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ABSTRACT

i . The second-most frequent neurodegenerative condition worldwide is Parkinson's disease. The goal
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' central nervous system, DMSO has been widely used in preclinical and clinical studies. In this
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DMSO treatment. DMSO effectively suppressed both inward and outward currents. Background
and evoked spike activities were recorded in the hippocampus of rats administered DMSO (1 ml/kg
i.p. for 3 weeks). Rotenone enhances TP and induces a milder TD effect, while DMSO also
enhances TP but induces a stronger TD effect. The analysis revealed inhibitory effects in the
hippocampus in response to high-frequency stimulation (HFS; 100 Hz for 1 s) of the ipsilateral
entorhinal cortex.

Keywords: Parkinson’s disease, DMSO,
Hippocampus, Rotenone

This is an open-access article distributed under the terms of the Creative Commons Attribution-
Non Commercial-Share Alike 4.0 License, which allows others to remix, tweak, and build upon the
work non commercially, as long as the author is credited and the new creations are licensed under
the identical terms.

To Cite This Article: Darbinyan L, Simonyan K, Manukyan L, Hambardzumyan L. Effects of Dimethyl Sulfoxide on
Hippocampal Activity in a Rotenone-Induced Rat Model of Parkinson’s Disease. Pharmacophore. 2023;14(5):18-24.
https://doi.org/10.51847/vaFvsv3scl

Introduction

The second most common age-related neurodegenerative illness is Parkinson's disease (PD). The animal model of Parkinson's
disease known as the rotenone rat model is well-known and has undergone significant research [1]. Detailed neuropathological
results in this paradigm show that rotenone promotes motor impairment without significantly destroying dopaminergic neurons
[2, 3]. As structural and functional abnormalities of this region have been seen in individuals with sporadic [4, 5] and hereditary
variants of the illness, the hippocampus is implicated in the memory difficulties seen in Parkinson's disease [4, 6]. Additionally,
behavioral alterations and memory problems are linked to hippocampal abnormalities [7, 8]. Drugs that are insoluble in water
are routinely dissolved in dimethyl sulfoxide (DMSO). As a solvent for different pharmacological drugs, it is often utilized in
both in vitro and in vivo neurology investigations [9]. The biological effects of DMSO, notably in neurology, have been the
subject of several investigations [10]. Na+, K+, and Ca2+ currents, for instance, are inhibited by DMSO [11]. In Aplysia
ganglion cells, acetylcholine, glutamate, and GABA all enhance membrane permeability, which is inhibited by DMSO [12].
Additionally, DMSO reduces the activation of NMDA receptors on hippocampal neurons and inhibits NMDA and AMPA
currents [9]. DMSO crosses the blood-brain barrier and is effective in treating traumatic cerebral edema by lowering
intracranial pressure and increasing cerebral blood flow without changing blood pressure [13]. This study's main objectives
were to measure the activity of hippocampal neurons in a rotenone model of Parkinson's disease and determine how DMSO
affected male rats following rotenone treatment.
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Materials and Methods

Animals

Ten 200-240 g-weight male Wistar rats served as the subjects for this investigation. Rats were housed in polycarbonate cages
with five rats per cage in a thermostatically controlled environment with 12 hours of light and 12 hours of darkness, a
temperature of 24 °C, and 45% relative humidity. During the whole trial, the rats' body weights were tracked.

The experimental procedures followed the guidelines outlined in the European Communities Council Directive (2010/63/UE)
and were approved by the Ethics Committee of the Yerevan State Medical University after Mkhitar Heratsi (Approval code:
N4 IRB APPROVAL, November 15, 2018).

Experimental Design

Tenrats were randomly allocated into 2 groups. Rotenone was administered subcutaneously to Group A (rotenone) every other
day for 21 days at a dosage of 2.5 mg/kg diluted in sunflower oil (Sigma-Aldrich). 1% DMSO (Sigma-Aldrich, St. Louis, MO,
USA; 1 ml/kg; i.p.) was administered to Group B (DMSO-treated) for 21 days (rotenone 3 weeks + DMSO 3 weeks).

In Vivo Extracellular Recording (Single-unit Recording)

All rats were terminated humanely after the 6-week research period using deep urethane anesthesia (1.1 g/kg, i.p.). Dithylinum
was used to immobilize the animals at 1% (25 mg/kg, i.p.). Rats that had been anesthetized and shaved were put in a stereotactic
frame and given artificial breathing. The rat brain atlas stereotaxic coordinates (AP — 3.2-3.5; L + 1.5-3.5; DV +2.8-4.0 mm)
were used to repeatedly insert a microelectrode filled with a 3 M KCI solution into the hippocampus in order to record
extracellular spike activity from hippocampal neurons [14]. Bipolar silver electrodes were used to provide rectangular current
impulses with a length of 0.05 ms and an amplitude of 0.6-0.8 mA to the contralateral entorhinal cortex (EC) during high-
frequency stimulation (HFS, 100 Hz for 1 sec) (Figure 1). The stereotaxic coordinates AP -9, L 3.5, and DV +4.0 mm were
used to place a stimulating electrode into the ipsilateral entorhinal cortex. According to our earlier investigations, the Student's
t-test and Mann-Whitney U test were used to examine the statistical significance of the heterogeneity of interspike intervals
(or spike frequencies) of the pre- and post-stimulus impulse flow [15].
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Figure 1. Structures of Rotenone and DMSO. Rat brain (hippocampus) in the stereotaxic coordinates of Paxinos and
Watson. The blue line indicates electrode placement.

Morphological Study (Nisslstaining)

The rats were euthanized 6 weeks after receiving rotenone and DMSO treatments, and their brains were then preserved in a
4% formalin solution in phosphate buffer at pH 7.4 following each electrophysiological experiment. Serially frozen slices of
the hippocampus underwent two phosphate buffer washes before being dyed for 30 minutes with a 0.5% cresy! violet acid
solution. The samples were then graded into ethanol solutions (70%, 95%, and 100%) and rinsed in distilled water. The slices
were then cleaned in xylene twice, for five minutes each. After that, the slices were covered with organic mounting media
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made of dibutyl phthalate, polystyrene, and xylene [16]. A digital camera and a light microscope were used to capture histology
pictures at the hippocampus level after drying. Using a rat brain atlas, histological preparations were examined [17].

Results and Discussion

Assessment of Expression of Excitatory and Inhibitory Responses of Hippocampal Neurons in Response to
Ipsilateralentorhinal Cortex HFS

The essential characteristics of these cells have been discussed in detail earlier [15], and extracellular recordings of
hippocampal neurons were utilized to explore the effects of rotenone and dimethyl sulfoxide (DMSO). Tetanic potentiation in
the hippocampus with TP was 2.65 times (MTT=39.69 / MBE = 14.96 spike/sec) during HFS (100 Hz for 1 s) in the rotenone
group (Figure 2a), and TP PTP responses were 1.96 times (MTT= 23.39 / MBE = 11.93 spike/sec).The TP responses are
significantly different between the rotenone and DMSO groups (p <0.05). Tetanic depression occurred during HFS at a rate of
4 times in neurons with TD PTD responses (MBE = 35.69 / MTT = 8.91 spike/s) and at a rate of 5 times in neurons with TD
responses (MBE =42.18 / TT = 8.42 spike/sec) in the DMSO group (Figure 2b).
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Figure 2. Effects of rotenone and DMSO on hippocampus neuronal activity. Examples of spike activity in a single
neuron include real-time impulse flow 20 s before (BE, before the event) and 20 s after stimulation (PE, post-event) (TP*
and TD* effects). Hippocampal neurons showing TP, TP PTP, TD, and TD PTD responses in real-time for 20 s before
HFS (M BE), 20 s after HFS (M PE), and during HFS (M HFS), were measured for their mean spike frequency.

Histological Study

We found that rotenone caused profound morphological changes in the hippocampal cells. Although neurons in the
hippocampus retained staining intensity after rotenone toxicity, they were wrinkled. The hippocampal cells exhibited irregular
staining [18]. The structure of the Nissl substance was disrupted. Some neurons showed signs of edema. There was a
redistribution of tigroids to the periphery of some neurons. Pyknosis of most neurons was observed in the rotenone group
(Figure 3). Pyknotic neurons are characterized by small size, well-defined oblong forms, and intense chromatophilic
substances (or Nissl bodies) in the cytoplasm. Their nuclei had a diffuse basophilic appearance, an elongated or triangular
form, and their nucleoli were almost invisible.

Figure 3. Nissl staining of hippocampal neurons in the rotenone group. Scale: A-C 100 pm.
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As shown in Figure 4, DMSO group neurons were characterized by round to oval nuclei. The chromatophilic substances of
these neurons were evenly distributed in the cytoplasm as lumps with light spaces. The presence of both hyperchromic and
hypochromic-stained cells characterizes the morphology of the hippocampus in the DMSO group. The processes are traced at
a short distance, cell contours are visible, and light nuclei can be observed in some neurons. In general, the state of nervous
tissue is characterized by varying degrees of functional activity due to the presence of hyperchromic neurons (Figure 4).
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Figure 4. Nissl staining of hippocampal neurons in DMSO-treated rats. Scale: A-C 100 um.
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In this study, we examined how three weeks of rotenone and DMSO treatment affected hippocampal neuronal activity and
neuronal response properties in rats. The toxic effects of rotenone on DMSO-treated hippocampal CAl and CA3 cells were
compared. We found that the DMSO group had fully developed neurons in the hippocampus, replete with nucleoli that were
easily visible, faintly colored cytoplasm, and orderly organization. The rotenone group, on the other hand, had notable cell
shrinkage, amorphous cell morphology, cell membrane shrinkage, pyknotic and darkly pigmented nuclei, loosely distributed
hippocampus cells, fewer pyramidal cells, and fewer Nissl bodies. Pyramidal cells and Nissl bodies in the hippocampus CA1
and CA3 areas of rats given rotenone therapy dramatically improved after DMSO treatment (Figures 3 and 4).

Based on these findings, it can be inferred that rotenone, an inhibitor of mitochondrial complex I, affects synaptic plasticity in
the hippocampus differently compared to the DMSO group. The rotenone group showed increased tetanic potentiation,
indicating enhanced synaptic strength and plasticity in response to high-frequency stimulation. This suggests that rotenone
may modulate the excitability of hippocampal neurons. The strength of the inhibitory responses to HFS in the DMSO group
was higher than in the rotenone group (Figure 2). Excitatory reactions to HFS were more mildly expressed in the DMSO
group than they were in the rotenone group. TD and TD PTD were expressed significantly in hippocampal neurons (65% and
30%, respectively). We concluded that an increase in inhibitory signaling following DMSO treatment counteracted the system
hyperexcitability caused by the toxic effects of rotenone. An imbalance between excitement and inhibition brought on by
synaptic alterations enables the body to adjust to new pathogenic situations. Because of the dynamic nature of the
excitation/inhibition balance, the circuit can work in a switch-like manner to amplify brief bursts of high-frequency activity
and send signals with place-field-like characteristics [19]. The two inputs have opposing plasticity: excitation promotes spike
integration, whereas feed-forward inhibition inhibits it [20]. Previously, using the same animal paradigm of rotenone-induced
Parkinson's disease, we found that hippocampal neurons exhibited a preponderance of excitatory activity during HFS of the
entorhinal cortex [21].

Due to its miscibility with water and capacity to promote membrane permeability, DMSO is an organic solvent that is employed
as a vehicle for the absorption of substances that are insoluble in water on their own [22]. DMSO's effects change based on
the cells, experiment type, and concentration. In cell cultures, DMSO has been shown to directly impact cell excitability by
changing Ca+2, K+, Na+, and CI- currents [23, 24]. NMDA and AMPA currents were repressed, and NMDA receptor
activation was reduced in cultured neurons by DMSO [9]. On the other hand, rat dorsal ganglionic neurons' GABA-induced
currents are inhibited by DMSO [24]. Ex vivo and in vivo investigations revealed a region-specific increase in spine density
in the hippocampus of APPSDL mice treated with DMSO. DMSO also has a noticeable impact on mice's behavior, enhancing
hippocampal-dependent spatial memory accuracy, regulating hippocampal-independent olfactory habituation, and having
anxiolytic effects [25]. DMSO has been shown to have behavioral effects in adult rats, including effects that may reflect
changes in cortical and/or hippocampal activity [26, 27].

A preferred neuroprotective agent is DMSO. In cases of severe brain damage, DMSO is an efficient neuroprotective drug
against secondary cell death [28]. Ex vivo and in vivo, DMSO administration led to a region-specific increase in spine density
in the hippocampus of APPSDL mice. Drugs that prevent aberrant Na+ influx into the brain cells exhibit considerable
neuroprotective action in animal models of brain ischemia/hypoxia. Additionally, a number of clinical trials are presently being
conducted to examine how this class of medications would affect cerebral ischemia [29, 30]. Since DMSO blocks Na+
channels, it explains why it has neuroprotective properties in brain cells after physical injury and ischemic stroke [31]. LTP in
the CAL region is altered by the pharmacological modulation of D1/D5 receptors [32]. This modulation correlates with
memory tasks [33], implying that the loss of dopamine innervation of the hippocampus leads to impaired LTP, contributing to
memory deficits in Parkinson’s disease. Furthermore, rotenone has been shown to inhibit the delayed rectifier K+ current [34]
while increasing the ATP-sensitive K+ current [35] and Ca2+-activated high-conductance K+ channels [36]. It has been shown
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to increase NMDA-induced currents in dopaminergic substantia nigra neurons [37, 38]. CAl neurons in the striatum and
hippocampal nucleus are extremely vulnerable to ischemia and metabolic stress [38, 39].

Surprisingly, inhibiting inhibitory GABAergic transmission is harmful, especially when there is a lack of energy, and positive
GABA modulation may be a possible neuroprotective tactic in clinical circumstances with high energy demands [39]. When
GABA (A) and GABA (B) receptors are co-activated, ischemia in vitro is protected against neurodegeneration. The
hippocampus is less vulnerable to rotenone's complex | inhibition than the striatum, according to earlier studies [40], but
mounting data supports our conclusion that the hippocampus is considerably toxic to rotenone [21]. A key component of the
brain responsible for many learning and memory processes is the hippocampus. Since the hippocampus is widely known to be
extremely susceptible to oxidative stress, mitochondrial products like ATP and ROS play a crucial role in hippocampal
synaptic transmission [41]. In mHippoE-18 (mouse hippocampus neurons), rotenone causes cell death [42]. Hippocampal LTP
was disrupted, and hippocampal-dependent memory was altered in a transgenic mouse model of -synuclein aggregation created
by expressing human -syn120 under the control of the tyrosine hydroxylase promoter [43]. Overall, these results indicate that
rotenone and DMSO can modulate synaptic plasticity in the hippocampus, but they have opposite effects on TP and TD
responses [44]. Rotenone enhances TP and induces a milder TD effect, while DMSO also enhances TP but induces a stronger
TD effect. These findings suggest that rotenone and DMSO may have differential impacts on the excitability and plasticity of
hippocampal neurons.

Conclusion

Last but not least, the rat rotenone model mirrored the pattern of functional impairments seen in Parkinson's disease in
hippocampus neurons, and DMSO changed neuronal excitability.
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