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ABSTRACT

The state-dependent memory defines as a state that the re-
trieval of recently obtained information may be potential if
the subject exists in a similar physiological situation as for
the period of the encoding stage. Studies revealed that exog-
enous and endogenous compounds could induce state-de-
pendent memory. The state-dependent memory made it prob-
able to differentiate the effects of drugs per se on learning
from the effects due to alterations in drug state during the
task. Studies proposed the role of regions beyond the limbic
formation and illustrated that state-dependent memory pro-
duced by various neurotransmitter systems and pharmacolog-
ical compounds. Our review of the literature revealed that:
(a) re-administration of drugs on the same state induce state-
dependent memory; (b) many neurotransmitters induce en-
dogenous state-dependent memory; (c) there are cross state-
dependent learning and memory between some drugs; (d)
some sites of the brain including the CAl areas of the
hippocampus, central nucleus of the amygdala (CeA), sep-
tum, ventral tegmental area (VTA), and nucleus accumbens
(NAC) are involved in state-dependent memory.

Keywords: State-dependent memory, CAl, CeA, neuro-
transmitter, pharmacological compounds
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INTRODUCTION

State-dependent memory is the fact that
acquired information in the effect of a specific
drug and/or situation may only be remem-
bered if the organism is in a similar situation
where the information was acquired
(Khavandgar et al., 2002). This phenomenon
has been identified since 1930 and it can
happen in humans by the application of nu-
merous psychoactive compounds (Zarrindast
et al., 2008). There is an investigation about
state-dependent memory, which reveals evi-
dence for the effect of the state of awareness
on the ability of an organism to encode
memory (Girden and Culler, 1937). Other in-
vestigators explored the influence of diverse
situations of having the capability to learn and
then remember information. Overton (1964)
showed that a reaction acquired in the effect
of a specific drug would subsequently reoccur
only when the drug situation is reinstated
(Overton, 1964). The concept that the organ-
isms' situation affected their capability to re-
call an acquired reaction has also been indi-
cated by other investigators. Additionally,
daily life events, e.g., stress, pain, water con-
sumption or, wake-sleep cycle influence
memory processes including consolidation
and reconsolidation (Nelissen et al., 2018).

When using drugs to test state-dependent
learning, usually experiments are performed
as follows: (a) training after saline and testing
after saline administrations (S—S); (b) training
after drug application followed by injecting
saline (D-S); (c) training after saline admin-
istration followed injecting the drug (S-D);
(d) training after drug injection, followed by
testing after drug infusion (D-D). Explana-
tion of the drug effects depends on the behav-
ioral outcomes, as state-dependent learning
develops when test performance deficiency
happens in the D-S and S—-D subjects, how-
ever not in the D—D subjects when compared
with S—S subjects. However, state-dependent
effects have shown when drugs are injected
systemically, while some investigations have
indicated state-dependent retention when the
drugs are administered into different brain re-
gions, suggested that state-dependent effects

related to central and not peripheral effects
(Jamali-Raeufy et al., 2011). Also, evidence
indicated that amnesic agents can produce
state-dependent memory when injected dur-
ing the early consolidation stage, and only if
the time of the drug effect is long enough to
become integrated into the memory trace.
Thus, drugs’ half-life and time of injection are
boundary conditions creating state-dependent
memory (Osorio-Gomez et al., 2019). Fur-
thermore, there are several reports that many
neurotransmitter systems such as glutama-
tergic, GABAergic and cholinergic systems in
the CA1 region of the hippocampus and cen-
tral nucleus of the amygdala (CeA) may have
interactions with drugs-state-dependent learn-
ing and memery (Ardjmand et al., 2011;
Parsaei et al., 2011). Because of all that has
been mentioned so far, the present review was
designed to evaluate the effects of some phar-
macological compounds and various neuro-
transmitter mechanisms as well as different
brain areas in the modulation of state-depend-
ent memory. Also, this review aimed to deter-
mine whether administration of each drug-
impaired memory could also improve
memory impairment if administrated again on
the same state (producing state-dependent
memory).

MOLECULAR MECHANISMS OF
STATE-DEPENDENT MEMORY

In normal awake situations, memory
mainly depends on the excitatory transmis-
sion, particularly N-methyl-D-aspartate re-
ceptors (NMDARs), a-amino-3-hydroxy-5-
methyl-4-isoxazole propionic acid receptors
(AMPARs) and acetylcholine (Ach), whose
function slightly predominates in the general
excitatory/inhibitory balance. Nonetheless,
variations of this balance in each direction can
potentiate state-dependent memory. For in-
stance, cholinergic signalings of state-de-
pendent memory involved both inhibiting
cholinergic activity by scopolamine and
growing cholinergic activity by physostig-
mine (Jafari-Sabet et al., 2018). Additionally,
opiates support state-dependent memory and
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of all types of opioid receptors, morphine
stimulated p-receptors to appear to be the
maximum effective (Zarrindast et al., 2006f).
Notwithstanding the overhead, most of the
study about state-dependent memory ob-
tained from the stimulation of the GABAergic
system and shifting excitatory/inhibitory bal-
ance toward inhibition condition (Jafari-Sabet
et al., 2014). A growing body of researches
revealed that several neurotransmitter sys-
tems support state-dependent memory. On the
other hand, various brain regions differently
support state-dependent memory which will
be discussed in the following sections (Radu-
lovic et al., 2017).

INDUCTION OF EXOGENOUS STATE-
DEPENDENT MEMORY BY
SYSTEMIC INJECTION OF

ADDICTIVE DRUGS AND

PHARMACOLOGICAL COMPOUNDS

There is various evidence that several ad-
dictive drugs including morphine, ethanol,
nicotine, amphetamine, and cocaine are in-
volved in state-dependent learning (Rezayof
et al., 2010b; Ardjmand et al., 2011; Ali-
janpour and Rezayof, 2013; Sanday et al.,
2013; Gill et al., 2015). Studies revealed that
verapamil, an L-type voltage-gated calcium
channel blocker, and SL-327, a selective
MAPK/ERK kinase inhibitor, affect mor-
phine and ethanol state-dependent memory,
as well as morphine-ethanol, morphine-nico-
tine, ethanol-morphine and ethanol-nicotine
cross state-dependent memory (Michalak et
al., 2018). Moreover, some types of pharma-
cological compounds such as benzodiaze-
pines, lithium chloride, caffeine, scopola-
mine, MK-801, and muscimol have all re-
vealed state-dependent properties (Bouton et
al., 1990; Nehlig, 1999; Ceretta et al., 2008;
Zarrindast et al., 2008; Jamali-Raeufy et al.,
2011, Jafari-Sabet et al., 2014).

Effect of systemic injection of morphine in
the state-dependent memory

Many investigations demonstrated that
the opioidergic system is involved in physio-
logical actions, e.g., anxiety, learning, and

memory processes. Three different opioid re-
ceptors (i.e., 1, 0, and k) bind to the G-protein
coupled receptor superfamily and are
involved in main opioid effects such as learn-
ing and memory processes. Some researchers
revealed that morphine could induce dual ef-
fects on learning and memory processes
(Khavandgar et al., 2002). Morphine effects
on the memory process depend on the time of
drug injection (Nishimura et al., 1990). It is
well known that pre-training and post-training
injection of morphine can decrease retrieval
of learning tests, which is reversible via pre-
test injection of morphine (Darbandi et al.,
2008; Ardjmand et al., 2011). This event is
identified as morphine state-dependent learn-
ing (Ardjmand et al., 2011), which is a time-
and dose-dependent process (Nishimura et al.,
1990). Evidence demonstrated that morphine
state-dependent learning and memory pro-
duced by activation of the p-opioid receptor,
but not the k- or -opioid receptors (Zarrin-
dast et al., 2006f) for example, naloxone but
not naltrindole antagonizes the retrieval-in-
duced by morphine (Khavandgar et al., 2002).
It should be considered that naloxone at dos-
ages of mg/kg inhibited the memory recall
improvement by morphine. Nevertheless, the
influences of naloxone at dosages of ng/kg
were opposite to those of mg/kg dosages of
the same drug, since different doses have di-
verse sites and mechanisms of actions (Tayebi
Meybodi et al., 2005). Morphine-dependent
memory has been previously exhibited in y-
maze discrimination, passive avoidance tasks,
habituation learning, and operant tasks (Cas-
tellano, 1975; Izquierdo, 1980; Nishimura et
al., 1990; Bruins Slot and Colpaert, 1999).
Many neurotransmitters and drugs have been
revealed to replace the pre-test administration
of morphine on the restoration of memory
(Vakili et al., 2004). Reports are indicating
that nitric oxide (NO), GABAergic, adenosin-
ergic, cholinergic, dopaminergic, histamin-
ergic and glutamatergic systems show a role
in  morphine state-dependent memory
(Khavandgar et al., 2002, 2003; Jafari et al.,
2006; Khalilzadeh et al., 2006; Zarrindast et
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al., 2006b, e;Sepehrizadeh et al., 2008) (Fig-

ure 2, Table 1).
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Figure 2: Schematic diagram of the influence of different neurotransmitters on the state-dependent
memory produced by morphine. Morphine state-dependent learning could be affected by the cholinergic
(Jafari et al., 2006), GABAergic (Zarrindast et al., 2006e), dopaminergic (Zarrindast et al., 2006b), his-
taminergic (Zarrindast et al., 2006d), glutamatergic (Zarrindast et al., 2014), and adrenergic systems
(Khavandgar et al., 2002). These neurotransmitters modify morphine state-dependent memory.

Table 1: Effect of various neurotransmitters and pharmacological compounds on state-dependent
memory produced by morphine

GABAergic receptor

Dopaminergic receptor

Adrenergic receptor

Cannabinergic recep-
tor

Histaminergic receptor
Glutamatergic receptor
Cholinergic receptor

Nitric oxide

Ethanol

Opioidergic receptor

Muscimol + morphine
Bicuculline + morphine
SKF38393 + morphine
SCH23390 + morphine
quinpirole + morphine
sulpiride + morphine

a1 receptor agonists +
morphine

a2 receptor agonist + mor-
phine

AM251 + morphine
WINS5,212-2 + morphine
Histamine + morphine
Pyrilamine + morphine
Cimetidine + morphine
NMDA + morphine
D-APS5 + morphine
Atropine + morphine
Mecamylamine + morphine
L-NAME + morphine
L-arginine + morphine
Ethanol + morphine

Effect on
State-dependent
memory

Impair

Improve

Improve

Impair

Improve

Impair

Improve

Improve

Impair
Improve
Improve
Impair
Impair
Improve
Impair
Impair
Impair
Impair
Improve
Improve
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It is noteworthy that in addition to the sys-
temic injection of morphine, intra-cerebral in-
jection of morphine also induces a state-de-
pendent memory. That way, pre-test Intra-
CA1 administration of morphine also inhib-
ited amnesia produced by pre-training Intra-
CA1 injection of norharmane and vice versa.
Upon this result, it has been suggested that
there may be a cross state-dependent memory
retrieval between morphine and norharmane
of which the p-opioid receptor has a key role
in this process (Ebrahimi-Ghiri et al., 2019).
Also, amnesia-induced by Intra-CA1 admin-
istration of tramadol improved by pre-test in-
jection of either tramadol or morphine. It
seems that tramadol is capable of produced
state-dependent memory and also, it has a
cross state-dependent memory with morphine
in the CAI areas of the hippocampus, done
possibly via a p-opioid receptor (Niknamfar
etal., 2019).

Effect of systemic injection of alcohol in the
state-dependent memory

Studies in laboratory animals demon-
strated that abused compounds, for example,
alcohol and opiates show very strong signs for
producing state-dependent learning and
memory. Also, some documents exhibited
that ethanol could produce state-dependent

Training day:

memory in alcoholic people (Rezayof et al.,
2010b). So, pre-train infusion of a higher dos-
age of ethanol has an impairing influence on
memory in a passive avoidance test, on the
other hand, pre-test injection of a lower dos-
age of ethanol could inverse the memory im-
pairment (Rezayof et al., 2007). According to
investigations, the ethanol-produced state-de-
pendent learning and memory is modulated
by Ach, dopamine (DA), NMDA, GABA,
cannabinoid, serotonin, morphine, adrenergic
and NO systems (Table 2) (Nakagawa and
Iwasaki, 1996; Vakili et al., 2004; Rezayof et
al., 2007, 2010a, b; Alijanpour and Rezayof,
2013; Zarrindast et al., 2013). There are re-
ports that alcohol activates GABA receptors,
specifically type GABAAa, which conduct CI"
resulting in neuronal hyperpolarization. Fur-
thermore, protein kinase C (PKC) plays a
modulatory role in the response of GABAA
receptors to alcohol. Also, ethanol affects
NMDA receptors, which cause inhibition of
the excitatory postsynaptic potential (EPSP).
Consequently, this inhibition leads to de-
creased long-term potentiation (LTP) in the
hippocampal formation. Because alcohol
induces storage deficiency rather than retriev-
al deficiency, alcohol may produce state-de-
pendent memory (Figure 3) (Miller et al.,
1978).

Testing day:

E"“‘l‘“” Ethanol
Glutamate ﬂGABAA Retrieval
l [ >
NMDARs state-dependent memory
ﬂ Teke Ta
I l
EESE Modulating effect Hyperpolarization
l
ﬂ LTP ﬂ Action potential

storage deficits

storage deficits

Figure 3: Schematic model of ethanol-induced state-dependent memory. Ethanol activates GABAA re-
ceptors which conduct CI, resulting in neuronal hyperpolarization. Furthermore, PKC has a modulatory
effect in the response of the GABAA receptor to ethanol. Also, ethanol influences NMDA receptors which
lead to inhibition of EPSP which decreased LTP. It is possible that ethanol causes storage deficiency in
the training day and does not affect retrieval in the testing day hence producing a state-dependent

memory (Miller et al., 1978).
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Table 2: Effect of some neurotransmitters on state-dependent memory elicited by ethanol

Ethanol

Cholinergic receptor
Atropine + Ethanol
SKF38393 + Ethanol
SCH23390 + Ethanol
Quinpirole + Ethanol
Sulpiride + Ethanol
NMDA + Ethanol
MK-801 + Ethanol
ICS205-930 + Ethanol

Dopaminergic receptor

Glutamatergic receptor
Serotonergic receptor

Salbutamol + Ethanol
Propranolol + Ethanol
L-NAME + Ethanol
L-arginine + Ethanol

Adrenergic receptor

Nitric oxide

INVOLVEMENT OF VARIOUS BRAIN
AREAS IN THE STATE-DEPENDENT
MEMORY

There is much evidence demonstrating
that not only state-dependent memory is pro-
duced by the systemic administration of drugs
but also is induced by the injection of drugs
into the various brain areas. Several studies in
our laboratory revealed that various neuro-
transmitter mechanisms, e.g., glutamatergic,
GABAergic and cholinergic systems of the
CA1 areas of the hippocampus and CeA have
interaction with drug state-dependent
memory (Figure 4) (Ardjmand et al., 2011;
Parsaei et al., 2011).

Ty,
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ax‘erg‘-c Pagy
Wy
ay
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Figure 4: Schematic model of possible pathways
for state-dependent memory in the brain. The hip-
pocampus, septum, amygdala, VTA, NAc, and
cortex form a complex network of brain systems
for modulation of state-dependent memory
(Jafari-Sabet and Jannat-Dastjerdi, 2009)

Physostigmine + Ethanol

Effect on State-
dependent memory

References

Improve Rezayof et al., 2008a

Impair

Improve Rezayof et al., 2007

Impair

Improve

Impair

Improve Rezayof et al., 2008c

Impair

Impair Nakagawa and
Iwasaki, 1996

Improve Zarrindast et al., 2013

Impair

Improve Rezayof et al., 2010b

Impair

Involvement of the hippocampus in the
state-dependent memory

The hippocampus as a part of the limbic
structure is well known as the main area of
synaptic plasticity, LTP, integration of infor-
mation, encoding, acquisition, consolidation,
and retrieval of memory. It has been indicated
that memory formation and the retrieval pro-
cess may share various molecular signaling in
the hippocampus and that the retrieval process
starts extinction needing stimulation of some
signaling cascades as well as protein synthe-
sis (Morris, 2003). Moreover, the hippocam-
pus is a critical site for modulation of the
state-dependent memory process (Rezayof et
al., 2007, 2010b). The dorsal hippocampal
opioidergic, dopaminergic, cholinergic, glu-
tamatergic, cannabinoid, a2-adrenergic, NO
and GABAergic systems may play a key role
in mediating of state-dependent memory (Re-
zayof et al., 2007, 2008c; Jafari-Sabet, 2011;
Parsaei et al., 2011; Piri and Zarrindast, 2011;
Jafari-Sabet et al., 2014; Ebrahimi-Ghiri et
al., 2019).

Involvement of the hippocampal adrenergic
system in the state-dependent memory
Monoaminergic systems are remarkably
involved in many behavioral reactions, for ex-
ample, learning and memory consolidation.
The ascending noradrenergic system origi-
nates from the locus coeruleus and innervates
the neocortex and hippocampus (Azami et al.,
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2010). It has been demonstrated that a-adren-
ergic receptors of the CAIl areas of the
hippocampus show main regulatory roles in
the modulation of memory consolidation, and
reconsolidation processes (Azami et al., 2010;
Piri and Zarrindast, 2011). Many investiga-
tions revealed that the administration of nora-
drenaline into the CAl areas of the
hippocampus enhances memory formation
(Piri and Zarrindast, 2011). Also, reports are
indicating that noradrenergic receptors of the
CAL areas of the hippocampus play a role in
state-dependent learning and memory (Azami
et al., 2010; Piri and Zarrindast, 2011). It has
been demonstrated that state-dependent am-
nesia, produced by peripheral epinephrine,
may happen physiologically and may be
mediated by the brain norepinephrine acting
on the nucleus tractus solitarius and hippo-
campus and amygdala. Norepinephrine has
been revealed to be involved in state-depend-
ent fear memories (Rosa et al., 2014).
Further supporting the participation of
noradrenergic receptors mechanism in the
state-dependent memory, additional experi-
ments were carried out by the blocking of nor-
adrenergic receptors in the CAl areas of the
hippocampus. The findings revealed that
stimulation of the a- and B-adrenergic recep-
tors in the dorsal hippocampal CAl areas
modulate drug state-dependent memory (Piri
and Zarrindast, 2011; Zarrindast et al., 2013).
One of the main physiological functions of
a2-adrenoceptor activation is the modulation
of the other neurotransmitters released in
other regions of the brain. Some evidence dis-
played that a2-adrenoceptor stimulation en-
hanced the basal release of GABA in the hip-
pocampus, NAC, striatum, and cortex. Stud-
ies revealed that the agonists and antagonists
of a2-adrenoceptor control memory retrieval
through increasing or declining basal GABA
release, respectively (Pittaluga and Raiteri,
1987). Moreover, investigations indicated
that a2-adrenoceptors of the CA1 areas of the
hippocampus play a modulatory role in mus-
cimol state-dependent memory. a2-adreno-
ceptor activation in the CAl regions of the

hippocampus may be coupled to GABA re-
lease from the hippocampus. This phenome-
non may regulate memory retrieval in the hip-
pocampus (Jafari-Sabet et al., 2013). Addi-
tionally, studies demonstrated that the a2-nor-
adrenergic receptors of the CA1 regions could
influence  WINS55,212-2  state-dependent
learning in a passive avoidance task (Piri and
Zarrindast, 2011). There is a report showing
that the a1- and a2-noradrenergic receptors of
the CAI regions play a role in scopolamine
state-dependent memory (Azami et al., 2010).

Although the expression of the JB-
adrenergic receptor in the brain is considera-
bly lesser than the a receptors, they are im-
portant for cognitive functions (Ghiasvand et
al., 2011a). The B-noradrenergic receptors of
the CA1l areas mediated the ethanol-induced
state-dependent retrieval (Zarrindast et al.,
2013). Otherwise, the state-dependent
memory of social recognition induced by
some drugs such as methylphenidate depends
on the effect of both catecholamines on the
ventromedial prefrontal cortex, although
norepinephrine inhibits the social recognition
memory in the hippocampus (Garrido Zinn et
al., 2018).

Involvement of the hippocampal GABA-
ergic system in the state-dependent memory
The main inhibitory neurotransmitter in
the central nervous system (CNS) is the y-
aminobutyric acid (GABA), which affects
learning and memory processes (Parsaei et al.,
2011; Jafari-Sabet et al., 2014). The hippo-
campus has numerous GABAergic interneu-
rons and these interneurons project from the
septum. The CA1 GABA receptors play a key
role in learning and memory processes
through the modulation of information pro-
cessing in the hippocampus (Nazari-Serenjeh
etal.,2011). It is demonstrated that Intra-CA 1
administrations of GABAA receptor agonists
decrease memory, whereas their antagonists
increase retrieval in different tasks. Some in-
vestigations indicated that the GABAA recep-
tors of the CA1l regions of the hippocampus
also participate in state-dependent memory
(Parsaei et al.,, 2011). It is thought that
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GABAA agonists, e.g., muscimol, produce
drug state by acting on the chloride ion chan-
nels (Nakagawa et al., 1995). Additionally,
reports are indicating that opioidergic, musca-
rinic cholinergic, a2-adrenergic, and NO sys-
tems of the CA1 areas of the hippocampus are
important for inducing muscimol-related
state-dependent memory (Jafari-Sabet and
Jannat-Dastjerdi, 2009; Jafari-Sabet, 2011;
Jafari-Sabet et al., 2013, 2014).

Also, some documents showed the in-
volvement of the GABAergic system of the
CA1l areas of the hippocampus in the
modulation of drug state-dependent memory.
Pre-test injection of bicuculline in the CA1 ar-
eas of the hippocampus increased the effect of
pre-test lithium on the reversal of memory,
which supports the role of GABA receptors in
the CA1 areas of the hippocampus in the ef-
fects of lithium on state-dependent learning
(Parsaei et al., 2011). Additionally, research-
ers also suggested that there is an interaction
among the GABAergic and opioidergic sys-
tems of the CA1 areas of the hippocampus in
learning and memory (Jafari-Sabet and Jan-
nat-Dastjerdi, 2009). Studies revealed that
GABAergic and opioidergic mechanisms are
interconnected via p-opioid receptors. These
receptors are present exclusively on the
inhibitory interneurons (principally GABAer-
gic) in the hippocampus. Stimulation of the p-
opioid receptors has been displayed to hy-
perpolarize interneurons and presynaptically
inhibited the GABA release in the
hippocampus (Cohen et al., 1992). It seems
that the p-opioid receptors of the dorsal hip-
pocampus are involved in muscimol state-de-
pendent memory by inhibition of GABA re-
lease (Jafari-Sabet and Jannat-Dastjerdi,
2009).

Some evidence showed that the a2-adre-
noceptor stimulation enhanced the basal
GABA release in the cerebral cortex, hippo-
campus, and striatum. The o2-adrenoceptors
of the dorsal hippocampus play a key function
in muscimol state-dependent memory (Jafari-
Sabet et al., 2013). Furthermore, studies re-
vealed that there is an interaction among the

GABAergic and NO systems in the experi-
mental animals, regarding memory consolida-
tion. There is a correlation between a
reduction in the NO release in the CA1 and
the physiological condition under which mus-
cimol facilitates memory retrieval. Thus, the
NO system in the dorsal hippocampus medi-
ated the muscimol state-dependent retrieval
(Jafari-Sabet et al., 2014).

Involvement of the hippocampal
glutamatergic system in the state-dependent
memory

One of the most frequent amino acids in
the CNS is glutamate, which acts as an
excitatory neurotransmitter. The NMDA re-
ceptors highly distribute in the brain, such as
the cortex, hippocampus, septum, amygdala,
and NAC. The maximum concentrations of
NMDA receptors are expressed in the hippo-
campal CAl regions. The main glutamatergic
afferent to the hippocampus is projected
through the pyramidal neurons in layers Il and
IIT of the entorhinal cortex (Zarrindast et al.,
2012a). The NMDA receptors of the hippo-
campus appear to be an essential upstream
stage for the initiation of intracellular cas-
cades including gene expression, protein syn-
thesis, cAMP/PKA/CREB signaling, and
remodeling of synaptic contacts during learn-
ing (Cammarota et al., 2000). Also, the hip-
pocampal NMDA receptors show a key role
in the modulation of synaptic plasticity, LTP,
and short- and long-term memories (Morris,
2003; Rezayof et al., 2010a). The hippocam-
pal NMDA receptors have a role in state-de-
pendent learning, too. Investigations revealed
that NMDA receptor antagonists prevent the
occurrence of LTP in the hippocampus and
also decrease several forms of learning and
conditioning, hence showing that the NMDA
receptors of the hippocampus have a modula-
tory role in state-dependent learning. Studies
indicated that NMDA receptor antagonists
such as ketamine, phencyclidine, dextrome-
thorphan, MK-801, and CGS 19755 induce
state-dependent retrieval (Zarrindast et al.,
2014). Also, arcaine and MK-801 by decreas-
ing the NMDA receptor function induce state-
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dependent recall (Ceretta et al., 2008). More-
over, the hippocampal NMDA receptors dis-
play the main role in the modulation of drug
state-dependent learning and memory, for in-
stance, ethanol state-dependent learning. The
NMDA receptors are molecular targets for the
function of ethanol on the hippocampal glu-
tamatergic neurons (Rezayof et al., 2008c). It
has been shown that acute ethanol withdrawal
indicates a powerful excitatory and neuro-
degenerative influence on the hippocampal
NMDA receptors. In this respect, researches
revealed that ethanol produced variations in
the CA1 glutamatergic neurotransmission via
the NMDA receptors. These receptors have a
vital role in ethanol’s influences on neural de-
velopment, synaptic plasticity, learning, and
memory (Prendergast et al., 2004).

Involvement of the hippocampal
cannabinoid system in the state-dependent
memory

Cannabinoids as the psychoactive agents
have a vital neuromodulatory effect in some
behavioral responses, e.g., learning and
memory. The cannabinoid CB1 receptors are
extensively distributed in the hippocampus,
amygdala, cerebral cortex, and NAC. The
CBI receptors are enriched in the hippocam-
pal formation, especially in the dorsal hippo-
campus. The CB1 receptors of the CA1 areas
of the hippocampus have also been revealed
to produce state-dependent memory, as pre-
or post-train Intra-CAl1 injections of WINSS,-
212-2, a synthetic cannabinoid CB1/CB2 re-
ceptor agonist, decreased retrieval of learned
tests which was restored via pre-test Intra-
CA1 infusion of the drug, indicating the drug
state-dependent memory (Moshfegh et al.,
2011). In the hippocampal formation, canna-
binoid CB1 receptors are placed in the pre-
synaptic location of the GABAergic axon ter-
minals. Endogenous cannabinoid mediates
retrograde signaling, which may be partici-
pated in the inhibition of many neurotransmit-
ter releases, e.g., glutamate, Ach and nora-
drenaline (Shen et al., 1996; Gifford et al.,
1997). Recent investigations have revealed

that endocannabinoids as the retrograde sig-
naling molecules, i.e., being produced in a
Ca?"-dependent process from post-synaptic
terminals, then diffusing to the presynaptic
terminals and so preventing neurotransmitter
release. This presynaptic inhibition of neuro-
transmitters released by cannabis is rein-
forced by the fact that CB1 receptors are
found at a higher density at the pre-synaptic
terminal compared to the soma, and that they
can intensify the inhibition of voltage-de-
pendent Ca®" channels by decreasing the du-
ration of the action potential by activation of
two different types of K" channels (Wilson
and Nicoll, 2002). The hippocampal canna-
binoid system may interact with other neuro-
transmitter mechanisms for modulation of
state-dependent memory. Some evidence
showed that there is an interaction between
the CAl cannabinoid and DA, GABA as well
as Ach systems in the modulation of state-de-
pendent memory (Zarrindast et al., 2010; Ja-
mali-Raeufy et al., 2011; Jafari-Sabet and
Karimi, 2017).

Involvement of the hippocampal cholin-
ergic system in the state-dependent memory
Ach is a well-known neurotransmitter in
the CNS which is involved in learning,
memory, and attention processes. The hippo-
campus is cholinergically innervated by the
medial septum area and the vertical limb of
the diagonal band of Broca. In the
hippocampus, both nAChRs and mAChRs are
distributed at the presynaptic and postsynap-
tic positions of both principal neurons and in-
hibitory interneurons, where they produce po-
tent bi-directional effects on the synaptic
transmission. Furthermore, there is the inter-
play between the cholinergic system and ex-
tracellular signal-regulated kinase as well as
the mammalian target of rapamycin pathways
in the improvement of short- and long-term
memories for the duration of the acquisition
and recall of the passive avoidance in the hip-
pocampus (Giovannini et al., 2015). Moreo-
ver, the hippocampal cholinergic system
(both nAChRs and mAChRs) participated in

1089



EXCLI Journal 2020,;19:1081-1099 — ISSN 1611-2156

Received: July 05, 2020, accepted. July 27, 2020, published: August 03, 2020

the state-dependent retrieval of memory (Ja-
mali-Raeufy et al., 2011). Several investiga-
tions reported that the nAChRs are involved
in morphine, ethanol, muscimol, WIN55,212-
2, al- and a2-adrenergic receptors as well as
DA DI receptors state-dependent learning
and memory (Rezvani and Levin, 2003; Re-
zayof et al., 2008b; Azami et al., 2010; Jafari-
Sabet, 2011; Aljjanpour and Rezayof, 2013;
Piri et al., 2013). Also, some studies in our la-
boratory revealed that the nAChRs of the
CAL areas of the hippocampus play the main
role in cross-state dependencies such as
ethanol, and WINS55,212-2 (Table 3) (Re-
zayof et al.,, 2008a; Jamali-Raeufy et al.,
2011; Aljjanpour and Rezayof, 2013). The
participation of mAChRs of the CA1 areas of
the hippocampus in state-dependent learning
and memory revealed by experimental inves-
tigations showed that amnesia produced via
post-train Intra-CA1 microinjection of sco-
polamine was completely restored through
pre-test Intra-CA1 injection of the same dose
of scopolamine (Azami et al., 2010; Jamali-
Raeufy et al., 2011). Since scopolamine pre-
dominantly impairs acquisition processes and
can even facilitate consolidation, thus scopol-
amine could induce state-dependent memory

(Klinkenberg and Blokland, 2010). Also, the
CA1l mAChRs is involved in modulation of
drug state-dependent learning and memory
including WINS55,212-2, ethanol, muscimol,
and DA D1 receptor agents (Rezayof et al.,
2008a; Jafari-Sabet, 2011; Jamali-Raeufy et
al., 2011; Piri et al., 2013).

Involvement of the hippocampal dopamin-
ergic system in the state-dependent memory

One of the most important catecholamine
neurotransmitters in the brain is DA (Nazari-
Serenjeh et al., 2011). The hippocampus re-
ceives the dopaminergic input from the meso-
limbic structures, e.g., the VTA and
substantia nigra pars compacta (SNc) (Zarrin-
dast et al., 2010). It has been revealed that DA
D1- and D2-like receptor-expressing neurons
are severely distributed in the rodent’s hippo-
campus. Activation of the dopaminergic re-
ceptors is essential for the consolidating of
LTP, learning, and memory in the CAl re-
gions. Studies also exhibited that the hippo-
campal dopaminergic system is involved in
state-dependent memory (Rezayof et al.,
2007; Zarrindast et al., 2010; Piri et al.,
2013).

Table 3: Effect of some neurotransmitters and pharmacological compounds on state-dependent

memory induced by acetylcholine

mAChRs nAChRs Effect on State- References
dependent
memory
GABAergic re-  Muscimol + physostigmine - Improve Jafari-Sabet,
ceptor Muscimol + atropine - Impair 2011
Dopaminergic =~ SKF38393 + scopolamine - Improve Piri et al.,
receptor SCH23390 + scopolamine - Impair 2013
Adrenergic Phenylephrine + scopola- - Improve Azami et al.,
receptor mine - 2010
Clonidine + scopolamine - Improve
Prazosin + scopolamine - Impair
Yohimbine + scopolamine Impair
Cannabinoid WIN55,212-2 + scopola- - Improve Jamali-
receptor mine Raeufy et al.,
2011
Ethanol Ethanol + physostigmine Ethanol + Nic-  Improve Rezayof et
otine al., 2008a
Ethanol + atropine Ethanol + Impair

mecamylamine
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Some evidence reported that DA D1/D5
receptors are participating in a proliferation of
state-dependent memory not only in the hip-
pocampal formation but, remarkably, in re-
gions of the brain associated with an
acquaintance. Furthermore, our previous
investigations also proposed that the hippo-
campal DA Dl-like and D2-like receptors
have a key function in drug state-dependent
learning, for instance, ethanol, scopolamine,
and lithium (Rezayof et al., 2007; Zarrindast
et al., 2009; Zarrindast et al., 2010; Piri et al.,
2013).

In conclusion, the hippocampus due to its
important role in the modulation of different
models of memories and including different
neurotransmitter systems plays a key role in
the modulation of state-dependent memory.
As mentioned above, although Intra-CA1 ad-
ministration of different drugs impaired
memory, Intra-CA1 re-administration of the
drugs on the same state could improve
memory (producing state-dependent
memory). This confirms the well-known role
of the hippocampus in the modulation of
memory processes.

Involvement of the amygdala in the state-
dependent memory

The amygdala is a prominent limbic for-
mation that comprises four nuclear regions.
The CeA is the key output of the amygdala,
which is exceedingly participating in emo-
tional learning, reward-related learning, and
memory retrieval (Ardjmand et al., 2011).
Also, the CeA is involved in state-dependent
memory, as it displays a key function in state-
dependent memory produced by opioid, can-
nabinoid, GABA, glutamate, Ach and f1-nor-
adrenergic mechanisms (Rezayof et al., 2009;
Rassouli et al., 2010; Ardjmand et al., 2011;
Ghiasvand et al., 2011a).

Involvement of the amygdala cholinergic
system in the state-dependent memory

The amygdala received cholinergic pro-
jections from the nucleus basalis magn-
ocellularis (NBM). Immunocytochemical
studies showed that the mAChR is found in

the amygdala, hippocampus, and neocortex,
which are participating in cognitive actions
for instance learning and memory processes.
In the CeA a large difference in the mAChR
immunoreactivity was detected, regarding the
number of neurons as well as their staining in-
tensity. Studies exhibited that there is a maxi-
mum number of mAChRs in the CeA, which
show a critical function in the production of
LTP in the amygdala. Some documents
showed the participation of the amygdala cho-
linergic mechanism in memory storage. It has
been indicated that the administration of cho-
linergic receptor antagonists within the amyg-
dala decline learning and memory processes
in diverse behavioral tests. As well, the CeA
mAChHR plays a key role in state-dependent
memory. There is a probability that the
mAChR produced state-dependent memory
retrieval is conducted through interaction
with other mechanisms in the amygdala. The
mAChRs of the CeA play the main role in
morphine-produced state-dependent memory
in the inhibitory avoidance learning test (Re-
zayof et al., 2009). Moreover, the cholinergic
and serotonergic receptors of the CeA have a
functional interaction with morphine-pro-
duced state-dependent memory in the inhibi-
tory avoidance learning test. The rewarding
effects of the drugs likely lead to produce
cross state-dependent memory among the
drugs (Tirgar et al., 2014).

Involvement of the amygdala glutamatergic
system in the state-dependent memory
Studies demonstrated that the NMDA re-
ceptors are expressed in widespread regions
of the CNS, including the limbic regions and
especially the CeA. The CeA receives sensory
information through the glutamatergic affer-
ents from the thalamus, prefrontal cortex, and
hippocampal formation as well as basolateral
amygdala (BLA). Ultra-structural studies
have displayed that the NMDA receptors are
distributed in the dendrites of the CeA neu-
rons and are participating in the synaptic plas-
ticity, LTP, and emotional learning and
memory in the CeA. Many experiments
demonstrated that the administration of both
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competitive and non-competitive NMDA re-
ceptor antagonists into the amygdala impaired
learning and memory. Also, the CeA glutama-
tergic neurons through the NMDA receptors
play a key role in state-dependent memory.
State-dependent memory related to the
NMDA receptors of the CeA may be due to
reward-related learning. Furthermore, it has
been reported that pre-test Intra-CeA infusion
of NMDA along with morphine reversed
memory impairment induced by post-train in-
jection of morphine, suggesting that the
NMDA receptors of the CeA participate in
morphine state-dependent memory (Ar-
djmand et al., 2011). This phenomenon is due
to the role of drugs and the CeA in reward-
related learning. Also, the NMDA receptors
of the CeA may show a function in canna-
binoid state-dependent memory. For instance,
reduction of consolidation produced by Intra-
CeA injection of ACPA is performed, some-
what, via an NMDA receptor mechanism in
the CeA (Ghiasvand et al., 2011Db).

Involvement of the amygdala cannabinoid
system in the state-dependent memory

In the CeA, cannabinoid CBI receptors
were situated on the GABAergic intercalated
cells and the glutamatergic neurons, which
may prevent both GABA and glutamate re-
lease. Behavioral studies exhibited that post-
train Intra-CeA injections of WINS55,212-2
produced inhibitory avoidance memory defi-
ciency while pre-test Intra-CeA injections of
a similar dosage of WIN55,212-2 reversed the
impairment of inhibitory avoidance memory
retrieval that was indicative of drug-related
state-dependent memory (Ghiasvand et al.,
2011a; Piri and Zarrindast, 2011). The consol-
idation and retrieval of inhibitory avoidance
memory has revealed the need for intact glu-
tamate receptors. Probably, a state-dependent
memory that is produced via Intra-CeA injec-
tion of WINS55,212-2 may affect the
prevention of glutamate release in the CeA
(Haller et al., 2007). State-dependent memory
which is produced via WIN55,212-2 seems to
be dependent on the rewarding properties of

the cannabinoids. Regarding the latter propo-
sition, it has been indicated that WINS55,212-
2 increased the neuronal firing of the dopa-
minergic neurons in the forebrain reward sites
(Gessa et al., 1998).

Interestingly, there is cross state-depend-
ent memory retrieval between morphine and
ethanol that the BLA CB1 cannabinoid recep-
tors are involved in this process. The reward-
ing effects of the drugs may participate in this
phenomenon (Ofogh et al., 2016).

Involvement of the amygdala GABAergic
system in the state-dependent memory

Investigations demonstrated that the CeA
neurons and their efferent projections are
mainly the GABAergic neurons. The CeA
neurons receive the GABAergic afferents
from the intercalated neurons. Before, the par-
ticipation of the CeA GABAergic mechanism
on the learning and memory retention had
been reported. Intra-amygdala injection of the
GABAergic receptor agonists decreased
memory, whereas their antagonists increased
memory storage and retrieval in the inhibitory
avoidance tests (Castellano et al., 1989).
Some investigation indicated that the CeA
GABAA receptors also participated in the
state-dependent memory process using the
passive avoidance task (Rassouli et al., 2010).
As the CeA and GABAergic mechanisms
participate in reward-associated learning, the
importance of the amygdala GABAergic
mechanism in the state-dependent memory
seems likely (Rezayof et al., 2002; Zarrindast
et al., 2004; Zhu and Pan, 2004). So, pre-test
Intra-CeA injection of muscimol impaired
morphine state-dependent memory, suggest-
ing the role of CeA GABAA receptors in mor-
phine state-dependent memory (Rassouli et
al., 2010).

Involvement of the amygdala adrenergic
system in the state-dependent memory

The CeA receives vast noradrenergic pro-
jections from the locus coeruleus. Consistent
with investigations, the amygdala adrenergic
receptors modulated inhibitory avoidance
memory. [B-adrenoceptors of the amygdala
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participated in the regulation of retrieval of
one-trial step-down inhibitory avoidance test.
Growing documents displayed that intra-
amygdala injections of B-adrenoreceptor ago-
nists improved the retention process in either
spatial or emotionally-motivated memory
tests, but their antagonists decreased learning
and memory in the behavioral studies. Some
evidence revealed the participation of the
CeA noradrenergic receptors in state-depend-
ent memory (Ghiasvand et al., 2011a). More-
over, there is evidence showing an interplay
among the B1-noradrenergic and cannabinoid
systems of the CeA on the retrieval stage of
state-dependent memory produced via
WINS55,212-2. Hence, it can be said that nor-
adrenergic and cannabinoid mechanisms in
the CeA may regulate memory retrieval
(Ghiasvand et al., 2011a; Moshfegh et al.,
2011).

Involvement of the amygdala opioidergic
system in the state-dependent memory

Immunocytochemical researches have re-
vealed that the opioid receptors, particularly
p-opioid receptors, are present in the den-
drites of the CeA. It has been reported that the
opioidergic system of the CeA involved in the
neural signaling, memory, reward behaviors,
and plasticity are related to addictive behav-
iors (Zhu and Pan, 2004). There is also evi-
dence that the CeA opioidergic mechanism
has a function in state-dependent learning
(Rezayof et al., 2009; Rassouli et al., 2010;
Ardjmand et al., 2011). Morphine state-de-
pendent learning is correlated with the reward
properties of morphine and the CeA plays a
key action in the acquisition and expression of
the morphine reward effects (Rezayof et al.,
2002).

Since the amygdala has several neuro-
transmitter systems as well as various afferent
and efferent projections different processes of
memory, such as state-dependent memory,
could be modulated.

Involvement of the ventral tegmental area
(VTA) in the state-dependent memory

The VTA is a structure of the midbrain
and contains the cell bodies of the mesolimbic
dopaminergic system, which projects the do-
paminergic pathways to several corticolimbic
structures, such as the hippocampus. Activa-
tion of the VTA causes dopamine release in
the corticolimbic structures (for example the
hippocampus) and seems to have a key role in
hippocampal plasticity (Nazari-Serenjeh et
al., 2011). Moreover, the interaction between
diverse mechanisms, e.g., opioidergic, cholin-
ergic, and glutamatergic in the VTA may af-
fect learned behaviors (Ahmadi et al., 2007).
For example, the activation and blockage of
VTA mAChRs and nAChRs may modify
morphine state-dependent learning (Darbandi
et al., 2008; Rezayof et al., 2008b). Some ex-
periments reported that bilateral infusion of
atropine within the VTA inhibited morphine
state-dependent learning in the passive avoid-
ance learning test (Darbandi et al., 2008).
Moreover, other investigations exhibited that
the application of nicotine into the VTA im-
proved morphine state-dependent learning in
the passive avoidance test (Rezayof et al.,
2008b). As mentioned above, morphine state-
dependent learning appears to be a kind of re-
ward-associated learning. Moreover, the role
of VTA cholinergic receptors in reward-re-
lated learning confirmed by a study in which
microinjection of cholinergic agents in the
VTA improved morphine-produced place
preference. Therefore, it is probable that co-
injection of cholinergic drugs with morphine
improved the reward effects and produced
state-dependent learning (Darbandi et al.,
2008; Rezayof et al., 2008b). Additionally,
the influence of nicotine on the retrieval of
morphine state-dependent learning may be
due to the NMDA receptors of VTA. Nicotine
and NMDA may participate with morphine on
various signaling properties that are necessary
for the state under which learning occurs (Ah-
madi et al., 2007).
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Involvement of the nucleus accumbens
(NAC) in the state-dependent memory

The NAC is an important site of the
ventral striatum which is well known for its
function in modulating the reward, learning,
movement, attention, and motivation. It has
been revealed that NAC and VTA have recip-
rocal connections. Also, there is a functional
correlation among the midbrain dopaminergic
neurons and the hippocampus, whose stimu-
lation causes the improvement of LTP and
learning (Zarrindast et al., 2012b). The NAC
involved in passive avoidance learning and
morphine state-dependent learning, too
(Noorbakhshnia and Zarrinimehr, 2019). Re-
ports are suggesting a probable role for the
dopaminergic (Azizbeigi et al., 2011), and
NO (Zarrindast et al., 2012b) systems of the
NAC in the improving role of nicotine on the
morphine-produced memory-impairment as
well as morphine state-dependent memory
(Zarrindast et al., 2012b). Investigations re-
vealed that abuse of drugs, for instance, mor-
phine and nicotine which are administrated
systemically by addicts induce their proper-
ties via functions in the limbic component of
the basal ganglia, especially the NAC. In ani-
mals, micro-dialysis investigations have dis-
played that systemic injection of such addic-
tive drugs specially enhanced the extracellu-
lar DA level in the NAC. The document
demonstrated that morphine and nicotine in-
duce their rewarding properties through stim-
ulation of DA release in the NAC. Moreover,
nicotine by stimulation of the DA receptors in
the NAC may increase retrieval of memory-
impaired by morphine (Azizbeigi et al.,
2011). It has been revealed that nicotine-
caused recovery of morphine amnesia in-
creased or decreased via inhibition or stimu-
lation of the NAC NO system, respectively
(Figure 5) (Zarrindast et al., 2012b).

CONCLUSION

Studies have shown that state-dependent
learning is produced via various exogenous
and endogenous compounds, whereby exoge-
nous state-dependent learning is induced by

addictive drugs and endogenous state-de-
pendent learning is produced via neuro-hu-
moral states. Several reports demonstrated
that many neurotransmitters are involved in
state-dependent learning. Additionally, many
regions of the brain, including the CA1 areas
of the hippocampus, amygdala (especially
CeA), septum, VTA, and NAc, participated in
state-dependent learning and memory. Inter-
estingly, there are cross state-dependent
learning and memory among some drugs that
may well prove a novel natural treatment for
memory deficiency disease. According to this
researches, we proposed that different brain
areas due to having many neurotransmitter
systems and many afferent and efferent pro-
jections play the main role in the modulation
of state-dependent memory. Moreover, we
suggested that the administration of some
drugs (systemically or intra-cerebrally) im-
paired memory but re-administration of the
drugs on the same state could improve
memory (inducing state-dependent memory)
which depends on the time-, dose- and half-
life of drugs (Nishimura et al., 1990;
Khavandgar et al., 2003; Osorio-Gomez et al.,
2019).
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Figure 5: Schematic illustration of the effect of different brain areas and various neurotransmitter mech-
anisms in the modulation of state-dependent memory induced by morphine. Some documents reported
that opioidergic (Jafari-Sabet and Jannat-Dastjerdi, 2009), muscarinic cholinergic (Jafari-Sabet, 2011),
and a2-adrenergic (Jafari-Sabet et al., 2013), systems in the CA1 area are essential for inducing mus-
cimol-related state-dependent memory (Jafari-Sabet et al., 2014). Moreover, cholinergic and sero-
tonergic receptor systems of the CeA play a key role in morphine-induced state-dependent memory
(Tirgar et al., 2014). In the medial septum, there is cross state-dependent memory retrieval between
cannabinoid and acetylcholine or ethanol (Alijanpour and Rezayof, 2013). Also, cholinergic and glu-
tamatergic receptors of the VTA participate in morphine state-dependent learning (Ahmadi et al., 2007).
Also, nitric oxide, cholinergic and dopaminergic systems, of the NAc are involved in morphine state-
dependent learning (Zarrindast et al., 2012b). CeA: central nucleus of the amygdala, VTA: ventral teg-
mental area, and NAc: nucleus accumbens
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