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Abstract

Memory is one of the most complex cognitive functions. Conventionally, one the most important neurotransmitter system
implicated in its regulation is the cholinergic system. However, literature certifies that other substances can be associated
with certain memory processes as well, for example, the dopaminergic system, the NMDA receptors and the serotoninergic
receptors, either direct, or by forming receptor complexes. Aside from these, the adrenergic system has been proven to work
synergistically with the cholinergic system. Proving the interaction between nicotine and other neurotransmitters, as well as
their involvement in cognition, opened a number of therapeutic possibilities for degenerative diseases such as Alzheimer’s
disease, Parkinson’s disease and schizophrenia. That is to say, future research needs to focus on the potential therapies using
these interactions.

Rezumat

Memoria este una din cele mai complexe functii cognitive. Este unanim acceptat faptul ca unul din cele mai importante
sisteme de neurotransmitatori implicati in reglarea acesteia este sistemul colinergic. Totusi, literatura atestd faptul ca si alte
substante pot fi asociate cu anumite procese ale memoriei, de exemplu sistemul dopaminergic, receptorii NMDA si sistemul
serotoninergic, fie direct, sau indirect prin formare de complexe de receptori. in afara acestora, s-a dovedit ci sistemul
adrenergic actioneaza sinergic cu cel colinergic. Demonstrarea interactiunii dintre nicotina si alti neurotransmitatori, dar si

neurodegenerative precum boala Alzheimer, boala Parkinson si schizofrenie. Studii ulterioare trebuie sa fie centrate pe
potentialul terapeutic al acestor interactiuni.
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Introduction Learning and memory are, of course, derived from
experience-induced changes in behaviour. There is
now extensive evidence that administration of central
nervous system stimulants enhance memory when
administered shortly after training [72]. Such findings
provide strong evidence that the treatments enhance
memory by modulating memory consolidation
processes [20].

Nicotine is one of the main substances associated with
both learning and memory. The prevailing theory
published in literature postulates that nicotine has an
enhancing effect on cognition [58, 68]. For example,
even by using a partial nicotinic agonists, we can
see its effects on memory [16]. Speaking about the
action mechanism of the cholinergic system, two
pathways have been connected to memory modulation.
That is to say, nicotine can exert its effects on memory
either in a direct manner, through its receptor sub-
types (the a7 and 042 nicotinic receptors) or indirect,

Memory is an elaborate and intricate cognitive
function [10]. During the past decades, it has been
well established that a large number of factors are
involved in memory formation and consolidation.
Research on memory modulation investigates the
neurobiological processes and systems that contribute
to observed differences in the strength of learning
mechanisms and memory functions. Extensive evidence
from both animal and human research indicates that
emotionally significant experiences activate neuro-
transmitter systems that regulate the consolidation
of newly acquired memories.

For retaining certain pieces of information, complex
cognitive processes are necessary. Research over the
years proved that every cognitive aspect is mediated
and regulated by chemical agents. This is where neuro-
transmitters are involved.
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working alongside and through other neurotransmitter
systems. Literature certifies that other substances that
can be associated with certain memory processes as
well are the dopaminergic system [4, 15, 34], the
NMDA receptors [1, 40] and the serotoninergic
receptors [41, 74].

The adrenergic system in memory

Catecholamines, including dopamine and nor-
epinephrine, are the main neurotransmitters that
mediate a variety of central nervous system (CNS)
functions, such as motor control, cognition, emotion,
memory processing, and endocrine modulation,
determined by recent molecular genetic approaches in
mice. Dysfunctions regarding their neurotransmission
are involved in some neurologic and neuropsychiatric
disorders. As literature suggests, norepinephrine is
a key component of the consolidation processes of
long-term memory. That is to say that this substance
can modulate the neuronal activity in the amygdale
as well as the cerebral cortex, in order to condition
learning. These effects would not be possible if it
were not for the adrenergic receptors.

In 1976, Fulginiti designed an experiment, trying to
determine whether the adrenergic receptors were
involved in certain cognitive processes [26]. By
blocking the noradrenaline synthesis, the authors
observed an impairment of the retention phase of
memory. Moreover, the authors established the fact
that noradrenaline, is not only necessary during the
first steps of memory formation, but during the
consolidation processes as well, its effects being
observed for two hours after training.

The adrenergic receptors are a number of membrane-
bound proteins, linked with regulatory G proteins.
Three types of receptors have been studied, al, a2
and B-receptors, each presenting receptor subtypes.
Having different action mechanisms, each receptor
mediates certain roles of adrenaline and noradrenaline
[79]. Speaking about cognition, numerous studies
revealed that the memory enhancement effects of
the adrenergic system are mediated especially by [3-
adrenergic receptors (Table I) [12, 21, 46, 64, 82,
86, 89].

From the studies we assessed, only two of them
suggested the potential involvement of a2-adrenergic
receptors. While Norozpour only acknowledged only
a potential memory augmentation effect of these
receptors [61], Torkaman-Boutorabi, by stimulating
the medial prefrontal cortex based o2-receptors,
displayed the ability to reverse the amnesia induced
by morphine administration [80]. However, little is
known about the implication of al-adrenergic
receptors. One study showed some significant memory
impairment after the down-regulation of this receptor

type [9].
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When it comes to B receptors, evidence to date
indicates that their mechanisms have little influence
on the working memory functions. Neither systemic
administration [3], nor intra-prefrontal cortex infusion
[43] of the beta adrenergic antagonist, propranolol,
alters working memory performance. More detailed
studies with selective beta-1 or beta-2 agents may
produce different results, even establishing their role
in certain diseases.

Similar to the receptor complexes that form throughout
the brain, the adrenergic receptors form such connections
as well. Yuan suggest a link between the adrenergic
receptors and NMDA receptors [86]. Moreover, there
have been studies which observed that the adrenergic
system works sinergically with the nicotinic system
[45]. By activating the a7 nicotinic receptors sub-
type, located on postganglionic sympathetic nerve
terminals, noradrenaline is released. This cascade
may influence memory processes. Still, little is known
about these receptor interactions, and future studies
need to be performed in order to come to a relevant
conclusion. None of these studies would have any
importance, if their findings could not be used in
developing therapies for different health issues. In
recent articles, ADHD symptoms and prefrontal
cortex task performance have been improved by
administering guanfacine, a known selective apa
agonist [31, 33] and is now being tested in other
cognitive disorders. However, more extensive research
needs to be performed in order to determine how to
efficiently modulate these neurotransmitter systems.

The nicotinic and dopaminergic systems in memory

One of the catecholamine’s precursors, dopamine,
is a well-represented neurotransmitter in the central
nervous system. Ever since its numerous functions
have been identified, the dopaminergic system has
been vastly discussed in literature. That led to the
discovery of a number of different central dopaminergic
receptors, each of them mediating specific dopamine
actions [31]. Over the years, different classifications
have been introduced. Nowadays, there are two main
types of dopamine receptors. The first category is
represented by the D;-like receptors (including the
D; and D, receptors), coupled with the G; protein,
while the second type of receptors are represented
by the D,-like receptors (including the D3, D4and Ds
receptors), which are coupled with the Gj proteins
[56]. Comparing the receptor types, it has been seen
that the D, receptor is the most prevailing one,
modulating cognitive functions such as memory
and learning [15] (Table I).

The role of the dopaminergic system has been heavily
studied over the time, especially their interaction
with other neurotransmitters. Markett, proved in 2011
the existence of an interaction between the genes
involved in the dopaminergic and nicotinic systems.



FARMACIA, 2019, Vol. 67,2

That is one example of studies that postulate that
the two neurotransmitters are functionally dependent
[48]. In a paper published two years later, the same
author stated that nicotine, stimulates dopamine’s
functions, including its cognitive role [12]. However,
there have been studies that concluded a negative
regulation of the nicotinic system, modulated by the
dopaminergic system [36]. Oder studies showed that
neither the nicotinic nor the dopaminergic systems
determine an improvement of cognitive functions
[34]. One study showed that the administration of
dopaminergic antagonists blocked the nicotinic
modulation of inhibitory avoidance memory [4].
Moreover, the activation of certain nicotinic receptor
subtypes increases dopamine levels, thus enhancing
memory [79].

Proving both the interaction between the nicotinic
and dopaminergic systems as well as their involvement
in cognition opened a number of therapeutical prospects
for degenerative diseases such as Alzheimer’s disease,
Parkinson’s disease, schizophrenia and others.
Speaking about Alzheimer’s disease, certain degrees
of dopaminergic dysfunction have been linked to its
pathophysiology and can even be used as a predictive
factor [50]. In contrast to that, a dopamine precursor,
levodopa, has been seen to relieve motor symptoms
in Parkinson’s disease, but their effect on cognitive
dysfunctions has yet to be proven [18]. That is why the
use of dopaminergic agonists in cognitive dysfunctions
has to further be studied.

The interaction between the cholinergic system
and NMDA receptors

Numerous studies have tried over the years to
determine the cognitive modulatory effects of nicotine.
While most of them concluded that nicotine induces
a positive effect on memory, there have been studies
that denied such actions [58]. However, considering
the various receptor subtypes and the receptor
complexes nicotine tends to form [40], it is safe to
say that the nicotinic system has a complex action
mechanism.

One other neurotransmitter system that has been
previously linked with the cognitive functions is the
glutamate NMDA receptor system [51, 44]. In 1991,
Izquierdo, with the help of NMDA receptor antagonists
(which impaired spatial working memory), concluded
that if repeatedly stimulated, this system can regulate
cognition. What is more, it was observed that blocking
the NMDA receptor induces a resembling degree of
memory impairment as the excision of the hippocampus
[41].

Different NMDA receptors vary in structure. There
are three distinctive subunits, namely GluN1, GIuN2,
GIuN3, that constitute each receptor subtype. Depending
on the structural subunits, the receptors have a
different activation sequence [81]. NMDA receptors
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are heterotetramers, their function depending on the
two mandatory GluN1 subunits in association with
two GluN2 and/or GluN3 subunits. An extracellular
amino-terminal domain, an extracellular ligand binding
domain (LBD) and an intracellular carboxy-terminal
domain assemble the ion channel for sodium and
calcium. As the ligand binding site has two domains,
the NMDA receptor activation requires the concomitant
presence of two ligands.

As we already mentioned, nicotine exerts its effects
not only directly, but indirectly as well. It has the
potential to influence other receptor systems [1].
Many studies discussed the link between the nicotinic
receptors and NMDA receptors. The prevalent conclusion
was that the NMDA receptors can be activated by
the nicotinic system [85], even though the exact
stimulation pattern has yet to be discovered. Li tried
to determine in 2013, the nicotine’s role inside the
a7nAchR-NMDAR complexes. In spite of the fact
that activation of the nicotinic receptors did not
seem to increase the ion currents through the NMDA
receptor, they did observe that it was required for
NMDA'’s activity. One other theory mentioned in
literature is the fact the nicotine can enhance the
release of other neurotransmitters, including glutamate
[51], thus activating the NMDA receptors (Table I).
Regarding the involvement of nicotinic-NMDA
receptor complexes in memory, there have been
several studies, which tried to corroborate this
hypothesis. For example, using a protein (TAT-a7pep2
[L336-M345]), which interfered with the function
of the associated receptors, one study found that
even though it did not impair the Morris water maze
performance and displaced object recognition in
mice, it affected the novel object recognition [44].
Other researchers reported that chronic nicotine use,
by stimulating the NMDA receptors, determine an
augmentation of long-term potentiation, thus contributing
to memory enhancement [85]. However, Levin,
concluded in 2003, that inactivation of NMDA, with
the help of dizolcipine, lead to a nicotine-induced
memory reduction [40]. This lead them to believe
that the association between nicotinic and NMDA
receptors, blocks nicotine’s negative influence on
memory.

Even though most studies have been performed on
rodents, there have been cases in literature when
researchers tried to extrapolate these results in humans.
It is a well-known fact that a down-regulation of the
nicotinic receptors can be seen in most neuro-
degenerative diseases [64]. It is also the case of
Alzheimer’s disease (AD), where not only the nicotinic
system is down-regulated, but there is a decrease of
NMDA receptors as well [27]. Narahashi tested this
affirmation in 2004 and tried to determine whether
by stimulating the nicotinic system and/or the
NMDA receptors, they can reduce the cognitive
alterations present in AD [60]. Similar to other
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studies on this matter, they had positive results,
leading us to believe that future research needs to
focus on the potential therapies involving the
modulation of nicotine-NMDA association.

The nicotinic and serotoninergic systems in
cognition

Serotonin, or 5-hydroxytryptamine (5HT), is
synthesized from tryptophan by the enzymes
tryptophan-hydroxylase and aromatic-amino-acid-
decarboxylase. This substance can bind to 7 receptor
types, each having a number of receptor subtypes.
Depending on their action mechanism, these
receptors can either be serotonin-gated ion channels
(for example, SHTj; receptors), or G protein—coupled
receptors (for example, SHT;, SHT,, and SHT, 7
receptors) [6, 28]

Both peripheral and central nervous systems have
serotonin receptors. This neurotransmitter system
has numerous effects on either cardiovascular or
gastrointestinal systems, can regulate temperature
and determines affective disorders. Apart from these,
its involvement in memory processes has been studied
throughout time [6, 14, 17].

Ever since 1990, when Barnes determined that the
serotoninergic system [5] (using the 5-HTj; receptors)
conditions cognition improvements in young and
aged rats, it has been suggested in literature that all
the serotoninergic receptors are more or less associated
with cognitive functions (Table I).

The importance of 5-HT; receptor type has been
controversial over the time. While some studies
determined that receptor agonists (for example, 8-
OH-DPAT and buspirone) disrupt learning and
memory processes [53, 62], improvement in cognitive
function has been reported after the use of receptor
agonists, such as MDL 73005 [8, 54]. However, most
of the studies in literature conclude that by activating
the 5-HT receptors, serotonin has a negative effect
in cognition.

The antagonists of the 5-HT,s receptors can be
involved in certain cognitive processes as well. One
study performed in 2003 showed that the visual-
spatial attention can be improved by injecting these
antagonists. The same substances have been shown
to decrease impulsivity in the rat S-choice serial
reaction time task after injecting the selective 5-
HT,5 receptor antagonist MDL 100907 [83].
However, ketanserin (a 5-HT,, antagonist) did not
improve the memory in the radial arm maze, neither
did it increase operant signal detection task in rats
[39].

Speaking about 5-HTj; receptors, their antagonists (in
example, SEC 579, DAU 6215, ondansetron,
granisetron, and WAY 100579, RS-56812) are capable
to reverse pharmacologically-induced cognitive
impairments as well as produce stand-alone memory
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enhancement [5, 13, 23, 30, 66, 67]. However,
different trials were not able to demonstrate the
beneficial effects on cognition of 5-HT3 receptor
antagonists [59].

While speaking about 5-HT, receptors, it has been
found that by activating the adenylate cyclase, they
increase the intracellular levels of cAMP, an important
component in synaptic long-term potentiation [25].
In order to improve cognitive processes in animal
models, 5-HT, receptor agonists can be used [35, 52].
Aside from this, we can safely say that selective 5-
HT4 receptor antagonists can be used to reverse the
beneficial effects of the 5-HT, receptor agonists on
memory, highlighting the involvement of these
receptors in cognitive processes [24, 37, 57].
Initially, the role of 5-HTg receptors in cognitive
processes has been supported by the fact that receptor
knock-down improved retention in the water maze
task in normal rats [7, 84]. By administering serotonin
antagonists, studies have been able to show the
significance of this receptor blockade, which can be
used for consolidation processes, but not for improving
learning performance in normal adult rats [47, 71,
77, 84]. On the other hand, in aged rats, some
studies concluded that the antagonists of the 5-HTs
receptors are able to enhance both retention
performance and acquisition learning [22, 29, 77].
The 5-HT; receptor is one of the most recently
described members of the serotonin receptor family.
Functionally, this receptor is associated with a
number of physiological and pathological responses,
including the circadian rhythm, control of memory,
as well as locomotor and exploratory activity. During
the last decade, several selective agonists and
antagonists for 5-HT; receptors have been developed
and studied, in order to determine the role of these
receptors, but further studies need to be performed
in order to reach a conclusion.

It has been found that serotonin also participates in
the formation of receptor complexes. Levin reported
that antagonists of 5-HT; influence nicotine’s functions.
For example, ketanserin reduced nicotine’s enhancing
effects on attention and working memory [38].

The relationship between the 5-HT,4 receptors and
the nicotinic system has been proven in literature as
well. That is to say that agonists of 5-HT, receptors
have synergistic effects with cholinesterase inhibitors
(for example rivastigmine, donepezil and galanthamine),
which has been described in animal models of cognition
[11, 56, 57].

The ability of 5-HT receptors to increase the release
of acetylcholine in brain regions involved in learning
and memory processes has been suggested as the
cause of some of the serotonin positive effects on
cognition in young and aged animals [29, 69, 76, 87].
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Table 1

Receptor subtypes for the adrenergic, serotoninergic, dopaminergic and glutamate systems and their use in

memory modulation

Receptor Receptor . . Association’s
System subtype Activation Cognition Effects | System Association effects on cognition
Agonists +
o -
! Antagonists -
Agonists +
o -
2 Antagonists -
Adrenergic B Agonists - Nicotine
! Antagonists + Stimulation
B Agonists +
2 Antagonists -
B Agonists +
3 Antagonists -
Agonist +
Glutamate NMDA gonls. S Nicotine Stimulation
Antagonists -
b Agonist +
! Antagonist -
D Agonist +
5 Antagonist -
Agonist +
Dopaminergic D, . goms. Nicotine
ntagoylst - N—= > D
D Agonist -
3 Antagonist + D—"'Lp N
b Agonist -
! Antagonist +
S.HT Agonist -
! Antagonist +
Agonist -
5-HT -
18 Antagonist +
Agonist No effect
-HT - N N
S 1D Antagonist No effect © ©
Agonist No effect
-HT -
S £ Antagonist No effect
Agonist No effect
-HT -
5 ¥ Antagonist No effect
5-HT;a AgomsF - Nicotine Stimulation
Antagonist +
S.HT Agonist No effect
8 Antagonist No effect
- No No
. . Agonist No effect
Serotoninergic S-HTzc Antagonist No effect
Agonist -(?
5-HT, £OmS @) No No
Antagonist +(?)
Agonist +
5-HT, goms. Nicotine Stimulation
Antagonist -
Agonist No effect
5-HT -
A Antagonist No effect
Agonist Not seen in No No
S.HT humans
8 . Not seen in
Antagonist
humans
Agonist - . . .
5-HT, - Nicotine Stimulation
Antagonist +
Agonist ?)
5-HT - N N
7 Antagonist ? © ©

Legend: + (cognitive stimulation), - (cognitive inhibition), N (nicotine), D (dopamine)
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In the past few years, scientists have tried to
determine if these observations made on animals,
are appropriate for humans as well. That is why a
number of studies have determined the role of the
serotoninergic system in a number of health issues that
involve cognitive dysfunctions, such as schizophrenia,
Alzheimer’s disease and others.

It is a well-known fact, that schizophrenia determines
a degree of cognitive impairment. This has previously
been assigned to the loss of certain nicotinic receptors
(alpha-7 and alpha-4-beta-2). However studies have
showed that the serotoninergic system might be
involved as well in these processes. For example,
one study identified the action of a selective 5-HT,
antagonist (namely, ketanserin) of neutralizing the
cognitive enhancement induced by the nicotinic system
[37]. However, Roth concluded in 2004 that the use
5-HT);a receptor antagonists (such as mianserin and
MDL 100, 907) in patients with schizophrenia can
have modest effects on cognition [71]. Moreover,
even though ondansetron did not show any effect in
an AD clinical trial [19], there has been an interest
in using this substance for the cognitive
dysfunctions associated with schizophrenia [2, 88].
Considering Alzheimer’s disease, lecozotan (SRA-
333), which is a 5-HT1A receptor antagonist, was
safe and well tolerated in a clinical trial performed
in both healthy young and elderly subjects [65].
Speaking about a clinical phase II trial in patients
with mild to moderate Alzheimer’s disease, the
same substance has been injected, although the
outcome hasn’t been reported [75]. By activating
the 5-HT4 receptors, we can alleviate symptoms, as
well as induce secretion of the soluble form of
amyloid precursor protein (sSAPPa), an effect seen
in vitro [33, 42, 70]. Meanwhile, in vivo, the
agonists of the 5-HT4 receptors increased sAPPa
levels in both the hippocampus and the cortex in
young adult and transgenic APP-overexpressing
mice [11].

Conclusions

Memory is an elaborate and intricate cognitive function.
There is no doubt that learning and memory are, of
course, derived from experience-induced changes in
behaviour. Moreover, there is now extensive evidence
that administration of central nervous system stimulants
enhance memory when administered shortly after
training.

Nicotine is one of the main substances associated with
both learning and memory. The prevailing theory
published in literature postulates that nicotine has
an enhancing effect on cognition. Its effects can be
either direct, or exerted in an indirect manner, by
forming receptor complexes. Literature certifies
that other neurotransmitters and systems, which can
be associated with certain memory processes as well,
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are the dopaminergic system, the NMDA receptors,
the serotoninergic receptors, and even the adrenergic
receptors.
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