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Abstract
Rationale Schizophrenia is a mental illness which is characterised by positive and negative symptoms and by cognitive impair-
ments. While the major prevailing hypothesis is that altered dopaminergic and/or glutamatergic transmission contributes to this
disease, there is evidence that the noradrenergic system also plays a role in its major symptoms.
Objectives In the present paper, we investigated the pro-cognitive effect of 1-methyl-1,2,3,4-tetrahydroisoquinoline (1MeTIQ)
an endogenous neuroprotective compound, on ketamine-modelled schizophrenia in rats.
Methods We used an antagonist of NMDA receptors (ketamine) to model memory deficit symptoms in rats. Using the novel
object recognition (NOR) test, we investigated the pro-cognitive effect of 1MeTIQ. Additionally, olanzapine, an atypical anti-
psychotic drug, was used as a standard to compare the pro-cognitive effects of the substances. In vivo microdialysis studies
allowed us to verify the changes in the release of monoamines and their metabolites in the rat striatum.
Results Our study demonstrated that 1MeTIQ, similarly to olanzapine, exhibits a pro-cognitive effect in NOR test and enhances
memory disturbed by ketamine treatment. Additionally, in vivo microdialysis studies have shown that ketamine powerfully
increased noradrenaline release in the rat striatum, while 1MeTIQ and olanzapine completely antagonised this neurochemical
effect.
Conclusions 1MeTIQ, as a possible pro-cognitive drug, in contrast to olanzapine, expresses beneficial neuroprotective activity in
the brain, increasing concentration of the extraneuronal dopamine metabolite, 3-methoxytyramine (3-MT), which plays an
important physiological role in the brain as an inhibitory regulator of catecholaminergic activity. Moreover, we first demonstrated
the essential role of noradrenaline release in memory disturbances observed in the ketamine-model of schizophrenia, and its
possible participation in negative symptoms of the schizophrenia.
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Introduction

Schizophrenia is a devastating mental disorder that can result
in cognitive deficits, including memory deficits, attentional
deficits and executive functioning impairments, in addition
to positive and negative symptoms (Heinrichs and Zakzanis
1998). These symptoms generally appear years before a clin-
ical diagnosis (Lesh et al. 2011) and strongly influence patient
quality of life; therefore, it is necessary to explore effective

treatments for related cognitive impairments. Studies of mem-
ory in patients with schizophrenia have reported large deficits
in verbal and visual features (Faraone et al. 2000) of recogni-
tion (Danion et al. 1999) and episodic memory (Krabbendam
et al. 2001; Toulopoulou et al. 2003), both of which are part of
declarative memory (Riedel and Blokland 2015). One of the
most popular methods for investigating declarative memory
processes in rodents is the novel object recognition (NOR)
test—a non-rewarded, ethologically relevant paradigm that
is based on the spontaneous exploratory behaviours of rodents
and that does not require external motivation, punishment or
training (Ennaceur and Delacour 1988; Ennaceur 2010;
Cadinu et al. 2018). NOR test gained popularity as it is simple
and cheap behavioural assay of memory that relies primarily
on a rodent’s innate exploratory behaviour in the absence of
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externally applied rules, reinforcement or stressful training
(Silvers et al. 2007; Reger et al. 2009; Mathiasen and
DiCamillo 2010; Antunes and Biala 2012; Cadinu et al.
2018) . A preference for the novel object is evidence that the
familiar object has been remembered by the animal. This form
of memory is considered to be the rodent equivalent of human
declarative (episodic) memory (Ennaceur 2010). In humans,
the analogous task used to study declarative memory is a
visual-paired comparison task (Sivakumaran et al. 2018), in
which patients with schizophrenia show less accuracy in rec-
ognizing previously seen objects (Heckers et al. 2000). There
are evidence that atypical antipsychotic drugs, such as
olanzapine, improve cognitive functions, including memory
(Wolff and Leander 2003; He et al. 2005; Mahmoud et al.
2019; Desamericq et al. 2014; Guo et al. 2011; Gurpegui
et al. 2007; Meltzer and McGurk 1999; McGurk et al. 2004;
Mutlu et al. 2011; Rajagopal et al. 2014; Babic et al. 2018)
while other authors have shown that olanzapine can impair
memory (Skarsfeldt 1996; Purdon et al. 2000; Levin et al.
2005).

Many theories of the molecular origins of schizophrenia
symptoms have arisen, although the aetiology of the illness
remains uncertain. Many networks and neurotransmitters may
be involved in the pathophysiology of schizophrenia; howev-
er, no single neurotransmitter or system can explain the full
picture of the heterogeneity of schizophrenia symptoms (Yang
and Tsai 2017). In addition to the engagement of dopaminer-
gic, serotonergic and noradrenergic systems, there is strong
evidence from many research disciplines indicating the role
of the hypofunction of N-methyl-D-aspartate receptors
(NMDARs) as a primary neurophysiological contributor to
schizophrenia (Weickert et al. 2013; Nakazawa et al. 2017;
Bubeniková-Valesová et al. 2008; Duncan et al. 1999;
Brandao-Teles et al. 2017; Balu 2016; Krystal et al. 1999).
NMDAR antagonists such as ketamine, dizocilpine (MK-
801) and phencyclidine (PCP), as well as transgenic animals,
have become useful preclinical tools to model the illness
(Gilmour et al. 2012; Neill et al. 2010; Coyle 2012; Bondi
et al. 2012). 1-Methyl-1,2,3,4-tetrahydroisoquinoline
(1MeTIQ) is an endogenous amine present and synthesised
in the mammalian brain in low concentrations (Antkiewicz-
Michaluk et al. 2014;Wąsik and Antkiewicz-Michaluk 2017).
The 1MeTIQ present in the brain is a mixture of (R)- and (S)-
enant iomers enzymat ica l ly synthes ised f rom 2-
phenylethylamine and pyruvate by 1MeTIQ-synthesizing en-
zyme, a membrane-bound protein localised in the mitochon-
drial synaptosomal fraction (Yamakawa et al. 1999). Previous
studies have shown that 1MeTIQ has affinity for the agonistic
form of dopamine receptors and acts as a reversible mono-
amine oxidase (MAOA and MAOB) inhibitor with neuropro-
tective, anti-depressive (Antkiewicz-Michaluk et al. 2001,
2006, 2007; Patsenka and Antkiewicz-Michaluk 2004;
Wąsik et al. 2016) and anti-addictive (Wąsik et al. 2010)

properties. Early studies on tetrahydroisoquinolines revealed
their neuroleptic-like properties (Ginos and Doroski 1979),
and our experiments confirmed that 1MeTIQ acts as a specific
antagonist of agonistic conformations of dopamine receptors
and may play an important physiological role as an inhibitory
regulator that counteracts excessive stimulation of catechol-
aminergic systems (Antkiewicz-Michaluk et al. 2007;
Vetulani et al. 2001, 2003). As we demonstrated earlier,
1MeTIQ antagonised hyperactivity evoked by MK-801
(Pietraszek et al. 2009) and by apomorphine (Antkiewicz-
Michaluk et al. 2001). It is well known that the catabolism
of dopamine to its final metabolite, homovanillic acid (HVA),
occurs both intra- and extraneuronally. Dopamine present in
neuronal cytoplasm is N-oxidised by the mitochondrial outer
membrane enzyme MAO to form 3,4-dihydroxyphenylacetic
acid (DOPAC), which is then extraneuronally O-methylated
by catechol-O-methyltransferase (COMT) to form HVA.
Dopamine released into the synaptic cleft may be taken up
by DAT localised on dopamine terminals or may be
extraneuronally O-methylated by COMT to form 3-
methoxytyramine (3-MT), an extraneuronal metabolite. The
formation of DOPAC is accompanied by the production of the
most deleterious radicals: hydroxyl radicals (Chiueh et al.
1993). Therefore, the oxidative MAO-dependent pathway of
dopamine catabolism may play an important role in the pro-
gressive and selective loss of dopaminergic neurons in the
substantia nigra during the development of Parkinson’s dis-
ease. Alternatively, the enhanced catabolism of dopamine
through COMT-dependent O-methylation leading to 3-MT
accumulation may constitute an oxidative defence mechanism
leading to neuroprotection (Miller et al. 1996; Antkiewicz-
Michaluk et al. 2006). Furthermore, it was previously demon-
strated that 3-MT, an extraneuronal dopamine metabolite,
plays a physiological role in the brain as an inhibitory regula-
tor of noradrenergic and dopaminergic activity (Antkiewicz-
Michaluk et al. 2008).

In biochemical studies, it has been shown that the admin-
istration of 1MeTIQ leads to the activation of noradrenergic
and serotonergic systems (Możdżeń et al. 2017), increases
brain dopamine levels in animal models of depression and
Parkinson’s disease and protects dopaminergic neurons from
cell death (Antkiewicz-Michaluk et al. 2014). 1MeTIQ also
acts as a low-affinity NMDA receptor antagonist (Kuszczyk
et al. 2013). As a compound affecting multiple brain systems
and networks, 1MeTIQ may be considered a potential agent
useful in the treatment of the cognitive symptoms of
schizophrenia.

Our recent study showed that 1MeTIQ exhibits anxiolytic
properties in an animal model of schizophrenia (Wąsik et al.
2019); therefore, we decided to verify whether 1MeTIQ can
improve cognitive functioning related to declarative memory.

The aim of the present study was to evaluate the pro-
cognitive effect of acute 1MeTIQ administration in an animal
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model of schizophrenia (induced by an acute dose of keta-
mine) and to compare its action to that of olanzapine, an an-
tipsychotic drug widely used in the treatment of schizophrenia
(Aubry et al. 2000). Moreover, in an in vivo microdialysis
study, changes in levels of neurotransmitters and their metab-
olites in the striatum (STR) were measured using high-
performance liquid chromatography (HPLC) methods.

Materials and methods

Animals

All experiments were carried out in male Sprague-Dawley rats
with an initial body weight of 250–275 g. The animals were
kept in standard polyacrylic cages (5 animals/cage). All ani-
mals had free access to standard laboratory food and tap water
and were kept at room temperature (22 °C) under an artificial
light/dark cycle (12/12 h, lights on at 7:00 a.m.). One of two
doses of 1MeTIQ (25 or 50 mg/kg, intraperitoneally (i.p.)) or
olanzapine (3 mg/kg i.p.) was administered 30 min before the
ketamine (20 mg/kg i.p.) injection. Control rats were treated
with an appropriate vehicle (0.9% NaCl).

The NOR test was conducted 30min after ketamine admin-
istration. All experimental groups consisted of 10 individuals.
The doses of 1MeTIQ used in this experiment were based on
our previous experience, while doses of olanzapine (Rogóż
and Skuza 2011) and ketamine were based on the literature
(Nikiforuk et al. 2016). Immediately after the behavioural ex-
periments, the rats were killed by decapitation, and different
structures of the brain were dissected out for later analysis.
The experiments were carried out between 9.00 a.m. and
16.00 p.m. All experimental procedures were carried out in
accordance with the Guide for the Care and Use of Laboratory
Animals issued by the National Institutes of Health and re-
ceived approval from the Bioethics Commission as being
compliant with Polish law.

Drugs

1-Methyl-1,2,3,4-tetrahydroisoquinoline (1MeTIQ) was syn-
thesised by the Department of Drug Chemistry, Institute of
Pharmacology Polish Academy of Sciences, Krakow,
Poland. The purity of the compound was verified by the mea-
surement of the melting point, and homogeneity was assessed
on a chromatographic column. Ketamine (Biowet Puławy,
Poland) was in the form of a solution for injection (ketamine
hydrochloride). Olanzapine (Sigma-Aldrich, USA) was
suspended in a 1% aqueous solution of Tween 80; 1MeTIQ
was dissolved in sterile 0.9% NaCl solution and injected in a
volume of 1 ml/kg.

The NOR test

Apparatus Animals were tested in a dimly lit (20 lux) open
field made of black wood (60 × 60 × 25). After each animal
performed the test, the box was cleaned with alcohol and
allowed to dry.

Objects Three objects of comparable size were used in the
experiment. Object 1 (obj1) and object 2 (obj2), both used in
the first trial, were visually the same (aluminium cans filled
with sand and pasted with tape), and the third object (a glass
bottle tightly closed and filled with water) was used as a novel
object in the second trial. All objects were heavy enough to
not be displaced by the animals.

Procedure Animals were habituated to the box (without ob-
jects) for 5 min 24 h before the first trial of the test (Nikiforuk
et al. 2013). The test consisted of two trials (T1 and T2, 5 min
each) separated by 1-h intervals. In the first trial (T1), two
identical objects were placed in the box 15 cm from the walls.
After T1, rats were returned to their home cages. In T2, one of
the objects was replaced with a novel object (NO). The loca-
tion of the novel object was randomly determined for each
animal to avoid the occurrence of place preference.

The exploration of an object was defined as looking at,
licking, sniffing or touching the object but not leaning against
or sitting or standing on the object (Nikiforuk et al. 2016).

The behaviour of the animals was recorded using a camera
placed above the apparatus and connected to the Any-maze®
tracking system.

Measured parameters The exploration time of each object
was manually assessed by the experimenter who was blinded
to the experimental conditions. Based on the exploration time
(E) of each object, two parameters were assessed: discrimina-
tion index (DI) = (ENO-EFO)/(ENO + EFO); recognition index
(RI) = ENO/(ENO + EFO).

Microdialysis study

Rats were anaesthetised with ketamine (75 mg/kg) and
xylazine (10 mg/kg) and secured in a stereotaxic frame
(Stoelting, USA). Vertical microdialysis guide cannulas
(Intracerebral Guide Cannula with stylet; BAS Bioanalytical,
USA) were implanted in the striatum (STR) according to the
following stereotaxic coordinates: A/P + 1.0, L/M + 2.5 and
V/D − 3.5 mm from bregma and the dura (G. Paxinos and
C.H. Watson). Seven days after surgery, microdialysis probes
(length 4 mm) were inserted into the cannulas, and the STR
was perfused with artificial cerebrospinal fluid (aCSF), which
consisted of 140 mM NaCl, 2.7 mM KCl, 1.2 mM CaCl2,
1 mM MgCl2, 0.3 mM NaH2PO4 and 1.7 mM Na2HPO4

(pH 7.4), at a flow rate of 1.5 μl/min maintained with a
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microinfusion pump (Stoelting, IL USA). Samples were col-
lected from freely moving rats in 20-min intervals after a 3-h
wash-out period. All dialysates were immediately frozen on
dry ice (− 70 °C) until they were used in a biochemical assay.

Dopamine (DA), serotonin (5-HT), noradrenaline (NA)
leve l s and the leve l s o f the i r me tabo l i t e s 3 ,4 -
dihydroxyphenylacetic acid (DOPAC), 3-methoxytyramine
(3-MT), homovanillic acid (HVA) and normetanephrine
(NM) in dialysates (20 μl) were analysed by HPLC with elec-
trochemical detection. Chromatography was performed using
an LC-10 AD pump (Shimadzu Europa GmbH, Warszawa,
Poland), an LC-4B amperometric detector with a cross-flow
detector cell (BAS, IN, USA), and a BDS-Hypersil C18 ana-
lytical column (3 × 100 mm2, a 3 μm, Thermo Electron Corp.,
UK). The mobile phase was composed of 0.1 M
monochloracetic acid adjusted to pH = 3.7 with 3 M sodium
hydroxide, 0.5 mM EDTA, 25 mg/l 1-octanesulfonic acid so-
dium salt, 5.7%methanol and 2.5% acetonitrile. The flow rate
was 0.5 ml/min, and the applied potential of a 3 mm glassy
carbon electrode was + 600 mV with a sensitivity of 2 nA/V.
The chromatographic data were processed by Chromax 2001
(Pol-Lab, Warszawa, Poland) software run on a personal com-
puter. The values were not corrected for an in vitro probe
recovery, which was approximately 15%.

Statistical analysis

The exploration times in the behavioural test were analysed
with Student’s t test. DI and PI factors were compared with
one-way analysis of variance (ANOVA) followed, when ap-
propriate, by Duncan’s post hoc test. The data from the micro-
dialysis study were analysed with one-way ANOVA for re-
peated measures followed, when appropriate, by Duncan’s
post hoc tests. The results were considered statistically signif-
icant when p < 0.05.

Results

NOR test

The effect of 1MeTIQ (25 mg/kg i.p.) on ketamine-induced
cognitive impairment in the novel object recognition task

Student’s t test showed no significant differences between the
exploration times for object 1 and object 2 in all groups in T1
of the NOR test (Fig. 1a).

The same test showed significant differences (p < 0.001) in
the exploration times for the NO and FO in the control (saline)
group in the T2 phase. In ketamine-treated animals, no signif-
icant differences were observed in the exploration times for
the objects. We observed statistically significant differences in
the exploration times for the NO and FO in groups treated

with 1MeTIQ (p < 0.001), combined 1MeTIQ and ketamine
(p < 0.05), olanzapine (p < 0.01) and combined olanzapine
and ketamine (p < 0.05) (Fig. 1b).

The statistical analysis of the behavioural results showed
that the discrimination index (DI) significantly differed among
groups (F[5,44] = 3.55, p < 0.01). The post hoc test showed a
significant effect (p < 0.05) of ketamine on the DI value.
1MeTIQ given with ketamine produced significant effects
(p < 0.05) and completely blocked ketamine-induced changes.
However, olanzapine given with ketamine did not produce
significant changes in the DI (Fig. 2a).

The same analysis showed a significant effect (F[5,44] =
3.55, p < 0.01) of treatment on the preference index (PI).
Ketamine significantly (p < 0.05) lowered the PI value com-
pared to that in the control group. 1MeTIQ given with

Fig. 1 The effects of 1MeTIQ (25 mg/kg i.p.), olanzapine (3 mg/kg i.p.)
and ketamine on exploration times for object 1 and object 2 in the
acquisition trial (T1) (a) and in the retention trial (T2) (b) in the novel
object recognition task. The data are shown as themean ± SEM.N = 9–10
rats per group. Statistical significance: *p < 0.05, **p < 0.01,
***p < 0.001 significant differences in exploration times for the novel
object (NO) and familiar object (FO)
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ketamine significantly (p < 0.05) changed the PI value and
restored it to the control level. Olanzapine administered with
ketamine did not significantly affect the PI (Fig. 2b).

Student’s t test showed significant (p < 0.001) difference in
PI between saline group and the chance level (50%). PI in
ketamine-treated group did not significantly differ from a
chance. Both, 1MeTIQ (25 mg/kg) and olanzapine given
alone significantly (p < 0.001) changed PI compared to a
chance. Value of PI in both combined groups, significantly
(p < 0.01) differed from the chance level (Fig. 2b).

The effect of 1MeTIQ (50 mg/kg i.p.) on ketamine-induced
cognitive impairment in the novel object recognition task

Student’s t test showed no significant changes in the explora-
tion times for object 1 and object 2 in all groups in the T1
phase of the NOR test (Fig. 3a).

The same statistical analysis showed significant changes in
exploration times for the FO and NO in the T2 phase of the
NOR test in the saline (control) group (p < 0.001). In
ketamine-treated animals, no significant difference was ob-
served. Statistically significant changes in exploration times
for the FO and NO occurred in groups treated with 1MeTIQ
(p < 0.01), combined 1MeTIQ and ketamine (p < 0.05),
olanzapine (p < 0.01) and combined olanzapine and ketamine
(p < 0.05) (Fig. 3b).

Statistical analysis showed a significant effect (F[5,45] =
3.44, p < 0.05) of treatment on the DI. Post hoc analysis
showed that ketamine significantly (p < 0.05) lowered the DI
value. However, neither 1MeTIQ (50 mg/kg) nor olanzapine,
when given with ketamine, could reverse this effect (Fig. 4a).

The same analysis showed a significant effect (F[5,45] =
3.44, p < 0.01) of treatment on the PI value. Ketamine signif-
icantly (p < 0.05) affected the PI; however, 1MeTIQ and
olanzapine did not reverse its effect in the combined groups
(Fig. 4b).

Student’s t test showed significant (p < 0.001) difference in
PI between the control group and the chance level (50%). PI in
ketamine-treated group did not significantly differ from a
chance. Both, 1MeTIQ (50 mg/kg) and olanzapine given
alone significantly (p < 0.01 and p < 0.001, respectively)
changed PI when compared to a chance. Value of PI in both
combined groups, significantly (p < 0.01) differed from the
chance level (Fig. 4b).

In vivo microdialysis study

The effect of the acute administration of 1MeTIQ
(25 mg/kg i.p.) on ketamine-induced changes in dopamine
release and levels of its metabolites in the rat striatum

The mean control basal extracellular concentration of dopa-
mine in dialysates obtained from the striatum was approxi-
mately 8.1 ± 0.8 (pg/20 μl). One-way ANOVA for repeated
measures indicated a significant effect of treatment on DA
release (F[3,18] = 3.18; p < 0.05). Duncan’s test demonstrated
that a single dose of ketamine did not change the dopamine
concentration in the rat striatum (Fig. 5a). Additionally, an
acute dose of 1MeTIQ (25 mg/kg i.p.) did not cause signifi-
cant changes in dopamine release. In contrast, combined
1MeTIQ (25 mg/kg i.p.) and ketamine treatment produced a
significant elevation in the dopamine concentration (approx.
160%; p < 0.01) (Fig. 5a).

Fig. 2 The effect of 1MeTIQ (25 mg/kg i.p.) and olanzapine
(3 mg/kg i.p.) on ketamine-induced cognitive impairment in the novel
object recognition task. The data are shown as the mean ± SEM of the
discrimination index (DI) (a) and preference index (PI) (b) in the retention
trial (T2), conducted 1 h following the acquisition trial (T1).N = 9–10 rats
per group. Dotted line (b) indicates a chance level (50%). Statistical

significance: *p < 0.05, **p < 0.01 significant reduction in the DI and
PI compared with those in the vehicle-treated group; #p < 0.05,
##p < 0.01 significant improvement in the DI or PI compared with that
in the ketamine-treated group. $p < 0.05, $$p < 0.01, $$$p < 0.001 signif-
icant difference between PI and the chance level
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Statistical analysis showed a significant effect of treatment
on the 3-MT concentration (F[3,18] = 10.20; p < 0.01).
Duncan’s test indicated that acute ketamine administration
did not change 3-MT levels (Fig. 5b). In contrast, 1MeTIQ
(25 mg/kg i.p.) administration increased the 3-MT concentra-
tion approximately 350%, while in the combined treatment
group (1MeTIQ + ketamine), 3-MT levels were elevated more
than 650% (Fig. 5b).

One-way ANOVA for repeated measures indicated no
significant effect of treatment on the DOPAC concentra-
tion (F[3,18] = 1.96; N.S.), while the effect of TIME
(F[12,216] = 24.28; p < 0.01) and the interaction between
TIME and treatment (F[36,216] = 2.7; p < 0.01) were
significant. Post hoc analysis indicated that a single

dose of ketamine significantly decreased the level of
DO PAC ( u p t o 4 0% ) ( F i g . 5 c ) . 1M e T I Q
(25 mg/kg i.p.) administered alone and combined with
ketamine produced a weaker effect, with the DOPAC
concentration being reduced by approximately 15%
(Fig. 5c).

Statistical analysis showed no significant effect of
treatment on the HVA concentration (F[3,18] = 1.3;
N.S.) while the effect of TIME (F[12,216] = 1.9;
p < 0.05) and the interaction between TIME and treat-
ment (F[36,216] = 1.53; p < 0.05) were significant.
Duncan’s test demonstrated that treatment with ketamine
significantly reduced HVA levels by approximately 20%
(Fig. 5d). The same analysis indicated that 1MeTIQ
given alone and in combination with ketamine did not
change the HVA concentration in the rat striatum (Fig.
5d).

The effect of the acute administration of 1MeTIQ
(25 mg/kg i.p.) on ketamine-induced changes
in noradrenaline release and levels of its metabolite in the rat
striatum

Statistical analysis showed a significant effect of treatment on
NA release (F[3,18] = 38.95; p < 0.01). Duncan’s test demon-
strated a very large, time-dependent increase in NA release
after an acute dose of ketamine (up to 400%), and this effect
was completely antagonised by a single dose of 1MeTIQ
(25 mg/kg i.p.); in the combined group, the level of NA was
similar to that in the control (saline) group (Fig. 6a).

The same analysis showed no significant effect of
treatment on the NM concentration (F[3,18] = 1.44;
N.S.), while both the effect of TIME (F[12,216] =
2.04; p < 0.05) and the interaction between TIME and
treatment (F[36,216] = 2.71; p < 0.01) were significant.
Duncan’s test demonstrated that ketamine administration
(alone or in combination with 1MeTIQ) did not change
NM l ev e l s ( F i g . 6 b ) . I n c o n t r a s t , 1MeT IQ
(25 mg/kg i.p.) administration showed an increase in
the NM concentration of approximately 200% (Fig. 6b).

The effect of the acute administration of 1MeTIQ
(50 mg/kg i.p.) on ketamine-induced changes in dopamine
release and levels of its metabolites in the rat striatum

Statistical analysis showed a significant effect of treatment on
DA release (F[3,18] = 5.45; p < 0.01). A post hoc test demon-
strated that a single dose of ketamine did not change DA
release in the rat striatum (Fig. 7a). The same analysis showed
that an acute dose of 1MeTIQ (50 mg/kg i.p.) significantly
increased DA release (up to 200%) (Fig. 7a). At the same time,
combined 1MeTIQ (50 mg/kg i.p.) and ketamine treatment

Fig. 3 The effects of 1MeTIQ (50 mg/kg i.p.), olanzapine (3 mg/kg i.p.)
and ketamine on exploration times for object 1 and object 2 in the
acquisition trial (T1) (a) and in the retention trial (T2) (b) in the novel
object recognition task. The data are shown as themean ± SEM.N = 9–10
rats per group. Statistical significance: *p < 0.05, **p < 0.01,
***p < 0.001 significant differences in exploration time for novel object
(NO) and familiar object (FO)
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produced a stronger increase in the DA concentration in the
extracellular space (up to 250%) (Fig. 7a).

One-way ANOVA for repeated measures indicated a sig-
nificant effect of treatment on the 3-MT concentration

Fig. 4 The effect of 1MeTIQ (50 mg/kg i.p.) and olanzapine
(3 mg/kg i.p.) on ketamine-induced cognitive impairment in the novel
object recognition task. The data are shown as the mean ± SEM of the
discrimination index (DI) (a) and preference index (PI) (b) in the retention
trial (T2), conducted 1 h following the acquisition trial (T1).N = 9–10 rats
per group. Dotted line (b) indicates a chance level (50%). Statistical

significance: *p < 0.05, **p < 0.01 significant reduction in the DI and
PI compared with those in the vehicle-treated group; #p < 0.05,
##p < 0.01 significant improvement in the DI or PI compared with that
in the ketamine-treated group. $p < 0.05, $$p < 0.01, $$$p < 0.001 signif-
icant difference between PI and the chance level

Fig. 5 The effect of the acute administration of 1MeTIQ (25 mg/kg i.p.)
on ketamine-induced changes in dopamine release and levels of its me-
tabolites in the rat striatum. Control samples were collected from “– 60”
to “0;” then, 1MeTIQ (25 mg/kg; at timepoint “0”) or ketamine
(20 mg/kg; at timepoint “20”) was administered i.p. Dialysates were
collected every 20 min. In the combined treatment group, 1MeTIQ was

injected 20 min before ketamine administration. The concentrations of
dopamine (DA) (a) and its metabolites 3-MT (b), DOPAC (c) and HVA
(d) were measured. The basal level of dopamine in the striatum was 8.1 ±
0.8 pg/20 μl. The data are expressed as the means ± SEM (n = 5–6).
Statistical significance: *p < 0.05, **p < 0.01 from the basal value
(Duncan’s test).
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(F[3,18] = 35.33; p < 0.01). Duncan’s test showed that acute
ketamine administration did not change the level of 3-MT
(Fig. 7b). In contrast, the administration of 1MeTIQ
(50 mg/kg i.p.) increased the 3-MT concentration approxi-
mately 500%, while in the combined treatment group
(1MeTIQ + ketamine), the 3-MT level was elevated above
1000% (Fig. 7b).

One-way ANOVA for repeated measures indicated no signif-
icant effect of treatment on DOPAC concentration (F[3,18] =
2.57; N.S.), while both the effect of TIME (F[12,216] = 35.38;
p < 0.01) and the interaction between TIME and treatment
(F[36,216] = 2.73; p < 0.01) were significant. Post hoc analysis
indicated that either a single dose of ketamine or 1MeTIQ
(50 mg/kg i.p.) significantly decreased the level of DOPAC (up
to 40%) (Fig. 7c). A similar effect was observed in the combined
group (1MeTIQ+ ketamine) (Fig. 7c).

The same analysis demonstrated no significant effect of
treatment onHVA concentration (F[3, 18] = 2.93; N.S.), while
both the effect of TIME (F[12,216] = 5.05; p < 0.01) and the
interaction between TIME and treatment (F[36,216] = 2.6;

p < 0.01) were significant. Duncan’s test demonstrated that
treatment with ketamine significantly reduced the level of
HVA by approximately 20% (Fig. 7d). A similar effect was
observed after combined treatment with 1MeTIQ
(50 mg/kg i.p.) and ketamine (Fig. 7d).

The effect of the acute administration of 1MeTIQ
(50 mg/kg i.p.) on ketamine-induced changes
in noradrenaline release and levels of its metabolite in the rat
striatum

One-way ANOVA for repeated measures indicated a sig-
nificant effect of treatment on NA release (F[3,18] =
21.44; p < 0.01). Duncan’s test demonstrated a strong,
time-dependent increase in NA release after an acute dose
of ketamine (up to 390%) (Fig. 8a), and this effect was
completely antagonised by a single dose of 1MeTIQ
(50 mg/kg i.p.). In the combined group, the level of NA
was similar to that in the control (saline) group (Fig. 8a).
In addition, 1MeTIQ (50 mg/kg i.p.) given alone

Fig. 6 The effect of the acute
administration of 1MeTIQ
(25 mg/kg i.p.) on ketamine-
induced changes in noradrenaline
release and levels of its metabolite
in the rat striatum. Control sam-
ples were collected from “– 60” to
“0;” then, 1MeTIQ (25 mg/kg; at
timepoint “0”) or ketamine
(20mg/kg; at timepoint “20”) was
administered i.p. Dialysates were
collected every 20 min. In the
combined treatment group,
1MeTIQ was injected 20 min be-
fore ketamine administration. The
concentration of noradrenaline
(NA) (a) and its metabolite NM
(b) were measured. The data are
expressed as the means ± SEM
(n = 5–6). Statistical significance:
*p < 0.05, **p < 0.01 from the
basal value (Duncan’s test)
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produced an increase in NA release of approximately
200% (Fig. 8a).

The same analysis showed a significant effect of
treatment on NM concentration (F[3,18] = 12.77;
p < 0.01). A post hoc test demonstrated that ketamine
administration did not change NM levels (Fig. 8b) In
contrast, both 1MeTIQ (50 mg/kg i.p.) given alone
(approx. 150%) and combined with ketamine (approx.
200%) induced a significant increase in NM levels in
the extracellular space (Fig. 8b).

The effect of the acute administration of olanzapine
(3 mg/kg i.p.) on ketamine-induced changes in dopamine
release and levels of its metabolites in the rat striatum

One-way ANOVA for repeated measures showed no sig-
nificant effect of treatment on DA release (F[3,18] =
1.27; N.S.), while the effect of TIME (F[12,216] =
2.91; p < 0.01) was significant. However, the interaction
between TIME and treatment (F[36,216] = 1.16; N.S.)
was not significant. A post hoc test demonstrated that
a single dose of ketamine or olanzapine did not change

DA release in the rat striatum (Fig. 9a). A similar effect
was observed after combined treatment with ketamine
and olanzapine (Fig. 9a).

Statistical analysis indicated no significant effect of treat-
ment on the 3-MT concentration (F[3,18] = 1.25; N.S.), while
the effect of TIME (F[12,216] = 2.63; p < 0.01) was signifi-
cant. However, the interaction between TIME and treatment
(F[36,216] = 1.4; N.S.) was not significant. Duncan’s test
showed that acute ketamine or olanzapine administration did
not change 3-MT levels (Fig. 9b). Additionally, combined
treatment with ketamine and olanzapine did not change 3-
MT levels (Fig. 9b).

One-way ANOVA for repeated measures indicated a
significant effect of treatment on the DOPAC concentra-
tion (F[3,18] = 10.27; p < 0.01). Additionally, the effect
of TIME (F[12,216] = 19.54; p < 0.01) and the interac-
tion between TIME and treatment (F[36,216] = 9.56;
p < 0.01) were significant. Post hoc analysis indicated
that both a single dose of olanzapine and combined
ketamine and olanzapine treatment significantly in-
creased DOPAC levels (up to 300%) (Fig. 9c), while
ketamine alone did not change this parameter.

Fig. 7 The effect of the acute administration of 1MeTIQ (50 mg/kg i.p.)
on ketamine-induced changes in dopamine release and levels of its me-
tabolites in the rat striatum. Control samples were collected from “– 60”
to “0;” then, 1MeTIQ (50 mg/kg; at timepoint “0”) or ketamine
(20 mg/kg; at timepoint “20”) was administered i.p. Dialysates were
collected every 20 min. In the combined treatment group, 1MeTIQ was

injected 20 min before ketamine administration. The concentration of
dopamine (DA) (a) and its metabolites 3-MT (b), DOPAC (c) and HVA
(d) were measured. The basal level of dopamine in the striatum was 8.1 ±
0.8 pg/20 μl. The data are expressed as the means ± SEM (n = 5–6).
Statistical significance: *p < 0.05, **p < 0.01 from the basal value
(Duncan’s test)
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The same analysis demonstrated a significant effect of
treatment on the HVA concentration (F[3,18] = 12.23;
p < 0.01), the effect of TIME (F[12,216] = 27.6; p < 0.01)
and the interaction between TIME and treatment
(F[36,216] = 12.04; p < 0.01). Duncan’s test demonstrated
that both a single dose of olanzapine and combined ketamine
and olanzapine treatment significantly increased HVA levels
(approx. 250%) (Fig. 9d), while ketamine alone did not
change this parameter (Fig. 9d).

The effect of the acute administration of olanzapine
(3 mg/kg i.p.) on ketamine-induced changes in noradrenaline
release and levels of its metabolite in the rat striatum

One-way ANOVA for repeated measures indicated a signifi-
cant effect of treatment on NA release (F[3,18] = 33.31;
p < 0.01). Additionally, the effect of TIME (F[12,216] =
30.81; p < 0.01) and the interaction between TIME and treat-
ment (F[36,216] = 27.32; p < 0.01) were significant. Duncan’s
test demonstrated a strong, time-dependent increase in NA
release after an acute dose of ketamine (up to 380%)

(Fig. 10a). This effect was completely antagonised by a single
dose of olanzapine. In the combined group, NA levels were
approximately 30% below the control level (Fig. 10a). At the
same time, olanzapine alone did not change NA release
(Fig. 10a).

The same analysis showed no significant effect of treat-
ment on the NM concentration (F[3,18] = 0.31; N.S.) in the
rat striatum. Similarly, the effect of TIME (F[12,216] = 1.34;
N.S.) and the interaction between TIME and treatment
(F[36,216] = 1.34; N.S.) were not significant (Fig. 10b)
Table 1.

Discussion

In the present study, we used the NOR test to investigate the
pro-cognitive potential of acute 1MeTIQ administration in a
ketamine model of schizophrenia.Moreover, 1MeTIQ activity
was compared to the results obtained by the administration of
an atypical neuroleptic, olanzapine. In this paper, we demon-
strated, for the first time, that the therapeutic activity of

Fig. 8 The effect of the acute
administration of 1MeTIQ
(50 mg/kg i.p.) on ketamine-
induced changes in noradrenaline
release and levels of its metabolite
in the rat striatum. Control sam-
ples were collected from “– 60” to
“0;” then, 1MeTIQ (50 mg/kg; at
timepoint “0”) or ketamine
(20mg/kg; at timepoint “20”) was
administered i.p. Dialysates were
collected every 20 min. In the
combined treatment group,
1MeTIQ was injected 20 min be-
fore ketamine administration. The
concentration of noradrenaline
(NA) (a) and its metabolite NM
(b) were measured. The data are
expressed as the means ± SEM
(n = 5–6). Statistical significance:
*p < 0.05, **p < 0.01 from the
basal value (Duncan’s test)
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1MeTIQ is comparable to that of olanzapine in the ketamine-
induced impairment of memories in rats.

In the 1950s, the dopamine theory of schizophrenia was
established based on excessive dopamine transmission
(Delay et al. 1952; Carlsson and Lindqvist 1963). As it dem-
onstrated by Pezze et al. (2007) both type of dopaminergic
receptors (D1 and D2) are involved in cognitive processes.
However, they modulate different aspects of performance.
However, some researchers have sugges ted NA
(Hornykiewicz 1986; Yamamoto et al. 1994; Maletic et al.
2017) as a contributor to the development of the illness be-
cause positive symptoms are aggravated by NA agonists and
amel iora ted by NA antagonis ts (Yamamoto and
Hornykiewicz 2004). Based on pharmacological, biochemical
and psychophysiological evidence, it has been proposed that
both positive and negative symptoms may be the result of the
dysregulation of the noradrenergic system. It was demonstrat-
ed that noradrenaline was elevated in both the blood plasma
and cerebrospinal fluid of patients with schizophrenia, as well
as noradrenergic markers being elevated in the postmortem in
the brain (Kemali et al. 1982; Farley et al. 1978). Moreover,
many studies indicate the essential participation of

noradrenaline and its receptors (α1, α2, β) in the striatum,
hippocampus and frontal cortex in cognitive and memory
functions (Borodovitsyna et al. 2017). However, different nor-
adrenergic receptors may play opposite roles in cognition; for
example, the activation of the noradrenergic β receptor is
necessary for both contextual and spatial memory consolida-
tion and retrieval (Zhang et al. 2013), whereas the opposite
effect was observed after the activation of the α1 receptor
disrupted these functions (Hillman et al. 2009). It was demon-
strated that the local application of the α1 receptor antagonist
prazosine into the hippocampus (the dental gyrus) increased
the rate of active avoidance learning; in contrast, this behav-
iour was acquired more slowly when phenylephrine, an α1
agonist, was administered (Zhan et al. 2016).

The NOR test has emerged as the most popular task for
assessing rodent memory in terms of the ability to recognise a
previously presented object (Ennanceur and Delacour 1988).
The NOR test is based on rodents’ self-motivation to approach
and explore new, non-threatening items using multiple senses,
which is easily quantifiable. Healthy animals, during the test
session, exhibit a preference for exploring the novel object
significantly more than the familiar one (Cohen and

Fig. 9 The effect of the acute administration of olanzapine (3 mg/kg i.p.)
on ketamine-induced changes in dopamine release and levels of its me-
tabolites in the rat striatum. Control samples were collected from “– 60”
to “0;” then, olanzapine (3 mg/kg; at timepoint “0”) or ketamine
(20 mg/kg; at timepoint “20”) was administered i.p. Dialysates were
collected every 20 min. In the combined treatment group, olanzapine

was injected 20 min before ketamine administration. The concentration
of dopamine (DA) (a) and its metabolites 3-MT (b), DOPAC (c) and
HVA (d) were measured. The basal level of dopamine in the striatum
was 8.1 ± 0.8 pg/20 μl. The data are expressed as the means ± SEM
(n = 5–6). Statistical significance: *p < 0.05, **p < 0.01 from the basal
value (Duncan’s test)
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Stackman Jr. 2015; Pezze et al. 2015). In accordance with
previous studies (Verma and Moghaddam 1996; Adler et al.
1998; Kos et al. 2006), ketamine at sub-anaesthetic doses
produced memory deficits. In our study, the administration
of ketamine caused animals to spend less time exploring the
novel object in the T2 phase of the NOR test (Fig. 1b; Fig. 3b),
which indicates memory impairment. This result is consistent
with those of other studies using the NOR test to evaluate
cognitive deficits (Goulart et al. 2010; Nikiforuk et al. 2013;
Pitsikas et al. 2008). Ketamine also decreases the preference
index (which measures the ability of an animal to recognise
the same object at different points in time) and the discrimi-
nation index (which quantifies the ability of an animal to dis-
criminate between two different objects that are presented at

the same time (D’Isa et al. 2014) (Fig. 2a, b; Fig. 4a, b). This
result suggests the animals’ inability to recognise the familiar
object in the T2 phase of the test.

In the present study, we demonstrated that 1MeTIQ ex-
hibits pro-cognitive properties, as measured in the NOR test
in a widely used rodent ketamine model of schizophrenia.
This is the first study verifying the effect of 1MeTIQ on mem-
ory in rats and comparing its action to the effect of olanzapine,
which is widely used in the treatment of schizophrenia. In the
present study, we observed reduction of the total time of ex-
ploration of both objects after treatment with both doses of
1MeTIQ and olanzapine compare to control (saline group) in
T1 phase (Fig. 1a; Fig. 3a). This effect is associated with a
decrease in the locomotor activity of animals after

Fig. 10 The effect of the acute
administration of olanzapine
(3 mg/kg i.p.) on ketamine-
induced changes in noradrenaline
release and levels of its metabolite
in the rat striatum. Control sam-
ples were collected from “– 60” to
“0;” then, olanzapine (3 mg/kg; at
timepoint “0”) or ketamine
(20mg/kg; at timepoint “20”) was
administered i.p. Dialysates were
collected every 20 min. In the
combined treatment group,
olanzapine was injected 20 min
before ketamine administration.
The concentration of noradrena-
line (NA) (a) and its metabolite
NM (b) were measured. The data
are expressed as the means ±
SEM (n = 5–6). Statistical signifi-
cance: *p < 0.05, **p < 0.01 from
the basal value (Duncan’s test)

Table 1 Table summarizing the
results obtained in in vivo
microdialysis studies

DA DOPAC 3-
MT

HVA NA NM

Saline – – – – – –

KET – ↓ – ↓ ↑↑ –

1MeTIQ25 – ↓ ↑↑ – – ↑

1MeTIQ50 ↑ ↓ ↑↑ – ↑ ↑

OLA – ↑ – ↑ – –

1MeTIQ25 +KET ↑ ↓ ↑ – Antagonism to ketamine –

1MeTIQ50 +KET ↑ ↓ ↑↑ ↓ Antagonism to ketamine ↑

OLA+KET – ↑ – ↑ Antagonism to ketamine –

The effect of the acute administration of 1MeTIQ (25 or 50mg/kg i.p.) or olanzapine (OLA) on ketamine-induced
(KET) changes in dopamine (DA) and noradrenaline (NA) release and levels of its metabolites in the rat striatum.
↑ increase, ↓ decrease, – lack change
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administration of 1MeTIQ and olanzapine in T1 phase.
Interestingly, we did not observe differences in the locomotor
activity of rats in the T2 phase. (data not shown). In T1 phase
we compare the times of exploration of object 1 and object 2
within one group to see if animals in particular treated group
statistically differed in exploration times of two identical ob-
jects, to verify if non-specific preference for any object occurs.

We showed that 1MeTIQ, both at doses of 25 mg/kg and
50 mg/kg, reversed the effect of ketamine in T2 of the NOR
test and increased the difference between the exploration times
for the familiar and novel objects, with rats showing similar
times to rats in the control group (Fig. 1b; Fig. 3b). In this
phase, total exploration time of both objects (FO and NO)
after treatment with both doses of 1MeTIQ and olanzapine
was similar to the control group. This effect suggests success-
ful recognition, which is demonstrated by rodents spending
more time exploring the novel object than the familiar object
during the T2 phase (Ennanceur and Delacour 1988). The
effect of 1MeTIQ is comparable to the action of olanzapine,
which reversed the ketamine effect in a congruent manner and
improved performance in the NOR test. Clinical and pre-
clinical studies indicated that olanzapine has been shown to
improve cognitive functions, including memory (Wolff and
Leander 2003; He et al. 2005; Mahmoud et al. 2019;
Desamericq et al. 2014; Guo et al. 2011; Gurpegui et al.
2007; Meltzer and McGurk 1999; McGurk et al. 2004;
Mutlu et al. 2011; Rajagopal et al. 2014; Babic et al. 2018);
however, there are studies reporting that atypical antipsychotic
drugs may cause cognitive impairment (Skarsfeldt 1996;
Levin et al. 2005). 1MeTIQ administered at a dose of
25 mg/kg reversed the effect of ketamine and increased both
preference and discrimination indexes (Fig. 2a, b), improving
the animals’ performance in the NOR test. However, 1MeTIQ
administered at a dose of 50 mg/kg tended to increase the DI
and PI (compared to ketamine-treated animals), but this effect
was not statistically significant. Surprisingly, olanzapine did
not reverse the ketamine effect and did not increase the PI or
DI significantly compared to the ketamine-treated group.
However, there was a tendency to increase the index value
in olanzapine-treated animals (Fig. 4a, b). In animal models
of schizophrenia tested in the NOR task, olanzapine has been
reported to restore the control value of PI (Mutlu et al. 2011)
and increase the exploration time for novel objects (Snigdha
et al. 2010), which seems to be consistent with our results
from behavioural testing. To explain the NOR test perfor-
mance, we carried out an in vivo microdialysis study and
verified the release of monoamines in the rat striatum.

As shown by our present study, ketamine did not change
dopamine release in the rat striatum (Fig. 5a; Fig. 7a), al-
though it significantly decreased the concentration of its me-
tabolites, DOPAC and HVA (Fig. 5c, d; Fig. 7c, d). However,
the results obtained by other authors demonstrated that keta-
mine causes elevated glutamate and dopamine release in the

prefrontal cortex and limbic regions, which leads to cognitive
disorders (Moghaddam et al. 1997; Razoux et al. 2007).
However, other authors have shown that an elevated dopa-
mine concentration is beneficial for cognitive control
(Colzato et al. 2014, 2016) and cognitive flexibility
(Steenbergen et al. 2015). It is interesting that the beneficial
effect of D1 receptor stimulation is found in the fronto-striatal
network implicated in the control of 5CSRT performance, but
not within the dorsolateral striatum (Pezze et al. 2007). Our
results indicated that 1MeTIQ given alone and combined with
ketamine significantly elevated dopamine release (approx.
200% and 250%, respectively) (Fig. 5a; Fig. 7a). In addition,
equally important and characteristic of 1MeTIQ activity, 3-
MT levels very sharply increased both in the 1MeTIQ-
treated group (500%) and in the 1MeTIQ + ketamine com-
bined group (up to 1000%). Such a powerful increase in 3-
MT levels in the striatum may have essential therapeutic im-
plications because this extraneuronal dopamine metabolite
plays a physiological role in the brain as an inhibitory regula-
tor of catecholaminergic activity. We have previously demon-
strated that 3-MT binds to the α1 and striatal dopamine D1
and D2 receptors in the nanomolar concentration range
(Antkiewicz-Michaluk et al. 2008). In contrast to 1MeTIQ,
olanzapine increases the MAO-dependent oxidation pathway
of dopamine metabolism and increases the DOPAC (approx.
300%) and HVA (approx. 250%) levels in the rat striatum
(Fig. 9c, d). Olanzapine, as an atypical neuroleptic drug, acts
as an antagonist of dopamine (D2, D3, D4), serotonin (5-HT2A,
5-HT2C, 5-HT6) and noradrenergic (α1) receptors (Mauri et al.
2014); thus, the receptor profile for olanzapine and 1MeTIQ
seems to be similar considering the high affinity of 3-MT to
dopamine and noradrenergic receptors (Antkiewicz-Michaluk
et al. 2008).

There is evidence that both DA and NA play important
roles in working memory. Clinical and animal studies have
indicated that both excessive and reduced concentrations of
DA and NA can induce cognitive impairment and deficits in
working memory (Arnsten 1997; Inagaki et al. 2010; Murphy
et al. 1996a, 1996b; Zahrt et al. 1997). These results suggest
that DA has an inverted U-shaped dose-response relationship
at D1 receptors (Vijayraghavan et al. 2007). NA increased
working memory via alpha-2 adrenergic receptors, while the
stimulation of alpha-1 receptors induced opposing effects
(Arnsten 1997). Memory impairment appears during stress
and after the administration of D1 and alpha-1 agonists, which
lead to the release of DA and NA, respectively. The
abovementioned data suggest that the optimal function of
the frontal cortex (FCX) is dependent on appropriate levels
of DA and NA (Arnsten 1997).

Elevated noradrenaline is thought to be a feature of schizo-
phrenia, and it is possible that impaired frontal noradrenaline
signalling contributes to cognitive deficits seen in the illness
(Friedman et al. 1999; Fitzgerald 2014). Our in vivo
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microdialysis study indicated that ketamine produced a time-
dependent increase in NA release in the rat striatum (up to
400%) (Fig. 6a; Fig. 8a). The probable mechanism responsi-
ble for this effect of ketamine is the inhibition of NMDA
receptors located on GABAergic interneurons, which ulti-
mately results in the disinhibition of other neurons, e.g., nor-
adrenergic neurons (Boultadakis and Pitsikas 2011). There is
evidence that NA modulates the efficacy of glutamatergic
transmission by activating G protein coupled adrenergic re-
ceptors (Scheiderer et al. 2004).

In the present paper, we demonstrated that the behavioural
and biochemical effects of ketamine were completely
antagonised by 1MeTIQ (in both doses used) and by the atyp-
ical neuroleptic olanzapine. Next, the question arises: what
could be the pro-cognitive mechanism of action for
olanzapine and 1MeTIQ? It seems that the receptor profile
for both investigated drugs, especially the antagonism to the
noradrenergic α1 receptor, as mentioned above, may play an
essential role in their pro-cognitive action. Moreover,
1MeTIQ and olanzapine can modulate the activity of GABA
medium spiny neurons (MSNs) within the rat striatum; these
neurons express dopamine D1 and D2 receptors and, conse-
quently, antagonise the ketamine-induced release of NA
(Ztaou and Amalric 2019). It is also important to mention
that 1MeTIQ, as a possible pro-cognitive drug, in contrast to
olanzapine, expresses beneficial neuroprotective activities in
the brain as an inhibitor of MAO-dependent dopamine oxida-
tion and shifts dopamine catabolism towards COMT-
dependent methylation, leading to the accumulation of 3-
MT. As it was mention above, 3-MT an extraneuronal dopa-
mine metabolite possesses the distinct physiological inhibito-
ry effect on the catecholaminergic system activity within the
brain (Antkiewicz-Michaluk et al. 2008; Wąsik et al. 2010).
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