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Abstract

Repeated methamphetamine (METH) exposure can cause severe neurotoxicity to the central nervous system, and lead to memory
deficits. L-Stepholidine (L-SPD) is a structurally identified alkaloid extract of the Chinese herb Stephania intermedia, which
elicits dopamine (DA) D1-type receptors partial agonistic activity and D2-type receptors antagonistic activity. In this study, we
investigated the effect of L-SPD on METH-induced memory deficits in mice and its underlying mechanisms. We found that
repeated exposure to METH (10 mg/kg, i.p., once per day for 7 consecutive days) impaired memory functions in the novel object
recognition experiment. Pretreatment of L-SPD (10 mg/kg, i.p.) significantly improved METH-induced memory deficits in mice.
Meanwhile, the protein expression of dopaminergic D2 receptors in hippocampus area was significantly increased by repeated
METH exposure, while the protein expression of dopamine transporter (DAT) was significantly reduced. Additionally, the
protein expression of phospho-protein kinase A (p-PKA) was significantly increased by repeated METH exposure. The
hyperpolarization-activated cyclic-nucleotide-gated non-selective cation 1 (HCN1) channel, which was a key regulator of mem-
ory functions and could be regulated by p-PKA, was also significantly increased by repeated METH exposure. These changes
caused by METH could be prevented by L-SPD pretreatment. Therefore, our data firstly showed that pretreatment of L-SPD
exhibited the protective effect against METH-induced memory deficits, possibly through reducing METH-induced upregulation
of dopaminergic pathway and HCN1 channels.

Keywords L-Stepholidine - Methamphetamine - Memory deficits - Hyperpolarization-activated cyclic-nucleotide-gated
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Introduction

Methamphetamine (METH) belongs to phenethylamine and
amphetamine class of psychoactive drugs, which is a world-
wide used addictive psychostimulant with a strong action on
the central nervous system. Repeated METH exposure not
only causes addiction and relapse behavior, but also causes
severe neurotoxicity (Rusyniak 2013). One of the neurotoxic
effects induced by METH on the brain is memory deficits
(Jablonski et al. 2016). Several studies have documented the
deficit in memory performance by individuals who have a
history of chronic METH abuse (Cadet et al. 2014; Cadet
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and Bisagno 2015). A better understanding of the molecular
mechanism of memory impairment induced by METH will
provide effective treatment strategies for curing METH abuse.

Ample studies found that METH could produce abnormal
changes in a variety of neurotransmitters, such as the overflow
of dopamine (DA), which could cause memory deficits
(Nordahl et al. 2003). METH exposure generated persistent
effects on the dopaminergic system, including DA release,
reuptake, metabolites, and transporters (Moszczynska and
Callan 2017; Anneken et al. 2018). A recent study demon-
strated that METH exposure led to an excessive release of DA
in prefrontal cortex, which caused the activation of neuronal
apoptosis pathway, and finally induced damage to memory
functions (Long et al. 2017). Therefore, the regulation of the
dopaminergic system might improve the memory deficit in-
duced by METH.

L-Stepholidine (L-SPD), a structurally identified alkaloid
isolated from the Chinese herb Stephania intermedia, which
elicits dopaminergic D1-type receptor partial agonistic and
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D2-type receptor antagonistic activities (Natesan et al. 2008),
may have potential therapeutic effect on METH-induced
memory deficits. Several studies showed that L-SPD
displayed a protective effect on addictive behaviors in animal
models. L-SPD could inhibit the acquisition, maintenance,
and re-acquisition of morphine-induced conditioned place
preference (Wang et al. 2007). L-SPD could also attenuate
heroin- or METH-induced self-administration behavior (Yue
et al. 2014a, b). Meanwhile, L-SPD dose dependently
inhibited the hyperlocomotion induced by acute METH expo-
sure and prevented the locomotor sensitization induced by
repeating METH exposure (Ma et al. 2014). A recent study
demonstrated that L-SPD rescued memory deficits and synap-
tic plasticity in animal models of Alzheimer’s disease via the
dopaminergic pathway (Hao et al. 2015). However, little is
known about the effect of L-SPD on METH-induced memory
deficits. Based on these findings, the present study was aimed
to investigate whether L-SPD could improve memory deficits
caused by repeated METH exposure and investigate its under-
lying molecular mechanism.

Materials and Methods
Animals

Male C57BL/6 mice (Laboratory Animal Center, Beijing,
China) weighing 20-25 g were housed five per cage with a
12-h light/dark cycle, temperature-controlled environment,
and free access to water and food. Animal use procedures
were carried out in accordance with the approval of the
Ethics Committee in our university. All efforts were made to
minimize both the suffering and number of animals used.

Drugs

METH was obtained from Hubei Public Security Bureau
(China) and dissolved in 0.9% saline solution (Sal) to a final
concentration of 1 mg/ml. L-SPD was provided by the Institute
of Materia Medica, Shanghai Institutes for Biological Sciences,
Chinese Academy of Sciences, and was dissolved in dimethyl
sulfoxide (DMSO) vehicle (Vel, 10%) to a final concentration
of 1 mg/ml. METH and L-SPD were administered intraperito-
neally (i.p.) at a concentration of 10 mg/kg. The symbol (+)
METH or L-SPD in Figs. 5 and 6 indicated that the animals of
this group were injected with METH or L-SPD. The symbol (—)
indicated that the animals of this group were injected with saline
or vehicle.

Experimental Schedule

The experimental procedure was detailed in Fig. 1. Mice were
randomly divided into four groups: Vel/Sal, Ve/METH, L-

SPD/METH, and L-SPD/Sal. According to the reference
(Chen et al. 2012), METH (10 mg/kg, i.p.) was administrated
once per day for 7 consecutive days. To study the therapeutic
effect of L-SPD, 10 mg/kg L-SPD (i.p.) was chosen according
to the reference and administrated 1 h before METH injection
(Hao et al. 2015). Behavioral experiments, immunofluores-
cence staining and western blotting experiment were carried
out as described below.

Novel Object Recognition Experiment

Novel objection experiment (NOR) experiment was per-
formed as previously described with slight modification
(Long et al. 2017). Briefly, the NOR instrument was a
Plexiglas opening box (40 x 40 x 40 cm) with a tracking sys-
tem XR-XX117 (Shanghai Xinruan Information Technology
Co., Ltd. China). The NOR experiment contained three parts:
habituation, training, and testing. Twenty-four hours after the
last METH or saline injection, the habituation sessions were
carried out as described in Fig. 1. During the habituation ses-
sion, mice were allowed to explore freely in NOR box without
objects for 10 min to habituate the environment. Twenty-four
hours after the habituation session, two objects were symmet-
rically placed on the floor of NOR box, and mice were put in
the box to explore two objects freely for 5 min (training ses-
sion). Four hours after the training session, one of the familiar
objects was replaced by a novel object, and mice were put
back in the box to explore two objects freely for 5 min (testing
session). When the distance between mouse head and the ob-
ject was less than or equal to 2 cm, mice were considered to be
exploring the object. The time spent exploring the familiar ()
and the novel (V) object was recorded separately. The discrim-
ination index was calculated (N— F/N + F) in the testing
session.

Locomotor Activity Experiment

The experimental apparatus consisted of a Plexiglas chamber
(40 x 40 x 35 cm) with white floor (YH2018RLA16, Wuhan
Yihong Technology Co., Ltd. China). Forty-eight hours after
the last METH or saline injection, the locomotor activity ex-
periment was carried out as described in Fig. 1. The speed and
total distance of mice movements during 10 min period were
recorded by a computer-based image analyzer, in order to
investigate the effect of METH and L-SPD exposure on the
locomotor activity of mice.

Immunofluorescence Staining
After the last NOR test, mice were immediately anesthetized
by pentobarbital sodium and transcardially perfused with

0.9% NaCl solution, followed by 4% paraformaldehyde fixa-
tive. Then the brain was removed and sectioned coronally at
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Fig. 1 Experimental procedure. METH (10 mg/kg, i.p.) was
administrated once per day for 7 consecutive days. L-SPD (10 mg/kg,
i.p.) was administrated 1 h before METH injection. Twenty-four hours
after the last METH or saline injection, the habituation session of novel
object recognition (NOR) experiment was carried out. Twenty-four hours

10 um by a freezing microtome (Leica CM1860). Sections of
the hippocampus were incubated in citric acid buffer for
20 min at 95 °C. After washed in phosphate buffer, sections
were then incubated with 5% BSA at room temperature for
1 h. The sections were sequentially incubated with the NeuN
primary antibody solutions (1:500, 12943S, Cell Signaling
Technology) overnight at 4 °C. After washed in phosphate
buffer, sections were then transferred into the secondary anti-
bodies Alexa Fluor 555 Conjugate Goat Anti-Rabbit 1gG
(H+L) (44138, Cell Signaling Technology) at room temper-
ature for 1 h. After bleached with phosphate buffer, sections
were analyzed with Olympus BX51 FluoView microscope
system (Olympus Corporation, Japan). The immunoreactive
signal of NeuN was quantified by NIH ImageJ software.

Western Blotting Experiment

After the last NOR test, brains were immediately quick-
ly removed after anesthetized by pentobarbital sodium
and the hippocampus (HIP) tissue was dissected in cold
artificial cerebrospinal fluid. The tissue was homoge-
nized in protein extraction buffer containing protease
and phosphatase inhibitors. Protein concentration was
measured using a Protein Assay kit (Boster, China).
Proteins were separated on 10% SDS-PAGE gels and
transferred to PVDF membranes (Merck Millipore).
After being blocked in 5% milk for 1 h at room tem-
perature, membranes were incubated overnight at 4 °C
with the following primary antibodies: anti-D1R (dopa-
mine receptor, 1:10000, Absin), anti-D2R (1:500,
Absin), anti-DAT (dopamine transporter, 1:500, Santa
Cruz), anti-HCN1 (hyperpolarization-activated cyclic-
nucleotide-gated non-selective cation channels, 1:1000,
Novus), anti-HCN2 (1:1000, Alomone), anti-PKA (pro-
tein kinase A, 1:1000, Cell Signaling Technology), anti-
Phospho-PKA (Thr197) (1:500, Cell Signaling
Technology), or GAPDH (1:5000, Cwbiotech). After
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after the habituation session, the training and testing sessions of NOR
experiment were performed. Meanwhile, the locomotor activity experi-
ment was carried out 48 h after the last METH or saline injection. After
the last NOR test, immunofluorescence staining and western blotting
experiments were performed

incubation with horseradish peroxidase conjugated sec-
ondary antibodies (1:3000; Proteintech Group Inc),
bands were incubated with chemiluminescent substrate
(Thermo Fisher). Immunoreactive signals were quanti-
fied by NIH ImageJ software. The band intensities were
corrected to GAPDH intensity and then set as relative to
the Vel/Sal group.

Statistical Analysis

Data were presented as means = SEM and analyzed with one-
way ANOVA test. Tukey was applied as a post-hoc test to
examine the significance of the data. P values less than 0.05
were considered statistically significant.

Results

Neuroprotective Effect of L-SPD on METH-Induced
Memory Deficits

To investigate the potential protective effect of L-SPD against
memory deficits induced by repeated METH exposure, the
NOR experiment was performed as shown in Fig. 2a.
During the testing session, saline-treated mice showed the
exploratory preference to the novel object. Compared with
saline-treated mice, the discrimination index of METH treated
mice was significantly reduced (Fig. 2b, n =10, F (3, 36) =
4.318, P=0.030), suggesting repeated METH exposure
(10 mg/kg, i.p., once per day for 7 consecutive days) impaired
the memory function. Pretreatment with L-SPD (10 mg/kg,
i.p., 1 h before METH injection) significantly ameliorated
METH-induced reduction of discrimination index (Fig. 2b,
n=10, P=0.021, vs. VeUMETH group), and did not affect
the memory function of normal mice. These findings indicated
that pretreatment of L-SPD produced a protective effect
against METH-induced memory deficits.
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Fig. 2 Effects of L-SPD on METH-induced memory deficits in mice. a
Pattern diagrams of NOR training and testing. b Discrimination index to
explore a novel object on NOR testing. Compared with saline treated
mice, the discrimination index of METH-treated mice was significantly
reduced, suggesting that repeated METH exposure impaired memory
functions. L-SPD pretreatment significantly ameliorated METH-
induced reduction of the discrimination index. ¢ Representative graphs

Locomotor Activity of Mice with METH Exposure
and L-SPD Treatment

To investigate the effect of METH and L-SPD exposure on the
locomotion of mice, the locomotor activity experiment was
performed as shown in Fig. 3. As shown in Fig. 3a, the speed
among the different treatment groups exhibited no significant
differences (n=8, F (3, 28)=0.796, P> 0.05). Meanwhile,
the total distance of movements among the different treatment
groups also exhibited no significant differences (Fig. 3b, n =8,
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Fig. 3 Effects of repeated METH exposure or L-SPD pretreatment on the
locomotor activity of mice. a Speeds in the locomotor activity test. b Total
distance of movements in locomotor activity test. The speed and total
distance of movements among the different treatment groups exhibited

of trajectories during the NOR testing. The green circle represented a
circle marking where the new object was. The yellow circle represented
a circle marking where the familiar object was. Meanwhile, the different
colored dots represented the starting and ending points of the animal. Data
were presented as means + SEM. n = 10 for per group, *P < 0.05 vs. Vel/
Sal group, *P < 0.05 vs. Vel/METH group

F (3,28)=1.087, P> 0.05), which suggested that METH and
L-SPD exposure did not affect the locomotor activity of mice.

NeuN Expression in HIP Area of Mice with METH
Exposure and L-SPD Treatment

Changes of neurons in HIP area play an important role in the
memory function. NeuN, a neuron-specific marker protein, was
evaluated to explore the mechanism underlying the protective
effect of L-SPD on METH-induced memory deficits. There
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no significant differences, which suggested that METH and L-SPD ex-
posure did not affect the locomotor activity of mice. Data were presented
as means = SEM. n = 8 for per group, P > 0.05 vs. Vel/Sal group, P> 0.05
vs. Vel/METH group
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was no significant difference in the expression of NeuN in HIP
area of mice with saline or repeated METH exposure (Fig. 4a, b
n=4,F (3,12)=0.628, P=0.938, vs. saline group). Compared
with METH-treated mice or saline-treated mice, the expression
of NeuN in HIP area of mice with L-SPD treatment also exhib-
ited no changes (Fig. 4a, b n=4, P=0.859).

L-SPD Prevented METH-Induced Changes of DA
Receptors and DAT Protein Expressions

DA neurotransmitter system plays an important role in drug
addiction, which also is closely associated with memory func-
tion (Berke and Hyman 2000). In this study, we found that the
protein level of dopaminergic D2 receptors in HIP area was
significantly increased by repeated METH exposure (Fig. Sc,
n=4,F (3,12)=10.368, P=0.011, vs. Vel/Sal group), while
the protein expression of D1 receptors remained unchanged in
comparison to control group (Fig. 5b, n=4, F' (3, 12) =0.235,
P =0.867). Meanwhile, the protein expression of DAT in HIP
arca was significantly reduced by repeated METH exposure

Fig. 4 Effects of repeated METH a
exposure or L-SPD pretreatment

on the neuronal density in HIP

area of mice. a Representative HIP
photomicrographs of

Immunofluorescence staining

with an anti-NeuN antibody in

HIP area (x 40, scale bar,

200 um). Meanwhile, the photo-

micrographs of NeuN in HIP area CAl
were magnified, including CA1l

(%200, scale bar, 50 um), CA3

(%200, scale bar, 50 um), and DG

(%200, scale bar, 50 um) areas. b

Quantitative analysis of NeuN

staining. The expression levels of CA3
NeuN among the different treat-
ment groups showed no signifi-
cant difference in HIP area, CA1
area, CA3 area, and DG area.
Data were presented as means +
SEM. n =4 for per group, P >
0.05 vs. Vel/Sal group, P> 0.05
vs. Vel/METH group
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Vel/Sal

(Fig. 5d, n=4, F (3, 12)=5.399, P=0.039, vs. Vel/Sal
group). Furthermore, pretreatment with 10 mg/kg L-SPD
could prevent METH-induced changes of D2 receptors and
DAT protein expressions in HIP area (Fig. 5Sc, d, n =4, D2R:
P=0.041, DAT: P=0.015, vs. Ve/METH group).

L-SPD Prevented METH-Induced Changes of p-PKA
and HCN Channels Protein Expressions

p-PKA is an important intracellular signaling molecule for DA
receptors, which also plays a key role in the regulation of
HCN channels (St Clair et al. 2013). As shown in Fig. 6a
and b, the protein level of p-PKA was markedly increased in
HIP area of mice with repeated METH exposure (n =4, F (3,
12)=7.515, P=0.016, vs. Vel/Sal group), while the protein
expression of PKA showed no significant difference among
the different treatment groups. The protein expression of
HCNI channels in HIP area was also increased by repeated
METH exposure (Fig. 6¢, n =4, F (3, 12)=3.489, P=0.039,
vs. Vel/Sal group), while no significant difference was
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Fig.5 Effects of L-SPD on METH-induced changes of DA receptors and
DAT protein expressions. a Representative bands of DA receptors and
DAT. b DIR protein expression in HIP area showed no significant differ-
ence among the different treatment groups. ¢ Pretreatment with L-SPD
prevented METH-induced increase of D2R protein expression in HIP
area. d DAT protein expression was significantly decreased in HIP area

observed in HCN2 protein expression (Fig. 6d, n=4, F (3,
12)=1.094, P=0.927, vs. Vel/Sal group). Moreover, pretreat-
ment with 10 mg/kg L-SPD could prevent METH-induced
increase of p-PKA and HCN1 protein expressions in HIP area
(Fig. 6, n=4, p-PKA: P=0.031, HCN1: P=0.040, vs. Vel/
METH group).

Discussion

In this study, we firstly found that L-SPD pretreatment signif-
icantly improved memory deficits induced by repeated METH
exposure. Repeated METH exposure increased the protein
expression of D2 receptors and decreased the protein expres-
sion of DAT in HIP area. Meanwhile, the protein expressions
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of METH-treated mice. L-SPD pretreatment could reverse the reduction
of DAT protein expression induced by METH. The symbol (+) indicated
that the animals of this group were injected with METH or L-SPD. The
symbol (—) indicated that the animals of this group were injected with
saline or vehicle. Data were presented as means + SEM. n=4 for per
group, *P < 0.05 vs. Vel/Sal group, *P < 0.05 vs. Vel/METH group

Relative Band Intensity 2

of p-PKA and HCNI1 channels were enhanced in HIP area
induced by repeated METH exposure. These changes of pro-
tein expressions caused by METH could be prevented by L-
SPD pretreatment. Therefore, these findings indicated that L-
SPD pretreatment displayed a neuroprotective effect, probably
via reducing METH-induced upregulation of dopaminergic
pathway and HCN1 channels.

METH abuse causes a variety of neuropsychiatric disor-
ders, such as anxiety and behavior and cognitive impairments.
The NOR task is designed basing on the spontaneous tenden-
cy of rodents to explore new things without any punishment or
reward, which becomes a widely used model for the investi-
gation of memory alterations (Antunes and Biala 2012).
Previous studies have found that chronic METH administra-
tion to rodents induce the impaired memory in the NOR task
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(O’Dell et al. 2011; Reichel et al. 2011; Reichel et al. 2012).
Repeated METH exposure (1 mg/kg, s.c., once a day for
7 days) in mice showed impairments in memory retention in
the NOR task, possibly by its detrimental effects on the func-
tion of medial prefrontal cortex (Gonzalez et al. 2014, 2018).
In the present study, the NOR task was applied to explore the
effect of L-SPD on memory deficits caused by repeated
METH exposure. For the first time, we found that L-SPD
pretreatment significantly improved the memory deficit in-
duced by repeated METH exposure in NOR task.

The loss of neurons in the hippocampus was observed in
many animal models of memory deficits (Li et al. 2014;
Ramirez et al. 2018). A single injection of METH (30 mg/kg;
i.p.) induced a neuronal loss in the striatum (Zhu et al. 2006).
The combined administration of ethanol and METH (2 mg/kg;
1.p., once a day for 14 days) induced a neuronal loss in the
amygdale and dentate gyrus (Chuang et al. 2011). Since the
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loss of neurons was the structural neurobiological mechanism
underlying memory deficits (Ishikawa et al. 2014), we inves-
tigated the expression of neuron-specific marker NeuN to ex-
plore the mechanism underlying the protective effect of L-
SPD on METH-induced memory deficits. In the present study,
we found that the expression of NeuN in HIP area of mice
with repeated METH exposure or L-SPD pretreatment exhib-
ited no changes by the Image J-based analysis in the immu-
nofluorescence experiment. The preliminary result of the
NeuN level by the Image J analysis suggested that there was
not a loss of neurons after METH. In addition to the Image J
analysis, there are other methods, such as the stereological
analysis, to detect the neuronal loss. And we will use other
methods to consolidate this finding in our follow-up study.
This result suggested that the protective effect of L-SPD on
METH-induced memory deficits might not be related to the
loss of neurons, possibly associated with changes in the
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function of neurons, such as the alterations of receptors or ion
channels on neurons.

METH-induced neurotoxicity is evident in several neuro-
transmitter systems, such as the brain DA and 5-
hydroxtryptamine systems (Seiden et al. 2001; Ares-Santos
et al. 2013). Ricaurte and colleagues found that endogenous
DA was not essential for the development of METH-induced
dopaminergic neurotoxicity and suggested that other factors
such as neurotransmitter transporters might be involved (Yuan
etal. 2010). METH has a chemical structure similar to DA and
acts as a pseudo-transmitter, which binds to DAT to generate
an imbalance in the release and reuptake of DA, and finally
increases DA levels in synaptic clefts (Kelley and Berridge
2002). Then, DA stimulates its receptors, causing complex
adaptive changes in the signal transduction systems in specific
brain areas, which leads to several neurotoxic effects such as
memory deficits (Fortuna et al. 2017; Gutierrez et al. 2017).
HIP is known to be a critical area associated with memory
functions, which also plays a key role in drug addiction
(Kutlu and Gould 2016). In this study, we found that the pro-
tein level of dopaminergic D2 receptors in HIP area was sig-
nificantly increased by repeated METH exposure, while the
protein expression of D1 receptors remained unchanged. Our
findings were similar to the observation from Okita K and
colleagues, in which D1 receptors availability did not differ
in METH users compared with controls (Okita et al. 2018).
Meanwhile, the protein expression of DAT in HIP area was
significantly reduced by repeated METH exposure. This result
was similar to the observation from Gibb and colleagues, in
which repeated METH administration could cause dopami-
nergic deficits such as the reduction in striatal DAT density
(Hanson et al. 2009). L-SPD exerted partial agonistic action
on dopaminergic D1-type receptors and antagonistic action on
D2-type receptors (Natesan et al. 2008). We found that pre-
treatment with L-SPD could prevent METH-induced changes
of D2 receptors and DAT protein expressions in HIP area,
without affecting the protein expression of D1 receptors.
These findings suggested that L-SPD displayed a neuropro-
tective effect against METH-induced memory deficits possi-
bly associated with the regulation of D2 receptors and DAT
protein expressions, which might affect downstream intracel-
lular molecules and memory functions.

DA is an important reward neurotransmitter in the brain,
which is closely related to addiction and memory functions
(Chu and Zhen 2010; Thurm et al. 2016). D1 receptors are Gs
protein—coupled receptors whose activation leads to the stimu-
lation of adenylate cyclase (AC), resulting in the increased cy-
clic adenosine 3’, 5'-monophosphate (cAMP) level and PKA
activity. D2 receptors are Gi/o protein—coupled receptors which
produce the opposite effect and block the activity of AC which
may reduce intracellular cAMP level and inhibit PKA activity
(Zhao et al. 2013). DAT is a membrane-spanning protein that
removes dopamine from the synaptic cleft and deposits it into

the cytosol, thus terminating the cAMP-PKA signaling (Fricks-
Gleason et al. 2016). In this study, we found that the protein
expression of p-PKA in HIP area was significantly increased by
repeated METH exposure. p-PKA participated in a number of
signal transduction systems, which led to various behavioral
effects (Plattner et al. 2015; Jiang et al. 2017). Several studies
documented that p-PKA played an important role in the regu-
lation of ion channels, such as calcium-activated potassium
channels and voltage-gated L-type Ca®" channels (Cantero
Mdel et al. 2015; Abiraman et al. 2016; Xu et al. 2016). The
phosphorylation of PKA was also involved in the regulation of
HCN channels, which played an important role in memory
functions (Cordeiro Matos et al. 2015; St Clair et al. 2017).

HCN channels belong to the superfamily of voltage-gated
pore loop channels, which are activated by membrane hyper-
polarization and permeable to Na* and K*. HCN channels
exhibit several physiological functions, such as neurotransmit-
ter release (Biel et al. 2009), synaptic plasticity (Bender and
Baram 2008), and resting membrane potential (Shah 2016).
These physiological functions serve as important neurological
bases underlying the memory process. HCN1 and HCN2 sub-
units are the most abundant HCN channels in HIP area
(Brewster et al. 2005). Gonzalez and colleagues found that
withdrawal from repeated METH administration (1 mg/kg,
s.c., once a day for 7 days) increased the current amplitude
of HCN channels, and the mRNA expression of Henl in the
prefrontal cortex was decreased, while the mRNA expression
of Hen2 was increased (Gonzalez et al. 2016). Our previous
study found that low-dose METH re-exposure caused an en-
hancement of working memory, and a decrease in the HCN1
channels protein expression in both HIP and prefrontal cortex
area (Zhou et al. 2019). In this study, we found that the protein
level of HCNI channels in HIP area was significantly in-
creased by repeated METH exposure, but no statistical differ-
ence was detected in the protein expression of HCN2 chan-
nels. Meanwhile, pretreatment with L-SPD could reverse the
increased protein expression of HCN1 channels induced by
METH, which might contribute to the protective effect of L-
SPD on memory deficits induced by METH.

Several studies documented that alteration of HCN channels
could regulate synaptic plasticity, which was important for
memory functions (Benarroch 2013; Maroso et al. 2016). The
upregulation of HCN channels in prefrontal cortex reduced the
membrane resistance and synaptic inputs, and finally was asso-
ciated with age-related decline in working memory (Moore
et al. 2005; Wang et al. 2011). HCN1 channels acted as the
inhibitory constraint of both spatial learning and long-term plas-
ticity in distal dendrites of HIP by interfering with postsynaptic
Ca** influx (Tsay et al. 2007). The knockout of HCN1 channels
in the forebrain could significantly enhance the long-term po-
tentiation amplitude in HIP, which led to an increase in short-
term and long-term spatial memory (Nolan et al. 2004). These
studies suggested that the alteration of HCN1 channels was
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associated with the pathological changes of memory functions.
Therefore, we assumed that the downregulation of HCN1 chan-
nels in HIP area might be related to the protective effect of L-
SPD on the memory impairment induced by METH.
Additionally, p-PKA could promote the phosphorylation of
adaptor proteins, which was a regulatory protein of HCN chan-
nels, and therefore it was capable of facilitating the expression
of HCN channels (Ricotta et al. 2002; He et al. 2014). In this
study, we found that pretreatment with L-SPD could reverse the
increased protein expressions of p-PKA and HCN1 channels
induced by repeated METH exposure, which might be the un-
derlying mechanism of the neuroprotective effect of L-SPD on
METH-induced memory deficits.

Conclusion

METH abuse is a complex neuropsychiatric disorder that
causes serious damages to human health, especially memory
deficits. However, little is known about the effect of L-SPD on
METH-induced memory deficits. In the present study, we
firstly found that L-SPD pretreatment significantly improved
memory deficits induced by repeated METH exposure.
Repeated METH exposure increased the protein expression
of D2 receptors and decreased the protein expression of
DAT in HIP areca. Meanwhile, both the protein expressions
of p-PKA and HCNI channels were increased in HIP area
induced by repeated METH exposure. These changes of pro-
tein expressions caused by METH could be prevented by L-
SPD pretreatment. Thus, these results indicated that L-SPD
pretreatment displayed a neuroprotective effect, probably via
reducing METH-induced upregulation of dopaminergic path-
way and HCN1 channels, suggesting L-SPD might be an ef-
fective therapeutic agent for memory deficits associated with
METH abuse.

Funding Information This study was performed with the financial sup-
port of grants from the Science and Technology Research Project of
Hubei Provincial Department of Education (no. B2016294).

Compliance with Ethical Standards

Conflict of Interest
interest.

The authors declare that they have no conflicts of

References

Abiraman K, Sah M, Walikonis RS, Lykotrafitis G, Tzingounis AV
(2016) Tonic PKA activity regulates SK channel nanoclustering
and somatodendritic distribution. J Mol Biol 428:2521-2537

Anneken JH, Angoa-Perez M, Sati GC, Crich D, Kuhn DM (2018)
Assessing the role of dopamine in the differential neurotoxicity pat-
terns of methamphetamine, mephedrone, methcathinone and 4-
methylmethamphetamine. Neuropharmacology 134:46-56

@ Springer

Antunes M, Biala G (2012) The novel object recognition memory: neu-
robiology, test procedure, and its modifications. Cogn Process 13:
93-110

Ares-Santos S, Granado N, Moratalla R (2013) The role of dopamine
receptors in the neurotoxicity of methamphetamine. J Intern Med
273:437-453

Benarroch EE (2013) HCN channels: function and clinical implications.
Neurology 80:304-310

Bender RA, Baram TZ (2008) Hyperpolarization activated cyclic-
nucleotide gated (HCN) channels in developing neuronal networks.
Prog Neurobiol 86:129-140

Berke JD, Hyman SE (2000) Addiction, dopamine, and the molecular
mechanisms of memory. Neuron 25:515-532

Biel M, Wahl-Schott C, Michalakis S, Zong X (2009) Hyperpolarization-
activated cation channels: from genes to function. Physiol Rev 89:
847-885

Brewster AL, Bernard JA, Gall CM, Baram TZ (2005) Formation of
heteromeric hyperpolarization-activated cyclic nucleotide-gated
(HCN) channels in the hippocampus is regulated by developmental
seizures. Neurobiol Dis 19:200-207

Cadet JL, Bisagno V (2015) Neuropsychological consequences of chron-
ic drug use: relevance to treatment approaches. Front Psychiatry 6:
189

Cadet JL, Bisagno V, Milroy CM (2014) Neuropathology of substance
use disorders. Acta Neuropathol 127:91-107

Cantero Mdel R, Velazquez IF, Streets AJ, Ong AC, Cantiello HF (2015)
The cAMP signaling pathway and direct protein kinase A phosphor-
ylation regulate polycystin-2 (TRPP2) channel function. J Biol
Chem 290:23888-23896

Chen YJ, Liu YL, Zhong Q, Yu YF, Su HL, Toque HA, Dang YH, Chen
F, Xu M, Chen T (2012) Tetrahydropalmatine protects against
methamphetamine-induced spatial learning and memory impair-
ment in mice. Neurosci Bull 28:222-232

Chu HY, Zhen X (2010) Hyperpolarization-activated, cyclic nucleotide-
gated (HCN) channels in the regulation of midbrain dopamine sys-
tems. Acta Pharmacol Sin 31:1036-1043

Chuang JY, Chang WT, Cherng CG, Kao GS, Yu L (2011) Repeated co-
administrations of alcohol- and methamphetamine-produced
anxiogenic effect could be associated with the neurotoxicity in the
dentate gyrus. J Neural Transm (Vienna) 118:1559-1569

Cordeiro Matos S, Zhang Z, Seguela P (2015) Peripheral neuropathy
induces HCN channel dysfunction in pyramidal neurons of the me-
dial prefrontal cortex. J Neurosci 35:13244-13256

Fortuna JTS, Gralle M, Beckman D, Neves FS, Diniz LP, Frost PS,
Barros-Aragao F, Santos LE, Goncalves RA, Romao L, Zamberlan
DC, Soares FAA, Braga C, Foguel D, Gomes FCA, De Felice FG,
Ferreira ST, Clarke JR, Figueiredo CP (2017) Brain infusion of
alpha-synuclein oligomers induces motor and non-motor
Parkinson’s disease-like symptoms in mice. Behav Brain Res 333:
150-160

Fricks-Gleason AN, German CL, Hoonakker AJ, Friend DM, Ganesh
KK, Carver AS, Hanson GR, Fleckenstein AE, Keefe KA (2016)
An acute, epitope-specific modification in the dopamine transporter
associated with methamphetamine-induced neurotoxicity. Synapse
70:139-146

Gonzalez B, Jayanthi S, Gomez N, Torres OV, Sosa MH, Bernardi A,
Urbano FJ, Garcia-Rill E, Cadet JL, Bisagno V (2018) Repeated
methamphetamine and modafinil induce differential cognitive ef-
fects and specific histone acetylation and DNA methylation profiles
in the mouse medial prefrontal cortex. Prog Neuro-
Psychopharmacol Biol Psychiatry 82:1-11

Gonzalez B, Raineri M, Cadet JL, Garcia-Rill E, Urbano FJ, Bisagno V
(2014) Modafinil improves methamphetamine-induced object rec-
ognition deficits and restores prefrontal cortex ERK signaling in
mice. Neuropharmacology 87:188—197



Neurotox Res (2019) 36:376-386

385

Gonzalez B, Rivero-Echeto C, Muniz JA, Cadet JL, Garcia-Rill E,
Urbano FJ, Bisagno V (2016) Methamphetamine blunts Ca(2+) cur-
rents and excitatory synaptic transmission through D1/5 receptor-
mediated mechanisms in the mouse medial prefrontal cortex. Addict
Biol 21:589-602

Gutierrez A, Jablonski SA, Amos-Kroohs RM, Barnes AC, Williams MT,
Vorhees CV (2017) Effects of housing on methamphetamine-
induced neurotoxicity and spatial learning and memory. ACS
Chem Neurosci 8:1479-1489

Hanson JE, Birdsall E, Seferian KS, Crosby MA, Keefe KA, Gibb JW,
Hanson GR, Fleckenstein AE (2009) Methamphetamine-induced
dopaminergic deficits and refractoriness to subsequent treatment.
Eur J Pharmacol 607:68-73

Hao JR, Sun N, Lei L, Li XY, Yao B, Sun K, Hu R, Zhang X, Shi XD,
Gao C (2015) L-Stepholidine rescues memory deficit and synaptic
plasticity in models of Alzheimer’s disease via activating dopamine
D1 receptor/PKA signaling pathway. Cell Death Dis 6:¢1965

He C, Chen F, Li B, Hu Z (2014) Neurophysiology of HCN channels:
from cellular functions to multiple regulations. Prog Neurobiol 112:
1-23

Ishikawa R, Kim R, Namba T, Kohsaka S, Uchino S, Kida S (2014)
Time-dependent enhancement of hippocampus-dependent memory
after treatment with memantine: implications for enhanced hippo-
campal adult neurogenesis. Hippocampus 24:784-793

Jablonski SA, Williams MT, Vorhees CV (2016) Mechanisms involved in
the neurotoxic and cognitive effects of developmental methamphet-
amine exposure. Birth Defects Res C Embryo Today 108:131-141

Jiang H, Zhang X, Wang Y, Zhang H, Li J, Yang X, Zhao B, Zhang C, Yu
M, Xu M, Yu Q, Liang X, Li X, Shi P, Bao T (2017) Mechanisms
underlying the antidepressant response of acupuncture via PKA/
CREB signaling pathway. Neural Plast 2017:4135164

Kelley AE, Berridge KC (2002) The neuroscience of natural rewards:
relevance to addictive drugs. J Neurosci 22:3306-3311

Kutlu MG, Gould TJ (2016) Effects of drugs of abuse on hippocampal
plasticity and hippocampus-dependent learning and memory: con-
tributions to development and maintenance of addiction. Learn
Mem 23:515-533

Li CJ, Lu Y, Zhou M, Zong XG, Li C, Xu XL, Guo LJ, Lu Q (2014)
Activation of GABAB receptors ameliorates cognitive impairment
via restoring the balance of HCN1/HCN2 surface expression in the
hippocampal CA1 area in rats with chronic cerebral hypoperfusion.
Mol Neurobiol 50:704-720

Long JD, Liu Y, Jiao DL, Wang YJ, Zan GY, Ju YY, Zhao M, Liu JG
(2017) The neuroprotective effect of memantine on
methamphetamine-induced cognitive deficits. Behav Brain Res
323:133-140

MaBM, Yue K, Xing JQ, Gong XK, Ru Q, Chen L, Xiong Q, Tian X, Liu
L, Gan YQ, Wang DS, Jin GZ, Li CY (2014) L-Stepholidine blocks
methamphetamine-induced locomotor sensitization in mice. Adv
Mater Res 998:156-159

Maroso M, Szabo GG, Kim HK, Alexander A, Bui AD, Lee SH, Lutz B,
Soltesz I (2016) Cannabinoid control of learning and memory
through HCN channels. Neuron 89:1059-1073

Moore TL, Schettler SP, Killiany RJ, Herndon JG, Luebke JI, Moss MB,
Rosene DL (2005) Cognitive impairment in aged rhesus monkeys
associated with monoamine receptors in the prefrontal cortex. Behav
Brain Res 160:208-221

Moszczynska A, Callan SP (2017) Molecular, behavioral, and physiolog-
ical consequences of methamphetamine neurotoxicity: implications
for treatment. J Pharmacol Exp Ther 362:474-488

Natesan S, Reckless GE, Barlow KB, Odontiadis J, Nobrega JN, Baker
GB, George SR, Mamo D, Kapur S (2008) The antipsychotic po-
tential of I-stepholidine—a naturally occurring dopamine receptor D1
agonist and D2 antagonist. Psychopharmacology 199:275-289

Nolan MF, Malleret G, Dudman JT, Buhl DL, Santoro B, Gibbs E,
Vronskaya S, Buzsaki G, Siegelbaum SA, Kandel ER, Morozov A

(2004) A behavioral role for dendritic integration: HCN1 channels
constrain spatial memory and plasticity at inputs to distal dendrites
of CAl pyramidal neurons. Cell 119:719-732

Nordahl TE, Salo R, Leamon M (2003) Neuropsychological effects of
chronic methamphetamine use on neurotransmitters and cognition: a
review. J Neuropsychiatr Clin Neurosci 15:317-325

O’Dell SJ, Feinberg LM, Marshall JF (2011) A neurotoxic regimen of
methamphetamine impairs novelty recognition as measured by a
social odor-based task. Behav Brain Res 216:396-401

Okita K, Morales AM, Dean AC, Johnson MC, Lu V, Farahi J,
Mandelkern MA, London ED (2018) Striatal dopamine D1-type
receptor availability: no difference from control but association with
cortical thickness in methamphetamine users. Mol Psychiatry 23:
1320-1327

Plattner F, Hayashi K, Hernandez A, Benavides DR, Tassin TC, Tan C,
Day J, Fina MW, Yuen EY, Yan Z, Goldberg MS, Nairn AC,
Greengard P, Nestler EJ, Taussig R, Nishi A, Houslay MD, Bibb
JA (2015) The role of ventral striatal CAMP signaling in stress-
induced behaviors. Nat Neurosci 18:1094-1100

Ramirez E, Mendieta L, Flores G, Limon ID (2018) Neurogenesis and
morphological-neural alterations closely related to amyloid beta-
peptide (25-35)-induced memory impairment in male rats.
Neuropeptides 67:9-19

Reichel CM, Chan CH, Ghee SM, See RE (2012) Sex differences in
escalation of methamphetamine self-administration: cognitive and
motivational consequences in rats. Psychopharmacology 223:371—
380

Reichel CM, Schwendt M, McGinty JF, Olive MF, See RE (2011) Loss of
object recognition memory produced by extended access to meth-
amphetamine self-administration is reversed by positive allosteric
modulation of metabotropic glutamate receptor 5.
Neuropsychopharmacology 36:782—792

Ricotta D, Conner SD, Schmid SL, von Figura K, Honing S (2002)
Phosphorylation of the AP2 mu subunit by AAK1 mediates high
affinity binding to membrane protein sorting signals. J Cell Biol
156:791-795

Rusyniak DE (2013) Neurologic manifestations of chronic methamphet-
amine abuse. Psychiatr Clin North Am 36:261-275

Seiden LS, Lew R, Malberg JE (2001) Neurotoxicity of methamphet-
amine and methylenedioxymethamphetamine. Neurotox Res 3:
101-116

Shah MM (2016) Hyperpolarization-activated cyclic nucleotide-gated
channel currents in neurons. Cold Spring Harb Protoc 2016:pdb
top087346

St Clair JR, Larson ED, Sharpe EJ, Liao Z, Proenza C (2017)
Phosphodiesterases 3 and 4 differentially regulate the funny current,
If, in Mouse Sinoatrial Node Myocytes. J Cardiovasc Dev Dis 4:10.
https://doi.org/10.3390/jcdd4030010

St Clair JR, Liao Z, Larson ED, Proenza C (2013) PKA-independent
activation of I(f) by cAMP in mouse sinoatrial myocytes.
Channels (Austin) 7:318-321

Thurm F, Schuck NW, Fauser M, Doeller CF, Stankevich Y, Evens R,
Riedel O, Storch A, Lueken U, Li SC (2016) Dopamine modulation
of spatial navigation memory in Parkinson’s disease. Neurobiol
Aging 38:93-103

Tsay D, Dudman JT, Siegelbaum SA (2007) HCN1 channels constrain
synaptically evoked Ca2+ spikes in distal dendrites of CA1 pyrami-
dal neurons. Neuron 56:1076-1089

Wang M, Gamo NJ, Yang Y, Jin LE, Wang XJ, Laubach M, Mazer JA,
Lee D, Amsten AF (2011) Neuronal basis of age-related working
memory decline. Nature 476:210-213

Wang W, Zhou Y, Sun J, Pan L, Kang L, Dai Z, Yu R, Jin G, Ma L (2007)
The effect of L-stepholidine, a novel extract of Chinese herb, on the
acquisition, expression, maintenance, and re-acquisition of mor-
phine conditioned place preference in rats. Neuropharmacology
52:355-361

@ Springer


https://doi.org/10.3390/jcdd4030010

386

Neurotox Res (2019) 36:376-386

Xu J, Yu L, Minobe E, Lu L, Lei M, Kameyama M (2016) PKA and
phosphatases attached to the Ca(V)1.2 channel regulate channel
activity in cell-free patches. Am J Phys Cell Phys 310:C136-C141

Yuan J, Darvas M, Sotak B, Hatzidimitriou G, McCann UD, Palmiter RD,
Ricaurte GA (2010) Dopamine is not essential for the development
of methamphetamine-induced neurotoxicity. J Neurochem 114:
1135-1142

Yue K, Ma BM, Chen L, Tian X, Ru Q, Gan YQ, Wang D, Jin GZ, LiCY
(2014a) L-Stepholidine, a naturally occurring dopamine D1 receptor
agonist and D2 receptor antagonist, attenuates heroin self-
administration and cue-induced reinstatement in rats. Neuroreport
25:7-11

Yue K, Ma BM, Xing JQ, Gong XK, Ru Q, Chen L, Xiong Q, Tian X, Liu
L, Gan YQ, Wang DS, Jin GZ, Li CY (2014b) L-stepholidine, a
naturally occurring dopamine D1 receptor agonist and D2 receptor
antagonist, attenuates methamphetamine self-administration in rats.
Adv Mater Res 998:169-172

@ Springer

Zhao W, Huang Y, Liu Z, Cao BB, Peng YP, Qiu YH (2013) Dopamine
receptors modulate cytotoxicity of natural killer cells via cAMP-
PKA-CREB signaling pathway. PLoS One 8:¢65860

ZhouM, Lin K, SiY, RuQ, Chen L, Xiao H, Li C (2019) Downregulation
of HCNI channels in hippocampus and prefrontal cortex in meth-
amphetamine re-exposed mice with enhanced working memory.
Physiol Res 68:107-117

Zhu JP, Xu W, Angulo JA (2006) Methamphetamine-induced cell death:
selective vulnerability in neuronal subpopulations of the striatum in
mice. Neuroscience 140:607-622

Publisher's Note Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.



	The Neuroprotective Effect of L-Stepholidine on Methamphetamine-Induced Memory Deficits in Mice
	Abstract
	Introduction
	Materials and Methods
	Animals
	Drugs
	Experimental Schedule
	Novel Object Recognition Experiment
	Locomotor Activity Experiment
	Immunofluorescence Staining
	Western Blotting Experiment
	Statistical Analysis

	Results
	Neuroprotective Effect of L-SPD on METH-Induced Memory Deficits
	Locomotor Activity of Mice with METH Exposure and L-SPD Treatment
	NeuN Expression in HIP Area of Mice with METH Exposure and L-SPD Treatment
	L-SPD Prevented METH-Induced Changes of DA Receptors and DAT Protein Expressions
	L-SPD Prevented METH-Induced Changes of p-PKA and HCN Channels Protein Expressions

	Discussion
	Conclusion
	References


