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Abstract
Based on data from our lab and others, the endocannabinoid system (ECBS) appears to be involved in
PD-related processes. Therefore, we compared the motor and non-motor effects of the cannabinoid
receptor type 1 (CB1R) WIN 55,212-2 (WIN) and selective antagonist (AM251), on motor and non-motor
symptoms (NMS) of PD in a mice model generated by an intracerebroventricular (i.c.v.) injection of 6-
hydroxydopamine (6-OHDA). To provide further knowledge about the link of CB1R with hyperpolarization-
activated current (Ih), we conducted ex vivo investigations in the ventral tegmental area (VTA). In the
current study, pharmacological blockage of CB1R ameliorated explorative behaviors, balance, muscle
strength, and passive avoidance memory de�cits induced by 6-OHDA, however, anxious, and depressive-
like behaviors were heightened. 6-OHDA exposure induced severe alterations in the spontaneous and
evoked �ring behavior of DA neurons as evidenced by a signi�cant increase in the mean number of
spikes and a decrease in half-width, respectively. Interestingly, an increase in the amplitude of the sag
voltage and in the amplitude of the steady state Ih currents was seen. WIN exacerbated 6-OHDA-induced
actions by further reducing the spike half-width and increasing the �ring frequency, as well as increasing
sEPSP amplitudes. The effects of 6-OHDA on sag voltage, Ih currents amplitude, and �ring frequency
were reversed by administration of AM251. These results suggest that ECBs might underlie some of the
6-OHDA-induced electrophysiological alterations in VTA DA neurons in this animal model of PD and
antagonist of this receptor could be effective in modulating the devastating effects of 6-OHDA.

Highlights
6-OHDA exposure induced severe alterations in �ring behavior of DA neurons

Blockage of CB1R ameliorated the motor and cognitive de�cits induced by 6-OHDA 

6-OHDA exposure increased VTA neurons excitability

6-OHDA induced alterations on Ih currents and �ring frequency reversed by AM251

1. Introduction
Parkinson's disease (PD) is the second most common progressive neurodegenerative disorder after
Alzheimer’s disease 1. PD is associated with profound 2 and includes akinesia, tremor, rigidity, and
postural instability. Besides motor symptoms, non-motor symptoms (NMS) such as cognitive problems
and depression are present and likely originate from changes occurring outside the nigrostriatal system.
Although NMS are key determinants for the quality of life 3, they remained undiagnosed in over 40% of
PD patients 4. The cause of PD is multifactorial but a role for the gradual loss of melanin-containing
nigral neurons in the basal ganglia (BG) leading to unusual dopamine (DA) transmission has been
established 5. A novel �nding proposes the aberrant tonic inhibition of the remaining DA neurons through
GABA release by reactive glia further promotes PD in animal models 6. There are several
pharmacotherapy options available for PD, including L-DOPA (levodopa) 7, and DA D2-receptor agonists 8,
but long-term use of these compounds is limited by the development of side effects, including abnormal
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involuntary movements (dyskinesia) 9. Regardless, DA-based therapies have a limited effect on cognitive
de�cits in PD 10,11 and development of more effective and tolerable treatments are imperative. As the
neurophysiological actions of endogenous cannabinoids are mediated mainly by one of the two known
cannabinoid receptors, the type 1 (CB1R), and the CB1R plays a role in activity of DA neurons 12,13, one of
the treatment options proposed in recent years is to exploit the endocannabinoid system (ECBs) with the
use of CB1R modulators 5.

The CB1R is by far the most common G-protein-coupled receptor and is highly concentrated in the BG 14–

16. However, the results of studies with various models of experimental PD that have examined the
effects of both agonists and antagonists of CB1R alone or as co-adjutants are controversial. Plant,
synthetic and endogenous cannabinoids have been reported to have inhibitory effects on motor activity
in both humans 17 and experimental animals 18. Numerous studies have shown that CB1R agonists and
CB1R modulators improve motor functions 19–21, however, a growing body of evidence from animal
models and human studies has shown that CB1R agonists have complex effects on cognitive functions
such as attention, learning, emotional reactivity, Improvement of sensory perception and impairment or
improvement of short term memory 22–25. In the passive avoidance learning (PAL) task, CB1R activation
reversed opioid-induced memory impairment 26 but this activation has been shown to affect PAL in other
reports 27,28. Several CB1R-mediated signaling pathways have been identi�ed, one of which is via the
hyperpolarization-activated cyclic nucleotide-gated (HCN1-4) channels that underlie the
hyperpolarization-activated current (Ih) 29.

Ih is a mixed cationic current carried by Na+ and K+ activated by hyperpolarizing voltage steps to
potentials that are more negative than the resting potential of cells 30. Ih currents play an important role
in controlling rhythmic activity in neural circuits 31,32, determination of the resting membrane potential
33,34, dendritic integration 35,36 and synaptic transmission 37,38. Evidence has linked CB1R-mediated long-
term potentiation (LTP) in the hippocampus to Ih 29. Because of their role, defective HCN channels are
natural candidates in the search for possible causes of neurological disorders in humans. HCN channels
are also present in the midbrain system, where they �nely regulate the activity of DA neurons. HCN2 and
HCN4 channels are strongly expressed in DA neurons of the midbrain, where they are involved in the
regulation of spontaneous network activity 39–42. Interestingly, a potential role for these channels in the
pathogenesis of PD has recently emerged 43.

As a �rst aim, the present study used a combination of molecular and behavioral approaches to
investigate the effect of the CB1R agonist, WIN 55,212-2 (WIN), and the antagonist, AM251 (AM) on
motor and NMS, in a mouse Parkinsonism model in which the DA midbrain neurons have been lesioned.
In a second aim, as activity of the midbrain DA neurons are critical in cognitive and depressive-like
behaviors, and activity of these cells has been shown to be controlled by CB1Rs and Ih, we investigated
the effects of 6-OHDA and the CB1R agonist and antagonists on Ih currents and sag voltage in midbrain
DA neurons in the ventral tegmental area (VTA).
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2. Results

2.1. Sucrose intake
Administration of 6-OHDA decreased (26%) sucrose intake as compared to the intake seen in the DMSO
group. However, administration of 3 different concentrations of WIN resulted in an increase of sucrose
intake (7.5 nmol: 10%, 750 nmol: 17%, and 75 µmol: 7%) while a relative reduction was observed in AM-
treated groups (20 nmol: 14%, 2µmol: 8%, and 200 µmol: 12%). The same pattern was repeated in the PD
group, treatment with WIN increased sucrose intake (7.5 nmol: %13, 750 nmol: %6, and 75 µmol: %7) and
AM decreased (20 nmol: %3, 2µmol: %7, and 200 µmol: %16) it in 6-OHDA-lesione mice during 3 days
compared to DMSO group.

2.2. 6-OHDA-induced tail suspension impairment was not
reversed by AM251
The TST is a preclinical test with good predictive validity that is widely used to detect antidepressant-like
activity 44, and the ability of a drug to reduce the time a mouse spends immobile has been used to de�ne
antidepressant-like activity. As expected, the 6-OHDA group showed a signi�cant increase in immobility
time compared to that seen in the DMSO (P < 0.05). However, the 6-OHDA+ WIN treatment group did not
exhibit a signi�cantly different immobile time when compared to that seen in the DMSO group. AM
administration in 6-OHDA-lesioned mice signi�cantly increased immobility time compared to that seen in
the DMSO group when similarly exposed to the CB1R antagonist (20 nmol, 2µmol: P < 0.005 and
200µmol: P < 0.001) (Fig. 2).

2.3. 6-OHDA-induced explorative de�ciency was reduced by
AM251
Several studies have reported that 6-OHDA induces an up-regulation of CB1R in the BG 45,46, which is
exacerbated when the DA injury is high. It has been shown that the CB1R displays a reduced pattern
during early-stage of PD 47. In our studies, the bilateral injections of 6-OHDA into the lateral ventricles
produced hypokinetic signs of PD at 1 week post-injection. Based on this, we surmise that our model
likely causes a moderate lesion, which mimics the �rst phases of motor disability of human PD, which
could be the phase most sensitive to effects of CB1R manipulation. Therefore, we investigated the effect
of different degrees of stimulation and blockade of CB1R on PD motor symptoms during this period.
Mice of the 6-OHDA and 6-OHDA + WIN groups exhibited a decrease in total distance moved (TDM) (P <
0.01), velocity (P < 0.001), and mobility (P < 0.05) when compared to values for these same parameters in
the DMSO group (Fig. 3A-C). A positive effect of the high concentration of AM (200µmol) upon TDM (P <
0.05), and velocity (P < 0.01) was noted in the PD group. When comparisons were conducted between
groups for measures of rearing frequency, grooming frequency, and time spent in the central zone which
is used to evaluate anxiety like behavior, the 6-OHDA and 6-OHDA + AM (200µmol) groups spent less time
in the central zone compared to the DMSO group (P < 0.01, Fig. 3D). 6-OHDA + WIN, (7.5µmol) resulted in
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a decrease in rearing frequency compared to WIN administration in the DMSO group (P < 0.05, Fig. 3E).
Pretreatment with CB1R agonist/antagonist had no effects on grooming frequency as compared to the
other groups (Fig. 3F).

2.4. 6-OHDA-induced balance and muscle strength
disturbances were ameliorated by AM251
Recorded across three sequential trials, 6-OHDA (p < 0.001) and 6-OHDA + WIN (p < 0.001) treated
animals showed a decrease in time of falling as compared to the DMSO groups in the wire and rotarod
test. Interestingly, mice treated with the CB1R selective antagonist exhibited an increased duration on the
wire and rod at all concentrations utilized (20 nmol P < 0.05, 2 µmol P < 0.01, 200 µmol: P < 0.001) in
comparison to the 6-OHDA treated group (Fig. 4A, B).

2.5. 6-OHDA-induced impairment of performance in the
passive avoidance test was partially reversed by AM251
Shock number in WIN groups (750nmol, 75µmol) increased compare to control in the PAL task (P < 0.001,
Fig. 5A). In the retention trials, which were performed 24h later, the STL of 6-OHDA treated mice exposed
to different concentrations of WIN (7.5 nmol P < 0.05, 750 nmol P < 0.01, 75µmol P < 0.001, Fig. 5B) were
signi�cantly shorter than that seen in DMSO animals. Comparison of TDC values also showed a
signi�cant increase in 6-OHDA+WIN groups (750 nmol P < 0.001, 75µmol: P < 0.001, Fig. 5C) compared to
DMSO. AM251 decreased shock number (P < 0.01) and TDC (P < 0.05) consistent with raising STL (20
nmol P < 0.01, 2 and 200 µmol P < 0.05) compared to 6-OHDA group. The greater number of shocks
required for learning in the 6-OHDA mice treated with the CB1R agonist suggested de�cits in learning.
However, the learning de�cits were signi�cantly compensated by a low dose of AM251.

2.6 6-OHDA injection reduced TH activity and TAC; AM251
reversed the effect on TH but not TAC
As shown in �gure 6, 6-OHDA treated mice exhibited a signi�cantly lower level of TH activity (pg/ml) in
the midbrain, when compared to that seen in the DMSO group (P<0.01). The exposure of DA VTA neurons
to the cannabinoid antagonist, AM251, was effective in reducing the 6-OHDA-induced TH activity de�cit
as treatment with AM (200µmol) was not associated with a signi�cant decrease in TH activity following
6-OHDA lesion. As expected, 6-OHDA exposure triggered oxidative stress as indicated by a signi�cant
reduction of total antioxidant capacity (TAC). However, there was no statistically signi�cant difference
between WIN and the AM treated groups regarding TAC (pg/ml) in the midbrain.

2.7. CB1R agonist/antagonists had no effect on the passive
membrane properties of VTA neurons
There were no statistical differences seen between the treatment groups of membrane passive properties
(rest membrane potential (RMP), axis resistance (Ra) or membrane capacitance (Cm) of VTA DA neurons
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indicating that exposure to 6-OHDA whether in the presence or absence of cannabinoid agonist or
antagonist had an effect on these parameters (Fig. 7A- C).

2.8 Ih currents, sag voltage and spontaneous activity are
increased in VTA 6-OHDA exposed and WIN-exposed
neurons
In CB1R agonist/antagonist and 6-OHDA-exposed slices, a total of 59 VTA neurons were recorded, of
which 36 (61%) were putatively DA containing based on the well-established criteria of presence of Ih
elicited by negative current or voltage steps. Of the recorded neurons, 44.4% were spontaneously active.
Presence of Ih was evaluated by I-V (current versus voltage) curves (Figs. 8 and 9A, B), and elicitation of a
‘sag’ voltage in response to negative current injection and cells positive for Ih were included in the
electrophysiological analysis. In total, 59 cells were examined and 36 cells showed electrophysiological
properties of DA cells. The passive and active properties of 6 cells were examined for each group.

Analysis of I-V curves in voltage clamp mode (Fig. 8) showed that the amplitude of Ih currents were
signi�cantly greater in 6-OHDA and 6-OHDA+WIN (2 µM) treatments compared to control as measured at
120 and 130 mV (p < 0.05) as well as at 140 mV (p < 0.001). Ih currents activated by hyperpolarizing
potentials and our data showed an increased in amplitude of Ih currents close to 1000 pA in 6-OHDA and
6-OHDA+WIN groups compared to control.

Ih currents play an important role in generating a sag voltage, which is a return to a more depolarized
state following a hyperpolarization su�cient to activate Ih (Fig. 9A and B). To determine the effects of
modulation of CB1R on Ih currents in normal and 6-OHDA treated slices, we studied the sag voltage. 6-
OHDA was associated with a signi�cant increase (P < 0.001) in the sag voltage after the application of
hyperpolarizing current pulses (-100 pA and -500 pA). 6-OHDA alone and in combination with WIN
increased sag voltage at -100 pA (P < 0.001) compared to control. In 6-OHDA treated slices, AM
administration resulted in a reduction in the amount of sag voltage at -100 pA (P < 0.001) and -500 pA (P
< 0.005) when compared to the voltage seen with 6-OHDA alone.

DA neurons from 6-OHDA-exposed mice in the presence of a hyperpolarizing conditioning pulse displayed
a signi�cant increase in the number of rebound action potentials and a reduction in the �rst spike latency
at both -100 pA and -500 pA (P < 0.05) (Fig. 9C-F). An increased rebound �ring rate and a decreased spike
latency were observed in DA neurons in the 6-OHDA group, suggesting that Ih is actively involved in the
generation of the spontaneous pacemaker activity (Fig. 9C, D). Presence of Ih currents confer
spontaneous pacemaker activity (Fig. 10A-C). DA neurons in 6-OHDA-exposed slices and WIN exposed
slices demonstrated higher spontaneous �ring frequency (P < 0.05, Fig. 10A), consistent with the
observed smaller half-widths when compared to these same parameters in the control neurons (P < 0.05,
Fig. 10B). Although 6-OHDA and the CB1R agonist altered the �ring frequency and action potential half-
width, they did not affect the regularity of DA neurons �ring as the interspike intervals were unchanged
(Fig. 10C).
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For further evaluation of neuronal excitability associated with CB1R agonist/antagonist exposure, input
resistance (Fig. 11A) which was calculated from the change in membrane potential evoked by
hyperpolarizing current steps, rheobase (Fig. 11B) which is the current required to bring the membrane
potential to threshold to �re action potentials, and the �ring threshold were measured in response to a
depolarizing current ramp from 0 to 1000 pA lasting 1000 ms. VTA DA neurons in 6-OHDA-exposed cells
and WIN-exposed cells showed a reduced resistance and a lower rheobase suggestive of a heightened
excitability (Fig. 11). 6-OHDA+ AM251 cells showed lower rheobase compare to AM251cells.

The effects of CB1R agonist/antagonist on spontaneous excitatory synaptic activity in DA neurons of
exposed to 6-OHDA is illustrated in (Fig. 12). The amplitude of sEPSCs in the DA neurons of the both 6-
OHDA (P < 0.01) and 6-OHDA+ WIN (P < 0.001) was increased which represented a signi�cant difference
(Fig. 12A) however, inter event intervals of sEPSCs did not show a signi�cant difference.

3. Discussion
Our behavioral assessments con�rmed a positive effect of the highest examined concentration of AM251
(200µmol) upon explorative, balance and muscle strength in PD mice however, 6-OHDA- induced
depression and anxiety were intensi�ed by exposure to AM251. 6-OHDA was associated with impaired
learning as evaluated by the PAL task and exposure to WIN exacerbated this impairment. However,
strikingly, pharmacological inhibition of CB1R activity abolished 6-OHDA-induced PAL de�cit. In vivo
exposure to 6-OHDA also induced severe changes in the spontaneous and evoked �ring behavior of DA
neurons, which was demonstrated by a signi�cant increase in the mean number of spikes and a decrease
in the half-width. Interestingly, an increase in the amplitude of the sag voltage and the amplitude of the
steady-state Ih currents were observed. Consistent with an effect in increasing Ih, WIN exacerbated the 6-
OHDA-induced effects by further reducing the spike half-width and increasing the ignition frequency, as
well as increasing the sEPSP amplitudes. The effects of 6-OHDA on the sag voltage, the amplitude of the
Ih currents and the ignition frequency were reversed by the administration of AM251.

Various animal models have been developed to study the mechanistic underpinnings of PD, and potential
therapeutic intervention for this disease. The 6-OHDA animal model in which DA midbrain neurons are
lesioned has been widely accepted to study the mechanisms of PD and effectiveness of treatments. 6-
OHDA is neurotoxic to DA neurons through mechanisms involving auto-oxidation and increase
in�ammation biomarkers eventually leads to motor and non-motor impairments such as cognitive
de�cits like those observed in patients with PD 48–53.

CB1Rs are densely distributed in areas of the brain related to motor control, cognition, emotional
responses, motivated behavior, and homeostasis, suggesting a de�nitive role in these processes 54. In
agreement with this, CB1Rs have been shown to play a pivotal role in the control of movement and
pathogenesis of some movement disorders such as PD by modulating GABA, glutamate, DA and other
neurotransmitters throughout the BG. Additionally, dysfunctional HCN channels which mediates Ih
currents have been suggested to be involved in different experimental models of PD 55,56, and evidence
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for a potentially relevant role of Ih currents in the pathogenesis of PD has grown considerably 43. Our
study has attempted to clarify a link between Ih and CB1R in an animal model of PD.

Our results also con�rmed that microinjection of 6-OHDA into lateral ventricles produced motor and
cognitive de�cits in mice that were observed by behavioral assessments. In the open �eld test, 6-OHDA
decreased TDM, velocity and mobile duration. Moreover, when the time spent in the different areas of the
apparatus was assessed, 6-OHDA treatment caused a decrease in time spent in the center and a
corresponding increase in time spent in the perimeter suggesting that, irrespective of direct effects of 6-
OHDA upon motor function, treatment was anxiogenic in mice.

Interestingly, while CB1R agonist ameliorated 6-OHDA-induced de�cits in TDM, velocity and mobile
duration, it had no effect on anxiogenic effects. Our data are in accordance with previous studies as it
has been shown that CB1R antagonist/inverse agonist SR141716A (rimonabant) and AM251 in different
PD models (6-OHDA and reserpine-treated rats and MPTP-lesioned marmosets) improve motor
performances 57–60. Moreover, a main non-motor symptom of PD is cognitive decline that predisposes
the majority of patients to progression into dementia 61. Our results also showed that PLA had
deteriorated in the mice with 6-OHDA-induced PD and treatment with augmentative dosages of WIN
deteriorated PAL while it can compensate by AM251. The data presented here demonstrated that 6-OHDA
implication increased depressive-like behavior in tail suspension test in mice, which was reduced by WIN.

Because of key regulatory role of TH in the biosynthesis of catecholamines, it is associated with the
pathogenesis of several neurological and psychiatric diseases, including PD. We measured TH activity to
ensure the destruction of DA neurons and observed that 6-OHDA caused a dramatic reduction in the TH
activity similar to that found by other authors 62,63 concurrent with TAC reduction. In our study, AM251
was found to inhibit 6-OHDA-induced reductions in TH activity; however, there was no statistically
signi�cant difference between the AM251 treatment groups regarding TAC level (pg/ml) in the midbrain.
It appears that inhibiting the reactive oxygen species (ROS) is not the way AM251 is working; moreover,
our result did not reveal alteration in TAC level following administration of CB1R agonist.

The VTA contains a popular (70 percent) of DA cells 64 and the projection elds of these neurons seem to
reach the prefrontal cortex and limbic 65, and it is under tonic inhibitory control from the nucleus
accumbens (NAc) and ventral pallidum. Medium spiny neurons from the NAc which release GABA, project
to the VTA where they can affect GABAergic projection neurons or DA neurons 66. DA neurons in VTA
express Ih currents mediated by HCN channels that have been shown to play a signi�cant role in
maintaining membrane potential within the range necessary for the control of neuronal excitability. Based
on the cellular distribution and structures of the HCN channels, they may in uence neuronal activity. Ih
currents have been revealed to mediate excitability in DA neurons and thus can powerfully in uence the
neuronal activity 67 and blockade of these channels causes a reduction in the neuronal output.

The results showed an over-excitability of VTA-DA neurons in 6-OHDA-treated slices and a plausible role
for Ih currents. Meurers et al. (2019) reported an upregulation of HCN3 in the 6-OHDA model of PD, which
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was accompanied by an improved rebound excitability of the BG output neurons 68. HCN3 upregulation
has been proposed as a new candidate mechanism leading to in vivo changes in electrical activity in BG
output neurons of the Parkinsonian brain. The heightened excitability of VTA-DA neurons could be due to
increases in Ih currents through HCN channels 69. In the current study, 6-OHDA induced robust alterations
in the electrophysiological properties of DA-VTA neurons.

In addition, 6-OHDA exposed VTA-DA neurons treated with WIN also exhibited hyperexcitability when
compared to electrophysiological recordings conducted in control cells. WIN exposure also caused an
increase in inward recti�cation after hyperpolarization, as evidenced by a signi�cant increase in sag
voltage, suggesting that the Ih currents underlying inward recti�cation were caused by 6-OHDA and CB1R
agonist exposure could be changed. The results of several studies showed that cannabinoids can
activate an inwardly rectifying K+ current 70,71, whereas Schweitzer (2000) reported that cannabinoid
agonists did not affect the inwardly rectifying cationic Ih currents in the hippocampal CA1 neurons 72.

In contrast to our results, Huang et al., reported loss of HCN1 expression in HCN1-null mice and
abolishment of Ih lead to enhanced cortical excitability and epileptogenesis. In addition, lack of this
channel increased the dendritic input resistance in cortical neurons, which lead to greater synaptic
integration, and ring 73. Also, inconsistent with our suggestion, genetic and pharmacological animal
models of PD have revealed a progressive downregulation of HCN channel activity following DA neuronal
loss, without channel protein expression alteration 55. Interestingly, pacemaking activity and reduced
burst spiking were restored via delivery of HCN subunits, but motor impairment induced by DA depletion
was not reversed 56. Computational modeling of globus pallidus (GP) activity supported a role of HCN
channel downregulation in PD 74. Masi et al. showed that MPP+ (a potent Parkinsonizing agent) leads to
a dose-dependent reduction of spontaneous activity of Ih in substantia nigra pars compacta (SNc) DA
neurons, characterized by an increased responsiveness toward synaptic excitation 43.

However, �ndings of VTA-DA neurons activity in the present study demonstrated a reduction in excitability
threshold and higher levels of spontaneous �ring with CB1R agonist exposure. The electrical activity of
DA cells is essential in regulating the synthesis and release of DA and 6-OHDA exposure-induced
alterations in the electrical activity of DA neurons could contribute to altered DA function. In the current
study, we also found an increase in spontaneous �ring frequency and a decrease in rheobase; both imply
a neural hyperexcitability. In this work, our results showed that after the induction of CB1R activation,
both the steady state Ih currents amplitudes and sag voltage were increased, implying a hyperexcitability
state in VTA-DA neurons. The sEPSC results suggest that presynaptic alterations in glutamate-releasing
neurons which terminate on VTA-DA neurons might also play a role in CB1R-associated hyperexcitability
and blocking of them might modulate these alterations. These changes might be due to alterations in
neural inputs from other neurons, though they must be assessed in the future studies. Additional studies
for blocking the Ih currents prior to the motor and depressive-like behavior tests might also demonstrate
the role of Ih currents in observed alterations.
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Because adult DA neurons do not express CB1R75, it is possible that WIN may have interacted with
inhibitory inputs to the VTA-DA neurons. This claim is further veri�ed by studies reporting that CB1Rs are
located mostly on pre-synaptic terminals of GABAergic neurons in the VTA 76, amygdala 77, hippocampus
78, and in the pars reticulata of substantia nigra 79 where they exert inhibitory effects on neurotransmitter
release. This indirect inhibition of GABA afferents may clarify the excitatory pro le detected in VTA
neurons observed in the present study.

The role of Ih currents in neural excitability could also explain the overexcitability of VTA-DA neurons and
thus offer an opportunity to manipulate them in future studies to determine the effect on locomotor and
depressive-like behavior. This increase in excitability observed in DA neurons in this model may be a
compensatory mechanism in the remaining neurons that can lead to excitotoxicity. With increasing
exposure to 6-OHDA and 6-OHDA + WIN, the number of living neurons decreased.

The changes in 6-OHDA and 6-OHDA + WIN were aimed at increasing the Ih current and excitability.
Therefore, this increase in excitability may be partially caused an increase in Ih currents, since one study
found that 6-OHDA ampli�ed Ih currents 80. Consistent with the hypothesis that changes in VTA-DA
transmission have a role in WIN-associated. In the behavioral results, we found that VTA-DA neurons in
WIN-preserved mice showed overexcitability, as evidenced by the signi�cant increase in ring frequency
and the need for a lower current to trigger an action potential. WIN-associated changes in excitability were
accompanied by signi�cant increases in Ih �ow amplitude and rebound action potentials and a decrease
in the action potential half-width and �rst spike latency. Another reason for the difference in results
observed from previous studies may be related to different types of HCN channels. In addition, one of the
reasons for the differences in our results may be related to the area of   study, so the studies that showed a
decrease in Ih were in the GP and the SNc while our focus was on VTA.

In conclusion, the present study demonstrated that CB1R antagonist improves locomotor and memory
impairment in the mice 6-OHDA model of PD. However, no changes were seen in antioxidant levels of the
Parkinsonism mice treated with antagonist/agonist cannabinoids, despite a decrease in the 6-OHDA
group. Considering that current therapy for PD just relieves motor symptoms, we suggest that CB1R
modulators may serve as an adjunct therapy for the alleviation of memory de�cits in patients with PD.
Taken together, �ndings from the electrophysiological evaluations demonstrated that 6-OHDA and
exposure to CB1R agonist resulted in heightened excitability of VTA DA neurons, which could be due in
part to increases in Ih currents mediated by HCN channels. Further understanding of the mechanisms by
which CB1R activation alters VTA DA neuron excitability may help to postulate therapeutic targets for
interventions to reduce negative behavioral outcomes in PD.

4. Materials And Method

4.1. Animals
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In the present study we used a mouse model of PD consisted of bilateral injections of 6-OHDA into the
lateral ventricles. Male Swiss mice (weighing 25–35g) were purchased from the Kerman University of
Medical Sciences and were housed with controlled photoperiod (lights on: 07:00–19:00 h), at 22±1°C
with food and water available. The Kerman University of Medical Sciences Ethic Committee
(IR.KMU.REC.1398.012) approved all the procedures. Animals were habituated to the housing conditions
for 2 weeks before the experiments and were handled daily, in order to make them amenable to
behavioral testing (Fig. 1). Male mice (n= 9/group) were divided into �fteen groups: control (which did not
have surgery and received no injection), sham (underwent surgery and received vehicle (DMSO)),
cannabinoid agonist (WIN; 7.5 nmol 81, 750 nmol, and 75 µmol/mouse), cannabinoid antagonist (AM; 20
nmol 81, 2µmol, and 200 µmol/mouse), 6OHDA (40 µg in 2 µl saline containing 0.05% ascorbic acid (to
avoid oxidation) 82, 6-OHDA+ cannabinoid agonist and 6-OHDA+ cannabinoid antagonist.

4.2. Surgery and Microinjection
Desipramine (25 mg/kg) was intraperitoneally administered 30 min before injection of 6-OHDA
(hydrochloride salt; Sigma, USA), to block noradrenaline reuptake. Mice were anesthetized (ketamine 90
mg/kg + xylazine 10 mg/kg, i.p.) and a stainless steel guide cannula was implanted stereotaxically into
the cerebral ventricles at the following coordinates: AP=−0.3 mm, ML=±1.0 mm and DV=−2.5 mm relative
to the bregma 83. 6-OHDA, or the same volume of the vehicle (for sham), was injected into the cerebral
ventricles of each mouse 82. Cannulas were attached to the cranium by dental acrylic cement. After the
surgery, animals were allowed 1 week of recovery to modify neurochemical levels, similar or close to
DMSO-operated animals. After 1 week recovery and the appearance of negative symptom of
Parkinsonism namely the reduction of motor activity, WIN (; Sigma, St. Louis, MO, USA) and AM (; Sigma,
St. Louis, MO, USA) were injected into the cerebral ventricles for three consecutive days. Drugs were
administered via guide cannula (22-gauge) using injection needle (27-gauge) connected by a
polyethylene tube to a 1µl Hamilton micro syringe. The injection needle was inserted 1 mm beyond the tip
of the guide cannula. The volume injected was 1.5µl/side with the infusion rate 1µl/min, and then the
needle was left in place for 3 min before being slowly withdrawn. This avoids the occurrence of re�ux and
of a rapid increase in intracranial pressure. 24h after last i.c.v. injection, behavioral testes were assessed.
In this lesion model attempted to partial DA denervation of the striatum with a retrograde degeneration of
DA cell bodies in the substantia nigra and the mesolimbic DA pathway, closely approximates the
neuronal degeneration observed in human idiopathic Parkinson's disease.

5. Behavioral Assessments

5.1. Depressive-like behavior

5.1.1. Sucrose preference test
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The anhedonia that occurs in depression is calculated by the sucrose preference test. To perform this
test, two containers, one containing water and the other containing 2% sucrose, were used. To reduce the
stress response to the new conditions, the mice were allowed to freely choose between two bottles for
drinking 24 hours before the test. During 3 days of the test, mice were free to choose one of the bottles
(water or sucrose solution) to drink. During this period, the water container and sucrose were changed
every 12 hours to prevent the possibility of errors in the test. The bottles were weighed at the beginning
and end of period to calculate their consumption, and at the end of the third day, the ratio of sucrose to
total consumption is measured. Depressed mice are less prone to sucrose 84.

5.1.2. Tail suspension test (TST)
Anhedonia and reduced motivation are core symptoms of depression. Anhedonia is known by an inability
to experience pleasure and motivation. Both functions are mediated by over-lapping mesolimbic-striatal-
cortical circuitry by activation of DA neurons in the VTA for processing and anticipating rewards 85,86. In
the case of the tail suspension test (TST) the stressful situation involves the haemodynamic stress of
being hung to measure the tendency to despair. In this method, the mouse is hung in a box from the tail.
Usually, after being hung, healthy mice start trying and paddling to escape and overcome their upset
situation for at least 10 minutes. Mice under inescapable stress of being suspended become immobile;
the duration of immobility is registered. Immobility is the relevant measure of behavioral despair. They
will have some effort and consequently immobility while depressed animals will try less to escape the
suspension and as a result, it will be immobile, so they will stop trying after about 2 to 4 minutes. During
the experiment, which is 6 minutes, the immobility of the mouse was recorded 44.

5.2. Motor behavior

5.2.1. Open �eld test
Alterations of anxiety and exploratory of animals were evaluated by allowing mice to freely explore an
open �eld arena for 5 min. The testing apparatus was a classic open �eld (i.e., a polyvinyl chloride square
arena, 50×50 cm, with walls 40 cm high), surmounted by a video camera connected to a computer.
Parameters such as time-spent locomotion, distance traveled, rearing (standing on hind legs) and
grooming (licking, scratching, and face washing) were measured in 5 minutes. Total distance moved
(TDM, cm); total duration mobility (s) and velocity (cm/s) were recorded for each mouse. At the end of
each trial, the arena was cleaned with a 70% ethylic alcohol 87.

5.2.2. Rotarod test
To test the motor coordination and balance skills we used accelerating rotarod. All animals were pre
trained 24 h before the test. Then, at the beginning of the test, mice were placed on the horizontal plastic
rod rotating at an initial speed of 5 rpm, and the rotational velocity of the rod was linearly to 30 rpm. For
each mouse, 3 trials with 300-s cut off was performed by 5 min interatrial interval and the average of
staying time on the rod in 3 trials was calculated 24.
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5.2.3. Wire grip or grasping test
This test is done to assessment muscle strength and balance. Each mouse was hung vertically with its
front legs on a horizontal steel wire 80 cm long and 7 mm in diameter. The length of time that mouse can
hold itself was recorded in 3 trials, and between each trial, the animal was given 5 min rest and the falling
latency was recorded with a stop watch for each mouse 88.

5.3. Cognitive behavior

5.3.1. Passive avoidance learning (PAL)
PAL task is a fear-aggravated test used to evaluate associative learning and memory in rodents. PAL was
measured as the last behavioral test and evaluated through use of a shuttle box. The shuttle box
apparatus consisted of a light and a dark compartment, connected by a guillotine door. In the training
session, animals were individually placed in the light compartment for one minute. After that, the door
was opened and the mouse was allowed to move into the preferred dark chamber. At that point, the door
was closed, and a 0.5 mA foot electric shock was delivered through the grid �oor for three seconds. After
30 min, the same test was conducted again, and if the mice did not enter the dark chamber by 300 s, the
successful acquisition of passive avoidance response was recorded (shock number) and the number of
allowable shocks was 5. In the retention trials, each mouse was placed into the light compartment.
Measures of the step-through latency (STL) de�ned as the time to enter the dark compartment and the
time in the dark compartment (TDC) were utilized as indices of memory performance with a cut off time
of 300-s 89.

6. Brain Tissue Separation
Animals were sacri�ced immediately after their last behavioral assessment. Sacri�ce was done by rapid
and careful decapitation, and their brains were rapidly removed and were stored in liquid nitrogen and
refrigerated at −80°C for evaluation of the degree of tyrosine hydroxylase (TH) activity and total
antioxidant capacity (TAC).

7. Biochemical Assay

7.1. Assay of tyrosine hydroxylase (TH) activity in the brain
tissue
Tyrosine hydroxylase (TH) is a marker for DA activity and the lesion of midbrain DA neurons induced by
6-OHDA was evaluated via analyzing the magnitude of TH, a rate-limiting enzyme for DA synthesis and
an indicator of DA depletion 90. Since midbrain neurons �bers reach the striatum and constitute the
nigrostriatal DA system, it is markedly affected by exposure to 6-OHDA lesion. TH activity was assessed
according to the manufacturer’s instructions. First 10 mg midbrain tissue was weighted and
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homogenized with a speci�c proportion of hydrolyzing solution and then centrifuged (12000rpm for 10
min). The 50 µl supernatant and 50 µl standard solution transferred to the ELISA plate with a
multichannel pipette and were placed in a 96-well tissue culture plate on ice then 50 µl conjugate solution
was added to them. The contents were incubated for 45 min in the room temperature after that the plate
was washed �ve times. The amount of 100 µl of substrate was supplied to all the wells and after 10 min
incubation in the room temperature. Finally, 50 µl of stop solution was added to stop the reaction, which
will then turn the solution yellow. Absorbance was read at 540 nm using microplate reader and �nal
values were calculated from protein standard curves. The intensity of the color directly proportional to the
TH concentration. Protein standard curves were prepared and standard curve was blotted relating the
intensity of the color (optical density =OD) to the concentration of standard. The TH concentration in
each sample was interpreted from this standard curve. Finally, TH concentration was presented based on
pg/ml.

7.2. Assay of total antioxidant capacity (TAC) in the brain
tissue
Total Antioxidant Capacity (TAC) was rated according to the manufacturer's instructions using (Kiazist,
Iran). In the CUPRAC method 91, copper (Cu + 2) is reduced to copper (Cu + 1) in the presence of
antioxidants and produces color in the presence of chromogen. This color is absorbed at 450 nm. The
oxidation of ferrous ions to ferric ions, which are correlated to the number of oxidant species at acidic pH,
was used to assess the TOS in the brain homogenate. The iron (III) ion content was determined by xylenol
orange.

8. Whole-cell Patch Clamp Recording (Wcr)
The effects of the CB1R agonist/antagonist on the electrophysiological properties of VTA DA neurons
were evaluated by whole cell patch clamp in VTA brain slices of male mice (3 weeks). Animals were
decapitated under diethyl ether anesthesia and brains were removed quickly. A block of the brain
containing the VTA was incubated in ice-cold arti cial cerebrospinal uid (ACSF) containing (in mM) 124
NaCl, 25 NaHCO3, 10 D-glucose, 4.4 KCl, 2 MgCl2, 1.25 NaH2PO4 and 2 CaCl2, which was bubbled with
95% O2–5% CO2 (pH 7.4 ± 0.05 and osmolarity was adjusted to 300 ± 10 mOsm). The brain was then
blocked in a coronal plane and sectioned at an interval of 250 µm thicknesses on a Vibroslicer (Campden
Instrument, NVSLM1, Sarasota, FL, USA). The VTA area was visible in the fresh tissue as a gray region
separated from the substantia nigra by white matter and located medial to the darker substantia nigra.
Slices containing the VTA were incubated at 34 ± 2°C for 30 min and then stored at room temperature.
The VTA slices were continuously superfused at 2 ml/min with ACSF. Whole cell patch clamp recordings
in current clamp and voltage clamp modes were conducted from DA neurons which were identi ed by
well-established criteria de ned below using a Multiclamp 700B ampli er (Axon Instruments) and signals
were digitized by a Digidata 1440 A/D converter (Axon Instruments). Electrophysiological records were
sampled at 10 kHz and ltered at 20 kHz, as described previously 25. Patch pipettes had a resistance of
4–10 MΩ when lled with internal solution containing (in mM) 140 potassium gluconate, 5 KCl, 10
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HEPES, 2 MgCl2, 0.2 EGTA, 2 Na2ATP and 0.4 Na2GTP. The pH and the osmolarity of the internal solution
were adjusted to 7.3 (by KOH) and 295 ± mOsm, respectively. VTA neurons were visualized with a 60×
water immersion objective using Nomarski-type differential interference contrast (DIC) imaging with
infrared illumination. After establishment of giga seal, brief suction was applied to break through the cell
membrane for establishment of the whole cell con�guration. Cells with a seal < 1 GΩ before rupture of
the membrane were discarded and the test seal function was constantly employed and monitored
throughout the recording to ensure that the seal was stable.

DA neurons can be distinguished from non-DA neurons by their electrophysiological characteristics. Only
those neurons that were anatomically located within the VTA, and that conformed to the criteria for DA
neurons (including slow spontaneous �ring rate and presence of Ih currents) were studied. Putative VTA
DA neurons were recognized by a prominent voltage sag caused by the hyperpolarization (−0.3 nA)
activated cation current (Ih) in current-clamp mode and the presence of Ih in voltage clamp mode. Sag
voltage in response to hyperpolarizing current pulses (100–500pA amplitude) was calculated as the peak
voltage de�ection divided by the amplitude of steady state voltage de�ection using the following
formula:

Sag voltage = Vpeak − Vsteady state

The number of action potentials generated in a rebound following negative current injection and the spike
latency of the rst action potential were measured. In spontaneously ring neurons, action potential
parameters including action potential half-width, action potential frequency and interspike interval were
measured, as described previously 92. To examine the effect of CB1R agonist/antagonist on Ih in VTA DA
neurons, I-V activation curves were obtained in voltage clamp mode using 520 ms hyperpolarizing steps
(50 to 140 mV; increment of 10 mV). The amplitude of Ih at each hyperpolarizing step was obtained by
subtracting the instantaneous current amplitude from the steady-state current amplitude.

9. Drug Application
Drugs were applied in ACSF from a separate reservoir (also gassed with carbogen, 33–34 oC) to the
recording chamber. 6-OHDA (hydrochloride salt; Sigma, USA) was dissolved in deionized water as a х100
stock solution containing 0.4% ascorbic acid. VTA DA cells exposed to ACSF (control ) or 1 mM 6-OHDA
(at least 20 min) 93 and WIN and AM were added to the bath in (2 µM) concentration 94.

10. Statistical Analysis
Statistical analysis and image production were performed using Graph Pad Prism (Graph Pad Software
version 8, USA). Values are presented as the mean ± standard error. An unpaired Student t-test was used
to compare behavioral results between control and mock groups. Normally distributed data were
compared by two-way ANOVA and Tukey post hoc analysis was used for multiple comparisons between
other groups. P <0.05 was considered statistically signi�cant between groups.
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Abbreviations
PD: Parkinson’s disease, DA: Dopamine/ Dopaminergic, 6-OHDA: 6-hydroxydopamine, SNc: Substantia
nigra pars compacta, SNr: Substantia nigra pars reticulata, ECBs: Endocannabinoid system, CB1R:
Cannabinoid 1 receptor, BG: Basal ganglia, NMS: Non-motor symptoms, VTA: Ventral tegmental area,
HCN: Hyperpolarization-activated cyclic nucleotide-gated channels, Ih: Hyperpolarization-activated
current 
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Figures

Figure 1

Behavioral experimental design
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Figure 2

Behavioral despair evaluation of control, sham (DMSO) and 6-OHDA-treated mice in the tail suspension
test. In these subsequent behavioral �gures, an unpaired Student’s t-test was used for comparisons of
behavioral results between control and DMSO groups and there were no signi�cant differences (panel A).
A two-way ANOVA was used for comparisons of behavioral results between the DMSO and 6-OHDA
treated animals who were treated with varying concentrations of CB1R agonist and antagonist (panel B).
Results are shown as mean ± SEM (n=9). *P < 0.05, **P < 0.005, ***P < 0.001 versus DMSO.
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Figure 3

Characterization of exploratory activity and anxiety-related behaviors of control, DMSO and 6-OHDA
treated mice in the open �eld test, 24 h after last injection. Results are shown as mean ± SEM (n=9). *P <
0.05, **P < 0.01, ***P < 0.001versus DMSO DMSO; #P < 0.05, ##P < 0.01, ###P < 0.001 versus 6-OHDA.
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Figure 4

Motor coordination and balance function of healthy and PD mice in wire grip (A) and rotarod (B), 24h
after last injection. Results are shown as mean ± SEM (n=9). *P < 0.05, **P < 0.005, ***P < 0.001 versus
DMSO; #P < 0.05, ##P < 0.01, ###P < 0.001 versus 6-OHDA.
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Figure 5

Passive avoidance memory analysis in control, DMSO and 6-OHDA-treated mice, 24 h after the last
injection of the CB1R agonist/antagonist. Results are shown as mean ± SEM (n=9). *P < 0.05, **P < 0.01,
***P < 0.001versus DMSO; #P < 0.05, ##P < 0.01, ###P < 0.001 versus 6-OHDA.
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Figure 6

ELISA evaluated TH activity and TAC level in healthy and PD mice. Results are shown as mean ± SEM
(n=9). *P < 0.05, **P < 0.01, ***P < 0.001 versus DMSO.
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Figure 7

No signi�cant differences were observed in passive properties (RMP, Ra and Cm) of VTA DA neurons
following exposure to CB1R agonist/antagonist and 6-OHDA. 
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Figure 8

Changes in electrophysiological properties of VTA DA neurons of midbrain slices treated with CB1R
agonist/antagonist and 6-OHDA. 6-OHDA alone and in combination with CB1R agonist resulted in an
increase in the Ih currents at negative voltages of 120, 130 and 140 mV compared to control. The data
are expressed as mean ± SEM. *(P < 0.05), and*** (P < 0.001) represent the significant difference with the
DMSO group.
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Figure 9

Electrophysiological properties of VTA DA neurons in slices exposed to CB1R agonist/antagonist in
control and 6-OHDA treated slices. Sag voltage, rebound action potential firing, and first spike latency
alternations in response to two fixed amplitude (−0.1 and 0.5 nA) injections of negative current are
shown. Representative traces of sag voltage recorded from control and CB1R agonist/antagonist are
depicted. The data are expressed as mean ± SEM. *(P < 0.05) and represent a significant difference with
the control (DMSO) group, and (P < 0.05), represent a significant difference with the WIN treated group. #
(P < 0.05), represents the significant difference versus AM.
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Figure 10

The effect of CB1R agonist/antagonist on the spontaneous firing properties of VTA DA neurons in control
and 6-OHDA treated slices (A-C). Electrophysiological properties including, action potential frequency (A),
action potential half-width (B) and interspike interval (C). The data are expressed as mean ± SEM. *(P <
0.05), represent the significant difference with the control (DMSO) group.

Figure 11
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Rin and rheobase [the amount of current required to elicit an action potential] in response to ramp
injected currents decreased in 6-OHDA and WIN groups. The data are expressed as mean ± SEM. *(P <
0.05), represent the significant difference with the control (DMSO), and х (P < 0.05), represent the
significant difference with the WIN group.

Figure 12

Representative the mean amplitude (A) and inter event interval (B) of sEPSCs in voltage clamp mode.
Amplitude of sEPSCs is enhanced in both 6-OHDA and 6-OHDA+WIN groups. The data are expressed as
mean ± SEM. ** (P < 0.01) and *** (P < 0.001) represent the significant difference with the control
(DMSO) group.


