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Abstract: A reduced dendritic complexity, especially in regions such as the hippocampus and the
prefrontal cortex, has been linked to the pathophysiology of some neuropsychiatric disorders, in
which synaptic plasticity and functions such as emotional and cognitive processing are compromised.
For this reason, the identification of new therapeutic strategies would be enriched by the search
for metabolites that promote structural plasticity. The present study evaluated the dendritogenic
potential of the ethanol extract of Lippia alba, an aromatic plant rich in flavonoids and terpenes,
which has been widely used in traditional medicine for its presumed analgesic, anxiolytic, and
antidepressant potential. An in vitro model of rat cortical neurons was used to determine the kinetics
of the plant’s effect at different time intervals. Changes in morphological parameters of the neurons
were determined, as well as the dendritic complexity, by Sholl analysis. The extract promotes the
outgrowth of dendritic branching in a rapid and sustained fashion, without being cytotoxic to the
cells. We found that this effect could be mediated by the phosphatidylinositol 3-kinase pathway,
which is involved in mechanisms of neuronal plasticity, differentiation, and survival. The evidence
presented in this study provides a basis for further research that, through in vivo models, can delve
into the plant’s therapeutic potential.

Keywords: structural plasticity; dendritic complexity; neurotrophins; PI3Ks; MAPKs; flavonoids;
terpenes; Lippia alba; neuropsychiatric disorders

1. Introduction

Dendritic arborization is a relevant morphological factor that influences the identity
and number of presynaptic stimuli that neurons can integrate, thus affecting their overall
functionality [1]. Changes in dendritic complexity are decisive for neuronal plasticity
dynamics in the central nervous system [2,3]. Accordingly, it has been suggested that
irregularities in the formation of spines and dendritic branches, which are the basis of
the postsynaptic excitatory machinery, are related to the pathophysiology of multiple
neuropsychiatric disorders [4,5]. Specifically, morphological abnormalities of the dendritic
tree have been identified in conditions such as autism spectrum disorder, Alzheimer’s
disease, schizophrenia, Down syndrome, fragile X syndrome, and Rett syndrome [6,7].
Likewise, considering that dendritic complexity is susceptible to responding to intrinsic
and extrinsic factors, such as trauma or stress, it has been related to cognitive and mood
disorders, including anxiety and major depression [8,9]. In this regard, chronic stress
has been reported to induce neuro-histological changes, especially in regions such as the
hippocampus and prefrontal cortex, significantly reducing dendritic arborization and, thus,
affecting the glutamatergic neurotransmission system [8,10].
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Such changes in synaptic plasticity, which imply irregularities in emotional processing
and impairment of cognitive functions [11,12], could emerge because of disruptions in
the expression of neurotrophins, such as the brain-derived neurotrophic factor (BDNF),
whose activation cascades regulate neuronal survival processes and signal transduction [13].
BDNF is involved in the signaling pathways of mitogen-activated protein kinases (MAPKSs)
and phosphatidylinositol 3-kinases (PI3Ks), which play a crucial role in both neuronal
survival and outgrowth of dendrites [13,14]. It has been suggested that these signaling
pathways form an intracellular network for the modulation of neuroplasticity, suggesting
that their disruption might be involved in the development of different psychiatric and
neurodegenerative disorders [15,16]. The identification of components that have the po-
tential to promote neuronal survival and increase dendritic complexity, particularly at the
prefrontal cortex, would represent a real advance in the development of effective treatments
for a broad spectrum of neuropsychiatric and neurodegenerative conditions [17,18].

These compounds that enhance cortical plasticity, called psychoplastogens [19-21],
include natural metabolites very promising for treating some mood disorders. This is the
case of psilocybin (precursor of psilocin, 4-hydroxy-dimethyltryptamine), a hallucinogenic
alkaloid naturally synthesized by some species of mushrooms of the Psilocybe genus [22].
Several recent studies have shown this secondary metabolite’s great potential for treating a
wide spectrum of mood disorders, including treatment-resistant depression [19,20,23-25].
Likewise, there is experimental evidence for the dendritogenic effect of the alkaloid [21], as
well as for its few side effects [26], and it has been well established that it does not imply
a risk of addiction [27,28]. However, although in several countries the legal restrictions
of using this type of psychotropic substances for research purposes have been gradually
relaxed [29], they remain a significant limitation in other regions (such as Colombia). This
situation, added to the growing interest in identifying new components that can exert
effects like those of classic psychedelics without being hallucinogenic, encourages the
exploration of other natural metabolites.

The present study determined the dendritogenic potential of the ethanol extract from
Lippia alba leaves. This is an aromatic plant (Verbenaceae) of wide distribution that has
been used in traditional medicine in different regions of Latin America, to which analgesic,
anxiolytic, and antidepressant properties are attributed [30,31]. Its effects, and those of
other species of the same genus, have been evaluated, especially in animal models and in
in vitro conditions, and have positioned this type of plant as a biological resource worthy
of exploration in a therapeutical context.

2. Results
2.1. Analysis of Secondary Metabolites in Lippia alba Leaves Extract

The phytochemical analysis qualitatively determined different types of secondary
metabolites present in Lippia alba. The results showed the presence of flavonoids, phenolic
compounds, and tannins in the ethanolic extract of leaves. Steroid-type compounds,
coumarins, and alkaloids were not detected (Table 1).

Table 1. Preliminary phytochemical analysis of the extract of Lippia alba leaves.

Metabolite Family Chemical Test Positive Control Observation
Steroids Vanillin-H»SOy4 Lupeol Negative
Flavonoids Shinoda Kaempferol Positive
Phenolic compounds FeClz 1% Tannic acid Positive
Coumarins Fluorescence + NaOH Coumarin Negative
Alkaloids Dragendorff Theobromine Negative
Tannins Lead acetate 10% Gallic acid Positive

Through HPTLC screening, the chromatographic profile of the Lippia alba extract
was determined and compared with the respective standards for flavonoids, steroids,
phenolic compounds, alkaloids, and coumarins. Although some types of compounds
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were not reported for the leaves of this species, some preliminary tests were carried out to
determine the possible presence of coumarins and alkaloids. The presence of flavonoids was
confirmed by the characteristic fluorescent bands of different colors when derivatization
was performed with the natural products reagent (NP) and observed at a wavelength
of 366 nm. The UPLC-DAD analysis allowed for the confirmation of the presence of
most compounds, mainly corresponding to flavonoids, to be determined, considering the
two absorption bands of band A at 240 to 285 nm and band B at 300 to 560 nm (Figure 1).
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Figure 1. Chromatographic characterization of the Lippia alba extract. (a) HPTLC was used to visualize
flavonoids, silica gel F254 plates were used with a mobile phase of chloroform:methanol (90:10), and
detection was performed using natural reagent (NP) and UV light at 366 nm, Kaempferol was used as
the standard; (b) UPLC chromatograms for the ethanolic extract of Lippia alba leaves at 274 and 364 nm.

2.2. Lippia alba Extract Increases the Dendritic Complexity of Cortical Neurons

The evaluation of the kinetics of the effect of Lippia alba extract (0.01 ng/mL) on the
structural plasticity of cortical neurons showed significant morphological changes in the
treated neurons at different time intervals (3 h, 6 h, 12 h, and 24 h) compared to the control
(untreated neurons, both DIV6 and DIV7) and with the vehicle (DMSO at 0.2%). This
effect was reflected in an increased value for several morphological parameters, such as
the total length of dendrites [F (6, 388) = 23.38, p < 0.0001], the number of branching points
[F (6, 378) = 28.16, p < 0.0001], the number of branches [F (6, 393) = 3.079, p = 0.0059], and
the dendritic complexity [F (6, 390) = 19.87, p < 0.0001]. The difference was most noticeable
6 h after the application of the extract (Figure 2). Specifically, the one-way ANOVA (95%
CI) showed that the neurons treated with the extract during this time interval differed
significantly from controls and the vehicle in the number of branch points, their complexity,
and the total length of the dendrites (p < 0.0001).

Sholl analysis revealed that the Lippia alba extract increased the number of intersections
and dendritic complexity in all time intervals, with a more noticeable effect at 6 h (Figure 3).
The increase in dendritic complexity was observed in both the proximal (5 to 60 um of the
soma) and distal (61 to 75 um of the soma) levels, although in the latter case, the effect was
only evident for the neurons treated for 6 h. The two-way ANOVA (95% CI) showed that
the dendritogenic effect was induced at 3 h and maintained during the 24 h treatment with
the Lippia alba extract (p < 0.0001) and that there was a significant interaction (p < 0.0001)
between the time intervals of treatment and the distance from the soma.
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Figure 2. Effect of Lippia alba leaf extract on the morphology of cortical neurons. The quantification
of changes in the morphological parameters of neurons was performed with the WIS-Neuromath
software. (a) Total length of dendrites; (b) number of branching points; (c) number of branches;
(d) dendritic complexity. Control_DIV6: untreated DIV6 control neurons; Control_DIV7: untreated
DIV7 control neurons; vehicle: neurons treated with DMSO (0.2%); L. Extract: neurons treated with
extract of Lippia alba leaves during specific time intervals (3 h, 6 h, 12 h, 24 h). % Indicates that the
specific treatment condition differed significantly from Control_DIV6 and Control_DIV7. ** p < 0.01,
***p <0.001, **** p < 0.0001, compared to controls or the vehicle.
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Figure 3. Lippia alba extract increased dendritic arborization on cortical neurons. The quantification
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of changes in the morphological parameters of neurons was performed with Sholl analysis.
(a) Images obtained from neurons representative of each condition, (b) increased dendritic com-
plexity of neurons treated with the extract vs. controls (horizontal lines denote regions in which
treatments significantly increased dendritic complexity compared to controls), (c) area under the
curve (AUC) of Sholl analysis. Control_DIV6: untreated DIV6 control neurons, Control_DIV7: un-
treated DIV7 control neurons; Vehicle: neurons treated with DMSO (0.2%); L. Extract: neurons
treated with extract of Lippia alba leaves during specific time intervals (3h, 6 h, 12 h, 24 h). * p < 0.05,
#** p < 0.0001, compared to controls or the vehicle.

2.3. Specific Inhibitors of ERK1/ERK2 and AKT Do Not Affect the Viability of Neurons after 6 h
of Treatment

It was necessary to determine whether LY294002 and PD98059 inhibitors affected
the viability of the neurons after 6 h of treatment, given that, at this time, the increase in
dendritic complexity was induced by the plant extract both at the proximal and distal levels.
The MTT reduction viability assay results showed that neither inhibitor decreased neuron
viability by more than 10% (Figure 4).
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Figure 4. Effect of specific ERK1/ERK2 and AKT inhibitors on the viability of cortical neurons. Con-
trol_DIV6: untreated DIV6 control neurons; Vehicle: neurons treated with DMSO (0.2%); LY294002:
neurons treated with AKT inhibitor—10 uM; PD98059: neurons treated with ERK1/ERK2 inhibitor
—10 pM. Cell viability was calculated as the absorbance ratio of the neurons treated with each
inhibitor/absorbance of the control neurons. * p < 0.05, compared to the control or the vehicle.

2.4. PI3K Pathway Is Involved in the Dendritogenic Effect of Lippia alba Extract on
Cortical Neurons

To determine whether the dendritogenic effect induced by the Lippia alba extract
would be mediated by the signaling pathways of MAPKSs and/or PI3Ks, the neurons were
pretreated with the specific inhibitor for 1 h and then cotreated with a mixture of the
inhibitor (10 uM) + extract (0.01 ug/mL) for 6 h. The one-way ANOVA (95% CI) followed
by Tukey’s test showed that the neurons pretreated with PD98059-10 uM inhibitor and then
cotreated with the Lippia alba extract continued to exhibit changes, compared to controls
and the vehicle, in morphological variables, such as the total length of dendrites (p = 0.0267)
and the number of branching points (p = 0.0464). In contrast, there were no significant
changes from controls or the vehicle in those cells that received the extract after being
pretreated with LY294002-10 mM (Figure 5) for parameters such as the number of branches
(p = 0.3913), the total length of dendrites (p = 0.9931), the number of branching points
(p = 0.9084), or the branching complexity (p > 0.9999).
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Figure 5. Effect of specific ERK1/ERK2 and AKT inhibitors on the morphology of cortical neurons.
The quantification of changes in the morphological parameters of neurons was performed with the
WIS-Neuromath software. (a) Total length of dendrites; (b) number of branching points; (¢) number of
branches; (d) dendritic complexity. Control_DIV6: untreated DIV6 control neurons; Vehicle: neurons
treated with DMSO (0.2%); PD98059: neurons treated with ERK1/ERK2 inhibitor —10 uM; LY294002:
neurons treated with AKT inhibitor —10 pM; L. Extract_6 h: neurons treated with extract of Lippia alba
leaves for 6 h; PD98059 + L. Extract_6 h: neurons pretreated for 1 h with the ERK1/ERK2 inhibitor
and then treated with a mix of inhibitor + L. Extract for 6 h; LY294002 + L. Extract_6 h: neurons
pretreated for 1 h with the AKT inhibitor and then treated with a mix of inhibitor + L. extract for 6 h.
Black bars and asterisks indicate significant differences from the control; the blue bars and asterisks
indicate significant differences from the cells treated with the extract alone. * p < 0.05, ** p < 0.01,
***p < 0.001, *** p < 0.0001, compared to the control or the vehicle.

The one-way ANOVA (CI 95%) performed for the results of the AUC from Sholl
analysis showed that the neurons co-treated with the PD98059 inhibitor + Lippia alba extract
did not differ in dendritic complexity from the neurons treated only with the plant extract
(p = 0.9315). However, co-treatment with LY294002 inhibitor + Lippia alba extract reduced
the dendritic complexity of the neurons compared to the treatment with the plant extract
alone (p < 0.0001). These results suggest that the PI3K pathway would be involved in the
dendritogenic effect of Lippia alba extract on cortical neurons (Figure 6).
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Figure 6. The PI3K pathway is involved in the dendritogenic effect of Lippia alba extract on cortical
neurons. The quantification of changes in the morphological parameters of neurons was performed
with Sholl analysis. (a) Images obtained from neurons representative of each condition, (b) increased
dendritic complexity of neurons treated only with extract of Lippia alba and those treated with a mix of
LY294002 inhibitor and L. Extract, (c) area under the curve (AUC) from Sholl analysis. Control_DIV6:
untreated DIV6 control neurons; Vehicle: neurons treated with DMSO (0.2%); PD98059: neurons
treated with ERK1/ERK2 inhibitor 10 uM; LY294002: neurons treated with AKT inhibitor 10 uM;
L. Extract_6 h: neurons treated with extract of Lippia alba leaves for 6 h; PD98059 + L. Extract_6 h:
neurons pretreated for 1 h with the ERK1/ERK?2 inhibitor and then treated with a mix of inhibitor
+ L. Extract for 6 h; LY294002 + L. Extract_6 h: neurons pretreated for 1 h with the AKT inhibitor
and then treated with a mix of inhibitor + L. extract for 6 h. Black lines and asterisks denote regions
where treatments significantly increased dendritic complexity compared to controls; blue lines and
asterisks denote regions where pretreatment with LY294002 inhibitor reduced dendritic complexity
compared to neurons treated with the extract alone, * p < 0.05, ** p < 0.01, **** p < 0.0001, compared to
the control or the vehicle.

3. Discussion

An altered dendritic arborization has been linked to neurodevelopmental disorders,
cognitive impairment conditions, and stress-related psychopathologies [4,6]. Specifically,
reduced dendritic complexity in the hippocampus and prefrontal cortex affects neural plas-
ticity in circuits implicated in memory consolidation and emotional processing [5,32-34]. It
has even been reported that some genetic variants associated with neuropathologies code
for essential proteins for postsynaptic excitatory activity [5], for which dendritic branching
is essential [35]. In this scenario, it has been suggested that molecules that promote dendri-
togenesis could be considered therapeutic alternatives for neuropsychiatric disorders [36].
Some classic psychedelics (including psilocybin) are effective psychoplastogens [23,37].
However, in some countries, the possibility of research with such substances (which has
been widely stigmatized) has motivated the exploration of non-hallucinogenic analogs [21].

This study provides evidence of the ability of the ethanol extract from Lippia alba
(Miller) leaves to promote structural plasticity in an in vitro model of rat cortical neurons.
This aromatic plant, commonly known as “soon relief”, has been widely used in traditional
medicine for treating multiple physical ailments and mood disorders [38,39]. In a mouse
model of depression induced by corticosterone, it was found that the extract of a plant of
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the same genus—Lippia sidoides—reversed the symptoms of anhedonia in the animals and
its effect was comparable to that produced by the antidepressant fluoxetine [40]. Other
studies have focused on evaluating this plant’s antinociceptive, anti-inflammatory, and
sedative effects [31,39,41]. The present research found that the extract produces rapid (from
3 h) and sustained (up to 24 h) changes in the morphology of cortical neurons and increases
dendritic arborization, even at a low concentration of 0.01 pg/mL. This finding would
suggest the plant’s therapeutic potential, considering its role as a psychoplastogen.

Although the chemical composition of essential oils and plant extracts of the genus
Lippia is variable, high levels of terpenoids and phenylpropanoids have been reported
for its species and would be responsible for their multiple effects on the central nervous
system [39]. For Lippia alba, the main components are citral, thymol, myrcene, carvone,
and limonene [42,43]. Different flavonoids have also been found in all chemotypes of
Lippia, including catechin, apigenin, luteolin, rutin, quercetin, and naringenin [44,45]. The
pharmacological properties of both terpenoids and flavonoids have been well documented,
and many of them are even found in different types of drugs [46-48]. The citral terpenoid,
for example, would be essential for the sedative, antinociceptive, and anticonvulsant
properties of the plant, acting on the GABAergic system and blocking different ion channels
in neuronal membranes [49,50].

The dendritogenic effect reported here could be related to the presence of flavonoids
in the extract. These polyphenolic compounds, known to stimulate neurogenesis in the
hippocampus [51] or reduce oxidative stress in the brain [52], can activate signaling path-
ways that control synaptic plasticity [53]. Some flavonoids can alter the phosphorylation
status of extracellular signal-regulated kinases (ERK1/ERK?2) and protein-kinases B (AKT),
activating MAPK and PI3K signaling pathways, respectively [54]. The activation of these
two pathways impacts the CREB (cAMP response element) transcription factor, which has
binding sites in promoter regions of multiple genes associated with neuronal differenti-
ation, survival, and plasticity [13]. Other flavonoids, such as dihydroxyflavone (present
in Lippia sidoides), would act as direct agonists of tropomyosin B kinase receptors (TrkB),
which are specific to some neurotrophins, such as BDNF [55]. Phosphorylation of TrkB
receptors, both pre-and postsynaptically, activates MAPK and PI3K pathways [56]. Other
polyphenols enhance BDFN expression in both in vitro and in vivo models [55].

These findings on flavonoid properties are consistent with the dendritogenic potential
reported in this study and would confirm that a neurotrophin-mediated mechanism would
be responsible for such an effect. Even so, it is essential to note that our results suggest that
the PI3K pathway, and not the MAPK, is involved in increasing dendritic complexity. These
results are consistent with a study that reported that the effect of BDNF on neurite growth
in ganglion neurons of the cochlea would be mediated by the PI3K/AKT pathway and
not by MEK/ERK [57]. Similarly, another study concluded that atorvastatin potentiates
the growth of neurites in cortical neurons through the phosphorylation of AKT [58]. It
has also been shown that the activation of PI3K underlies the increase in the complexity
of the dendritic tree in an in vitro model of hippocampal neurons [59]. This evidence
emphasizes the role of protein kinases in regulating dendritic growth and, therefore, in
structural plasticity [60]. They also show that the independent and joint action mechanisms
of the MAPK and PI3K pathways are complex; therefore, evaluating their activation in
other tissues and contexts of chronic or acute exposure to treatment would be necessary.

The present study highlights the relevance of traditional medicine by offering evidence
of the ability of Lippia alba extract to act as a promoting agent of dendritogenesis, a desirable
effect in the clinical context for treating some psychiatric disorders. Further studies of
in vivo models, considering the acute and chronic effects of the extract, will be crucial to
assess the behavioral implications of the plant’s morphological changes and determine its
therapeutic potential.
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4. Materials and Methods
4.1. Plant Material and Extract Preparation

Leaves of Lippia alba (Mill.) N.E.Br. ex Britton and P.Wilson were collected in Tolima,
Colombia (GPS 4°55'0” N, 74°53'0” W) and identified by Néstor Garcia at the Herbarium
of Pontificia Universidad Javeriana (HPU]J), and were deposited with voucher specimen
number HPUJ-30554. The collection was performed under the permit of the Contract
for Access to Genetic Resources and Derived Products (Contract No. 212/RGE 0287-6)
granted by the Ministry of the Environment and Sustainable Development to the Pontificia
Universidad Javeriana (PUJ) and the Colombia Cientifica/GAT Program. The plant material
was dried in an oven with circulating air at 35 °C, for 96 h, followed by grinding in a blade
mill. The dried and ground plant material was extracted via percolation with 96% ethanol
in a 1:10 (w/v) ratio at room temperature, protected from light, in 4 cycles of 24 h each with
solvent changes. The extracts from the different cycles were combined and concentrated and
the ethanol residues were fully removed under reduced pressure via rotary evaporation at a
temperature of 35 °C. They were then stored at room temperature in labeled amber bottles.

4.2. Chemical Composition Analysis

The chemical composition analysis was carried out following the methodology imple-
mented by Sanabria [61]. This analysis included various chemical tests performed in test
tubes to qualitatively determine the presence of several groups of secondary metabolites,
such as steroids, flavonoids, phenolic compounds, coumarins, alkaloids, and tannins. For
each group of metabolites, the corresponding standards (lupeol, kaempferol, tannic acid,
coumarin, theobromine, and gallic acid) were used to compare the results and determine
each test’s positive or negative presence.

The HPTLC analysis was performed using a CAMAG® system consisting of an au-
tosampler (ATS 4), a developer (ADC), a derivatized (DV), a development chamber, a
visualization chamber, and VisionCATS software (v. 3.0). For the extract, a 10 puL solution
at a concentration of 10 mg/mL in EtOH was applied as a band on Merck® HPTLC Silica
gel 60 F254 plates (20 x 10 cm), which were eluted with different solvent systems based on
the metabolite group observed in the previous assay. The developer used for flavonoids
was NP-PEG Natural Reagent.

The UPLC analysis was performed using an Acquity H Class UPLC Waters® sys-
tem equipped with an Acquity photodiode array detector (PDA), quaternary pump, de-
gasser, and autosampler. Empower® 3 software was used to process the data. We used
a Phenomenex® Kinetex EVO C18 column (100 x 2.1 mm, 2.6 um, 100 A) at 30 °C. The
elution gradient was achieved using 0.1% formic acid in water (solvent A) and acetonitrile
(solvent B) as follows: 0 to 3 min, 3% B; 3 to 30 min, 3 to 97% B; 30 to 32 min, 97% B;
32 to 35 min, 97 to 3% B; and 35 to 40 min, 3% B, with a run flow rate of 400 uL/min and an
injection volume of 2 pL.. We detected the samples at 274 nm and 364 nm.

4.3. Animals

Embryonic day 18 (E18) Wistar rats were provided by the Unidad de Biologia Com-
parativa (UBC) of the Pontificia Universidad Javeriana, where authorized personnel with
due training performed the euthanasia procedure within a carbon dioxide chamber.

4.4. Primary Culture of Cortical Neurons

Primary cortical cultures were established from the tissue of Wistar rat embryos from
day 18 (E18). The day before, poly-D-lysine (PDL, Sigma-Aldrich, St. Louis, MI, USA),
diluted in deionized water (ddH;0), was added to the plates of 96 or 24 wells (according
to the protocol). Next, all plates were washed with PBS 1X and ddH,O and properly dried.
The embryos were extracted by cesarean section once the pregnant rat was euthanized in a
carbon dioxide (CO,) chamber. Brain extractions and cortex isolation were performed cold
on Petri dishes with Hank’s solution (HBSS, Lonza). For tissue dissociation, a previously
standardized protocol was followed [62], and subsequently, the cell count was performed
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in a Neubauer chamber. For cytotoxicity assays, cell suspensions were seeded in plates
of 96 wells at a concentration of ~3.5 x 10* cells/well; for the evaluation of the effect of
extract and/or inhibitors on dendritic complexity ~1.5 x 10* cells/well were seeded in
plates of 24 wells (with 18 mm object covers). The neurons were kept incubated (37 °C
and 5% COy,) for five days in vitro (DIV) in Neurobasal medium (Gibco) supplemented
with 2% B-27 (Gibco) and 0.25% GlutaMax. The respective treatments to the neurons (with
Lippia alba extract and/or inhibitors) were initiated during DIV6.

4.5. Effect of Lippia alba Extract and Specific Inhibitors on the Dendritic Complexity of
Cortical Neurons

This experimental protocol was established considering previous results obtained
by our research group, which discarded the cytotoxic effect of the Lippia alba extract
at concentrations of 0.01, 0.03, 0.1, 0.3, and 1.0 ug/mL. The previous results also have
shown that the dendritogenic effect of the extract was more potent at the concentrations of
0.01 and 0.1 pg/mL [63].

4.5.1. Treatment with Lippia alba Extract and/or Specific Inhibitors

A stock solution of Lippia alba (1 mg/mL) was prepared after dissolving it in dimethyl
sulfoxide (DMSO), and working dilutions were obtained, ensuring that the final concen-
tration of DMSO was <0.2%. To evaluate the kinetics of the dendritogenic effect induced
by the Lippia alba extract, the supplemental medium was removed from DIV6 neurons
and replaced by a mixture of the extract (0.01 ng/mL) and renewed Neurobasal medium.
Medium controls (wells to which only Neurobasal was added) and vehicle controls (wells
to which a mixture of medium + DMSO at 0.2% were added) were used. The treatment
effect was assessed for four time intervals (3 h, 6 h, 12 h, and 24 h). In the protocol to
explore the possible involvement of the PI3K and/or MAPK signaling pathways in the
dendritogenic effect of the extract, neurons were pretreated for 1 h with specific inhibitors
of AKT (LY294002-10 uM) or ERK1/ERK2 (PD98059-10 uM), respectively, and then co-
treated with a mixture of the inhibitor (10 pM) + Lippia alba extract (0.01 pg/mL) for 6 h.
After the respective time intervals of each treatment (both for the kinetics and inhibition
protocols), the cells were washed with PBS 1X, and immunocytochemistry was performed.
For all experiments, at least four technical replicates (wells/treatment) and two biological
replicates (different cell cultures) were performed.

The viability of neurons treated with the inhibitors PD98059 10 uM and LY294002-10
uM (diluted in 0.2% DMSO) was determined at DIV6 by estimating the metabolic activity
by reducing MTT—3-(4,5-Bromide dimethylthiazol-2-yl)-2,5-diphenyltetrazolium [64]. Ab-
sorbance at 555 nm was determined using a microplate reader (FLUOstar Omega-BMG
Labtech, NC, USA). These results were compared with those of two populations of control
neurons (some to which only Neurobasal medium and others to which medium + 0.2%
DMSO was added). The percentage of cell viability was determined as the ratio between the
absorbance of neurons treated with each inhibitor and the absorbance of control neurons.

4.5.2. Immunohistochemistry

This assay was performed by detecting microtubule-associated protein (MAP2), an
optimal marker of dendrites in neuronal cultures [65]. It was established to identify changes
produced by the plant extract on dendritic complexity at different time intervals and to
determine whether these differed when pretreated with ERK1/ERK2 and AKT inhibitors.
After the respective treatment and washing with PBS 1X, the cells were fixed by exposing
them to 2% paraformaldehyde (diluted in PBS 0.1 M, pH 7.4) for 10 min. Subsequently,
they were permeabilized with Triton X-100 at 0.3% (5 min) and blocked with bovine
serum albumin (2% BSA diluted in TBS) for 1 h and then incubated with the primary
antibody (anti-MAP2 1:5000) overnight at 4 °C. After this time, the cells were rewashed
with PBS 1X and incubated with the secondary antibody (Alexa Fluor, 1:1000) for 1 h at
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room temperature. Finally, the covers were fixed on slide sheets using ProLong Diamond
Antifade (Thermo Scientific, Waltham, MA, USA).

4.5.3. Imaging and Processing

Images of cells previously fixed and labeled for MAP2 were obtained by epifluo-
rescence microscopy (Zeiss AxioScope Al) through Zen software (v. lite 2.1), with a
40x objective. The resulting images (in czi format) were processed in Fiji [66] to obtain
the 8-bit version in high-resolution format (.tiff). The quantification of changes in the
morphological parameters of neurons was performed with the WIS-Neuromath software
(v. 3.4.8) [67]. The dendritic complexity of the cells under each treatment was assessed
through Sholl’s analysis, a widely used tool for quantifying dendritic arborization under
different conditions [68-70]. This analysis was carried out through the specialized software
SynD (v. 2017.m) [71]. For each treatment or condition, at least 50 images were analyzed,
representative of at least two independent biological replicates.

4.6. Statistical Analysis

All statistical analyses were performed on GraphPad Prism v. 8.0.2 software (Graph-
Pad Software, San Diego, CA, USA). A one-way ANOVA was used to compare the mor-
phological parameters of the neurons and to contrast the dendritic complexity, a two-way
ANOVA was performed. Tukey’s post hoc test was applied for multiple comparisons. For
Sholl’s analysis, the calculation was performed on aggregated data (area under the curve).
Data are expressed as mean =+ standard mean error (SEM). The established significance
level was p < 0.05 (compared to the control or the vehicle).

5. Conclusions

The ethanolic extract of Lippia alba leaves showed potential as a psychoplastogen
by increasing the branching and complexity of the dendritic tree in rat cortical neurons.
The effect was rapid and sustained and seemed to be mediated by the PI3K pathway,
which is involved in neuronal survival and proliferation. This finding suggests that the
antidepressant effect that has been attributed to the plant could be mediated by inducing
structural plasticity, which is affected in mood disorders such as major depression. Future
behavioral studies would add important evidence to corroborate the plant’s therapeutic
potential.
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