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Introduction: Ketogenic diet (KD), a high-fat, low-carbohydrate, and adequate 
protein diet, is a non-pharmacological treatment for refractory epilepsy. 
However, their mechanism of action is not fully understood. The cation-chloride 
cotransporter, KCC2, transports chloride out of neurons, thus contributing to 
the intraneuronal concentration of chloride. Modifications in KCC2 expression 
by KD feeding could explain the beneficial effect of this diet on epilepsy. This 
study aimed to determine the impact of KD on KCC2 expression in dentate 
gyrus layers and Cornu Ammonis 3 (CA3) strata of rats with seizures induced by 
amygdaloid kindling.

Materials and methods: Male Sprague Dawley rats were fed a normal diet (ND) 
or KD from postnatal day 24 until the end of the experiment. At 6 weeks after 
the start of the diets, rats were subjected to an amygdala kindling epilepsy 
model, sham or remain intact. Glucose and β-hydroxybutyrate concentrations 
were quantified. The after-discharge duration (ADD), latency, and duration of 
stages of kindling were evaluated. In addition, KCC2 expression was evaluated 
using optical density. A Pearson bivariate correlation was used to determine the 
relationship between KCC2 expression and ADD.

Results: At the end of the experiment, the KD-fed groups showed a reduction in 
glucose and an increase in β-hydroxybutyrate. KD reduced ADD and increased 
latency and duration of generalized seizures. In ND-fed animals, kindling 
reduced KCC2 expression in all three layers of the dentate gyrus; however, 
in KD-fed animals, no changes were observed. KD treatment increased KCC2 
expression in the kindling group. In CA3, the pyramidal and lucidum strata 
showed an increase of KCC2 in KD-fed groups. Besides, the kindling had lower 
levels of KCC2 than the sham and intact groups. In all layers of the dentate gyrus 
and pyramidal and lucidum CA3 strata, the correlation indicated that the higher 
the KCC2 expression, the shorter the ADD during generalized seizures.
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Conclusion: KD reduces ADD in generalized seizures. In addition, KD has a 
putative neuroprotective effect by preventing the kindling-induced reduction 
of KCC2 expression in the molecular, granule, and hilar dentate gyrus layers and 
pyramidal and lucidum CA3 strata. Increased KCC2 expression levels are related 
to a shorter duration of generalized seizures.

KEYWORDS

ketogenic diet, kindling, KCC2, dentate gyrus, CA3, rat

1 Introduction

Epilepsy is a chronic disease of the central nervous system that 
affects individuals of all ages with a bimodal distribution. The features 
of this disease herald a continuous propensity to trigger abnormal, 
excessive, and synchronized activity in a group of brain cells with 
epileptic seizures as the end. This disease is considered an important 
public health problem worldwide (World Health Organization, 2024). 
According to the International League Against Epilepsy (ILAE), 
epilepsy is defined by any of the following conditions: (1) at least two 
unprovoked or reflex seizures that occur 24 or more hours apart; (2) 
a non-induced or reflex seizure in a person who has a 60% risk of 
having another seizure over the next 10 years; and (3) diagnosis of an 
epileptic syndrome (Fisher et  al., 2014). Although, in most cases, 
epilepsy can be successfully treated, not all epileptic patients respond 
favorably to medical treatments, which can lead to drug resistant 
epilepsy. Drug resistant epilepsy may be  defined as the failure of 
adequate trials of two tolerated and appropriately chosen and used 
antiepileptic drug schedules (whether as monotherapies or in 
combination) to achieve sustained seizure freedom (Kwan et  al., 
2010). Epilepsy and numerous neurological and neuropsychiatric 
disorders are known to be  caused by the dysfunction of gamma-
aminobutyric acid (GABA)-mediated neurotransmission (Cellot and 
Cherubini, 2014; Lam et al., 2023; Perucca et al., 2023; Juárez-Zepeda 
et al., 2024). Researchers have extensively used the amygdala electrical 
kindling model in the study of epilepsy neurobiology. The kindling 
process is the result of progressive weakening of the inhibitory system 
(Ryu et al., 2021; Tescarollo et al., 2023).

The strength and polarity of GABA-mediated neurotransmission 
are determined by the intracellular chloride (Cl−) ion concentration. 
In neurons, the Cl− concentration gradient is mainly regulated by two 
cotransporters that belong to the cation-chloride cotransporter family; 
the Na+-K+-Cl− cotransporter 1 (NKCC1) and the K+-Cl− 2 (KCC2); 
which are encoded by Slc12a2 and Slc12a5, respectively (Kaila et al., 
2014; Koumangoye et  al., 2021; McMoneagle et  al., 2024). The 
intracellular concentration of Cl− is very important as it determines 
the postsynaptic responses to the GABA neurotransmitter, the main 
inhibitory neurotransmitter of the central nervous system (Belperio 
et al., 2022). KCC2 functions to extract intracellular Cl− to maintain 
low levels of this ion in neurons (Duy et al., 2019). This leads to the 
discharge of hyperpolarizing currents regulated by GABAA receptors 
and thus causes a reduction of epileptiform discharges or seizure 
activity and prompts a GABA inhibitory response to reduce neuronal 
excitability. In epileptic disorders, alterations in KCC2-regulated Cl− 
transport have been identified along with a decreased efficacy of 
GABAA receptor-mediated inhibition (Pathak et al., 2007; Lee et al., 
2011; Karlócai et al., 2016; Di Cristo et al., 2018). This is attributed to 
the fact that an intracellular Cl− accumulation leads to depolarizing 

currents that are regulated by GABAergic receptors and thus causes 
epileptiform discharges or seizure activity (Di Cristo et al., 2018). 
Recent studies have reported KCC2 downregulation in multiple 
models of epilepsy (Chen et al., 2017; Wan et al., 2018; Wan et al., 
2020; Shi et al., 2023) and humans (Aronica et al., 2007; Shimizu-
Okabe et al., 2011; Gharaylou et al., 2019). These studies support the 
importance of KCC2 regulation for neuronal intracellular Cl− 
concentration homeostasis and proper functioning of GABA signaling 
(Pressey et al., 2023).

Patients suffering from refractory epilepsy (20–30% of the total) 
are effectively treated with various non-pharmacological treatments, 
such as the ketogenic diet (KD) (Martin-McGill et al., 2026; El-Shafie 
et al., 2023), which is characterized by a high level of fat, an adequate 
protein level, and strict carbohydrate restriction. KD has been 
introduced as a nutrition-based intervention commonly used to treat 
drug-resistant epilepsy since the 1920s (Wheless, 2008). KD is an 
adequate strategy to induce a biochemical model of fasting, where 
cells become less dependent on glucose energy substrate and more 
dependent on ketone bodies for the body’s energy needs (Fedorovich 
et al., 2018). To achieve this condition, the liver mitochondrial matrix 
has to metabolize ketone bodies. Recent research has re-established 
the efficacy of KD in managing epilepsy, as well as in a spectrum of 
neurological and neuropsychiatric disorders where a dysfunction in 
GABA-mediated neurotransmission is evident (Dyńka et al., 2022; 
Juárez-Zepeda et al., 2024).

The mechanism by which KD acts effectively in epilepsy is not 
clearly understood; however, the fact that KD has beneficial effects in 
diseases in which the KCC2 cotransporter is affected has led to the 
proposal that modifications in the expression of the cation-chloride 
cotransporter KCC2 could be at least in part the mechanism of action 
of this diet in epilepsy (Wang et al., 2016; Granados-Rojas et al., 2020; 
Murakami and Tognini, 2022). Although KD, per se, is known to 
increase KCC2 expression in the cerebral cortex (Wang et al., 2016) 
and dentate gyrus (Granados-Rojas et al., 2020), little is known about 
regional alterations of KCC2 in the hippocampus of rats fed with KD 
under an epilepsy model. Therefore, the present study was focused on 
investigating the effect of KD on the expression of the cation-chloride 
cotransporter KCC2, as determined by optical densitometry analysis 
in the dentate gyrus layers and Cornu Ammonis 3 (CA3) strata of 
amygdaloidal kindling seizure-induced rats.

2 Materials and methods

2.1 Animals and diets

All experimental procedures developed in the research reported in 
this study followed the guidelines of the Official Mexican Norm (1999) 
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(NOM-062-ZOO-1999) and are part of project 085–2010, approved by 
the Research Board of the National Institute of Pediatrics. The project 
was also approved by the Institutional Committee for the Care and Use 
of Laboratory Animals (CICUAL). All efforts were made to minimize 
the number and suffering of the animals used in the experiments.

Male Sprague Dawley rats were bred and kept in constant controlled 
conditions of temperature (22°C–24°C), light:dark cycle (12:12 h, lights 
on from 6:00 am to 6:00 pm), and relative humidity (40%) were used. 
The air filter (3 microns particles) was exchanged 18 times in 1 h. At 
postnatal day 24, rats from 8 litters were weaned and randomly assigned 
to two groups as follows: normal diet-fed rats (ND) (2018S sterilized, 
Envigo Teklad, United  States) and KD (TD 96355, Envigo Teklad, 
United States) (Gómez-Lira et al., 2011; Granados-Rojas et al., 2020). 
Both groups of animals had free access to water and their respective diets. 
Diets were started from weaning and were maintained throughout the 
experiment. Prior to the dietary treatments, the animals were subject to 
8-h fasting.

2.2 Measurements of body weight, glucose, 
and β-hydroxybutyrate

The body weight, blood glucose, and β-hydroxybutyrate levels of 
each animal were recorded at the beginning and end of treatment. 
Similar to our previous study (Granados-Rojas et  al., 2020), to 
measure blood glucose and β-hydroxybutyrate levels, a drop of blood 
was collected from the lateral tail tip vein and placed on glucose or 
β-hydroxybutyrate test strips (Abbott Laboratories) inserted into a 
FreeStyle Optium digital monitoring system (Abbott Laboratories 
glucometer) that indicated glucose or β-hydroxybutyrate 
concentrations (Wang et  al., 2017; Doyen et  al., 2024; Meeusen 
et al., 2024).

2.3 Stereotaxic surgery

After 6 weeks of ND or KD, a portion of the animals was 
anesthetized with ketamine (100 mg/kg intraperitoneal). Subsequently, 
the animals were placed in a stereotaxic device (David Kopf) to implant 
electrodes for stimulation and recording. The electrodes were 
implanted in the left basolateral nucleus of the amygdala (previous 
coordinates of 6.2 mm, side of 5 mm, and 1.5 mm in height). For this 
purpose, the interaural line was used as a reference in accordance with 
the Paxinos and Watson Atlas of Stereotaxy (Paxinos and Watson, 
2007). Another electrode was placed in the sensory motor cortex to 
register the propagation of electroencephalographic activity. Each 
electrode was made with isolated stainless steel (0.005-inch diameter) 
coated with Teflon, except in the ends. A screw was implanted in the 
skull to serve as a source of reference. The electrodes were attached to 
a mini-connector and linked to the skull using dental acrylic. The skin 
was sutured around the mini-connector. The electrode positioning was 
later verified using histological staining techniques (Taddei et al., 2022).

2.4 Kindling model

After 10 days of postoperative recovery, the rats were placed in a 
silenced chamber (22.5 cm x 30 cm x 30 cm). The connector was 

joined to flexible cables connected to the rat with the S88 Grass 
stimulator and a stellate system digital polygraph. The settings of the 
polygraph were 50 microvolts of amplification and a filter between 3.5 
and 30 Hz. The rats were stimulated daily with a 60 Hz frequency, 
pulses of duration of 1.0 s, and an intensity of 5 V (Goddard et al., 
1969). The following parameters were measured: amygdala after-
discharge duration (ADD), average ADD across 10 generalized 
seizures, latency or number of stimuli required to reach each kindling 
stage and their duration, and associated behavior according to the 
parameters described by Racine (1972). Stage 1: Clonus of the facial 
muscles, one or both eyes closed; stage 2: Oscillatory movements of 
the head; stage 3: Myoclonic of the forelimbs in movement; stage 4: 
Myoclonic movements in both extremities; stage 5: Generalized tonic–
clonic seizure. Stages 1–3 were considered focal seizures, whereas 
stages 4 and 5 were considered generalized seizures. Sham-operated 
animals were implanted with electrodes but did not receive any 
stimulation. A part of the animal was left intact.

Finally, 6 groups of animals were used in this study:

 1) IND: intact (naive) animals fed with a ND, no kindling (n = 8).
 2) KND: animals fed with an ND with electrical amygdala 

kindling (n = 7).
 3) SND: sham animals fed with a ND (n = 8).
 4) IKD: intact (naive) animals fed with a KD, no kindling (n = 8).
 5) KKD: animals fed with a KD with electrical amygdala kindling 

(n = 8).
 6) SKD: sham animals fed with a KD (n = 7).

2.5 Tissue processing and sample 
collection

All animals were sacrificed 1 day after the last stimulation. At the 
end of treatment, rats were anesthetized with sodium pentobarbital 
(50 mg/kg, intraperitoneally) and transcardially perfused with 0.9% 
NaCl, followed by 4% paraformaldehyde in phosphate buffer, 0.1 M, 
pH 7.4 (PFA). The brains were then carefully removed, post-fixed in 
PFA overnight, and serially cryo-protected in 10, 20, and 30% sucrose 
at 4°C. Afterward, brain blocks containing the dorsal and ventral 
hippocampus of both the right and left hemispheres were sectioned in 
the coronal plane at 50 μm thick using a cryostat (Leica, Germany) at 
−21°C. Serial sections were stored in a cryoprotectant solution (25% 
glycerol, 25% ethylene glycol, 50% phosphate buffer 0.1 M, pH 7.4) at 
−20°C in 24-well plates until use. To select the sections from the serial 
slides per  animal, a systematic random procedure consisting of 
choosing one of every eight sections that resulted in eight series of 
12–14 sections of all rat dentate gyrus and CA3 was used. One 
of the series was immunohistochemically processed to 
immunodetection of KCC2 in each rat (Granados-Rojas et al., 2020).

2.6 Immunohistochemical staining

To evaluate the expression of the cation-chloride cotransporter 
KCC2 in the IND, KND, SND, IKD, KKD, and SKD rat groups, an 
immunohistochemistry protocol was carried out using a secondary 
biotinylated antibody according to Granados-Rojas et al. (2020). Free-
floating brain tissue sections were processed in parallel at room 
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temperature and in constant motion. Sections were initially subjected 
to 3 times 10-min washes with Phosphate Buffered Saline (PBS) 
between the change of each solution and at the end. After initial washing 
with PBS, sections were subjected to 1% hydrogen peroxide in PBS for 
10 min. Tissues were then incubated with 20X ImmunoDNA retriever 
buffer (Bio SB, United States) at 65°C for 60 min, followed by incubation 
with the primary rabbit polyclonal antibody anti-KCC2 (1:2000; Merck 
Millipore, Germany, Cat. # 07–432), diluted in 5% horse serum (Gibco, 
United  States) and 3% Triton X-100 (Merck, Germany) in PBS 
overnight. The antibody recognizes their total protein. The next day, the 
sections were washed and incubated with a secondary biotinylated goat 
anti-rabbit IgG antibody (1:500; Vector Laboratories, United States, Cat. 
# BA-1000) for 2 h, and subsequently incubated with avidin peroxidase 
complex (ABC kit; Vectastain; Vector Laboratories, United States, Cat. 
# Pk-4000) for 1 h. To determine peroxidase activity, a nickel-intensified 
3,3′-diaminobenzidine (DAB; Vector Laboratories, United States, Cat. 
# SK-4100) solution was used for 2 ½ min. Finally, the sections were 
mounted on poly-L-lysine-coated slides, and entellan (Merck, 
Germany) was added to the slides. Then, the slides were covered with a 
glass coverslip. In additional sections, the primary antibody KCC2 as 
well as the secondary biotinylated antibody were omitted as negative 
controls to assess nonspecific binding. The same amount of horse serum 
used to replace the primary or secondary antibody resulted in a lack of 
any staining. Evaluation of sections was performed in a blind manner, 
i.e., the researcher was not aware whether the sections were from the 
IND, KND, SND, IKD, KKD, or SKD rat groups.

2.7 Optical density analysis of KCC2

The determination of KCC2 expression in the dentate gyrus and 
CA3 was carried out through digital densitometric analysis of acquired 
image color intensities. All images with identical characteristics of 
acquisition (objective lens, aperture condenser, light intensity, 
exposure time, and white balance) were taken with a MBF-CX9000 
RGB CCD camera (MBF Bioscience, VT, United States) coupled to a 
BX-51 microscope (Olympus Corporation, Japan) and 
Stereoinvestigator software (MBF Bioscience, VT, United  States). 
ImageJ software (v 1.52e, Rasband, 2018) was used to perform 
densitometric measurements, and the values obtained were expressed 
as optical density in arbitrary units. For each image, we converted 
RGB to 8-bit color depth, segmented the layers of interest, and 
measured the relative intensity of pixels in each region. The analysis 
was conducted at 20x in selected sections of the whole dentate gyrus 
and CA3. Each optical density value was normalized using background 
subtraction (Granados-Rojas et al., 2020). The KCC2 optical density 
was estimated in the molecular, granule, and hilar dentate gyrus layers, 
as well as in the oriens, pyramidal, lucidum, and RLM (radiatum and 
lacunosum-moleculare) CA3 strata. The total expression of the KCC2 
cotransporter in each layer or stratum was obtained by considering 
the dorsal and ventral regions of both the right and left hemispheres.

2.8 Statistical analysis

Data on glucose, β-hydroxybutyrate, and body weight were 
submitted to separate three-way mixed Analyses of Variance 
(ANOVAs) that included the within-subject factor: Time (initial vs. 

final measurement) and the two between-subject factors: Diet (ND vs. 
KD) and Manipulation (intact, kindling, and sham).

The data from body weight as well as the KCC2 immunoreactivity 
(KCC2-IR) optical density in all dentate gyrus layers and all CA3 
strata were subjected to separate two-way ANOVAs that included the 
between-subject factors: Diet (ND vs. KD) and Manipulation (intact, 
kindling, and sham).

For the analyses, the Mauchly’s sphericity test was performed. For 
all parameters with repeated measures, the Mauchly’s test indicated 
no sphericity (p < 0.05) in all cases. Therefore, the Greenhouse–
Geisser correction method for sphericity was used (Verma, 2015), and 
the corrected results are those reported.

For all two-way ANOVAs in CA3, the Levene’s test showed equality 
of variances (p > 0.05) for all cases. On the contrary, in the dentate 
gyrus, Levene’s test indicated no homoscedasticity in the molecular and 
granule layers (p < 0.05), but in the hilar layer, there was equality of 
variances (p > 0.05). In all cases, the significant interactions, original 
degrees of freedom, and corrected probability levels are reported in 
addition to the partial eta squares. Tukey’s honest significant difference 
(HSD) tests were computed as post hoc analyses for the main effects 
found in the CA3 strata, while the different significant interactions 
were analyzed with the Bonferroni’s post hoc test.

The ADD averages were calculated for the kindling establishment and 
for the days corresponding to the generalized seizures. The effects of diet 
on these two moments were evaluated using a repeated ANOVA measures 
that included the between-factor Diet (ND vs. KD). Post hoc effects were 
analyzed by means of the Bonferroni’s test. The latencies (number of days 
needed to reach the different stages) and the duration of each Racine’s 
scale stage were analyzed using separate Mann–Whitney U tests.

Additionally, Pearson’s bivariate correlation test was performed to 
analyze whether there was a relationship between the levels of KCC2 
expression in the different dentate gyrus layers and CA3 strata with 
the ADD generalized seizures. This test was performed independently 
of the group to which the animals belonged.

For all statistical analyses, the significance level was maintained at 
p ≤ 0.05. For all parameters, boxplots with individual data points were 
created, except for ADD. All analyses were performed using SPSS 
(Statistical Package for the Social Sciences), version 20.

3 Results

3.1 Body weight

KD was well tolerated during the study. Assessment of body 
weight was performed at the beginning and end of the study. The 
three-way ANOVA indicated that the interactions that included the 
factor Diet were not significant (p > 0.05); therefore, there were no 
significant effects of diet on body weight. However, the interaction 
Time × Manipulation was significant (F(2, 40) = 7.202, p < 0.01, 
η2 = 0.265). As expected, the Bonferroni’s post hoc test showed that at 
the beginning of the study, there were no significant differences in 
body weight between the three types of manipulation (p > 0.05 for all 
comparisons), indicating equality of initial conditions. However, at the 
end of the study, the kindling groups of both diets (KND and KKD) 
presented a significantly lower body weight (11.69%) than the intact 
groups of both diets (IND and IKD) (p < 0.001 for all comparisons) 
(Figure 1A, #). For all groups, a significant body weight gain was 

https://doi.org/10.3389/fnins.2025.1489407
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org


Granados-Rojas et al. 10.3389/fnins.2025.1489407

Frontiers in Neuroscience 05 frontiersin.org

observed at the end of the experiment when compared with the 
beginning of the experiment (p < 0.001) (Figure 1A, *).

3.2 Glucose

Assessment of glucose was performed at the beginning and end of 
the study. The three-way ANOVA indicated that the interaction Time 
× Diet was significant (F(1, 40) = 11.347, p < 0.01, η2 = 0.22). The 
Bonferroni’s post hoc analysis showed that in all groups, there was a 
significant decrease in peripheral blood glucose concentration at the 
end of the experiment with respect to the beginning (p < 0.001) 
(Figure  1B, *); however, this decrease was greater (34.69%) in the 
KD-fed groups (IKD, KKD, and SKD) than in the ND-fed groups (IND, 
KND, and SND) (25.10%). As expected, at the beginning of the 
experiment, no significant differences were observed between groups 
(p > 0.05). On the contrary, at the end of the experiment, the glucose 
concentration was significantly different (p < 0.01). The KD-fed groups 
(IKD, KKD, and SKD) presented a significantly lower glucose 
concentration (11.26%) than the ND-fed groups (IND, KND, and SND) 
(p < 0.01) (Figure 1B, #).

3.3 β-Hydroxybutyrate

To assess the effectiveness of the ketogenic diet, ketone bodies 
were measured, particularly β-hydroxybutyrate, at the beginning and 
end of the study. Three-way ANOVA showed that the interaction Time 
× Diet was significant (F(1, 40) = 164.47, p < 0.001, η2 = 0.804). As 
expected, the Bonferroni’s post hoc test indicated that at the beginning 
of the study, there were no significant differences (p > 0.5) between 
groups, thus showing equal initial conditions. The concentration of 
β-hydroxybutyrate decreased significantly (41.53%) at the end of the 
experiment in the ND-fed groups (IND, KND, and SND) compared 
with the beginning of the experiment (p < 0.001) (Figure 1C, *) and 
increased significantly (111.49%) in the KD-fed groups (IKD, KKD, 
and SKD) when compared with the beginning of the experiment 
(p < 0.001) (Figure 1C, #). However, at the end of the experiment, the 
KD-fed groups (IKD, KKD, and SKD) presented a significantly greater 
β-hydroxybutyrate concentration (269.47%) than the ND-fed groups 
(IND, KND, and SND) (p < 0.001) (Figure 1C, &).

3.4 After-discharge duration

Kindling model results are shown in Figures 2A-D. The repeated 
measures ANOVA for the kindling establishment and generalized 
seizures was significant (F(1, 11) = 16.187, p < 0.01, η2 = 0.595). The 
Bonferroni’s post hoc test revealed that the KD-fed kindling group 
(KKD) had a significantly lower ADD than the ND-fed kindling group 
(KND) (p < 0.01) only during generalized seizures (Figure 2B).

3.5 Latency

Analyses using Mann–Whitney U tests showed that latency to 
reach stage 3 was significantly higher (U = 8.5, p < 0.05) in the 
KD-fed kindling group (KKD) than in the ND-fed kindling group 

(KND) (Figure 2C, *). The latencies of stages 2 and 3 collapsed 
because they corresponded to the focal seizure conditions. 
Similarly, latencies of stages 4 and 5 collapsed under generalized 
seizure conditions. Mann–Whitney U tests indicated no significant 
differences in focal seizure conditions (p > 0.05) but did indicate 
the existence of significant differences in generalized seizure 
(p = 0.05), with the latency being longer in the KD-fed kindling 
group (KKD).

3.6 Stage duration

The Mann–Whitney U tests indicated that the duration of stage 4 
was significantly longer (U = 1, p < 0.01) for the KD-fed kindling 
group (KKD) than for the ND-fed kindling group (KND).

3.7 KCC2-IR optical density

Evaluation of the cation-chloride cotransport KCC2 expression by 
optical density was carried out in 12–14 sections of each rat 
(Figure 3A). The cytoarquitecture and diffuse staining patterns of the 
dentate gyrus (Figures  3B-F,K-M) and CA3 (Figures  3B-C,G-J) 
remained unchanged in all groups. The lamination of the dentate 
gyrus and CA3 was preserved properly in both hemispheres. This 
allowed the identification and delimitation of each of the regions of 
analysis: the molecular, granule, and hilar dentate gyrus layers, as well 
as the oriens, pyramidal, lucidum, and RLM CA3 strata (Figures 3B,C). 
The anatomical boundaries and criteria to define each layer of the 
dentate gyrus and each CA3 strata were established according to 
Amaral and Witter (1989), Gulyás et al. (2001), Amaral et al. (2007), 
and Paxinos and Watson (2007). Thus, in the dentate gyrus (−1.72 to 
−6.84 mm posterior to Bregma), the granule layer is the compact layer 
that contains the somas of the granule cells. KCC2 staining was 
observed around the neuronal somas, i.e., in the plasma membrane, 
whereas the somas of the granule cells were not dyed (Figure 3E). 
Below this layer is the molecular layer containing mainly the dendrites 
of the granule cells in a dark tone. The strongest neuropil staining of 
the entire hippocampus was observed in this layer (Figure 3D). Above 
the granular layer lies the hilar layer, where the labeling was weaker 
and delimited by the upper and lower borders of the dentate gyrus. 
KCC2 staining was observed around polymorphic cells and in neural 
processes (Figure 3F).

In CA3 (−1.72 mm to −6.12 mm posterior to Bregma) 
(Figure 3G), the compact zone of the somas of the pyramidal cells 
forms the pyramidal stratum, and peripheral KCC2 staining was 
observed in the somas of these cells, i.e., in the plasma membrane. 
Below the pyramidal layer is the dark-toned oriens stratum. Diffuse 
immunostaining was strongest in stratum oriens, which is delimited 
by the white matter of the alveus. The basal dendrites of the pyramidal 
cells are located here. Above the pyramidal layer lies the acellular 
stratum lucidum, which is very clear. The region contains the axons of 
the granule cells and the proximal apical dendrites of the pyramidal 
cells. The only field that presents a stratum lucidum is the CA3 field; 
therefore, it delimits the CA3. Next are the radiata and lacunosum-
moleculare strata. Because they are difficult to delimit, they were 
evaluated together, and contain the medial and distal apical dendrites 
of the pyramidal cells.
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Dentate gyrus: Two-way ANOVA showed that the Diet × 
Manipulation interaction was significant in the molecular layer (F(2, 
40) = 4.503, p < 0.05, η2 = 0.184). The Bonferroni’s post hoc test 
indicated that when animals were fed with ND, the kindling group 
(KND) had presented significantly lower (18.62%) KCC2 expression 
than the intact group (IND) (p < 0.001) (Figure 4A, *) and sham group 
(SND) (20.30%; p < 0.001) (Figure 4A, #). On the contrary, when 
animals were fed with KD, the kindling group (KKD) was not 
significantly different from the intact group (IKD) and the sham group 
(SKD). In the kindling groups, the KD-fed group (KKD) exhibited 
higher KCC2 expression than the ND-fed group (KND) (26.8%; 
p < 0.001) (Figure 4A, &).

In the granule layer, the Diet × Manipulation interaction was 
significant (F(2, 40) = 3.325, p < 0.05, η2 = 0.143). In this case, the 
Bonferroni’s post hoc test evidenced that when animals were fed with 
ND, the kindling group (KND) presented significantly lower KCC2 
expression than the intact group (IND) (22.15%; p < 0.001) (Figure 4B, 
*) and the sham group (SND) (21.47%; p < 0.001) (Figure 4B, #). 
When the animals were fed with KD, no significant difference was 
observed between the KKD and SKD groups. However, the KKD 
group had a significantly lower KCC2 expression than the IKD group 
(13.03%; p < 0.01) (Figure 4B, %), because IKD significantly increased 
the expression of KCC2, and this was even significantly higher than 
that in the IND group (19.67%; p < 0.001) (Figure 4B, $). The KKD 
group exhibited a significantly higher KCC2 expression than the KND 
group (33.70%; p < 0.001) (Figure 4B, &).

In the hilar layer, similar to the other layers of the dentate gyrus, the 
Diet × Manipulation interaction was significant (F(2, 40) =10.961, 
p < 0.001, η2 = 0.354). In cases that received ND, the Bonferroni’s post hoc 
test indicated that the kindling group (KND) had significantly lower 
KCC2 expression than the intact group (IND) (18.55%; p < 0.001) 
(Figure 4C, *) and the sham group (SND) (19.6%; p < 0.001) (Figure 4C, 
#). In contrast, when animals were fed with KD, no significant differences 
were observed in the IKD, KKD, and SKD groups. For the kindling 
groups, rats fed with a KD diet (KKD) had significantly higher KCC2 
expression than those fed with a normal diet (KND) (33.18%; p < 0.001) 
(Figure 4C, &). A similar pattern was observed for the intact groups; the 
IKD group had significantly higher KCC2 expression than the IND 
group (15.01%; p < 0.001) (Figure 4C, $).

CA3: In the oriens stratum, two-way ANOVA did not reveal 
significant interactions or main effects on this layer (Figure 5A).

In contrast, in the pyramidal stratum, two-way ANOVA revealed 
a significant main effect of Diet (F(1, 40) = 44.58, p < 0.001, 
η2 = 0.527). Tukey’s post hoc test indicated that the KD-fed groups 
(IKD, KKD, and SKD) had significantly greater KCC2 expression than 
the ND-fed groups (IND, KND, and SND) (16.06%, p < 0.001) 
(Figure  5B, *). The factor Manipulation was also significant (F(2, 
40) = 19.06, p < 0.001, η2 = 0.1488). The Tukey’s post- hoc test showed 
that the kindling groups (KND and KKD) had significantly lower 
KCC2 expression than the intact groups (IND and IKD) (16.71%, 
p < 0.001) (Figure 5B, &, &´) and the sham groups (SND and SKD) 
(12.95%; p < 0.01) (Figure 5B, #, #´).

In the lucidum stratum, two-way ANOVA showed a significant 
main effect of Diet (F(1, 40) = 66.475, p < 0.001, η2 = 0.624). The 
Tukey’s post hoc test found that the KD-fed groups (IKD, KKD, and 
SKD) had significantly greater KCC2 expression than the ND-fed 
groups (IND, KND, and SND) (20%; p < 0.001) (Figure 5C, *). For the 

FIGURE 1

Boxplots with individual data points for each group at the beginning 
and end of the study of body weight (A), glucose (B), and 
β-hydroxybutyrate (C). The three-way ANOVA and Bonferroni’s post 
hoc test indicated a significant body weight increase (p < 0.001) at 
the end of the experiment compared to the beginning for all groups 
(A, *). At the end, body weight was significantly lower (p < 0.001) for 
the kindling groups (KND and KKD) compared to the intact ones 
(IND and IKD) (A, #). Regarding blood glucose concentration, for all 
groups, there was a significant reduction (p < 0.001) at the end of the 
study regarding the beginning (B, *). At the end, the KD-fed groups 
(IKD, KKD, and SKD) presented significantly lower glucose 
concentrations (p < 0.01) than ND-fed groups (IND, KND, and SND) 
(B, #). For blood β-hydroxybutyrate concentration, at the end of the 
study, the ND-fed groups (IND, KND, and SND) presented a 
significant decrease (p < 0.001) regarding the beginning (C, *), 
contrary to the KD-fed groups (IKD, KKD, and SKD) that presented a 
significant elevation (p < 0.001) (C, #). At the end, the KD-fed groups 
(IKD, KKD, and SKD) presented significantly higher (p < 0.001) 
β-hydroxybutyrate concentrations than ND-fed groups (IND, KND, 
and SND) (C, &). ND, normal diet; KD, ketogenic diet; IND, ND-fed 
intact; KND, ND-fed with amygdala kindling; SND, ND-fed sham; 
IKD, KD-fed intact; KKD, KD-fed with amygdala kindling; SKD, KD-fed 
sham.
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FIGURE 2

Kindling model measurements in the ND-fed group (KND) and the KD-fed group (KKD). (A) Representative recordings of after-discharge activity in the 
amygdala: at the top, the recording from the KND group; at the bottom, the recording from the KKD group. (B) Graphs representing the duration of 
after-discharge activity; values are shown as means ± standard error of the mean. Statistical significance in after-discharge was assessed using a 
repeated measures ANOVA, followed by Bonferroni’s test. On the left, the duration during the first 20 days. On the right, the duration of generalized 
epileptic activity, with evident differences in the last 10 stimuli (F = 16.187, *p < 0.01). Black squares represent the KND group, and white squares 
represent the KKD group. (C) Number of stimuli required to reach each Racine stage. Values are shown as boxplots with individual data points for each 
group. Analyses using Mann–Whitney U tests showed that the latency to reach stage 3 was significantly higher (U = 8.5, p < 0.05) for the KKD group 
than for the KND. (D) Microphotograph showing the placement of the electrode in the basolateral nucleus of the amygdala, using a Hematoxylin and 
Eosin staining technique, 40x. VPL, ventral posterolateral thalamic nucleus; LGP, lateral globus pallidus; Ect, entorhinal cortex; PRh, perirhinal cortex; 
LEnt, lateral entorhinal cortex; DEn, dorsal endopiriform nucleus; VEn, ventral endopiriform nucleus; LaDL, lateral amygdaloid nucleus, dorsolateral 
part; BLV, basolateral amygdaloid nucleus, ventral part; BLA, basolateral amygdaloid nucleus, anterior part; CeL, central amygdaloid nucleus, lateral 
division; B, basal nucleus (Meynert); CeM, central amygdaloid nucleus; medial division; BMA, basomedial amygdaloid nucleus, anterior part; MGP, 
medial globus pallidus.
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FIGURE 3

KCC2 expression in dentate gyrus and CA3. (A) Serial sections of the whole dentate gyrus and CA3 of the right hemisphere. (B) Panoramic view of 
molecular (ml), granule (gl), and hilar (hl) dentate gyrus layers and oriens (os), pyramidal (ps), lucidum (ls), and radiatum and lacunosum-moleculare 
(RLMs) CA3 strata. (C) The regions of interest were delimited with lines of different colors to obtain their optical density. Dentate gyrus layers: 
molecular (yellow line), granular (pink line), and hilar (black line). CA3 strata: oriens (red line), pyramidal (blue line), lucidum (white line), and RLM (bright 
yellow line). Higher magnification view of molecular (D), granule (E), and hilar (F), dentate gyrus and oriens, pyramidal, lucidum, and RLM CA3 strata 
(G). KCC2 immunoreactivity was observed in the plasmalemmal region (perisomal) in the granule cell body in the dentate gyrus (E) and in pyramidal 
cell CA3 (G). CA3 of KD-fed with kindling rat (KKD) (H), ND-fed intact rat (IND) (I), and ND-fed with kindling rat (KND) (J). Dentate gyrus of KKD rat (K), 
IND rat (L), and KND rat (M). The KCC2 immunoreactivity was lower in the KND group compared to the IND and KKD groups. A-C, H-M, 20x. D-G, 40x.

Manipulation factor (F(2, 40) = 21.844, p < 0.001, η2 = 0.522), it was 
observed by means of Tukey’s post hoc test that the kindling groups 
(KND and KKD) had lower significant KCC2 expression than the 
intact groups (IND and IKD) (16.38%; p < 0.001) (Figure 4C, &, &´) 
and the sham groups (SND and SKD) (9.59%; p < 0.001) (Figure 5C, 
#, #´). A significant difference was observed between the sham groups 
(SND and SKD) and intact groups (IND and IKD), with this being 
higher in the intact groups (7.67%; p < 0.01) (Figure 5C, $, $´).

Finally, in the RLM stratum, two-way ANOVA did not reveal 
significant interactions or main effects on this layer (Figure 5D).

3.8 Pearson’s correlation coefficient 
between KCC2-IR levels and ADD

Pearson’s correlation test revealed significant negative correlations in 
all layers of the dentate gyrus: molecular r(45) = − 0.810, p < 0.001; 
granule r(45) = − 0.725, p < 0.001; and hilar r(45) = − 0.835, p < 0.001; 
and in the CA3 strata: pyramidal r(45) = − 0.719, p < 0.001; and lucidum 
r(45) = − 0.747, p < 0.001. These findings indicate that in these regions, 
the higher the KCC2 levels, the shorter the ADD in generalized seizures. 
The correlation in oriens and RLM strata was not significant.

4 Discussion

We demonstrated that KD has an antiepileptic function in 
amygdala kindling by reducing ADD in generalized seizures. In 
addition, the present study provides experimental evidence suggesting 
that KD has a putative neuroprotective effect by preventing the 
kindling-induced reduction of KCC2 expression in the molecular, 
granule, and hilar dentate gyrus layers and pyramidal and lucidum 

CA3 strata. The findings indicate a differential effect of KD on KCC2 
expression by region and layer or stratum. The higher the KCC2 
expression levels, the shorter the ADD.

Considering the importance of GABA-mediated 
neurotransmission, regulation of intracellular chloride concentration 
by cation-chloride cotransporter, specifically KCC2, in epilepsy and the 
beneficial effects of KD in this disease, the results presented in this 
study include data on body weight, glucose and β-hydroxybutyrate 
concentration, as well as ADD, latency and duration of stages in rats 
fed with a KD under the amygdala kindling model. In addition, 
we  obtained detailed information on the regional expression of 
KCC2 in different layers of the dentate gyrus and CA3 strata.

In concordance with previous studies, we found that KD-fed rats 
experienced a significant decrease in glucose concentration (Jiang 
et al., 2016) and an increase in β-hydroxybutyrate levels (Gómez-Lira 
et  al., 2011; Jiang et  al., 2012, 2016; Granados-Rojas et  al., 2020). 
β-hydroxybutyrate concentration was taken as a measure of 
ketonemia; thus, this result confirmed the efficacy of the diet used in 
this study to induce ketosis until the end of the experiment (Jiang 
et al., 2012, 2016; Granados-Rojas et al., 2020; Meeusen et al., 2024). 
In addition, a decrease in body weight was observed in rats subjected 
to KD and kindling (Jiang et al., 2012, 2016). This may herald the 
metabolic effects of KD on epilepsy.

In this study, the KD was started before the establishment of the 
amygdala kindling model, an experimental paradigm widely used to 
evaluate the protective effect of the KD. In line with the above, the 
evaluation of the protective effect of the KD by Jiang et al. (2012) was 
performed before starting amygdala kindling. In the same manner, 
Wang et  al. (2016) and Jiang et  al. (2016) performed the same 
evaluation even before pentylenetetrazole (PTZ) kindling. Moreover, 
other authors provided other types of diets, such as caloric restriction, 
before amygdala kindling (Phillips-Farfán et al., 2015; Rubio-Osornio 
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et al., 2018). Nonetheless, we propose that future studies are needed 
to evaluate the impact of KD on KCC2 expression after establishing 
amygdala kindling. In the study by Hori et  al. (1997) in which 
amygdala kindling was first established and then a KD was provided, 
no alterations were found in the kindling model, however, the diet 
used in this study contained zero carbohydrates.

The amygdala kindling model allows researchers to study the 
neurobiology of epilepsy in rats fed ND and KD diets (Hori et al., 1997; 
Hu et al., 2011; Jiang et al., 2012). Furthermore, the kindling model used 

FIGURE 4

Boxplots with individual data points of KCC2 expression [KCC2-
immunoreactivity optical density (KCC2-IR OD)] for each group in 
dentate gyrus layers: molecular (A), granule (B), and hilar (C). The 
two-way ANOVA and Bonferroni’s post hoc test indicated that the 
ND-fed kindling group (KND) has a lower KCC2 expression when 
compared to the ND-fed intact group (IND) in molecular (A, *), 
granule (B, *), and hilar (C, *) layers and when compared to the ND-
fed sham group (SND) in molecular (A, #), granule (B, #), and hilar (C, 
#) layers. However, these changes were not observed in the KD-fed 
groups (IKD, KKD, and SKD). Only in the granule layer had the KD-fed 
kindling group (KKD) lower KCC2 expression when compared with 
the KD-fed intact group (IKD) (B, %). The IKD group had more KCC2 
expression than the IND group in granule (B, $) and hilar (C, $) layers. 
KKD has a higher KCC2 expression than the KND group in molecular 
(A, &), granule (B, &), and hilar (C, &) layers. In all comparisons, 
p < 0.001, except for 4B, % with p < 0.01. ND, normal diet; KD, 
ketogenic diet; SND, ND-fed sham.

FIGURE 5

Boxplots with individual data points of KCC2 expression [KCC2-
immunoreactivity optical density (KCC2-IR OD)] for each group in 
CA3 strata: oriens (A), pyramidal (B), lucidum (C), and RLM (D). The 
two-way ANOVA and Tukey’s post hoc test indicated that there were 
no significant changes in the oriens (A) and RLM strata (D). The KD-
fed groups (IKD, KKD, and SKD) had greater KCC2 expression than 
the ND-fed groups (IND, KND, and SND) in the pyramidal stratum (B, 
*) and the lucidum stratum (C, *) (p < 0.001). Kindling groups (KND 
and KKD) had a lower KCC2 expression than the intact groups (IND 
and IKD) in the pyramidal (B, &, &´) and lucidum (C, &, &´) strata 
(p < 0.001), and it was also lesser in relation to sham groups (SND 
and SKD) in pyramidal (A, #, #´) and lucidum (B, #, #´) strata 
(p < 0.01). A significant difference between sham groups (SND and 
SKD) and intact groups (IND and IKD) was observed only in the 
stratum lucidum (C, $, $´) (p < 0.01). ND, normal diet; KD, ketogenic 
diet; IND, ND-fed intact; KND, ND-fed with amygdala kindling; SND, 
ND-fed sham; IKD, KD-fed intact; KKD, KD-fed with amygdala 
kindling; SKD, KD-fed sham.
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in this study reflects the generalized tonic–clonic seizures that show a 
higher incidence in the epileptic population. Focusing on specific kindling 
outcomes, a significant reduction in ADD was observed in the KD-fed 
group compared with the ND-fed group (Jiang et al., 2012; Wang et al., 
2016; Meeusen et al., 2024). This suggests that KD has a beneficial effect 
on epileptic activity (Campbell et al., 2015; Murugan and Boison, 2020; 
Meeusen et al., 2024). In terms of latency, a significant increase in the time 
taken to reach stage 3 was observed in the KD-fed group compared with 
the ND-fed group (Jiang et al., 2012; Wang et al., 2016). This may indicate 
a higher resistance to seizure induction, which could be a positive effect 
of KD (Qiao et al., 2024). When kindling stages 4 and 5 were combined 
to analyze the latency corresponding to the generalized seizure condition, 
an increase in latency was observed in KD-fed animals (Meeusen et al., 
2024), indicating that more time is required to establish the generalized 
seizure condition in KD-fed animals, thus observing the beneficial effect 
of this diet in this epilepsy model. In the KD-fed group, rats stayed in stage 
4 (generalized seizures) for a longer duration than the ND-fed group. The 
putative neuroprotective effect of KD in the amygdala kindling model was 
demonstrated by the increase in ADD as well as the latency and duration 
of generalized seizures. This result coincides with the data reported in 
other studies (Jiang et al., 2012, 2016; Wang et al., 2016).

The kindling model has been used to study the expression of 
cation-chloride cotransporter (Rivera et al., 2002; Okabe et al., 2003; 
Ding et al., 2013; Wang et al., 2016; Tescarollo et al., 2023). Regarding 
KCC2 expression, a differential effect of KD was observed by cerebral 
region, since the dentate gyrus was the brain region with the greatest 
positive changes when compared with CA3. The differential effect of 
KD was also observed by layer and stratum. The granular layer of the 
dentate gyrus exhibited the largest changes in KCC2 expression, 
whereas in CA3, changes were observed only in the pyramidal and 
lucidum strata. The oriens, radiate, and lacunosum-moleculare strata 
remained unchanged.

Previous studies have reported that hippocampal kindling reduces 
KCC2 expression levels in the hippocampus (Rivera et al., 2002), PTZ 
kindling in the cerebral cortex (Wang et  al., 2016), as well as 
optogenetic kindling in the hippocampus (Tescarollo et al., 2023) in 
animals fed a normal diet. A similar situation was observed in the 
present study, where our ND-fed animals that were subjected to 
kindling showed a reduction of KCC2 expression in the molecular, 
granular, and hilar layers of the dentate gyrus and pyramidal and 
lucidum CA3 strata when compared with both intact and sham 
animals. However, when the KD-fed groups were analyzed, this 
reduction was not observed in the molecular, granular, and hilar layers 
of the dentate gyrus. These findings suggest a putative protective effect 
of KD by preventing the reduction of KCC2 expression induced by 
kindling in the dentate gyrus layers and cerebral cortex (Wang et al., 
2016). Although a reduction in KCC2 expression was observed in the 
granular layer of KD-fed rats subjected to kindling when compared 
with the ND-fed rats with kindling, this effect is probably due to the 
significant increase presented by the latter group. In addition, the 
KCC2 expression levels of the KD-fed group subjected to kindling did 
not differ from the ND-fed intact and sham groups.

It must be noted that KD per se induces an increase in KCC2 
expression levels in the granular and hilar dentate gyrus layers, 
supporting previous results (Granados-Rojas et al., 2020). KD per se 
also increases KCC2 expression level in the cerebral cortex (Wang 
et al., 2016). These results indicate that different brain regions increase 
KCC2 expression in response to KD per se.

When KCC2 expression levels were compared among the kindled 
groups, higher expression was observed in the KD-fed group than in 
the ND-fed group. This result coincides with that reported by Wang 
et al. (2016) in the cerebral cortex. In the CA3 region, it was found that 
kindling reduces KCC2 expression in the pyramidal and lucidum 
strata compared with the intact and sham groups (Rivera et al., 2002) 
in both diet groups. The CA3 was the region that exhibited the least 
changes, indicating that KD possibly exerts its protective action 
mainly through the dentate gyrus. The sham groups on both diets had 
less KCC2 expression than the intact groups, suggesting that surgical 
manipulation reduces KCC2, as was observed in trauma.

In the specific discussion of kindling, it may be noted that KD seems 
to modulate KCC2 expression differently in the dentate gyrus and CA3 
during kindling. In the dentate gyrus, KD appears to preserve KCC2 
expression, which could contribute to its anticonvulsant effects observed 
in kindling ADD and latency. In CA3, the overall decrement in KCC2 
expression in the kindling groups on both diets suggests a common 
response to increased excitability, independent of diet. It is important to 
note that these results are specific to the kindling model used in this study 
and that the precise relationship between KD and KCC2 expression may 
vary in other epilepsy models.

The increase in KCC2 in the dentate gyrus of the KD-fed kindling 
group compared with the ND-fed kindling group was also reported in 
a PTZ kindling model (Wang et al., 2016). This finding explains the 
reduction in ADD during the generalized seizure phase as well as the 
need for more sessions to reach this phase. The negative correlation 
observed between KCC2 expression and ADD during generalized 
seizures suggests a protective effect of diet on KCC2 in the dentate 
gyrus and CA3 in epilepsy.

In the adult brain, granule cells in the dentate gyrus are strongly 
inhibited by multiple variants of interneurons. This condition 
endows the dentate gyrus with the properties of a tightly regulated 
filter, limiting throughput between the entorhinal cortex and the 
hippocampus (Pathak et al., 2007). In the dentate gyrus, the granular 
layer contains the somas of granule cells. The dendrites of these cells 
are located in the molecular layer that receives efferences from the 
entorhinal cortex, while the hilar layer contains the axons of granule 
cells and various types of interneurons. On the other hand, in the 
CA3 area, the somas of pyramidal cells are found in the pyramidal 
stratum, while the proximal apical dendrites of these neurons are 
located in the lucidum stratum, with this being the place where 
mossy fibers or axons of granule cells arrive to make synapses with 
thorny excrescence dendrites of pyramidal cells. The prevention of 
the reduction of KCC2 expression produced by kindling, coupled 
with the increase in the expression of the same in the molecular, 
granule and hilar layers of the dentate gyrus, as well as in the 
pyramidal and lucidum strata of the KD-fed animals subjected to 
stimulation of the amygdala, suggests that in these layers and strata 
are where the propagation of excessive or aberrant activity to the 
circuit is inhibited, which makes the hippocampus less prone to 
seizures (Bonislawski et  al., 2007). Future studies are needed to 
support this idea. It seems that the main region with the greatest 
beneficial effects is the dentate gyrus, which is very important since 
this region is highly epileptogenic (Bonislawski et al., 2007) and is 
also recognized as the entrance to hippocampal formation. On the 
other hand, in CA3, which organizes the response that flows to CA1 
(the main exit of the hippocampal formation), the strata with the 
greatest changes were the pyramidal and lucidum.
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The preservation of KCC2 expression levels in the dentate gyrus 
and CA3 in KD-fed animals under amygdala kindling reported in the 
present study complements previous reports carried out in the cerebral 
cortex of rats fed with a KD under PTZ kindling (Wang et al., 2016). 
This indicates that this effect may be general in the brain. This supports 
the proposal that the beneficial effect of KD on kindling observed in 
the present and other studies could be due to the increase of KCC2 not 
only in the cortex but also in the dentate gyrus and CA3. The protective 
effect of KD has also been observed in preventing neuronal loss in the 
CA1 area of the hippocampus in amygdaloid kindling (Jiang et al., 
2012) and in attenuating spatial and item memory impairment in 
PTZ-induced seizures (Jiang et al., 2016; Wang et al., 2021).

The KCC2 function is to extract intracellular Cl− to maintain low 
levels of Cl− in neurons (Duy et al., 2019). Low concentrations of this 
ion in neurons lead to hyperpolarizing currents regulated by the 
GABAA receptor. This condition reduces epileptiform discharge or 
convulsive activity and promotes the inhibitory response of GABA by 
reducing neuronal excitability. Therefore, the increase and 
maintenance of KCC2 observed in animals fed with KD could be the 
mechanism, or one of the mechanisms, of this diet in epilepsy. 
However, future functional studies are necessary. The causal 
relationship between KCC2 modulation and the antiepileptic effects 
of KD should be further investigated.

Several studies have shown that a KD modifies synaptic function, 
reduces neuronal excitability, and decreases epileptic activity in the 
hippocampus of rodents. These effects are related to metabolic changes, 
such as increased ketone bodies, neurotransmitter regulation (GABA/
glutamate), modulation of ion channels, and reduction of 
neuroinflammation. For example, a study by Stafstrom and Rho (2012) 
highlighted how the KD  alters neuronal excitability and 
neurotransmitter balance and reduces seizure frequency in animal 
models. Another study by Lang et al. (2016) also demonstrated the role 
of ketone bodies in modulating synaptic function and enhancing 
inhibitory neurotransmission. Furthermore, Kasper (2020) found that 
a KD reduces epileptic activity by regulating ion channels and 
decreasing neuroinflammation in the hippocampus.

 It is well known that there are sex differences in epilepsy. 
Susceptibility to excitability episodes and the occurrence of epileptic 
seizures are higher in men than in women (Reddy et al., 2021). Among 
the proposed molecular mechanisms underlying sex differences in 
seizure susceptibility are steroid hormones and neuronal chloride 
homeostasis regulated by the cation-chloride cotransporter NKCC1 
and KCC2 (Reddy et al., 2021). We used epileptic male rats because 
female rats experience significant hormonal fluctuations throughout 
their estrous cycle. These hormonal fluctuations may influence 
neuronal activity and seizure susceptibility. On the other hand, there is 
a sexually dimorphic expression of KCC2, which is higher in females 
than in males (Galanopoulou and Moshé, 2003; Galanopoulou, 2008). 
The results obtained in the present study contribute to a better 
understanding of the effect of KD on epilepsy control; however, it is 
important to note that observations of KCC2 expression in the dentate 
gyrus and CA3 might change in epileptic female rats. Future studies are 
needed to address this issue.

In conclusion, KD has an antiepileptic function in amygdala 
kindling by reducing ADD in generalized seizures. In addition, KD 
has a putative neuroprotective effect by preventing the kindling-
induced reduction of KCC2 expression in the molecular, granule, and 
hilar dentate gyrus layers and pyramidal and lucidum CA3 strata. 

Increased KCC2 expression levels are related to a shorter duration of 
generalized seizures. These results could explain, at least in part, the 
beneficial effect of KD in epilepsy.
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