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The cognitive impairment associated with schizophrenia
is highly prevalent and affects the overall functioning of
subjects. The stimulation of the serotonin 1A receptor is
a primary characteristic of some atypical antipsychotic
drugs. We measured the levels of cognitive impairment
using the Morris water maze test and protein kinase A
activity in hippocampal neurons on presynaptic and post-
synaptic serotonin 1A receptors to investigate the effect of
dizocilpine-induced cognitive impairment associated with
atypical antipsychotic drugs in rats treated by quetiapine
alone or combined with WAY100635/tandospirone. The
results of the Morris water maze test presented evidence
that quetiapine alone alleviated the cognitive impairment
associated with atypical antipsychotic drugs induced by
dizocilpine. However, quetiapine plus WAY100635 in-
duced no improvement of cognitive impairment associated
with atypical antipsychotic drugs. The results of protein
kinase A assay suggested that neither quetiapine alone
nor in combination with tandospirone, but not quetiapine
plus WAY100635, raised protein kinase A activity in hip-
pocampus neurons. The present study demonstrated the
key role of presynaptic serotonin 1A receptors on the ther-
apeutic effect of quetiapine on cognitive impairment asso-
ciated with atypical antipsychotic drugs. Moreover, that
protein kinase A activity in hippocampal cells is involved
in the mechanism of quetiapine's effect on cognitive im-
pairment associated with atypical antipsychotic drugs.
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1. Introduction
Cognitive impairment associated with schizophrenia (CIAS) is

highly prevalent and affects the overall functioning of subjects.
The therapeutic effect of atypical antipsychotic drugs (AAPDs)

on CIAS is better than that of typical antipsychotic drugs (APDs)
(Harvey, 2006; Sharma, 1999). Stimulation of the serotonin 1A
receptor (5-HT1A) is a primary characteristic of certain AAPDs
(Kusumi et al., 2015). 5-HT1A is a metabotropic G protein-
coupled receptor widely distributed in the frontal cortex, septum,
amygdala, hippocampus and hypothalamus and is one of the main
mediators of the action of 5-HT. Recently, a relationship between
5-HT1A receptors and cognitive function has been demonstrated,
and 5-HT1A receptors have been proposed as targets for pharma-
cological treatment of cognitive impairment (Borg et al., 2006;
Ogren et al., 2008). Quetiapine is a 5-HT1A partial agonist and
features an impressive effect on the cognitive deficits of numerous
psychiatric diseases (Ichikawa et al., 2002; Urben et al., 2012; Van
den Eynde et al., 2009). 5-HT1A antagonists have been demon-
strated to block the ameliorating effect of APDs on the cognitive
impairments of schizophrenia (Nagai et al., 2009). Furthermore,
AAPDs, combined with 5-HT1A agonists, which are usually used
to treat anxiety and depression, have been demonstrated to exert
a therapeutic effect on the cognitive impairments of schizophre-
nia (Ohno, 2010). Therefore, 5-HT1A activation may contribute
to the beneficial effects of AAPDs on CIAS (Meltzer and Massey,
2011). However, a direct causal relationship between 5-HT1A and
cognitive function and the underlying mechanisms has not been
well established. Several studies questioned the role of 5-HT1A
on the effect of AAPDs on CIAS, as no research data can rule out
the possibility that 5-HT1A agonism improves the depression and
negative symptoms associated schizophrenia, thus also contribut-
ing to the improvement of CIAS (Harvey, 2006; McGurk et al.,
2000). To verify the role of 5-HT1A on the effect of AAPDs on
CIAS, the neural mechanism of 5-HT1A should be clarified.

Notably, some studies report that 5-HT1A agonists attenuate
cognitive deficits in certain neurological illnesses (Horiguchi et
al., 2012; Olsen et al., 2012). However, several studies have sug-
gested that cognitive deficits could be significantly alleviated by
5-HT1A antagonist and that 5-HT1A agonists contribute to cogni-
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tive deficits (Harder et al., 1996; Madjid et al., 2006). The reasons
for these inconsistent results could be the complex mechanism of
pre- and postsynaptic 5-HT1A receptors. 5-HT1A receptors are
distributed in the soma and dendrites of 5-HTergic cells in the
mammalian raphe nucleus and regulate 5-HT release (Assie et al.,
2006). The postsynaptic 5-HT1A receptor is mainly distributed in
non-5-HTergic cells in the mammalian hippocampus and regulates
the release of glutamate, GABA and acetylcholine (Schechter et
al., 2002). These 5-HT1A receptors also produce different or op-
posite effects. For example, the activation of presynaptic 5-HT1A
receptors leads to reduced 5-HT release in the hippocampal den-
tate gyrus, which occurs when postsynaptic 5-HT1A receptors are
blocked (Edagawa et al., 1998; Tachibana et al., 2004). Studies
have noted that cognitive function is enhanced after the activation
of the presynaptic 5-HT1A receptor, whereas it is significantly im-
paired after postsynaptic 5-HT1A receptor activation (Carli et al.,
1998, 2001; Yasuno, 2004). Several 5-HT1A agonists or antag-
onists act on different 5-HT1A receptor subtypes under different
conditions, thereby causing different biological responses (Ago et
al., 2003; Carli et al., 1999; Millan et al., 1993). The 5-HT1A re-
ceptor agonist or inhibitor of the studies above possibly acted on
either presynaptic or postsynaptic 5-HT1A receptors in different
brain regions and led to the different or opposite reported results.
Therefore, the effect of AAPDs on pre- and postsynaptic 5-HT1A
receptors should be investigated.

Protein kinase A (PKA), a ubiquitous protein kinase in ani-
mals, is one of the most important signaling factors in the cyclic
adenosine 3', 5' monophosphate (cAMP)-PKA pathway, which is
a classical signaling pathway mediated by the 5-HT1A receptor
that plays an important role in hippocampal-dependent memory
formation. 5-HT1A activation reduces the production of cAMP,
which in turn, inhibits PKA activity (Polter and Li, 2010; Zhu et
al., 2004). PKA activity upregulates the transcription of memory-
associated genes such as c-fos, c-jun, synapsin I, calmodulin-
dependent protein kinase II and BDNF.

It is hypothesized that quetiapine improves cognitive function
through its potentiation of PKA activity in hippocampal neurons,
which is inhibited by 5-HT1A activation. 5-HT1A activation in
hippocampal neurons is regulated by the presynaptic 5-HT1A re-
ceptor in the 5-HTergic cells of the raphe nucleus. Therefore, the
aim of the present study is to investigate the effect of AAPDs on
presynaptic 5-HT1A receptors by comparing the cognitive func-
tion and PKA activity in hippocampal neurons of dizocilpine-
induced CIAS model rats treated with either quetiapine alone or
quetiapine combined with a 5-HT1A presynaptic receptor ago-
nist/antagonist.

2. Materials and methods
2.1 Animals

Adolescent, male Sprague-Dawley (SD) rats (age 28 days,
weight 90 ± 5 g) were purchased from Sippr-BK Experimental
Animal Ltd Co (Shanghai, China P.R.). They were group-housed
(four per cage) in a controlled environment (23 ± 1 ◦C; 45--50%
relative humidity; fixed 12/12h light/dark cycle) with food and wa-
ter ad libitum for seven days before starting the experiment. Rats
were randomly designed to control, Dizocilpine and three drug-
treated groups (Que, Que & WAY, Que & Tan). There were 10

rats in each group. All procedureswere approved by animal experi-
ment ethics review of Fudan University Shanghai Medical College
according to the National Institute of Health's Guide for the Use
and Care of Laboratory Animals.

2.2 Drug administration
Dizocilpine, quetiapine, WAY100635 (N-[2-[4-(2-

methoxyphenyl)-1-piperazinyl] ethyl]-N-(2-pyridinyl) cyclo-
hexane carboxamide, a potent and selective antagonist of the
presynaptic 5-HT1A receptor) (Sato et al., 2007) and tandospirone
(a partial 5-HT1A receptor agonist, and dose-dependent activator
of both pre- and postsynaptic 5-HT1A receptor) (Huang et
al., 2017; Kishimoto et al., 2000; Takada et al., 1996) were all
purchased from Sigma-Aldrich Corporation (St. Louis, Mo.,
USA) and dissolved into polyethylene glycol 400 diluted with
isotonic saline. Drugs were administered intraperitoneally or
by lavage administration. All drugs were prepared daily before
administration and administered between 9, and 10 am. Details of
drug administration are given in Fig. 1. Drug doses used in this
study were selected according to behavioral and neurochemical
studies that showed the drugs had the intended effect (Nikiforuk,
2013; Snigdha et al., 2011; Uehara et al., 2014).

2.3 Morris water maze
Hippocampus-associated spatial memory was assessed using

the Morris water maze (MWM) test 24 hours after the final ad-
ministration of drugs, according to previously reported protocols
(Beraki et al., 2009). The MWM is a circular pool (1.8 m diam-
eter and 60 cm depth) nominally divided into four quadrants. An
escape platform is located in the target quadrant, 1 cm below the
water surface. Videotaping was conducted focusing on the full
diameter of the pool. Trajectory and navigation parameters were
recorded and analyzed by the ANY-maze video tracking system
(Version 4.8; Stoelting Co., Wood Dale, Il). Rats were initially ex-
posed to the maze eight times per day for four consecutive days.
The probe trial was performed 24 hours after the last training ses-
sion, the platform was removed from the maze, and the rats were
placed in the pool for 60 s. The time spent in the target quadrant
(TST) during the probe trial was evaluated to assess spatial mem-
ory retention of the escape platform's location, which was assumed
to define the level of cognitive function. Swim speed (cm/s) was
recorded and analyzed; this metric was assumed to quantify spon-
taneous locomotor activity and the emotional state of a rat.

2.4 PKA activity assay
48 hours after the WMW test, rats were deeply anesthetized

with pentobarbital sodium 3% - 1 ml/kg body weight injected in-
traperitoneally. The rat's hippocampus was obtained. PKA activ-
ity was analyzed using PepTag® Non-Radioactive Protein Kinase
Assays (Promega V5340). Briefly, 5 µl PepTag® PKA reaction
buffer, 5 µl PepTag® A1 peptide, 5 µl PKA activator 5 × solu-
tion and 1 µl peptide protection solution were prepared in a 0.5
ml microcentrifuge tube. After incubation in a 30◦ C water bath
for 2 minutes, 5 µl of 5 µM TAM-treated sample was added in a
final volume of 25 µl with deionized water and incubated at 30
◦C for 30 minutes. The reaction was stopped by heating to 95 ◦C
for 10 minutes. The samples were separated on a 0.8% agarose
gel at 100 V for 15 minutes. Phosphorylated peptide migrated to-
ward the cathode (+), while nonphosphorylated peptide migrated
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Figure 1. Experimental flow chart, CIAS model rats were made by dizocilpine; the rats were treated by quetiapine with or without tandozilpine/
WAY100635; the cognitive function was measured usingMWM test; PKA activity was analyzed using PepTag®Non-Radioactive Protein Kinase
Assays.

toward the anode (-). PKA activity was quantified by densitometer
using a wavelength of approximately 570 nm. The activity of PKA
was expressed as the ratio of the optical density (OD) value of the
phosphorylated peptide to the OD value of the nonphosphorylated
peptide.

2.5 Statistical analysis

All data were analyzed using SPSS 19.0 (SPSS, Inc., Chicago,
IL, USA). Data normality was assessed by the Kolmogorov--
Smirnov test. Data showing normal distribution were summarized
as mean ± standard deviation (SD). Unless otherwise specified,
the data of the five groups were compared by one-way ANOVA
with LSD (Least-Significant Difference) method as a post hoc
analysis. Significance was assumed for P < 0.05.

3. Results
3.1 MWM test

Fig. 2a shows the five groups in the MWM test period. Rats
in control, Quetiapine, and Que & Tan groups tended to swim
near the platform. This indicates that they could better remember
the position of the rest platform and tried to find it. An ANOVA
analysis showed no significant difference in the average swimming
speed between the five groups of rats (df = 4, F = 1.704, P= 0.166).
This indicated that the spontaneous locomotor activity and emo-
tional state of the rats in the five groups were similar (Fig. 2b).
The ANOVA analysis showed a significant difference in TST be-
tween the five groups (df = 4, F = 4.581, P = 0.003) (Fig. 2c). A
post hoc analysis showed that the TST of the Dizocilpine group
was significantly shorter (mean difference = 3.82, P = 0.016) than
that of controls. This indicated that rats exposed to sub-chronic

and repeated Dizocilpine showed CIAS; the TST of the Queti-
apine group was significantly higher than that of the Dizocilpine
treated group (mean difference = 3.33, P = 0.035), which indi-
cated that the CIAS induced by Dizocilpine was improved by Que-
tiapine. There was no significant difference in TST between the
Dizocilpine and Que & WAY treated groups (mean difference =
1.08, P = 0.483). This means that CIAS was not improved by
Quetiapine in the presence of WAY100365. The TST of the Que
& Tan group was significantly longer than that of the Dizocilpine
treated group (mean difference = 3.68, P = 0.020) but was not
significantly different from that of the Quetiapine treated group
(mean difference = 0.35, P = 0.820). This means that CIAS was
improved by Quetiapine combined with Tandospirone, but that the
effect of Quetiapine combined with Tandospirone was similar to
Quetiapine alone.

3.2 PKA activity

As shown in Fig. 3, the ANOVA analysis of PKA activity
in hippocampal neurons was significantly different for the five
groups (df = 4, F = 1.704, P = 0.166). A post hoc analysis showed
the level of PKA activity in the Dizocilpine treated group was not
significantly different from that of the control group (mean differ-
ence = 0.35, P= 0.494). The PKA activity of theQuetiapine group
was significantly higher than for the Dizocilpine group (mean dif-
ference = 2.68, P = 3× 10−6). Moreover, the PKA activity of the
Que & Tan group was significantly higher than that of the Queti-
apine group (mean difference = 1.29, P = 0.015). However, there
was no significant difference in PKA activity between the Que &
WAY and Dizocilpine groups (mean difference = 0.05, P= 0.915).
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Figure 2. Comparative analysis of MWM test. (a) Trajectories of the rats in five groups during the probe trial. (b) ANOVA analysis result of
swim speed during the probe trial. (c) ANOVA analysis result of TST during the probe trial. ∗: P < 0.05 vs. control group; ∗∗: P < 0.01 vs.
control group; #: P < 0.05 vs. Dizocilpine group; ##: P < 0.01 vs. Dizocilpine group; &: P < 0.05 vs. Quetiapine group; &&: P < 0.01 vs.
Quetiapine group.

Figure 3. PKA activity in hippocampal neurons: The blots of PKA activity and ANOVA analysis of PKA activity in five groups. ∗P < 0.05 vs.
control group; ∗∗P < 0.01 vs. control group; #P < 0.05 vs. Dizocilpine group; ##P < 0.01 vs. Dizocilpine group; &P < 0.05 vs. Quetiapine
group; &&P < 0.01 vs. Quetiapine group.

4. Discussion
To clarify the effect of quetiapine on CIAS, in the present

study CIAS model rats were induced with dizocilpine and then
treated either with quetiapine alone or in combination with a 5-
HT1A antagonist/agonist (WAY10065/tandospirone). The result
of MWM testing indicated that a single dose of quetiapine allevi-

ated dizocilpine-induced CIAS. However, treatment with a com-
bination of quetiapine plus WAY100635 resulted in no improve-
ment in the dizocilpine-induced CIAS. This finding means that
quetiapine did not affect CIAS in the presence of WAY100635.
This supports a role for 5-HT1A in the effect of quetiapine on
CIAS. Notably, the present study revealed that co-administration
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of the 5-HT1A agonist tandospirone resulted in no change in
the therapeutic effect of quetiapine on CIAS. Some studies have
shown that the addition of tandospirone enhanced the therapeu-
tic effect of haloperidol on cognitive performance in schizophre-
nia (Sumiyoshi et al., 2001). However, several studies have
suggested that tandospirone dose-dependently impaired memory
through the stimulation of postsynaptic 5-HT1A receptors in hip-
pocampal neurons, an effect that could be reversed by this 5-
HT1A receptor antagonist (Mendelson et al., 1993). The previous
studies reported that tandospirone regulates cognitive function in
dizocilpine-treated rats (Bubenikova-Valesova et al., 2010). Tan-
dospirone has also been found to activate presynaptic 5-HT1A re-
ceptors under certain conditions (Huang et al., 2017; Kishimoto
et al., 2000; Takada et al., 1996). Therefore, it can be specu-
lated that tandospirone has a dose-dependent effect on presynap-
tic/postsynaptic 5-HT1A receptors, which lead to the different ef-
fects on cognitive CIAS. Additionally, the co-administration of
tandospirone only enhances the therapeutic effect on CIAS for
typical antipsychotics (such as haloperidol) but does not affect 5-
HT1A receptors in the case of AAPDs- (such as quetiapine).

To clarify the specific mechanism by which quetiapine im-
proves CIAS through the 5-HT1A receptor, the present study in-
vestigated the level of PKA activity which plays an important role
in the cognitive function of hippocampal cells. Previous studies
have shown that dizocilpine decreases PKA activity in hippocam-
pal cells (Al Rahim et al., 2009; Giordano et al., 2005). However,
the present study revealed that PKA activity in the hippocampus
of rats in the Dizocilpine group showed no difference to that of
the control group. The main reason for this inconsistency is hy-
pothesized to be that the rats in the Dizocilpine group were tested
for PKA activity 10 days after the end of dizocilpine administra-
tion and by this time the dizocilpine has been completely metab-
olized. Thus, it's effect on PKA activity had ceased, although the
dizocilpine induced CIAS still existed. It might be that dizocilpine
has an immediate effect on PKA activity in the hippocampus neu-
rons, which leads to long-lasting cognitive dysfunction. Although,
it is necessary to clarify this putative effect of dizocilpine on hip-
pocampal PKA levels in the future.

The present study also identified that the PKA activity in rats
treated with quetiapine was significantly higher than that of the
rats exposed only to dizocilpine. However, the PKA activity of rats
treated with quetiapine plus WAY10036 was not significantly dif-
ferent from those exposed only to dizocilpine. These results sug-
gest that quetiapine could increase PKA activity in the hippocam-
pus that was blocked by the 5-HT1A antagonist. This demon-
strates a key role for 5-HT1A in remediation of the effect of que-
tiapine on PKA activity. The studies mentioned above have sug-
gested that either the activation of postsynaptic 5-HT1A receptors
in hippocampus or the activation of presynaptic 5-HT1A receptors
in the raphe nucleus leads to the opposite effect on PKA activity
in hippocampus (Polter and Li, 2010; Zhu et al., 2004). It also
suggests that quetiapine directly regulates presynaptic 5-HT1A re-
ceptors in the raphe nucleus, which in turn upregulates PKA activ-
ity in hippocampus. Additionally, it has been demonstrated that a
low-dose of WAY100635 (0.1 mg/kg) primarily inhibits 5-HT1A
presynaptic receptor activity, while a high dose (1 mg/kg) mainly
inhibits 5-HT1A postsynaptic receptor activity (Sato et al., 2007).

Therefore, in the present study, a low dose of WAY100635 (0.1
mg/kg) blocked the effect of quetiapine on presynaptic 5-HT1A
receptors in raphe nucleus neurons. This further supports activa-
tion of presynaptic 5-HT1A receptors by quetiapine.

In the present study, tandospirone upregulated PKA activity
in hippocampal cells in the presence of quetiapine, whereas, ac-
tivation of either pres- or postsynaptic 5-HT1A receptors induced
the opposite PKA activity in hippocampal neurons (Polter and Li,
2010; Zhu et al., 2004). The studies mentioned above support the
fact that different doses of tandospirone activate either the presy-
naptic 5-HT1A receptors in hippocampus or the postsynaptic 5-
HT1A receptors in the raphe nucleus. In the present study, tan-
dospirone activated presynaptic 5-HT1A receptors in the raphe
nucleus and upregulated the PKA activity in hippocampus. Ad-
ditionally, the present study revealed that tandospirone induced
no enhancement in the therapeutic effect of quetiapine on CIAS.
This finding indicates that quetiapine plus 5-HT1A receptor ag-
onist could upregulate the PKA activity in hippocampal cells but
cannot enhance the therapeutic effect of quetiapine on CIAS. The
reason for this might be that the PKA activity in hippocampal cells
is not the only mechanism by which quetiapine influences CIAS.

The present study investigated the role of 5-HT1A receptors
and PKA activity on the effect of quetiapine in CIAS and demon-
strated a key role for presynaptic 5-HT1A receptors in the thera-
peutic effect of quetiapine on CIAS. It also identified that the PKA
activity in hippocampal cells is involved in the mechanism of que-
tiapine's effects on CIAS. It should be noted that this study did not
investigate the individual effects of tandospirone andWAY100635
on CIAS and PKA activity.
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