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ABSTRACT

Introduction: Ascorbic acid is shown to reduce the signs of opioid dependence and Keywords:

addiction. The present experiments investigated the possible influence of ascorbic acid in Ascorbic Acid

acquiring and expressing morphine conditioned place preference (CPP) and sensitization Conditioned place preference
in mice. Morphine

Methods: Male Swiss-Webster mice (20-25 g) were used. The unbiased method and an open Sensitization

field procedure were conducted for place preference and sensitization studies, respectively.
Animals received different doses of morphine (1, 5, 10, and 20 mg/kg), ascorbic acid (1,
10, 100, and 1000 mg/kg), or saline (10 ml/kg) for place preference studies. Ascorbic acid
was injected into the animals 20 min before each morphine (5 mg/kg) injection (acquisition)
or 20 min before the test of morphine CPP (expression). Mice received morphine (5 mg/
kg) for three consecutive days, followed by five resting days for sensitization. Animals’
hyperactivity after morphine (1 mg/kg) challenge dose confirmed the sensitization. Ascorbic
acid was administered 20 min before each morphine (5 mg/kg) injection (acquisition) or
20 min before each morphine challenge dose (1 mg/kg) administration on the test day
(expression).

Results: Morphine induced significant place preference dose-dependently. Furthermore,
intraperitoneal (i.p.) administration of ascorbic acid failed to induce any aversion or
preference effects. Ascorbic acid reduced the expression and acquisition of morphine place
conditioning. Intraperitoneal injections of ascorbic acid also reduced the expression and
acquisition of morphine sensitization.

Conclusion: Ascorbic acid could affect the motivational effects of morphine in mice. The
exact mechanism by which the vitamin reduces the morphine effect must be evaluated in
future studies.
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Introduction

It is shown that morphine administration increases do-
pamine turnover and release in terminal fields of dopa-
minergic neurons located in the nucleus accumbens (Di
Chiara and Imperato, 1988; Hnasko et al., 2005; Pontieri
et al., 1995). Morphine-induced dopamine transmission
in the nucleus accumbens is proposed to be related to
its addictive properties (Wise, 2004). Further studies in-
dicated that opiates (e.g., morphine) activate u opioid
receptors located on the cell body of ventral tegmental
area (VTA) GABAergic inhibitory interneurons and
inhibit their tonic inhibitory function on dopaminergic
neurons that project to the nucleus accumbens (John-
son and North, 1992), increases dopamine release in the
nucleus accumbens, and results in reward and locomo-
tor activity increment (Johnson and North, 1992; Wise,
2004). On the other hand, studies also indicated that the
mesolimbic dopamine pathway is essential for mor-
phine-induced behavioral sensitization (Charmchi et al.,
Kalivas and Duffy, 1987; Nejati et al., 2020; Vezina and
Stewart, 1989). It is well established that repeated low
dose morphine injection can induce sensitization to its
behavioral properties in rodents (Hnasko et al., 2005;
Ma et al., 2009; Olmstead and Franklin, 1997; Wise,
2004). Considering the effects of morphine on the do-
paminergic system, it is not surprising that morphine ad-
ministration can influence the enzymes involved in do-
pamine synthesis in the dopaminergic neurons. Among
these enzymes, tyrosine hydroxylase (TH) shows more
sensitivity to morphine (Liu et al., 2020). It is shown
that morphine injection can induce TH activity in the
rats’ VTA and nucleus accumbens (Liang et al., 2012).
According to these facts, one may postulate that any
drugs that can influence the central dopaminergic sys-
tem neurotransmission can also affect the rewarding and
behavioral effects of morphine.

Evidence suggests that ascorbic acid can modulate
central dopaminergic transmission (Arrigoni and De
Tullio, 2002; Griinewald, 1993; Kimura and Sidhu,
1994) and dopamine-related behaviors (Kimura and
Sidhu 1994). Ascorbic acid is found in high concentra-
tions throughout the mammalian nervous system (Oke
et al., 1987) and is supplied by active uptake at the cho-
roid plexus (Griinewald, 1993) a carrier-mediated pro-
cess, and simple diffusion at the brain-blood barrier site
(Griinewald, 1993). Ascorbic acid is an active compo-
nent of the neuronal antioxidant pool since it is rapidly

oxidized by reactive oxygen species (ROS) (Griinewald,
1993) and is the primary scavenger of ROS in the extra-
cellular compartment (Griinewald, 1993) or ROS gener-
ated from catecholamine oxidation in vivo (Griinewald,
1993). Accordingly, it is shown that behavioral activity
is dependent on the endogenous ascorbic acid release in
the rat striatum (Rebec and Wang, 2001). The action of
ascorbic acid on dopamine neurotransmission is shown
to be related to its action as a dopamine antagonist on
dopamine receptors (Tolbert et al., 1992) and its effect
on TH activity in the dopaminergic neurons as well
(Seitz et al., 1998).

The effects of ascorbic acid on morphine reward also
is the subject of several studies. In this regard, Alaei et
al. have shown that ascorbic acid can inhibit morphine
self-administration in rats (Talkhooncheh et al., 2014).
Moreover, ascorbic acid can modulate morphine-in-
duced analgesia in rats (Ahmadi et al., 2018) and with-
drawal syndrome in morphine-dependent rats (Alaei et
al., 2005) and Guinea Pigs (Johnston and Chahl, 1992).
Besides, ascorbic acid treatment for opioid withdrawal
in opioid addicts is also well-established (Evangelou et
al., 2000; Zelfand 2020).

All of these suggestions indicate that ascorbic acid
also may affect morphine conditioned place prefer-
ence (CPP) and behavioral sensitization. We previously
showed that ascorbic acid could inhibit the mice’s nico-
tine-induced CPP and behavioral sensitization (Sahraei
et al., 2007a). The present study investigated ascorbic
acid’s effects on the expression and acquisition of mor-
phine-induced CPP and morphine-induced behavioral
sensitization in mice. According to the previous study,
the unbiased place preference paradigm was chosen for
the CPP procedure, and the open field method was se-
lected for behavioral sensitization studies (Sahraei et al.,
2007a).

Materials and Methods

Animals

Male albino Swiss-Webster mice (20-25 g, Razi Insti-
tute, Tehran, Iran; nearly 6- months of age) were used
throughout the study (n=8/group; totally 368 mice).
Animals were housed 5 per cage with 12/12 h reversed
dark-light cycle (lights On at 8:00 pm), with 45%-50%
humidity, and ad-lib food (Mouse chow, PARS animal
food Co., Tehran, Iran) and tab water available when
needed except during the experiments. The male mice
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were chosen because it was revealed that dopamine re-
lease in the striatum is variable in female mice and rats
during the estrus cycle are under the influence of estro-
gen hormone fluctuations (Zachry et al., 2020). All ex-
periments were conducted under standard ethical guide-
lines and approved by the local ethical committee (The
Bagiyatallah University of Medical Committee on the
Use and Care of Animals, 83/152, Jan 12, 2003).

Drugs

Morphine sulfate (TEMAD, Iran) and ascorbic acid
(Sigma Chemical Co., USA) were used in the present
study. The drugs were dissolved in sterile saline and
intraperitoneally (i.p.) or subcutaneously (s.c.) adminis-
trated in volumes of 10 ml/kg. Because it is shown that
morphine activity may be changed by circadian rhythm
(Khaksari et al., 2020; Webb et al., 2009), morphine ad-
ministration was done in the dark phase of the animals’
lives for better results obtaining.

Animals Grouping
Animals were divided into the following experimental
groups:

Saline-Saline

Animals received saline (10ml/kg; i.p.) in both com-
partments (CPP procedure) or during the sensitization
period (behavioral sensitization paradigm) and were
tested on the test day.

Morphine-Saline Animals received morphine sulfate
(1, 2.5, 5, and 10 mg/kg; s.c.) in one compartment and
saline (10 ml/kg; i.p.) in another compartment (Place
preference paradigm) or morphine sulfate (5 mg/kg;
s.c.) during behavioral sensitization period (behavioral
sensitization paradigm) and tested in the test day.

Ascorbic acid-Saline

In these experiments, the animals were injected with
ascorbic acid (1, 10, 100, and 1000 mg/kg; i.p.) in one
compartment and saline (10 ml/kg; i.p.) in another com-
partment (CPP paradigm) or ascorbic acid (100 mg/kg;
i.p.) during behavioral sensitization period (behavioral
sensitization paradigm) and tested in the test day.

Morphine-Ascorbic acid
Animals received morphine sulfate (5 mg/kg; s.c.) +

ascorbic acid (1, 10, 100, and 100 mg/kg; i.p.) in one
compartment and saline (10 ml/kg; i.p.) in another
compartment (Place preference paradigm) or morphine
sulfate (5 mg/kg; s.c.) + ascorbic acid (1, 10, 100, and
1000 mg/kg; i.p.) during behavioral sensitization period
(behavioral sensitization paradigm) and tested in the test
day.

CPP Apparatus

The apparatus, which has been previously described
(Sahraei et al., 2007a) with minor modification, con-
sisted of two large adjacent compartments (30 %30 x 30
cm), which were connected via a guillotine door with
a hole (5 x 5 cm). The conditioning compartments (A
and B) were painted in white with different black strips.
Access to the compartments could be blocked by replac-
ing the guillotine door with a hole-less partition. In the
particular experimental set-up used in the present study,
the animals did not typically show an unconditioned
preference for either compartment, which supported our
unbiased method. The drug and control compartments
were randomly assigned for each animal in a counter-
balanced way.

CPP procedure

The CPP procedure took place on five consecutive
days. On the first day (pre-exposure), each mouse was
placed separately into the apparatus for 10 min with free
access to all compartments (A, B). On the next three
days (training period), animals received three trials in
which they experienced the drug’s effects while con-
fined in one of the compartments (A or B) for 30 min
and three trials in which they received a saline injection
and were confined to the other compartment. Access
to compartments was blocked on these days. On day 5
(the preference test), the door with a hole was replaced
with the door without the hole, allowing access to all
compartments. Mice were placed in the hole in which
their heads were toward the drug-paired compartment.
The mean time for each mouse, which was spent in any
compartments during a 10 min (600 Sec) period, was
recorded, and conditioning scores representing the time
spent in the drug-paired compartment minus the time
spent in the saline-paired was calculated as the prefer-
ence. To study the effects of ascorbic acid on the ac-
quisition of morphine-induced conditioned place prefer-
ence, ascorbic acid was administered to animals 20 min
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before injection of morphine during the training days.
To study the effects of ascorbic acid on the expression
of morphine-induced CPP, the drug was injected into the
animals 20 min before the test (on the test day).

Locomotor activity apparatus

Animals’ locomotor activity was calculated as de-
scribed previously with minor modification (Sahraei
et al., 2007a). Briefly, animal activity was assessed us-
ing an infrared activity monitor made by the Medical
Engineering Department, School of Medicine, Shahid
Beheshti University of Medical Sciences. The appara-
tus was made from stainless steel rectangular with three
infrared LEDs attached to one of the walls 5 cm up from
the floor of the apparatus (30x30%30 cm).

Animal activity procedure

This part of the experiments consisted of two separate
parts. In the first part, the animals’ activity was evaluat-
ed under the drugs’ acute effects, which took two con-
secutive days. For this purpose, each animal was placed
in the center of the cage on the first day and was allowed
to adapt for 10 min. On the second day, the animals were
brought to the test chamber. After 30 min, each mouse
received a single injection of different doses of mor-
phine, ascorbic acid, or saline (as control), the animal
was placed in the center of the apparatus, and its loco-
motor activity was recorded for 20 min.

Morphine sensitization procedure

The second part of the locomotor activity experiments
is to evaluate the ascorbic acid effects on morphine sen-
sitization. For this purpose, each mouse received mor-
phine sulfate (5 mg/kg; s.c.) once a day for three con-
secutive days (acquisition days) followed by five resting
days. On the 9th day of the experiments, the animals re-
ceived either saline (10 ml/kg; i.p.) or morphine (5 mg/
kg; s.c.) and were tested for their behavior sensitization.
Each animal was injected with morphine or saline and
was immediately placed in the apparatus. Ascorbic acid
(1, 10, 100, and 1000 mg/kg; i.p.) was injected either 20
min before each morphine or saline administration on
the acquisition days or 20 min before morphine or saline
injection on the test day (expression test).

Statistical Analysis
All data were analyzed using SPSS (version 11;

SPSS, Chicago, IL). Data expressed as mean+SEM of
the parameters. Groups were compared using a one-way
Analysis of Variance (One-way ANOVA) followed by a
Tukey post-test. Differences with P<(0.05 were consid-
ered statistically significant.

Results

The effects of morphine and ascorbic acid administra-
tion on place conditioning

Subcutaneous injection of morphine sulfate (1, 2.5,
5, and 10 mg/kg) to mice caused a significant increase
in time spent in the drug-paired compartment than that
spent in the saline-paired compartment, i.e., CPP [F(4,
39)=3.28, P<0.01] (Figure 1A). However, administra-
tion of ascorbic acid (1, 10, 100, and 1000 mg/kg, i.p.)
alone induced neither significant place preference nor
place aversion in mice [F(4,32)=0.22, P=0.9] (Figure
1B).

The effects of ascorbic acid preadministration on the
expression and acquisition of morphine CPP

Injection of ascorbic acid (1, 10, 100, and 1000 mg/
kg, i.p.) 20 min before beginning the test to the ani-
mals which received morphine (5 mg/kg) in the training
days significantly decreased the expression of the mor-
phine-induced CPP [F(4,32)=21.2, P<0.0001] (Figure
1C). Moreover, ascorbic acid (1, 10, 100, and 1000 mg/
kg, i.p.) when administered 20 min before each mor-
phine (5 mg/kg, s.c.) injection sessions, significantly
inhibited the acquisition of morphine CPP [F(4,32)=
10.79, P<0.0001] (Figure1D).

The effects of morphine and ascorbic acid on the ani-
mals’ locomotor activity

Administration of morphine sulfate (1, 5, 10, and 20
mg/kg) to mice caused a significant decrease (5 mg/kg)
and increase (10 and 20 mg/kg) in animals’ locomotor
activity respectively [F(4, 32)=2.89, P<0.01] (Figure
2A). The dose of 5 mg/kg of morphine was chosen for
sensitization induction in further experiments. Three
consecutive days of injection of morphine (5 mg/kg)
followed by five days of resting resulted in morphine
sensitization. Such that ineffective dose of the drug (1
mg/kg) to these animals induced hyperactivity, i.e., sen-
sitization [F(4, 32)=3.217, P<0.01], (Figure 2B). How-
ever, administration of ascorbic acid (1, 10, 100, and
1000 mg/kg, i.p.) alone did not induce locomotor activi-
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FIGURE 1. Conditioned place preference induced by morphine (A) and ascorbic acid (B). Animals received different doses of morphine (A;
1,2.5, 5, and, 10 mg/kg, s.c.), or ascorbic acid (B; 1, 10, 100, and, 1000 mg/kg, i.p.). The effect of different doses of ascorbic acid on acquisi-
tion (C) or expression (D) of morphine-induced CPP. Each point is the mean+SEM (n=8). *P<0.05, *"P<0.01 represent the difference between

experimental and control groups.

ty in mice [F(4,32)=1.07, P>0.05] (Figure 2C).

The effects of ascorbic acid on the expression and ac-
quisition of morphine-induced behavioral sensitization

As described in the method section, three days of mor-
phine sulfate (Smg/kg, s.c.) administration followed by
five days of resting induced behavioral sensitization. Ad-
ministration of the ascorbic acid (1, 10, 100, and 1000
mg/kg, i.p.) 20 min before morphine challenge dose (5
mg/kg, s.c.) to the animals which received morphine (5
mg/kg, s.c.) in the training days, significantly decreased
the expression of the morphine-induced behavioral sen-
sitization [F(4,32)=16.39, P<0.0001] (Figure 3). More-
over, ascorbic acid (1, 10, 100, and 1000 mg/kg, i.p.),
when administered 20 min before each morphine (5 mg/
kg, s.c.) injection session, significantly inhibited the ac-
quisition of morphine-induced behavioral sensitization

[F(4,32)=11.21, P<0.001] (Figure 3).

Discussion

The present study indicated that subcutaneous injec-
tion of morphine induces both place preference to the
morphine paired compartment (CPP) and behavioral
sensitization in male mice. Morphine was administered
subcutaneously for possible first-pass effect phenome-
non avoidance (Glare and Walsh, 1991). On the other
hand, peripheral administration of ascorbic acid could
not induce CPP or behavioral sensitization in mice.
These data were from previous studies that indicated the
reward effects of morphine (Kalivas and Dufty, 1987;
Vekovischeva et al., 2001b) and the lack of reward ef-
fects of ascorbic acid (Sahraei et al., 2007a). As revealed
in the previous studies, morphine exerts its rewarding
effects via disinhibition of the inhibitory GABAergic
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interneurons located in the VTA, which leads to the in-
duction of dopamine release in the nucleus accumbens
(Johnson and North, 1992; Wise, 2004). Besides, the
mesolimbic dopamine system’s role in morphine sensi-
tization has been revealed (Vezina and Stewart, 1989).
However, the dopamine-independent mechanism(s) was
also proposed for morphine reward and sensitization
(Becker et al., 2020; Hnasko et al., 2005; Kalivas and
Dufty, 1987; Vanderschuren and Kalivas, 2000; Veko-
vischeva et al., 2001b). Studies indicated that glutama-
tergic mechanism(s) also are involved in the morphine
(and other opioids) effects (Vanderschuren and Kali-
vas, 2000; Vekovischeva et al., 2001b). These data also
showed that ascorbic acid administration did not have
any effect on place conditioning. It agrees with our pre-
vious finding that revealed no effects of ascorbic acid on
reward and locomotor activity in the mice (Sahraei et
al., 2007a). However, it is shown that ascorbic acid has
an antagonistic effect on dopamine receptors (De Ange-
lis, 1995; Kimura and Sidhu, 1994; Tolbert et al., 1992),
It also has a regulatory role in the L-DOPA synthesis and
TH activity (May et al., 2012; Meredith and May, 2013;
Seitz et al., 1998).
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FIGURE 2. Animals’ hypo- or hyperactivity induced by morphine
(A) and morphine-induced behavioral sensitization (B), and ascorbic
acid (C). Animals received different doses of morphine (A; 1, 5, 10,
and, 20 mg/kg, s.c.), or ascorbic acid (B; 1, 10, 100, and, 1000 mg/
kg, i.p.) for locomotor activity studies or morphine behavioral sen-
sitization. Each point is the meantSEM (n=8). *P<0.05, "P<0.01,
"P<0.001 represent the difference between experimental and con-
trol groups.

On the other hand, ascorbate is released from the glu-
tamatergic nerve terminals as a co-transmitter (Cam-
mack et al., 1991). This vitamin can modulate the ac-
tivity of both dopaminergic and glutamatergic systems
(Rebec and Pierce, 1994). Considering these facts, it is
surprising that ascorbic acid had no effects on the CPP
and behavioral sensitization in the present study. There
is no evidence for these observations yet. However, a
previous study (Sahraei et al., 2007a) has indicated that
ascorbic acid cannot induce CPP and behavioral sensi-
tization in female NMRI mice, which is in line with our
findings in male Swiss-Webster mice. It may show that
despite the differences between male and female mice in
dopamine release in the striatum (Zachry et al., 2020),
ascorbic acid cannot induce a rewarding function.

In the next part of this study, the ascorbic acid reduced
both the acquisition and expression of morphine-in-
duced place conditioning. These morphine properties are
shown that are dependent on dopamine. As is mentioned
in the introduction section, ascorbic acid has some do-
paminergic antagonistic properties (Tolbert et al., 1992).
For example, ascorbic acid is a cofactor for dopamine
beta-hydroxylase (Diliberto Jr et al., 1991), which can
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modify neurotransmitter synthesis and release (May et
al., 2012). Besides, ascorbic acid can inhibit amineptine
(an indirect dopamine agonist)-induced hyperactivity in
CDI female mice (De Angelis, 1995), indicating a mod-
ulatory role for ascorbic acid on dopamine receptors
(De Angelis, 1995). Besides, ascorbic acid has exhibited
antagonistic effects on apomorphine-induced stereotype
activity in mice (Deshpande et al., 2006). Studies re-
vealed the critical role of dopamine neurotransmission
in morphine function on reward, including CPP, and be-
havioral sensitization (Kalivas and Duffy, 1987; Vezina
and Stewart, 1989; Wise, 2004) . In agreement with our
data, it is shown that ascorbic acid also inhibits mor-
phine self-administration in rats (Ahmadi et al., 2018;
Alaei et al., 2005; Talkhooncheh et al., 2014). Although
morphine self-administration is shown to be an operant
conditioning paradigm that has some differences from
place conditioning that belongs to Pavlovian or classical
conditioning (Domjan, 2005; Rescorla, 1988; Touretz-
ky and Saksida, 1997), it must be noted that these two
models of morphine reward studies are based on the me-
solimbic dopaminergic activity (Wise, 2004). Based on
these facts, we can conclude that our data support pre-
vious studies regarding ascorbic acid’s inhibitory effects
on morphine self-administration. It is indicated that
dopamine-independent mechanism(s) also are postulat-
ed for both morphine reward and morphine behavioral
sensitization properties (Becker et al., 2020; Hnasko et
al., 2005; Katsidoni et al., 2020). These investigations
revealed that glutamate neurotransmission also plays an
essential role in morphine reward and behavioral sen-
sitization (Vanderschuren and Kalivas, 2000; Vekov-
ischeva et al., 2001b). Moreover, it is well established
that ascorbic acid can interact with the glutamate and
dopamine neurotransmission process and modify their
receptors’ function (Rebec and Pierce, 1994; Rebec and
Wang, 2001). Since the glutamate receptors located on
the cell body of the VTA dopaminergic neurons and also
dopaminergic nerve terminals in the nucleus accumbens
(Vanderschuren and Kalivas, 2000; Vekovischeva et
al., 2001a) have an essential role in morphine reward
(Bakhtazad et al., 2020; Yang et al., 2020), ascorbic acid
may inhibit morphine CPP at least in part via interaction
with brain glutamate neurotransmission as well.
Moreover, it has been shown that morphine-induced
place conditioning is modulated by nitric oxide (NO) in
different brain sites (Motahari et al., 2016). Since ascor-

bic acid has a scavenger and antioxidant role in the brain
(Arrigoni and De Tullio, 2002), so, it may interact with
the rewarding effects of morphine via scavenging the
NO released by morphine. However, this hypothesis
must be examined in future studies. In exciting research,
Abbasi and colleagues have shown that ascorbic acid in
doses of 5 and 30 mg/kg does not affect the expression
of morphine CPP (Abbasi et al., 2012). Their study used
morphine via the intraperitoneal (IP) route, which is not
recommended for morphine administration in rodents
because of the morphine first-pass effect phenomenon
(Glare and Walsh, 1991). They found that ascorbic acid
had similar effects to morphine at the doses used and
attributed this to the effects of ascorbic acid on gluta-
mate and dopamine nerve terminals. While in our study,
firstly, the effects of ascorbic acid on the acquisition
and expression of morphine-induced conditioned place
preference were investigated, and secondly, the effect
of ascorbic acid on the acquisition and expression of
morphine-induced locomotor sensitization was also in-
vestigated. Finally, in that study, the biased method was
used, while in the present study, an unbiased method
was used, and these cases may indicate differences in
the results. However, in the study of Abbasi et al., the
control group was wrongly selected in the study of the
effects of ascorbic acid on the expression of conditioned
place preference to morphine. This mistake also may be
the root of different results in our experiments regarding
the Abassi et al. results (Abbasi et al., 2012).

Our data indicated that morphine administration
dose-dependently induces both hypo and hyperactivi-
ty in the mice. The effects of morphine on ambulatory
activity are well understood and related to its ability to
induce dopamine release in the mesolimbic dopamine
pathway (Sahraei et al., 2006a; Sahraei et al., 2006b;
Wise, 2004; Zarrindast et al., 2003). This mechanism
may also be involved in our observation. As noted
above, possible glutamatergic and NOergic mecha-
nisms also are possibly involved in morphine-induced
hypo- or- hyperactivity in mice. Interestingly, ascorbic
acid administration in the mice did not induce any hypo-
or- hyperactivity. Since ascorbic acid is a modulator of
the brain’s dopaminergic pathway, it is surprising that it
cannot induce any effect on animals’ activity. Howev-
er, there is no data to explain our observation. Our data
in male Swiss-Webster mice agree with those founded
by Sahraei et al. but contrast with De Angelis’s finding.
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The discrepancy may be due to the animals’ gender and
strain. Another possibility is that De Angelis used an
observer-based method for open-field experiments. Her
experiments lasted for 3 min, while we used an automat-
ed infrared system, and our experiments lasted for 10
min, which is more accurate (De Angelis, 1995; Sahraei
et al., 2007a). In the last part of the experiments, our
data indicated that repeated morphine administration for
three consecutive days followed by five days of resting
resulted in behavioral sensitization. Animals’ hyperac-
tivity after morphine challenging dose, which was in-
effective in the non-sensitized mice, is considered the
function of morphine on the mesolimbic dopaminergic
system (Kalivas and Dufty, 1987). Other researchers
also imply a role for glutamatergic and nitric oxide in
this regard. For example, Hnsako and colleagues have
shown that morphine can induce locomotor activity and
behavioral sensitization in dopamine-deficient (7%-1-
; DbhTh/4) mice with two inactive tyrosine hydroxy-
lase alleles (Hnasko et al., 2005). Besides, it is shown
that morphine also selectively increases the expression
of GluR1 (an AMPA glutamate receptor subunit) in the
VTA (Fitzgerald et al., 1996).

Moreover, it is indicated that morphine’s rewarding
effects are intensified after microinjections of a viral
vector expressing GluR1 into the VTA (Carlezon et al.,
1997). Other glutamate inotropic receptors, namely the
N-Methyl- D-Aspartate (NMDA) receptors, also are im-
plicated in morphine action. In this regard, it is shown
that memantine (an NMDA receptor non-competitive
antagonist) can block the rewarding effects of morphine
in morphine-sensitized mice (Aguilar et al., 2009).
NMDARI glutamate receptors have also been shown in
the rat VTA after morphine sensitization (Fitzgerald et
al., 1996). Since NMDA receptors exert at least part of
their effects through the induction of nitric oxide pro-
duction (Garthwaite et al., 1989), it is not surprising that
inhibition of the enzyme nitric oxide synthase (NOS)
reduces morphine-induced behavioral sensitization in
mice (Dzoljic et al., 1997; Zarrindast et al., 2003) and
rats (Sahraei et al., 2007b). Considering these facts, it
is postulated that morphine behavioral sensitization is
a complex phenomenon in which different parts of the
brain and several neurotransmitter systems are involved
(Steketee and Kalivas, 2011). Before each morphine in-
jection on the acquisition days and the test day before
the morphine challenge dose, ascorbic acid administra-

tion reduced both the expression and acquisition of mor-
phine-induced behavioral sensitization in a dose-inde-
pendent manner. It must be noted that we only counted
the animals’ ambulatory activity, and their rearing and
grooming (Steketee and Kalivas, 2011) were not count-
ed. This may be considered a weakness of this study,
and we suggest that these signs should be counted in
future studies in this regard. Ascorbic acid administra-
tion reduced morphine-induced behavioral sensitization
dose-independently. According to the effects of ascorbic
acid on dopaminergic and glutamatergic neurotrans-
mission (as mentioned earlier), ascorbic acid’s effects
on morphine action are modulatory. The modulatory
role of ascorbic acid in the brain is postulated in previ-
ous studies (De Angelis, 1995; Deshpande et al., 2006;
Griinewald, 1993; Rebec and Pierce, 1994) urther stud-
ies may develops the notion of ascorbic acid influence
on morphine function in the brain reward system.

Conclusion

Our findings that ascorbic acid can inhibit both mor-
phine-induced CPP and behavioral sensitization further
enhance previous knowledge about the effectiveness of
ascorbic acid in reducing the effects of morphine in the
brain (Carr and McCall, 2017; Pinkerton et al., 2017;
Zelfand, 2020). These findings may also be partly due
to ascorbic acid’s antioxidant effects (Arrigoni and De
Tullio, 2002), which must be considered in future stud-
ies in this regard.

Acknowledgment

This work is supported by the Neuroscience Research
Center, Bagiyatallah University of Medical Sciences.
The authors would like to thank Dr Jamal Shams for the
manuscript proofreading.

Conflict of interest
The authors declare that there is no conflict of interest.

References

Abbasi I, Maleki S, Najafi GH, Eftekhari SK. The effect of
vitamine C on expression of morphine-induced place pref-
erence in male mice. J Sabzevar Univ Med Sci 2012; 19(2):
164-72.

Aguilar MA, Manzanedo C, Do Couto BR, Rodriguez-Arias
M, Mifarro J. Memantine blocks sensitization to the re-
warding effects of morphine. Brain Res 2009; 1288: 95-



Morphine Reward and Ascorbic Acid

Physiology and Pharmacology 26 (2022) 440-450 | 448

104. https://doi.org/10.1016/j.brainres.2009.06.100

Ahmadi S, Radahmadi M, Alaei H, Ramshini E. Effect of
aerobic exercise on morphine self-administration and pain
modulation in rats. Adv Biomed Res 2018; 7. https://doi.
org/10.4103/abr.abr 181 17

Alaei H, Esmaecili M, Nasimi A, Pourshanazari A. Ascorbic
acid decreases morphine self-administration and withdraw-
al symptoms in rats. Pathophysiology 2005; 12: 103-7.
https://doi.org/10.1016/j.pathophys.2005.03.004

Arrigoni O, De Tullio MC. Ascorbic acid: much more than
just an antioxidant. Biochim Biophys Acta 2002; 1569: 1-9.
https://doi.org/10.1016/S0304-4165(01)00235-5

Bakhtazad A, Vousooghi N, Nasehi M, Sanadgol N, Garmabi
B, Zarrindast MR. The effect of microinjection of CART
55-102 into the nucleus accumbens shell on morphine-in-
duced conditioned place preference in rats: Involvement of
the NMDA receptor. Peptides 2020; 129: 170319. https://
doi.org/10.1016/j.peptides.2020.170319

Becker JA, Pellissier LP, Corde Y, Laboute T, Léauté A,
Gandia J, et al. Facilitating mGIuR4 activity reverses the
long-term deleterious consequences of chronic morphine
exposure in male mice. Neuropsychopharmacology 2020:
1-13. https://doi.org/10.1101/2020.06.27.174771

Cammack J, Ghasemzadeh B, Adams R. The pharmacological
profile of glutamate-evoked ascorbic acid efflux measured
by in vivo electrochemistry. Brain Res 1991; 565: 17-22.
https://doi.org/10.1016/0006-8993(91)91731-F

Carlezon WA, Boundy VA, Haile CN, Lane SB, Kalb RG,
Neve RL, et al. sensitization to morphine induced by vi-
ral-mediated gene transfer. Science 1997; 277: 812-15.
https://doi.org/10.1126/science.277.5327.812

Carr AC, McCall C. The role of vitamin C in the treatment of
pain: new insights. J Transl Med 2017; 15: 77. https://doi.
org/10.1186/s12967-017-1179-7

Charmchi E, Faramarzi G, Rashvand M, Zendehdel M, Hagh-
parast A. Restraint stress potentiated morphine sensitiza-
tion: involvement of dopamine receptors within the nucle-
us accumbens. Neurochem Res 2021; 46:1-12. https://doi.
org/10.1007/s11064-020-03199-5

De Angelis L. Ascorbic acid and atypical antipsychotic
drugs: modulation of amineptine-induced behavior in mice.
Brain Res 1995; 670: 303-7. https://doi.org/10.1016/0006-
8993(94)01305-2

Deshpande C, Dhir A, Kulkarni S. Antagonistic activi-
ty of ascorbic acid (Vitamin C) on dopaminergic mod-

behavior

ulation:  Apomorphine-induced  stereotypic

in mice. Pharmacology 2006; 77: 38-45. https://doi.

org/10.1159/000092409

Di Chiara G, Imperato A. Drugs abused by humans pref-
erentially increase synaptic dopamine concentrations in
the mesolimbic system of freely moving rats. Proc Natl
Acad Sci U S A 1988; 85: 5274-8. https://doi.org/10.1073/
pnas.85.14.5274

Diliberto Jr E J, Daniels AJ, Viveros OH. Multicompartmental
secretion of ascorbate and its dual role in dopamine B-hy-
droxylation. Am J Clin Nutr 1991; 54: 1163-72. https://doi.
org/10.1093/ajcn/54.6.1163s

Domjan M. Pavlovian conditioning: A functional perspec-
tive. Annu Rev Psychol 2005; 56: 179-206. https://doi.
org/10.1146/annurev.psych.55.090902.141409

Dzoljic E, De Vries R, Dzoljic M. New and potent inhibitors
of nitric oxide synthase reduce motor activity in mice. Be-
hav Brain Res 1997; 87: 209-12. https://doi.org/10.1016/
S0166-4328(97)02281-X

Evangelou A, Kalfakakou V, Georgakas P, Koutras V, Vezyra-
ki P, Iliopoulou L, et al. Ascorbic acid (vitamin C) effects
on withdrawal syndrome of heroin abusers. In vivo 2000;
14: 363-6.

Fitzgerald LW, Ortiz J, Hamedani AG, Nestler EJ. Drugs
of abuse and stress increase the expression of GluR1 and
NMDARI glutamate receptor subunits in the rat ventral
tegmental area: common adaptations among cross-sen-
sitizing agents. J Neurosci 1996; 16: 274-82. https://doi.
org/10.1523/INEUROSCI.16-01-00274.1996

Glare PA, Walsh, TD. Clinical pharmacokinetics of mor-
phine. Ther Drug Monit 1991; 13(1): 1-23. https://doi.
0rg/10.1097/00007691-199101000-00001

Garthwaite J, Garthwaite G, Palmer RM, Moncada S. NMDA
receptor activation induces nitric oxide synthesis from argi-
nine in rat brain slices. Eur J Pharmacol 1989; 172: 413-6.
https://doi.org/10.1016/0922-4106(89)90023-0

Griinewald R. Ascorbic acid in the brain. Brain Res
Rev 1993; 18: 123-33. https://doi.org/10.1016/0165-
0173(93)90010-W

Hnasko TS, Sotak BN, Palmiter RD. Morphine reward in do-
pamine-deficient mice. Nature 2005; 438: 854-7. https://
doi.org/10.1038/nature04172

Johnson S, North R. Opioids excite dopamine neurons
by hyperpolarization of local interneurons. J Neuros-
ci 1992; 12: 483-8. https://doi.org/10.1523/JNEUROS-
CI.12-02-00483.1992

Johnston P, Chahl LA. Chronic treatment with ascor-
bic acid inhibits the morphine withdrawal response in
guinea-pigs. Neurosci Lett 1992; 135: 23-7. https:/doi.


https://doi.org/10.1016/j.brainres.2009.06.100
https://doi.org/10.4103/abr.abr_181_17
https://doi.org/10.4103/abr.abr_181_17
https://doi.org/10.1016/j.pathophys.2005.03.004
https://doi.org/10.1016/S0304-4165(01)00235-5
https://doi.org/10.1016/j.peptides.2020.170319
https://doi.org/10.1016/j.peptides.2020.170319
https://doi.org/10.1101/2020.06.27.174771
https://doi.org/10.1126/science.277.5327.812
https://doi.org/10.1186/s12967-017-1179-7
https://doi.org/10.1186/s12967-017-1179-7
https://doi.org/10.1007/s11064-020-03199-5
https://doi.org/10.1007/s11064-020-03199-5
https://doi.org/10.1016/0006-8993(94)01305-2
https://doi.org/10.1016/0006-8993(94)01305-2
https://doi.org/10.1159/000092409
https://doi.org/10.1159/000092409
https://doi.org/10.1073/pnas.85.14.5274
https://doi.org/10.1073/pnas.85.14.5274
https://doi.org/10.1093/ajcn/54.6.1163s
https://doi.org/10.1093/ajcn/54.6.1163s
https://doi.org/10.1146/annurev.psych.55.090902.141409
https://doi.org/10.1146/annurev.psych.55.090902.141409
https://doi.org/10.1016/S0166-4328(97)02281-X
https://doi.org/10.1016/S0166-4328(97)02281-X
https://doi.org/10.1523/JNEUROSCI.16-01-00274.1996
https://doi.org/10.1523/JNEUROSCI.16-01-00274.1996
https://doi.org/10.1097/00007691-199101000-00001
https://doi.org/10.1097/00007691-199101000-00001
https://doi.org/10.1016/0922-4106(89)90023-0
https://doi.org/10.1038/nature04172
https://doi.org/10.1038/nature04172
https://doi.org/10.1523/JNEUROSCI.12-02-00483.1992
https://doi.org/10.1523/JNEUROSCI.12-02-00483.1992
https://doi.org/10.1016/0304-3940(92)90127-S

Physiology and Pharmacology 26 (2022) 440-450 | 449

Sahraei et al.

org/10.1016/0304-3940(92)90127-S

Kalivas P, Duffy P. Sensitization to repeated morphine injec-
tion in the rat: possible involvement of A10 dopamine neu-
rons. J Pharmacol Exp 1987; 241: 204-12.

Katsidoni V, Tzatzarakis M N, Karzi V, Thermos K, Kastel-
lakis A, Panagis G. Differential effects of chronic voluntary
wheel-running on morphine induced brain stimulation re-
ward, motor activity and striatal dopaminergic activity. Be-
hav Brain Res 2020; 394: 112831. https://doi.org/10.1016/j.
bbr.2020.112831

Khaksari M, Nakhaei P, Khastar H, Bakhtazad A, Rahimi K,
Garmabi B. Circadian fluctuation in curiosity is a risk fac-
tor for morphine preference. Biol Rhythm Res 2020: 1-13.
https://doi.org/10.1080/09291016.2020.1719682

Kimura K, Sidhu A. Ascorbic acid inhibits 125i-sch 23982
binding but increases the affinity of dopamine for d1 dopa-
mine receptors. J Neurochem 1994; 63: 2093-8. https://doi.
org/10.1046/j.1471-4159.1994.63062093.x

Liang J, Ma S-S, Li Y-J, Ping X-J, Hu L, Cui C-L. Dynamic
changes of tyrosine hydroxylase and dopamine concentra-
tions in the ventral tegmental area-nucleus accumbens pro-
jection during the expression of morphine-induced condi-
tioned place preference in rats. Neurochem Res 2012; 37:
1482-9. https://doi.org/10.1007/s11064-012-0739-8

Liu J-1, Li S-q, Zhu F, Zhang Y-x, Wu Y-n, Yang J-s, et al.
Tyrosine hydroxylase gene polymorphisms contribute to
opioid dependence and addiction by affecting promoter re-
gion function. Neuromolecular Med 2020: 1-10. https://doi.
org/10.1007/512017-020-08597-0

Ma Y-Y, Meng L, Guo C-Y, Han J-S, Lee D Y-W, Cui C-L.
Dose-and time-dependent, context-induced elevation of
dopamine and its metabolites in the nucleus accumbens of
morphine-induced CPP rats. Behav Brain Res 2009; 204:
192-9. https://doi.org/10.1016/j.bbr.2009.06.017

May JM, Qu Z-c, Meredith ME. Mechanisms of ascorbic acid
stimulation of norepinephrine synthesis in neuronal cells.
Biochem Biophys Res Commun 2012; 426: 148-52. https://
doi.org/10.1016/j.bbrc.2012.08.054

Meredith ME, May JM. Regulation of embryonic neurotrans-
mitter and tyrosine hydroxylase protein levels by ascorbic
acid. Brain Res 2013; 1539: 7-14. https://doi.org/10.1016/;.
brainres.2013.09.040

Motahari AA, Sahraei H, Meftahi GH. Role of nitric oxide
on dopamine release and morphine-dependency. Basic
Clin Neurosci 2016; 7: 283. https://doi.org/10.15412/].
BCN.03070401

Nejati S, Khakpai F, Zarrindast M-R. Synergistic effect be-

tween citalopram and citicoline on anxiolytic effect in
non-sensitized and morphine-sensitized mice: an isobolo-
gram analysis. Brain Res 2020; 1734: 146701. https://doi.
org/10.1016/j.brainres.2020.146701

Oke AF, May L, Adams RN. Ascorbic acid distribution pat-
terns in human brain: a comparison with nonhuman mam-
malian species. Ann N'Y Acad Sci 1987; 498: 1-12. https://
doi.org/10.1111/1.1749-6632.1987.tb23747 .x

Olmstead M C, Franklin K B. The development of a condi-
tioned place preference to morphine: effects of microinjec-
tions into various CNS sites. Behav Neurosci 1997; 111:
1324. https://doi.org/10.1037/0735-7044.111.6.1324

Pinkerton E, Good P, Gibbons K, Hardy J. An open-label pi-
lot study of oral vitamin C as an opioid-sparing agent in pa-
tients with chronic pain secondary to cancer. Support Care
Cancer 2017; 25: 341-3. https://doi.org/10.1007/s00520-
016-3472-z

Pontieri F, Tanda G, Di Chiara G. Intravenous cocaine, mor-
phine, and amphetamine preferentially increase extracellu-
lar dopamine in the” shell” as compared with the” core” of
the rat nucleus accumbens. Proc Natl Acad Sci U S A 1995;
92: 12304-8. https://doi.org/10.1073/pnas.92.26.12304

Rebec GV, Pierce RC. A vitamin as neuromodulator: ascor-
bate release into the extracellular fluid of the brain regu-
lates dopaminergic and glutamatergic transmission. Prog
Neurobiol 1994; 43: 537-65. https://doi.org/10.1016/0301-
0082(94)90052-3

Rebec GV, Wang Z. Behavioral activation in rats requires
endogenous ascorbate release in striatum. J Neurosci
2001; 21: 668-75. https://doi.org/10.1523/INEUROS-
CIL.21-02-00668.2001

Rescorla RA. Behavioral studies of Pavlovian condition-
ing. Annu Rev Neurosci 1988; 11: 329-52. https://doi.
org/10.1146/annurev.ne.11.030188.001553

Sahraei H, Aliabadi AA, Zarrindast M-R, Ghoshooni H, Na-
siri A, Barzegari-Sorkheh AA, et al. Ascorbic acid antag-
onizes nicotine-induced place preference and behavioral
sensitization in mice. Eur J Pharmacol 2007a; 560: 42-8.
https://doi.org/10.1016/j.ejphar.2006.12.019

Sahraei H, Barzegari A-A, Shams J, Zarrindast M-R,
Haeri-Rohani A, Ghoshooni H, et al. Theophylline in-
hibits tolerance and sensitization induced by morphine:
a conditioned place preference paradigm study in female
mice. Behav Pharmacol 2006a; 17: 621-8. https:/doi.
org/10.1097/01.fbp.0000236274.18042.54

Sahraei H, Faghih-Monzavi Z, Fatemi SM, Pashaei-Rad S,
Salimi SH, Kamalinejad M. Effects of Papaver rhoeas ex-


https://doi.org/10.1016/0304-3940(92)90127-S
https://doi.org/10.1016/j.bbr.2020.112831
https://doi.org/10.1016/j.bbr.2020.112831
https://doi.org/10.1046/j.1471-4159.1994.63062093.x
https://doi.org/10.1046/j.1471-4159.1994.63062093.x
https://doi.org/10.1007/s11064-012-0739-8
https://doi.org/10.1007/s12017-020-08597-0
https://doi.org/10.1007/s12017-020-08597-0
https://doi.org/10.1016/j.bbr.2009.06.017
https://doi.org/10.1016/j.bbrc.2012.08.054
https://doi.org/10.1016/j.bbrc.2012.08.054
https://doi.org/10.1016/j.brainres.2013.09.040
https://doi.org/10.1016/j.brainres.2013.09.040
https://doi.org/10.15412/J.BCN.03070401
https://doi.org/10.15412/J.BCN.03070401
https://doi.org/10.1016/j.brainres.2020.146701
https://doi.org/10.1016/j.brainres.2020.146701
https://doi.org/10.1111/j.1749-6632.1987.tb23747.x
https://doi.org/10.1111/j.1749-6632.1987.tb23747.x
https://doi.org/10.1037/0735-7044.111.6.1324
https://doi.org/10.1007/s00520-016-3472-z
https://doi.org/10.1007/s00520-016-3472-z
https://doi.org/10.1016/0301-0082(94)90052-3
https://doi.org/10.1016/0301-0082(94)90052-3
https://doi.org/10.1523/JNEUROSCI.21-02-00668.2001
https://doi.org/10.1523/JNEUROSCI.21-02-00668.2001
https://doi.org/10.1146/annurev.ne.11.030188.001553
https://doi.org/10.1146/annurev.ne.11.030188.001553
https://doi.org/10.1016/j.ejphar.2006.12.019
https://doi.org/10.1097/01.fbp.0000236274.18042.54
https://doi.org/10.1097/01.fbp.0000236274.18042.54

Morphine Reward and Ascorbic Acid

Physiology and Pharmacology 26 (2022) 440-450 | 450

tract on the acquisition and expression of morphine-induced
behavioral sensitization in mice. Phytother Res 2006b; 20:
737-41. https://doi.org/10.1002/ptr.1922

Sahraei H, Zarei F, Eidi A, Oryan S, Shams J, Khoshbaten
A, et al. The role of nitric oxide within the nucleus ac-
cumbens on the acquisition and expression of morphine-in-
duced place preference in morphine sensitized rats. Eur J
Pharmacol 2007b; 556: 99-106. https://doi.org/10.1016/].
¢jphar.2006.10.044

Seitz G, Gebhardt S, Beck JF, Bohm W, Lode HN, Nietham-
mer D, et al. Ascorbic acid stimulates DOPA synthesis and
tyrosine hydroxylase gene expression in the human neuro-
blastoma cell line SK-N-SH. Neurosci Lett 1998; 244: 33-
6. https://doi.org/10.1016/S0304-3940(98)00129-3

Steketee J D, Kalivas P W. Drug wanting: behavioral sensi-
tization and relapse to drug-seeking behavior. Pharmaco-
logical reviews 2011; 63: 348-65. https://doi.org/10.1124/
pr.109.001933

Talkhooncheh M, Alaei HA, Ramshini E, Shahidani S. The
effect of vitamin C on morphine self-administration in rats.
Adv biomed res 2014; 3. https://doi.org/10.4103/2277-
9175.139524

Tolbert L C, Morris Jr P E, Spollen J J, Ashe S C. Stercospe-
cific effects of ascorbic acid and analogues on D1 and D2
agonist binding. Life Sci 1992; 51: 921-30. https://doi.
org/10.1016/0024-3205(92)90400-J

Touretzky DS, Saksida LM. Operant conditioning in Skin-
nerbots. Adapt Behav 1997; 5: 219-47. https:/doi.
org/10.1177/105971239700500302

Vanderschuren LJ, Kalivas PW. Alterations in dopaminergic
and glutamatergic transmission in the induction and expres-
sion of behavioral sensitization: a critical review of pre-
clinical studies. Psychopharmacology 2000; 151: 99-120.
https://doi.org/10.1007/s002130000493

Vekovischeva OY, Zamanillo D, Echenko O, Seppila T,
Uusi-Oukari M, Honkanen A, et al. Morphine-induced

dependence and sensitization are altered in mice deficient
in AMPA-type glutamate receptor-A subunits. J Neurosci
2001a; 21: 4451-9. https://doi.org/10.1523/JNEUROS-
CI.21-12-04451.2001

Vekovischeva OY, Zamanillo D, Echenko O, Seppild T,
Uusi-Oukari M, Honkanen A, et al. Morphine-induced
dependence and sensitization are altered in mice deficient
in AMPA-type glutamate receptor-A subunits. J Neurosci
2001b; 21: 4451-9. https://doi.org/10.1523/JNEUROS-
CI.21-12-04451.2001

Vezina P, Stewart J. The effect of dopamine receptor block-
ade on the development of sensitization to the locomotor
activating effects of amphetamine and morphine. Brain
Res 1989; 499: 108-20. https://doi.org/10.1016/0006-
8993(89)91140-2

Webb IC, Baltazar RM, Wang X, Pitchers KK, Coolen LM,
Lehman MN. Diurnal variations in natural and drug reward,
mesolimbic tyrosine hydroxylase, and clock gene expres-
sion in the male rat. J Biol Rhythms 2009; 24: 465-76.
https://doi.org/10.1177/0748730409346657

Wise RA. Dopamine, learning and motivation. Nat Rev Neu-
rosci 2004; 5: 483-94. https://doi.org/10.1038/nrn 1406

Yang L, Chen M, Ma Q, Sheng H, Cui D, Shao D, et al.
morphine selectively disinhibits glutamatergic input from
mPFC onto dopamine neurons of VTA, inducing reward.
Neuropharmacology 2020; 176: 108217. https://doi.
org/10.1016/j.neuropharm.2020.108217

Zachry JE, Nolan SO, Brady LJ, Kelly SJ, Siciliano CA, Cali-
pari E. Sex differences in dopamine release regulation in
the striatum. Neuropsychopharmacology 2020: 1-9. https://
doi.org/10.1038/s41386-020-00915-1

Zarrindast M-R, Gholami A, Sahraei H, Haeri-Rohani A. Role
of nitric oxide in the acquisition and expression of apomor-
phine-or morphine-induced locomotor sensitization. Eur
J Pharmacol 2003; 482: 205-13. https://doi.org/10.1016/j.
ejphar.2003.10.006


https://doi.org/10.1002/ptr.1922
https://doi.org/10.1016/j.ejphar.2006.10.044
https://doi.org/10.1016/j.ejphar.2006.10.044
https://doi.org/10.1016/S0304-3940(98)00129-3
https://doi.org/10.1124/pr.109.001933
https://doi.org/10.1124/pr.109.001933
https://doi.org/10.4103/2277-9175.139524
https://doi.org/10.4103/2277-9175.139524
https://doi.org/10.1016/0024-3205(92)90400-J
https://doi.org/10.1016/0024-3205(92)90400-J
https://doi.org/10.1177/105971239700500302
https://doi.org/10.1177/105971239700500302
https://doi.org/10.1007/s002130000493
https://doi.org/10.1523/JNEUROSCI.21-12-04451.2001
https://doi.org/10.1523/JNEUROSCI.21-12-04451.2001
https://doi.org/10.1523/JNEUROSCI.21-12-04451.2001
https://doi.org/10.1523/JNEUROSCI.21-12-04451.2001
https://doi.org/10.1016/0006-8993(89)91140-2
https://doi.org/10.1016/0006-8993(89)91140-2
https://doi.org/10.1177/0748730409346657
https://doi.org/10.1038/nrn1406
https://doi.org/10.1016/j.neuropharm.2020.108217
https://doi.org/10.1016/j.neuropharm.2020.108217
https://doi.org/10.1038/s41386-020-00915-1
https://doi.org/10.1038/s41386-020-00915-1
https://doi.org/10.1016/j.ejphar.2003.10.006
https://doi.org/10.1016/j.ejphar.2003.10.006

