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photo-beam sensors (25-mm intervals for the horizontal
axis and 150 mm for the vertical axis) for 60 min.

Context fear learning and latent inhibition

The test paradigm of contextual conditioning was
based on the work by Zhang et al. (39). The rats receiving
ZD1839 or vehicle were transported to the laboratory at
least 30 min prior to the fear-conditioning procedure.
Rats were placed in a shock chamber with a stainless
steel grid floor (21.5 cm W x20.5 cm D x 30 cm H;
Ohara Medical Industry, Inc., Tokyo) for 2 min to moni-
tor baseline movement and freezing behavior. The rats
were then exposed to a tone cue for 30 s (conditioned
stimulus, CS: 60 dB, 10 Hz) together with 2-s 0.8-mA
electric shocks (un-conditioned stimulus, US; given
twice with a 1-min interval). One day after conditioning,
the rats were returned to the same chamber and exposed
to the same CS. The time spent freezing after the start of
the CS was recorded by a video camera and averaged
every 30 s with the aid of imaging software (Ohara Medi-
cal Industry, Inc.). The rats were divided into two groups;
a preexposure group and a non-preexposure group. Ani-
mals in the non-preexposure group received the condi-
tioning alone as detailed above. The rats in the preexpo-
sure group, on the other hand, were placed in the shock
chamber for 20 min and preexposed to the same contex-
tual cue (CS) but did not receive the electric stimuli (US).
This was performed one day prior to the conditioning.
Latent inhibition score was calculated as follows:

Latent inhibition score (%) = [(mean performance of
NPE group - performance of each PE rat) / (mean per-
formance of NPE group)] x 100

Statistical analyses

The results are expressed as means + S.E.M. Statistical
differences of behavioral data were determined by analy-
sis of variance (ANOVA). When univariate data were
obtained from two groups, a two-tailed r-test was used
for comparison. Behavioral scores were initially sub-
jected to a multiple ANOVA using lesion (two levels),
drug treatment (two or three levels), and/or preexposure
to CS (two levels) as between-subjects factors and pre-
pulse magnitude (three levels) as a within-subjects factor.
We estimated the interaction of a within-subjects factor
with a between-subjects factor by multivariate analysis
of variance with Pilli compensation. As the initial analy-
ses yielded a significant factorial interaction, the data
were separated for the final analyses. We used Fisher's
LSD test for post hoc testing with multiple comparisons.
Correlations between pulse-alone startle and PPI were
examined by Pearson correlation analysis. A P value less
than 0.05 was regarded as statistically significant. Statis-
tical analyses were performed using Stat view software

(SAS Institute, Inc., Cary, NC, USA) and SPSS 11.0 for
Windows (SPSS, Inc., Tokyo). N values in parentheses
represent the number of animals used in each study.

Results

Pharmacological influences of ZD1839 on sensorimotor
gating in the VHL model

Lesioning the ventral hippocampus of neonate rats
produces abnormal behavioral traits that are implicated
in schizophrenia and its related psychiatric diseases, for
example, PPI and latent inhibition of learning (21, 22,
24). We performed neonatal hippocampal lesioning or
sham operations in neonatal rats (18) and allowed the
rats to reach the young adult stage (postnatal day 54 — 60).
Using this animal model for schizophrenia, we examined
three quinazoline derivatives, ZD1839, OSI-774, and
PD153035, which contain the core structure of 4-amino-
6,7-dimethoxy-quinazoline and inhibit the tyrosine kinase
activity of the ErbB1 receptor (Fig. 1). Almost all the rats
receiving VHL as neonates exhibit bilateral or unilateral
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Fig. 1. Chemical structures of three tyrosine kinase inhibitors for
ErbBI. Three quinazoline derivatives that inhibit tyrosine kinase
activity of the EGF receptor (ErbB1) and contain the common core
structure of 4-amino-6,7-dimethoxy-quinazolinc: ZD1839 [gefitinib,
4-(3-chloro-4-Aucrophenylamine)-7-methoxy-6(3-(4-morpholinyl)-
guinazoline], OSI-774 [tarceva, 4~(3-cthynylphenylamine)-6,7-bis(2-
methoxyethoxy)-quinazoline), and PD153035 [4-(3-bromopheny-
lamine)-6,7-dimethoxy-quinazoline].
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cell loss in the ventral hippocampus (Fig. 2A).

First, we subchronically administered ZD1839 (1 mg/
mL; 0.5 ug/) or vehicle (10% DMSO) to the lateral
cerebroventricle of adult rats receiving VHL or sham
operations as the permeability of the blood-brain barrier
to these quinazoline derivatives is limited (40). We chose
the dose of 0.5 ug ZD1839/h since our preliminary study
indicated that this dose shows the maximum efficacy in
another animal model for schizophrenia (M. Mizuno,
unpublished data). At 5 -7 days after drug administra-
tion, we measured the startle responses to a 120-dB tone
and PPI levels in these rats (Fig. 2B). The pulse-alone
startle responses (120 dB) were significantly altered by
VHL [F(1,52) = 11.1, P=0.016, ANOVA] but not by
drug administration [F(1,52) =3.77, P =0.058). There
was also a significant interaction between VHL and drug
[#(1,52) = 7.87, P = 0.007]. Post-hoc analysis indicated
that ZDI839 administration significantly increased
pulse-alone startle amplitudes in sham-operated controls
but not in VHL rats.

We measured PPl levels and found that subchronic
infusion of ZD1839 ameliorated PPI deficits of VHL rats
(Fig. 2C). A three-way ANOVA was conducted with
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between-subjects factors of treatment (VHL and sham-
operate) and drug (ZD1839 and vehicle) and a within-
subjects factor of prepulse intensities (75, 80, and 85
dB). This analysis revealed significant main effects of
VHL[F(1,52) = 63.1, P <0.001] and drug [F(1,51) = 16.6,
P <0.001] and a significant interaction between VHL
and drug [F(2,104) = 7.13, P = 0.010]. We interpret from
these data that ZD 1839 had a differential effect on VHL
and sham-operated animals. Post-hoc analysis revealed
that ZD 1839 administration significantly increased PPI
levels of VHL rats for all prepulse intensities,

As the amplitude of pulse-alone startle is the denomi-
nator of the %PPI formula, the increase of VHL rats in
pulse-alone startle might be responsible for the observed
decrease in %PPI (36, 37). To test this possibility, we
additionally prepared eight ZD1839-treated VHL rats
and eight vehicle-treated VHL rats to enhance the statis-
tical power. Individual PPI and startle values for VHL
rats and control animals were re-analyzed by the linear
regression method (Fig. 3A). When PPI levels for 80-dB
prepulse were plotted versus the magnitude of the pulse-
alone startle, there were significant and insignificant
positive correlations between pulse-alone startle and PPI

Fig.2. Brain histology and prepulse inhibition of rats
recciving ventral hippocampal lesioning as neonates. A)
Coronal brain sections were prepared from adult rats
recciving VHL as nconates and stained with cresyl violet.
Arrowheads point to the ventral hippocampal (VH) regions
containing hippocampal loss (CA3-CAd4) in a typical sec-
tion 4.5-mm posterior from the bregma; fT, fasciculus fis-
sure. Histological analysis of 48 rats showed that 25 rats
received bilateral damages of the hippocampus, 18 rats re-
ceived unilateral damage, and 5 rats had no damage. Some
rats with large hippocampal lesion(s) carmicd unilateral
cxtrahippocampal damages; one lateral thalamus and three
amygdala. Data from the rats not receiving hippocampal
damage were excluded, whereas the rats having unilateral
damage exhibited PPI deficits and were included in the data
analysis. Scale bars, 3 mm. B) ZD1839 (1 mg/mL, 0.5 ug/h)
or vehicle (10% DMSO) was administered to the lateral
cerebroventricle for 5— 7 days. Pulsc-alone startle of rats
with sham-operations plus vehicle (open bar) or sham-
operations plus ZD1839 (dotted bar) and rats with VHL
plus vehicle (closed bar) or VHL plus ZD1839 (checked
bar) was measured with a 120-dB tone as adults. C) Prepulse
inhibition (PPI) of the above rats was determined in the
presence of 75-, 80-, and 85-dB prepulse stimuli. Bars indi-
calc means = S.E.M. (n = 10, each). *P < 0.05, **P < 0.01:
compared to the sham-operation plus vehicle group and
*P < 0.05, **P < 0.01: compared 10 the VHL plus vehicle
group (both by Fisher LSD).
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in these experimental groups (Fig. 3A). We did not obtain
any sign of negative correlation between these indices.
Even when we matched the amplitude of pulse-alone
startle among groups, choosing VHL rats (n = 10) having
the lower pulse-alone startle responses (Fig. 3B), we still
observed the same effects of VHL and ZD1839 on PPl
(Fig. 3C). Thus, we conclude that ZD1839 ameliorates
the PPI deficits irrespective of pulse-alone startle.

ZD1839 effects on tone-dependent learning and latent
inhibition in the VHL model

We evaluated the effect of the ErbB1 inhibitor ZD1839
on fear learning and latent inhibition by subjecting le-
sioned and sham-operated rats to context-associated fear
conditioning in the presence or absence of preexposure
to the CS (39). The initial three-way ANOVA on freez-
ing behavior during conditioning consisted of between-
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subjects factors of lesion (+/-), inhibitor (+/-), and pre-
exposure to CS (+/-). This analysis did not reveal any
significant main effects [F(1,56) = 0.002 - 1.106,
P=0.297 - 0.966] or interactions between the factors
{F(1,56) =0.052 — 2.32, P=10.133 - 0.821], suggesting
that neither hippocampal lesioning, drug administration,
nor preexposure to CS altered shock sensitivity. In con-
trast, a three-way ANOVA on learning scores revealed
significant interactions between lesion and preexposure
[F(1,56) = 6.482, P =0.013}, between lesion and drug
[F(1,56) = 6.482, P = 0.0137], and between preexposure
and drug [F(1,56) = 7.688, P = 0.0075]. The interaction
between lesion and preexposure corroborates a previous
finding that neonatal hippocampal lesioning alters latent
inhibition scores of fear leaming (24).

We then separated the behavioral data by lesion status
(i.e., sham-operated and lesion) and conducted indepen-
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Fig.3. Analyzing contribution of pulsc-alone startle responscs to prepulse inhibition in the ventral hippocampal lesion madel.
Sixteen VHL model rats were additionally prepared, treated with vehicle (n=8) or ZD1839 (n = 8) at the adult stage, and sub-
jected to the PPI test. A) We combined the data of the VHL rats with those of Fig. 2 (n = 18 total for cach group). PPI levels (80-dB
stimuli) of rats with sham-operation plus vehicle (closed circle), rats with VHL plus vehicle (square), and VHL plus ZD1839
(triangle) were plotted over their amplitudes of pulsc-alone startle. The line of best fit was calculated by the linear regression
method and presented with a broken line. Statistical correlation between pulse-alone startle and PPI was analyzed by Pearson’s
cotrelation analysis. Correlation coefficient (R) and its probability (P) arc presented in cach window. B) The lower pulse-alone
startle scores of rats with VHL plus vehicle (closed square, n = 10) and VHL plus ZD1839 (closed triangle, n = 10) were selected
1o match 1o startle scores of rats with sham-operation plus vehicle (control, n = 10). C) PPI levels of the VHL rats, whose pulse-
alone startle was matched to that of control group in panel B, was re-evaluated and plotted. Bars indicate means + SEM. (n= 10
each). ***P < 0.001: compared to the sham-operation plus vehicle group and =P < 0.01, P < 0.001: compared to the VHL plus

vehicle group (both by Fisher LSD).
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dent statistical analyses. A two way-ANOVA for the
sham group revealed a significant main effect of preex-
posure [F(1,28)=32.29, P<0.001] but not drug
[F(1,28)=3.72, P=0.064). There was no significant
interaction between preexposure and drug [F(2,28) = 0.47,
P=0.829] (Fig. 4A). Post-hoc comparisons detected
significant effects of preexposure on learning of sham-
operated animals irrespective of ZD1839 treatment. In
contrast, the same analysis for the lesioned group re-
vealed a significant main effect of drug [F(1,28) = 22.38,
P <0.001}, no significant main effect of preexposure
[F(1,28) = 1.45, P = 0.239), and a significant interaction
between preexposure and drug [F(1,28) = 11.20,
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Fig.4. Latent inhibition of tonc-dependent fear-conditioning.
ZD1839 (1 mg/mL. 0.5 ug/h) or vehicle (10% DMSO) was adminis-
tered to the lateral cerebroventricle of rats having sham operations
(Sham) or VHL for 12 days. Learning ability and latent inhibition in
rats with Sham or with VHL was determined with a contextual fear
conditioning procedure and compared between treatments with vehicle
or ZD1839. Before the conditioning, rats in the preexposure group
had repeatedly been preexposed to the same context cue without
shock on day 7 (PE, n=8, each). Rats in the non-preexposure group
were directly subjected to conditioning on day 8 (NPE; n = 8, each).
The data for learning performance were separated into sham-operated
(A) and VHL (B) groups and analyzed scparately. C) Latent inhibie
tion of leaming performance was directly compared among the four
groups by calculating latent inhibition scores as follows: Latent inhi-
bition score (%) = [(mean performance of NPE group - performance
of cach PE rat) /(mean performance of NPE group)] x 100. Bars
indicate means+SEM. (n=7 each). *P<0.05 °**P<00I,
*¢¢p < 0.001 by Fisher LSD.

P =0.0023] (Fig. 4B). Post-hoc comparisons in the drug-
free VHL group revealed that there was no significant
difference in learning scores between non-preexposure
and preexposure, suggesting that neonatal hippocampal
lesioning suppressed latent inhibition of fear learning,
ZD1839 administration to VHL rats significantly revived
the preexposure effect in the lesioned group and allowed
the latent inhibition of learning to occur. In order to
compare the magnitude of latent inhibition among four
groups directly, we calculated ratios of the decrease in
leaming score that was caused by preexposure to tone
cues (Fig. 4C). A two-way ANOVA with between-sub-
Jects factors of lesion (+/-) and drug (+/-) revealed sig-
nificant interactions between lesion and drug for the latent
inhibition ratio [F(1,28)=13.1, P=0.0012). Post-hoc
comparisons revealed that only the rats receiving VHL
plus vehicle exhibited a lower latent inhibition ratio and
that the ratio of the rats receiving VHL plus ZD1839 was
indistinguishable from that of control animals. These
findings suggest that the ErbB1 inhibitor ameliorates the
disruption of latent inhibition caused by neonatal hip-
pocampal lesioning.

Influences of ZD 1839 on motor behaviors

Prior to conditioning (as described above), the rats
were subjected to a locomotor test in a novel environ-
ment to evaluate the side effects of ZD1839. Neither
hippocampal lesioning nor ZD1839 treatment appeared
to alter locomotion as monitored by an exploratory be-
havior test (Fig. 5). A two-way ANOVA revealed no
significant effects of VHL or ZD1839 on horizontal
movement [F(1,16)=0.454, P=0.510 for lesion;
F(1,16) = 1.33, P = 0.266 for drug] or vertical movement
[F(1,16) = 0.842, P = 0.374 for lesion; F(1,16)=0.517,
P =0.483 for drug]. Additionally, there were no interac-
tions [F(1,16) = 1.45, P = 0.240 for horizontal; F(1,16)
=0.517, P=0.483 for vertical). Thus, we conclude that
neither neonatal hippocampal lesioning nor the ErbBl
inhibitor influenced exploratory locomotor activity.

Effects of ihe other ErbBl inhibitors PD153035 and
OS1-774

To confirm that the ameliorating effects of ZD1839
can be generalized for ErbB1 inhibitors, we tested other
ErbBI inhibitors, PD153035 and OSI-774 (33), in the
PPI paradigm (Table 1). Similarly we administered these
inhibitors (1 mg/mL for PD153035 and 0.1 mg/mL for
OSI-774, both 0.5 ug/h) to the cerebroventricle of VHL
rats using an osmotic pump and measured pulse-alone
startle responses and PPI levels. A two-way ANOVA of
pulse-alone startle responses with between-subjects fac-
tors of lesion (VHL and sham-operate) and drug (vehicle,
PD153035, and OS1-774) revealed a main effect of lesion
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Fig.5. Influences of ZD1839 infusion on locomotor activity. The
adverse effects of VHL and ZD1839 were assessed by the locomotor
activity test prior to the above fear conditioning (Fig. 4). The total
number of beam crossings for horizontal movement (A) and vertical
movement (rearing) (B) of the rats was monitored for | h in a novel
environment. Bar indicates mean = S.E.M. (n =5 cach).

on pulse-alone startle response [F(1,54)=10.55,
P=0.002] but no significant main effect of drug
[F(2,54) = 0.482, P = 0.62], which contrasts with the fact
that ZD1839 increased pulse-alone startle levels of sham-
operated animals (see Fig. 2B). There was no interaction
between lesion and drug [F(2,54) = 1.63, P = 0.205]. We
applied a three-way repeated ANOVA to PPI scores us-
ing between-subjects factors of lesion and drug and a
within subject factor of prepulse intensity. This analysis
revealed main effects of lesion [F(1,54) = 14.03, P <
0.001), drug [F(2,54) = 4.48, P =0.0158], and prepulse
[F(2,108) = 176.9, P <0.001]. There was also a signifi-
cant interaction between lesion and drug [F(2,54) = 4.94,
P=0.0107). Post-hoc testing detected significant in-
creases in PPI in the lesioned rats receiving OSI-774 and
PD153035 compared to those receiving vehicle. In con-
trast, the drug administration did not elicit significant
changes in PPI levels in control rats having sham-opera-
tions. Therefore, our results suggest that the ErbB1 in-
hibitors commonly ameliorate PPI deficits induced by
neonatal hippocampal lesioning.

To ascertain the pharmacological action of the ErbB1
inhibitors, we determined protein levels of phospho-
ErbB1 and total ErbBI in the region surrounding the
cerebroventricle, striatum, and frontal cortex (Fig. 6). A
two-way ANOVA with between-subjects factors of treat-
ment (VHL and sham-operate) and drug (vehicle,
PD153035, and ZD1839) was applied to phospho-ErbB1
levels in the region surrounding the cerebroventricle.
There were significant main effects of VHL [F(1,18)
=281, P <0.001] and drug [F(2,18)=96.8, P <0.001]
and a significant interaction between VHL and drug
[F(2,18) = 73.8, P < 0.001). The analysis for total ErbB1

Table 1. Effects of ErbB1 irhibitors on pulse-alone startle and prepulse inhibition

y Y— mi::lsu:;lou:;s) 75-dB( o!;:)cpulse so-dﬂ(;:)cpulse 85-dB( .l;:)epulsc
Sham + Vchicle 227.3+24.6 63.1£22 770221 829x1.1
Sham + OSI-774 250.1+208 629+24 75.5+3.0 842230
Sham + PD153035 295.6+ 309 649+30 739+20 83918
VHL + Vehicle 3659+ 38.8°* 484+ 26%** 61.4+£49* 683+3.1°°
VHL + 0SI-774 3156+24.1° 58027 68.7x1.6 82.0+24"
VHL + PD153035 329.5 % 33.6* 61.1+28" 749+34" 829+32"

Vehicle (10% DMSO, 0.5 uL/), OSI-774 (0.1 mg/mL, 0.05 xg/h), or PD153035 (1 mg/mL, 0.5 gg/h) was
subchronically administered to the cerebroventricle of adult rats with sham operations (Sham) or with VHL.
Pulse-alone startle response with a 120-dB tone (arbitrary units of the startle chamber) and PP1 (%) with 75-,
80-, and 85-dB prepulsc stimuli were measured 5 — 7 days after the start of intracerebroventricular infusion.
The data represent means = S.EM. (n= 10). *p <005, **P <001, ***P < 0.00]: compared 10 vehicle-re-
ceiving rats with sham operations with Fisher LSD. *P < 0.05, *p < 0.01: compared to vehicle-receiving rats

with VHL with Fisher LSD.
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Fig. 6. Protein levels of phosphorviated ErbB1 and total ErbBI in
the region surrounding the cerebroventricle, The brain tissue homoge-
nates were prepared from the striatum and white matter surrounding
cercbroventricle of sham-operated (Sham) rats or VHL rats receiving
vehicle (10% DMSO), ZDI839 (ZD, | mgml, 0.5 ugh), or
PD153035 (PD; | mg/mL, 0.5 pg/h) for 12 days (n=4 rats cach).
Protein samples (50 ug) were separated by SDS-polyacrylamide gel
electrophoresis on an 8% gel, transferred 10 a nylon membrane, and
mcubated with anti-phospho-ErbB1 and anti-ErbB1 antibodies, as
well as with anti-f-actin antibodies as an mnternal control. Immunoblot
signals for phospho-ErbB1 (A), total ErbB1 (B), and f-actin (C) were
measured by densitometric analysis and are shown as means = S E.M
Typical blots (n = 2 lancs cach) arc shown in this figure. Note: f-actin
levels displayed no sigmificant differences among  groups, but
[F(2.18) = 0.82, P = 0.457]. *Significamly different from the sham-
operated rats receiving vehicle (*F < 0.05,**P < 0.01, ***P < 0.001
by Fisher LSD). “Significantly or marginally different from VHL rats
receiving vehicle [P < 0.001, P < 0.05 - 0.10 by Fisher 1.SD)

also revealed significant main effects of VHL
[F(1.18) =24.0, P<0.001] and drug [F(2,18)=23.8,
P <0.001], but no significant interaction between VHL
and drug [F(2,18) = 0.82, P = 0.457]. Post-hoc analysis
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revealed that ZD1839 administration significantly or
marginally decreased phospho-ErbB1 and total ErbB1
levels in the region surrounding the cerebroventricle. In
contrast, PD153035 only affected phospho-ErbB1 levels
in the sham-operated group and total ErbB1 levels in the
VHL group. Control protein, f-actin, displayed no sig-
nificant differences among groups, however. Although
we also explored potential basal effects of VHL on ErbB1
phosphorylation in other brain regions (striatum and
frontal cortex), we failed to find any remarkable changes
in ErbB1 phosphorylation or total ErbB1 levels (data not
shown).

Discussion

The peptide growth factor EGF interacts with ErbB1,
which forms dimeric receptor complexes with itself or
ErbB2 — 4, a member of the same family of tyrosine ki-
nase receptor (7, 9). Genetic and behavioral studies indi-
cate pathological and biological links between schizo-
phrenia and EGF/ErbB1 function (5, 41) or neuregulin-1/
ErbB4 function (42, 43). Therefore, abnormal signals to
ErbB receptors are implicated schizophrenia neuropa-
thology or etiology (44, 45). Based on this hypothesis,
we explored the antipsychotic activity of ErbB1 inhibi-
tors in one of the most well-characterized animal models
for schizophrenia, the VHL model (16, 17, 31). The brain
infusion of ErbB1 inhibitors markedly decreased ErbB1
phosphorylation as well as total ErbB1 levels in the brain
region surrounding the cerebroventricle of control rats.
In contrast, the action of the ErbB1 inhibitors on the
VHL model was less remarkable with the given basal
reduction of ErbB signaling in this region. Although the
present results controlled the pharmacological action of
ErbB1 inhibitors, the antipsychotic mechanism of these
inhibitors in the VHL model remains to be explored.

The three distinct quinazoline compounds, PD 153035,
ZD1839, and OSI-774, inhibit ErbBI tyrosine kinase
activity and are used for the treatment of lung cancer
(33). As these compounds produce a variety of side ef-
fects in oncotherapy, we needed to consider the specific-
ity and side effects of these compounds in this study. For
instance, the calculated daily doses of these compounds
in the present protocol were 4 —40 ug/kg body weight
per day. These doses are markedly lower than those given
to human cancer patients, who receive 1-10 mg/kg
body weight per day (45 —47). In addition, we adminis-
tered these compounds directly into the cerebroventricle
of the brain and yet did not find any apparent changes in
locomotor activity and tone-dependent learning in the
rats receiving these inhibitors. ZD 1839, but not PD 153035
or OSI-774, showed an influence on startle amplitudes of
control rats. Thus, adverse effects of these inhibitors
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appeared to be limited in the present experimental
paradigms.

We also needed to consider the molecular specificity
of these compounds because quinazoline compounds can
act on other types of tyrosine kinases such as platelet-
derived growth factor (PDGF) receptors, and vascular
endothelial growth factor (VEGF) receptors as well (48,
49). Nonetheless, in vitro kination assay revealed that
ZD1839 has the highest specificity for the ErbB! recep-
tor. The half receptor binding constant (ICs) of ZD1839
is 23 nM for ErbB1 and 3700 nM for ErbB2 (50). OSI-
774 also shows relatively higher affinity for the ErbB1
receptor (51), and finally, PD153035 has the affinity for
ErbB1 (25 pM in ICso) but is also active with ErbB2 -4
(52, 53). In light of these pharmaceutical data, we assume
that the EGF receptor (ErbB1) is the primary molecular
target of these compounds.

Recently, we found that subchronic oral administration
of emodin (3-methyl-1,6,8-trihydroxyanthraquinone)
suppresses acoustic higher pulse-alone responses and
abolishes PPI deficits of rats treated with EGF as neo-
nates. Because emodin is potent at inhibiting various
tyrosine kinases including ErbB1 and ErbB2, the effect
of emodin on PPI is in agreement with the present results
obtained with the quinazoline derivatives. A difference
between the effects of emodin and the quinazoline ErbB!1
inhibitors is seen in the acoustic startle test: The quinazo-
line ErbB|1 inhibitors elevated PPI levels of the VHL rats
without affecting their startle amplitudes, but emodin
influences both PPI levels and pulse-alone startle ampli-
tudes. In this context, this specificity of the drug action
supports the argument that the higher startle responses of
VHL rats are distinct from their lower PPI levels.

Subchronic treatment with lower doses of clozapine or
risperidone significantly ameliorates the PPI deficits of
the VHL model (54). Similarly, acute administration of
risperidone, clozapine, and olanzapine, but not haloperi-
dol, is also able to reverse PP] deficits of this model (55).
Such atypical antipsychotics are known to normalize
abnormalities in latent inhibition as well (56), which is
similar to the effects of ZD1839 in the present study.
However, Rueter et al. indicate ineffectiveness of clozap-
ine on social interaction deficits of the VHL model (54).
Our preliminary study also found the ineffectiveness of
the ErbB1 inhibitors in social interaction deficits of an
EGF-induced schizophrenia model (ref. 10; M. Mizuno,
unpublished data). In this context, the neurobehavioral
action of the quinazoline ErbB1 inhibitors might resemble
that of atypical antipsychotics. Because one of the phar-
macological features of the antipsychotics is dopamine
D2R-receptor antagonism (57), the reports that receptor
blockade of D2R also attenuates ErbB1 signaling in the
nervous system are noteworthy (58 — 60). In this context,

the interactions between ErbB1 signaling and dopamine
neurotransmission might be implicated in schizophrenia-
related behavioral deficits. As we failed to find any
pathological increase in ErbB1 signaling in the VHL
model, the neural targets of ErbB1 inhibitors remain to
be identified. It is possible that these inhibitors might
indirectly modulate the neural activity associated with
the behavioral deficits.

In conclusion, the ErbB1 inhibitors carrying quinazo-
line structures exerted anti-psychotic-like actions on an
animal model for schizophrenia. In any case, the results
from ErbB inhibitors warrant further investigation in
other animal models for schizophrenia or even in patients
with this illness. We hope that the present findings will
facilitate the development of novel antipsychotic drugs
targeting ErbB receptors.
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neuropathology of schizophrenia. Previously, we found that the anthraquinone derivative emodin (3-methyl-
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emodin had no effect on behavioral sensitization to methamphetamine. Administration of emodin in parallel
to or following repeated methamphetamine challenge failed to affect hyperlocomotion induced by
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which interferes with acute methamphetamine signaling and behavior.
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1. Introduction

Emodin (3-methyl-1,6,8-trihydroxyanthraquinone) is extracted
and purified from rhubarb. This natural compound has been
proposed to attenuate signal transduction of growth factors and
cytokines, inhibiting ErbB2, src-family kinase, IkappaB kinase, and
extracellular signal-regulated kinase (ERK) (Jayasuriya et al., 1992;
Kaneshiro et al., 2006; Kumar et al., 1998; Li et al., 2005; Wang et al.,
2007b; Zhang et al.,, 1999). Recent pharmacological studies indicate
that the influence of this compound on the brain and on behavioral
traits (Gu et al,, 2005; Lu et al., 2007). Our latest study suggests that
emodin has anti-psychotic activity in a schizophrenia model
established by neonatal epidermal growth factor (EGF) challenge
(Mizuno et al., 2008), although it is unknown whether this anti-
psychotic activity can be generalized for other animal models of
psychosis.
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In humans, chronic use of methamphetamine (MAP) causes
drug addiction/relapse and evokes psychiatric symptoms such as
hallucination and delusions, which are indistinguishable from
paranoid schizophrenia (Kalechstein et al., 2003; Nordahl et al.,
2002). In rodents, repeated exposure to MAP results in a
progressive and long-lasting facilitation of the locomotor response,
namely behavioral sensitization, which is often used as a model for
drug addiction or relapse (Robinson and Berridge, 1993). The
neural mechanism underlying induction and expression of behav-
ioral sensitization involves a complex interplay among various
neurotransmitters (Pierce and Kalivas, 1997; Vanderschuren and
Kalivas, 2000) and cytokines (Flores et al., 2000; Horger et al.,
1999; Messer et al., 2000; Mizuno et al., 2004; Nakajima et al.,
2004; Pierce et al., 1999). Several lines of evidence indicate
involvement of the ERK pathway in the integration of extracellular
signals and in the long-term effects of MAP abuse (Mizoguchi et al.,
2004; Valjent et al., 2006). MAP-induced behavioral impairment in
rodents may be useful as an animal model for psychosis as well as
for schizophrenia.

In the present study, we investigated acute and subchronic effects
of emodin on MAP-induced hyperlocomotion and/or sensitization
using MAP-challenged rats as a model for psychosis (Niwa et al.,
2008). As emodin influences ErbB1/2 signaling and the ERK cascade,
we monitored the phosphorylation states of these kinases in the
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brain. Bearing in mind the potential therapeutic applications, we
orally administered emodin prior to, in conjunction with, or
following MAP challenge to assess the potential pharmaceutical
application of emodin for MAP psychosis.

2. Materials and methods
2.1. Animals

Sprague-Dawley rats (7-8 weeks postnatal, all male) were
purchased from SLC Co., LTD (Shizuoka, Japan) and were maintained
in aregulated environment (2341 °C) undera 12-h light-dark cycle
(7:00 on —19:00 off) with free access to food and water. All of the
animal experiments described here were performed in accordance
with the Animal Use and Care Committee guidelines of Niigata
University and the Guiding Principles for the Care and Use of
Laboratory Animals approved by the Japanese Pharmacological
Society.

2.2. Drug treatment

Emodin (>98% pure; Tokyo Chemical Industry Inc,, Tokyo, Japan)
was sonicated in a 10% lecithin solution (Wako Chemical Co., Osaka,
Japan) at a concentration of 5mg/ml. This emulsion of emodin
(50 mg/kg) or vehicle (10% lecithin) was administered to rats with
the aid of an oral zonde for rats (Natume Seisakusho Co., LTD, Japan),
before or after MAP challenge. The given dose was optimized in our
previous study (Mizuno et al., 2008) and set below the toxic amount
of emodin (<80 mg/kg) reported by Jahnke et al. (2004). MAP was
obtained as methamphetamine hydrochloride from Dainippon Phar-
maceutical (Osaka, Japan) and dissolved in saline (1 mg/ml). In the
paradigm (A) of the pre-treatment schedule, rats were given vehicle or
emodin (p.0.) once daily for 5 days and then given MAP (1.0 mg/kg, i.p.)
on day 6 (A1). To monitor the acute effect of emodin, alternatively, rats
were subjected to another paradigm (A2): Rats were given emodin once
and, 3 h later, were challenged with MAP (1.0 mg/kg). In the paradigm
(B) of the co-treatment schedule, rats were given vehicle or emodin
once daily for 5 days, then given vehicle plus MAP or emodin plus MAP
for the following 5 days, and were finally challenged with MAP alone
(1.0 mg/kg) on day 11. In the paradigm (C) of the post-treatment
schedule, rats were given MAP (1.0 mg/kg) once daily for 7 days, then
treated with vehicle or emodin daily for the following 7 days, and then
challenged with MAP (1.0 mg/kg) on day 15.In paradigms (A1), (B) and
(C), MAP challenge was performed more than 20 h after the last emodin
treatment to minimize the acute effects of emodin.

2.3. Immunoblot analysis

Polyacrylamide gel electrophoresis (PAGE) and immunoblotting
were performed as described previously (Mizuno et al.,, 2007). Cells
were harvested, lysed, and sonicated in sample buffer (2% sodium
dodecyl sulfate (SDS), 10 mM Tris-HCl, 150 mM NacCl, 2% SDS, 1 mM
NaF, and 1 mM NasV0,). After centrifugation, the supernatant was
collected and the protein concentrations were determined. Equal
amounts of protein were subjected to SDS-PAGE and transferred to
PVDF membranes. Membranes were probed with anti-phosphorylated-
ERK1/2 and anti-ERK1/2 (1:1000, Cell Signaling Tech, Danvers, MA,
USA) and anti-B-actin antibodies (1:10,000, Chemicon Int, Temecula,
CA, USA), followed by horseradish-peroxidase-conjugated anti-mouse
IgG or horseradish-peroxidase-conjugated anti-rabbit IgG secondary
antibodies (1:10,000, DAKO Cytomation, Glostrup, Denmark). Peroxi-
dase activity was visualized by chemiluminescence (Western Lightning,
Perkin Elmer, Tokyo, Japan) coupled with film exposure.

2.4. Quantification of monoamines and their metabolites

The assay for dopamine (DA), 3,4-dihydroxyphenylacetic acid
(DOPAC), homovanillic acid (HVA), serotonin (5-HT), and 5-hydro-
xyindoleacetic acid (5-HIAA) is previously described (Futamura et al.,
2003). One hour after MAP challenge, the striatum and frontal cortex
were dissected and frozen on dry ice. The tissue samples were then
weighed individually and stored at -80 °C. The samples were placed in
0.1 M perchloric acid containing isoproterenol (an internal standard).
After sonication, the samples were vortexed and stored at 4 °C for
30 min. The samples were then centrifuged and the supernatant
analyzed by high performance liquid chromatography with electro-
chemical detection (HPLC-ECD). The HPLC-ECD system consisted of a
pump (model EP-10; EICOM, Kyoto, Japan) connected to an 0oDS
column (model MA-50DS; EICOM, 4.6x150 mm). Samples were
separated with a mobile phase of 45 mM citric acid-50 mM sodium
acetate buffer (pH 3.65), 285 mg/L octanesulfonic acid sodium salt,
0.13 mM EDTA, and 13% (v/v) methanol. Detection was performed
electrochemically on a thin-layer cell with a glassy carbon-working
electrode (model ECD-300; EICOM).

2.5. Measurement of acoustic startle responses

One hour after the last MAP challenge, acoustic startle responses
were measured in a startle chamber (SR-Lab Systems, San Diego
Instruments, San Diego, CA, USA) adapted for rats (Swerdlow and
Geyer, 1998; Swerdlow et al., 2001). This paradigm was used to assess
startle amplitude response with acoustic stimuli of 120dB and
background noise (white noise, 70 dB). Each rat was placed in the
startle chamber and initially acclimatized for 5 min with background
noise alone. The rats were then subjected to 16 trials, each trial
repeated 8 times in a pseudorandom order: (i) a 40-ms 120-dB noise
burst presented alone, or (ii) no stimulus (background noise alone).
The inter-trial interval was 15 s. Analysis of acoustic startle response
was based on the mean of eight trials.

2.6. Locomotor activity

We measured basal and MAP-induced locomotor activities of rats
(120 min) in the afternoon. Locomotor activity was monitored before
(60 min) and/or after MAP challenge (60 min) in a novel environment
(Futamura et al., 2003; Mizuno et al., 2008). Each rat was placed in an
open field box (45 cm lengthx45 cm widthx30cm height, MED
Associates, St. Albans, VA, USA) under a moderate light level (400 Lx).
Photo-beam sensors were used to measure line crossings and rearing
counts (25-mm intervals for horizontal axis and 150-mm intervals for
vertical axis).

2.7. Statistical analysis

Results are expressed as the means + SEM. Behavioral data were
analyzed by analysis of variance (ANOVA). When univariate data were
obtained only from two groups, a two-tailed t-test was used for
comparison. Locomotor scores were analyzed separately before and
after MAP challenge using multiple repeated ANOVA with emodin
administration (two levels) as between-subject factors, and time session
for locomotor test (12 sessions) as a within-subject factor. Interaction of
a within-subject factor with between-subject factors was estimated by
MANOVA with Pilli tracing. Subsequently, a Fisher's LSD test was applied
to absolute behavioral values as a post-hoc test of multiple comparisons.
Alternatively, we performed the Student-Newman-Keuls multiple
range test on multiple monoamine values to avoid type 2 error. A P
value of less than 0.05 was regarded as statistically significant. Statistical
analysis was performed using the SPSS software (version 11.5). N values
in parentheses represent the number of animals used.
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3. Results

3.1. Subchronic pre-treatment with emodin suppresses MAP-induced
hyperlocomotion

To examine whether subchronic pre-treatment with emodin
influences the effect of MAP on locomotor activity, rats that had
previously been treated with various doses of emodin (0-50 mg/kg, p.o.)
for 5 days were challenged with MAP (1.0 mg/kg, i.p.) (Paradigm A1).
Rats were subjected to the locomotion test 1 h before MAP challenge.
Subchronic pre-treatment with emodin reduced MAP-induced hyper-
locomotion in a dose-dependent manner (60 min total: F(3,16) =3.27,
p=10.049 by one-way ANOVA) (Fig. 1). Post-hoc analysis revealed that
20 and 50 mg/kg/day of emodin were sufficient to suppress MAP-
induced hyperlocomotion. Accordingly, we used an emodin dose of
50 mg/kg/day for further studies.

Using a larger number of animals, we ascertained the effect of
emodin on basal locomotor activity as well as on MAP-induced activity
(Fig. 2). Subchronic pre-treatment with emodin alone (50 mg/kg/day,
5days) did not influence basal horizontal locomotor activity in
the novel environment (emodin, F(1,13) =0.446, p=0.511; time,
F(11,13)=10.1, p<0.001; interaction of emodin and time, F(11,13)=
0.853, p=0.599). Vertical movement (rearing) and ambulation scores
were also indistinguishable between the emodin-pre-treated group
and vehicle-pre-treated group: (emodin, F(1,13)=2.10, p=0.161;
time, F(11,13)=6.63, p=0.001; interaction of emodin and time,
F(11,13)=1.68, p=0.185). In contrast, emodin-pre-treatment
significantly decreased stereotypic counts (emodin, F(1,13)=5.80,
p=0.024; time, F(11,13)=9.1, p<0.001; interaction of emodin and
time, F(11,13) =2.88, p=0.037).

Following 60 min of activity monitoring, we administered MAP
to emodin- or vehicle-pre-treated rats (Fig. 2). MAP administration
evoked hyperlocomotion in both groups but the magnitude of the
behavioral enhancement was significantly lower in the emodin-pre-
treated animals (emodin, F(1,13) = 12.27, p=0.002; time, F(11,13) =
5.02, p=0.004; interaction of emodin and time, F(11,13)=2.06,
p=0.108). In parallel, emodin pre-treatment significantly attenuated
vertical movement (emodin, F(1,13) =4.91,p = 0.037; time, F(11,13) =
3.84, p=0.012; interaction of emodin and time, F(11,13)=2.07,
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Fig. 1. Dose-dependent effects of emodin pre-treatment on MAP-induced hyperloco-
motion in rats. Various doses of emodin (0, 10, 20, and 50 mg/kg weight) were orally
administered to rats once a day for 5 days (i.e., days 1-5). Twenty to twenty-four hours
after the final emodin treatment, MAP (1.0 mg/kg) was administered to the rats
(Paradigm A1). Horizontal movement was monitored in a novel environment before
and after MAP challenge. Bars indicate total distance of movement during the initial
60-min period (mean+ SE, n=>5 each). *p<0.05 by ANOVA.
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Fig. 2. Effects of subchronic pre-treatment with emodin on basal and MAP-induced
locomotion in rats. Subchronic effects of emodin pre-treatment on distance (cm),
ambulation (times), stereotypy (times), and vertical movement (times) of MAP-
administered rats were examined with the experimental procedure detailed in Fig. 1
(Paradigm A1). Emodin was administered to rats once a day for 5 days (i.e., days 1-5).
Twenty to twenty-four hours after the final emodin treatment, rats were subjected to
an exploratory motor test before and after MAP challenge (1.0 mg/kg). Values indicate
the mean =+ SE (n=7-8). MAP-induced locomotion was compared between vehicle-
and emodin-pre-treated groups by ANOVA, followed by post-hoc. *p<0.05 vs vehicle-
treated group.

p=0.107) and ambulation scores (emodin, F(1,13)=7.99, p=0.010;
time, F(11,13)=3.77, p=0.013; interaction of emodin and time,
F(11,13) =4.03, p=0.010) induced by MAP. Stereotypic counts of
emodin-pre-treated animals remained lower following MAP challenge
(emodin, F(1,13)=0446, p=0511; time, F(11,13)=9.1, p<0.001;
interaction of emodin and time, F(11,13) =2.88, p=0.037).

3.2. Subchronic pre-treatment with emodin suppresses MAP-induced
acoustic startle responses

MAP elevates the magnitude of the acoustic startle response
(Davis, 1988). To examine whether emodin affects MAP-induced
acoustic startle response, rats were similarly treated with various
doses of emodin (0-50 mg/kg, p.o.) for 5 days and then challenged
with MAP as described above (Paradigm A1). As the initial dose of
MAP (1.0 mg/kg, i.p.) failed to affect acoustic startle responses (data
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Fig. 3. Subchronic effects of emodin pre-treatment on MAP-induced hyperstartle
responses. Various doses of emodin (10, 25, and 50 mg/kg/day) or vehicle were
administered to rats once a day for 5 days (Paradigm A1). Twenty to twenty-four hours
after the last emodin treatment, rats were challenged with MAP (3.0 mg/kg) and
subjected to an acoustic startle test. Values indicate the mean + SE (arbitrary unit;n=5
each). Startle responses to a 120 dB tone were compared among vehicle-treated and
emodin-treated rats that were challenged with MAP. **p<0.01 vs vehicle-treated
group; +p<0.05 vs MAP-challenged naive group.

not shown), we increased the dose to 3.0 mg/kg (i.p.) and tested the
startle responses to a 120-dB tone (Fig. 3). While acute adminis-
tration of MAP significantly enhanced the startle responses,
subchronic pre-treatment with emodin attenuated the MAP-
induced hyperstartle response (F(4,16)=8.13, p=0.005 by one-
way ANOVA). Post-hoc analysis revealed that an emodin dose of
10 mg/kg/day was sufficient to suppress MAP-induced acoustic
hypersensitivity. In contrast to the above locomotion test results,
the acoustic startle test did not display apparent emodin dose
dependency.

3.3. Emodin alters ERK1/2 signaling, dopamine and serotonin
metabolism

Emodin has been shown to attenuate growth factor signaling
(Mizuno et al., 2008). MAP-induced behavioral impairment is
associated with a disruption of extracellular receptor kinasel/2
(ERK1/2) signaling in the forebrain region (Kamei et al., 2006). To
explore the contribution of ERK1/2 signaling, we examined the effects
of emodin pre-treatment and after MAP challenge on ERK1/2
phosphorylation in the striatum of rats (Fig. 4). According to the
above experimental protocol (Paradigm A1), rats were pre-treated
with emodin or vehicle and then challenged with MAP (1 mg/kg) or
saline. Consistent with previous studies, a significant increase in the
level of phosphorylated ERK1/2 was observed following MAP
challenge. Pre-treatment with emodin elevated basal phosphorylation
of ERK1/2 and changed MAP-induced ERK expression and ERK
phosphorylation (F(1,12)=28.64, p<0.001 for emodin, F(1,12)=
3.019, p=0.108 for MAP but with an interaction; F(1,12)=40.00,
p<0.001). However, the levels of total ERK1/2 did not differ among the
groups examined (F(1,12)=0.307, p=0.590 for MAP and F(1,12)=
0.278, p=0.608 for emodin without interaction F(1,12)=0.024,
p=0.880).

Similarly, we monitored brain content of monoamine and its
metabolites to assess the emodin effect on these neurotransmitters.
Total monoamine was extracted from the frontal cortex and striatum
of saline- and MAP-challenged rats that had been pre-treated with
emodin or vehicle (Tables 1 and 2). We detected a significant increase
in dopamine and its metabolites and a decrease in serotonin and its
metabolites in both regions of the MAP-challenged rats. In contrast,
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Fig. 4. Effect of emodin on phosphorylation of ERK1/2 in the striatum. Emodin or vehicle
was administered to rats once a day for 5 days (days 1-5) (Paradigm A1). Rats were
challenged with saline or MAP (1 mg/kg) on day 6 and killed 30 min after MAP
challenge. Immunoblots of protein lysates from the whole striatum were probed with
anti-phospho-ERK and anti-ERK antibodies. Values indicate the mean =+ SE (arbitrary
unit; n=4 each). Two representative lanes of immunoblots are displayed for each
group. *p<0.05. **p<0.01, and ***p<0.001 vs the control group that was treated with
vehicle but without MAP.

subchronic treatment with emodin significantly attenuated MAP-
induced increase in the content of dopamine and its metabolites in the
striatum and also attenuated a MAP-induced decrease in the content
of serotonin and its metabolites in the frontal cortex.

3.4. No effect of acute emodin treatment on MAP-induced
hyperlocomotion

To examine whether acute intake of emodin affects MAP-induced
hyperlocomotion, rats were given emodin once (50 mg/kg, p.o.)
followed by MAP challenge (1.0 mg/kg, i.p.) with a 3-h delay (Paradigm

Table 1
Effects of emodin on dopamine metabolism in the frontal cortex and striatum.

Pre-treatment Challenge DA (pg/mg) DOPAC (pg/mg) HVA (pg/mg)

Frontal cortex

Vehicle SAL 420+£031a 1.15+0.0,8a 1.30+0.02a
Vehicle MAP 5.754+0.18ab 253+0.18a 1.52+0.05a
Emodin SAL 3.78+031b 1.124+0.10a 1.33+0.02a
Emodin MAP 5454 025a,b 226+0.21a 1.89+0.11a
Striatum

Vehicle SAL 364.29+23.28a 46.19+3.57a 5.81+0.11a
Vehicle MAP 417.68+12.667ab 90.89+423ab 1269+084ab
Emodin SAL 33938+10.37ab 51.24+694ab  548+0.60ab
Emodin MAP 366.77+21.76b 7280+465b  11.07+1.14b

Monoamines and their metabolites were extracted from frontal cortex and striatum 2 h
after methamphetamine challenge (n=6-7). Their concentrations were determined
by HPLC-ECD. Abbreviations: DA; dopamine, DOPAC; 3,4-dihydroxyphenylacetic acid,
HVA; homovanillic acid. Statistically homogeneous values are determined by the
Student-Newman-Keuls multiple range test and marked with a or b.



396 M. Mizuno et al. / Pharmacology, Biochemistry and Behavior 97 (2010) 392-398

Table 2

Effects of emodin on serotonin metabolism in the frontal cortex and striatum.
Pre-treatment Challenge 5-HT (pg/mg) 5-HIAA (pg/mg)
Frontal cortex
Vehicle SAL 3,53+0.28a 4.73+0.79a
Vehicle MAP 0.75+0.11b 1.10+0.08a
Emodin SAL 1.58+0.17b 290+0.63a
Emodin MAP 2.08+0.11ab 2.194+0.08a
Striatum
Vehicle SAL 3.31+0.28a 470+0.27a
Vehicle MAP 1.56+0.17ab 222+0.13ab
Emodin SAL 1.61+0.19ab 233+0.23ab
Emodin MAP 1.70+0.16b 1.97 +0.16b

Monoamines and their metabolites were extracted from frontal cortex and striatum 2 h
after methamphetamine challenge (n = 6-7). Their concentrations were determined by
HPLC-ECD. Abbreviations: 5-HT; 5-hydroxytryptamine, 5-HIAA; 5-hydroxyindoleacetic
acid. Statistically homogeneous values are determined by the Student-Newman-Keuls
multiple range test and marked with a or b.

A2). One hour before MAP challenge, rats were subjected to the
locomotion test. Acute pre-treatment with emodin had failed to alter
MAP-induced hyperlocomotion (emodin, F(1,14)=1.36, p=0.265;
time, F(11,3) =17.82, p=0.018; interaction of emodin and time,
F(11,3)=2.38, p=0.258) (Fig. 5). MAP administration also failed to
significantly alter other indices of ambulation, stereotypy and vertical
movement (data not shown). Thus, acute treatment with emodin had
no apparent action on MAP-induced hyperlocomotion.

3.5. Effects of parallel emodin treatment on MAP-induced behavioral
sensitization

To examine whether emodin attenuates the establishment of
MAP-induced behavioral sensitization, rats were pre-treated with
emodin (50 mg/kg/day, p.o.) or saline for 5 days and then challenged
with MAP (1.0 mg/kg/day, i.p.) with or without emodin (50 mg/kg/day,
p.o.) for an additional 5 days. Parallel treatment with emodin failed
to influence hyperlocomotion induced by the final MAP challenge
(emodin, F(1,13)=2.09, p=0.172; time, F(11,3)=245, p=0250;
interaction of emodin and time, F(11,3) =0458, p=0.852) (Fig. 6).
Administration of emodin in parallel with MAP failed to significantly
alter other indices of ambulation, stereotypy and vertical movement
(data not shown).
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Fig. 5. Acute effect of emodin on MAP-induced hyperlocomotion. MAP-induced
horizontal movement of rats was monitored 3 h after acute oral administration with
emodin (50 mg/kg) (Paradigm A2). Values (cm) indicate the mean +SE (n=8 each).
MAP-induced locomotion was compared between vehicle- and emodin-pre-treated
groups.
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Fig. 6. Effect of parallel treatment with emodin and MAP. Emodin or vehicle was
administered to rats once a day for 10 days (i.e., days 1-10). For the last 5 days, rats
were additionally given MAP daily (1.0 mg/kg) (i.e., days 6-10). On day 11, all rats were
re-challenged with MAP (1 mg/kg) to determine locomotor sensitization (Paradigm B).
Locomotor activity (distance) was measured for 120 min before and after MAP
treatment. Values (cm) indicate the mean + SE (n=7-8).

3.6. Influence of emodin on maintenance of MAP-induced behavioral
sensitization

To test the potential therapeutic applications of emodin, we
investigated the effect of emodin treatment on behavioral sensitiza-
tion established by repeated MAP pre-exposure and compared that
with behavioral activation triggered by acute MAP challenge alone.
Rats were pre-exposed to MAP treatment (1.0 mg/kg daily for 7 days)
followed by emodin- or vehicle-treatment for 7 days (Paradigm C).
Alternatively, another group of rats received emodin- or vehicle-
treatment alone (Paradigm AT). Both groups were challenged with
MAP and their horizontal activity was monitored for 15 min (Fig. 7).
Two-way ANOVA with subject factors of MAP pre-exposure and
emodin treatment revealed a significant main effect of MAP pre-
exposure (F(1,21)=24.9, p<0.001) but not of emodin (F(1,21)=
0.202, p=0.658) without an interaction of emodin and MAP pre-
exposure (F(1,21) <0.001, p=0.99). This statistical result suggests
that MAP pre-exposure established MAP sensitization in locomotor
activity, but emodin treatment had no effect on MAP sensitization.

4. Discussion

The anthraquinone compound emodin, which is purified from
natural herbal extracts, inhibits ErbB2-dependent cancer proliferation
as well as several inflammatory signaling pathways (Jayasuriya et al.,
1992; Kaneshiro et al.,, 2006; Kumar et al.,, 1998; Li et al., 2005; Wang
et al,, 2007b; Zhang et al., 1999). We previously found that emodin
ameliorates EGF-induced behavioral deficits, inhibiting the activation
of ErbB1 and ErbB2 (Mizuno et al., 2008). Subchronic oral adminis-
tration of emodin (50 mg/kg/day) ameliorates behavioral abnormal-
ity in the acoustic startle reaction as well as in PPI without influencing
locomotor activity or learning performance (Mizuno et al., 2008).
Furthermore, we had evidence that emodin significantly reduced
body weight 1 day after the first administration. However, from the
third administration onwards there were similar positive weight
gains in the emodin-treated group and the untreated group (Mizuno
et al, 2008). As there were no significant effects from emodin
administration, it seems less likely that the physical impact of
emodin's laxative activity was causative for the effects of emodin on
behavior. In the present study, this compound also impacts MAP-
triggered behavioral abnormality. We found that repeated pre-
treatment with emodin significantly attenuated hyperlocomotion
triggered by MAP challenge, although parallel- and post-treatments
with emodin failed to influence behavioral sensitization to MAP.
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Fig. 7. Effect of emodin on the maintenance of MAP-induced sensitization in rats. Rats
were challenged with MAP (1.0 mg/kg) daily for 7 days (i.e., days 1-7). For the next
7 days, rats were treated daily with emodin or vehicle (i.e., days 8-14). On day 15, all
rats were re-challenged with MAP (1.0 mg/kg) (Paradigm C). In addition to Paradigm C,
naive rats were challenged with MAP in the presence or absence of emodin pre-
treatment (Paradigm A1). Horizontal locomotor activity was also measured for 15 min
after MAP challenge. Total distances were compared between acute and repeated MAP-
injected groups or between emodin-treated and vehicle-treated group. Values indicate
the mean =+ SE (n=5-8). **p<0.01 by post-hoc.

These findings suggest that pre-treatment with emodin alone is
capable of ameliorating the psychotic behaviors triggered by MAP.
The effects of emodin on MAP-induced behaviors temporally contrast
with those of neonatal EGF challenge. In the EGF model, emodin
treatment is performed at the adult stage, which is preceded by
neonatal behavioral sensitization with EGF, and is effective on adult
behavioral impairment.

Emodin has been shown to suppress EGF receptor (ErbB1/2)
activation (Mizuno et al., 2008; Zhang et al., 1999). Activation of
tyrosine kinase receptors triggers multiple intracellular signaling
pathways including ERK (Oda and Kitano, 2006). ERK1/2 signaling is
implicated in the rewarding effects of MAP (Kamei et al, 2006;
Mizoguchi et al., 2004) as well as in behavioral sensitization of cocaine
(Valjent et al, 2004). Inhibition of ERK1/2 by microinjection of
PD98059, an ERK1/2 kinase inhibitor, into the ventral striatum
abolishes MAP-induced ERK1/2 activation and decreases the expres-
sion of MAP-induced conditioned place preference (Mizoguchi et al.,
2004). Accordingly, we tested the hypothesis that suppression of
ERK1/2 phosphorylation might underlie the emodin effects on MAP-
induced behavior. In the present experiment, pre-treatment with
emodin abolished the MAP-triggered increase in ERK phosphoryla-
tion; however, it up-regulated basal phosphorylation levels of ERK
instead of decreasing them. In this context, we cannot rule out the
possibility that the emodin-triggered increase in ERK phosphorylation
in the striatum might be a secondary influence of emodin. Further
studies are necessary to clarify the mechanism by which emodin
modulates ERK1/2 activation and attenuates MAP-induced behavioral
activation (Kaneshiro et al., 2006).

There are several natural anthraquinone derivatives such as
emodin, sennoside, chrysophanol, aloe-emodin, physcion and
rheum (Huang et al., 2007; Wang et al., 2001). Extracts from Chinese
herbs containing these compounds are most famous for promoting
defecation but may also possess additional activities, including the
regulation of various psychiatric conditions. Previous studies on
emodin pharmacology suggest that emodin decreases the release of
the excitatory neurotransmitter glutamate in rat hippocampus (Gu et
al, 2005) and also attenuates glutamate excitotoxicity of brain
neurons (Wang et al., 2007a). In the present investigation, we found
that subchronic emodin treatment attenuated an acute MAP-triggered
increase in dopamine, DOPAC and HVA content, and decreased 5-HT
and 5-HIAA content in both regions of the fontal cortex and striatum.
This latter observation appears to agree with the findings that
serotonin content is decreased after methamphetamine injections
into the striatum (Fumagalli et al., 1998), the nucleus accumbens and
caudate nucleus (Wallace et al., 1999), and the hippocampus (Rau et
al., 2006). It is reported that serotonin release in the frontal cortex is
increased by methamphetamine challenge (Ago et al,, 2006, 2008).
These results of serotonin release are different from our content data
most likely because serotonin content indicates that serotonin storage
may decrease after MAP-induced potentiation of serotonin efflux.

Emodin prevents cycloheximide-induced amnesia in rats. Emodin
is also involved in the serotonergic roles on memory ameliorating
effects (Lu et al., 2007). Another anthraquinone derivative, hypericin,
is synthesized from emodin and has potent anti-depressant activity
(Caccia, 2005). One of its pharmacological activities is the modulation
of serotonin metabolism and release (Calapai et al, 2001ab).
Furthermore, in contemporary screening studies, hypericin has
inhibitory effects on various pharmaceutically important enzymes
such as MAO (monoaminoxidase), PKC (protein kinase C), dopamine-
beta-hydroxylase, reverse transcriptase, telomerase, and CYP (cyto-
chrome P450) (Kubin et al., 2005). Thus, hypericin has a pharmaco-
logical activity similar to emodin. These findings suggest that emodin
and its derivatives have psychomodulatory activity and might
alleviate the symptoms of psychiatric illness.
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Abstract Neuregulin-1 (NRGI) gene is implicated in the
etiology or neuropathology of schizophrenia, although its
biological contribution to this illness is not fully under-
stood. We have established an enzyme-linked immuno-
sorbent assay (ELISA), which recognizes the NRGI1B1
immunoglobulin-like (Ig) domain, and measured soluble
Ig-NRG1 immunoreactivity in the sera of chronic schizo-
phrenia patients (n = 40) and healthy volunteers (n = 59).
ELISA detected remarkably high concentrations of
Ig-NRG1 immunoreactivity in human serum (mean 5.97 £
0.40 ng/mL, ~213 £ 14 pM). Gender and diagnosis
exhibited significant effects on serum Ig-NRG1 immuno-
reactivity. Mean Ig-NRGl immunoreactivity in the
schizophrenia group was 63.2% of that measured in the
control group. Ig-NRG1 immunoreactivity in women was
147.1% of that seen in men. We also attempted to correlate
six SNPs of NRG1 genome with serum Ig-NRG1 immu-
noreactivity. Analysis of covariance with compensation
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for gender identified a significant interaction between
diagnosis and SNP8NRG243177 allele. The T allele of this
SNP significantly contributed to the disease-associated
decrease in Ig-NRG1 immunoreactivity. Although we
hypothesized a chronic influence of antipsychotic medica-
tions, there was no significant effect of chronic haloperidol
treatment on serum Ig-NRG1 immunoreactivity in mon-
keys. These findings suggest that serum NRG1 levels are
decreased in patients with chronic schizophrenia and
influenced by their SNP8NRG243177 alleles.

Keywords Neuregulin - Schizophrenia - Serum -
ELISA - SNP

Abbreviations
NRG Neuregulin
SNP Single-nucleotide polymorphism

ELISA Enzyme-linked immunosorbent assay
LI Like immunoreactivity

ANOVA  Analysis of variance

ANCOVA Analysis of covariance

Introduction

Many studies have indicated a genetic linkage between the
human chromosome locus 8p21-p12 and schizophrenia
(Blouin et al. 1998; Kendler et al. 1996; Pulver et al. 1995).
Stefansson et al. (2002) first reported that the neuregulin-1
(NRGI) gene, which resides in this genomic locus, is
associated with the vulnerability to schizophrenia. Sub-
sequent studies have confirmed the genetic association with
NRGI throughout different countries and populations
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(Addington et al. 2007; Corvin et al. 2004; Fukui et al.
2006; Gardner et al. 2006; Harrison and Weinberger 2005;
Li et al. 2004; Tang et al. 2004; Thomson et al. 2007;
Williams et al. 2003; Yang et al. 2003), although there are
several contradictory reports (Ikeda et al. 2008; Iwata et al.
2004; Munafo et al. 2006; Thiselton et al. 2004). Post-
mortem studies support a genetic contribution of NRGI to
schizophrenia (Hashimoto et al. 2004; Law et al. 2006).
The expression of mRNAs encoding NRG! precursors is
altered in schizophrenia patients; in particular, the type-I
splice variants of NRGI mRNA are upregulated in the
prefrontal cortex and hippocampus of affected patients
(Hashimoto et al. 2004; Law et al. 2006). Although studies
have attempted to correlate abnormalities in NRG1 mRNA
expression with patient single nucleotide polymorphism
(SNP) haplotype (Law et al. 2006), controversy surrounds
the use of postmortem samples, especially for mRNA
analysis (Chagnon et al. 2008; Harrison et al. 1995;
Morrison-Bogorad et al. 1995; Tomita et al. 2004).
Terminal conditions, such as coma and hypoxia, might
influence NRGI gene expression and RNA quality in the
brain (Chagnon et al. 2008; Harrison et al. 1995; Morrison-
Bogorad et al. 1995; Tomita et al. 2004).

mRNA and protein measurements in blood are often
used to diagnose schizophrenia or investigate the patho-
logical contribution of individual molecules (Chagnon
et al. 2008; Petryshen et al. 2005; Zhang et al. 2008). Of
the molecules examined, growth factors and cytokines
displayed marked abnormalities in both central nervous
system and peripheral blood (Bellon 2007; Futamura et al.
2002; Sei et al. 2007; Takahashi et al. 2000; Toyooka et al.
2002, 2003). mRNA expression levels for NRG! precursors
are determined by evaluation of peripheral lymphocytes
from schizophrenia patients (Chagnon et al. 2008;
Petryshen et al. 2005; Zhang et al. 2008). However, NRG1
peptide levels in peripheral blood have not yet been stud-
ied. The production and release of mature NRG1 peptides
require proteolytic processing of precursors (i.e., ectodo-
main shedding) (Marchionni et al. 1993; Shirakabe et al.
2001; Yokozeki et al. 2007). This process liberates mature
NRGI1 peptides from the cell-anchored precursor proteins,
allowing it to activate ErbB receptors. Thus, the measure-
ment of free mature NRGI peptides is necessary to
estimate the biological activity.

Here, we established an enzyme-linked immunosorbent
assay (ELISA) for NRG1 and measured trace NRG1-like
immunoreactivities (LI) in the cell-free soluble fraction of
human serum. ELISA allowed us to estimate the effects
of gender, age and schizophrenia diagnosis, disease
duration and antipsychotic treatment on human serum
NRG1 peptide levels. We also attempted to estimate
the contribution of SNPs in NRGI genome to serum
NRGI-LI levels.
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Materials and methods
Subjects

This clinical study was approved by the Ethics Committee
on Genetics of the Niigata University School of Medicine.
Written informed consent was obtained from all partici-
pants. Patients meeting the Diagnostic and Statistical
Manual of Mental Disorders, fourth edition (DSM-IV)
criteria for schizophrenia were recruited from two hospi-
tals. The diagnosis of schizophrenia was based on all
available sources of information, including unstructured
interviews, clinical observations and medical records.
Control subjects were recruited primarily from the staff of
participating hospitals and associated laboratories. We
matched the ages and genders of the control healthy vol-
unteers to those of the patients examined. Although these
subjects were not assessed by a structured psychiatric
interview, all of them demonstrated good social and
occupational skills and did not report any history of psy-
chiatric disorders.

Three young adult male cynomolgus monkeys (Macaca
fascicularis), 4 years of age, weighing 3.12-3.98 kg, were
used in this study. Monkeys, reared at the animal house of
Shinn Nippon Biomedical Lab. Inc. (Kagoshima, Japan),
were housed individually in stainless steel cages of 50 cm
(W) x 86cm (D) x 82cm (H) under temperature-
controlled conditions, at 26 + 2°C and a humidity of
40-60% under a 12/12-h light/dark cycle. Animals were
fed 108 g commercial monkey chow daily. Filtered water
was delivered by an automatic supplier ad libitum.
Experiments were subjected to review by the Ethical
Committee of Shinn Nippon Biomedical Lab. Inc., and
were performed in accordance with the NIH Guidelines for
the Care and Use of Laboratory Animals and the Guide-
lines of the Central Research Laboratory.

Blood sampling

Blood was collected in vacuum collection tubes (Neotube,
NP-PS0507, Nipro, Osaka, Japan) between 9 and 12 a.m.
in the morning. Within 1h of collection, blood was
coagulated at 37°C for 60 min. Serum was separated by
centrifugation at 4°C for 15 min and stored at —80°C until
use for analysis.

NRG enzyme immunoassay

We produced anti-NRGI1B1 polyclonal antibodies by
immunizing rabbits and guinea pigs with a mouse cere-
bellar isoform of NRG1f1 peptide (Ozaki et al. 2000). This
type-1 isoform, with a molecular weight of 25,500 Da,
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consists of an immunoglobulin-like (Ig) domain and an
epidermal growth factor (EGF)-like domain alone. Rabbit
and guinea pig antisera were subjected to antigen-affinity
chromatography (Affi-Gel 10, Bio-Rad, Hercules, CA,
USA). We established ELISA using the affinity-purified
antibodies according to the previous procedures (Nawa
et al. 1995).

In brief, ELISA titer plates were coated with 100 ng
rabbit anti-NRG1p1 antibody per well in 0.1 M Tris buffer
(pH 9.0) for 12-18 h and then blocked with ELISA buffer
[50 mM Tris, 0.5 M NaCl, 0.1% NaNj;, 0.2% Triton
X-100, 1% gelatin (pH 6.8)] at 4°C for more than 12 h.
Serum (100 pL; quadruplicate) or standard NRGI1pB3
(10-1,000 pg; quadruplicate) was loaded into wells. After
five washes, each well was incubated with 30 ng of guinea
pig anti-NRG1B1 antibody followed by rabbit anti-guinea
pig Ig biotinylated antibody (1:5,000; Open Biosystems,
Huntsville, AL, USA). Biotinylated antibodies bound to
wells were incubated with 100 pL avidin-B-galactosidase
(1:10,000; Rockland Immunochemicals Inc., Gilbertsville,
PA, USA) followed by the fluorogenic substrate, 200 uM
4-methylumbelliferyl-B-p-galactoside (MUG; Sigma
Chemicals, St. Louis, MO, USA). The fluorescent product
was quantitated using an MTP-601F microplate reader
(Corona, Ibaraki, Japan) with excitation and emission at
365 and 450 nm, respectively. To evaluate the cross-
reactivity of ELISA, we obtained the following human
recombinant factors that exhibit structural homology or
similarity to NRG1: betacellulin, EGF, heparin-binding
EGF-like growth factor (HB-EGF), epiregulin and trans-
forming growth factor-o (TGFo) (Peprotech, Rocky Hill,
NI, USA, or Sigma Chemicals, St. Louis, MO, USA). The
mature human NRG13 peptides, which correspond to the
respective extracellular domains of NRGI1 precursors
(Genbank; NM_013956.3 for type I, NM_013962.2 for
type 11, and NM_013959.3 for type III), were synthesized
by an in vitro translation/transcription system (TnT Quick
Coupled transcription/Translation Systems; Promega,
Addison, WI, USA) using synthetic cDNAs encoding the
corresponding domains (GenScript, Piscataway, NJ, USA).
The amount of each type of NRG1B3 peptides was deter-
mined by immunoblotting for their histidine tag (R. Wang,
unpublished data).

Genotyping

DNA was extracted from blood clots using Puregene
core kit A (Qiagen, Germantown, MD, USA). We selected
six SNPs from the human NRGI genome, which have
been intensively characterized previously, to investi-
gate 135753505 (SNP8NRG221533), SNP8NRG241930,
rs6994992 (SNPSNRG243177), rs1081062, rs3924999
and rs2954041 (Ikeda et al. 2008). These six SNPs were

genotyped using the TagMan assay as described previously
(Fukui et al. 2006).

Chronic treatment of cynomolgus monkeys
with haloperidol

Young adult monkeys (all male) were given oral haloperi-
dol for 2 months. Haloperidol (Wako Chemical Ltd, Tokyo,
Japan), suspended in 0.5% methylcellulose solution, was
administered at concentrations of 0.125-0.25 mg/mL to
monkeys daily with the aid of a gastric tube for 8 weeks.
The initial dose of 0.25 mg/kg for 2 weeks was increased to
0.5 mg/kg for the following 6 weeks. We confirmed normal
food consumption daily and monitored body weight
gain weekly to avoid adverse effects of haloperidol treat-
ment. Whole blood (5 mL/animal) was collected from the
femoral vein before treatment and after 4 and 8 weeks of
haloperidol treatment. Serum samples were prepared to
measure haloperidol concentrations as well as Ig-NRG-LI
levels.

Statistical analysis

To analyze multifactorial interactions and ascertain statis-
tical power, we applied parametric analyses to data.
Genotype deviation from Hardy—Weinberg equilibrium
(HWE) and allele frequency difference between patients
and controls were evaluated by using the y* test. ELISA
data were initially analyzed with the analysis of variance
(ANOVA) using gender, disease, DSM-IV type and/or
genotype as between-subject factors. The correlations
between each potential confounding factor and Ig-NRG1-
LI levels were examined by Pearson correlation analysis.
The putative confounding factors included age, gender,
duration of illness, age at onset and dose of antipsychotic
medication. As we identified a significant and strong cor-
relation of ELISA data with gender in the initial analysis,
data were all re-analyzed using analysis of covariance
(ANCOVA), adopting gender as a covariate. We used
Fisher least significant difference (LSD) test for post hoc
analysis. A probability level of P < 0.05 was considered to
be statistically significant. All data represent the
mean = SE. Statistical analysis was performed using SPSS
software (version 11.5).

Results

Establishment of a sandwich ELISA for NRG1
We raised antisera directed against recombinant mouse

NRGIB1 (type I, soluble mature form) in rabbits and gui-
nea pigs and established a sandwich ELISA for NRGI
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Fig. 1 A standard curve of ELISA with control type-1 NRG-1
peptide. Various amounts of human recombinant NRGI1B3 (10—
1,000 pg/well/100 uL) were applied to ELISA as a standard. Total
immunoreactivity for NRG1 trapped by the primary antibody was
determined using the guinea pig secondary anti-NRGI1B1 antibody
followed by detection with a P-galactosidase-conjugated antibody
against guinea pig immunoglobulin. Enzymatic activity in each well
was measured using the fluorogenic substrate MUG. The enzymatic
product derived from MUG exhibits fluorescence at 450 nm with
365 nm excitation

(Nawa et al. 1995). The combination of these antibodies in
ELISA generated a linear standard curve for concentrations
of 10-1,000 pg/well for a soluble form of human NRG133
(Fig. 1). As NRGI structurally belongs to the EGF family,
we tested the cross-reactivity of this ELISA system to other
members in this family, including EGF, HB-EGF, TGFa,
betacellulin and epiregulin (Table 1). The cross-reactivity
to these factors was <0.1% of the signal for type-I human
NRGI1B3. We also tested the reactivity of ELISA to the
EGF domain of human NRGI1 as well as other splice
variants of human NRG1. Reactivity to the EGF1 domain
was negligible (<0.01%), and that to the type-II and
type-III variants was 61.0 and 7.2% of the levels seen for
type-I NRG1 used as a standard, respectively. These results
suggest that this ELISA primarily recognizes not the
common EGF domain, but the Ig-like domain of NRG1,
which is present in type-I and type-IIl NRGI, but not
type-II NRGI1. Using this novel ELISA, we measured
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Table 1 Cross-reactivity to types I-III NRG-1 and other neurotro-
phic factors

Factor Reactivity (%)
Human NRGI1p3 (type I) 100
Human NRG1B3 (type II) 61.0
Human NRG13 (type IIT) 72
Human NRG1 core EGFB1 domain <0.01
Human betacellulin <0.1
Human epidermal growth factor (EGF) <0.01
Human heparin binding-EGF-like <0.01
growth factor (HB-EGF)
Human epiregulin <0.01
Human transforming growth factor-a (TGF-o) <0.01

Purified cytokines, growth factors and neurotrophic factors (10 ng)
were applied to ELISA. The intensities of their signals were compared
to those of human NRG1f3 (type I) in a standard curve

Table 2 Profiles of patients with schizophrenia and control
volunteers

Patients Controls

Age (mean = SD) (years) 327 +£6.7 333+69
Gender

Men 20 28

‘Women 20 31
Duration of illness (mean + SD) (years) 9.4 £+ 5.7
Age at onset (years) 232+ 48
Dose of antipsychotic medication® 716 + 338
Medication®

Olanzapine (5-30 mg/day) 18

Quetiapine (200-600 mg/day) 10

Risperidone (2-9 mg/day) 6
Perospirone (3648 mg/day) 4
Aripiprazole (12-18 mg/day) 4
Haloperidol (4-12 mg/day) 2
Others (2)° 2

* Chlorpromazine-equivalent dose (mg/day)
® Some patients took multiple antipsychotics

¢ Other patients took clozapine (500 mg/day) or levomepromazine

(25 mg/day)

According to DSM-IV diagnostic criteria, patients consisted of 13
disorganized types, 4 paranoid types and 23 undifferentiated types

Ig-like domain-containing NRGI-like immunoreactivity
(Ig-NRG-LI) in human serum.

NRGI immunoreactivity in sera of schizophrenia
patients and control subjects

We obtained sera from schizophrenia patients (n = 40) and
age- and gender-matched healthy volunteers (n = 59)
(Table 2). The time of blood sampling, type of sampling



