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Abstract
Chronic methamphetamine (meth) abuse can lead to certain deficits in the hippocampal function by
affecting the hippocampal neurogenesis and plasticity. To determine whether cannabidiol (CBD) can
promote proliferation and maturation of neuronal progenitor cells, this study investigated the CBD effect
on neurogenesis in the hippocampal dentate gyrus (DG) following chronic exposure to meth in rats. The
rats received 2 mg/kg of meth twice a day for ten days. Next, immunofluorescence was performed to
evaluate the effect of intracerebroventricular (ICV) administration of CBD (50 µg/5 µL) over an abstinence
period (ten days) on the expression levels of neurogenesis markers, such as Ki67, NeuN, and doublecortin
(DCX). Moreover, neuronal degeneration in the hippocampus was assessed using Nissl staining.
According to our findings, repeated ICV administration of CBD improved cell proliferation and
neurogenesis and increased the number of Ki-67 and DCX-positive cells in the abstinence period.
Meanwhile, meth treatment subjects caused a significant decrease in the number of neurogenesis
makers, as compared to the control group. The neurogenesis markers (Ki-67 and DCX) could be
somewhat reversed, while NeuN did not show any significant increase in the CBD group. Our findings
demonstrated that CBD can induce neuroprotective effects by modulating neurogenesis. Therefore, it can
provide a promising therapeutic approach to improve cognitive performance following chronic exposure
to psychostimulant drugs, including meth.

Introduction
Adult neurogenesis is a distinguished example of activity-dependent neuroplasticity. It is influenced by
numerous factors, including stress, drugs, and brain damage (Jun et al., 2012; Parent 2003; Van Praag et
al., 1999). The properties of neural progenitor cells detected in the sub-granular zone (SGZ) are shown by
adult hippocampal neurogenesis of the dentate gyrus (DG). After proliferation and migration of these
cells to the granular zone (GZ), they are distinguished from mature granule neurons (Kempermann, 2008).
Different neurogenesis phases can be identified using specific markers, and proliferation of progenitor
cells is evaluated by Ki-67 (Gerdes et al., 1984).

As a microtubule-associated protein, doublecortin (DCX) was detected in precursor cells, besides not fully
formed neurons in phases of migration or differentiation. NeuN is identified as a nuclear protein only in
mature neurons (Kempermann 2008). Neonatal neurons improve neural plasticity to maintain certain
brain functions, such as mood regulation and spatial learning (Llorens-Martín et al., 2006; Santarelli et al.,
2003). Clinical studies have shown that methamphetamine (meth) dependence alters the hippocampal
morphology (Canales 2010a; Kim et al. 2010).

Numerous studies have indicated the significant effects of hippocampal plasticity or the so-called
phenomenon of “adult hippocampal neurogenesis” on memory and hippocampus-dependent learning
(Jessberger et al., 2009; Leuner et al., 2006; Shors et al., 2001; Van Praag et al., 1999). It is known that
meth changes all phases of hippocampal neurogenesis. These effects vary based on drug dosage, drug
exposure pattern, exposure duration, and drug exposure schedule before labeling neural progenitors
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(Hildebrandt et al., 1999; Mandyam et al., 2008; Teuchert-Noodt et al., 2000; Yuan et al., 2011a). The
inhibitory effect of meth on the active regenerative abilities of the adult hippocampus is now
distinguished as a neurodegeneration precursor, stimulated by meth in this region (Canales 2007; Canales
2010b)

Adult neurogenesis has been shown to be a solid instance of brain plasticity, modulated by the
endocannabinoid system. In recent years, numerous studies have reported the expression of the
endocannabinoid system in neural stem cells. The non-psychoactive cannabidiol (CBD) has become an
interesting research subject in clinical and preclinical areas to treat substance abuse disorders (Wenzel
and Cheer 2018). CBD dampens behavioral and molecular manifestations of maladaptive neuroplasticity,
which underlies drug addiction (Fogaça et al. 2018). Besides, CBD induces several effects in the central
nervous system (CNS) and dramatically affects the generation of neural progenitors in early
developmental stages.

Chronic intake of psychostimulant drugs is related to cognitive deficits in attention, memory, and
executive functions (Potvin et al. 2014; Santarelli et al. 2003). The improvement and treatment of these
cognitive deficits can prevent drug relapse (Rezapour et al. 2016; Sofuoglu et al. 2016). Moreover, CBD
has been shown to have pro-cognitive effects in preclinical studies. In a previous study on mice,
pretreatment with intermediate doses of CBD (20 mg/kg) for a ten-day period facilitated the new object
recognition task and enhanced the learning markers, namely, brain-derived neurotrophic factor (BDNF)
expression and neural progenitor proliferation in the hippocampus (Luján et al. 2018). It also prevented
memory impairment in the object recognition task induced by nicotine withdrawal, inhibited the neuro-
inflammatory response, and prevented neurogenesis correlated with cognitive deficits (Saravia et al.
2019).

Moreover, a recent study demonstrated that the anxiolytic effect of CBD on chronically-stressed mice
depends on hippocampal neurogenesis. This effect may be an outcome of the pro-neurogenic activity of
CBD, which may facilitate endocannabinoid signaling (Fogaça et al. 2018). On the other hand, some
recent scientific advances have determined whether meth abstinence, as opposed to meth exposure,
affects the proliferation/survival of progenitors in the hippocampus (Recinto et al. 2012). The most
recent findings suggest that meth abstinence increases the proliferation/survival of newly born
progenitors in the hippocampus.

The increased survival of progenitors can lead to improved neurogenesis in prolonged abstinence
following meth (or cocaine) self-administration (Noonan et al. 2008; Recinto et al. 2012). Conversely, a
previous study in 2018 showed that meth administration following prolonged withdrawal decreased cell
survival in rats (García-Cabrerizo et al. 2018). Many markers of differentiation and maturation, which are
used to identify CBD-induced changes in the morphological and functional transition of adult
hippocampal neurons, are inefficient in chronic meth exposure. Therefore, in this study, we aimed to
determine whether CBD treatment can change the number of proliferating cells during an abstinence
period among rats with chronic exposure to meth in the hippocampal DG.



Page 4/18

Materials And Methods
Subjects

Sixty adult male albino Wistar rats (12 weeks old), weighing 240 to 280 g, were used in this study. The
subjects were kept under standard laboratory conditions, that is, a 12:12 hour light/dark cycle (lights on
at 07:00), with ad libitum access to laboratory chow and tap water. The animals were randomly divided
into various experimental groups. They were habituated to the new environment and kept there for one
week before the experimental procedures. We attempted to minimize the animals’ suffering and only use
the minimum number of rats necessary to produce authentic scientific data. The experiments were
carried out from 09:00 am to 15:00 pm. All tests were performed according to the Guide for the Care and
Use of Laboratory Animals (National Institutes of Health Publication No. 80-23, revised in 1996). The
experimental method was approved by the Research and Ethics Committee of Iran University of Medical
Sciences, Tehran, Iran.

Drugs

Methamphetamine hydrochloride (synthesized and analyzed in the Laboratory of Medicinal Chemistry,
Faculty of Pharmacy, Baghiyatallah University of Medical Sciences, Tehran, Iran) was freshly diluted in
normal saline and was then administered subcutaneously (SC). Afterward, CBD (supplied by Tocris
Bioscience, UK) was dissolved in 10% dimethyl sulfoxide (DMSO), phosphate buffer solution 90%; and a
5 μl mixture was injected into the lateral cerebral ventricle.

METH administration procedure

Fresh METH was dissolved in a volume of 0.9% saline solution before each administration. Rats (n=60)
repeatedly received injections of the same dose (i.e. 2 mg/kg [SC], twice a day, for 10 consecutive days).
The control group received SC injections of saline (1 ml/kg) similarly twice a day, for a 10-day period.
Injections were applied at 09:00 and 15:00 O’clock (Razavi et al. 2020b).

Surgery and Microinjection Procedures

The subjects were anesthetized through an intraperitoneal injection of a mixture containing ketamine
(100 mg/kg) and xylazine (10 mg/kg). The lateral cerebral ventricle involved stereotaxic coordinates as
follows: 1.6 mm lateral and 0.5 mm posterior to bregma, 4.2 mm deep from the dura. A stainless steel
screw was used to fix the guide cannula in the skull and dental acrylic cement. The rats were handled and
allowed to recover from surgery within 5-7 days. The injection device contained a polyethylene tube (PE‐
20) connected to a 5‐μL Hamilton syringe as well as a 30‐gauge needle with 11‐mm length at the tip. The
syringe was filled with drug at appropriate volume, and the injection needle was then inserted through the
guide cannula (10 mm).(Razavi et al. 2020a)

Histological Assays
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On the 20th day of experiments, 4 rats from each group were randomly anesthetized and perfused
transcardially with ice-cold PBS (0.1 M; pH=7.4) and also 4% paraformaldehyde (PFA, Merck, Germany).
The subject brains were isolated, post-fixed in PFA during the night, and then cryo-protected in 30%
sucrose (Merck, Germany) for a 48-hour period at a 4 °C temperature. The brains were subsequently
inserted, frozen at an optimal cutting temperature (OCT) compound (Bio Optica, Italy, #059801), and kept
at −80 °C. The frozen coronal sections were made ready through a cryostat apparatus (Sci Lab, English)
along the hippocampus anterior-posterior axis (AP: −3.2 to −4.2 mm relative to bregma). It was then
placed on gelatin-coated slides. As for immunofluorescence (IF) staining, the sections with a thickness of
10 μm were washed with PBS and antigen retrieval was applied through immersing the slides in a citrate
buffer (pH=6) for a 30-minute period at 80 °C waters-bath (Jiao et al. 1999). The sections were
subsequently permeabilized through a volume of 1% Triton X-100, blocked and incubated during the night
at 4 °C with several primary antibodies as follows: rabbit-anti Ki67 (1:100, Abcam, USA, #ab66155), rabbit
anti-DCX antibody (1:100, Abcam, USA, #ab77450) and rabbit anti-NeuN antibody (1:100, Abcam, USA, #
ab104225). We detected the immunoreactivities through incubation with goat anti-rabbit IgG FITC
conjugated antibody (1:50, Sigma, USA, #F1262) for one hour at room temperature, which was followed
by nuclear counterstaining with the DAPI re-agent (Sigma, USA). Images were subsequently obtained by a
fluorescence microscope (manufactured by Olympus). NeuN, Ki67. The DCX-positive cells were counted
within ×20 microscopic fields in the hippocampus’ SGZ region into minimum three sections per subject,
using ImageJ. The count of positive cells was illustrated based on the percentage of total DAPI-stained
cells (Chavoshinezhad et al. 2019; Daval et al. 2009; Vithlani et al. 2013).

The 10-μm-thick sections were stained with Nissl according to the protocol that was previously reported
(Miller et al. 2013). By defatting the sections in xylene, we hydrated them through decreasing
concentrations of ethanol and water. They were then incubated in 0.3% Cresyl Violet solution (Sigma,
USA) for five minutes at a temperature of 50 °C. By rinsing in water, the sections were dehydrated with
incrementing concentrations of ethanol, cleared in xylene, cover-slipped and obtained by a Nikon light
microscope. The cells in 3 sections of the dentate gyrus area of the hippocampus per animal were
counted by Image J software v1.8 (NIH, Wayne Rasband, and USA). Cell shrinkage, loss of uniformity of
Nissl body, cytoplasm, nucleus density, and pyknotic nucleus were evaluated in 1 mm area by a light
microscope (Ooigawa et al. 2006).

Experimental Design

We examined the effects of repeated CBD administration on neurogenesis in rats with chronic exposure
to meth during an abstinence period (Figure 1). There were four experimental groups treated with meth
over a ten-day period (chronic exposure phase). One group of rats received only meth during the first ten
days of chronic exposure. The abstinence protocol was applied for the other three groups. One group
received 50 μg/5 μL of CBD during the second ten days (abstinence period); the vehicle control group
received 10% dimethyl sulfoxide (10% DMSO+90% PBS) instead of CBD as a vehicle during the
abstinence period; and one group was the sham group. Also, two additional control groups (i.e., naïve)
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only received saline as the meth solvent, none during the induction and/or abstinence period. Every group
included ten rats, and four rats from each group were randomly used in the histological assays.

Statistical Analysis

The data are all provided as mean±SEM. We conducted the one‐way analysis of variance in order to
compare the groups in differences of statistical significance levels. This was followed by Tukey’s test for
comparisons of multiple groups. The statistical analyses were entirely performed through GraphPad
Prism (V5; GraphPad, San Diego, CA). Differences between groups were deemed significant wherever
P<0.05.

Results
CBD treatment enhanced hippocampal neurogenesis during the abstinence period in the chronic meth
exposure rats.

Since the ICV administration of CBD (50 µg/5 µL) could particularly prevent impairments in memory
recognition among rats with chronic exposure to meth during the abstinence period (Razavi et al. 2020b),
we aimed to determine whether CBD affected the expression of hippocampal neurogenesis markers,
namely Ki67, NeuN, and DCX, which indicated the amount of neuronal proliferation and differentiation in
the DG. Besides, immunofluorescence (IF) staining was carried out to measure the protein expression of
neurogenesis markers in the hippocampus.

As illustrated in Fig. 2 and Fig. 3, one-way ANOVA, together with Tukey’s post-hoc test (P < 0.001),
indicated that Ki67-positive cells (as a proliferation marker) and DCX (a neuroblast marker) (Yuan et al.
2011b) significantly decreased in the treated meth-exposed group (black bar), as opposed to the saline-
treated naive groups. Also, one-way ANOVA test, followed by Tukey’s post hoc test, suggested that ki67-
and DCX-positive cells in subjects receiving CBD (50 µg/5 µL) were significantly reversed during the
abstinence period, compared to the naïve and saline control groups. Nonetheless, in ki67-positive cells,
there were no significant differences between the CBD and control (DMSO) groups.

On the other hand, the difference in the number of DCX-positive cells was significant between the CBD
group and the DMSO group (P < 0.05). These findings indicated that CBD could reverse ki67- and DCX-
positive cells in the abstinence phase. Conversely, these cells (Ki67 and DCX) significantly increased in
the DG (Fig. 2 & Fig. 3; P < 0.001) of the sham groups as compared to the meth group. Moreover, there
was a significant difference between the CBD and sham groups in terms of the number of Ki-67- and
DCX-positive cells (P < 0.001).

As shown in Fig. 4, the NeuN-positive cells, as opposed to Ki67- and DCX-positive cells, did not
significantly increase in the CBD group, compared to the meth group in the DG. Conversely, one-way
ANOVA demonstrated that the NeuN-positive cells significantly decreased in rats treated with meth as
compared to the saline and control groups (P < 0.001). Moreover, there was a significant difference
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between the sham and CBD groups regarding the number of NeuN-positive cells (P = 0.004). However, the
difference in the number of NeuN-positive cells was not significant between the CBD and DMSO groups
(P = 0.225). 

Neuronal degeneration in the DG of the hippocampus was diluted by CBD treatment in rats with chronic
meth exposure

As shown in Fig. 5, there was a hippocampal neuronal loss in the meth group. One-way ANOVA test
indicated that the percentage of dark neurons significantly reduced in the DG of the CBD-treated rat
hippocampus as compared to the group with chronic exposure to meth (P < 0.001). Also, there was a
significant increase in the percentage of dark neurons identified in the hippocampal subfield of the meth-
exposede, compared to the saline and control groups (Fig. 5; P < 0.001). Besides, there was a significant
difference in the number of dark neurons between the CBD and sham groups (P < 0.001). However, the
difference in the number of dark neurons was not significant between the CBD and DMSO groups (P = 
0.9). The results showed that CBD administration in rats with chronic meth exposure significantly
reduced the number of dark neurons in the hippocampal DG region (P < 0.001).

Discussion
The results of this study suggest that CBD has common neuroprotectant properties in rats with chronic
meth exposure. Our findings indicated that repeated ICV administration of CBD at a dose of 50 µg/5 µL
led to higher cell proliferation (i.e., Ki-67 immunoreactivity) and increased the number of neurons (i.e.,
DCX immunoreactivity) in the hippocampal DG during an abstinence period in rats with chronic meth
exposure. On the other hand, NeuN, as a neuron differentiation marker, did not show a significant increase
in the CBD-treated group. We found that meth reduced the hippocampal cell proliferation, differentiation,
and maturation, thereby increasing the rate of cell death. Moreover, we found that CBD could partially
reverse meth-induced destruction.

A growing body of evidence suggests that adult hippocampal neurogenesis can be associated with the
regulation of cognitive functions, whereas impaired neurogenesis has been found in psychiatric
disorders, such as addiction, anxiety, and depression (David et al. 2010). We have recently identified
cognitive deficits in behavioral tests, where impairments were detected in the spontaneous alternation
behavior and recognition memory in the hippocampus. Besides, it has been shown that CBD could
improve memory impairment in rats with chronic meth exposure (Razavi et al. 2020).

Researcher are increasingly suggesting that drug abuse can inhibit adult hippocampal neurogenesis,
causing potentially adverse effects on cognitive regeneration and function (Eisch and Harburg 2006;
Venkatesan et al. 2007); however, there are few studies on how meth affects neurogenesis. In a previous
study, it was found that acute meth exposure in gerbils led to the lower proliferation of neuronal precursor
cells within the hippocampal DG (Teuchert-Noodt et al. 2000). Also, lately, short-term administration of
stimulant drugs, including meth, was associated with reduced neuronal precursor cell proliferation in the
hippocampal SGZ of rats (Kochman et al. 2009).
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Additionally, rats with chronic or regular self-exposure to meth demonstrated a significant decrease in the
hippocampal neurogenesis over several months (Mandyam et al. 2008). These studies indicated that
meth intake could lead to reduced hippocampal neurogenesis and might play a role in cognitive
dysfunction. It seems essential to clarify whether low doses of meth chronically affect the functional
properties of immature and mature DG cells. In the current study, we investigated the effects of long-term
(10 days), low-dosage meth administration (2 mg/kg/twice per day) on the DG neurogenesis to evaluate
changes in the synaptic plasticity of both immature and mature neurons.

These findings suggest that meth intake can cause a constant decrease in the number of neural stem
cells; this may explain the psychostimulant-induced decline in hippocampal neurogenesis during drug
use. Abstinence from meth exposure, however, leads to a higher net proliferation of progenitors and
higher survival of newly born granular cells; therefore, the cell intrinsic signals, maintaining the stem cell
pool and proliferation, are regulated differently during drug abstinence (Recinto et al. 2012). For example,
an increase was observed in the count of DCX-positive cells in the DG of rats treated with CBD during the
abstinence period; this marker of neuronal differentiation may be attenuated by meth (Deschaux et al.
2014).

Notably, Galinato et al. found that abstinence from meth increased the proliferation and differentiation of
neural progenitors, while increasing adult neurogenesis in the DG (Galinato et al. 2018). It was found that
a ten-day meth abstinence period increased the hippocampal neurogenesis markers in the treated groups.
Consistent with our findings, Takashima and Mandyam (2018) observed an abstinence-induced increase
in cell division, as well as aberrant survival of newly born progenitors as compared to normal control
levels (Takashima and Mandyam 2018). These results agree with our findings, which revealed that the
abstinence period might promote hippocampal neurogenesis in rats with chronic meth exposure.

On the other hand, Garcıa-Cabrerizo et al. (2018) demonstrated the effects of meth administration on the
hippocampal neurogenesis and found reinforced persistent adverse effects induced by meth in the rat
hippocampus during prolonged withdrawal; also, they suggested that the immediate effects of meth
administration on impaired cell proliferation during prolonged withdrawal led to the delayed production
and decreased number of surviving cells; their results indicated the persistent effect of meth on
neurogenesis regulation (García-Cabrerizo et al. 2018; Razavi et al. 2020b). Overall, these findings
highlight the need for further studies. We believe that the expression of synaptic proteins and plasticity,
promoting context-driven drug-related memories, essentially requires neurogenesis during abstinence.

Meanwhile, we determined all neuroplastic alterations due to ICV administration of CBD in rats
chronically exposed to meth. It seems that a common result of meth exposure is the suppression of
hippocampal neurogenic proliferation. Due to the lack of studies on the adult hippocampal neurogenesis
in CBD-treated and meth-exposed mice, we aimed to determine whether the generally perceived reduction
in the hippocampal neural proliferation could be possibly stimulated by CBD. We found a significant
increase in Ki67/DCX staining in the DG of meth-exposed rats treated with CBD. Overall, evaluation of the
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effects of CBD treatment and meth administration on the hippocampal neural proliferation suggests that
CBD regulates the mechanisms through which meth diminishes the adult hippocampal neurogenesis.

So far, different drug-related anti-neurogenic mechanisms have been suggested as substitutes for
mitochondrial dysfunction or oxidative stress (Cunha-Oliveira et al., 2008). CBD may cause more adult
hippocampal neurogenesis, perhaps by intensifying the neurotransmission of CB1R in the hippocampus,
as indicated in previous studies (Campos et al. 2013). Besides, we believe that these mechanisms are
diverse due to their effects on adjusting hippocampal neuronal proliferation, as CBD treatment had a
greater effect on changes in the Ki67/DCX/NeuN cell count compared to meth consumption, as shown by
the statistical analysis. According to this hypothesis, CBD significantly reinforced the expression of CB1R
in the hippocampus, a receptor that positively regulates adult neurogenesis in this area (Prenderville et al.,
2015). While it seems impossible to determine how CBD causes these changes, earlier studies have
shown comparable variations in the expression of CB1R following the administration of CBD (Ren et al.,
2009; Viudez-Martínez et al., 2018).

It has been suggested that meth significantly increases the extracellular dopamine (Bennett et al., 1998)
and serotonin (Rocher and Gardier, 2001) concentrations in the hippocampus, leading to chronic changes
in the extracellular serotonin levels. Besides, stimulation of serotonin 1A (5-HT1A) receptors in the
hippocampus can initiate neurogenesis. Therefore, by stimulating the long-term release of dopamine and
serotonin, meth causes neurogenesis (Powrozek et al., 2004). Additionally, Zhang et al. (2016) found that
activating 5-HT1A receptors results in cAMP response element binding protein (CREB)-mediated
neurogenesis; therefore, CBD plays a pro-neurogenic role by activating 5-HT1A receptors (Russo et al.,
2005; Zhang et al., 2016). In another study by Lujan M.Á et al. (2019), decreased cocaine intake induced
by CBD resulted in increased early neural differentiation/maturation, indicating the protective effect of
this mechanism.

Although there is scarce information about the processes involved in modulating mesocorticolimbic
signaling by neural proliferation and maturation adaptation, the available evidence can provide
convincing data for elucidating this type of molecular mechanism (Luján et al., 2018). The meth-induced
neurogenesis reduction can modify the protective effects of CBD. However, it seems inappropriate to
assume that the mentioned mechanism is the only one influencing CBD in reducing chronic meth
exposure in mice. It seems essential to conduct a thorough investigation about the modulation of
dopaminergic signaling induced by 5-HT1A receptors in the nucleus accumbens of mice receiving meth
(Luján et al., 2018). The cognitive effects of CBD were detected at the same drug dosage, suggesting an
effect on behavioral outcomes.

There is some evidence that cognitive performance may be associated with some forms of learning and
memory-dependent hippocampal neurogenesis (for an extensive review, see Razavi et al., 2020). There
have been consistent reports on the positive correlation of neurogenesis with cognitive performance. In
the present study, for inducing chronic exposure in mice, they were exposed to 2 mg/kg of meth twice per
day for ten days in novel object recognition and Y-maze tests; the results indicated the non-optimal
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cognitive performance. Since treatment with CBD showed neuroprotective effects, the recovered memory
of rats treated with CBD might be associated with the pro-neurogenic effects. However, the present study
did not address the explicit mechanistic effects of CBD on neurogenesis and cognitive responses;
therefore, further studies are needed to elucidate the possible relationships (Razavi et al., 2020b).

In conclusion, the adult hippocampal neurogenesis is suppressed by the chronic administration of
opiates (Eisch et al. 2000), alcohol (Nixon and Crews 2002), nicotine (Abrous et al. 2002), and cocaine
(Yamaguchi et al. 2004). This study suggested that cannabinoids are the only substances that can
enhance the adult hippocampal neurogenesis after chronic meth administration. A higher level of
hippocampal neurogenesis appears to explain the neuroprotective effects of a chronic dose of CBD.

Conclusion
Our findings revealed that recurrent ICV administration of CBD could reinforce the expression of
neurogenesis markers in a group of rats with chronic exposure to meth for an abstinence period. Besides,
the behavioral effect of recurrent CBD administration is possibly mediated by enhancing cell
proliferation/neurogenesis. This study supported the available evidence that suggests the capacity of
CBD to modify operant behaviors related to meth. The findings also indicated the contribution of the pro-
neurogenic effects of CBD to the recognition memory recovery. Overall, we provided some evidence about
the functional effects of adult hippocampal neurogenesis on the potential reinforcement of meth. Since
CBD can increase hippocampal neurogenesis, it can be proposed as an efficient tool to evaluate the
effect of recently-generated hippocampal neurons on the neurobiology of meth dependence.
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Figures

Figure 1

Schematic illustration of the experimental protocol. For the induction of chronic exposure METH or
vehicle, animals received METH/saline (2 mg/kg, twice/day) for 10 days. Thereafter, the effect of ICV
administration of CBD (50 μg/5 μl) or vehicle (DMSO) during the abstinence period (10-20 days). After
completion of procedures animals were sacrificed and hippocampus tissues were removed for
histological assays.

Figure 2

The effect of ICV administration of CBD on Ki67 positive cells in the hippocampal dentate gyrus in
chronic exposure METH rats. Immunofluorescence images of Ki67 (green), DAPI (blue) and Ki67 /DAPI
merged image in each group (a) Representative micrographs of immunofluorescence staining of Ki67 in
Naïve (Control), Saline, Sham, METH, DMSO and CBD groups. Scale bar=20μm. The percentage of (b)
Ki67 positive cells reported as the mean ± SEM. n = 4/group; the differences between groups were
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determined by ANOVA followed by Tukey test. ⁎⁎⁎P < .001 vs. the Naive group, ###P < .001 vs. the METH
group and +++ P < .001 vs. the Sham group

Figure 3

The effect of ICV administration of CBD on the protein expression of neurogenesis marker (DCX) in the
dentate gyrus in chronic exposure METH rats (a) Representative micrographs of immunofluorescence
staining of Doublecortin (DCX) in Naïve (Control), Saline, Sham, METH, DMSO and CBD groups. Cell
nuclei were counterstained with DAPI. Scale bar=20μm. Immunofluorescence images of DAPI (blue), DCX
(green) and D /DAPI merged image in each group The percentage of (b) Doublecortin (DCX) positive cells
reported as the mean ± SEM. n = 4/group; the differences between groups were determined by ANOVA
followed by Tukey test. ⁎⁎⁎P < .001 vs. the Naive group, ###P < .001 vs. the METH group, +++ P < .001 vs.
the Sham group and +P <0.05 vs. the DMSO group

Figure 4
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Quantitative analysis of NeuN positive cells on ICV administration of CBD in hippocampal dentate gyrus
of adult chronic exposure METH rats. (a) Representative micrographs of immunofluorescence staining of
NeuN in Naïve (Control), Saline, Sham, METH, DMSO and CBD groups. Scale bar=20μm.
Immunofluorescence images of DAPI (blue), NeuN (green) and NeuN /DAPI merged image in each group.
The percentage of (b) NeuN positive cells reported as the mean ± SEM. n = 4/group; the differences
between groups were determined by ANOVA followed by Tukey test. ⁎⁎⁎P < .001 vs. the Naive group, ++P <
.01 vs. the Sham group.

Figure 5

The effect of ICV administration of CBD on hippocampus neuron degeneration in the dentate gyrus in
chronic exposure METH rats. (a) Representative micrographs of nissl staining of neuronal cells in the DG
hippocampal subfield of the Naïve (Control), Saline, Sham, METH, DMSO and CBD groups, scale
bar=100μm. (b) The percentage of dark neurons in the hippocampus. Data are reported as the mean ±
SEM. n = 4/group; the differences between groups were determined by ANOVA followed by Tukey test.
⁎⁎⁎P < .001 vs. the Naïve group, and ###P < .001 vs. the METH group and +++ P < .001 vs. the Sham
group.


