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Abstract

Background Depression is a chronic psychiatric disease of multifactorial etiology, and its pathophysiology is not fully
understood. Stress and other chronic inflammatory pathologies are shared risk factors for psychiatric diseases, and
comorbidities are features of major depression. Epidemiological evidence suggests that periodontitis, as a source of
low-grade chronic systemic inflammation, may be associated with depression, but the underlying mechanisms are
not well understood.

Methods Periodontitis (P) was induced in Wistar: Han rats through oral gavage with the pathogenic bacteria
Porphyromonas gingivalis and Fusobacterium nucleatum for 12 weeks, followed by 3 weeks of chronic mild stress (CMS)
to induce depressive-like behavior. The following four groups were established (n=12 rats/group): periodontitis

and CMS (P +CMS+), periodontitis without CMS, CMS without periodontitis, and control. The morphology and
inflammatory phenotype of microglia in the frontal cortex (FC) were studied using immunofluorescence and
bioinformatics tools. The endocannabinoid (EC) signaling and proteins related to synaptic plasticity were analyzed in
FC samples using biochemical and immunohistochemical techniques.

Results Ultrastructural and fractal analyses of FC revealed a significant increase in the complexity and heterogeneity
of Iba1 + parenchymal microglia in the combined experimental model (P+CMS+) and increased expression of the
proinflammatory marker inducible nitric oxide synthase (iNOS), while there were no changes in the expression of
cannabinoid receptor 2 (CB2). In the FC protein extracts of the P+CMS +animals, there was a decrease in the levels
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than in controls.

further investigation.
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of the EC metabolic enzymes N-acyl phosphatidylethanolamine-specific phospholipase D (NAPE-PLD), diacylglycerol
lipase (DAGL), and monoacylglycerol lipase (MAGL) compared to those in the controls, which extended to protein
expression in neurons and in FC extracts of cannabinoid receptor 1 (CB1) and to the intracellular signaling molecules
phosphatidylinositol-3-kinase (PI3K), protein kinase B (Akt) and extracellular signal-regulated kinase 1/2 (ERK1/2). The
protein levels of brain-derived neurotrophic factor (BDNF) and synaptophysin were also lower in P+CMS +animals

Conclusions The combined effects on microglial morphology and inflammatory phenotype, the EC signaling,
and proteins related to synaptic plasticity in P+CMS+animals may represent relevant mechanisms explaining the
association between periodontitis and depression. These findings highlight potential therapeutic targets that warrant
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Background

Major depressive disorder (MDD) is a serious neuro-
psychiatric disease characterized by a depressed mood,
impaired cognition, and vegetative dysfunctions [1].
Depressive disorders affect approximately 3.8% of the
global population and are more prevalent in women [2].
The World Health Organization (WHO) has projected
that depression will emerge as the leading cause of dis-
ability-adjusted life years (DALYs) by 2030 [3], but the
aftermath of the COVID-19 pandemic may even exac-
erbate the importance of mental health within overall
public health [4]. Indeed, the sociosanitary burden is siz-
able ($333.7 billion in the US in 2019 [5]), particularly for
treatment-resistant patients [6], who are associated with
58.5% higher total costs [7].

Despite the evidence suggesting the involvement of bio-
logical and environmental factors in its etiology, a com-
plete understanding of MDD pathophysiology remains
elusive [8]. Notably, exposure to physical and psycho-
logical stressors that activate inflammatory mechanisms

when persistent and uncontrolled may affect mood-con-
trolling pathways in the brain at multiple levels, hamper-
ing physiological functions and affecting both function
and structure [9].

In recent years, epidemiological evidence has substan-
tiated the significant comorbidity between psychiatric
disorders and chronic systemic inflammatory diseases
[10]. Notably, periodontitis, arising from a dysbiotic sub-
gingival microbiome challenging the host response, and
being a source of low-grade inflammation, may be recog-
nized as an independent potential contributor to men-
tal health [11]. However, the nature of this association,
whether causal or otherwise, and the specific mecha-
nisms involved remain unclear. Over the last few years,
our research, along with that of others, has aimed to
unravel the role of the oral-brain axis in psychiatric dis-
eases [11].

Specifically, our investigations revealed the pres-
ence of the periodontal pathogenic bacteria Fusobac-
terium nucleatum, neuroinflammation, alterations in
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the expression of key mediators regulating blood—brain
barrier (BBB) permeability, and the modulation of
sphingosine-1-phosphate (S1P) signaling in the fron-
tal cortex (FC) of rats exposed to a combined model of
periodontitis (oral gavage with periodontal pathogens)
and depression (chronic mild stress [CMS]) [12, 13]. In
this experimental model, a notable hallmark of neuroin-
flammation was the increased microglial population in
the FC, accompanied by qualitative changes in microglial
microscopic morphology, suggesting an activated pheno-
type that warrants further investigation [12].

Microglia are resident cells within the central nervous
system (CNS) parenchyma responsible for immune sur-
veillance and are intimately related to the BBB through
perivascular macrophages [14]. Clinical data from MDD
patients and animal models have revealed that microglial
activation is associated with symptoms [15, 16]. Further-
more, microglia respond to periodontitis by adopting an
activated and proinflammatory phenotype [17]. However,
it is crucial to recognize the diversity of microglial popu-
lations and functions beyond mere activation states [18].
The hypothesis that a specific type or profile of microglia
is associated with specific disease stages and individual
heterogeneity has ignited a debate fostering the search
for precision medicine pathways [19]. While classical
studies have focused on M1 proinflammatory and M2
anti-inflammatory microglial phenotypes, this binary
approach may oversimplify their role. Some authors have
reported controversial results in various neuropathologi-
cal conditions, including psychiatric disorders [20-23],
underscoring the need for a comprehensive multilevel
classification to elucidate the distinct characteristics and
roles of different microglial subpopulations [24].

Beyond immune surveillance, a significant role attrib-
uted to microglia is the regulation of crucial neuro-
physiological processes, such as synaptic plasticity.
Dysregulation of synaptic plasticity could be a pertinent
factor in the physiopathology of MDD [25, 26]. One of
the extensively studied modulators of microglial actions
on neuronal synaptic plasticity is the homeostatic endo-
cannabinoid (EC) system [27], which is also altered both
in MDD and periodontitis.

The association between the EC system and MDD has
been extensively studied [28]. Numerous reports have
documented alterations in the levels of ECs in brain
and peripheral samples of MDD patients [29] and in
stress-based animal models [30]. Various psychiatric
drugs upregulate the EC system [31], and the EC activ-
ity appears to be critical for the mechanism of newly
developed rapid-action antidepressant therapies [32, 33].
EC signaling also plays a beneficial role directly in peri-
odontal tissue [34]. Gingival biopsies from periodontitis
patients have shown a decrease in cannabinoid recep-
tor (CB) 2 [35], while cannabinoid-based interventions
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have been found to reduce gum inflammation [36, 37],
enhance periodontal regeneration [38], and promote
osteogenic differentiation [39]. Interestingly, inflamma-
tion caused by the lipopolysaccharide (LPS) of Porphy-
romonas gingivalis in human periodontal ligament cells is
attenuated after EC methanandamide treatment [40], and
the EC effects on these cells are similar to those observed
in microglia [41]. This evidence suggests that the anti-
inflammatory properties of ECs might constitute an indi-
rect link between periodontitis and depression.

In essence, the EC system encompasses the ECs (ara-
chidonate-based lipids), anandamide (AEA) [42] and
2-arachidonoylglycerol (2-AG) [43]; their cannabinoid
receptor CB1 [44] and CB2 [45]; their two main synthe-
sis enzymes, N-acyl phosphatidylethanolamine phos-
pholipase (NAPE) and diacylglycerol lipase (DAGL); and
their degradation or reuptake enzymes, fatty acid amide
hydrolase (FAAH) and monoacylglycerol lipase (MAGL)
[46].

CBl1 is the predominant G-protein coupled recep-
tor (GPCR) in the mammalian brain, while CB2 is
highly expressed in immune cells [47]. Their activities
are primarily associated with neuroprotective and anti-
inflammatory actions, emphasizing the critical role of
maintaining homeostatic EC balance for overall health
and disease [48]. Notably, microglial CB2 is essential for
establishing long-term memory and promoting an anti-
inflammatory profile [49]. Downstream signaling by CB1
and CB2 involves several second messengers, includ-
ing mitogen-activated protein kinases (MAPKs), such
as phosphatidylinositol-3-kinase (PI3K), protein kinase
B (Akt), and extracellular signal-regulated kinase (ERK).
These pathways can activate cAMP response element-
binding protein (CREB), which is implicated in cellular
surveillance and plasticity [50].

Alterations in synaptic plasticity driven by microglia
have been postulated to be a pathophysiological mecha-
nism underlying depression [51]. Two pivotal molecules
in these processes are brain-derived neurotrophic fac-
tor (BDNF) and synaptophysin. Along with its poly-
morphism (Val66Met), BDNF plays a role in mediating
antidepressant effects in both patients and preclinical
models [52, 53], while low levels of synaptophysin corre-
late with depression severity and increase in response to
antidepressant treatment in animal models of depression
[54, 55]. Intriguingly, periodontitis, either independently
or comorbid with other conditions such as diabetes, may
impact dendritic arborization [56, 57].

With the objective of obtaining a deeper understand-
ing of the association between periodontitis and depres-
sion, a secondary analysis of our previously published
studies [12, 13], is presented aiming to conduct an exten-
sive morphological and inflammatory phenotypic analy-
sis of the microglial population, elucidating potential
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alterations in the expression and intracellular signaling
of ECs and proteins associated with synaptic plasticity
in the FC of rats exposed to a combined model of both
comorbidities.

Materials & methods

Animals

This study adhered to the modified ARRIVE guidelines
2.0 for preclinical in vivo research [58] and conformed to
the regulatory standards outlined by Spanish and Euro-
pean Union regulations (European Communities Council
Directive 86/609/EEC). The in vivo experimental seg-
ment of the study was conducted at the Experimental
Animal Center of the Complutense University of Madrid,
following the approval of its protocol by the regional
authorities (PROEX 087/18) and the Ethical Committee
of Animal Experimentation.

Male Wistar Hannover rats (HsdRccHan: Wist, from
Envigo, Spain) with body weights ranging from 230 to
280 g were housed in a controlled environment at a con-
stant temperature of 24+2 °C and a relative humidity of
70+5%, following a 12-h light-dark cycle (lights on at
8:00 AM). Throughout the experimental procedures, the
rats had free access to fresh tap water and were provided
ad libitum access to standard pellet chow (A04 SAFE,
Scientific Animal Food and Engineering, Augy, France).
All animals were acclimatized under constant conditions
and handled daily for 7 days before the experiments.

Experimental protocol

The following four experimental groups exhibited dif-
ferent combinations of periodontitis (P) and chronic
mild stress (CMS): (a) the control group (P-CMS-); (b)
the periodontitis group (P+CMS-); (c) the CMS group
(P-CMS+) and (d) the periodontitis and CMS group
(P+CMS+). The induction of periodontitis preceded
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exposure to chronic mild stress (CMS) (Fig. 1). Both in
vivo protocols have been previously reported and vali-
dated individually [59, 60] and in combination [12, 13],
including the periodontal outcomes and behavioral
results of the experimental groups used in this study [13].

The experimental periodontitis model consisted of
12 weeks of oral gavage (4 times per week) of inocula-
tion with two recognized periodontal pathogens, P. gin-
givalis ATCC W83K1 and E nucleatum DMSZ 20,482.
These bacteria were given to the animals in a viscous
solution (2% carboxymethylcellulose) that allows bacte-
ria to adhere to the various structures of the oral cavity.
Although some of the solution may potentially reach the
intestine, most of it remains on the teeth and it is expelled
from the mouth again, thanks to the action of the syringe
(the rat cannot keep the entire volume in its mouth and
swallow it directly). Furthermore, bacteria rarely colonize
healthy guts, even if swallowed, due to gastrointestinal
tract barriers, the presence of the resident gut microbi-
ota, and the acidity of the stomach, especially considering
the absence of antibiotic treatment previous to periodon-
titis induction in our experimental setting [11].

The CMS paradigm encompasses a diverse array of
stressors, including [a] food deprivation, [b] water depri-
vation, [c] cage tilting, [d] soiled cages, [e] grouped hous-
ing after a period of water deprivation, [f] stroboscopic
illumination [150 flashes/min], and [g] intermittent illu-
mination every 2 h. These stressors were changed daily
(two stressors/day) and administered unpredictably for
21 days, with an additional day to maintain stress expo-
sure during subsequent behavioral tests [13].

Forty-eight male rats were randomly allocated to each
group (n=12 rats/group), underwent a 7-day acclimati-
zation period, and subjected to the experimental pro-
cedures. Two rats died after anesthesia administration
at baseline (P-CMS- group), and two died following

Oral gavages (10*9 CFU/mL
P. gingivalis, F. nucleatum)
Periodontal clinical variables

CMS protocol

Periodontal clinical variables

i itis + + +
Periodontitis Periodontitis + CMS (P+ CMS+) SAMPLE COLLECTION
Periodontitis (P+ CMS-) Post mortem variables
(F-IHC slices,
Chronic Mild Stress (P- CMS+) endocannabinoid (EC) system,
Contl”0| intracelular signaling pathways,
ECs-related synaptic plastici
Control (P- CMS-) oroteins) rspec PRy
12 Weeks 3 Weeks
Periodontitis induction (4 oral gavages per | Depressioninduction (CMS: 2 stressors per
week) day)

Periodontal clinical variables
Microbiological variables
Behavioral tests

Fig. 1 Experimental protocol. Induction of periodontitis in Wistar male rats via experimental oral gavage with a solution of periodontal bacteria (12
weeks) and subsequent exposure to a model of chronic mild stress (3 weeks) [13]. CFU: colony-forming unit, F-IHC: fluorescence immunohistochemistry
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periodontitis induction (P+CMS- and P-CMS+groups).
Overall, forty-four rats completed the in vivo experimen-
tal phase. Among these, twelve were used for fluores-
cence immunohistochemistry (F-IHC) (n=3 rats/group),
while the remaining thirty-six were used for biochemical
assays (n=7-9 rats/group).

Tissue specimens

Samples were collected following terminal anesthesia
after the last stress session utilizing sodium pentobarbital
(320 mg/kg i.p.; Vetoquinol®, Madrid, Spain). Anesthesia
was consistently administered between 2:00 and 3:00 PM
to mitigate potential alterations arising from circadian
rhythm fluctuations. The animals were divided into two
distinct sets for F-IHC and biochemical analyses.

For F-IHC, rats were perfused via the ascending aorta,
initially with 200 ml of saline solution, followed by perfu-
sion with 200 ml of 4% paraformaldehyde (PFA) in 0.1 M
phosphate-buffered saline (PBS) (pH 7.4). Subsequently,
the brains were collected, postfixed in 4% PFA overnight
at 4 °C, cryoprotected with 30% sucrose, and frozen. Cor-
onal sections of 30 um from the FC were obtained using a
microtome and stored at —40 °C immersed in a cryopre-
serving solution.

For biochemical analyses, the brain was harvested after
decapitation, and the left hemisphere FC was dissected
and immediately frozen at —80 °C. Total homogenates
and nuclear extracts were prepared from FC tissue. For
total homogenates, FC tissue was homogenized in 1x PBS
(pH=7) supplemented with a protease inhibitor cock-
tail (Complete Roche, Basel, Switzerland) using Tissue-
Lyser LT (QIAGEN, Hilden, Germany) at 50/s for 4 min,
followed by centrifugation at 19,083 g for 10 min. The
resulting supernatant served as the FC protein extract for
western blot analysis. A modified procedure based on the
method of Schreiber et al. [61] was employed to obtain
nuclear extracts.

Fluorescence immunohistochemistry (F-IHC)

Three slices of the anteroposterior stereotaxic coordi-
nates from bregma 2.7, 1.7, and 1.2 mm were employed
for F-IHC analyses. Antigen retrieval involved subject-
ing the sections to a sodium citrate solution at pH 6.0 for
40 min within a temperature range of 40 °C to 65 °C. The
sections were subsequently washed with 0.02 M potas-
sium phosphate-buffered saline (KPBS), immersed in
0.1 M glycine for 20 min to eliminate autofluorescence,
washed with KPBS, and blocked for 60 min with 10%
bovine serum albumin (BSA) in KPBS containing 0.1%
Triton X-100. Next, the sections were incubated over-
night with primary antibodies in 10%-BSA KPBS, washed
again, incubated with secondary antibodies in 10%-BSA
KPBS, and ultimately mounted with Fluoroshield con-
taining 40,6-diamidino-2-phenylindole dihydrochloride
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(DAPI). Antibody titration to prevent nonspecific inter-
actions and negative controls for each antibody were
used to confirm the absence of nonspecific fluorescent
signals. Four to six 20x confocal images per section were
acquired using an FV1200 confocal Olympus microscope
(Olympus, Shinjuku, Tokyo, Japan) at the CAI-UCM
Flow Cytometry and Fluorescence Microscopy Unit.

Microglial morphological analysis

The primary antibody used was anti-ionized calcium-
binding adapter molecule 1 (Ibal) (ab108539, Abcam,
dilution 1:1000), and the secondary antibody used for
microglial morphological analysis was Alexa Fluor
555-conjugated donkey anti-rabbit (A31572, Life Tech-
nologies, dilution 1:1000).

One hundred forty-four microglia/group were evalu-
ated (4 cells/microphotography x 4 microphotography/
section X 3 section/rat X 3 rat/group=144 cell/group).
The analysis was based on the protocol described by
Vargas-Caraveo et al. [62] and executed using the Fiji
Image]® package (NIH, Bethesda, MD, USA). The thresh-
old was adjusted to obtain binary images, and each cell
was selected using the region of interest (ROI). The extra
signal was removed to generate a single-cell image of
microglia. The outlined and skeletonized formats of the
new single-cell binary files were used for fractal and skel-
eton analyses, respectively.

Fractal analysis was performed on the outlined cells
using the FracLac plugin, with Num G set to 4 and the
metric box checked from the binary image. The out-
lined cells were scanned to obtain hull and circle results,
selecting the span ratio, area, and circularity. The soma
area was calculated using ROIs. Fractal dimension, lacu-
narity, and density were selected in the Box count sum-
mary, providing insights into microglial shape (elongated
or round) and complexity. Cell skeletonized images were
analyzed using the Analyze-Skeleton plugin, the skeleton
option was selected, and the branch information box was
checked. The results showed the number and length of
branches.

Inducible nitric oxide synthase (iNOS) and CB2 microglial
expression

For the analysis of iNOS microglial expression, the pri-
mary antibodies used were anti-iNOS (BD610329 BD
Biosciences, 1:1000) and anti-Ibal, and the secondary
antibodies used were Alexa Fluor 488-conjugated goat
anti-mouse (A11001, Life Technologies, 1:1000) and
Alexa Fluor 555-conjugated goat anti-rabbit, respec-
tively. For the analysis of CB2 microglial expression, the
primary antibodies used were anti-CB2 (sc-10076 Santa
Cruz, 1:500) and anti-Ibal, and the secondary antibodies
used were Alexa Fluor 488-conjugated donkey anti-goat
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(A11055, Life Technologies, 1:1000) and Alexa Fluor
555-conjugated goat anti-rabbit, respectively.

Thirty-six neurons/group were analyzed (4 micro-
photography/section X 3 section/rat X 3 rat/group=36
microphotography/group). A threshold was applied to
gray images to identify the number of Ibal+cells. iNOS
or CB2 fluorescence intensity was the ratio between the
general mean value of the iNOS or CB2 signal and the
number of parenchymal microglia (Ibal+cells) in the
image.

CB1 neuronal expression

For the analysis of CB1 neuronal expression, the primary
antibodies used were anti-CB1 (ab23703 Abcam, 1:1000)
and anti-neuronal nuclear antigen (NeuN) (ab23703
Abcam, 1:1000), and the secondary antibodies used were
Alexa Fluor 488-conjugated donkey anti-rabbit (A21206,
Life Technologies, 1:1000) and Alexa Fluor 555-con-
jugated goat anti-mouse (A21422, Life Technologies,
1:1000), respectively.

Fifty-four neurons/group were analyzed (6 micro-
photography/section X 3 section/rat X 3 rat/group=54
microphotography/group). A threshold was applied to
gray images to obtain the number of NeuN+-cells. CB1
fluorescence intensity was the ratio between the general
mean value of the CB1 signal and the number of neurons
(NeuN +cells) in the image.

Western blot

Protein levels in FC homogenates were quantified using
the Bradford method based on the principle of protein-
dye binding. Subsequently, 15 ug of protein was mixed
with Laemmli sample buffer (Bio-Rad, Hercules, CA,
USA) and loaded and size separated by 8% sodium
dodecyl sulfate-polyacrylamide gel electrophoresis
(90 V). The gel contents were then transferred to nitro-
cellulose membranes using the Trans-Blot Turbo Trans-
fer System (Bio-Rad, Hercules, CA, USA).

The membranes were blocked in Tris-buffered saline
(TBS) containing 0.1% Tween 20 and 5% BSA for 1 h
and incubated overnight at 4 °C with specific primary
antibodies against PLD-NAPE (10306 Cayman Chemi-
cal, 1:1000), DAGL (sc-133307 Santa-Cruz Biotechnol-
ogy 1:750, 2% BSA), FAAH (101600 Cayman Chemical
1:1000), MAGL (100035 Cayman Chemical, 1:1000), CB1
(ab23703 Abcam, 1:1000), PI3K (sc7189 Santa Cruz
1:1000, 5% BSA), phospho(p)-Akt (4060 Cell Signal-
ing, 1:1000, BSA 2.5%), Akt (4691 Cell Signaling, 1:2000,
BSA 2.5%), p-ERK (8544 Cell Signaling, 1:1000), ERK
(4695 Cell Signaling, 1:1000), p-CREB (9198 Cell Signal-
ing, 1:1000), CREB (9197 Cell Signaling, 1:1000), BDNF
(ab108319 Abcam, 1:1000, BSA 2.5%), TrkB (ab18987
Abcam, 1:1000, BSA 5%), and synaptophysin (S5768
Sigma Aldrich 1:2000).
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Following primary antibody incubation, the mem-
branes were washed and incubated with the appropriate
horseradish peroxidase-conjugated secondary antibodies
(anti-rabbit IgG, 7074; Cell Signaling, 1:2000; anti-mouse
sc516102; Santa Cruz, 1:2000; BSA, 2.5%) for 90 min at
room temperature. Finally, the membranes were devel-
oped using the ECL Prime kit following the manufactur-
er’s instructions (Cytiva Marlborough, MA, USA). Blots
were imaged using a ChemiDoc™ (Bio-Rad®, Hercules,
CA, USA) and quantified by densitometry with the Fiji
Image]® package.

All densitometry data were obtained in arbitrary opti-
cal density units and are expressed as a percentage of the
control group (100%). Multiple exposure times ensured
the linearity of the band intensities. Beta-actin (A5441
Sigma, 1:10000) was used as the loading control for
cytosolic extract samples, and GAPDH (G8795 Sigma,
1:5000) was used for nuclear extracts.

Statistical analysis

Details regarding the sample size calculations are pro-
vided in Martinez et al. [13]. In summary, a total of 48
animals (12 animals per group) were evaluated for a
difference of 1.6x sigma in the protein expression of
molecules associated with neuroinflammation, with a
standard deviation (SD) of 25 [59]. A subset of 12 animals
(3 animals per group) was subjected to immunofluores-
cence studies.

The animal was used as the unit of analysis. The data
are presented as the meanztstandard error of the mean
(SEM). The Grubbs test identified significant outliers at
a=0.05, allowing for the exclusion of one value per group.
The normality of the distribution was assessed using the
Shapiro—Wilk test, and variables were also checked for
homogeneity of variance by the Brown—Forsythe test.
When the data exhibited a Gaussian distribution and
equal variances, one-way ANOVA followed by a Tukey
post hoc test for multiple comparisons was applied.
In cases where SDs were unequal, a Brown-Forsythe
ANOVA test followed by Tamhane’s T2 post hoc test was
used. For nonnormally distributed data, variables were
log-transformed. If the data did not follow a Gaussian
distribution after transformation, a nonparametric Krus-
kal-Wallis test with Dunn’s multiple comparisons was
used for the original data. A p value<0.05 was considered
to indicate statistical significance. The data were analyzed
using GraphPad Prism 9 (GraphPad Software, San Diego,
CA, USA).

Results

Microglial morphological analysis

Skeletal and fractal analyses provided insights into
the morphological properties of microglia through
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Fig. 2 Analysis of microglial morphology in the FC of rats in control conditions (P-CMS-) after periodontitis induction (P+CMS-), after chronic mild stress
exposure (P-CMS+), and after both protocols combined (P +CMS+). Immunofluorescence of Iba-1 in representative images of 30 mm-thick sections.
(P-CMS-) (A), (P+CMS-) (B), (P-CMS+) (C), and (P + CMS+) (D) skeletonized and binaries outlined images of the microglia mentioned above. Yellow arrow-
heads indicate representative cells. Statistical analysis of the number of microglial branches (E), the sum of branch length (F), cell area (G), cellular soma
area (H), span ratio (I), circularity (J), lacunarity (K), fractal dimension (L) and density (M). The data are presented as the means + SEMs of 144 microglia per
group. *p<0.05; **p <0.01; ***p < 0.001; ****p <0.0001. Scale bars =20 pm. One-way ANOVA with Tukey's post hoc test for the cellular soma area and the
Kruskal-Wallis test with Dunn’s post hoc test were used for the remaining parameters

skeletonized (Fig. 2a-d) and outlined (Fig. 2a’-d’) shapes

(Fig. 2A-D).

Skeleton analysis revealed alterations in the number
and length of microglial branches (Fig. 2E-F), revealing a

significant increase in the number of microglial branches
across all experimental groups compared to the control
group (p<0.0001) (Fig. 2E). Notably, the group with the
greatest number of branches was P+CMS+. The sum of
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the branch lengths exhibited a similar pattern (p <0.0001)
(Fig. 2F).

A battery of parameters (cellular area, soma area, span
ratio, circularity, lacunarity, fractal dimension, and den-
sity) (Fig. 2G-M) further characterized the morphology
of parenchymal microglia in the FC. The cellular area
increased in every group compared to that in the con-
trol group (p<0.001 vs. P+CMS-, p<0.0001 vs. P-CMS+,
p<0.0001 vs. P+CMS+), with P+CMS+displaying the
greatest increase (Fig. 2G). Similarly, compared with that
in the control group, the soma area in the covered sur-
face in all the experimental groups significantly increased
(p<0.0001), but no differences were detected among
them (Fig. 2H).

The span ratio, a parameter that measures elongation,
was significantly lower in the P-CMS+group than in the
control group (p<0.001) (Fig. 2I). The circumference of
microglia increased in every experimental group com-
pared to that in the control group (p<0.05 vs. P+CMS-,
£<0.0001 vs. P-CMS+, p<0.001 vs. P+ CMS+) (Fig. 2]).

Lacunarity indicates morphological heterogeneity and
was greater in the P+CMS+group than in the control
(p<0.01) and P-CMS+ (p<0.01) groups (Fig. 2K). Frac-
tal dimension and density, defined as the foreground/
hull area ratio, assess complexity (Fig. 2L-M). The frac-
tal dimension revealed greater complexity of microg-
lia in all experimental groups than in the control group
(p<0.001 vs. P+CMS-, p<0.0001 vs. P-CMS+, p<0.0001
vs. P+CMS+) (Fig. 2L). The density was lower in the
P-CMS+ (p<0.01) and P+CMS+ (p<0.0001) groups
than in the control group. Importantly, this param-
eter was even lower in the P+CMS+group than in the
P-CMS+group (p<0.05), emphasizing the heightened
complexity of microglia in the P+CMS+group.

Pro/antiinflammatory phenotype of parenchymal
microglia

Following the comprehensive characterization of paren-
chymal microglial morphology, our focus shifted to their
pro/antiinflammatory phenotype within our experimen-
tal groups. We investigated the expression of the proin-
flammatory enzyme iNOS in microglia [63] (Fig. 3A-D).
iNOS immunoreactivity was significantly greater in the
P+CMS+group than in the control group (p<0.001)
(Fig. 3E).

CB2 is a typical anti-inflammatory factor in microg-
lia [64], and we studied its expression (Fig. 4A-D). CB2
immunoreactivity decreased in the P-CMS+group com-
pared to the control group (Fig. 4E, p<0.01).

Metabolism of ECs

The unexpected outcomes observed for CB2 in
P+CMS+microglia prompted an exploration into the
metabolic enzymes and signaling of ECs, as this system
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may contribute (at least partially) to the regulatory effects
exerted by microglia on various neurophysiological
processes [65, 66], including neuroplasticity mediated
through neuronal CB1 [67-69].

The enzyme responsible for AEA synthesis, NAPE-
PLD, exhibited a greater reduction in the P+ CMS+group
than in the control (p<0.05) and P+CMS- (p<0.01)
groups (Fig. 5A). DAGL, at the helm of 2-AG syn-
thesis, decreased in the P+CMS+group compared
to the P+CMS- group (p<0.01) (Fig. 5B). The activ-
ity of the AEA degradation enzyme FAAH decreased
in the P+CMS+group compared to the P+CMS-
group (Fig. 5C). MAGL is the main enzyme for 2-AG
metabolism and exhibited lower protein levels in the
P+CMS+group than in the P-CMS+group (p<0.01)
(Fig. 5D). Overall, the protein expression of synthesis
and degradation enzymes in ECs decreased in the FC of
P+CMS +rats.

Given that the CB1 receptor predominantly mediates
EC functions in the CNS, including the induction of neu-
roplasticity, we investigated its expression in FC sections
from the different experimental groups by immunofluo-
rescence. We found predominant expression in neurons
(NeuN+cells) (Fig. 6A-D). Further analysis revealed that
CB1 neural expression was lower in the P+CMS+group
than in the other groups (p<0.0001) (Fig. 6E). Comple-
mentary analysis of CB1 protein expression by WB in FC
samples also revealed lower levels in the P+CMS+group
than in the control group (p<0.05) (Fig. 6F).

Intracellular signaling pathways related to CB1 modulation
of neuroplasticity

PI3K/Akt and ERK1-2/CREB are cannabinoid intracel-
lular signaling pathways that control synaptic plasticity.
The protein levels of PI3K in the FC samples were signifi-
cantly lower in the two groups exposed to chronic stress
(P-CMS+and P+CMS+) than in the P+CMS- group
(p<0.05) (Fig. 7A). The p-Akt/Akt ratio was lower in
the P+CMS+group than in the control (p<0.01) and
P+CMS- (p<0.01) groups (Fig. 7B).

Concerning ERK1-2/CREB, the pERK/ERK ratio was
lower in the P+CMS+group than in the control group
(p<0.05) (Fig. 7C). However, the pCREB/CREB ratio
remained unaltered across groups (Fig. 7D).

Synaptic plasticity proteins

BDNF and synaptophysin are pivotal proteins in syn-
aptic plasticity. BDNF protein levels decreased in the
P+CMS+group compared to those in the other groups
(p<0.05 vs. P-CMS-, p<0.01 vs. P+CMS-, p<0.0001
vs. P-CMS+) (Fig. 8A). The level of the active form of
the TrkB receptor, which transduces the BDNF sig-
nal, increased in the P+CMS- group compared to
the control (p<0.01) and P+CMS+ (p<0.01) groups
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Fig. 3 iINOS immunoreactivity in parenchymal microglia of the FC of rats in control conditions (P-CMS-), after periodontitis induction (P+CMS-), after
chronic mild stress exposure (P-CMS+), and after both protocols combined (P+CMS+). Immunofluorescence of Ibal (red), iNOS (green), and 4’,6-di-
amidino-2-phenylindole dihydrochloride (DAPI) in nuclei (blue) was performed in representative images of 30 mm-thick sections of rat brain FC from
the P-CMS- (A), P+CMS- (B), P-CMS+ (C), and P+CMS+ (D) groups. Arrowheads indicate representative cells. Quantitative analysis of iNOS expression
in Iba1+cells (E). The data are presented as the means + SEMs of 34-36 microglia per group. ***p <0.001. Kruskal-Wallis test with Dunn’s post hoc test.

Scale bars=20 um

(Fig. 8B). Notably, the expression pattern of synapto-
physin mirrored that of BDNE, with a decrease in the
P+CMS+group compared to the control (p<0.01) and
P-CMS+ (p<0.01) groups (Fig. 8C).

Discussion
The results from this investigation revealed a cascade
of deleterious effects within the FC of rats exposed
to a combined model of periodontitis and depression
(Graphical Abstract). P+CMS+animals displayed nota-
ble alterations in microglial morphology, inflammatory
phenotype, EC metabolism and signaling, and proteins
related to synaptic plasticity. These alterations were more
noticeable when both diseases were present, which may
explain the behavioral impairments previously reported
in the P+CMS+group [13].

The computational approach applied [62, 70] described
structural alterations in microglia across all experimental

groups, characterized by a greater cell and soma size and
a general increase in the number and length of branches.
These changes were more pronounced in the combined
P+CMS+group.

Furthermore, lacunarity and fractal dimension nota-
bly increased in the P+CMS+group. Lacunarity, which
is associated with soma size, reflects the heterogene-
ity or rotational variability of a cell, with higher values
indicating increased heterogeneity [71]. Similarly, higher
fractal dimension values suggest greater structural com-
plexity [71]. These parameters provide complementary
information, allowing the discernment of differences
between P-CMS+and P+CMS+that might otherwise
go unnoticed [72]. Additionally, density decreased in the
P+CMS+group compared to all the other groups, indi-
cating higher levels of structural complexity. All these
results imply the existence of a hyperbranched pheno-
type among microglia in our experimental groups [73].
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Fig. 4 CB2 immunoreactivity in parenchymal microglia of the FC of rats in control conditions (P-CMS-), after periodontitis induction (P+CMS-), after
chronic mild stress exposure (P-CMS+), and after both protocols combined (P +CMS+). Immunofluorescence of Iba1 (red), CB2 (green) and 4’,6-diamid-
ino-2-phenylindole dihydrochloride (DAPI) signals in nuclei (blue) in representative images of 30 mm-thick sections of rat brain FC from the P-CMS- (A),
P+CMS- (B), P-CMS+ (C), and P+CMS+ (D) groups was performed. Arrowheads indicate representative cells. Quantitative analysis of CB2 expression in
Ibal+cells (E). The data are presented as the means+ SEMs of 34-36 microglia per group. **p <0.01. One-way ANOVA was performed following Tukey’s

post hoc test. Scale bars=20 um

This phenotype, previously observed in murine models
of chronic stress [74, 75], appears to be closely linked to
depressive-like behaviors [76].

A branched microglial phenotype in rats was also evi-
dent in rats subjected solely to periodontitis (P+CMS-),
aligning with previous evidence reporting mild microg-
lial activation in the prefrontal cortex and hippocampus
in models involving exposure to LPS from P gingivalis
[17, 77]. Systemic P. gingivalis LPS can induce microglial
activation at blood-brain interfaces, such as CVOs [62].
This activation of microglia is directly associated with the
emergence of depressive-like behavior [78]. Interestingly,
the antidepressant imipramine inhibits LPS-P. gingivalis-
induced inflammatory responses in microglia and allevi-
ates neuronal damage associated with periodontitis [79].

The analysis of the inflammatory state of microglia
within our experimental groups revealed diverse activ-
ity states of microglia. P+CMS+microglia exhibited

elevated iNOS expression, which indicates an elevated
proinflammatory state. Previous findings in this com-
bined in vivo model of periodontitis and depression
revealed depressive-like behavior and neuroinflam-
mation in the FC, with increased expression of tumor
necrosis factor-alpha (TNF-a), interleukin-1 beta (IL-
1P), Toll-like receptor 4 (TLR4), nuclear factor kappa B
(NF-xB), iNOS, microsomal prostaglandin E synthase
(mPGES), and phospho-p38 mitogen-activated protein
kinase (p-p38) [13].

Compared with the controls, all the experimen-
tal groups demonstrated decreased expression of the
anti-inflammatory marker CB2, although only in the
P-CMS+group there was statistically significant differ-
ence. Although specific studies examining the impact of
periodontitis on CB2 expression in FC microglia are lack-
ing, lower CB2 expression in human gingival biopsies
has been reported [34, 35]. Our CB2 results underscore
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presentation

the intricate nature of microglial states following con-
secutive immune challenges, emphasizing the neces-
sity of employing multiple quantitative and qualitative
approaches to comprehensively assess such complexity
[80]. Indeed, microglial complexity and heterogeneity
may not unequivocally align with a strictly pro- or anti-
inflammatory phenotype and could drive other processes.

The initially unexpected result concerning neu-
roinflammation and CB2 microglial expression in

P+CMS+animals prompted us to investigate the EC
signaling in the FC due to the well-established ability of
microglia to regulate other crucial cellular processes in
the brain through ECs. Notably, such regulation has been
documented following immune challenges with LPS and
interferon-gamma (IFN-y) [66], and both periodontitis
and depression independently have demonstrated some
effects on the EC system [28, 34, 41].



Robledo-Montana et al. Journal of Neuroinflammation

(2024) 21:219

Page 12 of 18

*k k%

m

ok kk

v
o
1

%k ok ok

i

N )
o u o
1 1 1

et
o
1

Log10 CB1 fluorescence intensity
(% Control)
o
o
L

P- + P- P+
CMS- CMS- CMS+ CMS+

ce1 [ [N S s w] 55 KDa

[ T () —— —— e LT

*
vy ‘\

-

o

o
J

100+

o6l
%-

CB1/ B-Actin (% Control)
g
1

-
1

P- P+ P- P+
CMS- CMS- CMS+ CMS+

Fig.6 Cannabinoid receptor 1 (CB1) immunoreactivity in NeuN + cells and CB1 expression by western blot (WB) in the frontal cortex (FC) of rats in control
conditions (P-CMS-), after periodontitis induction (P+CMS-) after chronic mild stress exposure (P-CMS+), and after both protocols combined (P+CMS+).
Immunofluorescence of NeuN (red), CB1 (green) and 4’ ,6-diamidino-2-phenylindole dihydrochloride (DAPI) signals in nuclei (blue) in representative im-
ages of 30 mm-thick sections of rat brain FC from the P-CMS- (A), P + CMS- (B), P-CMS+ (C), and P + CMS+ (D) groups was performed. Arrowheads indicate
representative cells. Quantitative analysis of CB1 expression in NeuN +cells (E). The data are presented as the means+SEMs of 54 neurons per group.
*¥¥¥p <0.0001. Scale bars=20 um. Protein expression of CB1 in FC samples by WB (F). The densitometric data of the band of interest were normalized to
that of 3-actin. The data are presented as the means + SEMs of 6-9 rats per group. *p <0.05, **p <0.01. One-way ANOVA with a Tukey post hoc test after

logarithmic transformation. Blots were cropped (black lines) to improve the clarity and conciseness of the images

Neither periodontitis nor CMS altered the expression
of EC enzymes in the FC in our experimental setting.
However, the NAPE-PLD, DAGL, and MAGL were lower
in the combined treatment group than in the control
group. Particularly noteworthy was the significant down-
regulation of the synthesis enzyme NAPE-PLD without
changes in the degradation enzyme FAAH, potentially
leading to reduced AEA levels and the subsequent par-
tial disruption of the homeostatic endocannabinergic
tone in these animals. In line with this, previous research
has reported antidepressant-like activity following FAHH
inhibition in a rat model of CMS [81]. Moreover, an anti-
inflammatory role for AEA has been documented in a
combined model of experimental periodontitis induced
by ligatures around the first inferior molars and immobi-
lization stress for 2 h twice daily for 7 days [37]. Further

research must obtain direct evidence about the AEA and
2-AG levels to confirm the indirect evidence provided by
the data from EC metabolic enzymes.

CB1 predominantly governs EC actions on neurons,
particularly those related to plasticity. Immunofluo-
rescence and expression analyses of total homogenates
revealed a downregulation of CB1 in the P+CMS+group.
While there is no prior evidence regarding the impact
of periodontitis on brain CB1, some research has indi-
cated that periodontitis does not affect CB1 expression in
human gingival biopsies [35]. In contrast, there is exten-
sive information on the effect of chronic stress on CB1
in depression-like animal models. Chronic stress expo-
sure can affect the EC signaling by reducing CB1 density
in the hippocampus but not in the limbic forebrain [82].
Furthermore, CB1 knockout mice are more susceptible to
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Fig. 7 Intracellular signaling pathways in the frontal cortex (FC) of rats in control conditions (P-CMS-), after periodontitis induction (P + CMS-), after chron-
ic mild stress exposure (P-CMS+), and after both protocols combined (P + CMS+). Protein expression of phosphatidylinositol-3-kinase (PI3K) (A), phospho-
protein kinase B (p-Akt)/Akt ratio (B), p-extracellular signal-regulated kinase (p-ERK)/ERK ratio (C) and phospho-cAMP response element-binding protein
(p-CREB)/CREB ratio (D) in FC samples by WB. The densitometric data of the band of interest were normalized to that of f-actin. The data are presented
as the means = SEMs of 6-9 rats per group. *p <0.05, **p <0.01. One-way ANOVA with a Tukey post hoc test. Blots were cropped (black lines) to improve
the clarity and conciseness of the images
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Fig. 8 Synaptic plasticity markers in the frontal cortex (FC) of rats in control conditions (P-CMS-), after periodontitis induction (P+CMS-), after chronic
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developing depressive-like behavior after CMS exposure
[83], and pharmacological modulation of CB1 prevents
the effects of CMS on emotional learning and long-term
potentiation [84].

The signal transduction of CB1 and other pathways
related to inflammation requires the activity of PI3K/
Akt and ERK1-2/CREB. Similar to the expression pat-
tern of CB1, the levels of PI3K, Akt and ERK decreased
exclusively in the P+CMS+group compared to those in
the control group. However, there were no discernible
alterations in the p-CREB/CREB ratio across any of the
experimental groups. Previously, our group reported a
reduction in PI3K and Akt in FC samples following CMS
exposure [85], consistent with the outcomes observed
in P-CMS+animals. Although no in vivo studies have
detailed changes in these molecules in the brain during
periodontitis, an in vitro study indicated that microglia
stimulated with gingipains exhibited activation of prote-
ase-activated receptor 2, leading to subsequent activation
of the PI3K/Akt and ERK pathways [86]. Our results are
not specific to microglia and revealed no alterations in
the expression of these pathways in P+CMS- animals.

CB1 signaling plays a pivotal role in regulating synap-
tic plasticity, and activation of the PI3K/Akt and ERK/
CREB pathways has been implicated in this neuroprotec-
tive response by activating promoter 4 of the BDNF gene
[87, 88]. Consequently, genetic deletion and pharmaco-
logical inhibition of these pathways downregulate BDNF
synthesis, leading to reduced cell survival and the onset
of working and long-term memory alterations [89]. The
P+CMS+group exhibited lower levels of BDNE, consis-
tent with this plausible pathological scenario occurring
in our combined model of periodontitis and depression.
Indeed, P. gingivalis can induce depressive-like behavior

by downregulating p75NTR-mediated BDNF maturation
in astrocytes [90].

Controversially, BDNF increased in the P-CMS+ani-
mals in our experimental setting. Many papers have
described a reduction in BDNF levels related to depres-
sion and associated its increase with antidepressant
response [91, 92]. Still, other studies from depression
models have reported no changes or increased BDNF
expression in different brain areas [93-96], with more
consistent results of the BDNF reduction in the hip-
pocampus than in the frontal cortex ( [97]. A possible
explanation for the increased BDNF detected in the
frontal cortex relies on a decreased turnover of BDNF
leading to higher non-released tissue levels, differential
stress effects between the hippocampus and the frontal
cortex, or compensatory mechanisms due to cortex-hip-
pocampal projections [98]. Interestingly, BDNF in differ-
ent areas of the frontal cortex was only upregulated after
antidepressant treatment and remained unchanged in
MDD drug-free patients [99], suggesting a role of BDNF
in antidepressant effects rather than as a pathophysiolog-
ical feature of depression in this cerebral area.

Our results did not show changes in neuroplasticity
molecules in the P-CMS+group. Nevertheless, we can-
not ignore the temporal dynamics associated with BDNF
expression [100] and the fact that we measured them at
the time of sacrifice, which does not preclude that the
neuroplasticity pathway was reduced any earlier time,
potentially contributing to the behavioral impairments of
P-CMS+animals. Importantly, the decrease in the neuro-
plasticity pathway detected in the P+CMS+group may
aggravate the pathology [78, 101] or affect the potential
pharmacological intervention with antidepressants when
periodontitis is comorbid. Undoubtedly, further research
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is warranted to continue delving into the mechanisms of
BDNF in depression and its contribution to the disease.

TrkB transduces the BDNF signal by activating cAMP
kinases, ultimately regulating the expression of synap-
tophysin [89, 102]. Despite unaltered TrkB levels across
all experimental groups, the level of synaptophysin
decreased in the P+CMS+group. Synaptophysin plays
a role in establishing and maintaining synaptic con-
nections and regulating neurotransmitters within the
synaptic space. Reduced synaptophysin expression is
associated with synaptic impairment in the hippocam-
pus [103]. Moreover, the administration of cannabidiol in
murine models increased the mRNA expression levels of
synaptophysin in the medial prefrontal cortex, resulting
in antidepressant effects [104]. Animals solely exposed
to periodontitis in our experimental setting did not
exhibit changes in synaptophysin levels. However, other
researchers have reported that systemic P gingivalis
infection increases the expression of IL-1p in leptomen-
inges while simultaneously decreasing the expression of
synaptophysin in the cortex adjacent to leptomeninges in
mice [105].

This investigation tackles the difficulties in addressing
the combination of periodontitis and depression from
a preclinical perspective by attempting to decipher the
contribution of a brain cell type, microglia. Nonetheless,
certain limitations warrant acknowledgment. First, the
descriptive nature of our study is not sufficient to draw
a consistent chronological pathway from microglial to
plasticity alterations for a mechanistic explanation. Sec-
ond, the analysis of the metabolic enzymes of the EC sys-
tem provides only indirect evidence regarding the levels
of AEA and 2-AG. Third, the findings in plasticity suggest
that behavioral tests focused on cognition would have
helped assess the repercussions of the observed molecu-
lar changes.

Conclusions

In conclusion, the results from this investigation revealed
more pronounced alterations in the microglial pheno-
type, the EC signaling, and proteins associated with syn-
aptic plasticity in animals exposed to periodontitis and
CMS. This evidence underscores the potential of phar-
macological interventions targeting these pathways in
patients suffering from both conditions. In fact, a recent
systematic review with meta-analysis explored the poten-
tial beneficial use of antidepressant agents in managing
periodontitis [106], and other reports investigated the
potential of infection control measures to treat peri-
odontitis to ameliorate depressive-like symptoms [11].
These insights suggest promising avenues associated with
microglia, the EC signaling, and plasticity for addressing
the intricate interplay in the comorbidity between oral
health and psychiatric disorders.
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