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Abstract: MK-801, an NMDA receptor antagonist, and scopolamine, a cholinergic receptor blocker,
are widely used as tool compounds to induce learning and memory deficits in animal models to
study schizophrenia or Alzheimer-type dementia (AD), respectively. Memory impairments are
observed after either acute or chronic administration of either compound. The present experiments
were performed to study the nitric oxide (NO)-related mechanisms underlying memory dysfunction
induced by acute or chronic (14 days) administration of MK-801 (0.3 mg/kg, i.p.) or scopolamine
(1 mg/kg, i.p.). The levels of L-arginine and its derivatives, L-citrulline, L-glutamate, L-glutamine
and L-ornithine, were measured. The expression of constitutive nitric oxide synthases (cNOS),
dimethylaminohydrolase (DDAH1) and protein arginine N-methyltransferases (PMRTs) 1 and 5
was evaluated, and the impact of the studied tool compounds on cGMP production and NMDA
receptors was measured. The studies were performed in both the cortex and hippocampus of
mice. S-nitrosylation of selected proteins, such as GLT-1, APP and tau, was also investigated. Our
results indicate that the availability of L-arginine decreased after chronic administration of MK-801
or scopolamine, as both the amino acid itself as well as its level in proportion to its derivatives
(SDMA and NMMA) were decreased. Additionally, among all three methylamines, SDMA was the
most abundant in the brain (~70%). Administration of either compound impaired eNOS-derived
NO production, increasing the monomer levels, and had no significant impact on nNOS. Both
compounds elevated DDAH1 expression, and slight decreases in PMRT1 and PMRT5 in the cortex
after scopolamine (acute) and MK-801 (chronic) administration were observed in the PFC, respectively.
Administration of MK-801 induced a decrease in the cGMP level in the hippocampus, accompanied
by decreased NMDA expression, while increased cGMP production and decreased NMDA receptor
expression were observed after scopolamine administration. Chronic MK-801 and scopolamine
administration affected S-nitrosylation of GLT-1 transport protein. Our results indicate that the
analyzed tool compounds used in pharmacological models of schizophrenia or AD induce changes
in NO-related pathways in the brain structures involved in cognition. To some extent, the changes
resemble those observed in human samples.
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1. Introduction

Learning and memory processes are crucial for the interaction of individuals with their
environments and involve the coordination of large, widely distributed brain networks.

Memory is often understood as an information processing system with explicit and
implicit functioning that comprises a sensory processor, short-term memory (STM) and
long-term memory (LTM) [1]. The sensory processor retains information derived from the
senses—it is an automatic response and beyond cognitive control [2]. Short-term memory
allows the storage of a small amount of information for a period of several seconds [1].
In contrast, long-term memory, once consolidated, can store much larger quantities of
information and is persistent and stable for a potentially unlimited duration [1].

Different brain areas are involved in the neuroanatomy of memory, and each of them
is presumed to be involved in specific types of memory. The hippocampus is believed to be
involved in spatial and declarative learning [3], while the prefrontal cortex (PFC, a part of
the frontal lobe) maintains representations of task-relevant stimuli, decision making, short-
term memory and working memory [4–6]. In contrast to STM, LTM is maintained by stable
and permanent changes in neural connections that are widely distributed throughout the
brain. Consolidation of STM into LTM at the molecular level presumably involves synaptic
consolidation and system consolidation. The former involves alterations in synaptic protein
synthesis, activation of the intracellular transduction cascade and changes in membrane
potential [7]. Synaptic plasticity and synaptic strength, which underlie memory formation,
are regulated by long-term potentiation (LTP), which is considered to be an important
mechanism in learning and memory processes [7]. According to the theory of systems
consolidation, when novel information is originally encoded and registered, the memory
of these new stimuli is retained in both the hippocampus and cortical regions [8]. The
hippocampus is essential to the consolidation of information from STM to LTM [8].

Learning and memory processes are widely studied in animals, primarily because of
the need to search for new drug targets, but also to understand the mechanisms underlying
memory impairments. Commonly used compounds to induce memory impairments are
NMDA (N-methyl-D-aspartic acid) receptor antagonists (e.g., MK-801) and scopolamine,
a non-selective cholinergic receptor antagonist. The compounds induce schizophrenia-
related [9,10] or Alzheimer-related [11–13] cognitive decline respectively, by influencing
a variety of cellular and synaptic mechanisms. Nitric oxide (NO)-related pathways are
among the factors that are essential in memory processes due to their regulation of NMDA-
dependent cGMP (cyclic guanosine monophosphate) synthesis, protein activity (through
the process of S-nitrosylation) and LTP [14–16].

In the present study, a complex analysis of the impact of acute and chronic (14 days)
administration of both MK-801 and scopolamine on NO-related pathways was performed.
The following parameters were measured: the levels of L-arginine and its derivatives,
nitric oxide synthases (nNOS and eNOS), dimethylarginine dimethylaminohydrolase 1
(DDAH1), protein arginine N-methyltransferases 1 and 5 (PMRT1 and PMRT5), NMDA
and cGMP levels and S-nitrosylation of selected proteins. The analysis was performed in
the prefrontal cortices (PFC) and hippocampi of MK-801- and scopolamine-treated animals.

2. Results
2.1. Experimental Design

The tool compounds MK-801 and scopolamine were administered in two schedules:

• Acute administration at doses of 0.3 and 1 mg/kg respectively, and the PFCs or
hippocampi were dissected 30 min after the administration.

• Chronic administration for 14 days at doses of 0.3 mg/kg (MK-801) and 1 mg/kg (scopo-
lamine), and the PFCs or hippocampi were dissected 24 h after the last administration.

The doses of the compounds were adjusted according to previous studies. MK-801
at the dose of 0.3 mg/kg induced cognitive deficits in CD1 mice both after acute and
prolonged administration [17–21], and scopolamine was used at the dose of 1 mg/kg [22].

The following parameters were measured:
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1. The levels of selected amino acids: L-citrulline, L-glutamate, L-glutamine, L-ornithine
and L-arginine and its derivatives: asymmetric dimethylarginine (ADMA), symmetric
dimethylarginine (SDMA) and n-monomethyl-L-arginine (NMMA), measured by
mass spectrometry.

2. L-Arg/ADMA, L-Arg/SDMA and L-Arg/NMMA ratios.
3. The expression of eNOS, nNOS, DDAH1, PMRT1 and PMRT5, analyzed by

Western blotting.
4. GluN2B subunit-containing NMDA receptor and cGMP levels, analyzed by Western

blotting and ELISA, respectively.
5. S-nitrosylation of selected proteins: Tau, apolipoprotein (APP) and GLT-1 transporter

(glutamate transporter 1).

2.2. Acute MK-801 or Scopolamine Administration
2.2.1. Amino Acids in PFC and Hippocampus

The concentrations of amino acids in the control group PFC were as follows:
18.6 µM L-arginine, 3.65 µM L-citrulline, 1303 µM L-glutamate, 743.5 µM L-glutamine
and 3.8 µM L-ornithine. The same trend but with slightly lower concentrations was
noted in the hippocampus: 16.5 µM L-arginine, 3.54 µM L-citrulline, 990 µM L-glutamate,
547.74 µM L-glutamine and 3.8 µM L-ornithine.

In the PFC, acute administration of MK-801 induced significant decreases in L-
arginine (F(2.27) = 5.96; p < 0.007), L-glutamate (F(2.25) = 17.51, p < 0.0001) and L-glutamine
(F(2.27) = 18.8, p < 0.0001). Acute scopolamine administration induced no changes in the
levels of investigated amino acids (Figure 1).

Figure 1. Amino acid levels in the prefrontal cortex (PFC) and hippocampus (Hipp) after acute ad-
ministration of MK-801 (0.3 mg/kg) or scopolamine (1 mg/kg). Data are presented as means ± SEM.
** p < 0.01; **** p < 0.0001 vs. control.

In the hippocampus, acute administration of MK-801 induced a significant decrease
in L-arginine (F(2.26) = 8.16; p < 0.001). No changes in L-citrulline or L-ornithine levels
were observed. Acute administration of scopolamine induced a significant decrease in
L-glutamate and L-glutamine (F(2.27) = 15.59, p < 0.0001 and F(2.27) = 8.72, p < 0.001, respec-
tively) (Figure 1).
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2.2.2. L-Arginine Derivatives in PFC and Hippocampus

In the PFC of control animals, SDMA constituted ca. 60% (0.21 µg/g of tissue) of
L-arginine derivatives, followed by ADMA at 26% (0.09 µg/g of tissue) and NMMA at 14%
(0.05 µg/g of tissue). The same tendency was observed in the hippocampus, where SDMA
accounted for 56% (0.19 µg/g of tissue), ADMA accounted for 27%(0.09 µg/g of tissue)
and NMMA accounted for 17% (0.059 µg/g of tissue).

In the PFC, acute administration of MK-801 did not induce any significant changes
in ADMA or SDMA, and decreased the level of NMMA (F(2.27) = 9.9, p < 0.0006). Acute
administration of scopolamine decreased the level of ADMA (F(2.26) = 3.74, p < 0.03) and
SDMA (F(2.27) = 3.39, p < 0.04) (Figure 2).

Figure 2. ADMA, SDMA and NMMA levels in the prefrontal cortex (PFC) and hippocampus (Hipp) after acute admin-
istration of MK-801 (0.3 mg/kg) or scopolamine (1 mg/kg). Data are presented as means ± SEM. * p < 0.05; ** p < 0.01;
*** p < 0.001 vs. control.

In the hippocampus, acute MK-801 injection induced an increase in the SDMA level
(F(2.27) = 15.38, p < 0.0001) and a decrease in NMMA (F(2.27) = 6.6, p < 0.007). Acute
scopolamine administration induced decreases in ADMA (F(2.25) =8.14, p < 0.001) and
SDMA (F(2.25) = 15.34, p < 0.0001). No changes in the NMMA level were detected (Figure 2).

The L-arginine/ADMA ratio increased in both the PFC and hippocampus after acute
MK-801 treatment (F(2.26) = 12.22, p < 0.0001 and F(2.27) = 7.6, p < 0.001, respectively)
and after acute scopolamine administration (F(2.28) = 9.26, p < 0.0008 and F(2.27) = 14.94,
p < 0.0001, respectively) (Figure 3).



Int. J. Mol. Sci. 2021, 22, 12282 5 of 28

Figure 3. L-arginine (L-Arg)/ADMA, L-arginine/SDMA and L-arginine/NMMA ratios in the prefrontal cortex (PFC) and
hippocampus (Hipp) after acute administration of MK-801 (0.3 mg/kg) or scopolamine (1 mg/kg). Data are presented as
means ± SEM. * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001 vs. control.

The L-arginine/SDMA ratio decreased in the PFC (F(2.26) = 8.52, p < 0.001) and hip-
pocampus after acute MK-801 treatments (F(2.26) = 20.41, p < 0.0001). Scopolamine had no
influence on this parameter (Figure 3).

The L-arginine/NMMA ratio decreased in the hippocampus after acute MK-801
treatment (F(2.27) = 5.57, p < 0.008). No significant changes in the L-arginine/NMMA ratio
after acute administration of scopolamine were observed (Figure 3).

2.2.3. The Levels of eNOS, nNOS, DDAH1, PMRT1 and PMRT5

Acute MK-801 administration increased the dimer/monomer (D/M) ratio of nNOS
in the PFC (F(2.27) = 5.169, p < 0.01), and no changes were observed in the total protein
or the monomer/total protein (M/T) ratio. No significant changes in total nNOS or the
M/T ratio were observed in either of the investigated structures after acute scopolamine
administration (Figure 4).

In the PFC, acute MK-801 administration decreased the total eNOS protein (F(2.26) = 6.36,
p < 0.03). The M/T ratio was increased after acute MK-801 administration (F(2.27) = 6.7,
p < 0.03). After acute scopolamine administration, the total eNOS protein level decreased
in the PFC (F(2.26) = 6.36, p < 0.004).

In the hippocampus, MK-801 induced an increase in total eNOS protein (F(2.27) = 14.79,
p < 0.0001) and D/M ratio (F(2.26) = 14.63, p < 0.001), while scopolamine administration
induced an increase in eNOS total protein (F(2.25) = 14.07, p < 0.0003) (Figure 5).
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Figure 4. nNOS expression in the prefrontal cortex (PFC) and hippocampus (Hipp) after acute administration of
MK-801 (0.3 mg/kg) or scopolamine (1 mg/kg) (A). Representative Western blots (B). D/M—dimer/monomer ratio;
M/T—monomer/total ratio. Data are presented as means ± SEM. ** p < 0.01 vs. control.

Figure 5. eNOS expression in the prefrontal cortex (PFC) and hippocampus (Hipp) after acute administration of
MK-801 (0.3 mg/kg) or scopolamine (1 mg/kg) (A). Representative Western blots (B). D/M—dimer/monomer ratio;
M/T—monomer/total ratio. Data are presented as means ± SEM. * p < 0.05 vs. control.

DDAH1 expression increased in the PFC and in the hippocampus after acute MK-801
administration (F(2.25) = 4.92, p < 0.01; F(2.27) = 11.8, p < 0.0002, respectively). Acute
scopolamine administration also induced an increase in DDAH1 expression both in the
PFC and in the hippocampus (F(2.27) = 6.7, p < 0.009 and F(2.27) = 11.8, p < 0.003, respectively)
(Figure 6).

No changes in the expression of PMRT1 or PMRT5 were observed after acute MK-801
treatment. The expression of PMRT1 increased only in the PFC after acute administration
of scopolamine (F(2.27) = 8.71, p < 0.0001). No changes in PMRT5 in either structure were
observed after acute scopolamine treatment (Figure 6).

2.2.4. cGMP and NMDA Receptor Expression

Acute MK-801 administration decreased the cGMP level only in the hippocampus
(F(2.24) = 5.38, p < 0.01). Acute scopolamine administration increased the cGMP level in the
PFC (F(2.27) = 5.53, p < 0.01) but not in the hippocampus (Figure 7A).
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Figure 6. DDAH1, PMRT1 and PMRT5 expression in the prefrontal cortex (PFC) and hippocampus (Hipp) after acute
administration of MK-801 (0.3 mg/kg) or scopolamine (1 mg/kg) (A). Representative Western blots (B). Data are presented
as means ± SEM. * p < 0.05; ** p < 0.01; *** p < 0.001 vs. control.

Figure 7. cGMP level (A) and GluN2B subunit-containing NMDA receptor expression (B) in the prefrontal cortex (PFC) and
hippocampus (Hipp) after acute administration of MK-801 (0.3 mg/kg) or scopolamine (1 mg/kg). Representative Western
blots (C). Data are presented as means ± SEM. * p < 0.05; ** p < 0.01 vs. control.

GluN2B subunit-containing NMDA receptor expression was not changed in the pre-
frontal cortex after MK-801 injection. In the hippocampus, acute MK-801 administration
induced a significant increase in the expression of theGluN2B subunit-containing NMDA
receptor (F(2.24) = 7.51, p < 0.02). Acute scopolamine administration induced a significant
decrease in the expression of the GluN2B subunit-containing NMDA receptor in the PFC
(F(2.24) = 5.55, p < 0.01) (Figure 7B).
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2.3. Chronic MK-801 or Scopolamine Administration
2.3.1. Amino Acids in PFC and Hippocampus

In the PFC, chronic administration of MK-801 induced significant decreases in L-arginine
(F(2.27) = 5.96; p < 0.007), L-glutamate (F(2.25) = 17.51, p < 0.0001) and L-glutamine (F(2.27) = 18.8,
p < 0.0001). No changes in L-citrulline or L-ornithine levels were observed. Chronic scopo-
lamine administration did not induce any significant changes in L-arginine, L-citrulline,
L-glutamate, L-glutamine or L-ornithine levels (Figure 8).

Figure 8. Amino acid levels in the prefrontal cortex (PFC) and hippocampus (Hipp) after chronic (14 days) administration
of MK-801 (0.3 mg/kg) or scopolamine (1 mg/kg). Data are presented as means ± SEM. * p < 0.05; ** p < 0.01; *** p < 0.001
vs. control.

In the hippocampus, chronic administration of MK-801 induced a significant decrease
in L-arginine (F(2.26) = 8.16; p < 0.001) and L-glutamine (F(2.26) = 6.9, p < 0.003) and an
increase in L-glutamate (F(2.27) = 7.56, p < 0.002) levels. No changes in L-citrulline or
L-ornithine levels were observed. After 14-day administration of scopolamine, decreases
in L-arginine (F(2.27) = 9.28, p < 0.0009), L-citrulline (F(2.27) = 5.84, p < 0.007), L-glutamate
(F(2.27) = 15.59, p < 0.0001) and L-glutamine (F(2.27) = 8.72, p < 0.001) were observed. No
changes in L-ornithine level were detected (Figure 8).

2.3.2. L-Arginine Derivatives in PFC and Hippocampus

In the PFC, chronic treatment with MK-801 induced a decrease in ADMA (F(2.27) = 9.3,
p < 0.0007) and SDMA (F(2.27) = 12.26, p < 0.0001). No changes after chronic scopolamine
treatment were noticed (Figure 9).
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Figure 9. ADMA, SDMA and NMMA levels in the prefrontal cortex (PFC) and hippocampus (Hipp) after chronic (14 days)
administration of MK-801 (0.3 mg/kg) or scopolamine (1 mg/kg). Data are presented as means ± SEM. ** p < 0.01;
*** p < 0.001; **** p < 0.0001 vs. control.

In the hippocampus, chronic MK-801 administration decreased ADMA (F(2.33) = 12.74,
p < 0.0001) and SDMA (F(2.27) = 15.38, p < 0.0001). Chronic scopolamine administration
induced decreases in ADMA (F(2.25) =8.14, p < 0.001) and SDMA (F(2.25) = 15.34, p < 0.0001).
No changes in the NMMA level were detected (Figure 9).

No changes in the L-arginine/ADMA ratio were observed after chronic MK-801 or
scopolamine treatment (Figure 10).

The L-arginine/SDMA ratio decreased in the PFC (F(2.26) = 8.52, p < 0.001) and hip-
pocampus (F(2.26) = 20.41, p < 0.0001) after chronic MK-801 treatments. The L-arginine/SDMA
ratio was not changed in any of the investigated structures after chronic scopolamine
administration (Figure 10).

The L-arginine/NMMA ratio decreased in the PFC after repeated MK-801 treatment
(F(2.27) = 9.91, p < 0.0006). Scopolamine administration decreased the L-arginine/NMMA
ratio in the PFC (F(2.27) = 8.22, p < 0.001) and in the hippocampus (F(2.27) = 13.89, p < 0.0001)
(Figure 10).

2.3.3. The Levels of nNOS, eNOS, DDAH1, PMRT1 and PMRT5

No significant changes in total nNOS or the M/T ratio were observed in either of
the investigated structures after chronic MK-801 or scopolamine administration. Chronic
scopolamine treatment induced a slight increase in the nNOS D/M ratio, which reached
significance in the hippocampus (F(2.26) = 3.5, p < 0.04) (Figure 11).
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Figure 10. L-arginine (L-Arg)/ADMA, L-arginine/SDMA and L-arginine/NMMA ratios in the prefrontal cortex (PFC) and
hippocampus (Hipp) after chronic (14 days) administration of MK-801 (0.3 mg/kg) or scopolamine (1 mg/kg). Data are
presented as mean ± SEM. * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001 vs. control.

Figure 11. nNOS expression in the prefrontal cortex (PFC) and hippocampus (Hipp) after chronic (14 days) administration
of MK-801 (0.3 mg/kg) or scopolamine (1 mg/kg) (A). Representative Western blots (B). D/M—dimer/monomer ratio;
M/T—monomer/total ratio. Data are presented as means ± SEM. * p < 0.05 vs. control.

Chronic MK-801 administration decreased the total eNOS protein (F(2.26) = 6.36,
p < 0.03) and D/M ratio (F(2.26) = 14.63, p < 0.001) in the PFC. The M/T ratio was in-
creased (F(2.27) = 6.7, p < 0.03). Chronic scopolamine treatment induced a decrease in the
eNOS D/M ratio (F(2.26) = 14.63, p < 0.001) and an increase in the M/T ratio (F(2.27) = 6.7,
p < 0.002) in the PFC (Figure 12).
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Figure 12. eNOS expression in the prefrontal cortex (PFC) and hippocampus (Hipp) after chronic (14 days) administration
of MK-801 (0.3 mg/kg) or scopolamine (1 mg/kg) (A). Representative Western blots (B). D/M—dimer/monomer ratio;
M/T—monomer/total ratio. Data are presented as means ± SEM. * p < 0.01 vs. control.

In the hippocampus, MK-801 induced no changes, while chronic scopolamine treat-
ment induced an increase only in total eNOS protein (F(2.26) = 5.8, p < 0.02) (Figure 12).

DDAH1 expression increased in the hippocampus after chronic MK-801 administra-
tion (F(2.27) = 10.09, p < 0.0005). Chronic scopolamine administration induced an increase
in DDAH1 expression both in the PFC and in the hippocampus (F(2.27) = 6.7, p < 0.009 and
F(2.27) = 11.8, p < 0.003, respectively). Neither MK-801 nor scopolamine treatment influ-
enced the level of PMRT1. The expression of PMRT5 decreased in the PFC after chronic
MK-801 administration (F(2.26) = 3.6, p < 0.03) (Figure 13).

Figure 13. DDAH1, PMRT1 and PMRT5 expression in the prefrontal cortex (PFC) and hippocampus (Hipp) after chronic
(14 days) administration of MK-801 (0.3 mg/kg) or scopolamine (1 mg/kg) (A). Representative Western blots (B). Data are
presented as means ± SEM. * p < 0.05; *** p < 0.001 vs. control.

2.3.4. cGMP and NMDA Receptor Expression

No changes after chronic MK-801 administration were observed in the cGMP level in
either of the investigated structures. Chronic scopolamine administration increased the
cGMP level in the hippocampus (F(2.28) = 8.91, p < 0.001), with no impact on the cGMP
level in the PFC (Figure 14A).
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Figure 14. cGMP level (A) and GluN2B subunit-containing NMDA receptor expression (B) in the prefrontal cortex
(PFC) and hippocampus (Hipp) after chronic (14 days) administration of MK-801 (0.3 mg/kg) or scopolamine (1 mg/kg).
(C) Representative Western blots. Data are presented as means ± SEM. * p < 0.05; ** p < 0.01 vs. control.

GluN2B subunit-containing NMDA receptor expression was not changed in the pre-
frontal cortex after MK-801 administration. In the hippocampus, chronic MK-801 adminis-
tration induced a significant increase in the expression of theGluN2B subunit-containing
NMDA receptor (F(2.24) = 7.51, p < 0.02). Chronic scopolamine administration induced a
significant decrease in the expression of the GluN2B subunit-containing NMDA receptor in
the PFC (F(2.24) = 5.55, p < 0.01). An increase in GluN2B subunit-containing NMDA receptor
expression in the hippocampus was observed after chronic administration of scopolamine
(F(2.27) = 5.4, p < 0.01) (Figure 14B).

2.4. Amino Acid Levels and L-Arginine Derivatives in Plasma after MK-801 and
Scopolamine Administration
2.4.1. Acute Administration

Of the analyzed amino acids, L-glutamine (427.2 µM) had the highest concentration in
plasma, followed by L-citrulline (67.8 µM) and L-ornithine (65.9 µM). L-arginine (44.4 µM)
and L-glutamate (44.19 µM) had the lowest concentrations.

Acute administration of MK-801 induced a significant decrease in L-ornithine
(F(2.25) = 5.59, p < 0.007). Acute administration of scopolamine induced a significant
decrease in L-citrulline (F(2.26) = 4.22, p < 0.02), L-glutamate (F(2.26) = 6.12, p < 0.006),
L-glutamine (F(2.26) = 4.06, p < 0.02) and L-ornithine (F(2.26) = 7.19, p < 0.003) (Figure 15).
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Figure 15. Amino acid and L-arginine derivative levels in plasma after acute administration of MK-801 (0.3 mg/kg) or
scopolamine (1 mg/kg). Data are presented as means ± SEM. * p < 0.05; ** p < 0.01; **** p < 0.0001 vs. control.

In the plasma of control animals, ADMA constituted ca. 64% (0.79 µM) of L-arginine
derivatives, followed by NMMA at 27% (0.33 µM) and SDMA at 9% (0.11 µM). Acute ad-
ministration of MK-801 decreased ADMA (F(2.34) = 4.71, p < 0.01) and SDMA (F(2.34) = 11.6,
p < 0.0001). No changes in L-arginine derivatives were observed after scopolamine admin-
istration (Figure 15).

No changes were observed in plasma after acute administration of MK-801 01 or
scopolamine (Figure 16).

Figure 16. L-arginine (L-Arg)/ADMA, L-arginine/SDMA and L-arginine/NMMA ratios in plasma after acute administra-
tion of MK-801 or scopolamine. Data are presented as means ± SEM.
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2.4.2. Chronic Administration

In plasma, chronic MK-801 treatment induced an increase in L-arginine (F(2.28) = 14.44,
p < 0.001), L-glutamate (F(2.28) = 4.94, p < 0.01) and L-glutamine (F(2.28) = 8.49, p < 0.0009).
No changes in L-citrulline levels were observed. No changes after chronic scopolamine
treatment were observed (Figure 17).

Figure 17. Amino acid and L-arginine derivative levels in plasma after chronic (14 days) administration of MK-801
(0.3 mg/kg) or scopolamine (1 mg/kg). Data are presented as means ± SEM. * p < 0.05; ** p < 0.01; *** p < 0.001 vs. control.

Chronic treatment with MK-801 increased L-arginine/ADMA, L-arginine/SDMA
and L-arginine/NMMA ratios (F(2.26) = 19.05, p < 0.0001, F(2.26) = 13.89, p < 0.0001 and
F(2.26) = 9.42, p < 0.0008, respectively). Chronic administration of scopolamine decreased
the L-arginine/NMMA ratio (F(2.27) =13.89, p < 0.0001) (Figure 18).

2.5. S-Nitrosylation

Before estimating the S-nitrosylation of individual proteins, each sample was separated
in polyacrylamide gel, and total S-nitrosylation after treatment with MK-801 or scopolamine
was compared to that in the control group. There were no significant differences between
the groups (Figure 19).

The total expression patterns of 5 proteins after MK-801 or scopolamine administration
over 14 days relative to β-actin were evaluated. The upregulation of the expression of
tau and Alzheimer precursor protein (APP) was statistically significant after MK-801
treatment (F(2.24) = 7.21, p < 0.003 and F(2.29) = 5.88, p < 0.007, respectively) (Figure 20A,B).
Additionally, chronic administration of MK-801 and scopolamine resulted in a statistically
significant reduction in the expression of glutamate transporter 1 (GLT-1) relative to the
control (F(2.25) = 6, p < 0.008 and F(2.23) = 5.88, p < 0.009, respectively) (Figure 20C). The
level of downregulation was similar in both groups.
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Figure 18. L-arginine (L-Arg)/ADMA, L-arginine/SDMA and L-arginine/NMMA ratios in plasma after chronic (14 days)
administration of MK-801 (0.3 mg/kg) or scopolamine (1 mg/kg). Data are presented as means ± SEM. ** p < 0.01;
**** p < 0.0001 vs. control.

Figure 19. Representative results demonstrating the effects of chronic (14 days) administration of MK-801 or scopolamine
on protein S-nitrosylation of the prefrontal cortex samples. (A) Proteins visualized by Amido Black staining on nitrocel-
lulose membrane, (B) Western blot of total nitrosylated proteins labeled in biotin switch assay on the same membrane.
M—protein marker.
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Figure 20. Densitometric analysis of Western blot results demonstrating changes in the expression of Alzheimer precursor
protein (APP), tau and glutamate transporter 1 (GLT-1) in the prefrontal cortex after chronic (14 days) administration of
MK-801 (0.3 mg/kg) or scopolamine (1 mg/kg) (A–C). Expression of total protein was normalized to β-actin. Representative
Western blots (D). Data are presented as means ± SEM. * p < 0.05; ** p < 0.01 compared to the untreated control group.

Comparison between the total expression of tau or APP protein and their S-nitrosylated
forms showed very similar patterns (F(2.24) = 4.95, p < 0.001; F(2.23) = 4.45, p < 0.02, respec-
tively) (Figure 21A,B). Chronic administration of MK-801 and scopolamine significantly
upregulated the S-nitrosylation of GLT-1 compared to the control group (F(2.23) = 6.65,
p < 0.005) (Figure 20C).
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Figure 21. Densitometric analysis of SNO-proteins (A–C), equal volumes of eluates from the streptavidin resin were loaded
into acrylamide gels. Representative Western blots (D). Data are presented as means ± SEM. * p < 0.05 compared to the
untreated control group.

3. Discussion

In the present study, acute and chronic administration of MK-801 (0.3 mg/kg) or
scopolamine (1 mg/kg) led to alterations in NO-dependent pathways that may contribute
to the cognitive decline induced by these compounds and, to some extent, resemble
neurochemical changes observed in humans.

Acute MK-801 injection induced decreases in L-arginine, L-glutamate and L-glutamine
levels both in the PFCs and hippocampi, and the effect was observed in the washout
period after chronic treatment, accompanied by significant and persistent decreases in
L-Arg/SDMA and L-Arg/NMMA ratios. Contrary to expectations, a transient increase
(observed after acute administration only) in the L-Arg/ADMA ratio was detected. There
are neither clinical nor preclinical reports concerning ADMA in schizophrenia or other CNS
disorders, but increased ADMA in relation to L-arginine has been reported to contribute to
cardiovascular pathologies [23]. This result may be irrelevant to present considerations, as
the obtained results indicate that SDMA plays a prominent role in the brain (60–65% com-
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pared to ADMA/NMMA) and are in line with a report indicating that the overall ADMA
content was lowest in the brain compared to other tissues [24]. Additionally, upon the
administration of MK-801, a significant increase in DDAH1 expression was observed (the
enzyme plays a critical role in ADMA degradation) [25]; therefore, the rapid metabolism of
ADMA (a putative compensatory mechanism) after MK-801 treatment cannot be excluded.
Hence, SDMA and NMMA together constitute ~70% of methylamines in the brain, where
they interfere with the production of NO from L-arginine, and imbalanced proportions
that are unfavorable for L-arginine after MK-801 treatment indicate subsequent insufficient
NO production by constitutive NO synthases (cNOS) [23,26,27].

Contrary to expectations, MK-801 administration had an insignificant effect on nNOS
expression, a crucial enzyme in neuronal NO production, subsequent NMDA receptor acti-
vation and cGMP synthesis, which is believed to mediate long-term potentiation (LTP) and
memory consolidation [28–30]. In contrast to expectations, the nNOS D/M ratio increased
in the PFC. Since proper NO production is facilitated by dimers, in contrast to monomers,
which trigger oxidative stress through the generation of reactive oxygen/reactive nitrogen
species (ROS/RNS) [31,32], the impact of MK-801 on nNOS is not detrimental. The effect
was not persistent and not observed in the washout period, and the expression of total
nNOS protein and monomer content remained unchanged.

Concomitant experiments aimed to assess the main factors mediating NO-induced
effects, i.e., the cGMP level accompanied by NMDA receptor expression, and the results
reveal that cGMP production was abolished in the hippocampus with increased NMDA
receptor expression, indicating the attenuation of cGMP synthesis in the MK-801-based
model, followed by the diminution of LTP.

Contrary to its impact on nNOS, MK-801 induced significant eNOS dysfunction,
decreasing its level in the PFC and hippocampus, accompanied by increased monomer
content, which may elevate the risk of generating oxidative stress. The increase in the
D/M ratio observed shortly after the administration of MK-801 in the hippocampus might
suggest the rapid decomposition of dimers into monomers.

In contrast to MK-801, the administration of scopolamine decreased amino acid
levels (except L-ornithine), predominantly in the hippocampal formation, accompanied by
reduced quantities of ADMA and SDMA in both structures. The observed decrease in the
L-Arg/NMMA ratio as a consequence of chronic scopolamine administration may indicate
diminished L-arginine availability for NO production. The simultaneous increase in the
DDAH1 level could indicate the rapid elimination of ADMA, as mentioned above when
discussing the MK-801-induced effect.

No significant changes in nNOS expression, except an increase in the D/M ratio in the
hippocampal formation after 14 days of treatment, were detected. The effect was compara-
ble to that observed after MK-801. Treatment with scopolamine had a less detrimental effect
on eNOS activity and largely affected the PFC, in which an increased level of monomers
was observed.

In contrast to MK-801, scopolamine treatment increased the level of cGMP both in
the PFC and in the hippocampus, in which an increase was also observed in the washout
period. As the expression of NMDA receptors was decreased, the elevation of the cGMP
level could not be the result of the stimulation of the NMDA receptor.

Our results showing no or slight changes in nNOS expression are not as expected,
mainly because both MK-801 and scopolamine are proven to impair LTP in rodents [33–35].
A rare animal study indicates decreased NOS activity after scopolamine administration
in the hippocampal region of the dentate gyrus only, with no changes in nNOS/eNOS
expression [36]. However, no complex studies presenting the impact of single and chronic
administration of MK-801 or scopolamine on nNOS, eNOS and dimer/monomer ratios
are available. Numerous clinical data describe alterations in the cellular expression of
brain-associated NOS in schizophrenia or AD. Remarkably, both decreases and increases in
NOS activity, NOS protein and/or mRNA content have been found in schizophrenia [37]
andAD [38,39].
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MK-801 induces its effects viaa mechanism that involves glutamatergic hyperac-
tivity in the brain and is associated with the deficiency of NMDA receptors located on
inhibitory GABAergic interneurons (described as the glutamatergic theory of schizophrenia
in [40–42]). On the other hand, acetylcholine projections in hippocampal neurons mediat-
ing LTP are inhibited by scopolamine [43,44]. NO-mediated synaptic plasticity involves
not only LTP but also long-term depression (LTD) [45–47], and both processes can be in-
duced not only in glutamatergic but also in GABAergic synapses [48] and can be inhibited
by MK-801 [49] or scopolamine [50]. Approximately 60% of neurons are glutamatergic;
however, the remaining 40% of GABAergic neurons use nNOS as well. It is impossible
to precisely determine neuron-specific changes in nNOS expression by Western blotting.
We hypothesize that MK-801 or scopolamine may shift the balance between LTP and LTD,
thus contributing to memory impairment, without affecting the absolute pool of nNOS
in the brain homogenate. The nNOS level may increase as a consequence of an astrocytic
response to MK-801 or scopolamine treatment, but this requires further studies.

While the neuronal pool of NO is dependent on the activity of nNOS, eNOS catalyzes
the production of NO in the epithelium and is essential for a healthy cardiovascular
system [51,52]. In the CNS, eNOS ensures proper cerebral blood flow and is crucial for the
integrity of the blood–brain barrier (BBB) [53,54]. eNOS deficiency was described as the
principal factor contributing to neurodegenerative processes, including AD, predominantly
by facilitating the cerebral accumulation of amyloid-β peptides (Aβ) and the microtubule-
associated protein tau, leading to the formation of extracellular amyloid plaques and
intracellular neurofibrillary tangles [55,56]. eNOS deficiency was observed in animal
models of AD with the use of KO animals [57].

Less is known about the role of eNOS in schizophrenia, and data concerning eNOS ex-
pression in animal models of schizophrenia are lacking. However, it has been reported that
BBB breakdown is associated with cognitive decline in both animals and humans [58,59],
and the complex nature of BBB dysfunction in psychosis might be relevant to many as-
pects of disrupted neuronal and synaptic function, increased permeability to inflammatory
molecules and disrupted glutamate homeostasis [60]. The present results might indicate
that eNOS deficiency and the putative subsequent impairment of BBB permeability may
constitute one of the causes underlying MK-801-induced cognitive decline.

Aberrant NO-mediated S-nitrosylation processes have been shown to be responsible
for Aβ cleavage, tau phosphorylation [61] and dysfunction of the activity of GLT-1 trans-
port protein, which is responsible for glutamate reuptake, a crucial process in both AD and
schizophrenia pathology [62,63]. Our results are the first to show that the tool compounds
MK-801 and scopolamine may induce their effects by promoting the S-nitrosylation of
proteins that govern glutamate transport and metabolism (GLT-1). Additionally, adminis-
tration of MK-801 elevated the expression of APP and tau proteins, but neither of the tool
compounds induced any changes in their S-nitrosylation.

Other results obtained in the present study confirm that the glutamate–glutamine
cycle, a process enabling metabolic trafficking between astrocytes and neurons [64,65],
may be impaired due to MK-801 or scopolamine administration, as the levels of both
amino acids were decreased, and the impact of MK-801 was evident in both structures. As
L-citrulline or L-ornithine levels remained unchanged, it seems that neither MK-801 nor
scopolamine affected the urea cycle [66].

The levels of amino acids and L-arginine derivatives were additionally determined
in the plasma of MK-801- and scopolamine-treated mice. Scopolamine had less of an
impact than MK-801 on amino acids and L-arginine derivatives in plasma, and the MK-801-
induced effect was more beneficial than detrimental, as increases in amino acids followed
by increases in L-Arg/methyloarginine ratios were detected, suggesting improved NO
availability in plasma. The results are in contrast to clinical reports showing increased
ADMA levels in the plasma of schizophrenic [67] and AD patients [68,69]. Some reports
concerning the ADMA level in cerebrospinal fluid do not show an association between
the ADMA level and the development of illness [70]. Plasma measurements were taken



Int. J. Mol. Sci. 2021, 22, 12282 20 of 28

to provide a complete picture of drug effects but are not important for establishing the
mechanisms of memory impairments.

4. Materials and Methods
4.1. Animals

Male Albino Swiss (20–25 g) mice (Charles River Laboratory, Sulzfeld, Germany) were
used in all of the experiments. Male CD1 mice were used in all our previous studies related
to cognitive impairment investigations and are generally used by others. All animals were
kept under a 12:12 light–dark cycle at a room temperature of 22 ± 1 ◦C with free access to
food and water. Each experimental group consisted of 10 animals. The compounds were
administered at a volume of 10 mg/mL. Animal facility conditions were in accordance with
EU Directive 2010/63/EU and subsequent ordinances of the Polish Ministry of Agriculture
and Rural Development.The procedures were approved by the II Local Ethics Committee
by the Maj Institute of Pharmacology, Polish Academy of Sciences in Krakow (65/2020).

4.2. Drugs

Scopolamine hydrobromide ((α,S)-α-(Hydroxymethyl)benzeneacetic acid (1α,2β,4β,
5α,7β)-9-methyl-3-oxa-9-azatricyclo[3.3.1.02,4]non-7-yl ester hydrobromide), LY487379
(2,2,2-Trifluoro-N-[4-(2-methoxyphenoxy)phenyl]-N-(3-pyridinylmethyl) ethanesulfonamide
hydrochloride) and MK-801 (5S,10R)-(+)-5-Methyl-10,11-dihydro-5H-dibenzo[a,d]
cyclohepten-5,10-imine maleate)were obtained from Tocris (Bristiol, United Kingdom)
and dissolved in saline.

The compounds were administered at doses of 1 mg/kg (scopolamine) or 0.3 mg/kg
(MK-801). Animals were killed 30 min after acute administration or after 14 days of the
treatments, 24 h after the last administration. Brain structures (hippocampi and prefrontal
cortices) and plasma were collected for further analysis.

4.3. L-Arginine Levels and Its Derivatives

The plasma extraction (50 µL) was performed using a protein precipitation method,
using three volumes of ice-cold acetonitrile containing an internal standard (IS) (L-Arg-C13,
4 µM). The extract was vortexed in a thermomixer for 15 min at 4 ◦C and followed by
centrifugation at 14,000 rpm for 20 min at 4 ◦C. The supernatant was transferred to a
new Eppendorf tube and evaporated to dryness in a vacuum evaporator at 45 ◦C for 1 h.
Samples were reconstituted (50 µL) in 0.1%FA in water, then centrifuged at 14,000 rpm for
15 min at 4 ◦C and analyzed by means of LC/MS/MS for ADMA, SDMA and NMMA. A
total of 5 µL of each supernatant was diluted to 50 µL with 0.1% FA in water containing
4 µM IS and analyzed for L-Arg, L-Cit, L-Glu, L-Gln and L-Orn. A QTRAP 4500 (AB Sciex,
Framingham, MA, USA) mass spectrometer in positive ion mode in Multiple Reaction
Monitoring (MRM screening) coupled with UHPLC (NEXERA XR, Shimadzu) was used.
Chromatographic separation was achieved on anIntrada Amino Acid 3u 50× 2 mm column
(Imtakt, Portland, OR, USA) at a flow rate of 0.3 mL/min at 50 ◦C. The gradient program
was as follows: 15–100% B (3 min), 100% B (0.5 min), 100–15% B (0.1 min), 15% B (3.4 min),
solvent A (84% acetonitrile with 0.3% formic acid in 25 mM ammonium formate) and
solvent B (20% acetonitrile in 200 mM ammonium formate). The Analyst software was
used to control the instrument and collect data, and Multiquant 3.0.2 software was used for
quantification analysis. The electrospray ionization source was fitted with a stainless-steel
capillary (100 µm i.d.). The ion transfer tube temperature was 300 ◦C. The spray voltage,
collision energy, declustering potential and gas parameters were optimized to achieve the
maximum response using the test compounds. Selected reaction monitoring was carried
out using the transition parameters presented in Table 1. The calibration curves were
constructed, and a linear response was obtained in the ranges of 0.05–10 µM (ADMA,
SDMA, NMMA), 3–100 µM (L-Arg, L-Cit), 6–200 µM (L-Glu, L-Orn) and 0.1–1000 µM
(L-Gln) by spiking known amounts of each compound in control plasma.
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Table 1. Mass spectrometric parameters for multiple reaction monitoring. Prime transition ions
in bold.

Compound Q1 Mass (Da)
Precursor Ion

Q3 Mass (Da)
Product Ion DP (Volts) CE (Volts)

SDMA 203.30 172.10 25 19
SDMA 203.30 133.10 25 19

ADMA 203.30 45.90 15 37
ADMA 203.30 42.90 15 67

NMMA 189.08 69.90 10 33
NMMA 189.08 116.00 10 21

L-Arginine 175.07 70.10 30 30
L-Arginine 175.07 116.00 30 20

L-Citrulline 176.06 159.10 15 13
L-Citrulline 176.06 69.90 15 32

L-Glutamate 148.12 84.0 10 21
L-Glutamate 148.12 130.0 10 13

L-Glutamine 147.12 84.0 10.0 23
L-Glutamine 147.12 130.0 10.0 13

L-Ornithine 133.01 70.0 10.0 23
L-Ornithine 133.01 116.0 10.0 13.0

Brain samples were ground to powder in liquid nitrogen, and suspended in a solution
of 10% perchloric acid and acetonitrile (1:1 ratio) in a ratio of 200 µL buffer per 50 mg tissue.
Samples were incubated in a thermomixer at 4 ◦C for 15 min and centrifuged at 12,000× g
at 4 ◦C for 15 min. Samples were kept frozen at −80 ◦C for LC/MS/MS analysis.

For all compounds, two transition ions were selected: prime (in bold) was used for
quantification, and the second was used for confirmation.

4.4. Western Blotting

Brain samples were ground to powder in liquid nitrogen, suspended in ice-cold RIPA
lysis buffer (Cell Signaling Technology, Leiden, The Netherlands, Cat# 9806S) supple-
mented with PMSF (1 mM) and Protease Inhibitor Cocktail (Sigma-Aldrich, Darmstadt,
Germany, Cat# P8340), and incubated on ice for 15 min. After incubation, the samples
were centrifuged at 12,000× g at 4 ◦C for 15 min, the supernatants were harvested and the
protein concentration was measured with the DC™ Protein Assay Kit II (Bio-Rad, Basel,
Switzerland, Cat# 5000112).

A total of 40 µg of protein from each sample was diluted with Laemmli buffer (Bio-Rad,
Basel, Switzerland, Cat# 1610747) containing 2.5% β-mercaptoethanol to a final volume of
10 µL. The samples were loaded on prechilled (4 ◦C) 4–15% polyacrylamide gels (Bio-Rad,
Basel, Switzerland, Cat# 4568086) submerged in ice-cold running buffer (Bio-Rad, Basel,
Switzerland, Cat# 1610772). Low-temperature SDS-PAGE was performed in an ice bath to
ensure that the temperature of the gel remained at 4 ◦C.

After SDS-PAGE, the gels were visualized under UV light to measure total protein lev-
els, and then the samples were transferred (Trans-Blot® Turbo™ Transfer System, Bio-Rad,
Basel, Switzerland) to PVDF membranes (Bio-Rad, Basel, Switzerland, Cat# 17001919). The
membranes were blocked for 30 min with 5% BSA (Sigma-Aldrich, Darmstadt, Germany,
Cat# A4503) for the detection of eNOS, nNOS, DDAH, PRMT5, PRMT1 and alpha 1 sodium
potassium ATPase or with 1% blocking solution (BM Chemiluminescence Western Blotting
Kit (Mouse/Rabbit), Roche, Sigma-Aldrich, Darmstadt, Germany, Cat# 11520709001) for
detection of NMDAR2B and β-actin. Overnight incubation at 4 ◦C was performed with
the following primary rabbit monoclonal antibodies: anti-eNOS (1:1000 dilution, Cell
Signaling Technology, Leiden, The Netherlands, Cat# 32027S), anti-nNOS (1:1000 dilution,
Cell Signaling Technology, Leiden, The Netherlands, Cat# 4231S), anti-DDAH1 (1:10,000
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dilution, Abcam, Cambridge, UK, Cat# ab180599), anti-PRMT5 (1:10,000 dilution, Abcam,
Cat# ab109451), anti-PRMT1 (1:1000 dilution, Abcam, Cambridge, UK, Cat# ab190892) or
rabbit monoclonal antibody anti-NMDAR2B (1:1000 dilution, Abcam, Cambridge, UK, Cat#
ab183942) and mouse monoclonal antibody anti-β-actin (1:7500 dilution, Sigma Aldrich,
Darmstadt, Germany, Cat# A5441). Incubation with HRP anti-alpha 1 sodium potassium
ATPase (1:5000 dilution, Abcam, Cambridge, UK, Cat# ab196696) was performed for 1 h
at room temperature. The next day, the membranes were washed extensively with TBS-T
and incubated for 1 h at room temperature with a goat anti-rabbit IgG HRP-conjugated
secondary antibody (1:2000 dilution, Cell Signaling Technology, Leiden, The Netherlands,
Cat# 7074S) or anti-mouse IgG-peroxidase conjugated/anti-rabbit IgG-peroxidase conju-
gated antibody (BM Chemiluminescence Western Blotting Kit, 1:7000) (NMDA and β-actin),
washed again with TBS-T and developed using VisiGlo™ HRP chemiluminescentsubstrate
(VWR, Radnor, PA, USA, Cat# 1B1583KIT) or BM Chemiluminescence Western Blotting
Kit (NMDA and β-actin). To measure eNOS, nNOS, DDAH1, PRMT5, PRMT1, alpha 1
sodium potassium ATPaseprotein, NMDAR2B and β-actin expression, densitometry was
performed using Image Lab software v. 4.1 (BioRad, Basel, Switzerland). Alpha 1 sodium
potassium ATPase or β-actinexpression levels were used for normalization. The density
of the obtained bands of the studied proteins was first normalized to alpha 1 sodium
potassium ATPase bands, and then the ratio was calculated.

eNOS and nNOS levels were analyzed as total protein, dimer/monomer (D/M) ratio
and monomer/total protein (M/T) ratio [71].

4.5. Detection of Protein S-Nitrosylation Using Biotin Switch Assay

The post-transcriptional modification of cysteine by NO was performed according to
Forrester et al. [72]. Briefly, prefrontal cortices were homogenized in 1.8 mL of lysis buffer
(25 mM HEPES, 50 mM NaCl, 0.1 mM 1% NP-40, 0.5 mM PMSF + protease inhibitors,
pH 7.4) using TissueLizer II from Qiagen (Hilden, Germany) (25 Hz; 3 min, stainless steel
beads 5 mm). After centrifugation (2000× g; 10 min), protein concentration was measured
by the BCA method, and 1.5 mg of homogenate was further processed. To 1.8 mL of
homogenate in HEN buffer, 200 µL of SDS 25% and 20 µL of MMTS 20% were added.
Samples were incubated at 50 ◦C in the dark for 20 min and then precipitated in acetone.
The protein pellets were resuspended in 240 µL of HENS buffer (100 mM HEPES, 1 mM
EDTA, 0.1 mM neocuproine pH 8.0, 1% SDS) and labeled by means of biotin-HPDP (Sigma-
Aldrich, Darmstadt, Germany) in the presence of 80 mM of sodium ascorbate (RT, in the
dark for 60 min). After precipitation in acetone, the S-nitrosylated proteins were pulled
down after overnight incubation at 4 ◦C in the presence of avidin affinity resin. The samples
were eluted in 100 µL of HENS (10 min at 95 ◦C). After centrifugation (5000× g; 30 s),
supernatants were collected and mixed with 4× non-reducing Laemmli loading buffer. The
S-nitrosylation of proteins was evaluated by the Western blot procedure (described below).
The sample nitrosylation (biotin-conjugated proteins) was visualized by streptavidin-HRP
(Abcam, Cambridge, UK, Cat# ab7403, 1:5000).

Control experimental results showing the specificity of the method are presented in
Figure 22.
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Figure 22. Representative results demonstrating specificity of biotin switch assay. Lysates of the
prefrontal cortex were incubated for 30 min with (or in the absence of) 200 µM S-nitrosoglutathione
(GSNO), a NO donor. During the labeling step with or without the addition of sodium ascorbate
(Na-Asc), biotinylation of the nascent thiols occurred. The sample treated with both GSNO and
Na-Asc showed a strong signal compared to other control samples.

Western Blot Assessment of S-Nitrosylation

A total of 10 µg of total protein obtained from tissue lysates or 20 µL of eluate biotin-
conjugated protein was separated on 8% SDS-PAGE gels and transferred to nitrocellulose
membranes according to the standard Western blot procedure. After the transfer, the mem-
branes were incubated in TBS-T buffer (Thermo Scientific, Schwerte, Germany) with 5%
bovine serum albumin (Fraction V) (Sigma Aldrich, Darmstadt, Germany) at RT for 60 min.
Then, incubation with primary antibodies for β-actin (Sigma Aldrich, Darmstadt, Germany,
Cat# A5441, 1:10,000), Alzheimer precursor protein A4 (Millipore, Darmstadt, Germany,
Cat# MAB348, 1:2000), glutamate transporter 1 (Millipore, Darmstadt, Germany, AB1783,
1:3000) and tau (Abcam, Cambridge, UK, Cat# ab32057, 1:2000) was performed. Incuba-
tion was carried out at RT for 2 h. Secondary horseradish peroxidase (HRP)-conjugated
antibodies were incubated with membranes at RT for 1 h (Promega, Cat# W402B and Cat#
W401B, both 1:5000; Millipore, Cat# AP108P, 1:10,000). Detection was performed using
SuperSignal West Pico PLUS blotting substrate (Thermo Scientific, Schwerte, Germany)
and the GeneGnome XRQ analysis system (SYNGENE, Cambridge, UK). The data were
analyzed using GnomeSys 1.8.2.

4.6. cGMP ELISA

Tissues were collected in liquid nitrogen and stored until isolation at −80 ◦C. The
samples were homogenized in 5% TCA in water (half of the prefrontal cortex ~75 mg
and hippocampi ~35 mg), followed by centrifugation at 3000× g for 5 min. The levels of
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acetylated cGMP in supernatant from prefrontal cortices and hippocampi were quantified
using an ELISA assay (Cayman Chemicals, Tallinn, Estonia, Cat# 581021) according to the
manufacturer’s instructions. Under experimental conditions, the standard curve range was
0.023–3 pmol/1000 µL.

4.7. Statistics

The statistical significance of the results was determined by one-way ANOVA followed
by Tukey’s post hoc comparison using GraphPad Prism (7.0).

5. Conclusions

The signaling pathways of NO produce several cellular effects, all of which have
been identified to play a role in schizophrenia or AD, including signaling via soluble
guanylate cyclase and the cyclic guanosine monophosphate (cGMP) pathway [73] or direct
S-nitrosylation of protein cysteine residues (addition of a nitrosyl ion NO− to generate
a nitrosothiol, RS-N=O) (reviewed in [61]). Our results show that both MK-801 and
scopolamine decrease L-arginine bioavailability, and the impact of MK-801 is more robust,
affecting L-arginine levels in both the PFC and hippocampus. Decreased bioavailability of L-
arginine may lead to the increased production of ROS/RNS due to NOS uncoupling [74–76],
and oxidative stress is believed to be involved in the pathology of both schizophrenia and
Alzheimer’s disease [77,78].

Both MK-801 and scopolamine exerted a strong detrimental effect on eNOS-derived
monomer production, with no significant impact on nNOS, putatively indicating a detri-
mental influence on BBB permeability. The MK-801-induced effect in this case is more
significant. Both compounds induce aberrant S-nitrosylation of GLT-1 transport protein,
contributing to disturbed glutamate reuptake.

Diversion of NO signaling depends on the local cellular microenvironment, including
levels of transition metal complexes and redox status [79]. It is impossible to establish
all of the numerous effects of NO in the multicellular environment of the brain; however,
disturbed L-arginine bioavailability due to SDMA/NMMA overproduction, increased
eNOS monomer content and aberrant GLT-1 protein nitrosylation seem to underlie the
neurochemical basis of the MK-801- or scopolamine-induced effect to some extent, although
the impact of compounds varies depending on the structure. The total nNOS expression
seems to remain unchanged.

The present results supplement the existing knowledge on the mechanisms of action
of MK-801 or scopolamine. To date, the data concerning the impact of the compounds
on NO-dependent pathways were incomplete or missing. The search for novel drugs to
improve learning and memory is the subject of many studies around the world and the
MK-801- or scopolamine-induced memory decline is the most frequently chosen research
model. Our results may contribute to better understanding of the mechanisms of novel
drugs’ action, in particular their potential to normalize NO-dependent pathways disturbed
in pathological processes associated with the cognitive impairments.
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