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Abstract

:

The aim of the present study was to analyze the location of degenerating neurons in the dorsal (insular) claustrum (DCL, VCL) and the dorsal, intermediate and ventral endopiriform nucleus (DEn, IEn, VEn) in rat pups following lithium–pilocarpine status epilepticus (SE) induced at postnatal days [P]12, 15, 18, 21 and 25. The presence of Fluoro-Jade B-positive neurons was evaluated at 4, 12, 24, 48 h and 1 week later. A small number of degenerated neurons was observed in the CL, as well as in the DEn at P12 and P15. The number of degenerated neurons was increased in the CL as well as in the DEn at P18 and above and was highest at longer survival intervals. The CL at P15 and 18 contained a small or moderate number of degenerated neurons mainly close to the medial and dorsal margins also designated as DCl (“shell”) while isolated degenerated neurons were distributed in the VCl (“core”). In P21 and 25, a larger number of degenerated neurons occurred in both subdivisions of the dorsal claustrum. The majority of degenerated neurons in the endopiriform nucleus were found in the intermediate and caudal third of the DEn. A small number of degenerated neurons was dispersed in the whole extent of the DEn with prevalence to its medial margin. Our results indicate that degenerated neurons in the claustrum CL and endopiriform nucleus are distributed mainly in subdivisions originating from the ventral pallium; their distribution correlates with chemoarchitectonics of both nuclei and with their intrinsic and extrinsic connections.
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1. Introduction


Status epilepticus (SE) is often used experimentally to trigger epileptogenesis and the development of complex structural and functional changes resembling human temporal lobe epilepsy [1]. Both limbic (amygdala, claustrum, endopiriform nucleus, piriform cortex, entorhinal cortex, hippocampal formation) but also extralimbic structures undergo substantial neuronal loss and structural reorganization after SE in adult as well as in young immature animals [2,3,4,5,6,7,8,9].



The claustrum is a subcortical telencephalic structure present in all mammals examined—from insectivora to primates and humans [10]. Two principal parts of this nucleus can be distinguished in all mammals, namely the dorsal (insular) claustrum, which underlies the insular cortex and the ventral claustrum (piriform claustrum, endopiriform nucleus), which adjoins the piriform cortex [11,12,13,14,15]. Expression patterns of the developmental regulatory genes indicate that the claustrum, the endopiriform nucleus and a part of the amygdala comprise an entity called the claustroamygdaloid complex [16,17] and that derivatives of the ventral and lateral pallium can be distinguished in the claustroamygdaloid complex. A major part of the dorsal claustrum (the dorsolateral claustrum, claustrum proper), the basolateral amygdala, posterolateral cortical amygdalar area and dorsal part of the piriform cortex are considered derivatives of the lateral pallium, while the ventromedial claustrum (smaller, medial part of the dorsal claustrum adjoining the external capsule (see [17]), the endopiriform nucleus, several amygdalar nuclei and the ventral part of the piriform cortex are considered derivatives of the ventral pallium [16,17].



The claustrum nuclei (dorsal claustrum, endopiriform nucleus) contain mostly glutamatergic neurons and several subpopulations of GABAergic interneurons. Subpopulations of neurons within the CL and the ventral claustrum in rodents express GABA, calcium-binding proteins, neuropeptides and nitric oxide synthase (NOS) [12,15,18,19,20,21,22,23]. Calcium-binding proteins and neuropeptides in the CL and DEn are frequently colocalized [21,24]. Using single-cell RNA sequencing, it was demonstrated that claustrum contains two excitatory (glutamatergic) neuron subtypes, which differ in the expression of genes and form a core–shell organization [25].



In higher mammals, two principal parts of the claustrum (dorsal or insular and ventral or piriform claustrum) are distinguished [11,14], but in rodents, the traditional dorsal claustrum (CL) was recently parcelled into two subdivisions: the dorsal claustrum (DCl) and the ventral claustrum (VCl) [26]. These two parts differ in the expression of cadherins, calcium-binding proteins (parvalbumin, calretinin), the glutamate transporter GLUT2 and NOS. In contrast, the expression of cadherins might indicate three subdivisions [18,23,27]. Rat and guinea pig claustrum have been found to have complementary patterns of PV and CR immunoreactivity. The CL of the rat consists of two regions, the first being a CR negative zone in the core of the structure. This region is dorsally, medially and basally surrounded by CR-positive neuropil containing a small number of CR-positive neurons (shell). CR-negative zone corresponds to a strong PV-positive area containing a high density of PV-positive neurons and neuropil [4,12,23].



Similarly, the classical ventral (piriform) claustrum (the endopiriform nucleus) was further divided into the dorsal endopiriform nucleus (DEn), the intermediate endopiriform nucleus (IEn) and the ventral endopiriform nucleus (VEn) [26]. A recent analysis of the distribution of calcium-binding proteins and latexin in the CL and DEn of the short-tailed fruit bat proposes further subdivision of the shell subregion into four sectors [28].



Proteomic analyses indicate that the CL in the rat has a shorter anteroposterior extent and that the claustrum in rodents and primates is surrounded by layer VI of the insular cortex. Thus, the concept of the claustrum as an intracortically located structure (within layer VI), as originally introduced by Narkiewicz and Mamos [29], is supported and characterized by the expression of a specific protein [30].



Hodological analysis demonstrates that the CL has reciprocal connections with many neocortical regions, while the DEn has bidirectional connections with the piriform cortex and other limbic structures [13,15,31,32].



The functions of the CL were not yet sufficiently explained. Rich and bidirectional connections with many neocortical areas indicate that it may influence the responsiveness of these areas [33,34]. The claustrum might also integrate sensory information from many cortical areas and form a background for responses to complex stimuli [35].



Convergence of information from different levels of the olfactory system and from the amygdala occurs in the DEn. In addition, electrical and optical recordings indicate that olfactory and gustatory activity converges onto single neurons of the DEn [36,37,38].



The claustrum and piriform cortex play a role in temporal lobe epileptogenesis. The deep piriform region including the IEn, DEn and CL was identified as a region with an especially low threshold for the generation of epileptiform discharges. Microelectrode mapping indicates that the dorsal edge of the DEn is the site where these discharges are initiated [39]. In addition, the piriform cortex, IEn, DEn and CL are among the structures that exhibit severe pathologic changes in various epilepsy models in adult animals [2,3,8,9,40,41].



Our previous results demonstrated that the piriform cortex and the DEn and IEn are substantially damaged in young rats (P25) that survive lithium–pilocarpine SE, whereas the CL is relatively preserved [4]. More detailed data about the topography of degenerated neurons and about the time- and age-dependent progression of neuronal degeneration in the ventral and dorsal claustrum (DEn and CL, respectively) are lacking.



In the present study, we stained neurons in these structures undergoing degeneration using FluoroJade-B (FJB) an efficient fluorochrome [42]. This dye was used to identify not only the distribution of neuronal damage but also the timing of damage in the dorsal (insular) claustrum (DCl, VCl) and the ventral (piriform) claustrum (DEn, IEN, VEn) of immature rats after lithium–pilocarpine induced SE. An additional aim was to relate the distribution of degenerating neurons to the recently introduced parcellation of the dorsal claustrum [16,18,23,26,27] (Figure 1).




2. Results


Status epilepticus was induced in all age groups used. Individual groups are signed according to the age of SE induction. Mortality increased with age at SE. No mortality was observed in the P12 group, whereas the highest mortality (35 and 32%, respectively) was observed in P21 and P25 rats.



2.1. Distribution of Degenerating Neurons and Severity of Damage


No FJB-positive neurons were observed in the control animals regardless of age and interval.



2.1.1. Severity of Damage and Distribution of Degenerating Neurons in the Dorsal (Insular) Claustrum (CL) in SE Animals


Both subdivisions of the CL differ significantly in the density of degenerating neurons. The majority of FJB-positive neurons were detected in the DCl (shell), whereas damage to the VCl (core) was rather negligible (Figure 2 and Figure 3). In the DCl the majority of survival intervals exhibited the largest density of degenerating neurons in P21 and/or P25 animals.



Two-way ANOVA revealed a significant effect of age at SE (F (4, 50) = 51.73; p < 0.0001) interval after SE (F (4, 50) = 35.25; p < 0.0001) and their interaction (F (16, 50) = 8.882; p < 0.0001) on the severity of damage in the CLD. The density of FJB-positive neurons (number of FJB-positive cells/mm2) increased with age at SE and peaked at the 24 h interval. FJB-positive neurons were not observed in P12 in any interval after SE. In P15 rats, only sparse FJB-positive neurons (<10 per anatomic area) were found in intervals of 12–48 h. In P18 rats, the density of FJB-positive neurons was significantly lower 24 h after SE compared to P21 (Figure 4A, left panel). The mean number of FJB-positive cells per anatomic area (area of the CLD) in P21 and P25 was 48 and 55, respectively.



In the VCl, (core) density of FJB-positive neurons was negligible or negative with the exception of P18, P21 and P25 animals 24 h after SE. In this interval, 3 to 14 FJB-positive neurons per anatomic area were detected. In other age- and interval groups FJB-positive neurons occurred only sporadically and prevailed in marginal parts of the VCl (Figure 3 and Figure 4A, right panel).



The area of neither the DCL nor VCL differed across individual age and interval groups (Figure 5A).




2.1.2. Severity of Damage and Distribution of Degenerating Neurons in the Endopiriform Nucleus


FJB-positive neurons were detected in all age groups and at all intervals after SE. Two-way ANOVA revealed a significant effect of age at SE (F (4, 50) = 43.26; p = 0.0283), interval after SE (F (4, 50) = 2.965; p < 0.0001) and their interaction (F (16, 50) = 2.776; p = 0.0030) on the severity of damage expressed as a density of FJB-positive neurons (number of FJB-positive neurons per mm2). In all intervals, the density of positive cells was lower in the three youngest age groups compared to P21 and P25 animals. The lowest density of FJB+ cells was found in P12 and P15 rats. In P18, the density of labeled cells was higher compared to younger age groups, but still significantly lower than in P21 and P25 animals 24 h after SE. FJB-positive neurons were equally distributed along the whole rostrocaudal length of the DEN in the caudal part of the DEN (Figure 4 and Figure 6). In all intervals, FJB-positive neurons prevailed in the medial and basal parts of the DEN (Figure 3, Figure 4 and Figure 6).



Since P15 small number of degenerated neurons was dispersed in the IEN, while no FJB-positive neurons were detected in the VEN.



Two-way ANOVA revealed significant effects of age (F (4, 50) = 9.743; p < 0.0001), but not of interval after SE or age x and interval interaction on the DEN area. The DEN area tended to be higher in P21 animals in most of the intervals after SE, but post hoc analysis showed significant differences only between P21 animals and the two youngest groups of rats (Figure 5). The statistical differences have to be however interpreted with caution because they were observed only in some intervals after SE and data were obtained from a relatively small number of animals.





2.2. Characteristics of Degenerated Neurons


FJB-positive small, rounded and less frequently bipolar neurons were characteristic in all subdivisions of the claustrum (DCl, VCl, DEN, IEn) at short survival intervals. In contrast, neurons of various sizes (15–33 μm) and with triangular (pyramidal) and multipolar perikarya and a variety of somatodendritic patterns represented approximately 80% of FJB-positive cells within the DCl, VCl and DEN at longer intervals, especially in P18 and older animals (Figure 7).



At shorter intervals up to 24 h after SE, FJB-positive neurons exhibited intense staining of the cell body and proximal dendrites. At longer survival intervals (48 h and 1 week), the DCl and DEN contained a mixture of intensely and less intensely stained neuronal bodies. Some of the less intensely stained (paler) neurons were shrunken with fragmented processes. Additionally, there were dispersed small stained particles formed probably by disintegrated processes and axon terminals. These stained particles visible at a 1-week survival interval are responsible for a “dusty appearance” of the neuropil.




2.3. Distribution of Calretinin- and Parvalbumin-Positive Neurons


Immunostaining for calretinin (CR) and parvalbumin (PVA) demonstrates the complementary distribution of both calcium-binding proteins in the dorsal (insular) claustrum. The high density of PVA-positive neurons and neuropil was observed in the VCL (core subdivision). This subdivision is surrounded by the rim of CR-positive neurons in the DCL (shell subdivision). In this subdivision, which contained the majority of degenerating neurons, PVA-positive neurons were sparse (Figure 1). Our data are in line with previous studies.



Functioning at this age: The incidence and latency to the onset of continuous convulsions (i.e., SE) were registered. SE was interrupted after 1.5 h of continuous motor seizures by an intraperitoneal injection of paraldehyde (0.3 mL/kg in rat pups at P18 and younger, 0.6 mL/kg in animals at P21 and P25). After paraldehyde injection, the rats were subcutaneously injected with 0.9% NaCl (up to 3% of the body weight divided into 2–3 doses) to restore volume loss. For about 3–4 days after SE, animals 18 days old and older were fed a moist diet. The health status of animals was monitored daily until the end of the study.



Each age and interval group consisted of three animals. Control siblings (n = 2 per age and interval group) were treated with an equal volume of LiCl but the pilocarpine was replaced with saline. A corresponding dose of paraldehyde was administered 2 h after saline injection.





3. Discussion


LiCl/pilocarpine-induced status epilepticus (SE) leads to the development of spontaneous recurrent seizures, cognitive deficits and behavioral alterations and extensive brain damage. It is a widely accepted model of temporal lobe epilepsy. Temporal lobe epilepsy in humans is a complex disorder in which seizures start or involve one or both temporal lobe structures in the brain, specifically the hippocampal formation and amygdalar nuclei. In many patients, temporal lobe epilepsy is associated with a high prevalence of psychiatric comorbidities like cognitive impairment, depression and emotional disturbances. It has been hypothesized that both TLE and its psychiatric comorbidities share common neuropathological and neurobiological aspects. In animal models, several other structures functionally related to the hippocampus and amygdala like parahippocampal cortices, piriform cortex and claustral complex are also damaged. In addition to typical temporal lobe structures, distant nuclear complexes like thalamic nuclei and several neocortical areas hodologically related to hippocampal and amygdalar circuits are also damaged [1,5,43].



The present study provides evidence of region-specific neuronal damage in the claustrum. Neuronal degeneration in the CL is an age- as well as survival interval-dependent process affecting all age categories. Degenerated neurons were detected in both subdivisions of the CL (DCL, VCL) but significantly prevailed in the DCl as well as in the endopiriform nucleus (DEn, IEn) at various intervals after lithium–pilocarpine induced SE. The number of degenerated neurons in the CL considerably increased in older animals (P21 and P25). A small number of degenerated neurons was detected in the CL (DCl) already in P12 and P15 pups. In older animals (P21 and P25) the number of positive neurons increased in the DCl but also in the VCl. In all groups of animals, FJB-positive neurons within the dorsal claustrum shared a similar topography; that is, in younger animals, they prevailed in the DCl (shell), and in older pups, a small number of degenerated neurons disseminated also to the VCl (core). The central part of the VCl was in younger animals (P15, P18) almost devoid of FJB-positive neurons. This part of the VCl contains many parvalbumin-immunoreactive neurons and a patch of strongly positive parvalbumin-immunoreactive fibers and terminals [19,23]. Very low immunostaining for calretinin is characteristic of the same area of the VCl, even though a small number of calretinin-immunoreactive neurons was detected in the periphery of this region (see Figure 2 and Figure 3). This pale focal area (core) is devoid of calretinin-immunoreactive fibers and puncta and is surrounded medially and laterally by a rim of stronger calretinin-immunoreactive neuropil in the rat as well as in the mouse [12,23]. In addition to an almost complementary distribution pattern of parvalbumin and calretinin within the central area (core) of the CL corresponding to the VCl [26], this part of the CL is characterized by strong cadherin in older animals (P21, P25) (Cad8, rat), whereas there is little neuronal NOS and vesicular glutamate transporter VGLUT2 [16,27,44]. The differences in neuronal damage between shell and core subdivision of the CL in younger and older animals may be related to different structures and vulnerability of local neuronal circuits [45]. It should be taken into consideration that claustro-cortical projecting neurons within DCl (shell subdivision) and VCl (core subdivision) in mice differ in their gene expression and cortical targets. It has been shown that neurons projecting to the retrosplenial cortex are located in the core subdivision of the insular claustrum, while neurons projecting to the lateral entorhinal cortex were found in the shell subdivision [25]. In our experiments, the core subdivision of the claustrum was in younger animals almost preserved while the majority of degenerated neurons were found in the shell subdivision. Such distribution of degenerated neurons within the insular claustrum indicates that neurons projecting to the limbic structures are in younger pups more vulnerable to SE.



The differences in the distribution of degenerated neurons in the subdivisions of the CL (VCl, DCl) and in the DEn after SE may be associated with specific hodological, neurochemical and developmental features of both nuclei.



The neuronal damage in the DEn was heavier than that in the CL and differed significantly between age groups. A small number of FJB-positive neurons (with low densities) was characteristic for the P12 and P15 age groups. In older animals, the number of degenerated neurons increased and peaked at P21.



The DEn is reciprocally connected with the piriform cortex and several other cortical formations [31,37,46]. These projections are largely excitatory and might provide a substrate for regenerative feedback interactions. Epileptiform activities generated in the DEn can drive, via these massive projections, paroxysmal activity in the overlying piriform cortex and back to the DEn [31,37,39,46,47]. It is possible that hyperactivity and the synchronization of synaptic activity in these circuits lead to an increase in glutamate release with a subsequent cascade of neurotoxic events resulting in neuronal degeneration. The specific membrane properties of the DEn neurons may contribute to the susceptibility of this nucleus to epileptiform activity [48]. The other characteristics of the neuronal mechanism within the DEn that explain the susceptibility of the DEn to seizure induction and propagation and eventually to neuronal damage were recently revised [37].



The existence of long rostrally directed associative projections within the DEn which are supposed to be glutamatergic may also contribute to the synchronization of neuronal hyperactivity, glutamate neurotoxicity and consecutive neuronal degeneration in the whole anteroposterior extent of the DEn [46]. Such associative projections were never demonstrated within the insular claustrum. The prevalence of neuronal degeneration in the caudal two thirds of the DEn might be explained by the additional influence of excitatory projections from several amygdalar nuclei (amygdalohippocampal area and other cortical amygdalar nuclei). These projections terminate in the intermediate and caudal part of the DEn [38].



The present study failed to demonstrate some specific features of neuronal degeneration in the dorsal part of the DEn that might be related to its specific role in the initiation of epileptiform activity [49]. A higher density of degenerated neurons, indicating a higher level of excitotoxicity, was evident in older animals (P18 and older) not only in the dorsal part of the DEn, but also in the medial and basal part of the nucleus. Neuronal degeneration within the DEn displays characteristics of a rather chronic process because the DEn in P18 and older animals contained a moderate number of FJB-positive neurons even 1 week after SE. In contrast to DEn, the IEn contained only a small number of degenerated neurons in all age groups and survival intervals. Negative findings were evident within the VEn.



It appears that the distribution pattern of degenerating neurons within the CL as well as in the DEn also has developmental relations. Degenerated neurons in the CL prevailed in the medial part of the VCl and in the DCl, which are probably derivatives of the ventral pallial histogenetic division. The lateral part of the VCl (called also dorsolateral claustrum, Cld) which is almost free of degenerated neurons is considered by Medina et al. [16] to be a derivative of the lateral pallial histogenetic division of the embryonic telencephalon. According to this developmental concept, the DEn which exhibited massive neuronal degeneration in the majority of survival intervals in our experiments is also considered a possible derivative of the ventral pallium. Thus, it appears that degenerated neurons within the CL (DCl, medial margin of the VCl) and the DEn are distributed predominantly in derivatives of the ventral pallium.



Comparison of the distribution of degenerated neurons in the dorsal and ventral claustrum with expression of Nurr1 (orphan nuclear receptor) and latexin indicated that Nurr+/Latexin- neurons prevailed in the parts of the claustral complex containing in our experiment FJB-positive neurons (DEn, DCl) [50,51,52,53].



The expression of a recently introduced marker of the CL, Gng2, indicates that in the rat hemisphere, the CL is discernible only at striatal levels and is surrounded medially and laterally by layer 6 insular cortex cells [30]. The Gng2-rich area probably corresponds to the lateral part of the subdivision of the CL designated by [26] as VCl. A small number of degenerating neurons were observed in this part of the CL in our experiments. In contrast, the medial part of the VCl and DCl contained degenerated neurons in an age- and survival interval-dependent manner.



The dynamics of neuronal degeneration in the DEn was similar to that in the CL (DCl) but the number of degenerated neurons in the DEn exceeded those in the CL. Larger neuronal damage of the DEn may be related to several hodological, cytochemical, structural and functional features. Among them, the pattern of local inhibitory interneurons may represent an important factor influencing the neuronal degeneration process. The core subdivision of the CL (VCl) contains many parvalbumin-immunoreactive neurons, a plexus of PV-ir fibers and a focus of parvalbumin-immunoreactive terminals, while PV-ir neurons are less frequent in the DEn [19]. In addition, the preservation of neurons within the core subdivision may be influenced by the synaptic organization of the neuronal circuits of this subdivision. The relationship among claustro-cortical neurons and PV-positive inhibitory neurons and feedforward inhibition of projecting neurons may represent substrate, which could contribute to the preservation of the core subdivision [45].



The DEn contains a large number of neuropeptide Y-positive neurons and the dorsal-most part of the DEn contains a large number of calretinin-positive boutons.



Summary and methodological considerations:



Our study demonstrated that there are rare degenerating neurons in both parts of the claustrum (DCl, DEn) if SE was elicited at the age of 12 days. Their number substantially increased if SE was induced in 18-day-old and older rats. In all age groups and survival intervals, the dorsal endopiriform nucleus (DEn) exhibited a higher number of FJB-positive neurons than the dorsal claustrum (DCl, VCl) (Figure 5 and Figure 6).



Taken together, our findings confirm the higher resistance of the immature brain to SE-induced damage. Several animal studies have already confirmed an increase in neurodegeneration with the age at SE. In rodents two weeks old or younger, damage to the hippocampus, amygdala complex or thalamus is small or even minuscule and the extent of neurodegeneration as well as the number of damaged structures increases with age at SE induction. In 3-week-old or older rats is comparable to those seen in adults [54,55,56].



The duration of SE together with the treatment chosen for termination of SE critically affects the severity and pattern of damage. Clinical studies have clearly shown that delayed treatment of SE is associated with an increased risk of morbidity and mortality as well as with a risk of treatment failure [57]. Clinical experience are supported by animal experiments showing a direct link between the duration of SE, its sequelae and the capability of treatment to stop seizure activity [58,59]. However, it also has to be emphasized that certain medications commonly used to terminate SE have been found to aggravate neuronal damage in immature rats [60]. In our experiments, a single dose of paraldehyde was administered after 1.5 h of ongoing motor seizure activity. In used doses, paraldehyde does not induce neurodegeneration in naïve P12 rats. Given treatment suppressed motor convulsions but it does not completely stop seizure activity in EEG [61]. In this respect, the SE model used for this study represents the model of long-lasting refractory status epilepticus associated with more serious consequences.




4. Materials and Methods


4.1. Animals


Male Wistar albino rats at P12, P15, P18, P21 and P25 postnatal days (P0 defined as the day of birth) were used. Animals (n = 125) were maintained with their dams on a 12/12 h light/dark cycle under controlled temperature (22 ± 1 °C) and humidity (50–60%), with free access to food and water until the end of the experiment. The experiments were approved by the Animal Care and Use Committee of the Institute of Physiology to be in agreement with the Animal Protection Law of the Czech Republic, which is fully compatible with European Commission Council directives 86/609/EEC.




4.2. Induction of Status Epilepticus


SE was induced by pilocarpine hydrochloride (#P6503, Sigma-Alrich® Brand, Merck KGaA, Darmstadt, Germany; 40 mg/kg i.p.) in 5 age groups of rats: 12- (P12), 15- (P15), 18- (P18), 21- (P21) and 25-days (P25) old (pretreated 24 h earlier with lithium chloride (#L9650, Sigma-Alrich® Brand, Merck KGaA, Darmstadt, Germany; 3 mEq/kg i.p.). Animals were observed for at least 2 h after pilocarpine administration. During experiments with 12- and 15-day-old pups, the temperature in Plexiglas cages used for observation was maintained at 32 ± 2 °C using an electric heating pad connected to a digital thermometer to compensate for immature thermoregulatory functioning at this age. The incidence and latency to the onset of continuous convulsions (i.e., SE) were registered. SE was interrupted after 1.5 h of continuous motor seizures by an intraperitoneal injection of paraldehyde (#P5520, Sigma-Alrich® Brand, Merck KGaA, Darmstadt, Germany; 0.3 mL/kg in rat pups at P18 and younger, 0.6 mL/kg in animals at P21 and P25). After paraldehyde injection, the rats were subcutaneously injected with 0.9% NaCl (up to 3% of the body weight divided into 2–3 doses) to restore volume loss. For about 3–4 days after SE, animals 18 days old and older were fed a moist diet. The health status of animals was monitored daily until the end of the study.



Each age and interval group consisted of three animals. Control siblings (n = 2 per age and interval group) were treated with an equal volume of LiCl but the pilocarpine was replaced with saline. A corresponding dose of paraldehyde was administered 2 h after saline injection.




4.3. Histology


Tissue preparation: Rats of all age groups were killed 4, 12, 24, 48 h and 1 week after SE. Rats were overdosed with 20% solution of urethane (#U2500, Sigma-Alrich® Brand, Merck KGaA, Darmstadt, Germany; 2.5 g/kg, i.p.) and perfused with phosphate-buffered saline (PBS, pH 7.4), followed by 4% paraformaldehyde (#P6148, Sigma-Alrich® Brand, Merck KGaA, Darmstadt, Germany; in 0.1 M phosphate buffer (pH 7.4, 4 °C). The brains were removed from the skull, post-fixed for 3 h and then cryoprotected in graded sucrose (10%, 20%, and 30% in PBS). The brains were frozen in dry ice and stored at −70 °C until cut. A series of 50 μm thick coronal sections were prepared for further processing.



FuoroJade B staining: To detect degenerating neurons, a 1-in-5 series of sections was mounted on gelatin-coated slides and processed for FJB histochemistry according to [41,42]. Sections were examined with an epifluorescence microscope using flourescein thiocyanate filter sets. To better delineate the cytoarchitectonic boundaries of the claustrum and adjoining cortical areas, parallel sections were stained with cresyl violet.



Immunohistochemistry: Adjacent sections were processed immunohistochemically with antibodies raised against parvalbumin (mouse monoclonal, dilution 1:10,000, #P3088, Sigma-Alrich® Brand, Merck KGaA, Darmstadt, Germany), or calretinin (mouse monoclonal, 1:8000, #MAB1568, Merck, NJ, USA) using the avidin–biotin method described previously in detail [12]. As a positive control, a thalamic section from an adult rat that experienced SE 24 h earlier was included into each set of immunostainings.




4.4. Parcellation of the Claustrum


For the description of the distribution of the degenerated (FJB-positive) neurons we used the parcellation of the rat claustrum according to Paxinos and Watson [26]. According to this parcellation, the dorsal (insular) claustrum (CL) was further subdivided into claustrum dorsale (DCl) and claustrum ventrale (VCl). Tracings of the CL, DEn and adjoining structures from adjacent series of Nissl stained sections and sections immunostained for parvalbumin and calretinin were used for identification of VCL and VCD borders (Figure 1).




4.5. Semiquantitative Analysis


Only neurons emitting intense yellow–green fluorescence that distinctly exceeded the background of the sections were included in a semi-quantitative analysis of damage severity. FJB-positive cells were counted in the dorsal endopiriform nucleus (DEn) and in the CLD and CLV subdivisions of the claustrum at 20-fold magnification directly from the sections using a microscopic grid. Counting of FJB+ cells in DEn was performed at three anteroposterior levels corresponding with Paxinos and Watson (2007) (23) AP +1.8 to AP −4.0. At each level, FJB+ neurons were counted per the anatomic area in three to four sections. The size of each anatomic area was assessed using the Olympus BX51 microscope (Tokyo, Japan) and QuickPHOTOMicro 2.3 software (Promicra, Prague, Czech Republic). The cytoarchitectonic boundaries were verified using adjacent Nissl stained sections and the density of FJB+ cells (number of cells per mm2) was calculated.



Degenerated neurons in the dorsal claustrum were counted in the CLD and CLV separately at the level AP 1.8–0.3 [26] at three consecutive sections.




4.6. Statistics


At the beginning of this study, simple randomization was used to assign each animal in individual age groups to a particular treatment and interval group. Data acquisition and analysis were conducted blinded to the treatment. Data were analyzed using GraphPad Prism 8 (GraphPad Software, Boston, MA, USA) software. Two-way ANOVA was used to identify the main effect of SE. Whenever a significant interaction was identified, the data were subjected to Tukey’s post hoc test. p-value < 0.05 was required for significance.





5. Conclusions


Early-life status epilepticus leads to neurodegeneration in the claustral complex. The extent and distribution of degenerating, FJB-positive neurons is highly dependent on the age at SE induction and intervals after SE. The severity of damage increases with age at SE and peaks at 24 h after SE. In the dorsal (insular) claustrum degenerated neurons prevailed in the calretinin positive zone (DCl, i.e., subdivision shell). Low density or almost absence of FJB-positive neurons was observed in the VCl, (i.e., subdivision core) with a high density of parvalbumin-positive neurons suggesting its protective role against SE-induced damage.







Author Contributions


R.D., P.M. and H.K. conceived and designed the experiments. H.K. and R.D. were responsible for neuropathological analysis. H.K. performed animal experiments and statistical data evaluation. M.S. participated in the neuropathological analysis. All authors have read and agreed to the published version of the manuscript.




Funding


This study was supported by the grant of the Czech Science Foundation No. 23-05274S, by the project National Institute for Neurological Research (Programme EXCELES, ID Project No. LX22NPO5107), funded by the European Union–Next Generation EU the project and by support for long-term conceptual development of research organization RVO: 67985823.




Institutional Review Board Statement


All procedures involving animals and their care were conducted according to the ARRIVE guidelines (https://www.nc3rs.org.uk/arrive-guidelines) accessed on 09 December 2023 in compliance with national (Act No 246/1992 Coll.) and international laws and policies (EU Directive 2010/63/EU for animal experiments and the National Institutes of Health guide for the care and use of laboratory animals NIH Publications No. 8023, revised 1978). The experimental protocol was approved on 4 June 2018, by the Ethical Committee of the Czech Academy of Sciences (Approval No. 15/2018).




Informed Consent Statement


Not applicable.




Data Availability Statement


All data and original materials are available in the Laboratory of Developmental Epileptology, IPHYS.




Acknowledgments


The authors would like to thank Blanka Cejkova for her excellent technical assistance.




Conflicts of Interest


Authors declare no conflicts of interest.




References


	



Pitkanen, A.; Kharatishvili, I.; Karhunen, H.; Lukasiuk, K.; Immonen, R.; Nairismägi, J.; Gröhn, O.; Nissinen, J. Epileptogenesis in experimental models. Epilepsia 2007, 48 (Suppl. 2), 13–20. [Google Scholar] [CrossRef] [PubMed]

	



Cavalheiro, E.A.; Silva, D.F.; Turski, W.A.; Calderazzo-Filho, L.S.; Bortolotto, Z.A.; Turski, L. The susceptibility of rats to pilocarpine-induced seizures is age-dependent. Brain Res. 1987, 465, 43–58. [Google Scholar] [CrossRef] [PubMed]

	



Covolan, L.; Mello, L.E. Temporal profile of neuronal injury following pilocarpine or kainic acid-induced status epilepticus. Epilepsy Res. 2000, 39, 133–152. [Google Scholar] [CrossRef]

	



Druga, R.; Kubová, H.; Suchomelová, L.; Haugvicová, R. Lithium/pilocarpine status epilepticus-induced neuropathology of piriform cortex and adjoining structures in rats is age-dependent. Physiol. Res. 2003, 52, 251–264. [Google Scholar] [CrossRef] [PubMed]

	



Druga, R.; Mares, P.; Otáhal, J.; Kubová, H. Degenerative neuronal changes in the rat thalamus induced by status epilepticus at different developmental stages. Epilepsy Res. 2005, 63, 43–65. [Google Scholar] [CrossRef] [PubMed]

	



Kubova, H.; Druga, R.; Haugvicová, R.; Suchomelová, L.; Pitkanen, A. Dynamic changes of status epilepticus-induced neuronal degeneration in the mediodorsal nucleus of the thalamus during postnatal development of the rat. Epilepsia 2002, 43 (Suppl. 5), 54–60. [Google Scholar] [CrossRef]

	



Kubova, H.; Druga, R.; Lukasiuk, K.; Suchomelová, L.; Haugvicová, R.; Jirmanová, I.; Pitkänen, A. Status epilepticus causes necrotic damage in the mediodorsal nucleus of the thalamus in immature rats. J. Neurosci. 2001, 21, 3593–3599. [Google Scholar] [CrossRef]

	



Turski, W.A.; Cavalheiro, E.A.; Bortolotto, Z.A.; Mello, L.M.; Schwarz, M.; Turski, L. Seizures produced by pilocarpine in mice: A behavioral, electroencephalographic and morphological analysis. Brain Res. 1984, 321, 237–253. [Google Scholar] [CrossRef]

	



Turski, W.A.; Cavalheiro, E.A.; Schwarz, M.; Czuczwar, S.J.; Kleinrok, Z.; Turski, L. Limbic seizures produced by pilocarpine in rats: Behavioural, electroencephalographic and neuropathological study. Behav. Brain Res. 1983, 9, 315–335. [Google Scholar] [CrossRef]

	



Ashwell, K.W.; Hardman, C.; Paxinos, G. The claustrum is not missing from all monotreme brains. Brain Behav. Evol. 2004, 64, 223–241. [Google Scholar] [CrossRef]

	



Druga, R. The claustrum of the cat (Felis domestica). Folia Morphol. 1966, 14, 7–16. [Google Scholar]

	



Druga, R.; Salaj, M.; Barinka, F.; Edelstein, L.; Kubová, H. Calretinin immunoreactivity in the claustrum of the rat. Front. Neuroanat. 2014, 8, 160. [Google Scholar] [CrossRef] [PubMed]

	



Edelstein, L.R.; Denaro, F.J. The claustrum: A historical review of its anatomy, physiology, cytochemistry and functional significance. Cell Mol. Biol. 2004, 50, 675–702. [Google Scholar] [PubMed]

	



Narkiewicz, O. Degenerations in the Claustrum after Regional Neocortical Ablations in the Cat. J. Comp. Neurol. 1964, 123, 335–355. [Google Scholar] [CrossRef] [PubMed]

	



Druga, R. The structure and connections of the claustrum. In The Claustrum. Structural, Functional and Clinical Neuroscience; Edelstein, L.R., Smythies, J.R., Ramachandran, V.S., Eds.; Elsevier: San Diego, CA, USA, 2014; pp. 29–84. [Google Scholar]

	



Medina, L.; Legaz, I.; González, G.; De Castro, F.; Rubenstein, J.L.; Puelles, L. Expression of Dbx1, Neurogenin 2, Semaphorin 5A, Cadherin 8, and Emx1 distinguish ventral and lateral pallial histogenetic divisions in the developing mouse claustroamygdaloid complex. J. Comp. Neurol. 2004, 474, 504–523. [Google Scholar] [CrossRef] [PubMed]

	



Puelles, L.; Kuwana, E.; Puelles, E.; Bulfone, A.; Shimamura, K.; Keleher, J.; Smiga, S.; Rubenstein, J.L. Pallial and subpallial derivatives in the embryonic chick and mouse telencephalon, traced by the expression of the genes Dlx-2, Emx-1, Nkx-2.1, Pax-6, and Tbr-1. J. Comp. Neurol. 2000, 424, 409–438. [Google Scholar] [PubMed]

	



Davila, J.C.; Real, M.A.; Olmos, J.L.; Legaz, I.; Medina, L.; Guirado, S. Embryonic and postnatal development of GABA, calbindin, calretinin, and parvalbumin in the mouse claustral complex. J. Comp. Neurol. 2005, 481, 42–57. [Google Scholar] [CrossRef]

	



Druga, R.; Chen, S.; Bentivoglio, M. Parvalbumin and calbindin in the rat claustrum: An immunocytochemical study combined with retrograde tracing frontoparietal cortex. J. Chem. Neuroanat. 1993, 6, 399–406. [Google Scholar] [CrossRef]

	



Guirado, S.; Real, M.A.; Olmos, J.L.; Dávila, J.C. Distinct types of nitric oxide-producing neurons in the developing and adult mouse claustrum. J. Comp. Neurol. 2003, 465, 431–444. [Google Scholar] [CrossRef]

	



Kowianski, P.; Moryś, J.M.; Wójcik, S.; Dziewiatkowski, J.; Luczyńska, A.; Spodnik, E.; Timmermans, J.P.; Moryś, J. Neuropeptide-containing neurons in the endopiriform region of the rat: Morphology and colocalization with calcium-binding proteins and nitric oxide synthase. Brain Res. 2004, 996, 97–110. [Google Scholar] [CrossRef]

	



Kowianski, P.; Timmermans, J.P.; Morys, J. Differentiation in the immunocytochemical features of intrinsic and cortically projecting neurons in the rat claustrum—Combined immunocytochemical and axonal transport study. Brain Res. 2001, 905, 63–71. [Google Scholar] [CrossRef] [PubMed]

	



Real, M.A.; Davila, J.C.; Guirado, S. Expression of calcium-binding proteins in the mouse claustrum. J. Chem. Neuroanat. 2003, 25, 151–160. [Google Scholar] [CrossRef] [PubMed]

	



Kowianski, P.; Dziewiatkowski, J.; Moryś, J.M.; Majak, K.; Wójcik, S.; Edelstein, L.R.; Lietzau, G.; Moryś, J. Colocalization of neuropeptides with calcium-binding proteins in the claustral interneurons during postnatal development of the rat. Brain Res. Bull. 2009, 80, 100–106. [Google Scholar] [CrossRef]

	



Erwin, S.R.; Sullivan, K.E.; Kendrick, R.M.; Marriott, B.; Wang, L.; Clements, J.; Lemire, A.L.; Jackson, J.; Cembrowski, M.S. Spatially patterned excitatory neuron subtypes and projections of the claustrum. Elife 2021, 10, e68967. [Google Scholar] [CrossRef] [PubMed]

	



Paxinos, G.; Watson, C. The Rat Brain in Stereotaxic Coordinates, 6th ed.; Academic Press: San Diego, CA, USA, 2007. [Google Scholar]

	



Obst-Pernberg, K.; Medina, L.; Redies, C. Expression of R-cadherin and N-cadherin by cell groups and fiber tracts in the developing mouse forebrain: Relation to the formation of functional circuits. Neuroscience 2001, 106, 505–533. [Google Scholar] [CrossRef]

	



Morello, T.; Kollmar, R.; Ramzaoui, A.; Stewart, M.; Orman, R. Differential distribution of inhibitory neuron types in subregions of claustrum and dorsal endopiriform nucleus of the short-tailed fruit bat. Brain Struct. Funct. 2022, 227, 1615–1640. [Google Scholar] [CrossRef] [PubMed]

	



Narkiewicz, O.; Mamos, L. Relation of the insular claustrum to the neocortex in Insectivora. J. Hirnforsch. 1990, 31, 623–633. [Google Scholar]

	



Mathur, B.N.; Caprioli, R.M.; Deutch, A.Y. Proteomic analysis illuminates a novel structural definition of the claustrum and insula. Cereb. Cortex 2009, 19, 2372–2379. [Google Scholar] [CrossRef]

	



Majak, K.; Kowiánski, P.; Morýs, J.; Spodnik, J.; Karwacki, Z.; Wisniewski, H.M. The limbic zone of the rabbit and rat claustrum: A study of the claustrocingulate connections based on the retrograde axonal transport of fluorescent tracers. Anat. Embryol. 2000, 201, 15–25. [Google Scholar] [CrossRef]

	



Minciacchi, D.; Molinari, M.; Bentivoglio, M.; Macchi, G. The organization of the ipsi- and contralateral claustrocortical system in rat with notes on the bilateral claustrocortical projections in cat. Neuroscience 1985, 16, 557–576. [Google Scholar] [CrossRef]

	



Druga, R. Cortico-claustral connections. II. Connections from the parietal, temporal and occipital cortex to the claustrum. Folia Morphol. 1968, 16, 142–149. [Google Scholar]

	



Sherk, H.; LeVay, S. Contribution of the cortico-claustral loop to receptive field properties in area 17 of the cat. J. Neurosci. 1983, 3, 2121–2127. [Google Scholar] [CrossRef]

	



Crick, F.C.; Koch, C. What is the function of the claustrum? Philos. Trans. R. Soc. Lond. B Biol. Sci. 2005, 360, 1271–1279. [Google Scholar] [CrossRef] [PubMed]

	



Fu, W.; Sugai, T.; Yoshimura, H.; Onoda, N. Convergence of olfactory and gustatory connections onto the endopiriform nucleus in the rat. Neuroscience 2004, 126, 1033–1041. [Google Scholar] [CrossRef] [PubMed]

	



Majak, K.; Morys, J. Endopiriform nucleus connectivities: The implications for epileptogenesis and epilepsy. Folia Morphol. 2007, 66, 267–271. [Google Scholar]

	



Majak, K.; Pikkarainen, M.; Kemppainen, S.; Jolkkonen, E.; Pitkänen, A. Projections from the amygdaloid complex to the claustrum and the endopiriform nucleus: A Phaseolus vulgaris leucoagglutinin study in the rat. J. Comp. Neurol. 2002, 451, 236–249. [Google Scholar] [CrossRef]

	



Hoffman, W.H.; Haberly, L.B. Kindling-induced epileptiform potentials in piriform cortex slices originate in the underlying endopiriform nucleus. J. Neurophysiol. 1996, 76, 1430–1438. [Google Scholar] [CrossRef]

	



Ben-Ari, Y.; Tremblay, E.; Ottersen, O.P. Injections of kainic acid into the amygdaloid complex of the rat: An electrographic, clinical and histological study in relation to the pathology of epilepsy. Neuroscience 1980, 5, 515–528. [Google Scholar] [CrossRef]

	



Sperk, G.; Lassmann, H.; Baran, H.; Kish, S.J.; Seitelberger, F.; Hornykiewicz, O. Kainic acid induced seizures: Neurochemical and histopathological changes. Neuroscience 1983, 10, 1301–1315. [Google Scholar] [CrossRef]

	



Schmued, L.C.; Hopkins, K.J. Fluoro-Jade B: A high affinity fluorescent marker for the localization of neuronal degeneration. Brain Res. 2000, 874, 123–130. [Google Scholar] [CrossRef]

	



McDonald, A.J.; Mott, D.D. Functional neuroanatomy of amygdalohippocampal interconnections and their role in learning and memory. J. Neurosci. Res. 2017, 95, 797–820. [Google Scholar] [CrossRef] [PubMed]

	



Real, M.A.; Davila, J.C.; Guirado, S. Immunohistochemical localization of the vesicular glutamate transporter VGLUT2 in the developing and adult mouse claustrum. J. Chem. Neuroanat. 2006, 31, 169–177. [Google Scholar] [CrossRef] [PubMed]

	



Kim, J.; Matney, C.J.; Roth, R.H.; Brown, S.P. Synaptic Organization of the Neuronal Circuits of the Claustrum. J. Neurosci. 2016, 36, 773–784. [Google Scholar] [CrossRef] [PubMed]

	



Behan, M.; Haberly, L.B. Intrinsic and efferent connections of the endopiriform nucleus in rat. J. Comp. Neurol. 1999, 408, 532–548. [Google Scholar] [CrossRef]

	



Demir, R.; Haberly, L.B.; Jackson, M.B. Voltage imaging of epileptiform activity in slices from rat piriform cortex: Onset and propagation. J. Neurophysiol. 1998, 80, 2727–2742. [Google Scholar] [CrossRef] [PubMed]

	



Tseng, G.F.; Haberly, L.B. Deep neurons in piriform cortex. II. Membrane properties that underlie unusual synaptic responses. J. Neurophysiol. 1989, 62, 386–400. [Google Scholar] [CrossRef] [PubMed]

	



Demir, R.; Haberly, L.B.; Jackson, M.B. Epileptiform discharges with in-vivo-like features in slices of rat piriform cortex with longitudinal association fibers. J. Neurophysiol. 2001, 86, 2445–2460. [Google Scholar] [CrossRef]

	



Arimatsu, Y.; Matney, C.J.; Roth, R.H.; Brown, S.P. Organization and development of corticocortical associative neurons expressing the orphan nuclear receptor Nurr1. J. Comp. Neurol. 2003, 466, 180–196. [Google Scholar] [CrossRef]

	



Arimatsu, Y.; Kojima, M.; Ishida, M. Area- and lamina-specific organization of a neuronal subpopulation defined by expression of latexin in the rat cerebral cortex. Neuroscience 1999, 88, 93–105. [Google Scholar] [CrossRef]

	



Arimatsu, Y.; Nihonmatsu, I.; Hatanaka, Y. Localization of latexin-immunoreactive neurons in the adult cat cerebral cortex and claustrum/endopiriform formation. Neuroscience 2009, 162, 1398–1410. [Google Scholar] [CrossRef]

	



Arimatsu, Y.; Nihonmatsu, I.; Hirata, K.; Takiguchi-Hayashi, K. Cogeneration of neurons with a unique molecular phenotype in layers V and VI of widespread lateral neocortical areas in the rat. J. Neurosci. 1994, 14, 2020–2031. [Google Scholar] [CrossRef]

	



Kubova, H.; Mares, P. Are morphologic and functional consequences of status epilepticus in infant rats progressive? Neuroscience 2013, 235, 232–249. [Google Scholar] [CrossRef] [PubMed]

	



Sankar, R.; Shin, D.H.; Liu, H.; Mazarati, A.; Pereira de Vasconcelos, A.; Wasterlain, C.G. Patterns of status epilepticus-induced neuronal injury during development and long-term consequences. J. Neurosci. 1998, 18, 8382–8393. [Google Scholar] [CrossRef] [PubMed]

	



Scantlebury, M.H.; Heida, J.G.; Hasson, H.J.; Velísková, J.; Velísek, L.; Galanopoulou, A.S.; Moshé, S.L. Age-dependent consequences of status epilepticus: Animal models. Epilepsia 2007, 48 (Suppl. 2), 75–82. [Google Scholar] [CrossRef] [PubMed]

	



Verrotti, A.; Mazzocchetti, C. Epilepsy: Timely treatment of refractory convulsive status epilepticus. Nat. Rev. Neurol. 2018, 14, 256–258. [Google Scholar] [CrossRef] [PubMed]

	



Klitgaard, H.; Matagne, A.; Vanneste-Goemaere, J.; Margineanu, D.G. Pilocarpine-induced epileptogenesis in the rat: Impact of initial duration of status epilepticus on electrophysiological and neuropathological alterations. Epilepsy Res. 2002, 51, 93–107. [Google Scholar] [CrossRef]

	



Mazarati, A.M.; Baldwin, R.A.; Sankar, R.; Wasterlain, C.G. Time-dependent decrease in the effectiveness of antiepileptic drugs during the course of self-sustaining status epilepticus. Brain Res. 1998, 814, 179–185. [Google Scholar] [CrossRef]

	



Torolira, D.; Suchomelova, L.; Wasterlain, C.G.; Niquet, J. Phenobarbital and midazolam increase neonatal seizure-associated neuronal injury. Ann. Neurol. 2017, 82, 115–120. [Google Scholar] [CrossRef]

	



Kubova, H.; Mares, P.; Suchomelová, L.; Brozek, G.; Druga, R.; Pitkänen, A. Status epilepticus in immature rats leads to behavioural and cognitive impairment and epileptogenesis. Eur. J. Neurosci. 2004, 19, 3255–3265. [Google Scholar] [CrossRef]








[image: Ijms 25 01296 g001] 





Figure 1. Low-power photomicrograph illustrating distribution of parvalbumin- and calretinin-positive neurons in the claustrum and dorsal endopiriform nucleus used for parcellation of the claustrum. (A) Shows cresyl-violet stained section indicating subdivisions of the claustrum. (B) Demonstrates the high density of parvalbumine (PVA)-immunopositive neurons in the ventral claustrum (i.e., in the “core”—C). In contrast, only sparse PVA-positive neurons were observed in the dorsal claustrum (i.e., in “shell”—S). The calretinin immunostaining is shown in (C). Abbreviations: CE—external capsule; C—dorsal claustrum, subdivision core; S—dorsal claustrum, subdivision shell; DEn—dorsal endopiriform nucleus, STR—striatum. Bar—500 μm. 
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Figure 2. Distribution of FJB-positive neurons in the dorsal claustrum in the subdivisions shell (CLD) and core (CLV)(white dashed lines). Subdivisions are separated with dashed red lines. Panel (A) shows distribution and density of FJB-positive neurons in 18-day-old animal surviving 24 h after SE. Panel (B) illustrates neuronal damage in 21-day-old and Panel (C) in 25-day-old animals both in intervals 24 h after SE. Abbreviations: AI—agranular insular cortex, CE—external capsule, CLD—dorsal subdivision of the claustrum (shell), CLV—ventral subdivision of the claustrum (core), DEN—dorsal endopiriform nucleus, numbers indicate layers of the insular cortex. Bar—200 µm. 
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Figure 3. Schematic picture illustrating the parcellation of the claustrum and distribution of FJB-positive neurons (dots) in the claustral nuclei and adjoining cortical areas. Abbreviations: AI—agranular insular cortex, CE—external capsule, CLD—dorsal subdivision of the claustrum (shell), CLV—ventral subdivision of the claustrum (core), DEN—dorsal endopiriform nucleus, DI—disgranular insular cortex, IEN—intermediate endopiriform nucleus, PIR—piriform cortex, numbers indicate layers of the piriform cortex. 
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Figure 4. Graphs showing density (average number of FJB-positive neurons per mm2—abscisae) in individual age (see inset on the bottom part of the graph) and interval groups (intervals after SE—ordinatae) in the claustrum in both DCl and VCl subdivisions (A) and in the dorsal endopiriform nucleus (DEN) (B). Results are presented as mean ± SD. 
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Figure 5. Graphs showing areas (in mm2—abscisae) of both the claustrum (both DCl and VCl subdivisions, (A)) and DEN (B) in individual age (see inset on the bottom part of the graph) and interval groups (intervals after SE—ordinatae). Results are presented as mean ± SD. 
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Figure 6. Distribution of FJB-positive neurons in the dorsal endopiriform nucleus (DEN) in 18-day-old (A), 21-day-old (B) and 25-day-old (C) rats 24 h after SE. All details as in Figure 2. Abbreviations: AI—agranular insular cortex, AL—lateral amygdalar nucleus, CE—external capsule, DEN—dorsal endopiriform nucleus, PIR—piriform cortex. White dash lines denote individual brain structures. Bar—200 µm. 
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Figure 7. Somatodendritic morphology of FJB-positive neurons. (A) Morphology of degenerating neurons in the ventral claustrum, subdivision DEN in 25-day-old rats surviving 24 h after SE. (B) Morphology of degenerating neurons in the dorsal claustrum, subdivision DCl (shell) in the same animal. Bar 100 µm. 
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