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Hippocampal Fyn activity regulates extinction

of contextual fear

Tomoko Isosaka?, Satoshi Kida®, Tomoko Kohno?, Kotaro Hattori®

and Shigeki Yuasa®

Contextual fear memory is attenuated by reexposure

of animals to a context alone without pairing it with an
..unconditioned stimulus, a phenomenon referred to as fear
extinction. Here, we report that Fyn tyrosine kinase in the
hippocampus is involved in the extinction of contextual
fear. We inhibited Src-family tyrosine kinases in the
dorsal hippocampus by stereotaxic injection of an inhibitor,
PP2, and observed facilitation of extinction. We then
biochemically analyzed dorsal hippocampal tissue during
extinction training, and found that activated Fyn was
significantly downregulated among the Src-family tyrosine
kinases examined. These findings suggest that
downregulation of Fyn activity facilitates the extinction

Introduction

Contextual fear conditioning is modeled experimentally
by pairing placement of an animal in a training cage with
a mild foot shock, so that the animal associates the con-
text with the shock. Contextual memory can be measured
by the increased freezing behavior, that is, elicited by
reexposure to the context [1]. In contrast, if the animal
is reexposed to the same context without pairing with
foot shock, the freezing behavior eventually declines, a
phenomenon referred to as ‘extinction’ of contextual fear
memory [2,3].

A number of studies:have shown that some, but notall,

components of the molecular system that is required. .

for the initial encoding of fear memory also regulate
extinction [4,5]. We have previously reported finding
that a member of the Src family of tyrosine kinases
(SFKs), Fyn, plays a crucial role in memory formation in
contextual fear conditioning, and that activation of the
Fyn signaling pathway in the hippocampus is involved
in the formation of contextual fear memory [6]. SFKs
in the hippocampus have been reported to be involved
in the extinction of fear-motivated memory based on a
study that used the passive avoidance paradigm [7].
However, the significance of Fyn in fear memory ex-
tinction based on contextual fear conditioning remained
to be elucidated.

In this study, we examined the effect of injection of
PP2 (an SFK inhibitor [8]) into the hippocampus of mice
on extinction of contextual fear memory, and we also
examined  the profile of - hippocampal Fyn -activation
during the course of extinction training,
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Materials and methods

Animals

Male G57BL/6] mice were purchased from Clea (Tokyo,
Japan) and housed in the animal center of the institute
under standard laboratory conditions as described earlier
[9]. One week before the experiments, mice (12 to
13-week old) were housed individually and handled daily.
All experiments were carried out in accordance with the
guidelines of the United States National Institutes of
Health (1996) and were approved by the Animal Care
Committee of the. National Institute of Neuroscience,
National Center:of Neurology and Psychiatry.

Drugs

4-Amino-5-(4-chlorophenyl)-7-(t-butyl) pyrazolo (3,4-D)
pyrimidine. (PP2) and 4-amino-7-phenylpyrazol (3,4-D)
pyrimidine (PP3; inactive analog of PP2) were purchased
from Calbiochem: (San Diego, California, USA), dissolved
in dimethyl sulfoxide; and- brought to a final concen-
tration of 25 uM with saline. The doses of PP2 and PP3
administered were based on the results of a pilot study
and an earlier report [7].

Surgery and intrahippocampal injection

Mice were anesthetized  with - pentobarbital (50 mg/kg,
intraperitoneally), and mounted on a stereotaxic apparatus
(Narishige, Tokyo, Japan). Bilateral guide cannulae (Eicom,
Kyoto, Japan) were implanted with their tips aimed at the
dorsal - hippocampus - (anterior—-posterior —2 mm, lateral
+ 1.5mm, depth 1.5mm from the bregma). The guide
cannulae were attached to the skull with: dental cement,
and dummy cannulae (Eicom) were inserted  into. the

DOL 10.1097/WNR.0b013e32833203a8
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guide cannulae during the experiments. PP2, PP3, or
vehicle (0.25% dimethyl sulfoxide in saline), 0.8 pl per
side was microinjected 1 week after surgery. The micro-
injections were performed at a rate of 0.4 pl/min through
an injection cannula (Eicom) inserted through the guide
cannula and connected through Teflon tubing to a micro-
syringe (Hamilton, Reno, Nevada, USA) driven by a micro-
infusion pump (Eicom). Cannula placement was verified
by sectioning the brains (150 uM thick) coronally on a
vibratome and visualizing the position of the track.

- Contextual fear conditioning and extinction :
The configuration of the context was as described earlier
[6]. Contextual fear conditioning and extinction were
carried out according to the procedure reported else-
where [10], with slight modifications; as shown in Fig. 1a.
On the day of the conditioning, the mouse was placed in
the context and allowed 3 min 30s to explore. A series
of three foot shocks (0.6 mA; 125V, 25) at 285 intervals was
then delivered, and 28 s later, the mouse was returned to
its home cage. Extinction training was carried out 24 h
after the conditioning. The hippocampus of the mice was
injected with PP2, PP3, or vehicle and 10 min later the
mice were reexposed to the context for 15 min without
foot-shock pairing. One day after the extinction training,
fear memory was assessed by measuring freezing time
in the context for 5min (Test). Freezing was defined as
lack of any visible movement except respiration [12}], and
it'was monitored by visual inspection of the video images
without knowledge of the substance administered.

For the biochemical experiments, mice were conditioned
as described above, and 24 h after conditioning, they were
reexposed to the context alone for different times (0, 3,
15, or 30 min), and then immediately killed. The mice
were designated Ext0, 3, 15, or 30, according to the
duration of reexposure to the context alone. As shown in
Fig. 2a, in the experiment to confirm the dependence
of biochemical changes on extinction, a ‘Context’ mouse
was placed in the context for 5 min without receiving any
shocks, and 24h later, the mouse was reexposed to the
context for 30 min, and then immediately killed. A‘Shock’

“:mouse received a series of three foot shecks at 28s

intervals immediately after being placed in the context,
and was immediately returned to its home cage. Then,
24 h later, the mouse was reexposed to the context for
30 min, and immediately killed.

Antibodies
Antibodies against the Tyr418 of SFKs (pSrc418), Src, Yes,
and Fyn were used in this study as described earlier [6].

Sample preparation and immunoblot analysis

For the immunoblotting studies, mice were killed by
cervical dislocation, and hippocampal tissue, mainly
consisting of the dorsal hippocampal area, was dissected
out as described earlier [6]. The hippocampal tissue was
then sonicated in sample -buffer containing 1% SDS,
10mM Tris pH 7.4, 1 mM sodium orthovanadate, and a
protease inhibitor cocktail (Roche, Mannheim, Germany),
and boiled-at 95°C for 3 min. After centrifugation (4000g,

Fig. 1
(a) Day | Day 2 Day 2
(Conditioning) (Extinction training) (Test)
Shock (2 s)
24 h 24h
3> [ 5w 5]
Context > » —=p
=10'min
Drug injection
{c) 80+ ). 80
O PP2
60+ ~©- PP3 60
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® o, 2
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. |
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Effect of intrahippocampal injection of PP2 on contextual fear extinction. (a) Behavioral procedure. (b) Position of the tips of the guide cannulae in the
hippocampus. Atlas templates were adapted from Paxinos and Franklin [11]. (c) Mean percentage freezing time averaged every 3 min during the
extinction training. (d) Mean percentage freezing time during the 5 min test. *P<0.05, ***P<0.001.
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procedure. (b) Western blot analysis of hippocampal tissue obtained from
‘ExtO (E0)}‘Ext30 (E30))‘Context), and ‘Shock' mice. The level of pSrc418
is shown as the density of pSrc418 normalized to the density of Fyn. The
‘Ext0’ level was set to 1.0. ***P<0.001. C, Context; S, Shock:

10 min), the supernatants were added ‘to 4 x SDS sample
buffer - (50% glycerol, 125 mM Tris-HCI pH 6.8, 4%
SDS, 0.08% bromophenol blue; Kinexus/www.binexus.ca)
and 40 mM " dithiothreitol (Sigma, St. Louis, Missouri,
USA), and boiled at 95°C for 2 min. An equal amount of
lysate (10 ul per lane) was separated by SDS-polyacryl-
amide gel electrophoresis. The separated proteins were
subsequently blotted onto Immobilon membranes (Milli-
pore Co., Billerica, Massachusetts, USA), probed with
each antibody, and visualized as described earlier [6].

Immunoprecipitation

Immunoprecipitation was performed as reported: earlier
[6] with slight modification. The sample- buffer used
in: this study contained 50 mM ‘Tris—=HCI pH 8; 150 mM
NaCl; 1% NP-40, 0.5% sodium deoxycholate; 0.1% SDS,
ZmM  EDTA, 1mM  sodium  orthovanadate, -and .a
protease inhibitor: cocktail (Roche).

Statistical analysis

All data are reported as means = SEM. Student’s #test
was " used: for pair-wise comparisons.: One-way ‘analysis
of variance - (ANOVA) or two-way . repeated-measure
ANOVA; followed by Tukey—Kramer test was used for
biochemical or behavioral analysis as appropriate. P values
less than 0.05 were considered statistically significant.

Resiults
To examine the effect of the SEK inhibitor on contextual
fear extinction, the hippocampus-of mice was implanted

Fyn activity in contextual fear extinction Isosaka et al. 1463

with a microcannula, and the mice were trained according
to the behavioral schedule shown in Fig, 1a. Placement of
the cannula tip for microinjection was almost identical
across all groups of mice included in the analysis (Fig, 1b).
During extinction training, the PP2 group (# = 11)
exhibited significantly lower freezing levels than the
vehicle group (z = 12) or PP3 group (# = 11), except
during the initial 3-min extinction period (Fig. 1c). A
two-way repeated-measure ANOVA with drug group (PP2,
PP3, or vehicle) and extinction time (3, 6, 9, 12, and
15 min) as variables was performed on the freezing scores
for extinction training;and the results showed a main effect
of drug group [F(2,31) = 12.773, P < 0.0001], extinction
time [F(4,124) = 160.63, P <0.0001], and interaction
[F(8,124) = 5.5, P <.0.0001]. Post-ho¢ Tukey~Kramer test
showed significantly lower freezing levels in the PP2 group
than in the vehicle group or PP3 group for each training
time from 6 to 15min (P < 0.05).

Next, we examined whether the extinction facilitated by
the injection of PP2 before the extinction training was
maintained for 24 h later. As shown in Fig. 1d, the freezing
time during the test (5 min) was significantly lower in the
PP2 group (# = 11) than in the vehicle group (»=12)
(P <0.001). The freezing time in the PP3 group (# = 11)
was unchanged in comparison with the vehicle group.

As shown in Fig. 1, inhibition of SFKs facilitated the
extinction of contextual fear. However, as PP2 is not
selective for any individual SFK, next we attempted to
biochemically identify the SFK that was involved in the
extinction. On the basis of the pilot study, we conducted
stronger extinction - training consisting of a 30 min
reexposure to- the context to identify clear differences
between the SFKs. ‘As ‘shown in- Fig. " 3a, the mice
reexposed to- the context for 30min (Ext30, # = 12)
exhibited ‘significantly lower freczing levels than the
control mice (0 min reexposure; Ext0, »'= 12) during the
test (P < 0.001).

Next, we attempted to identify the SFK that exhibited-a
significant change after the extinction: training.: Hippo-
campal tissue was dissected immediately after: training,
and immunoprecipitation: was performed with- antibody
against: individual SFKs: (Fyn, Src, and Yes). Thirteen
to 14 animals were used in each group. Each immuno-
precipitate: was probed with -the antibody against the
phosphorylated . Tyr418 - residue of - SFKs = (pSrc418),
because ' SFKs. are  activated: by - phosphorylation  at
Tyr418. As shown in Fig. 3b, the pSrc418 level in the
immunoprecipitated Fyn (2.<0.001) and Src (P < 0.01)
of the ‘Ext30’ group was significantly lower than in the
‘Ext0’ group. The immunoprecipitate with anti-pSrc418
was:then probed with each SEK antibody. The amount of
Fyn in the ‘Ext30’ immunoprecipitate was significantly
lower than in the ‘Ext0’ immunoprecipitate (P < 0.001),
and:either Yes or Src was hardly detected in the anti-
pSrc418 immunoprecipitate. On the basis ~of  these



1464 NeuroReport 2009, Vol 20 No 16

Fig. 3
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Activated Fyn in the hippocampus after extinction training. (a) Mean percentage freezing time during the 5min test 1 day after extinction by
reexposure to the context for 30 min. (b) Western blot analysis of each immunoprecipitated Src family of tyrosine kinase (SFK) protein. The panel on
the left shows the density of pSrc418 normalized to that of immunoprecipitated Fyn, Src, and Yes, respectively. The panel on the right shows the
density of Fyn in the immunoprecipitate by anti-pSrc418. (¢} Western blot analysis of the hippocampal tissue during the course of extinction training.
The level of pSrc418 is shown as the density of pSrc418 normalized to the density of Fyn. The level at-'Ext0’ was set to 1.0. **P<0.01;

**++P<0.001. IP, immunoprecipitation.

findings, activated Fyn accounted for most of the
activated. SFK in. the hippocampus, and for the. most
significant decrease after extinction training.

We then investigated the changes in activated Fyn during
the course. of extinction training: by performing Western
blotting of hippocampal tissue dissected immediately after
extinction training for different times (3;.15; 30 min).. Thir-
teen to 14 animals were used in each group. As shown in
Fig. 3c, the pSrc418 level decreased during. the: course: of
extinction training. A one-way ANOVA of the pSrc418 level
during extinction training showed a main: effect of extinc-
tion time [F(3,50) = 14.752, P < 0.0001].

We also investigated whether the decrease in activated
Fyn was dependent-on the extinction of contextual fear
memory ‘by ‘exposing mice to the behavioral procedure
shown in Fig: 2a. 'Ten to 12 mice were used in each group.
In this experiment, the ‘Context’ group was exposed to
the context alone without pairing with.'a foot shock.
The *Shock’ group received foot shocks immediately after
being placed in: the context. This procedure causes a
defective association between the context and the shock,
called ‘immediate shock deficit’ [13,14]. As shown in
Fig: 2b, the pSrc418 level decreased significantly in the
‘Ext30% group ' in  comparison with the ‘Ext0’ group
(P < 0.001). In contrast, the differences in pSrc418 levels
in‘the ‘Context’ and ‘Shock’ group were not statistically
significant from the level in the *Ext0’group. This finding
clearly ‘confirms - that the downregulation of -activated
SEKs; mostly activated  Fyn, depends- on: fear ‘memory
extinction.

Discussion

The results of  this study show that inhibition of
hippocampal SFKs activity by PP2 facilitates extinction
of contextual fear. In contrast,. the. level of activated
Fyn in the. hippocampus decreased significantly during
the course ‘of extinction training, and the decrease was
dependent on the extinction of contextual fear memory.
These . results strongly. suggest: that downregulation of
hippocampal  Fyn  activity facilitates- the . extinction  of
contextual fear memory.

Downregulation - of cyclin-dependent kinase: 5 (Cdk5) in
the hippocampus has also be¢n reported to facilitate
extinction of contextual fear [15]. Fyn regulates Cdk5
activity through Tyr15 phosphorylation; and Fyn and Cdk5
are involved in the regulation of dendritic-growth through
the control “of cytoskeletal - reorganization  [16]. Actin
rearrangement and: the subsequent alteration of synaptic
structures in the hippocampus are now: considered to be
one of the mechanisms that underlie  fear memory
extinction [17]. Accordingly, both Fyn and Cdk5 in the
hippocampus are presumed to be involved in the regulation
of “contextual fear. extinction by: crosstalk for synaptic
remodeling through the cytoskeletal rearrangement:

We have reported earlier that activation: of the  Fyn
signaling pathway. in the hippocampus is required for
acquisition of contextual fear memory [6], and the results
of this study suggest that contextual fear extinction is
regulated by counteracting the Fyn signaling pathway, and
that mechanisms that downregulate activated Fyn might
be involved in the process of extiriction. The phosphatase
activity of calcineurin’'in the amygdala-has been reported




to be upregulated during extinction, and Akt, which is
involved in fear memory acquisition, has been reported to
be dephosphorylated [18]. Accordingly, any tyrosine phos-
phatase that dephosphorylates the activated Fyn may be
an upstream regulator of Fyn in fear memory extinction.
Further study will be necessary to identify the phospha-
tase that acts on the Fyn signaling pathway in extinction
of contextual fear.

Conclusion

We showed that inhibition of SFK activity in the
hippocampus facilitates—extinction of contextual fear.
Furthermore, among the SFKs investigated only activated
Fyn was downregulated after extinction learning. These
results strongly suggest that Fyn regulates extinction of
contextual fear memory.
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Abstract

Fyn; a Src-family kinase, is highly expressed in brain: tissue and blood cells. In the ‘mouse brain, Fyn participates in brain
development, synaptic transmission through the phosphorylation of N-methyl-p-aspartate: (NMDA) receptor: subunits; and the
regulation of emotional behavior. Recently, we found that Fyn is required for the signal transduction in: striatal neurons that is
initiated by haloperidol; an antipsychotic drug. To determine whether Fyn abnormalities are present in patients with schizophrenia,
we analyzed Fyn expression in platelet samples from 110 patients with schizophrenia, 75 of the patients’ first-degree relatives, and
130 control subjects. A Western blot analysis revealed significantly lower levels: of Fyn protein among the patients with
schizophrenia and their relatives, compared with the level in' the control group. At the mRNA level, the splicing pattems of fin
were altered in the patients and their relatives; specifically; the ratio of fynA7, in which exon 7 is absent, was elevated. An
expression study in HEK293T cells revealed that FynA7 had a dominant-negative effect on the phosphorylation of Fyn’s substrate.
These results suggest novel deficits in Fyn function, manifested as the downregulation of Fyn protein or the altered transcription of
the fyn gene, in patients with schizophrenia.
© 2008 Elsevier Ireland Ltd. All rights reserved.
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disruption of the fyn gene in mice results in the disarray
of hippocampal cell orientation (Grant et al., 1992),
defective cortical upper layer formation (Yuasa et al.,
2004), and myelin deficits in the forebrain (Sperber
et al., 2001). Interestingly, hippocampal pyramidal cell
disarray (Kovelman and Scheibel, 1986; Conrad et al,,
1991; Casanova and Rothberg, 2002), abnormal cortical
upper layer formation (Armold et al., 1991; Selemon
et al, 1998; Benes et al., 2001) and deficits in
myelination (Davis et al., 2003; Tkachev et al., 2003)
have also been reported in brain tissue from patients
with schizophrenia.

In postnatal brains, Fyn is localized at postsynaptic
densities and regulates NMDA receptor activity by
phosphorylating its NR2B subunits (Salter and Kalia,
2004). This Fyn-mediated phosphorylation of NR2B is
involved in learning (Grant et al., 1992), ethanol
tolerance (Miyakawa et al., 1997), and susceptibility
to seizures (Kojima et al., 1998).. Fyn also regulates
emotional behavior in mice. Fyn-deficient mice exhibit
increased fearfulness and defective maternal behavior
(Yagi, 1999).

Recently, we found that Fyn is also involved in
dopamine D2 receptor (D2-R) signaling (Hattori et al,,
2006). Fyn-deficient mice do not manifest the extrapyr-
amidal symptoms induced by haloperidol. Haloperidol or
a-D2-R-selective antagonist,-1.741,626, induced Fyn
activation, and subsequently NR2B phosphorylation; in
the: striatum of wild-type mice but not in that of Fyn-
deficient mice. Using calcium imaging, we also found that
Fyn is required ‘for the D2-R-mediated regulation of
NMDA receptors in striatal neurons. Clozapine was also
reported to upregulate NMDA receptor function in the
nucleus - accumbens. of . mouse  brain;- this effect was
inhibited by a _Src-family-tyrosine-kinase inhibitor
(Wittmann et al., 2005). Thus, Fyn participates in the
molecular pharmacology of antipsychotics.

Platelets' are membrane-encapsulated 'fragments of
megakaryocytes. Although platelets have no nucleus,
they are metabolically -active and - are able to- express
functional membrane receptors such as SHT-2A receptors
(Plein and Berk, 2001), NMDA receptors (Hitchcock et
al., 2003) and D2-R (Martini et al., 2006). Since platelets
have several properties in common with monoaminergic
neurons, both of which can transport, metabolize, store
and release monoamines — especially for 5-HT- they are
often used as a peripheral marker in psychiatric illnesses,
including major depression, panic disorder and schizo-
phrenia (Plein and Berk, 2001). Among hematopoietic
cells, platelets contain particularly high levels of Fyn
(Brickell, 1992), which participates in platelet aggrega-
tion (Crosby and Paole, 2003).

Taking these findings into account, we used Western
blotting to evaluate the expression of Fyn' protein in
platelets from patients with schizophrenia, first-degree
relatives of the patients, and healthy controls. Further-
more, we semi-quantitatively examined the fim tran-
scripts (fyimB, fynT and fynAT7) in platelets from the
patients and their relatives. Consequently, we found a
reduction in Fyn protein and a relative increase in fynA7
in the patients with schizophrenia and their relatives. We
further analyzed the function of FynA7 protein using
over-expression studies in HEK293T cells and observed
a dominant-negative effect on the phosphorylation of
Fyn’s substrate. The significance of the altered expres-
sion of fyn to the pathogenesis of schizophrenia is also
discussed in the present report.

2, Methods
2.1. Clinical subjects

Participants comprised 110 patients with schizo-
phrenia (60 men and 50 women, mean age 31.4 %
10.6 years) who had been diagnosed and subtyped
according to DSM-IV criteria by two well-trained
psychiatrists (HL.F. and T.H.) Antipsychotic medica-
tions at clinically determined dosages were being
administered: to:-102 ‘patients. Psychiatric symptoms
were assessed using the Brief Psychiatric Rating Scale
(BPRS) (Ventura et al., 1993) by the same psychia-
trists. Seventy-five first-degree relatives of the patients
(40 men and 35 women, mean age 54.7 + 11.4 years)
who were. ascertained and interviewed by the same
psychiatrists also participated in this study. Relatives
with a psychiatric history were: excluded. For non-
patient controls; 130 volunteers who did not have a
psychiatric history (67 men and 63 women, mean age,
27.8 & 6.5 years) were recruited from among both the
hospital staffs and the students at Kagoshima Uni-
versity. None of the participants showed evidence of
acute infectious,- inflammatory, - or-neurological - dis-
eases. Informed consent was obtained from all the
individuals. The procedures used in this study were
approved by the ethics committees of both Osaka
University and Kagoshima University.

2.2. Sample preparation

Peripheral blood samples were collected between 2
pm and 3 pm and were processed for platelet preparation
within 2 h.” Platelets ‘were obtained by differential
centrifugation (Lingjaerde and Kildemo, 1981); Briefly,
samples containing 30 ml of heparinized - peripheral
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blood were spun at 50xg for 15min; the supernatant was
then spun at 1000xg for another 15min. The resulting
precipitate was dissolved in 1 ml of phosphate- buffered
saline (PBS), divided into three tubes, and centrifuged at
1000xg for 15 min; the precipitates were then frozen and
stored in liquid nitrogen until use.

2.3. Western blotting

The Western blotting method used in this study was
described previously (Hattori et al,, 2006). Briefly,
samples were solubilized in SDS sample buffer (50 mM
Tris—HC1 [pH 6.8}, 5% SDS, 10% glycerol, 1 mM
sodium orthovanadate), sonicated, and spun at 20,000xg
for 15 min. The supernatant was collected, and the
protein concentration was measured using a BCA
Protein Assay (Pierce). After.the addition of 40 mM
of dithiothreitol, the samples were boiled for 5 min, and
an equal amount of protein (20 pg) from each sample
was subjected: to. SDS-polyacrylamide (10%)- gel
electrophoresis. The proteins were then transferred to
PVDF membranes. The membranes were blocked
with 10% skim milk, probed with a rat monoclonal
anti-Fyn antibody (yC3, raised by Dr. Masahiro Yasuda
(Yasunaga et al., 1996)), and further probed with a
peroxidase-conjugated anti-rat IgG antibody (diluted
1:20,000; - Jackson).. Immunoreactive. proteins. were
visualized using ECL-plus (Amersham) and an ATTO
Cool Saver (ATTO). The membranes were then stripped
with stripping buffer (100 mM B-mercaptoethanol, 2%
sodium dodecyl sulphate; 62.5 mM Tris=HCI [pH 6.7])
at 50.°C for 30.min. After being washed and blocked,
the membranes were reprobed with an anti-B-tubulin
antibody (H-235, diluted 1:4000; Santa Cruz) followed
by a peroxidase-conjugated anti-rabbit IgG antibody
(diluted 1:20,000; Jackson).. As-a pilot study, we
evaluated the Fyn concentrations in platelet samples
obtained from five control subjects at six time points
during a 3-week time period. A two-way analysis of
variance (ANOVA) detected no significant differences
in the Fyn band densities measured at the various time
points in each subject, but significant differences among
the control subjects were detected (Fig. S1).

2.4, Chronic antipsychotic treatment in mice

Thirty .10-week-old - C57BL/6J male mice were
purchased from Clea Japan (Tokyo, Japan). Haloperidol
decanoate (Janssen Pharmaceutical) was diluted with
sesame: oil (The Japanese Pharmacopoeia) and was
injected intramuscularly (in: the  quadriceps muscle)
using an insulin syringe (Terumo 0.5mL, 29G x:1/2) ata

dose of 20 pl/10 g body weight for 3 weeks (one
injection per week) under anesthesia (pentobarbital,
50 mg/kg). One week after the third injection, blood was
collected under anesthesia by cardiac puncture using
syringes containing 10 U of heparin. Platelets were
prepared as described above with appropriate modifica-
tions for the mouse samples (Schraw et al., 2003). In
brief, blood was diluted with an equal volume of saline,

_and 0.5 ml of sample was spun at 100xg for 10 min; the

supernatant was then spun at 5000xg for 2 min. The
samples were then analyzed as described above. All
experimental procedures were performed in accordance
with the guidelines of the United States’ National
Institutes of Health (1996) and were approved by the
Animal. Care Committee of the National Institute of
Neuroscience, NCNP.

2.5. RNA extraction, RT-PCR, and cloning

Total RNA was isolated from samples using. TRIzol
reagent (Invitrogen) and reverse transcribed using Super-
Script I (Invitrogen) and an oligo-dT primer. As a result
of. alternative: splicing, . the fyn gene encodes three
isoforms: fymB; which. inclades exon 7A; fymT, which
includes - exon 7B; and fynA7, which lacks exon 7
(Goldsmith et al.; 2002). The finB, inT; or fin A7 cDNA
region, spanning a region from nucleotide 38 upstream of
the start: codon through to nucleotide 64 downstream of
the stop codon, was amplified using LA-Taq polymerase
(Takara). and the primers hfyn-30F (5-AGTTTGT-
GATCGTTGGCG-3'). and hfyn+S0R. (5'-TGAAAGC-
TAATGGGGAGG-3’). The PCR: products were: then
ligated into-a pBluescript -SK-vector (Stratagene).: The
nucleotide sequences: of fynB and fmT were based on
GenBank NM..002037 and S74774; respectively.

2.6. Competitive RI-PCR

Modifications of the: PCR . and runoff procedures
(Weil et al,, 1999) were used. Briefly,: cDNA was
amplified using Ex-Taq polymerase: (Takara) with the
primers  hfyn390F - (5'-ACAGGTTACATTCCCAGC-
3’) and FAM-hfyn850R (5'-FAM:GTGTTTCCATAC-
CAGGTACC-3’). The PCR fragment was then purified
using Suprec-PCR (Takara) and analyzed using an ABI
Prism 3100 Genetic Analyzer:

2.7. Real-time RT-PCR
The methods for Real-time PCR have been described

previously (Isosaka et al;»2006) using: SYBR Green
Mix and an ABI PRISM 7900 HT (Applied Biosystems).
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The primer combinations were hGAPDH20F (5'-
GTCAACGGATTTGGTCGTATTGG-3') and hGAPD-
Hex3RV (5’-GACAAGCTTCCCGTTCTCAG-3') for
GAPDH, and hfyn610F (5'-AAAATTCGCAAACTT-
GACAATGGT-3’') and hfynT719R (5’-AAACA-
CAAACCGTCAGCTTTCTCT-3') for fnT. fynT- and
GAPDH-containing plasmids were prepared, and serial
dilutions of the plasmids were used as standards. The
number of molecules of each ¢cDNA in a giyen sample
was normalized to the number of GAPDH cDNA
molecules in the same sample. Samples that contained
less than 1000 GAPDH molecules or less than 10 fimT
molecules per- test tube (1 pl cDNA) were omitted.
Expression levels (finT / GAPDH x:1000) within the
mean+2 x S.D. were included in further analyses.

2.8. In vitro expression

Full-length ¢cDNAs for fmB, finT, and fmA7 in
pBlueScript SK-vectors described above were transferred
into" the pcDNA 3.1 (Invitrogen) expression: vector. The
expression plasmid for the Fyn substrate, CD8-¢ chimera
(Ghosh et al;; 2004) was a kind: gift from-Dr: Sachiko
Miyake (National Institute of Neuroscience, NCNP, Japan),
with: the permission: of Dr.'Hamid Band  (Northwestern
University). HEK293T cells: were transfected  with the
constriicts using Lipofectamine 2000 reagent (Invitrogen).
After 24 h; the cell samples were harvested in the sample
buffer and * Western ‘blotted, as ' described above. The
immunoprecipitation methods were described previously
(Hattoriet al., 2006). Briefly, cells were lysed in lysis buffer
(10 mM Tris=HCL [pH 7.5], 1% Triton X-100,.0.1%
sodium: deoxycholate, 0.1% SDS; 150 mM NaCl, 1. mM
EDTA, and 1 mM Na;VOQy), sonicated and spun down to
remove ' insoluble material. The samples were then
precleared with protein G-sepharose (Amersham), incu-
bated for 1 h at 4 °C with 1 pg of anti-Fyn antibody (yC3),
and then incubated 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 pl of SDS sample
buffer. The separated proteins were then Western blotted; as
described above. To evaluate tyrosine phosphorylation, the
blot was probed  with ‘an ‘anti-phosphotyrosine antibody,
pY 100 (Cell Signaling Technology), followed by perox-
idase-conjugated anti-mouse IgG. To evaluate CD8-( the
blot was probed with anti-CD3-¢ antibody (6B10.2; Santa
Cruz), followed by peroxidase-conjugated anti-mouse IgG.

2.9. Kinase assay

HEK293T cells transfected with fimB, fimT, or finAT
in-60-mm dishes: were eluted in '1'ml of TNE buffer

(10 mM Tris—HCl [pH 7.5], 1 mM EDTA, 150 mM NaCl,
1 mM Naz;VO,, 1% Nonidet P-40). The eluate was then
immunoprecipitated, as described above, with 2 pg of
anti-Fyn antibody (yC3). After being adsorbed to protein
G-sepharose, the immunoprecipitates were washed three
times with TNE buffer and twice with kinase assay buffer
(50 mM Tris-HCI [pH 7.4], 3 mM MnCl,, and 0.1 mM
NazVOy). For the kinase assay, the immunoprecipitate,
2.5 pg of acid-treated enolase, and 10 pCi of y >°P-ATP
were added to 25 pl of kinase assay buffer. Phosphoryla-
tion was allowed to proceed at 30°C for 10 min, and the
phosphoproteins were resolved by SDS-polyacrylamide
(10%) gel electrophoresis, followed by autoradiography.

2.10. Statistical analyses

Unless specified, Bartlett’s test was used to analyze the
homogeneity of variance; and the differences between the
means: were : compared: using ‘a one-way ANOVA,

followed by a post-hoc Dunnett’s test (StatView-J 5.0).

3. Resuilts

3.1. Fyn protein concentration is lower in platelets from
patients with schizophrenia

To survey the patients with schizophrenia for- Fyn
protein -abnormalities, we' examined platelets’ from- the

A Standard
w2 4 87

Schizo Control

Relative Fyn
Band density

Cont Rel Sch

Fig. 1. Decréased Fyn: protein’ in pIaielets from patients with
schizophrenia: (A) Representative blot of the Fyn protein analysis.
Many samples from patients with schizophrenia' (Schizo) exhibited
weaker Fyn immunoreactivity than the control samples. (B) The mean
intensity of the Fyn band was significantly lower in the patient group —
and to a lesser degree in the relative group - than in the control group.
The density of each 59-kD band was measured and compared with that
of a standard sample (4 pl lane, density=1.0) that was run on every
blot. Control (Cont, n =110); relative (Rel, n =71); schizophrenia
(Sch, 7=100). Each bar represents the mean+SEM. = *, P<0.01; one-
way ANOVA followed by Dunnett’s test:
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patients, their first-degree relatives, and healthy control
subjects using Western blotting for Fyn protein. The Fyn-
immunoreactive bands from the healthy control subjects
were consistent and strong. In contrast, many samples
from the: patients with schizophrenia showed weak Fyn
immunoreactivity (Fig. lA). To further examine the
relationship between Fyn immunoreactivity -and schizo-
phrenia, we measured the density of each band and
standardized the densities by comparing them with the
densities of the standard lanes (a mixture of 10 contro}
samples with volumes of 2, 4 or 8 pl and a band density of
1.0 for the 4<pul sample) on each membrane. The mean
intensity was significantly lower among the patients with
schizophrenia, and to lesser extent among their relatives
(Figs. 1B and S2A), than among the control group. Age,
schizophrenia subtypes (Fig. S3A), BPRS scores and
antipsychotic dose had no effects on the Fyn band
densities. We . also found that chronic haloperidol
treatments (haloperidol decanoate, 0—-25 mg/kg, single
injection per week for 3weeks) did not change the platelet
Fyn concentration in mice: (Fig; S4).

3.2. Detection of an: alternative splice form of the fin
transcript in samples from patients with schizophrenia

To determine whether: the above-mentioned: reduc-
tion in Fyn protein originated because of an alteration'in

the fyn transcript, we performed RT-PCR for mRNA
from each platelet sample. After amplifying the full-
length fyn cDNA, we found an extra fragment that was ~
150 bp shorter than the normal fyn transcripts, fynT and
fymB (Fig. 2A). The intensity of the extra band was
stronger in the samples from the patients with schizo-
phrenia (Fig. 2A) and their relatives (Fig. S2B) than in
the control samples. The extra band was cloned and
sequenced, and the product was identified as a fyn splice
variant lacking exon 7, previously described as fynA7
(Goldsmith et al., 2002) (Fig. 2B).

3.3. finA47 mRNA is preferentially transcribed in samples
Jfrom patients with schizophrenia

Because the result of the above-mentioned PCR
study suggested. that the expression of fimA7 was
higher in the samples from patients with schizophrenia,
we petformed semi-quantitative. RT-PCR. (Weil et al.,
1999) to -evaluate the relative amounts. of each fyn
isoform. mRNA from each sample was amplified with
primers that hybridized to regions upstream and down-
stream of exon 7 (Fig. 2B). Electropherograms. of the
PCR products. obtained using an automated sequencer
revealed  that- these. PCR- products - contained - fynB,
JynT; and finAT; fymB. differed from fmT by 9bp, and
JynAT was: 156bp shorter than faT: (Fig.: 2C). The

A C
fynT
fynA7
H i!‘yne
Schizo Control ! =
. 156bp gbp
Exon
B —EHAEHE— D 0.8 fynB 026y fynA7
SH4 SH3 sH2 Kinase Domain 0.20 i
P ey —— ° : *
fynB 20 0.15
fynT [ IIZ-E’ ] < 0.10
] k 0.05
<o 0.5 0 0

e ot
hfyn390F FAM-hfyn850R C RS C RS CRS
Fig. 2. Splicing pattems of fyn in samples from patients with schizophrenia. (A) Electrophoresis of fyn PCR products shows that in addition to the
main band (~ 1600 bp), a smaller band (~ 1450 bp) was more obvious in the samples from the patients with schizophrenia (Schizo). (B) Schematic
representation of the splice variants of fyn. As aresult of alternative splicing, fim produtces 3 isoforms: finB; which includes exon 7A; fmT, which

includes exon 7B; and fyn A7, which lacks exon 7. Cloning and sequencing revealed the extra band (~ 1450 bp) to be fmA7. (C) mRNA from each

sample was amplified using semi-quantitative RT-PCR and primers that hybridized to either side of exon 7. An electropherogram created using an
automated sequencer revealed that the PCR products were fynB, fynT, and fynA7. The lengths and fluorescence intensities of the products were
measured and compared. (D) The mean ratio of the /T intensity divided by the sum of the intensities of all 3 isoforms was significantly lower in the
patient and relative groups, compared with that in the control group. The mean ratio of /mB was similar for each group. The mean ratio of finA7 was
significantly higher in' the patient and relative groups, compared with that in the control group. Control (C, n =127); relative (R, n ' =55);
schizophrenia (S, #:=100). One-way ANOVA followed by Dunnett’s test. Each bar represents the mean+SEM. . *, P<0.05; ¥*, P<0.01.
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fluorescence intensities of each product were also
measured and compared. As shown in Fig. 2D, the
mean ratio of the fynB intensity divided by the sum of
the intensities of all three isoforms was similar for each
group. On the other hand, the mean intensity of fynT
was significantly lower while that of fynA7 was
significantly higher in the patients with schizophrenia
and their relatives, compared with that in the control
- .group (Fig. 2D). The extent of the increased fynA7 ratio
tended to be greater among the relatives than among the
patients with schizophrenia. A’ correlation analysis
showed no significant relationship between the level
of the Fyn protein density and the fynA7 exptession
ratio. Age, schizophrenia subtypes (Fig. S3B), BPRS
scores and antipsychotic dose had no significant effects
on the finA7 expression ratios. To clarify whether the
Jfyn mRNA expression level had changed in the patients
with schizophrenia, we analyzed the amount of one of
the splice variants; fynT, using quantitative RT-PCR in
the patient and control samples. Samples with less than
1000 GAPDH molecules or less than 10 fynT molecules
pet test tube (1 pl'cDNA) were omitted, and samples
with expression levels (fynT / GAPDH x°1000) that fell
within the mean #+ 2 S.D. were included in subsequent
analyses. The ‘mean- expression levels of fnT in the
patient - and ‘control “groups ' were not - significantly
different (Fig. SSA). Then, we calculated the expression
levels of the fmA7 isoform using the quantitative RT-
PCR and competitive RT-PCR ‘data. The mean fynA7
expression level tended to be higher in the schizophrénia
group than in the control group, but the difference was
not statistically. significant (P = 0.16, Student #-test)

(Fig. S5B).
3.4. General characteristics of FynA7 protein

To characterize the functional role of the fmA7
transcript, we performed an expression analysis using
HEK293T cells. The fynA7 franscript produced a
smaller protein (53kD) than the normal fmT product
(57kDa), and a protein of similar size was also detected
as an extra band in some schizophrénia platelets
(Fig. 3A). Next, we compared the tyrosine-kinase
activity of each fyn isoform in HEK293T cells. While
transfection. with vectors containing fynB or finT
enhanced the protein- tyrosine phosphorylation, such
enhancement was not detected after fn A7 transfection
(Fig. 3B). We also found that transfection with the
fynAT vector produced a smaller amount of Fyn protein,
compared with the fmB and fynT vectors (Fig: 3B, C).
To further characterize the kinase activity of FynA7, we
petformed "an' in vitro kinase assay. As: previously

A  Platelets HEK

C Relative Fyn
2_Band density

1.04
0.8+
0.8+

12 3 4 TA7

enolase—

Fyn IP:Fyn
Y WB:Fyn

Fig..3. General characteristics of FynA7 protein. (A) In. addition to
normal Fyn products (59 kDa), extra Fyn bands with sizes similar to that
of the FynA7 (53-kDa) protein produced in HEK293T cells were
observed in the samples from patients with schizophrenia. Platelets (1,
control; 2—4; schizophrenia).” (B) The fynA7 vector did not produce
kinase activity and produced a lower amount of Fyn protein. While
transfection with fymB or fynT vectors enhanced tyrosine phosphorylation
in HEK293T cells, as detected using an anti-phosphotyrosine antibody
(pY100), such enhancement was not detected after fynA7 transfection. In
addition, the Fyn band density of FynA7 was lower than that of FynB or
FynT. Equal amounts (20 pg) of total cell lysate protein from each sample
were analyzed using wester blotting, (C) One-way ANOVA followed by
the Bonferroni/Dunn test revealed that the miean band density of FynA7
was significantly lower than that of FynB of FynT. Each bar represents
the mean = SEM. *, P<0.001. (D) FynA7 did not autophosphorylate
nor phosphorylate enolase: Kinase activity was measured by an in vitro
kinase assay using [y- >2PJATP, acid-treated enolase, and one of the
FynB; T, or A7 protein isoforms. WB, Wester blot; IP, immunopreci-
pitation; B, imB; T, pmT; A7, finAT; C, control vector (pcDNA 3.1).

reported (Goldsmith et al, 2002), we confirmed that
FynA7 possessed neither autophosphorylation activity
nor the ability to phosphorylate enolase added as an
exogenous substrate (Fig. 3D).

3.5. Fynd7. has a dominant-negative effect on Fyn's
kinase activity

Even if FynA7 lacks kinase activity, it still has SH3 and
SH2 domains that are important for substrate binding or
ligand recognition (Li; 2005). Therefore, we supposed that
FynA7 may have a‘dominant-negative. effect on -Fyn’s
kinase activity. To test this possibility, HEK293T cells were
transfected with plasmids encoding FynB protein and/or
FynA7 protein plus a Fyn substrate, CD8-¢ chimeric
protein (Ghosh et al., 2004); CD8-{ phosphorylation was
then analyzed using Western blotting (Fig. 4A): The FynB-
induced phosphorylation of CD8-¢ was' attenuated by the
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Fig. 4. Expression of FynA' 7 attenuates the tyrosine phosphorylation of Fyn’s'substrate, CD8-{ chimera: (A) HEK293T cells were transfected with
plasmids encoding FynB protein and/or FynA 7 protein and a CD8-{ chimeric protein as an internal indicator of tyrosine phosphorylation activity.
The total amount of plasmid DNA was adjusted to 0.8 ug using pcDNA3.1. Twenty-four hours after transfection, the cell lysate proteins were resolved
by SDS-PAGE, transferred, and probed with anti-phosphotyrosine, pY100, anti-Fyn and. anti-CD3-{ (also recognizes CD8-() antibodies. The
addition of FynA 7 attenuated the phosphorylation of CD8-¢. (B) Densitometric analysis of the Fyn-mediated phosphorylation of CD8-¢. The band
densities of phospho-CD8-{ (38 kD) on the pY 100 immunoblots were measured and normalized by the FynB (59 kD) band densities. FynA7 dose-
dependently attenuated CD8-¢ phosphorylation. Each bar represents the mean+SEM. *, P<0.01; **  P<0.001. One-way ANOVA followed by the

Bonferroni/Dunn test:

coexpression of FynA7 (Fig. 4B). FynA7 had the same
effect on the FynT-mediated phosphorylation of CD8-{
(data not  shown). .Therefore; FynA7 had a dominant-
negative effect on wild-type Fyn kinase activity.

4. Discussion

In the present study, we revealed a decrease in Fyn
protein levels and an increase in fynA7 mRNA ratio, a
defective fyn isoform; in platelets from' patients with
schizophrenia. We: also found that FynA7 induces a
dominant-negative ‘effect on the phosphorylation of
Fyn’s substrate.

Altered expression levels of several molecules have
been reported in platelets from patients with schizo-
phrenia. These alterations include increased levels of the
5-HT,, receptor (Arranz et al, 2003), the integrin
abBriia receptor (Thakore et al., 2002), and mitochon-
drial complex I (Dror et al;; 2002), and a decrease in the
cAMP-dependent protein kinase (PKA) regulatory
subunit (Tardito et al:; 2000). Interestingly, the integrins
and PKA are functionally related to Fyn. Src-family
kinases, including Fyn, regulates the binding activity of

integrin . oy By receptors: of platelets. (Bauer: et al,,
2001). PKA is a major. modulator of Fyn activity in the
neurons (Salter and Kalia, 2004), though it is unclear if
platelets also have: this pathway. Thus, the decredse. in
Fyn expression may represent one aspect of a defective
molecular: pathway in. platelets from patients. with
schizophrenia.

Ohnuma et al. described an increase in fyn. mRNA
and Fyn protein levels in- postmortem brains  from
patients with schizophrenia (Ohnuma et al., 2003a). Six
samples of prefrontal cortex from patients with schizo-
phrenia were studied using in situ: hybridization and
immunoautoradiography; the signal intensity was stron-
ger in the samples from the patients than in the samples
from the controls.:The increase in the fyn mRNA level
was not incompatible with our findings because it might
have been due to the increase in frA7. On: the other
hand, the Fyn protein level was increased, rather than
decreased, in: the prefrontal cortex of these patients.
Various factors; such as differences in the tissues that
wete analyzed (brain vs: platelets); the method of
analysis, and disease heterogeneity probably underlie
the discrepancy: between our study- and. this previous
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study. Schizophrenia is not a uniform disease caused by
a single gene defect, but a heterogeneous disorder
resulting from multiple genetic, epigenetic and non-
genetic factors. Recently, some components or endo-
phenotypes of schizophrenia have been suggested to be
more closely linked to specific genes that contribute to a
vulnerability to this disorder (Braff et al., 2007). Though
our demographic data, including the age of onset, the
dosages of antipsychotics, and the BPRS scores, were
not statistically correlated with the levels of Fyn mRNA
and protein, patients with the residual type of schizo-
phrenia tended to have a lower fyn A7 mRNA ratio than
patients with the other types of schizophrenia
(Fig. S3B). Thus, further studies using brain tissue or
blood should include an evaluation of the subpheno-
types as well as each of the splice forms of fyn.

Interestingly, it has been reported that unmedicated
patients with schizophrenia exhibit attenuated extrapyr-
amidal symptoms compared with healthy volunteers
after haloperidol administration (Miller et al., 1993). As
Fyn-deficient mice do not exhibit extrapyramidal signs
after haloperidol injection. (Hattori et al.;: 2006), the
alterations in Fyn-expression in-human brains may also
reduce sensitivity to antipsychotics.

A tendency towards an increased fynA7 among the
schizophrenia patients was also found using quantitative
PCR in a subset of samples (Fig. S5B). However, no
significant correlation between the levels of Fyn protein
and the fynA7 mRNA ratios was observed. Therefore,
the decreased protein levels in the schizophrenia patients
cannot be simply explained by a change in the mRNA
level. The ‘reduction in Fyn: protein may have been
caused by other mechanisms, such as ‘a reduction in
synthesis and mis-sorting, the destabilization of the Fyn
complex; or an increase in degradation. Jn vitro studies
have suggested that fyn A7 produces a lower amount of
Fyn protein and exerts a dominant-negative effect on the
activity of wild-type Fyn. Thus, the alterations in Fyn
protein and fym mRNA may contribute to the depression
of Fyn function through different mechanisms.

The mechanism responsible for the increased ratio of
fynAT in patients with schizophrenia is unclear. It may
be due to alterations in splicing, mRNA stability, or
degradation. Variations in exon and intron sequences are
thought to alter the balance: in the ratio of alternatively
spliced isoforms (Pagani and Baralle; 2004). Intetestingly,
the fjm gene is located on 6q21; this locus was included in
a ‘positive area identified by ‘a ‘schizophrenia linkage
analysis (Cao et al;- 1997), which was supported by
several large-scale studies: (Martinez et al., 1999;
Levinson et al.; 2000; Lewis etal., 2003). Two previous
studies evaluated the association between fyn genomic

variations (three SNPs) and schizophrenia (Ishiguro et al.,
2000; Ohnuma et al., 2003b) and did not find any
association. Recently, Rybakowski et al. examined an
association between these variations and performance on
the Wisconsin Card Sorting Test (WCST) in patients with
schizophrenia (Rybakowski et al., 2007). They found two
variations in the introns that were associated with better
performances. A linkage disequilibrinm existing between
introns 8 to 12 includes one of these variations (www.
hapmap.org). Given that fynrA7 does not exert kinase
activity and even exerts a dominant-negative effect on the
activity of wild-type Fyn and that Fyn mediates the
phosphorylation of NMDA-R to increase channel activity,
variations between-exons 6 to 8 that regulate exon 7
splicing may affect WCST performance. Further studies
should include an analysis of sequences in that area as
well as an evaluation of WCST performance.

Inconclusion, we. identified a reduction in Fyn
protein and the preferential transcription of fimA7, a
defective fyn isoform, in the platelets of patients with
schizophrenia; these findings suggest a defective
molecular pathology for this disorder.
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