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HIGHLIGHTS

* Amygdala is involved in the control of cardiorespiratory functioning.
» KCC2, a;-Na™ /K" -ATPase and GFAP changes were observed in the amygdala after SE.
* The changes in chloride regulation may contribute to SUDEP.

ARTICLE INFO ABSTRACT

Keywords: Objective: Amygdala has been demonstrated as one of the brain sites involved in the control of cardiorespiratory
Amygdala functioning. The structural and physiological alterations induced by epileptic activity are also present in the
SUDEP

amygdala and reflect functional changes that may be directly associated with a sudden unexpected death. Seizures
are always associated with neuronal damage and changes in the expression of cation-chloride cotransporters and
Na/K pumps. In this study, the authors aimed to investigate if these changes are present in the amygdala after
induction of status epilepticus with pilocarpine, which may be directly correlated with Sudden Unexpected Death
in Epilepsy (SUDEP).

Methods: Pilocarpine-treated wistar rats 60 days after Status Epilepticus (SE) were compared with control rats.
Amygdala nuclei of brain slices immunostained for NKCC1, KCC2 and a;-Na* /K™ -ATPase, were quantified by
optical densitometry.

Results: The amygdaloid complex of the animals submitted to SE had no significant difference in the NKCC1
immunoreactivity, but KCC2 immunoreactivity reduced drastically in the peri-somatic sites and in the dendritic-
like processes. The a;-Na* /K™ -ATPase peri-somatic immunoreactivity was intense in the rats submitted to pilo-
carpine SE when compared with control rats. The pilocarpine SE also promoted intense GFAP staining, specifically
in the basolateral and baso-medial nuclei with astrogliosis and cellular debris deposition.

Interpretation: The findings revealed that SE induces lesion changes in the expression of KCC2 and a1-Na+ /K
+-ATPase meaning intense change in the chloride regulation in the amygdaloid complex. These changes may
contribute to cardiorespiratory dysfunction leading to SUDEP.

Non-synaptic mechanisms

Introduction nuclei may be at the center of this process. The study also shows that the
attentional state is critical to apnea mediated by amygdala activation.'

Recently, a functional connection between the amygdala and respira- The occurrence of epileptic seizures is always associated with neuro-
tory control in people with TLE was demonstrated, providing evidence nal damage and changes in the expression of the cation-chloride
that conscious mouth breathing prior to stimulation may prevent apnea. cotransporters,”,* and also of the Na/K pump,”° to whom the cotrans-
[1] Importantly, it has been demonstrated that specific amygdaloid porters’ functioning is intrinsically connected. These mechanisms play a
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crucial role in the ionic balancing between the intra and extracellular
spaces,” which, in turn, may modify the proper activity of the brain
regions affected.

Based on this information, this study aims to verify if pilocarpine-
induced status epilepticus causes neuronal damage and changes in the
expression of NKCC1, KCC2 and Na/K-ATPase in the amygdala. As the
anatomical substrate of epileptic activity in the central nervous system
shows a direct relation to cardiovascular alterations, it has been pro-
posed that patients with drug-resistant epilepsy associated with Lateral-
Posterior thalamic nuclei (LP) lesions may face a particular risk of
SUDEP.” Moreover, studies showed that Temporal Lobe Epilepsy (TLE)
can be related to atrophic changes in brainstem regions involved in cen-
tral autonomic control that could be responsible for interictal and ictal
autonomic abnormalities which can aggravate the damage to critical
parts of the autonomic control system and thus potentially increase the
risk for SUDEP.%° However, the exact mechanisms linking epilepsy with
SUDERP still remain unknown and the present work aims to contribute to
this question by examining related changes in mechanisms responsible
for ionic homeostasis, which is directly involved with neuronal activity.

Methods
Ethical approval

All experiments were performed according to the guidelines estab-
lished by the Ethical Committee for Experimental Use of Animals of the
Federal University of Sao Joao del-Rei (Protocol n° 002/2015). The rats
were housed under controlled conditions (ambient temperature 22-
24°C, 50% relative humidity, and lights on from 7 A.M. to 7 P.M.) with
water and food available ad libitum.

Induction of epilepsy

Male Wistar rats (230+30g; 50 days old) were randomly divided
into 2 groups: control (C, n=6) and epileptic (E, n=20). Group E was
submitted to a protocol for inducing experimental temporal lobe epi-
lepsy by i.p. injection of a cholinergic agonist pilocarpine hydrochloride
(360 mg/Kg, Sigma), after 20 min of pre-treatment with scopolamine
methyl nitrate (1 mg/Kg, Sigma) by subcutaneous injection, in order to
restrict peripheral cholinergic effects.'® Systemic administration of pilo-
carpine induces electrographic and behavioral seizures that progress to
Status Epilepticus (SE) and may last several hours. Diazepam (10 mg/
kg, Teuto) was administered 2 hours after SE in order to limit the several
behavioral effects. From SE, a latent period characterized by progressive
normalization of behavioral and electrographic effects lasts up to
7 weeks, followed by a chronic period marked by the appearance of
spontaneous recurrent seizures that resemble human partial complex
seizures.'’ The animals from group E that survived the protocol (n = 6)
were maintained for 60 days, after SE induction, under continuous mon-
itoring from a motion detection system and nocturnal infrared light. The
observed mortality in the treated group is in accordance with an age-
dependent mortality determined for the pilocarpine model.’* All ani-
mals used in this study had at least two episodes of recurrent spontane-
ous seizures with a minimum interval of 24 hours between seizures,
observed on the last day of monitoring. After this period, the animals
were assigned to autoradiography and immunohistochemistry.

Immunohistochemistry staining

The animals of groups C (n = 6) and E (n = 6) were euthanized with
anesthetic overdose (ketamine-xylazine, 100 mg/kg - 5 mg/kg, respec-
tively) followed by transcardial perfusion with phosphate-buffered
saline (0.1 M diluted in PBS; pH=7.4) and paraformaldehyde 2% in
PBS 0.1 M. The brains were removed and immersed overnight in
paraformaldehyde 2%. After post-fixation, brains were bathed in PBS
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and incubated at 4°C for posterior sectioning (40 pm thick slices) using
a vibratome (Leica Microsystems, Germany).

Coronal slices of the amygdaloid nucleus, from rostral to caudal
(-2.8—3.8 mm), taking the bregma as a reference,'®> were bathed
for 4 hours with blockage solution for unspecific sites (10% albumin
serum bovine in PBS 0.1 M and 0.3% Triton X-100), at a room tempera-
ture. Following, slices were incubated for 48h, at 4°C, in solution
(2% albumin serum bovine in PBS 0.1 M plus 0.1% Triton X-100) con-
taining anti-KCC2 primary antibody (rabbit polyclonal antibody; 1:500;
Abcam) e anti-a;-Na* /K" -ATPase (a6f-c, mouse monoclonal antibody;
1:100; Departmental Studies Hybridoma Bank) or anti-GFAP (rabbit
polyclonal antibody; 1:1000; Abcam) and anti-NKCC1 (mouse monoclo-
nal antibody (T4, 1:100; Departmental Studies Hybridoma Bank). After,
sections were incubated for 2h, at room temperature, in a solution con-
taining secondary antibodies anti-IgG rabbit (goat polyclonal conjugated
with DyLight® 488; 1:250, Abcam) and anti-IgG mouse (goat polyclonal
conjugated with DyLight® 594, 1:250; Abcam). In order to test for anti-
body specificity and possible tissue autofluorescence interferences,
some slices were subjected to incubations where the primary antibodies,
or both, were omitted. Sections were mounted on glass slides and cov-
ered with coverslips deposited using glycerol.

The quantitative analysis of the immunoreactivity intensity of
NKCC1, KCC2, GFAP and a;-Na™ /K*-ATPase were performed consider-
ing the optical absorption. The photomicrographs (n =6, per amygdaloid
nucleus, for each hemisphere) were captured with a confocal microscope
(Zeiss LSM 710) equipped with primary beam splitter 488/543, with
argon laser 488 nm for the Dylight® 488 conjugated secondary antibody
fluorophore and helium-neon laser 543 nm for the Dylight 594® conju-
gated secondary antibody fluorophore. The images were captured with
a 63X glicerol immersion objective (Plan-Apochromat 63%/1.40 Oil Dic
M27). The pinhole was adjusted to 1 airy unit.

Optical densitometry

The optical densitometry analysis was performed to quantify the
immunoreactivity intensity for NKCC1, KCC2, GFAP, and a;-Na* /K™ -
ATPase. Three brain slices per animal containing the amygdaloid nuclei
were sampled from both hemispheres. From each staining were
captured 6 photomicrographs of the amygdaloid nuclei using the 63x
objective. The confocal photomicrographs were processed in RGB and
compressed for the grayscale (RGB mean band) in order to obtain the
corresponding histograms. To enhance the contrast, an equalization
method was incorporated into the analysis.'* Moreover, to avoid auto-
fluorescence interference due to the lipofuscin depositing in neurons
these regions were digitally subtracted from the collected photomicro-
graphs. The resulting images allowed enhancing the staining and, there-
fore, resulted in more reliable segmentation. A grayscale interval
(from O to 65) was defined as the threshold for delimiting the immuno-
reactive area of the tissue. The significant pixels were posteriorly con-
verted in a binary matrix (black and white) and quantified by the
summation of the black pixels of the area. The quantification was per-
formed with a computational system developed in MATLAB. The data
were plotted as a percentage of the equivalent immunoreactivity of each
photomicrograph.

Statistical analysis

The mean intensity of the immunoreactivity for NKCC1, KCC2,
GFAP, and a;-Na*t /K" -ATPase from the amygdaloid nuclei of the con-
trol and epileptic groups was analyzed. The Shapiro-Wilk test was
applied for inspecting the sampling distribution. Since all data analyzed
followed a normal distribution, the Student’s t-test was used for
unpaired samples (unp-TT). All data were shown in mean + Standard
Error of the Mean (SEM). In all cases was adopted the significant level
of 5%.
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Results

NKCC1, KCC2 and a;-Na™* /K" -ATPase immunoreactivity changes in the
amygdaloid nucleus 60 days after SE

The NKCC1 immunoreactivity in the amygdaloid nuclei was limited
to the dendritic-like processes. Few or almost absent staining was
observed in the peri-somatic or perinuclear regions (Fig. 1). No signifi-
cant differences were observed in the analysis of optical densitometry of
the NKCC1 immunoreactivity of the tissues associated with
groups C and E (C: 0.063 + 0.003; E: 0.061 + 0.004; t = 0.428; df = 10;
p = 0.6776, unp-TT).

The KCC2 immunoreactivity was intense in the control group. In the
entire extension of the investigated amygdaloid nuclei, as well as in the
dendritic-like processes, intense peri-somatic staining was observed. In
contrast, slices of group E showed a drastic reduction in the staining
intensity. Neurons of the amygdaloid nuclei of the epileptic animals had
weak contour delimitation of the somatic plasmatic membrane; there-
fore, the typical peri-somatic staining was not present. Moreover, a few
dendritic-like processes could be seen with intensity comparable to the
control group. Typical images of the KCC2 immunoreactivity staining of
the amygdaloid nuclei comparing control and epileptic groups are
shown in Fig. 2. From the quantitative analysis of the KCC2 staining, the
optical densitometry exhibited a significant reduction of the KCC2
expression in the group E (C: 0.115 + 0.002; E: 0.090 + 0.003;
t = 6.693; df = 8; p = 0.0002, unp-TT).

It is known that the ionic transport mediated by the cotransporters
expends energy derived from the transmembrane ionic gradient gener-
ated by the Na™ /K™ -ATPase, therefore, indirectly, the energy is derived
from the ATP hydrolysis.>® Since changes in the Na*/K*-ATPase
expression will also affect the cotransporters’ action, it is necessary to
investigate changes in the expression of this enzyme to interpret the
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changes in the expression of the cotransporters. For this aim, the authors
investigated the changes in the immunoreactivity of the a;-Na™/K*-
ATPase subunit in the amygdaloid nuclei of the slices of each group stud-
ied. Qualitatively, the a;-Na*/K*-ATPase subunits revealed the den-
dritic-like processes in three different types of staining: evident, weak,
and absent peri-somatic staining. As shown in Fig. 2, the staining of
group E was more intense than the staining of group C. This observation
was confirmed statistically by comparing the optical densitometry
(C: 0.052+0.003; E: 0.078+0.007; t=3.112; df =8; p=0.0144, unp-TT).

The specificities of the cotransporters and a;-Na*/K*-ATPase
immunoreactivity were evaluated from the negative controls omitting
the primary and/or the secondary in each group of slices. In this case,
staining similar to that observed in the two groups was not found. How-
ever, auto-fluorescent intra and extracellular granules characterized by
small globular aggregates were revealed in an extensive band of excita-
tion with far red emission. These aggregates are similar to lipofuscin, a
common pigment observed in mature neurons, formed from organelle
debris, remains from cellular metabolism or oxidative stress, which
accumulates in the cytoplasm as time evolves.'® Small points similar to
lipofuscin, distributed around the nuclei, in the cytoplasm, were
observed in control slices. However, in the slices of group E, the aggre-
gates observed were larger and occupied plenty of the area in the cyto-
plasm. In addition, cells with smaller nuclei (supposedly glia) had
voluminous auto-fluorescent aggregates near the nucleus (Figs. 1 and 2).

Astrocytic immunoreactivity of the amygdaloid nuclei 60 days after SE

The presence of cells with large aggregates of lipofuscin, after 60d of
SE, generated the hypothesis of glial reactivity, which can occur in
regions of the nervous system with intense tissue injury. With these pur-
poses, the presence of the glial reactivity was evaluated in the amygda-
loid nuclei by means of investigating the GFAP immunoreactivity of the

NKCC1
0.08
0.06
0.04 D'

0.02
g O Control W SE

Fig. 1. Representative photomicrographs of the NKCC1 immunoreactivity. The NKCC1 staining is limited to the dendrites processes (white open arrowheads). No sig-
nificant difference was observed between groups C (1A) and E (1B). Data are means + SEM. Green asterisks show agglomerates of lipofuscin. Note that lipofuscin gran-
ules are larger and more compact in the amygdaloid nuclei shown in 1B than those shown in 1A.
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animals 60 days after SE. Intense GFAP staining was observed in the sli-
ces of the animal’s brain submitted to SE characterizing reactive/hyper-
trophic astrocytes with large cell bodies and thick cytoskeletal
processes, specifically in the basolateral and baso-medial nuclei (Fig. 3).
The optical densitometry analysis showed intense GFAP staining for the
group E when compared with the group C (C: 0.101 + 0.002; E: 0.123 +
0.002; t = 9.193; df = 10; p < 0.0001, unp-TT). The regions with
intense reactive astrocyte staining were not limited to the amygdaloid
nuclei. GFAP staining around the damaged tissue with a high incidence
of lipofuscin was observed in several thalamic nuclei, hippocampus, and
paralimbic cortex (data not shown).

Discussion

Taking into account that the changes induced by the SE involve par-
ticularly the ones associated with the inflammatory state,®''” the
authors investigated mechanisms that are intrinsically associated with
the ionic homeostasis of the brain: NKCC1, KCC2 and Na* /K *-ATPase.
Changes in these mechanisms represent changes that may be directly
related to the neuronal excitability state. The present results suggest
that the changes observed in the expression of KCC2 and Na®™-K*/
ATPase mean an intense change in the chloride regulation of the amyg-
daloid complex of the animals submitted to SE with pilocarpine. More-
over, lesions in the amygdaloid complex were also observed, mainly in
the basolateral and baso-medial nuclei with astrogliosis and cellular
debris deposition like lipofuscin. All of these changes are known to pro-
mote seizures and also to interfere with the normal functioning of the
regions involved.

Severe insults of brain tissue (traumatic lesion, ischemic lesion, or
epileptic seizures) may lead to exacerbated glutamate release and intra-
cellular calcium increase with consequent activation of signaling cas-
cade of the cellular death, unleashed by excitotoxicity.'® After SE, the
reorganization of the neuronal circuitry and of the glial substrate of the
injured region may lead to an unbalancing of the inhibitory/excitatory
neurotransmission and contributes to the neuronal synchronism and

KCC2 alNa'/K' ATPase
015, % 010,
ses
e |:' 002 I:. O Control W SE
0.00 0.00
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Fig. 2. Confocal images of the immunostaining for KCC2 (green) and
al-Na*/K*-ATPase (blue) of the amygdaloid nuclei of the groups C
(2A, 2C e 2D) and E (2B, 2E e 2F) and the corresponding percentages of
pixels stained according to optical densitometry for both groups (LA,
Lateral Nucleus; BL, Basolateral Nucleus; BM, Basomedial Nucleus;
PMCo, Posteromedial Cortex Nucleus; C, Central Nucleus; Med, Medial
nucleus; Pir, Piriform cortex nucleus; STIA, Stria Terminalis). Even in the
images of lower magnification, it is possible to observe the intense
reduction of the KCC2 immunoreactivity of group E (2B) compared with
group C (2A). This is clear for higher magnification: group C (2C and 2D
above, closed arrowheads) with intense peri-somatic staining for KCC2,
which is also intense in the dendritic processes of the amygdaloid com-
pared with the photomicrographs of the group E (2E and 2F above,
closed arrowheads) where the staining is reduced. However, the al-
Na*/K*-ATPase immunoreactivity was intense in the amygdaloid
nucleus of the group E (2E and 2F below, open white arrowheads) when
compared with the images of group C (2C and 2D below, open white
arrowheads). The red asterisks indicate regions with intense lipofuscin
agglomerate, low (2B) and high magnification (2D e 2F). Note large,
lesioned region of the paralimbic cortex (2B), more specifically the
piriform cortex. Optical densitometric data given in mean + SEM,
(*p < 0.05).

therefore for the seizure threshold decrease,'® which justifies what the
authors observed.

The large area of tissue damage observed in the piriform cortex, as
evidenced in Fig. 4, and with a strong glial reactivity, is related to the
predisposition of this region to the action of chemical proconvulsants,
such as GABAergic antagonists and muscarinic agonists, such as pilocar-
pine. The piriform cortex has been classified as the “Tempestas Area”, a
critical epileptogenic trigger zone, with a low threshold for kindling and
propagation of hypersynchronous activity to the hippocampus and
amygdala.?**!

The amygdala, as well as other limbic structures, has been related to
mnemonic and emotional processes.* Even in normal physiological con-
ditions, such processes demand synchronization (theta rhythm, beta and
gamma oscillations, and sharp-wave ripples) of some limbic circuits.*
This means that the excitation and inhibition must be rigorously regu-
lated by means of the interneurons’ action, which, in turn, is highly
dependent on the intra and extracellular ionic regulation, preventing
excessive synchronisms (hyper-synchronisms) as typically in the SE.

The fast-spiking interneurons have been shown to be responsible for
the synchronization processes of pyramidal cell populations in the
cortex,”** hippocampus,®® and amygdala.?” Due to their high intercon-
nectivity through chemical synapses*® and gap junctions,® these cells
can generate, from afferent excitation, Inhibitory Postsynaptic Potentials
(IPSP’s) synchronized in thousands of pyramidal cells, generating the so-
called tonic inhibition.?* 2® However, it is known that GABA, receptor-
mediated GABA, potentials (Egagaa) may become depolarizing because
of variations in non-synaptic mechanisms responsible for chloride
homeostases, such as KCC2 and NKCC1 cotransporters.>%>*

Fast-spiking interneurons in the basolateral nucleus of the amygdala
present different GABAergic responses to pyramidal cells,>’” considered
as regular-spiking, raising the hypothesis that these cell types present
different mechanisms of intracellular chloride control. From the phar-
macological inhibition of NKCC1, with the diuretic bumetanide, a hyper-
polarized Egapaa Was observed in fast-spiking interneurons, but with no
effect on regular-spiking cells. In contrast, KCC2 blockade with
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furosemide depolarizes Egapaa in regular-spiking neurons, without sig-
nificant changes in fast-spiking interneurons. This verification allows
inferring that, during periods of synchronized network activity, when
neurons are depolarized to levels near the threshold, GABAergic neuro-
transmission should favor the synaptic recruitment of fast-spiking cells
in each rhythmic cycle, which would not occur with the regular-spiking
cells, controlling the synchronization system under normal conditions.
However, with the loss of KCC2, as this investigation has shown
throughout the amygdaloid structure of the animals submitted to SE, the
amygdala synchronizing processes can go out of order. The regular-spik-
ing neurons, which are more numerous and more dependent on KCC2-
mediated control of the internal chloride concentration, would be closer
to the firing threshold caused by depolarizing Egapaa and, in turn, would
more easily take part in synchronous firing cycles, or would break the
local timing of the injured region.

According to Kaila and collaborators,” in the injured region, where
the seizures are triggered, the pre-ictal activity leads to a loss of hyper-
polarization through the IPSP’s, resulting (in the short term) from the
high influx of Cl7,*> which is reinforced and largely consolidated by
post-translational downregulation of membrane-bound KCC2**** and
subsequently by the blockage of the KCC2 transcription.*® In the amyg-
dala, the decrease in KCC2, observed in the animals of the E
group 60 days after the SE, may be accompanied by hyperpolarizing
IPSPs, leading in turn to local desynchronization, forming an environ-
ment conducive to recurrent spontaneous crises such as pointed out by
Jiruska et al. (2013).°°

The strong immunoreactivity to GFAP, which the authors
observed in a wide extension of the amygdaloid nuclei of the animals

0 Control
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Fig. 3. Confocal images of the immunoreactivity for
GFAP of the amygdaloid nucleus, groups C (3A and
3C) and E (3B and 3D). In 3A, normal astrocytic mor-
phology in the amygdaloid nucleus was observed in
all control animals. However, as shown in 3B, all sli-
ces of group E showed intense astrocytic agglomer-
ates with strong immunoreactivity near the lesioned
regions, like Pir, BL and BM (LA, Lateral Nucleus; BL,
Basolateral Nucleus; BM, Basomedial Nucleus; PMCo,
Posteromedial Cortex Nucleus; C, Central Nucleus;
Med, Medial Nucleus; Pir, Piriform Cortex; STIA, Stria
Terminalis). Photomicrographs in high magnification
show the astrocytes’ morphological differences when
comparing group C (3C) with group E (3D). In 3D,
the astrocytes appear corpulent and with thick and
short segments, which are typical of reactive astro-
gliosis. Astrocytes reconstruction for the control is
shown (3C-right) and can be compared with the
reconstruction for group E (3D-right). Normal astro-
cytes (in blue) have thin segments and protoplas-
matic morphology. The optical densitometry
confirms the GFAP immunoreactivity increase com-
pared with the group C. Data given in mean + SEM,
(*p < 0.05).

W SE

of group E, evidencing the presence of reactive astrogliosis, can also
help to explain the reduction of the cotransporter KCC2. Especially
after intense inflammatory processes, it has been observed that reac-
tive glial cells promote BDNF secretion.>®>” BDNF, in turn, activates
the Tropomyosin-related kinase B receptor (TrkB), which was directly
associated with the downregulation of KCC2 and the blockade of its
transcription. 3%

The up-regulation of NKCC1 expression is another factor that could
contribute to the intracellular accumulation of chloride and, therefore,
to the synchronization process. However, the authors did not observe
up-regulation of NKCC1 in the amygdala nuclei. In the hippocampus,
up-regulation of NKCC1 was detected after SE induced by pilocarpine,*’
which was also observed in this preparation, restricted to the hippocam-
pal region of the animals of group E (data not shown).

Reactive astrogliosis may also be another factor responsible for KCC2
cotransporter changes in group E. Astrocytic reactivity can induce an
accumulation of extracellular glutamate, due to the inability to reuptake
that amino acid by these altered cells.”’” According to Kahle et al.
(2013),"° glutamate plays an important role in the KCC2 dephosphoryla-
tion processes and downregulation of the expression of this cotrans-
porter on the membrane.

Reduction of membrane KCC2 may be directly related to the increase
in Na™ /K™ -ATPase expression observed in group E. Some studies have
shown that Na* /K" -ATPase and KCC2 are functionally linked, acting
together to form the structural ion-transport metabolon.” With the
decrease of KCC2 expression, and an increase in neuronal activity, an
increase in the expression of Na* /K" -ATPase may occur, due to a com-
pensatory effect. In fact, it has also been observed in the hippocampus
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Fig. 4. Schematic illustration of the proposed mechanisms involved in the non-synaptic modulation of the ionic homeostasis and the consequent excitation/inhibition
balancing during synchronizing processes involving the amygdaloid nucleus: normal (blue) and lesioned by the SE (red). Changes in ionic homeostasis and the conse-
quent unbalancing between excitation and inhibition promote intense neuronal death leading to a proper scenario for spontaneous seizures. More seizures, more
intense become progressive degeneration compromising the synchronization processes responsible for cognitive and cardiorespiratory functions, increasing suscepti-

bility to SUDEP.

that increased activity of this enzyme is in the chronic phase of the pilo-
carpine model.*!

The increase in the action of Na*/K*-ATPase can lead directly to
greater production of free radicals, from the oxidative processes of the
breakdown of ATP.*>** The lipofuscin accumulation that the authors
observed in the slices of the animals of the epileptic group sustains the
hypothesis of intense oxidative stress. Reactive Oxygen/Nitrogen Spe-
cies (ROS/RNS) produced during inflammatory processes lead to mito-
chondrial dysfunction and mitochondrial DNA damage.** This, in turn,
affects the synthesis of several enzymatic complexes that are involved in
the electron transport chain. The resultant effect includes a cascade of
neuroinflammatory reactions, such as lipid peroxidation, astroglial
hypertrophy, limbic structure neurodegeneration, neural network reor-
ganization, and hypersynchronism.** These factors predispose the brain
to generate recurrent and spontaneous seizures, generally refractory to
treatment, being able to propagate from the amygdaloid nuclei through
their connections to other encephalic structures like the hypothalamus,
pons and medulla.***> These structures are directly related to the con-
trol of cardio-respiratory functions and of several autonomous nuclei. In
fact, the recruitment of other regions from crises originating from the
amygdala or by stimulation of the lateral and basolateral nuclei results
in transient apnea.”*®*” From this observation it becomes evident that
these conditions predispose the brain to intractable recurrent seizures
and, therefore, to an increased risk of SUDEP. This hypothesis is
strengthened by the work of Thom et al.*® who demonstrated a high
astrocytic density in the amygdaloid nuclei of individuals affected by
SUDEP in comparison to non-epileptic controls.

Conclusion

The findings presented revealed that SE-induced lesion promoted
changes in the expression of KCC2 and a1-Na+ /K +-ATPase meaning

intense change in the chloride regulation in the amygdaloid complex.
These changes may contribute to cardiorespiratory dysfunction and may
contribute to SUDEP.

Authors’ contributions

Luiz E.C. Santos: Experiments; data analysis; writing the original
draft.

Antonio-Carlos G. Almeida: Conceptualization, supervision, writing
— review & editing.

Silvia C.B. Silva: Experiments and data analysis.

Antonio M. Rodrigues: Formal analysis, writing — review & editing.

Samyra G. Cecilio: Experiments and data analysis.

Carla A. Scorza: Review & editing.

Josef Finsterer: Writing — review & editing.

Marcelo Moret: Review & editing.

Fulvio A. Scorza: Conceptualization, data curation, formal analysis.

Declaration of Competing Interest

The authors declare no conflicts of interest.

Acknowledgments

This work was supported by the Brazilian agencies Fundacao de
Amparo a Pesquisa do Estado de Minas Gerais (FAPEMIG), Fundagao de
Amparo a Pesquisa do Estado de Sao Paulo (FAPESP), Conselho Nacional
de Desenvolvimento Cientifico e Tecnolégico (CNPq), Programa Nacio-
nal de Cooperacao Académica/Coordenacao de Aperfeicoamento de Pes-
soal de Nivel Superior (PROCAD/CAPES) and Instituto Nacional de
Neurociéncia Translacional (INNT) of Translational Neuroscience (Min-
istério da Ciéncia e Tecnologia/CNPq/FAPESP).



L.E.C. Santos et al.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

Nobis WP, Schuele S, Templer JW, Zhou G, Lane G, Rosenow JM, Zelano C. Amygdala
stimulation-induced apnea is attention and nasal-breathing dependent. Ann Neurol
2018;83(3):460-71.

. Loddenkemper T. Conscious control of breathing: A key to SUDEP prevention? Ann

Neurol 2018;83(3):449-50.

. Kahle KT, Staley KJ, Nahed BV, Gamba G, Hebert SC, Lifton RP, et al. Roles of the cat-

ion-chloride cotransporters in neurological disease. Nat Clin Pract Neurol 2008;4
(9):490-503.

. Pathak HR, Weissinger F, Terunuma M, Carlson GC, Hsu F-C, Moss SJ, et al. Disrupted

dentate granule cell chloride regulation enhances synaptic excitability during develop-
ment of temporal lobe epilepsy. J Neurosci 2007;27(51):14012-22.

. Kaila K, Ruusuvuori E, Seja P, Voipio J, Puskarjov M. GABA actions and ionic plasticity

in epilepsy. Curr Opin Neurobiol 2014;26:34-41.

. Ross ST, Soltesz I. Selective depolarization of interneurons in the early posttraumatic

dentate gyrus: involvement of the Na(+)/K(+)-ATPase. J Neurophysiol 2000;83
(5):2916-30.

. Scorza FA, Arida RM, Cysneiros RM, Terra VC, Sonoda EY, de Albuquerque M, et al.

The brain-heart connection: implications for understanding sudden unexpected death
in epilepsy. Cardiol J 2009;16(5):394-9.

. Allen LA, Harper RM, Kumar R, Guye M, Ogren JA, Lhatoo SD, et al. Dysfunctional brain

networking among autonomic regulatory structures in temporal lobe epilepsy patients at
high risk of sudden unexpected death in epilepsy. Front Neurol 2017;8:544.

. Mueller SG, Bateman LM, Laxer KD. Evidence for brainstem network disruption in

temporal lobe epilepsy and sudden unexplained death in epilepsy. Neuroimage Clin
2014;5:208-16.

Turski WA, Cavalheiro EA, Schwarz M, Czuczwar SJ, Kleinrok Z, Turski L. Limbic seiz-
ures produced by pilocarpine in rats: behavioural, electroencephalographic and neuro-
pathological study. Behav Brain Res 1983;9(3):315-35.

Leite JP, Bortolotto ZA, Cavalheiro EA. Spontaneous recurrent seizures in rats: an
experimental model of partial epilepsy. Neurosci Biobehav Rev 1990;14(4):511-7.
Blair RE, Deshpandea LS, Holbert WH, Churna SB, DeLorenzo RJ. Age-dependent mor-
tality in the pilocarpine model of status epilepticus. Neurosci Lett 2009;453(3):233-7.
Paxinos G, Watson C. The Rat Brain in Stereotaxic Coordinates. 6th Edn San Diego,
CA: Elsevier Academic Press; 2007 ISBN: 978-0-12-547620-1.

Stanciu SG, Friedmann J. Compensating the Effects of Light Attenuation in Confocal
Microscopy by Histogram Modelling Techniques. IEEE Mediterranean Winter; 2008.
https://doi.org/10.1109/ICTONMW.2008.4773118.

Yin D. Biochemical basis of lipofuscin, ceroid, and age pigment-like fluorophores. Free
Radic Biol Med 1996;21(6):871-88.

Vezzani A, Granata T. Brain inflammation in epilepsy: experimental and clinical evi-
dence. Epilepsia 2005;46(11):1724-43.

Morales-Aza BM, Chilingworth NL, Payne JA, Donaldson LF. Inflammation alters cat-
ion chloride cotransporter expression in sensory neurons. Neurobiol Dis 2004;17
(1):62-9.

Fujikawa DG. The role of excitotoxic programmed necrosis in acute brain injury. Com-
put Struct Biotechnol J 2015;13:212-21.

Pitkdnen A, Tuunanen J, Kélvidinen R, Partanen K, Salmenpera T. Amygdala damage
in experimental and human temporal lobe epilepsy. Epilepsy Res 1998;32(1-2):233—
53.

Piredda S, Gale K. A crucial epileptogeneic site in the deep prepiriform cortex. Nature
1985;317(6038):623-5.

Wardas J, Graham J, Gale K. Evidence for a role of glycine in area tempestas for trig-
gering convulsive seizures. Eur J Pharmacol 1990;187:59-66.

Rogan MT, LeDoux JE. Emotion: systems, cells, synaptic plasticity. Cell 1996;85:469—
75.

Jefferys JGR, Jiruska P, Curtis M, Massimo A. Limbic network synchronization and
temporal lobe epilepsy. Jasper’s Basic Mech Epilepsies 2012: 1-19.

Buzsaki G, Chrobak JJ. Temporal structure in spatially organized neuronal ensembles:
the role for interneuronal networks. Curr Opin Neurobiol 1995;5(4):504-10.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

Clinics 78 (2023) 100159

Traub RD, Whittington MA, Stanford IM, Jefferys J. A mechanism for generation of
long-range synchronous fast oscillations in the cortex. Nature 1996;383(6601):621-4.
Cobb SR, Buhl EH, Halasy K, Paulsen O, Somogyi P. Synchronization of neuronal activ-
ity in hippocampus by individual GABAergic interneurons. Nature 1995;378(6552):
75-8.

Martina M, Royer S, Paré D. Cell-type-specific GABA responses and chloride homeosta-
sis in the cortex and amygdala. J Neurophysiol 2001;86(6):2887-95.

Tamas G, Buhl EH, Lorincz A, Somogyi P. Proximally targeted GABAergic synapses
and gap junctions synchronize cortical interneurons. Nat Neurosci 2000;3:366-71.
Gibson JR, Beierlein M, Connors BW. Two networks of electrically coupled inhibitory
neurons in neocortex. Nature 1999;402(6757):75-9.

Cohen I, Navarro V, Clemenceau S, Baulac M, Miles R. On the origin of interictal activ-
ity in human temporal lobe epilepsy in vitro. Science 2002;298(5597):1418-21.
Huberfeld G, Wittner L, Clemenceau S, Baulac M, Kaila K, Miles R, Rivera C. Perturbed
chloride homeostasis and GABAergic signaling in human temporal lobe epilepsy.
J Neurosci 2007;27(37):9866-73.

Deeb TZ, Nakamura Y, Frost GD, Davies PA, Moss SJ. Disrupted Cl~ homeostasis con-
tributes to reductions in the inhibitory efficacy of diazepam during hyperexcited
states. Eur J Neurosci 2013;38(3):2453-67.

Puskarjov M, Ahmad F, Kaila K, Blaesse P. Activity-dependent cleavage of the K-Cl
cotransporter KCC2 mediated by calcium-activated protease calpain. J Neurosci
2012;32(33):11356-64.

Lee HH, Deeb TZ, Walker JA, Davies PA, Moss SJ. NMDA receptor activity downregu-
lates KCC2 resulting in depolarizing GABAA receptor-mediated currents. Nat Neurosci
2011;14(6):736-43.

Jiruska P, de Curtis M, Jefferys JG, Schevon CA, Schiff SJ, Schindler K. Synchroniza-
tion and desynchronization in epilepsy: controversies and hypotheses. J Physiol
2013;591(4):787-97.

Ferrini F, De Koninck Y. Microglia control neuronal network excitability via BDNF sig-
nalling. Neural Plast 2013;2013:429815.

Robel S, Buckingham SC, Boni JL, Campbell SL, Danbolt NC, Riedemann T, Sutor B.
Sontheimer H. Reactive astrogliosis causes the development of spontaneous seizures.
J Neurosci 2015;35(8):3330-45.

Rivera C, Li H, Thomas-Crusells J, Lahtinen H, Viitanen T, Nanobashvili A, et al.
BDNF-induced TrkB activation down-regulates the K* CI~ cotransporter KCC2 and
impairs neuronal Cl~ extrusion. J Cell Biol 2002;159(5):747-52.

Eftekhari S, Mehrabi S, Soleimani M, Hassanzadeh G. BDNF modifies hippocampal
KCC2 and NKCC1 expression in a temporal lobe epilepsy model. Acta Neurobiol Exp
(Wars) 2014;74(3):276-87.

Kahle KT, Deeb TZ, Puskarjov M, Silayeva L, Liang B, Kaila K, et al. Modulation of neu-
ronal activity by phosphorylation of the K-Cl cotransporter KCC2. Trends Neurosci
2013;36(12):726-37.

Fernandes MJS, Naffah-Mazzacoratti MG, Cavalheiro EA. Na* K* ATPase activity in
the rat hippocampus: a study in the pilocarpine model of epilepsy. Neurochem Int
1996;28(5-6):497-500.

Maxwell KD, Shah PT, Shapiro JI. The plasmalemmal Na/K-ATPase: an amplifier for
reactive oxygen species? J Hypertens 2015;4:1-7.

Yan Y, Shapiro AP, Haller S, Katragadda V, Liu L, et al. Involvement of reactive oxygen
species in a feed-forward mechanism of Na/K-ATPase-mediated signaling transduc-
tion. J Biol Chem 2013;288(47):34249-58.

Puttachary S, Sharma S, Stark S, Thippeswamy T. Seizure-induced oxidative stress in
temporal lobe epilepsy. Biomed Res Int 2015;2015:745613.

Edlow BL, McNab JA, Witzel T, Kinney HC. The structural connectome of the human
central homeostatic network. Brain Connect 2016;6(3):187-200.

Lacuey N, Zonjy B, Londono L, Lhatoo SD. Amygdala and hippocampus are symptoma-
togenic zones for central apneic seizures. Neurology 2017;88(7):701-5.

Dlouhy BJ, Gehlbach BK, Kreple CJ, Kawasaki H, Oya H, Buzza C, et al. Breathing
inhibited when seizures spread to the amygdala and upon amygdala stimulation.
J Neurosci 2015;35(28):10281-9.

. Thom M, Griffin B, Sander JW, Scaravilli F. Amygdala sclerosis in sudden and unex-

pected death in epilepsy. Epilepsy Res 1999;37(1):53-62.


http://refhub.elsevier.com/S1807-5932(22)03360-9/sbref0001
http://refhub.elsevier.com/S1807-5932(22)03360-9/sbref0001
http://refhub.elsevier.com/S1807-5932(22)03360-9/sbref0001
http://refhub.elsevier.com/S1807-5932(22)03360-9/sbref0002
http://refhub.elsevier.com/S1807-5932(22)03360-9/sbref0002
http://refhub.elsevier.com/S1807-5932(22)03360-9/sbref0003
http://refhub.elsevier.com/S1807-5932(22)03360-9/sbref0003
http://refhub.elsevier.com/S1807-5932(22)03360-9/sbref0003
http://refhub.elsevier.com/S1807-5932(22)03360-9/sbref0004
http://refhub.elsevier.com/S1807-5932(22)03360-9/sbref0004
http://refhub.elsevier.com/S1807-5932(22)03360-9/sbref0004
http://refhub.elsevier.com/S1807-5932(22)03360-9/sbref0005
http://refhub.elsevier.com/S1807-5932(22)03360-9/sbref0005
http://refhub.elsevier.com/S1807-5932(22)03360-9/sbref0006
http://refhub.elsevier.com/S1807-5932(22)03360-9/sbref0006
http://refhub.elsevier.com/S1807-5932(22)03360-9/sbref0006
http://refhub.elsevier.com/S1807-5932(22)03360-9/sbref0007
http://refhub.elsevier.com/S1807-5932(22)03360-9/sbref0007
http://refhub.elsevier.com/S1807-5932(22)03360-9/sbref0007
http://refhub.elsevier.com/S1807-5932(22)03360-9/sbref0008
http://refhub.elsevier.com/S1807-5932(22)03360-9/sbref0008
http://refhub.elsevier.com/S1807-5932(22)03360-9/sbref0008
http://refhub.elsevier.com/S1807-5932(22)03360-9/sbref0009
http://refhub.elsevier.com/S1807-5932(22)03360-9/sbref0009
http://refhub.elsevier.com/S1807-5932(22)03360-9/sbref0009
http://refhub.elsevier.com/S1807-5932(22)03360-9/sbref0010
http://refhub.elsevier.com/S1807-5932(22)03360-9/sbref0010
http://refhub.elsevier.com/S1807-5932(22)03360-9/sbref0010
http://refhub.elsevier.com/S1807-5932(22)03360-9/sbref0011
http://refhub.elsevier.com/S1807-5932(22)03360-9/sbref0011
http://refhub.elsevier.com/S1807-5932(22)03360-9/sbref0012
http://refhub.elsevier.com/S1807-5932(22)03360-9/sbref0012
http://refhub.elsevier.com/S1807-5932(22)03360-9/sbref0013
http://refhub.elsevier.com/S1807-5932(22)03360-9/sbref0013
https://doi.org/10.1109/ICTONMW.2008.4773118
http://refhub.elsevier.com/S1807-5932(22)03360-9/sbref0015
http://refhub.elsevier.com/S1807-5932(22)03360-9/sbref0015
http://refhub.elsevier.com/S1807-5932(22)03360-9/sbref0016
http://refhub.elsevier.com/S1807-5932(22)03360-9/sbref0016
http://refhub.elsevier.com/S1807-5932(22)03360-9/sbref0017
http://refhub.elsevier.com/S1807-5932(22)03360-9/sbref0017
http://refhub.elsevier.com/S1807-5932(22)03360-9/sbref0017
http://refhub.elsevier.com/S1807-5932(22)03360-9/sbref0018
http://refhub.elsevier.com/S1807-5932(22)03360-9/sbref0018
http://refhub.elsevier.com/S1807-5932(22)03360-9/sbref0019
http://refhub.elsevier.com/S1807-5932(22)03360-9/sbref0019
http://refhub.elsevier.com/S1807-5932(22)03360-9/sbref0019
http://refhub.elsevier.com/S1807-5932(22)03360-9/sbref0019
http://refhub.elsevier.com/S1807-5932(22)03360-9/sbref0019
http://refhub.elsevier.com/S1807-5932(22)03360-9/sbref0019
http://refhub.elsevier.com/S1807-5932(22)03360-9/sbref0019
http://refhub.elsevier.com/S1807-5932(22)03360-9/sbref0020
http://refhub.elsevier.com/S1807-5932(22)03360-9/sbref0020
http://refhub.elsevier.com/S1807-5932(22)03360-9/sbref0021
http://refhub.elsevier.com/S1807-5932(22)03360-9/sbref0021
http://refhub.elsevier.com/S1807-5932(22)03360-9/sbref0022
http://refhub.elsevier.com/S1807-5932(22)03360-9/sbref0022
http://refhub.elsevier.com/S1807-5932(22)03360-9/sbref0023
http://refhub.elsevier.com/S1807-5932(22)03360-9/sbref0023
http://refhub.elsevier.com/S1807-5932(22)03360-9/sbref0024
http://refhub.elsevier.com/S1807-5932(22)03360-9/sbref0024
http://refhub.elsevier.com/S1807-5932(22)03360-9/sbref0024
http://refhub.elsevier.com/S1807-5932(22)03360-9/sbref0025
http://refhub.elsevier.com/S1807-5932(22)03360-9/sbref0025
http://refhub.elsevier.com/S1807-5932(22)03360-9/sbref0026
http://refhub.elsevier.com/S1807-5932(22)03360-9/sbref0026
http://refhub.elsevier.com/S1807-5932(22)03360-9/sbref0026
http://refhub.elsevier.com/S1807-5932(22)03360-9/sbref0027
http://refhub.elsevier.com/S1807-5932(22)03360-9/sbref0027
http://refhub.elsevier.com/S1807-5932(22)03360-9/sbref0027
http://refhub.elsevier.com/S1807-5932(22)03360-9/sbref0028
http://refhub.elsevier.com/S1807-5932(22)03360-9/sbref0028
http://refhub.elsevier.com/S1807-5932(22)03360-9/sbref0028
http://refhub.elsevier.com/S1807-5932(22)03360-9/sbref0028
http://refhub.elsevier.com/S1807-5932(22)03360-9/sbref0029
http://refhub.elsevier.com/S1807-5932(22)03360-9/sbref0029
http://refhub.elsevier.com/S1807-5932(22)03360-9/sbref0030
http://refhub.elsevier.com/S1807-5932(22)03360-9/sbref0030
http://refhub.elsevier.com/S1807-5932(22)03360-9/sbref0031
http://refhub.elsevier.com/S1807-5932(22)03360-9/sbref0031
http://refhub.elsevier.com/S1807-5932(22)03360-9/sbref0031
http://refhub.elsevier.com/S1807-5932(22)03360-9/sbref0032
http://refhub.elsevier.com/S1807-5932(22)03360-9/sbref0032
http://refhub.elsevier.com/S1807-5932(22)03360-9/sbref0032
http://refhub.elsevier.com/S1807-5932(22)03360-9/sbref0032
http://refhub.elsevier.com/S1807-5932(22)03360-9/sbref0033
http://refhub.elsevier.com/S1807-5932(22)03360-9/sbref0033
http://refhub.elsevier.com/S1807-5932(22)03360-9/sbref0033
http://refhub.elsevier.com/S1807-5932(22)03360-9/sbref0034
http://refhub.elsevier.com/S1807-5932(22)03360-9/sbref0034
http://refhub.elsevier.com/S1807-5932(22)03360-9/sbref0034
http://refhub.elsevier.com/S1807-5932(22)03360-9/sbref0035
http://refhub.elsevier.com/S1807-5932(22)03360-9/sbref0035
http://refhub.elsevier.com/S1807-5932(22)03360-9/sbref0035
http://refhub.elsevier.com/S1807-5932(22)03360-9/sbref0036
http://refhub.elsevier.com/S1807-5932(22)03360-9/sbref0036
http://refhub.elsevier.com/S1807-5932(22)03360-9/sbref0037
http://refhub.elsevier.com/S1807-5932(22)03360-9/sbref0037
http://refhub.elsevier.com/S1807-5932(22)03360-9/sbref0037
http://refhub.elsevier.com/S1807-5932(22)03360-9/sbref0038
http://refhub.elsevier.com/S1807-5932(22)03360-9/sbref0038
http://refhub.elsevier.com/S1807-5932(22)03360-9/sbref0038
http://refhub.elsevier.com/S1807-5932(22)03360-9/sbref0038
http://refhub.elsevier.com/S1807-5932(22)03360-9/sbref0038
http://refhub.elsevier.com/S1807-5932(22)03360-9/sbref0038
http://refhub.elsevier.com/S1807-5932(22)03360-9/sbref0039
http://refhub.elsevier.com/S1807-5932(22)03360-9/sbref0039
http://refhub.elsevier.com/S1807-5932(22)03360-9/sbref0039
http://refhub.elsevier.com/S1807-5932(22)03360-9/sbref0040
http://refhub.elsevier.com/S1807-5932(22)03360-9/sbref0040
http://refhub.elsevier.com/S1807-5932(22)03360-9/sbref0040
http://refhub.elsevier.com/S1807-5932(22)03360-9/sbref0041
http://refhub.elsevier.com/S1807-5932(22)03360-9/sbref0041
http://refhub.elsevier.com/S1807-5932(22)03360-9/sbref0041
http://refhub.elsevier.com/S1807-5932(22)03360-9/sbref0041
http://refhub.elsevier.com/S1807-5932(22)03360-9/sbref0041
http://refhub.elsevier.com/S1807-5932(22)03360-9/sbref0042
http://refhub.elsevier.com/S1807-5932(22)03360-9/sbref0042
http://refhub.elsevier.com/S1807-5932(22)03360-9/sbref0043
http://refhub.elsevier.com/S1807-5932(22)03360-9/sbref0043
http://refhub.elsevier.com/S1807-5932(22)03360-9/sbref0043
http://refhub.elsevier.com/S1807-5932(22)03360-9/sbref0044
http://refhub.elsevier.com/S1807-5932(22)03360-9/sbref0044
http://refhub.elsevier.com/S1807-5932(22)03360-9/sbref0045
http://refhub.elsevier.com/S1807-5932(22)03360-9/sbref0045
http://refhub.elsevier.com/S1807-5932(22)03360-9/sbref0046
http://refhub.elsevier.com/S1807-5932(22)03360-9/sbref0046
http://refhub.elsevier.com/S1807-5932(22)03360-9/sbref0047
http://refhub.elsevier.com/S1807-5932(22)03360-9/sbref0047
http://refhub.elsevier.com/S1807-5932(22)03360-9/sbref0047
http://refhub.elsevier.com/S1807-5932(22)03360-9/sbref0048
http://refhub.elsevier.com/S1807-5932(22)03360-9/sbref0048

	The amygdala lesioning due to status epilepticus - Changes in mechanisms controlling chloride homeostasis
	Introduction
	Methods
	Ethical approval
	Induction of epilepsy
	Immunohistochemistry staining
	Optical densitometry
	Statistical analysis

	Results
	NKCC1, KCC2 and α1-Na+/K+-ATPase immunoreactivity changes in the amygdaloid nucleus 60 days after SE
	Astrocytic immunoreactivity of the amygdaloid nuclei 60 days after SE

	Discussion
	Conclusion
	Authors' contributions

	Declaration of Competing Interest
	Acknowledgments
	References


