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Status epilepticus-induced neuronal degeneration
in the immature rat zona incerta is confined
to its rostral sector
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The distribution and morphology of neuronal degeneration were observed and analyzed in each sector of the zona incerta in
a lithium-pilocarpine (LiCl) Wistar rat model of status epilepticus in 12, 15, 18, 21, and 25-day-old rats and survival intervals of 4, 8,
12, 24, and 48 hours. Status epilepticus was induced via intraperitoneal (IP) injection of LiCl (3 mmol/kg) 24 hours before an injection
of pilocarpine (40 mg/kg, IP). Motor seizures were suppressed by paraldehyde (0.3-0.6 ml/kg, IP) two hours after status epilepticus
onset. Animals were anesthetized using urethane and perfused with phosphate-buffered saline followed by 4% paraformaldehyde.
Brains were sectioned and Nissl stained for map guidance, with fluoro-Jade B fluorescence used to detect degenerated neurons.
Fluoro-jade B-positive neurons were plotted to a standard stereotaxic atlas, their distribution was quantified, and their long-axis
diameter was measured. Fluoro-jade B-positive neurons were found in pups aged 15 days and older 24 hours after status epilepticus,
in which their numbers increased, and their perikaryon size decreased with advancing age. Thus, neuronal damage severity was
dependent on age and survival interval. Neuronal damage was only found in the rostral sector of the zona incerta, a region that
exhibits a small number of inhibitory neurons and is reciprocally connected to the limbic cortex. This system of hyperactivity, coupled
with inhibitory neurons, may be the underlying cause of the neuronal degeneration and explain why it was confined to the rostral

sector of the zona incerta.
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INTRODUCTION

The zona incerta (ZI) is a diencephalic nucleus that,
together with the thalamic reticular and ventral lateral
geniculate nuclei, has developmental origins with the
ventral thalamus (Jones, 1985). Gene expression studies
show that the ZI is part of prosomere-3, which gives
rise to the development of the reticular nucleus of the
thalamus, the ZI, and the pregeniculate nucleus (ven-
tral lateral geniculate). Furthermore, GABAergic neu-
rons prevail within prosomere-3 derivatives (Puelles &
Ferran, 2012; Puelles et al., 2013).
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The ZI in rats extends from the level of the para-
ventricular nucleus of the hypothalamus caudally to
the rostral pole of the red nucleus. According to the
Paxinos and Watson (2007) atlas, the ZI sits between
-1.92 mm rostrally from bregma to -5.16 mm caudally
from bregma. The ZI is in contact with the medial lem-
niscus and the subthalamic nucleus, which merge the
Z1 dorsally and ventrally.

Several studies showed that the mammalian ZI is
a heterogeneous structure composed of several cytoar-
chitectonic sectors (Kolmac & Mitrofanis, 1999). In the
rat, the ZI is divided into rostral (ZIR), dorsal (ZID),
ventral (ZIV) and caudal (ZIC) sectors, with each com-
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posed of different cytoarchitecture, immunocytochem-
ical characteristics, and connectivity patterns (May et
al., 1997; Kolmac & Mitrofanis, 1999; Mitrofanis & Mi-
kuletic, 1999; Mitrofanis, 2005; Cavdar et al., 2006; Wat-
son et al., 2014; 2015). The rat ZID and ZIV are located
in the center of the ZI, and the ZIR and ZIC occupy the
rostral and caudal poles of the nucleus, with the sectors
defined by neurochemical and cytoarchitectonic mark-
ers. However, other immunohistochemical markers are
distributed in most ZI sectors (Kolmac & Mitrofanis,
1999), with the ZIR containing neurons that express
glutamate, somatostatin (SOM), nicotinamide adenine
dinucleotide phosphate-diaphorase (NADPH-d), and
tyrosine hydroxylase. Meanwhile, the ZID has gluta-
mate, calretinin, and NADPH-d abundant neurons, with
parvalbumin (PV) positive neurons in the medial part.
The ZIV contains GABAergic neurons that co-express
PV to some extent, while the ZIC includes some calbin-
din-positive neurons, although an acetylcholinester-
ase-positive neuropil was found in its caudal pole. In
addition, a small number of neurofilament H non-phos-
phorylated (SMI-32) positive cells were reported in the
ZID and ZIV (Watson et al., 2014).

Rat ZI projections are complex, extensive, and re-
ciprocally organized in some structures and principal-
ly connect with the cerebral cortex, basal ganglia, di-
encephalon (thalamus and hypothalamus), brainstem,
and spinal cord (Lin et al., 1990; 1997; Kolmac et al.,
1998; Bartho et al., 2002; Guillery & Harting, 2003; Mi-
trofanis, 2005; Cavdar et al., 2006). An important fea-
ture of ZI connectivity is the interconnections between
discrete regions. Neurons in one area may influence
the activity of ipsilateral neurons and corresponding
and non-corresponding contralateral ZI sectors (Power
et al., 1999; Power & Mitrofanis, 1999a; 1999b).

The complex connectivity of the ZI exhibits wide-
spread afferent and efferent projections, with many
centers of neuraxis. This complexity, together with
its immunocytochemical heterogeneity, is closely re-
lated to its diverse functions in somatosensory and
nociceptive processing, drinking and feeding, sex-
ual behavior, motor activities, arousal, and atten-
tion (Roger & Cadusseau, 1985; Kolmac & Mitrofanis,
1999). Functionally, the ZI is associated with motor
coordination, sensory processing, visuomotor inte-
gration, cortical activation, vigilance regulation, and
several behaviors. The ZI also forms part of the arous-
al network circuit and is associated with attention.
ZI Stimulation generates locomotor activity, namely
limbic-related movements. Several studies demon-
strated that the ZI influences visceral activity, includ-
ing cardiovascular functions, digestion, and sexual
cycles (Mitrofanis, 2005; Kita et al., 2014; Ossowska,
2020; Wang et al., 2020).
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Generalized tonic-clonic seizures are triggered by
microinjection of cholinergic agonists into the ZI of
adult rats (Mello et al., 1993; Brudzynski et al., 1995),
meaning that the ZI is a sensitive structure in exper-
imentally induced seizures. Later, it was found that
manipulating the GABAergic system of the ZI led to
seizure activity modulation (Brudzynski et al., 1995;
Hamani et al., 2002). ZI administration of the GABA,
agonist muscimol demonstrated a pro-convulsant ef-
fect in the pilocarpine epilepsy model in adult rats,
while the GABA, antagonist bicuculline had anticon-
vulsant (Turski et al., 1991; Hamani et al., 2002) and
paradoxical effects (Mares et al., 2000; Johnston, 2013).
Not all ionotropic GABA receptors are susceptible to
bicuculline, and not all ionotropic GABA receptors
antagonists are convulsants (Johnston, 2013). On the
contrary, high doses of bicuculline caused generalized
seizures in 12-day-old and younger pups (Mares et al.,
2000).

The ZIC recently became a target for deep brain
stimulation procedures used to treat Parkinson’s
disease symptoms (Watson et al., 2015; Jochim et al.,
2016; Ossowska, 2020).

In a series of previously published articles, we
demonstrated that LiCl induced status epilepticus (SE)
in immature rats and caused severe neuronal degener-
ation in several thalamic nuclei. Degeneration was no-
ticed in 12-day-old animals and progressed to one week
after SE (Kubova et al., 2002; 2005; Druga et al., 2005).
Similar findings also showed severely damaged thalam-
ic nuclei in adult rats after SE induced by pilocarpine
and kainic acid administration in a study by Covolan
and Mello (2000). Neuronal injury was also reported in
the ZI after SE in adult rats, with a moderate number of
damaged argyrophilic neurons found in this nucleus at
longer survival intervals (8, 24, and 48 hours) in a pilo-
carpine and kainic acid model of temporal lobe epilep-
sy (Covolan & Mello, 2000). However, data relating to
Z1 damage in immature rats during postnatal develop-
ment are lacking in the literature.

The study aimed to investigate whether LiCl-in-
duced SE results in neuronal damage in the ZI of imma-
ture rats. Another goal was to assess the distribution
and dynamics of neuronal degeneration and the mor-
phology of degenerated neurons within the individual
sectors of the ZI during postnatal development.

METHODS

Animal care and experimental procedures were
conducted in accordance with European Community
Council Directives 86/609 EEC. The Animal Care and
Use Committee of the Institute of Physiology of the
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Academy of Sciences of the Czech Republic approved
the experiments.

The study and access to specimens was approved for
research and education purposes by the Institutional
Review Board (IRB) - The Ethics Committee of the Uni-
versity Hospital Motol and Second Faculty of Medicine,
Charles University, Prague, Czech Republic (Reference
ID no. EK-1175.1.19/22).

Experimental procedure

The experiment employed the LiCl model of SE
(Handforth & Treiman, 1995) in 125 Wistar rat pups aged
12 (P12), 15 (P15), 18 (P18), 21 (P21), and 25 (P25) days
old, with 25 animals per age group divided into five per
survival intervals of 4, 8, 12, 24, and 48 hours. Each age
and interval group contained five rats (four experimen-
tal and one control). The sample consisted of the ani-
mals that developed seizures and were included in the
study. Only animals exhibiting convulsive SE were in-
cluded, with 42 excluded as they did not develop severe
observable motor seizure activity, and three excluded
due to dying during SE.

To induce SE, LiCl (3 mmol/kg) was injected intra-
peritoneally (IP) 24 hours before pilocarpine (40 mg/kg,
IP). Control animals were treated with LiCl and saline.
Two hours after SE onset, motor seizures were sup-
pressed with 0.3 ml/kg paraldehyde IP in P12, P15, and
P18 rats and 0.6 ml/kg IP in P21 and P25 animals.

Animals were deeply anesthetized with 20% ure-
thane (2.5 g/kg, IP) and perfused at room tempera-
ture with phosphate-buffered saline (PBS) followed
by 4% paraformaldehyde mixed in 0.1 M PBS (pH 7.4,
4°C). Brains were removed from the skull, fixed for
three hours, divided into blocks and cryoprotected in
30% sucrose. The brain blocks were sectioned (50 um)
in the coronal plane and stained in alternating sections
with cresyl violet to provide map guidance and fluo-
ro-Jade B (FJB) to detect damaged neurons (Schmued
& Hopkins, 2000).
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Control animals of all age and time groups were
treated with equal volumes of LiCl, but the pilocarpine
solution was replaced with saline. Paraldehyde was ad-
ministered two hours after the saline injection at a cor-
responding dose.

Brain sections throughout the entire rostrocaudal
extent of the brain were examined. An Olympus BX51
fluorescent microscope equipped with an Olympus
DP72 digital camera and QuickPHOTO Micro 32 soft-
ware was used to outline the ZI and its subdivisions and
count the FJB-positive neurons. Images were sharp-
ened and converted to black and white to improve the
cell-to-background contrast.

FJB-labeled degenerated neurons were plotted and
transferred to standard stereotaxic rat brain sections
where the ZI resides using the MDPlot™ 5.1 comput-
er-aided digitizing system (Accustage, MN, USA) for
plotting and CorrelDraw software (version 11) for illus-
tration.

Lesion evaluation

The semi-quantitative analysis was achieved by
localizing and counting the FJB-positive neurons in
the observed ZI in four sections per animal from the
24-hour post-SE survival intervals (Table 1).

The morphological qualitative data was obtained
objectively by measuring the perikaryon long-axis di-
ameter of 50 cells per age/survival interval (Table 1).

Statistical analysis

Data analysis employed Microsoft Excel, Arcus
Quickstat Biomedical 1.1, and GraphPad (version
9.1.2.226). The reliability of data collection was as-
sessed using eight samples for cell counting of FJB-pos-
itive neurons and 20 samples for measuring perikary-
on long-axis diameter. The data were independently
collected by two observers one week apart to reduce

Table 1. Perikaryon long-axis diameter (um) of fluoro-jade B-positive neurons in P15, P18, P21, and P25 age groups 24 hours after status epilepticus.

Long-axis diameter (um)

Age/survival Fluoro-jade
interval group B-positive neurons Min Median Max +5D
15/24 56 11 19.5 34 5.45
18/24 116 13 20.5 30 4.72
21/24 147 11 16.0 29 5.34
25/24 163 11 13.0 22 3.21
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confirmation bias. The inter- and intra-rater reliabili-
ty was evaluated by linear regression, and the limits of
agreement and bias were plotted using Bland-Altman
plots (Supplementary Fig. 1).

A non-normal data distribution was confirmed by
the Shapiro-Wilk test, while the Kruskal-wallis test
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determined the significance of differences in FJB-pos-
itive neuron profiles. Subsequently, post hoc Dunn’s
tests compared the significance of differences between
the age groups that contained FJB-positive neurons in
the 24-hour post-SE survival interval (Supplementary
material).
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Supplementary Fig. 1. Bland-Altman plots depicting the reliability of long-axis diameter measurements with a range of + 1.0 pm.
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RESULTS
Degenerated neuron detection

All FJB-positive neurons were confined bilaterally
in the ZIR of both hemispheres, as shown in Fig. 1. The
number of FJB-positive neurons increased with age, as
shown in Table 1.

No FJB-positive neurons were found in the ZI at any
survival interval in 12-day-old animals group.

In 15-day-old animals, the ZI contained only isolat-
ed FJB-positive neurons in two out of four animals in
the 24-hour survival group. Degenerating FJB-positive
neurons were found in two brain sections and were dis-
tributed in the ZIR of both hemispheres, though they
were confined to the periphery (Fig. 2).

In 18-day-old animals, the ZI contained a moderate
number of degenerated neurons (Table 1), which was
53.40% higher than in the P15 age group. FJB-positivity
was found in the ZIR of five to six brain sections, while
the other sectors did not contain any FJB-positive neu-
rons. The neuronal damage was distributed without
clustering over the central and medial aspects of the
ZIR in the 24-hour survival group (Fig. 2).

In 21 and 25-day-old animals, the ZI contained
more degenerated neurons in these two age groups
(Table 1). The P21 group had 19.20% more degenerated
neurons than the P18 group and 11.00% fewer than the
P25 group. Similar to the P18 group, the damage was
confined to the ZIR and found in five brain sections
(Fig. 1). There were no FJB-positive neurons detected
in the ZIV, ZID, or ZIC in all cases and survival inter-
vals. The lesion was localized centrally in the ZIR, with
increased clustering in the P25 24-hour survival group
(Fig. 2).

In control animals, FJB-positive neurons were not
detected in any of the control animals.

Somatodendritic characteristics
of degenerated neurons

The perikarya long-axis diameters are listed by age
groups in Table 1.

In the shorter (=24 hours) intervals after SE, the
FJB-positive neurons exhibited intense staining of the
cell body and proximal dendrites. In the longer surviv-
al intervals (24 and 48 hours), the ZIR exhibited a mix-
ture of intensely and less intensely stained neuronal
bodies that were frequently shrunken, as indicated
by a decrease in their long-axis. Additionally, small
stained particles had formed, which were probably
caused by disintegrated axons, axon terminals, and pe-
ripheral dendritic branches. The particles are respon-
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Fig. 1. Fluorescent microscopic photomicrograph showing fluoro-jade
B-positive neurons in the left hemisphere of P25 rats 24 hours
post-status epilepticus. (A) Rostral sector of the zona incerta. (B)
Middle sectors of the zona incerta comprising the ventral and dorsal
sectors. (C) Caudal sector of the zona incerta. ZIC: caudal zona incerta;
ZID: dorsal zona incerta; ZIR: rostral zona incerta; ZIV: ventral zona
incerta.
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Fig. 2. Representative coronal sections of fluoro-jade B-positive neurons within the zona incerta of the left hemisphere. Each dot represents one
FJB-positive neuron. The number below each section refers to the distance from bregma. The number before each row represents the age interval
by days and the survival interval of 24 hours after status epilepticus. ZIC: caudal zona incerta; ZID: dorsal zona incerta; ZIR: rostral zona incerta; ZIV:

ventral zona incerta.

sible for the dusty appearance of the ZIR background
shown in Fig. 3.

There was a noticeable change in cell morphology,
with a gradual diminishing of the perikaryon long-ax-
is diameters as animal age increased. The average
perikaryon long-axis diameter in the ZI of control rat
brain sections was 40 um and was lower by 49.40% in
P15, 49.90% in P18, 52.45% in P21, and 65.20% in P25
animals. Such reductions indicate an age-dependent
pattern of lesion severity, which was most prominent-
ly evident at the 24-hour post-SE survival interval
(Table 1 and Fig. 4).

The statistical analyses showed significant differ-
ences between the 15, 18, 21, and 25-day age groups at
the 24-hour post-SE survival interval, with p-values
of <0.0001 between all four groups (Supplementary
material).

DISCUSSION

The presented data provide evidence that LiCl-in-
duced SE caused neuronal degeneration within the ZI
of both hemispheres in immature rats and that damage
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Fig. 3. Fluorescent microscopic (45x objective magnification) photomicrograph showing fluoro-jade B-positive neurons at 24 hours post-status epilepticus

for all age intervals. (A) P15. (B) P18. (C) P21. (D) P25.

severity correlated with age. We found an increase in
damage severity by age interval, as indicated by the
decrease in perikarya long-axis diameters. There were
no FJB-positive neurons in any ZI sectors in P12 rats
across all their survival intervals. However, SE-induced
neuronal degeneration within the ZI was observed in
P15, P18, P21, and P25 animals. The neuronal degener-
ation was restricted to the ZIR since the ZIV, ZID, and
Z1C did not exhibit any neuronal degeneration.
Several studies investigated extra-hippocampal
neuronal damage in the immature rat using the LiCl
model of SE (Cavalheiro et al., 1987; Hirsch et al., 1992;
Priel et al., 1996; Sankar et al., 1997; 1998; Kubova et al.,
2001; Dube et al., 2001; Roch et al., 2002; Mares et al.,

2005; Nairismagi et al., 2006). Based on our knowledge
of the current literature, SE-induced neuronal damage
in the ZI has not been reported. However, a previous
study by Scholl et al. (2013) showed some FJB-positive
cells in the ZI, though no details were provided re-
garding their distribution within ZI sectors.

The available literature is limited and does not pro-
vide evidence that could explain the neural degenera-
tion observed in the ZIR in the current study. Further-
more, data derived from combined morphological, elec-
trophysiological, and neurochemical studies on ZI neu-
rons and ZI neuronal microcircuits are lacking. Indeed,
the neurochemical properties of ZI neurons were only
described in studies by Kolmac and Mitrofamis (1999)
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Fig. 4. Fluoro-jade B-positive neuron long-axis diameter (um) measured in 50 cells per age interval. Perikaryon long-axis diameter (um), with p<0.05

indicating a decrease in size that correlated to increased severity by age.

and Mitrofamis (2005). Nonetheless, animal models
can provide promising insights into and expand our
understanding of these neuronal mechanisms (Becker,
2018; Thom, 2018). However, our study was confined to
convulsive epileptic seizures, unlike the study by Vila
Verde et al. (2021) on focal non-convulsive SE.

Neuronal damage peaked in 15-day-old rats, with
a gradual increase in damage severity through the old-
er age groups demonstrated by differing populations of
perikarya counts and characteristics. The number in-
creased between P15 and P21 at a higher rate than in
the P25 adult-aged rats. The perikarya size (expressed
in long-axis diameter) shrunk at a relatively slower
rate between 15 and 21 days (P15-P21) and was more
markedly reduced in 25-day-old animals (P25) (Table 1
and Fig. 4). The age dependency was observed in other
structures, such as the thalamus, in a previous study by
Druga et al. (2005).

The distribution of damaged neurons was similar in
P18 and P21, where it was scattered among the central
area of the ZIR, though it was confined to the periph-
ery of the ZIR in P15 rats. Damage was also confined
centrally in P25 rats, but the pattern was clustered,
indicating confocal damage in the center of the ZIR.
Multipolar cells were only discernible in P15 and were
not seen in the older animals, indicating an increased

loss of dendritic connectivity by age. Damage severity
peaking in adult animals was reported in other studies
addressing differing brain areas (Cavalheiro et al., 1987;
Hirsch et al., 1992; Priel et al., 1996; Sankar et al., 1997;
1998; Kubova et al., 2001; Dube et al., 2001; Roch et al.,
2002; Mares et al., 2005; Nairismagi et al., 2006).

Morphological mechanisms of the neuronal lesion

One possible mechanism responsible for the neu-
ronal damage within the ZIR is the hyperactivity of
the excitatory glutamatergic fiber system associated
with glutamate excitotoxicity. The cortical afferent
projection that terminates in the ZIR could be in-
volved in this excitotoxicity. Indeed, substantial corti-
cal projections into the ZIR arising from the cingulate
cortical area (Mitrofanis & Mikuletic, 1999; Cavdar et
al., 2006) are thought to belong to the glutamatergic
excitatory system.

According to several immunochemical studies, nu-
merous neurochemical markers are expressed differ-
ently in ZI subdivisions (Nicolelis, 1992; 1995; Wagner
et al., 1995; Kolmac & Mitrofanis, 1999; Scholl et al.,
2013). The ZIV contains abundant GABA, glutamic acid
decarboxylase (GAD), and PV-expressing neurons,
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comprising more than 80% of the total cells, charac-
teristic of inhibitory neurons. Furthermore, the ZIV
contains the largest percentage (95%) of PV-positive
neurons. Most inhibitory neurons in the ZIV could
protect the region and, therefore, may explain the
lack of FJB-positive neurons found in our experi-
ments. Nevertheless, 20-25% of GABA and GAD and
around 10% of PV-expressing neurons were located in
the ZID. On the other hand, 50% of ZIC neurons are
NADPH-positive, and 15% are SOM-positive (Kolmac &
Mitrofanis, 1999). Although the density of inhibitory
neurons within the ZID is lower than the ZIV (Kol-
mac & Mitrofanis, 1999), they could be sufficient to
suppress excitotoxic hyperactivities and consecutive
neuronal damage in this ZI subdivision.

The rostral sector of the zona incerta
is vulnerable to status epilepticus

The ZIR is a heterogeneous structure contain-
ing glutamatergic, GABAergic, dopaminergic, and
SOM-positive neurons, but the density of their neu-
rochemically defined cells is low to moderate, the
GABAergic and PV neurons representing about 10% of
the cell population (Mitrofanis, 2005). According to
Kolmac and Mitrofanis (1999), tyrosine hydroxylase
immunoreactive cells were found almost exclusively
within the ZIR, forming about 15% of the cells, and
probably represent part of the dopaminergic sys-
tem designated as group A-13. However, the cellular
mechanisms activated by dopamine in the ZIR are still
obscure. The neuropeptide SOM was demonstrated in
the ZIR (around 35% of cells) but was lower in the ZIV
and ZID (25% and 15% of cells, respectively). The role
of SOM neurons in the neocortical circuits is a recent
subject of research focus, with several articles stating
that SOM interneurons robustly inhibit PV interneu-
rons and enhance the activity of pyramidal neurons.
The aforementioned circuit can ultimately influence
various types of behavior, including neuronal exci-
totoxicity potentiation (Xu et al., 2019), though the
existence of inhibitory circuits in the ZIR is uncon-
firmed.

According to Steinert et al. (2010), most
NADPH-d-positive neurons are found in the ZID (40%
of cells) and the ZIR (15% of cells), and it is broadly
understood that neuronal nitric oxide synthase (NOS)
contributes to a variety of neurodegenerative process-
es accompanied with neurotoxicity. In addition to the
above-mentioned substances, the ZIR contains a small
number of serotonin-releasing neurons (5%) and gluta-
mate-positive neurons (15%) (Steinert et al., 2010).
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There is a very low density of inhibitory GABAergic
neurons within the ZIR that are visualized by several
markers (GABA, GAD, and PV). As such, the weak in-
hibitory nature of the ZIR, accompanied by other neu-
roactive substances (SOM and NOS), might be the un-
derlying cause of the vulnerability of this ZI sector to
neuronal damage after SE.

Since this was a morphological study of post-mor-
tem damage to the ZI, the consequence of damage with-
in the ZIR on its function in pathological states could
not be tested. Furthermore, an inhibitory agent, such
as methylscopolamine, was not administered in our
LiCl model, as suggested by others (Ahmed Juvale & Che
Has, 2020), since it can block seizures.

CONCLUSIONS

The study provides evidence that LiCl-induced
SE provoked neuronal damage in the ZI, although
FJB-positive neurons were not detected in the ZI of the
12-day-old pups and contained a low number of de-
generated neurons in the 15-day-old pups. However,
amoderate number of degenerated neurons were found
in the ZI of older animals. As such, neuronal damage
severity was dependent on age and survival interval.
Furthermore, degenerated neurons within the ZI were
restricted to its rostral area.
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