with one of the
following primary antibodies in buffer A containing 3% skim milk:
rabbit polyclonal anti-mShank3 antibody (0.1 pg/ml), mouse
monoclonal anti-myc antibody (1 : 1000; Roche), mouse monoclo-
nal anti-PSD-95 antibody (1 : 200; Affinity Bioreagents Inc.,

"Golden, CO, USA), rabbit polyclonal anti-GluR1 antibody

(1 : 200; Chemicon, Temecula, CA, USA), rabbit polyclonal anti-
GluR2 antibody (1 : 200; Chemicon) or rabbit polyclonal anti-
EGFP antibody (1 : 1000; Molecular Probes, Eugene, OR, USA).
After three washes in buffer A, the membranes were incubated for
1h at room temperature with horseradish peroxidase-conjugated
anti-rabbit IgG secondary antibody (1 : 1000; Amersham) or
horseradish peroxidase-conjugated anti-mouse IgG secondary anti-
body (1 : 1000; Amersham) and washed three times with buffer A.
Immunoreactive bands were visualized with a chemiluminescence
detection system (ECL; Amersham).

Preparation of membrane fraction and coimmunoprecipitation
assay

To prepare the membrane fraction, the cortex was dissected from
mouse at 2 weeks of age and homogenized with a Teflon
homogenizer in PBS containing 0.25 M sucrose and protease
inhibitor cocktail. The homogenate was centrifuged at 2000 g for
10 min to remove nuclei and debris, at 8600 g for 30 min to remove
mitochondria and then at 100 000 g for 1 h to obtain the pellet as
membrane fraction. The membrane proteins were solubilized at 4°C
for 2 h with 2% SDS in PBS containing protease inhibitor cocktail
and then diluted with five volumes of 2% Triton-X-100 in PBS as
described in the previous study in which the binding of Kir 2.3 and
PSD-95 was confirmed (Cohen et al. 1996). They were subse-
quently incubated at 4°C for 2 h with rabbit polyclonal anti-Shank3
antibody bound to protein A- and G-Sepharose beads. The
immunoprecipitates were washed three times with IP buffer
composed of 50 mM Tris-HC1 (pH 7.5), 150 mm NaCl,. 0.5 mm
EDTA, 10% glycerol, 0.5% Triton X-100 and protease inhibitor
cocktail, eluted by boiling in SDS sample buffer, separated by SDS—~
polyacrylamide gel electrophoresis and analysed by immunoblot.

Immunocytochemistry

Primary cells were fixed with 2% paraformaldehyde (PFA) for
10 min at room temperature. After three washes in PBS, the cells
were permeabilized and blocked with 3% goat serum/0.1% Triton
X-100 in PBS for 15 min, and then incubated for 1 h at room
temperature with one of the following primary antibodies in PBS
containing 3% bovine serum albumin (Sigma, St Louis, MO, USA):

" rabbit polyclonal anti-mShank3 antibody (1.0 pg/ml), mouse

monoclonal anti-PSD-95 antibody (1 : 200), mouse monoclonal
anti-myc antibody (1 : 500) or rabbit polyclonal anti-EGFP anti-
body (1 : 500). After three washes in PBS, the cells were incubated
for 1 h at room temperature with Alexa Fluor 488 goat anti-mouse
IgG (H + L) (1 : 1000; Molecular Probes), Alexa Fluor 488 goat
anti-rabbit IgG (H + L) (1 : 1000; Molecular Probes), Alexa Fluor
594 goat anti-mouse IgG (H + L) (1 : 1000; Molecular Probes) or
Alexa Fluor 594 goat anti-rabbit IgG (H + L) (1 : 1000; Molecular
Probes) in PBS containing 3% bovine seram albumin. After three
washes in PBS, the cells were mounted on a glass slide with
PermaFluor (Thermo Shandon, Pittsburgh, PA, USA) containing
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10% FluoroGuard (Bio-Rad, Hercules, CA, USA) to inhibit
photobleaching and examined with a fluorescence microscope
(AX70; Olympus, Tokyo, Japan). For surface staining of EGFP-
fused GluR1 subunit (EGFP-GluR1), cells were first incubated for
20 min at room temperature with rabbit polyclonal anti-EGFP
antibody (1 : 500) in PBS and, after washing in PBS, they were
incubated for 20 min at room temperature with Alexa Fluor 488
goat anti-rabbit IgG (H + L) (1 : 1000) in PBS and fixed with 2%
PFA for 10 min. They were then permeabilized and blocked for
15 min with 3% goat semmn/0.1% Triton X-100 in PBS for
subsequent immunostaining.

In situ hybridization

Three ¢cDNA fragments (620 bp, 650 bp and 1 kb) of the unique
region of mShankl, mShank? and mShank3, respectively, were
obtained by PCR and subcloned into mammalian expression vector
pCMV-SPORT (Gibco BRL). Sense and antisense digoxigenin-
labeled probes were produced with SP6 and T7 polymerase,
respectively.

Brain specimens were prepared from mice as follows. Anesthe-
tized mice were transcardially perfused with 4% PFA in PBS. Their
brains were removed from the skulls and immersed in 4% PFA at 4°C
for 2 days, and then in 30% sucrose at 4°C for 2 days. After
embedding in optimal cutting temperature compound (Sakura
Finetechnical Co. Ltd, Tokyo, Japan), they were quickly frozen in
dry ice. Frozen brain sections (14 pm thick) were cut in the sagittal
plane with a cryostat (CM-3000; Leica, Nussloch, Germany) and the
sections were mounted on 3-aminopropyltriethoxysilzane-coated glass
slides (Matsunami, Osaka, Japan) and stored at — 80°C until use.

For hybridization, the sections were treated with 4 pg/mL pepsin/
0.2 N HCl for 2 min at 37°C, washed twice in PBS containing 0.1%
Tween 20 and post-fixed with 4% PFA for 30 min. After washing in
PBS containing 0.1% Tween 20 for 5 min, the sections were treated
with 0.2% diethylpyrocarbonate in PBS containing 0.1% Tween 20
and hybridized at 65°C for 16 h with 10 pg/mL digoxigenin-labeled
probe in a buffer composed of 50% formamide, 5X saline sodium
citrate, 1% SDS, 50 pg/mL heparin and 50 pg/mL yeast RNA. They
were then washed for 30 min at 65°C in 5X saline sodium citrate
containing 50% formamide and 1% SDS, and then twice for 45 min
at 65°C in 2X saline sodium citrate containing 50% formamide. After
washing in TBS-T (136 mm NaCl, 2.7 mM KCl, 250 mm Tris-HCI,
pH 7.5, 0.1% Tween 20) for 20 min at room temperature, they were
blocked with 0.2% blocking reagent (Roche) for 40 min and
incubated with alkaline phosphatase-conjugated anti-digoxigenin
Fab fragments (1 : 2000; Roche) diluted in blocking solution at 4°C
for 16 h. They were then washed in TBS-T for 20 min at room
temperature and alkaline phosphatase-conjugated antibody was
visualized by reaction with 35 pg/mL 4-nitroblue tetrazolium
chloride/17.5 pg/ml 5-bromo-4-chloro-3-indolyl-phosphate (Roche)
in 100 mm Tris-HC1 (pH 9.5), 100 mym NaCl, 50 mm MgCl,, 0.1%
Tween 20 and 2 mM levamisole (Sigma) at room temperature for
1-2 nightsin the dark. The color reaction was stopped with deionized
water and the sections were dehydrated in a graded ethanol series and
mounted with Entellan (Merck, Darmstadt, Germany).

RT-PCR

Total RNA was extracted from mouse cortex with acid guanidinium
thiocyanate-phenol-chloroform (Chomczynski and Sacchi 1987) and
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RT-PCR was performed by using an Advantage RT for PCR kit
(Clontech) according to the manufacturer’s protocol. The thermocycle
profile for PCR amplification was: 30 sat95°C, 30 sat55°C, 1 min at
72°C for 30 cycles (mShank1), 33 cycles (mShank2 and mShank3) or
22 cycles (glyceraldehyde-3-phosphate dehydrogenase used as an
intemal control). The PCR products were separated on a 3% agarose
gel and stained with ethidium bromide. The gel images were fed into
an image processor (Archiver Eclipse; Fotodyne, Hartland, W1, USA)
and quantitatively analysed with NIH imaging software. The primers
for PCR analysis were: for mShank1, forward GGCAGGCGTAG-
GAAGCTCTA and reverse CTCATCCATGTCTGGGTG; for
mShank?, forward TATGATGAGCGTCCCCGGCGG and reverse
ATCATCAGGGTCTAGATT; for mShank3, forward GGCCC-
GAAGCGGAAACTTT and reverse ACCATCCTCCTCGGGTTT;
and for glyceraldehyde-3-phosphate dehydrogenase, forward
GTCATCATCTCCGCCCCTTCTGC and reverse GATGCCTGC-
TTCACCACCTTCTTG.

Results

Screening for proteins that interact with GluR1 subunit
of a-amino-3-hydroxy-5-methyl-4-isoxazole propionic
acid receptor

We used a yeast two-hybrid method to identify proteins that
interact with GluR1 subunit of AMPA receptor. Using the
C-terminal 81-amino-acid segment of GIuR1 subunit as yeast
two-hybrid bait, we identified several clones from among
approximately 1 x 10’ mouse brain clones. Sequencing
analysis revealed that one of them, clone 321, encoded the
C-terminal 1305-amino-acid segment of Shank3, which
includes the SH3 and PDZ domains (Fig. 1a). We then
cloned full-length Shank3 ¢DNA from mouse brain by
RT-PCR. The deduced mShank3 protein showed 98%
sequence identity with rat Shank3.

Shank3 is a multidomain protein that contains ankyrin
repeats, an SH3 domain, a PDZ domain, a long proline-
rich region and a sterile alpha motif (Fig. la), and it
scaffolds various proteins, including guanylate kinase-
associated protein (GKAP) and Homer, in excitatory
post-synapses (Naisbitt ef al. 1999; Sheng and Kim 2000;
Backers et al. 2001). We initially focused on the SH3 and
PDZ domains of mShank3, as they are important for
interaction with proteins. We investigated the biochemical
interaction between mShank3 and GluR1 subunit by GST
pull-down assay using the GST-fused SH3 and PDZ
domains of mShank3 (GST-mShank3/SH3-PDZ) and ex-
tracts from mouse cortical primary cells. GST-mShank3/
SH3-PDZ clearly pulled down GluR1 subunit, indicating
that mShank3 binds to GluR1 subunit through the SH3-
PDZ domains (Fig. 1b). In addition, we examined the other
synaptic molecules, GluR2 subunit of AMPA receptor and
PSD-95. As shown in Fig. 1(b), GST-mShank3/SH3-PDZ
pulled down PSD-95 but not GluR2 subunit.
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Fig. 1 Schematic structure of Shank3 and the biocchemical interaction
of mouse Shank3 (mShank3) with GluR1 subunit. (a) The schematic
structure of Shank3 and clone 321. ANK, Ankyrin repeats 1-7; SH3,
Src homology 3 domain; PDZ, post-synaptic density-95/Dig/Z0-1
domain; SAM, sterile alpha motif. (b) Pull-down assay. The left panel
shows the purified glutathione S-transferase (GST) and GST-fused
mShank3/SH3-PDZ separated by sodium dodecy! sulfate—polyacryt-
amide gel electrophoresis (SDS-PAGE), and the right pane! shows

Post-synaptic density-95/DIlg/Z0O-1 domain of mouse
Shank3 directly binds to the C-terminal segment of
GluR1 subunit

To identify the interactive domain of mShank3, we con-
structed GST-mShank3/SH3, GST-mShank3/PDZ and
GST-mShank3/SH3-PDZ (Fig. 2a), and performed a GST
pull-down assay using cell lysates of Chinese hamster ovary
cells expressing the myc-tagged C-terminal 81-amino-acid
segment of GluR1 (myc-GluR1/C). As shown by SDS~
polyacrylamide gel electrophoresis (Fig. 2a), the concentra-
tions of each of the purified GST fusion proteins were almost
the same. GST-mShank3/SH3-PDZ and GST-mShank3/PDZ
clearly pulled down myc-GluR1/C, whereas no binding of
GST-mShank3/SH3 to myc-GluR1/C was detected (Fig. 2a).
These results suggest that GluR1 interacts with mShank3 via
the PDZ domain.

We next investigated whether the interaction between
mShank3/SH3-PDZ and GluR1/C was direct. The GST-fused
myc-tagged SH3-PDZ domain of mShank3 (GST-myc-
mShank3/SH3-PDZ) was expressed in E. coli BL21. After
purification with glutathione sepharose, thrombin was reac-
ted at 37°C for 1 h with the GST-myc-mShank3/SH3-PDZ
bound to glutathione sepharose beads in PBS and purified
myc-tagged mShank3/SH3-PDZ was obtained. GST-GluR1/
C was produced using pGEX-5X-2 vector to protect against
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the immunoblots. GST alone or GST-fused mShank3/SH3-PDZ bound
to glutathione sepharose beads was incubated with 1 mg of extract
from mouse cortical primary cells cultured for 14 days. After washing,
the proteins on the beads were eluted with SDS-PAGE sample buffer
and immunoblotted with anti-GluR1 antibody, anti-GluR2 antibody or
anti-post-synaptic density-95 (PSD-95) antibody. The input lane was
loaded with 25 pg of the primary cell extract. Molecular weight
standards are shown on the left.

thrombin digestion and pull-down assays were performed.
As shown in Fig. 2(b), purified myc-mShank3/SH3-PDZ
bound to GST-GluR1/C, indicating that mShank3/SH3-PDZ
binds directly to GluR1/C.

GluR1 subunit binds to the post-synaptic density-95/Dlg/
Z0-1 domain of mouse Shank3 through its C-terminal
post-synaptic density-95/Dig/ZO-1 binding motif

As the C-terminal sequence of GluR1 subunit, -ATGL, is a
typical PDZ-binding motif, -X-T/S-X-V/L/I (X represents
any aa) (Songyang et al. 1997), we investigated whether the
interaction between the PDZ domain of mShank3 and GluR1
subunit is mediated by the PDZ-binding motif of GluR1
subunit. To precisely identify the C-terminal residues
involved in the binding, we prepared mutated GluR1/C
carrying AAGA residues instead of ATGL and deleted
GluR1/C lacking ATGL residues at its C-terminal end
(Fig. 3a), and binding of these GluR1/C mutants to myc-
mShank3/SH3-PDZ was almost abolished (Fig. 3b). The
NR2B subunit, which binds to the PDZ domain of PSD-95,
also has a PDZ-binding motif at its C-terminal end, -ESDV;
however, the C-terminal segment of NR2B did not bind to
myc-mShank3/SH3-PDZ (Fig. 3b). These findings demon-
strate that the final four aa of GluR1 subunit are important for
specific binding to the PDZ domain of mShank3.
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Fig. 2 Direct interaction of mouse Shank3 (mShank3) with GluR1
subunit. (a) Pull-down assay. The schematic structure of glutathione
S-transferase (GST)-fused mShank3 mutants is shown at the top. The
upper panel shows the purified GST and GST-fused mShank3 pro-
teins separated by sodium dodecyl sulfate-polyacrylamide ge! elec-
trophoresis (SDS—-PAGE) and the lower panels show the immunoblot.
GST alone or each of the GST-fusion proteins bound to glutathione
sepharose beads was incubated with 400 ug of extract from Chinese
hamster ovary (CHO) cells transfected with myc-tagged GIuR1/C.
After washing, the proteins on the beads were eluted with SDS-PAGE
sample buffer and immunoblotted with anti-myc antibody. The input
lane was loaded with 30 ug of the CHO cells extract. (b) Pull-down

We then investigated the interaction between mShank3
and full-length GluR1 subunit by immunoprecipitation
experiments. We constructed myc-tagged mShank3 (myc-
mShank3) and the four deletion mutants as shown in
Fig. 4(a), and expressed them together with EGFP-GluR1
in COS7 cells. Anti-EGFP antibody coimmunoprecipitated
myc-mShank3, myc-mShank3/PDZ + C, myc-mShank3/
SH3-PDZ and myc-mShank3/PDZ from cell lysates of
COS7 cells expressing EGFP-GluR1 and myc-mShank3 or
deletion mutants but not myc-mShank3/C (Fig. 4b). No
signals were observed with immunoprecipitates obtained
with normal IgG. These results indicate that the PDZ domain
of mShank3 is indispensable to the interaction with GluR1
subunit.

Mouse Shank3 is expressed in the spine of the cortical
neurons and interacts with GluR1 a-amino-3-hydroxy-
5-methyl-4-isoxazole propionic acid receptor

To study native mShank3 protein, rabbit polyclonal
antibodies were raised against the GST-fused 342-aa
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assay. The schematic structure of GST-fused mShank3/SH3-PDZ and
GluR1/C is shown at the top. The upper panel shows the purified GST
and GST-fused GluR1/C proteins separated by SDS-PAGE and the
lower panels show the immunoblots. GST alone or GST-fused GluR 1/
C bound to glutathione sepharose beads was incubated with purified
myc-Shank3/SH3-PDZ. After washing, the proteins on the beads were
eluted with SDS-PAGE sample buffer and immunoblotted with anti-
myc antibody. The input lane was loaded with 5% of the purified myc-
Shank/SH3-PDZ used for the pulkdown assay. Molecular weight
standards are shown on the left. PDZ, post-synaptic density-95/Dlg/
ZO-1; SH3, Src homology 3; IB, immunoblot.

_ segment of mShank3 (aa 1016-1357). To confirm the

specificity of the anti-mShank3 antibody, we transiently
transfected COS cells with myc-mShank3 to allow the use
of anti-myc antibody as a positive control. As shown in
Fig. 5(a), the immunoreactive band for anti-mShank3
antibody (240 kDa) was identical to that for anti-myc
antibody and no bands were detected in the COS7 cells
transfected with myc vector, indicating that the anti-
mShank3 antibody specifically detected mShank3 protein.
mShank3-immunoreactive bands were observed in mouse
cortical lysates and disappeared upon coincubation with
antigen GST-fused mShank3 segment but not with GST
alone (data not shown). We also confirmed the presence of
mShank3 in the synaptosomal fraction as well as GluR1
subunit and PSD-95 (Fig. 5b).

To verify the interaction between mShank3 and GluR1
AMPA receptor in vivo, we performed a coimmunoprecip-
itation assay with membrane fraction prepared from mouse
cortex using anti-Shank3 antibody (Fig. 5c). Shank3 anti-
body efficiently immunoprecipitated endogenous mShank3
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