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Abstract
Tuberous sclerosis complex (TSC) is a dominant autosomal genetic disorder caused by loss-of-function mutations in TSC1 and
TSC2, which lead to constitutive activation of the mammalian target of rapamycin C1 (mTORC1) with its decoupling from
regulatory inputs. Because mTORC1 integrates an array of molecular signals controlling protein synthesis and energy metabo-
lism, its unrestrained activation inflates cell growth and division, resulting in the development of benign tumors in the brain and
other organs. In humans, brain malformations typically manifest through a range of neuropsychiatric symptoms, among which
mental retardation, intellectual disabilities with signs of autism, and refractory seizures, which are the most prominent. TSC in the
rat brain presents the first-rate approximation of cellular and molecular pathology of the human brain, showing many instructive
characteristics. Nevertheless, the developmental profile and distribution of lesions in the rat brain, with neurophysiological and
behavioral manifestation, deviate considerably from humans, raising numerous research and translational questions. In this study,
we revisit brain TSC in human and Eker rats to relate their histopathological, electrophysiological, and neurobehavioral charac-
teristics. We discuss shared and distinct aspects of the pathology and consider factors contributing to phenotypic discrepancies.
Given the shared genetic cause and molecular pathology, phenotypic deviations suggest an incomplete understanding of the
disease. Narrowing the knowledge gap in the future should not only improve the characterization of the TSC rat model but also
explain considerable variability in the clinical manifestation of the disease in humans.
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Introduction

Tuberous sclerosis complex (TSC) is a rare autosomal domi-
nant genetic disease. It manifests through multisystem

pathology associated with the development of noncancerous
tumors in the brain, kidneys, heart, liver, eyes, lung, and skin.
Neurological and psychiatric symptoms such as anxiety, de-
pressed mood, attentional and intellectual disabilities, com-
munication problems, and refractory seizures are among the
most recognized manifestations of the disease, along with de-
velopmental retardation and abnormalities of lung, skin, and
kidney functions. TSCmalformations in the brain, which arise
due to uncontrolled tissue growth, result from hyperactivity of
mammalian target of rapamycin C1 (mTORC1) complex in
neurons, glial cells, and ventricular ependyma [1]. Currently,
TSC is classified within mTOR-related disorders, or so-called
“mTORopathies,” caused by mutations in regulatory genes in
the mTOR pathway, e.g., TSC1, TSC2, AKT3, DEPDC5, and
STRADA [2–4]. The condition was originally described in
humans as a multisystem pathology by Bourneville in the
1880s. Cortical tubers known also as hamartia are the most
frequently encountered substrate for seizures, which are prev-
alent in 90% of patients. Histopathological features of brain
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tubers include focal dysplasia with irregular cellular organiza-
tion and loss of lamination, and presence of enlarged neuron-
like structures containing glassy eosinophilic cytoplasm and
euchromatic single or multiple nuclei, as well as enlarged
reactive astrocytes occurring mainly in the cortex and under-
lying white matter [5, 6].

The discovery of hereditary renal adenomas and adenocar-
cinomas in Eker rats carrying a spontaneous germline loss-of-
function mutation in tsc2 (tsc2+/−) facilitated preclinical stud-
ies of the histopathological andmolecular alterations related to
TSC [7, 8]. The formation of multiple kidney tumors is the
most characteristic feature for this model, with lesions in the
brain, spleen, and uterus also described [9]. Brain
malformations in tsc2+/− rats, like in humans, have age-
dependent onset and develop in 30 to 65% of cases [10, 11].
Similar to humans, in Eker rats, TSC lesions are associated
with hyperactivity of mTORC1 signaling resulting from spon-
taneous loss-of-function germline tsc2 mutations. As the ho-
mozygous (tsc2−/−) variant is lethal on ~ 13 days of embryo-
genesis [12], all Eker rats used as research models are hetero-
zygotes, carrying one nonfunctional allele. Importantly, the
onset of neoplastic changes in the Eker model can be influ-
enced by environmental factors, a finding that prompted the
two-hit hypothesis of TSC, which assumes at least two caus-
atives [13, 14]. The first is genetic aberrations, either inherited
(predisposing) or occurring spontaneously in somatic cells.
The second hit is caused by environmental exposure (e.g.,
ionizing radiation, chemical carcinogens), which increases
the risk of the disease by altering the proliferation and signal-
ing mechanisms in cells affected by the mutations, as well as
through suppression of immune response, or other alterations
favoring the onset of the pathology.

The discrete cellular and molecular impairments with the
well-defined role of environmental and genetic factors, and
robust neurological phenotype render the Eker rats an excel-
lent model for the analysis of the biology of human TSC
malformations, and potentially also other benign brain tumors,
with therapeutic intervention. In light of recent advances in
tissue grafting methods and the arrival of new genetic models
of brain neoplasia, it is important to note that along with nu-
merous methodical and translational advantages, these emerg-
ing models have also considerable limitations [15–17].
Indeed, grafting brain tumors for research involves a highly
invasive procedure, complex genetic and immunological in-
compatibility issues, with failure to replicate the insidious on-
set and gradual progression of molecular and cellular pathol-
ogy [18–21]. In this context, the spontaneous brain tumor
models such as Eker rats have much to offer, in replicating
the molecular pathobiology, the initiation and development of
the disease without immunological and genetic compatibility
issues. Throughout this article, we revisit human and rat TSC
and relate their histopathological, neurobehavioral, and elec-
trophysiological phenotypes. We highlight several novel

facets of tsc2+/− rats, which offer a range of attractive clinical
and translational applications for neuro-oncology and clinical
neurology and discuss the limitations of the model and areas
for future advancements.

Molecular Biology and Pathobiology of TSC

TSC1 and TSC2 have been identified using positional cloning
and localized to chromosomal regions 9q34 and 16p13.3, re-
spectively [22–24]. Products of these genes, hamartin (TSC1)
and tuberin (TSC2), interact to control the activity of Ras
homolog Rheb small GTPase, which plays a key role in reg-
ulating mTORC1, a kinase that controls protein synthesis, cell
growth and proliferation, cell cycle, and energy metabolism
[25, 26] (Fig. 1a–c). Hamartin is known to stabilize tuberin
and prevent its degradation, while tuberin holds the functional
GAP signaling domain and serves as a GTPase-activating
protein (GAP) for Rheb, making TSC1 and TSC2 com-
plex obligatory for the regulation of the TSC pathway
[28]. Both proteins are necessary for physiological
mTORC1 functioning; therefore, a loss of function of
either of these is sufficient to cause pathobiological
changes and clinical phenotype of the TSC.

TSC1 consists of 23 exons, of which 21 are coding, with
exons 1 and 2 also undergoing alternative splicing. Its product
hamartin consists of 1164 amino acids (130 kDa) and has no
homology with tuberin or any other vertebrate protein [23,
29]. In addition to binding and stabilizing tuberin, hamartin
also interacts with the N-terminal of the ezrin-radixin-moesin
(ERM) family of highly regulated actin-binding proteins and
plays a key role in cell adhesion, mobility, and activation of
the small GTP-binding protein Rho [30–32]. ERM proteins
form cross-links between actin filaments and the plasmamem-
brane, playing a key role in organizing protein–lipid rafts in
the surface membrane, linking transmembrane proteins and
cytoskeleton scaffolds [33]. The interaction of hamartin with
moesin, a protein concentrated in the neuronal growth cone,
suggests a key role for the hamartin–tuberin complex in the
axonal sprouting and motility, and in neurite elongation [34].
Finally, hamartin is known to interact with intermediate neu-
rofilament L [31], with stabilizing effects on the cytoskeleton.

Unlike TSC1, TSC2 has 41 exons, with 25, 26, and 31
exons subject to alternative splicing [35]. It translates into
tuberin, which is an 1807 amino acid protein with a molecular
mass of 198 kDa. Residues encoded by exons 34 to 38 have
significant homology to the human catalytic domain of Rap1
GAP and murine Spa1 GAPs [36]. Rap1 has oncogenic and
mitogenic properties, and plays a potential role in mitogen-
activated protein kinase (MAPK)–mediated neuronal differ-
entiation, and downregulates the activity of Ras-related pro-
teins Rap1a and Rap1b [37–39]. Importantly, tuberin also
contains a homology region to the GAP3 [40], and as such
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is a potent cell cycle regulator, controlling protein translation
at the G1 to S phase [41, 42]. Studies of tuberin distribution
have shown its enrichment in the nucleus and cytoplasm [43],
as well as in the Golgi apparatus [44]. Of note, main-
tenance of TSC2 cytoplasmic location depends on the
level of supply of amino acids and nerve growth fac-
tors, with one of two in short supply triggering the
sorting of TSC1/2 to the lysosomes [45, 46].

As noted, hamartin and tuberin are coexpressed in cells of
several organs, including the brain; therefore, loss-of-function
mutations in TSC1 and TSC2 can affect a wide range of cel-
lular processes [47, 48]. Several major signaling pathways,
including PI3K-Akt, ERK, and AMPK, are interlinked and
regulate the activity of the hamartin/tuberin complex, which
can be stimulated by multiple growth factors (e.g., TNFα,
IGF, or BDNF). Activated PI3K leads to the recruitment of
PDK1 and the serine/threonine protein kinase Akt, and stim-
ulates the phosphorylation/activation of Akt by PDK1.

Stimulation of Akt, in turn, downregulates hamartin by phos-
phorylating tuberin at five consensus sites [49–52]. A second
major kinase, which also can phosphorylate and inhibit
tuberin, is the extracellular signaling–regulated kinase
(ERK) [53]. ERK phosphorylation of tuberin appears to play
an important role in EphA receptor–mediated regulation of
TSC functions [54]. Both Akt and ERK levels are found to
be increased in cortical and subcortical tubers, while inhibition
of tuberin by these kinases has been proposed to present a
post-translational mechanism that may further amplify the loss
of function of TSC2 [53, 55]. Tuberin can also be phosphor-
ylated by AMPK but at a different set of residues than that of
Akt and ERK, and can increase the ability of the TSC complex
to inhibit mTORC1 activity, protecting cells from excessive
energy usage during low energy states [56, 57]. Importantly,
hamartin is also negatively regulated by IKK-β, which phys-
ically interacts with and phosphorylates it at Ser487 and
Ser511 residues in response to activation of inflammatory

Fig. 1 Map of TSC1 and TSC2 point (p.) mutations identified in
subependymal giant cell astrocytoma (SEGA) tumors. Arrow colors
present different mutation types, as indicated. (a) Maps of TSC1 (upper)
and TSC2 (lower) mutations, respectively. Two TSC2mutations differ by
a single nucleotide position in the same amino acid (p.R611Q/p.R611W).
Reused with permission from Bongaarts et al. [27]. (b) Schematic of the
TSC1 (upper; hamartin) and TSC2 (lower; tuberin) proteins. The
functional domains on TSC1 and TSC2 are depicted with numbers
representing amino acid residues on the full-length human proteins.

T2BD = TSC2-binding domain; Coil = predicted coiled-coil domain;
T1BD = TSC1-binding domain; GAP = GAP domain homologous with
that in Rap1-GAP. (c) Overview of the key receptors and molecular
mechanisms involved in signaling pathways that converge at the
TSC1–2 complex, which via regulating Rheb-GTP state controls the
mTOR activity. In turn, mTOR regulates 4E-BP1, S6K-1, and ULK-1
activity, controlling protein translation, ribosome biogenesis, and
autophagy, and contributing to the histopathological, functional, and
neurobehavioral phenotypes of TSC
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pathways [58]. As the PI3K/PTEN mTORC1 signaling plays
an important role in controlling cell division by growth fac-
tors, loss of function of hamartin and tuberin lead to out-of-
control activation of the mTORC1 pathway, due to increasing
Rheb-GTP levels, causing cell size increase and tissue growth
[59] (Fig. 1c). The latter involves key effectors of mTORC1
such as eukaryotic initiation factor 4E-binding protein (4E-
BP1) and the 70-kD ribosomal protein S6 kinase (S6K1),
which cooperate to coordinate the behavior of both eukaryotic
initiation factors and the ribosome, regulating protein synthe-
sis. In agreement with such mechanisms, in TSC hamartomas,
there is a significant increase in phospho-S6 (pS6) activity
[60, 61], which is a key component of the 40S ribosomal
submit, and is therefore involved in protein translation.

The majority of loss-of-function TSC mutations that cause
symptoms of TSC occur spontaneously in either TSC1 or
TSC2, with mutations in TSC2 in TSC patients about five
times more common than in TSC1. These mutations are typ-
ically represented by a mix of nonsense, deletion, missense, or
insertions, involving nearly all of the exons [62, 63] (Fig. 1a,
b). Because hamartin and tuberin cooperate to form a func-
tional complex, the higher rates of clinical cases with
TSC2 mutations suggest a greater exposure of the TSC2
gene to second “hits,” which increases the likelihood of
the disease onset.

Human TSC Brain Pathology

The prevalence of TSC in humans is estimated at 1/6000, with
approximately two-thirds of all reported cases having no fam-
ily history [64]. The disease has an early onset, with TSC loss
of function manifested via a range of neurological and psychi-
atric symptoms. Due to complex and common comorbidities,
however, neuropsychiatric symptoms of TSC are occasionally
underrated and misdiagnosed [65], or overlooked until ad-
vanced disease stages, manifested in intellectual retardation
during adolescence and early adulthood [66]. Behavioral im-
pairments such as difficulties with sleep, hyperactivity, and
impulsive conduct related to mood swings, anxiety, and occa-
sional bursts of aggression are prevalent in the majority of
TSC cases [67]. TSC malfunctions seem to also be associated
with signs of autism spectrum disorder, which has been rec-
ognized in up to 60% of affected subjects andmore commonly
linked with TSC2 loss of function [68]. Finally, cases of
schizophrenia and depression are documented more frequent-
ly in TSC subjects as compared to the general population [67,
69]. The most widespread neuropsychiatric sign of TSC,
nonetheless, is epilepsy, which is typically resistant to drugs
and is related to advanced cortical tubers [70, 71].

Based on the location, brain TSC lesions are classified into
three groups: 1) cortical and subcortical tubers, 2)
subependymal nodules (SENs), and 3) giant cell astrocytoma

(SEGA) [72, 73]. All these are benign malformations and
share histopathological features. Importantly, all three brain
TSC classes also display characteristic ventricle extension to-
wards lesions, suggesting that the ventricular ependyma rep-
resents the site of disease initiation with abnormal cell prolif-
eration and migration in the course of development.
Consistent with this view, radial white hyperintense matter
tracts are occasionally visible in structural MRI scans of
TSC brains, along with heterotrophic gray matter [74]. The
majority of cortical tubers appear as well-confined lesions
characterized by dysplasia, loss of myelinated fibers, and in-
creased concentration of glial cells and processes [5, 75], with
the presence of corpora amylacea in the molecular layer [76].
Cortical tubers occur typically in the cerebrum (i.e., are
supratentorial), unilaterally or bilaterally, and are most fre-
quent in frontal and parietal lobes [72, 73, 77]. Figure 2a, b
shows typical MRI images of a tuber with a large dysplastic
zone in the parieto-occipital region of a 5-month-old girl, with
representative EEG recordings of reoccurring epileptic sei-
zures captured with scalp EEG (Fig. 2c). Further characteristic
examples of MRI–PET showcasing cortical and subcortical
tubers in both temporal lobes with related metabolism changes
in the brain of a 10-month-old boy and intractable seizures are
presented in Fig. 2d. Figure 2e, on the other hand, shows rare
forms of cerebellar tubers on T2-weighted MRI from a 17-
year-old boy, with superimposed images highlighting an area
of hypometabolism matching that of the tuber region of a 3-
year-old girl with seizures [79]. Note multiple areas of
hypometabolism corresponding to tubers, suggesting that they
might be epileptogenic or contain necrotic changes.
Histopathologically, cortical tubers comprise a mixture of ab-
normally large cells with neuronal and glial phenotype
(known also as balloon cells) and characteristics of focal dys-
plasia [5, 76]. Despite their disproportionately large size, the
giant neuron-like cells display features of regular neurons, i.e.,
prominent Nissl substance, round and centrally localized nu-
cleus, and distinct nucleolus as well as microtubule-associated
protein 2 (MAP-2) and MAP-1B immune-positivity. Orphan
giant cells lacking Nissl substance and eccentric nucleolus,
and nonreactive to GFAP, vimentin, nestin, and MAP2 repre-
sent the second most distinguishing feature of lesions [75, 77,
80]. Immunohistochemical staining shows occasional reactiv-
ity of these cells for neurofilaments (phosphorylated and
nonphosphorylated), calbindin D-28K, and synaptophysin.
Some giant cells can appear also weakly GFAP positive
and contain adhesion molecule CD44 and microglial
marker CD68 [77]. In contrast with normal size cells
in the cortex, these giant cells can be enriched with
hamartin and tuberin [76, 81].

SENs, on the other hand, are primarily comprised of atyp-
ical and swollen multinucleated cells of a glial phenotype [82].
In most subependymal malformations, cells with glial features
develop small and distinct protrusions into the ventricular
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cavity, with parts of the lesion occasionally becoming calci-
fied with aging and stop growing, while others growmarkedly
in size [83]. Such enlargement occasionally signals the transi-
tion of small subependymal nodules into giant cell astrocyto-
mas. The latter, if localized close to ventricular channels, carry
a risk of obstructive hydrocephalus and death if untreated.
Histopathologically, the difference between SEN and SEGA
is rather indiscernible [83, 84], with their anatomical location
usually used as the main criteria of distinguishment. Under
these criteria, SENs typically localize in the periventricular
region [85], near to the caudate nucleus and caudothalamic
sulcus [5, 72, 73]. Also, SENs frequently are enriched with
GFAP-positive spindle cells and contain small groups of
vimentin immunoreactive balloon cell-like structures, al-
though results with GFAP and neuronal markers

synaptophysin, MAP2, and neurofilament staining, consider-
ably varying from study to study [77, 85].

Symptomatic SEGA, while occurring in ~10% of TSC pa-
tients, is considered as the main cause of mortality and short-
ened lifespan [83]. Histochemical analysis has shown that
SEGA contains three main cell types: spindle cells, middle-
sized ganglion-like epithelioid cells [86], and giant cells [87].
Computed tomography scans typically reveal numerous cases
of asymptomatic SEGA in the brain of TSC patients, often
occurring bilaterally [84]. Depending on the location, SEGA
can interfere with CSF circulation and lead to hydrocephalus
and death [88]. Of note, in the majority of cases, SEGAs are
confined in close vicinity to the caudate nucleus near the fo-
ramen of Monro or lateral ventricles [72, 76, 83, 85, 86, 89].
Like in SENs, the majority of SEGA cells display

Fig. 2 Cross-section (a) and transverse (b) MRI images showing a large
dysplastic zone (left upper-lower, arrow) in the right parieto-occipital
brain region of a female patient with TSC2 mutation. By 5 months of
age, this patient presentedmotor asymmetry with left side impairment and
frequent spasms despite drug treatment. At the age of 7 months, this
patient underwent an invasive treatment leading to a parieto-occipital
disconnection (right upper-lower, arrow). Subsequently, the patient was
seizure free for almost 6 years under treatment. (c) Representative
recording traces of an EEG at the onset of a seizure in the same patient
with TSC2 mutation as described above. Reproduced with modification
from Fohlen et al. [78]. (d) Axial FLAIRMR image showing cortical and
subcortical tubers (left, arrows) in both temporal lobes of a 10-month-old
boy with tuberous sclerosis complex and intractable seizures. Axial MRI/
PET fusion image showing multiple areas of hypometabolism

corresponding to tubers (right, white arrows). Tuber (red arrow) in the
right anterior temporal lobe shows a disproportionately large area of
hypometabolism, indicating that the zone is probably epileptogenic. (e)
The axial T2-weighted image shows left cerebellar tuber with a typical
wedge-shaped configuration (left, arrow). Axial MRI/PET fusion image
showing area of hypometabolism approximately equal in size to the
cerebellar tuber (right, arrow). (f) Axial FLAIR MR image showing
multiple bilateral cortical and subcortical tubers (left, arrows). Axial
PET/MRI fusion image showing multiple areas of hypometabolism (red
arrows) corresponding to tubers. Tuber in the left posterior temporal lobe
shows disproportionate area hypometabolism (orange arrow) indicating
that the zone is probably epileptogenic. Images were taken from a 17-
year-old boy with TSC and intractable seizures. Reproduced with
permission from Kalantari and Salamon [79]
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morphologic features of giant glial cells, with an expression of
GFAP and S-100 protein [77, 86, 87, 90]. These atypical and
unusually large cells express brain lipid–binding protein
(BLBP) [91, 92], which plays a key role during the develop-
ment of radial glia and migration of immature neurons [93].
Remarkably, a considerable number of SEGA cells also show
positivity for an array of neuronal markers, i.e., SMI33,
TpNF1A3, TUJ1, CL-300 [87], neuron-specific enolase
(NSE), synaptophysin [77, 86], and doublecortin [91], as well
as markers for somatostatin, metenkephalin, 5-HT, β-en-
dorphin, and neuropeptide Y [87]. Of note, giant cells
of SEGAs, but not spindle and epithelioid cells, express
tuberin [81], whereas subependymal cells show a signif-
icant reduction in the hamartin expression [94].

As emerges from the studies reviewed above, TSC in the
human brain reveals a highly complex histochemical and mo-
lecular profile, which together with specific anatomical loca-
tions determine the neurocognitive and behavioral outcome.
While replication of specific features of benign TSC-like neo-
plasms in animal models using xenografts might be feasible,
reproducing neuropathological and behavioral phenotypes of
TSC in their entirety would be a major challenge. The autoch-
thonous TSC malformations of Eker rats, therefore, present a
useful research model for enabling the analysis and character-
ization of a range of neuropathological phenotypes, influ-
enced by genetic and environmental factors.

Brain Malformations in the TSC Eker Rat:
an Overview

The Eker rat model of human TSC is characterized by a spon-
taneous loss-of-function tsc2mutation that causes inactivation
of one of the alleles, due to intronic transposition of an
intracisternal-A particle into the tsc2 locus. This results in
the production of a nonfunctional (truncated) tuberin that
leads to an out-of-control mTORC1 activation. Over decades
of tsc2+/− research in Eker rats, neurologic deficits reported
were minimal, with until recently, only a single study showing
the presence of brain tubers [95]. The absence of brain lesions
in the majority of tsc2+/− rats invoked the two-hit hypothesis,
whereby an initial germline loss-of-function mutation is
compounded by a somatic mutation, which precipitates the
onset of the disease. This hypothesis has been tested by
Takahashi and colleagues, who used the exposure of pregnant
rats with tsc+/− genotype to carcinogen hydroquinone, as a
designated second hit. The results of these experiments in
young rats were disappointing with no histological alterations
found in the tsc+/− genotype when compared to their tsc+/+

siblings [96]. In aged groups, however, where the advanced
age was considered as the second hit, the authors report occa-
sional histopathological changes, which resemble the human
TSC pathology, including large dysmorphic pyramidal

neurons in deep cortical layers (reactive for neuronal
markers), abnormal cytomegalic cells (reactive for glial
markers), and glial tumors. The presence of abnormally large
neuron-like cells suggested that tsc+/− rats might suffer from
neuronal hyperexcitability which could contribute towards the
generation of seizures. Strikingly, none of the Eker rats in this
or subsequent studies showed signs of seizure.

Detailed analysis of the histochemistry and anatomical dis-
tribution of lesions in aged Eker rats has shown the prevalence
of brain malformations in the tsc+/− genotype from 30 to 60%
of cases. Based on anatomical localization and histochemical
characteristics, tubers have been divided into three subgroups
[73, 82]. Histopathological data show that the majority of
lesions are directly associated with the ventricular system,
with the remaining minority displaying also signs of their
developmental origin from ependymal cells migrating into
deeper brain compartments [72–74]. Although TSC distribu-
tion in the brain of tsc+/− Eker rats is in general agreement with
human data, there are some interesting specifics [9, 40, 97].
Unlike humans, in rats, subependymal malformations repre-
sent the most common lesion types. Like in humans, however,
these nodular outgrowths in rats tend to develop, expand, and
sometimes protrude into ventricles [9]. Subependymal
hamartomas are especially prevalent in the region of the lateral
ventricles and basal ganglia structures, and particularly within
the caudate nucleus area and deep periventricular white matter
[9, 10]. Lesions have been frequently documented also in
caudoputamen and nucleus accumbens area [95]. In a few
cases, subependymal hamartia has been found also bilaterally,
albeit these lesions had typically smaller size (< 2 mm) [9, 10].
Similar to human TSC, lesions in the rat brain contained un-
usually large cells with abundant pale cytoplasm and multiple
large nuclei [95]. Inside lesions, numerous elongated and
highly fibrillated cell processes, referred to as Rosenthal fi-
bers, are visible [9]. The latter appears to be enriched with
astrocytic protein aggregates, prevalent during intense gliosis,
including in Alexander disease and occasionally also in other
tumors of glial origin [98].

In addition to subependymal hamartia associated with the
ventricular system of the brain, lesions have also been found at
a considerable distance from the ventricles, with most cases re-
ported in the white matter [9, 10, 95]. In Eker rats, malformations
have also been found at corticomedullary junctions of the
frontoparietal convexity, in the corpus callosum [9, 10, 97], and
the motor area [95]. Unlike large subependymal neoplasms, le-
sions in deep compartments are usually of smaller size and are
less common (~21% of examined rat brains) [9]. Kútna and
colleagues recently reported a strongly calcified lesion within
the piriform lobe of the aged Eker rat [10]. Figure 3(a1-5) pre-
sents typical examples of lesions distributed in various forebrain
structures. The abnormally large cells (~20-30μm in diameter) in
rat lesions, like in humans, have characteristic cytoplasm, round
or ovoid eccentric nucleus, with nucleoplasm containing
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aggregated chromatin near the nuclear membrane, and typically
one nucleolus [95, 97]. Earlier, Yeung and colleagues have stud-
ied cases of hypothalamic lesions in tsc+/− Eker rats, residing in
proximity to the pituitary region, which display chromophobic,
acidophilic, or mixed histological features [9]. Finally, large ha-
martia connected with the brain stem structures or in the cerebel-
lum have also been reported, which show distinctly
circumscribed features of ~0.5 mm in diameter [96]. In agree-
ment with the two-hit model of TSC hamartia, in irradiated tsc+/−

rats, the frequency of subcortical tubers was higher as compared
to nonirradiated rats [97].

As noted earlier, in humans, cortical hamartia is the most
prevalent, which are thought to be responsible for an array of
neurological and psychiatric symptoms and especially for de-
veloping epilepsy [70, 99, 100]. In the literature on Eker rat
models however, there is only one case reporting a cortical
tuber. Indeed, Mizuguchi and colleagues described so far the
only case of a single lesion in the primary motor area of a 19-
month-old tsc+/− rat [76, 95]. The morphological features of
this tuber resemble human cortical lesions, i.e., show dyspla-
sia with dyslamination, and a visibly reduced number and
density of neurons within the affected region, along with

Fig. 3 (a) Representative microphotographs of toluidine blue–stained
neoplasia in various brain locations. Schematic representations of brain
coronal sections containing TSC lesions (red) in different brain
compartments (a1, 3, 5, 7, 9). Low power micrographs presenting an
overview of lesions in corresponding areas (a2, 4, 6, 8, 10). Note
multiple calcifications in the TSC in piriform lobe (black, a2),
neoplasms in the ventral orbital cortex (a4), in the dorsal striatum (a6),
in cingulum and corpus callosum (a8), and corpus callosum—external
capsule (a10). Images taken with modification from Kutna et al. [10]. (b)
Dysmorphic neurons in the neocortex of an Eker rat. Large neurons (b1,
arrows) among normal-sized neurons in cortical laminae V/VI and a
single cytomegalic neuron (b2, arrow) identified with H&E staining.
NeuN-positive giant neuron (b3, arrow) in lamina V. Dysmorphic
neuron (arrow) and numerous medium-sized pyramidal neurons
(arrowheads) in the neocortex immunoreacted against tuberin (Tub;
b4). A large, dysmorphic neuron (arrow) in cortical lamina IV,
immunoreacted against neurofilament (NF), normal lamina IV
pyramidal neuron (b5, arrowhead) along with camera lucida drawing
(b6). (c) Representative micrograph of giant astrocytes in the neocortex
of an Eker rat showing intense GFAP immunoreactivity (c1). A giant
GFAP-positive astrocyte (asterisks) located in a deeper cortical layer
forms irregularly shaped and extended processes (c2). Normal
neocortical astrocytes (arrows). The boxed area shows the perikaryon of

one cell (asterisk) surrounding a blood vessel (BV; inset c2). GFAP (glial
fibrillary acidic protein)–positive astrocyte (asterisk) forms irregularly
shaped and extended processes (arrowheads) associated with a blood
vessel (arrows) (c3). Representative micrograph of a giant astrocyte
immunopositive for GFAP in the cell body (asterisk) and processes
(arrowheads), but immunonegative for NeuN (c4). Note NeuN staining
(red) and GFAP (green) in normal neurons and astrocytes (arrows),
respectively. Giant astrocytes (asterisks) and blood vessels (BV) in a
semithin section (c5-6) and electron micrograph (c6). One astrocyte
forms a giant end-foot (arrowheads). The other (box at right) surrounds
a blood vessel. The boxed area with GFAP-positive astrocyte in higher
magnification. Note the astrocyte surrounds a BV. Images were taken
with permission from Wenzel et al. [97]. (d1) NeuN- (green) and
GFAP (red)-positive cells in a lesion within the piriform lobe. Boxed
area (right lower) shown at higher magnification demonstrating robust
GFAP immunoreactivity with NeuN (d2) and GFAP alone (d3). (e1)
GFAP and RECA-1 double immunofluorescence of the lesion area: low
magnificationmicrographs showing tumor-related changes in density and
distribution of RECA-1–labeled vascular profiles within the lesion area
and at the interface with surrounding parenchyma. (e2-3) Decomposed
GFAP and RECA-1 immunofluorescence images. CPu = caudate–
putamen. Images adapted with permission from Kutna et al. [10]
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distinctive signs of astrogliosis [95]. Most of the cells in the
cortical tuber appeared to be cytomegalic neurons (~35 mm in
size) with abundant cytoplasm, large nuclei, and single nucle-
olus. The cytomegalic neurons displayed strong immunoreac-
tivity for neuronal markers [95]. The follow-up reports failed
to find cortical tubers in tsc+/− rats, even in a very old age
group (18-24 months), confirming the very low incidents of
lesions in this location [9, 10, 96]. No cortical hamartia could
be found also in adult Eker rats (tsc2+/−) exposed to irradiation
in the early postnatal period [97, 101].

Overall, these reports demonstrate a reliable approximation
of the major anatomical and histopathological characteristics
of human brain TSC in Eker rats, with the main discrepancy
being very rare occasions of cortical lesions in rats. Given the
prevalence of cortical lesions in humans and their alleged role
in causing neurological and psychiatric symptoms, the lower
incidents of cortical hamartia in rats could explain important
neurobehavioral differences from humans.

Histochemical Profile of Brain Lesions in Eker
Rats

Several reports have presented a detailed account of histopath-
ological changes in the brain of Eker rats [9, 10, 96, 97, 101].
Initial studies of young animals described very minor alter-
ations, which became more pronounced in older age [9, 11,
76, 95]. The exposure of rats to irradiation and carcinogens
(i.e., second hit) at younger age exacerbated histopathological
changes at later time points, with cytomegalic neurons and
giant astrocyte-like cells observed in various brain regions
[97]. Analysis of cellular aberrations in the rat brain and com-
parison with those in humans has confirmed their close simi-
larities, with reports of cytochemical profiles of lesions at
different brain locations revealing multiple shared features
[9, 97]. A recent report presented a detailed characterization
of lesion-related neuronal alterations, as well as glial changes
and vascular remodeling [10], not described so far in
human TSC. Figure 3b to d summarizes the histopath-
ological and cytochemical changes associated with brain
malformations in Eker rat.

Takahashi and colleagues showed two types of atypical
cells in brain lesions of aged Ekers: 1) swollen pyramidal
neurons immune-reactive for NeuN, tuberin, and neuronal
glutamate transporter EAAC-1, largely confined to the IV-
VI cortical layers, and 2) giant nondifferentiated cells, known
also as cytomegalic cells with astrocytic appearance, labeled
positive for GFAP, vimentin, and nestin [96]. Another report
in adult Eker rats irradiated during the early postnatal period
showed that in addition to giant astrocyte-like cells present in
cortical or subcortical structures, there is a considerable in-
crease in the number of dysmorphic large neurons (> 50 μm)
in the cortex, as compared to nonirradiated rats [97]. Notably,

the majority of atypical neuron-like cells maintain generic
features of neurons, i.e., immunoreactivity for NeuN, neuro-
filament (NF), and MAP2. Interestingly, some atypical neu-
rons showed also immunoreactivity for glial proteins (e.g.,
GFAP), as well as intermediate filament protein nestin [97].
Results of the analysis of a rare case of cortical hamartia in
Eker rats demonstrated that the majority of cytomegalic neu-
rons have abundant cytoplasm, large nuclei, and single nucle-
olus. The cytomegalic neurons in this cortical tuber also
showed immunoreactivity for some characteristic neuronal
markers [95], but were negative for others, such as neurofila-
ment H (SMI-32) and NSE, with their axons displaying pos-
itivity for phosphorylated antineurofilament H protein (SMI-
31) [76, 95]. Virtually none of the cortical neurons showed
immunoreactivity for GFAP, calbindin, vimentin, or tuberin.
Finally, a relatively small number of cells within lesions
displayed immune-positivity for NSE, a marker for injured
neurons [95].

Kutna and colleagues reported an extensive loss of neurons
and axons associated with subcortical lesions, along with a
strong presence of astrocytes and microglia in the core of
hamartia [10]. Using specific markers for different neuronal
subtypes, loss of tyrosine hydroxylase (TH)–positive fibers, as
well as degeneration of glutamatergic, and parvalbumin-
positive GABAergic neurons and their axons were shown
[10]. Nonetheless, some axons traversing TSC lesions
remained intact, in agreement with reports showing occasional
SMI-31– and β-III tubulin–positive (a marker of neurons)
neurites and myelin basic protein–positive axons [9]. In irra-
diated Eker rats, strong immunoreactivity of lesions for
GAD67 and MAP2 was also reported [97]. Despite the
extensive neuronal loss and complex histopathological al-
terations, the principal and distinguishing feature of
malformations in aged rats is the prevalence of glial pa-
thology, with the occurrence of large reactive astrocytes
and high expression of GFAP [9, 10, 97]. We have re-
cently shown that a strong increase in the expression of
the GFAP within TSC lesion and reduction of NeuN-
positive cells is associated with an upsurge in overall cell
number (i.e., DAPI-positive nuclei), attributable to the
proliferation of nonneuronal cells [10]. Earlier, an in-
crease in the expression of glutamine synthetase (GS),
an astrocytic enzyme responsible for catalyzing the con-
version of glutamate and ammonia to glutamine, has been
also reported [102]. Using Iba1-specific antibody labeling
microglia and circulating macrophages [103] with semi-
quantitative scoring of Iba1, NeuN, and DAPI expression,
an increase in Iba1 levels in lesions was also observed
[10]. Compared to resting microglia, most of the Iba1-
positive cells display phagocytic features, with retracted
processes and “amoeboid” morphology [10].

It is important to note also the high level of expression of
progenitor cell markers, i.e., intermediate filaments nestin and
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vimentin, in hamartia of Eker rat [10]. Earlier studies showed
evidence for enhanced nestin immunoreactivity in the brain of
irradiated Eker rats [97], suggesting the presence of both im-
mature neurons and astrocytes. These findings contrast with
the results of Mizuguchi et al. [95], which did not observe
vimentin immunoreactivity, with reasons for such inconsis-
tency remaining unclear. Last but not the least, lesions in
tsc2+/− rats show signs of vascular remodeling and angiogen-
esis, with the formation of a dense network of microvessels
warranting nutrition and oxygen supply to the growing tissue
[10]. Larger vessels in the core and higher density of capil-
laries at the interface of the lesion with healthy tissue, as ev-
ident from staining with RECA-1 endothelial cell marker, are
in agreement with tuber-related vascular remodeling [10].
Overall, described alterations associated with malformations
in the brain of the Eker rat replicate closely histopathological
changes related to the human TSC and display multiple ge-
neric features of other nonmalignant tumors.

Neurophysiological and Behavioral
Phenotypes in the Eker Rat Model

The majority of human brain pathologies with focal lesions
and dysmorphic neurons and glia are linked to a range of
neurological and psychiatric symptoms that affect various as-
pects of brain functions and behavior. As noted, epilepsy is the
most common sign of human TSC, with mental retardation
and dementia, autism, and other neurobehavioral impairments
also observed at advanced stages of the disease [104, 105]. In
animal models with disruptions in mTORC1 signaling, struc-
tural and functional modifications in the brain are viewed
primarily in conjunction with the impairments of
neuroplasticity and signaling mechanisms, which might affect
cellular growth, proliferation, and differentiation, leading to
mental retardation and cognitive deficit [106, 107].

The appearance of a considerable number of atypically
large cells and focal lesions throughout the brain of adult
nonirradiated and irradiated aged tsc2+/− rats are expected to
lead to an array of neurobehavioral changes. Over more than
two decades of research, however, numerous attempts have
failed to detect neurophysiological and behavioral alterations
in Eker rats. This contrasts with major electrophysiological
and behavioral abnormalities in TSC humans, with epilepsy
being the most widely observed symptom, reported in the
majority of patients, and often appearing before 2 years of
age [71]. Henceforth, despite that Eker rats recapitulate the
molecular and cellular neuropathology of human TSC [96,
97], they do not generate spontaneous seizures, which is the
case in humans [11, 108]. Experiments, where seizures have
been observed in Eker rats, were typically induced by the
“second hit” [11, 97]. Waltereit et al. reported that repeated
intraperitoneal administration of 30 mg/kg pentylenetetrazole

(PTZ), a chemical second hit, induced seizures in 8-month-old
Eker rats at an accelerated rate, as compared to wild-type
control rats [11]. It was shown also that postnatal irradiation
applied as a second hit lowered the latency to seizure induc-
tion after administering flurothyl [97], with irradiated rats
displaying no spontaneous seizures [101]. In multiple tsc2+/−

rat studies, aging has been used as a second hit. Despite a
significantly higher number of dysmorphic neurons in 17-
month-old Eker rats, no spontaneous seizures could be ob-
served [11, 96]. The extremely low indecent of cortical ha-
martia, including in rats that received the “second hit,” has
been considered as an explanation of the absence of epileptic
seizures, a notion that needs experimental confirmation.
Studies examining changes in microcircuit dynamics and al-
terations in neurophysiological properties of neurons in prox-
imity to lesions ex vivo could elucidate the potential mecha-
nistic link between TSC malformations and the onset of sei-
zures, as demonstrated for epileptic activity related to amyloid
plaques of Alzheimer’s disease [109–111]. Investigations of
hippocampal plasticity in 30- to 50-day-old Eker rats revealed
elevated paired-pulse facilitation in the Schaffer collateral-
CA1 synapse of the hippocampus [112]. In the same prepara-
tion, long-term potentiation (LTP) and depression (LTD)—
two synaptic mechanisms that play a key role in regulating
the neural network excitability and synaptic homeostasis,
were found to be reduced. These findings imply subtle path-
ophysiological changes in Eker rats, which impair synaptic
functions and plasticity but do not lead to the generation of
seizures. Of note, in TSC patients, epileptiform discharges can
occur in the absence of observable tubers [113, 114], indicat-
ing that more subtle molecular and functional alterations re-
lated to the hyperactivity of mTORC1 might be the primary
cause of the epileptic activity. While further research of the
Eker rat model is likely to continue to yield important mech-
anistic insights, other murine models also warrant attention
and should facilitate elucidation of numerous complex aspects
of TSC (Box 1).

Using neurobehavioral tests, several groups attempted to
elucidate the memory impairments in young Eker rats [9, 11,
95, 96, 121]. In these studies, the only difference from controls
was found in tasks challenging episodic-like memory, discov-
ered in a delayed matching-to-place task [121]. All other be-
havioral tests assessing exploration and anxiety (light/dark
box) as well as learning and memory (Pavlovian conditioned
taste aversion test, Morris water maze with hidden platform
task including reversal learning, and probe trials) did not re-
veal any behavioral constraints [11]. Subsequently, the same
group reported epileptic condition following systemic admin-
istration of kainic acid, but with no differences in learning
abilities (fear conditioning, fear extinction, and Morris water
maze) [122]. In contrast, in the open field paradigm, novel
object recognition and social exploration were significantly
reduced in naïve rats and even more so in the kainate-treated
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Box 1 TSC mouse models with
an overview of neuropathological
and neurobehavioral
characteristics

TSC1 mouse models

Tsc1 knockout mice: tsc1−/− homozygous are not viable and die around embryonic days 10.5-11.5 due to neural
tube defects at the head region. Heterozygote tsc1+/− mice develop renal tumors and hepatic hemangiomas,
with loss of tuberin observed in situ inside lesions. tsc1+/− mice develop macroscopically visible renal
carcinomas or renal cystadenomas by the age of 10 months. Overall, observed phenotypes of tsc1+/− mice
resembled those of tsc2+/− knockout mice reported, in agreement with a shared pathway of tsc1 and tsc2
products. Of note, the development of renal tumors in tsc1+/− mice was slower than that in tsc2+/− mice. Brain
lesions were not examined in this study [115].

Tsc1+/− knockout mice: correlating cerebral lesions, epilepsy, and cognitive function with high-resolution MRI,
immunohistochemistry, and behavioral tests such as fear conditioning, social interaction, nest building, and
social interactions. No spontaneous seizures could be observed. No cerebral lesions or signs of cerebral
pathology could be detected. Ultrastructural analysis revealed no differences in the spine density and dendritic
branching of hippocampal granule cells. Tsc1+/−mice showed impaired learning in the hippocampus-sensitive
learning tasks, and impaired social behavior, supporting the notion that haploinsufficiency for the TSC genes
leads to aberrations in neuronal functioning resulting in impaired learning and social behavior [108].

Tsc1c−Syn/Cre+ mice: tsc1 “floxed” allele combined with a synapsin I promoter-driven Cre allele to achieve tsc1
expression in cortical neurons during embryonic development. Mutant mice display several neurological
abnormalities beginning from early postnatal life, including spontaneous and stimulus-induced seizures, with
some seizures ending in a fatal tonic phase before the age of 65 days. Many cortical and hippocampal cells are
enlarged and dysplastic, enriched with phospho-S6. Axonal bundles show a striking delay in myelination. At
P21, mice show laminar disorganization in the cortical region and the presence of large cells in the cortex and
hippocampus. The majority of enlarged cells showed increase in pS6 immunoreactivity. Reduced myelination
(MBP expression) is evident throughout the brain, but oligodendrocyte distribution was not changed [60].

Tsc1GFAP1CKOmice: thismousemodel has inactivated tsc1 gene in glia (Tsc1GFAPCKOmice). The strain shows
a shortened lifespan, which begins to die around 12 weeks, and shows pronounced changes in EEG
reminiscent of seizures, with their onset after the first month of age. Histopathological and
immunofluorescence analysis showed an increase in the number of GFAP immune-positive astrocytes in the
brains of mutant mice. However, no lesions or tumors of glial origin were noted in these mice. The model also
shows an increase in the number of proliferating PCNA+ cells [116] as well as expression of P-S6 (Zeng et al.
[117]), compared with controls. Subsequent examination of adult Tsc1GFAP mice revealed that cortical and
hippocampal astrocytes express vimentin and brain lipid–binding protein (BLBP) [92].

TSC2 mouse models

Tsc2 loss of function: homozygous tsc2−/− mice like tsc2−/− Eker rats are not viable and die during embryonal
development days 9.5-12.5 because of liver hypoplasia, indicating that tuberin plays an essential role in
development. tsc2+/− adult mice develop a 100% incidence of multiple bilateral renal cystadenomas, 50%
incidence of liver hemangiomas, and 32% incidence of lung adenomas by 15 months of age. Progression to
renal carcinomas, fatal bleeding from the liver hemangiomas, and angiosarcomas all occur at a rate of less than
10%. The renal cystadenomas develop from intercalated cells of the cortical collecting duct and uniformly
express gelsolin at high levels, which enables the detection of early lesions. The tumor distribution is
influenced by the genetic background of the primary mouse line. Tumors occur in the kidneys, liver, and lungs.
This study does not report cerebral lesions in the tsc2+/− mice [118].

Tsc2flox/ko;hGFAP-Cre mice: this mouse model has a selective and inducible deletion of the tsc2 gene in radial
glial progenitor cells of the developing cerebral cortex and hippocampus. All progenitor cells derived from
neurons and astrocytes of tsc2−/− radial glia show significant loss of tuberin antigen. Animals appear runted,
and were on average smaller, and died around 4 weeks; therefore, all analyses were made at P21. Increased
levels of phosphorylated (Ser 240/244) S6 (pS6) indicate activation of the mTORC1 pathway. At this age,
mice also have a thicker cortex and apparent defects in cortical lamination and hippocampal organization,
reminiscent of those observed in Eker rats. In these mice, GFAP expression is significantly increased in the
entire cortex, in the hippocampus, and around lateral ventricles [119].

Tsc2GFAP1CKO mice: this model is characterized by the inactivation of tsc2 gene in astrocytes (Tsc1GFAPCKO
mice). Tsc2GFAP1CKOmice have 100%mortality by 10 weeks and have an earlier onset and higher frequency
of seizures in comparison with Tsc1GFAP1CKOmice. Histochemical analysis of the brain demonstrates severe
abnormalities, with the number of astrocytes considerably increased, while the expression of the astrocyte
glutamate transporter GLT-1 reduced, as compared with controls. Histological analysis shows evidence for
neuronal disorganization in the hippocampus. As expected, inactivation of tsc2 exhibits increased activation of
mTOR, with increased P-S6 expression in astrocytes. The increased astroglial proliferation, neuronal
disorganization, and resulting megalencephaly are more severe in Tsc2GFAP1CKO mice compared with
Tsc1GFAP1CKO mice [117].

NEX-Tsc2 mouse line: in this mouse model, tsc2 gene is deleted specifically in postmitotic excitatory neurons of
the embryonic forebrain, with tsc2 in progenitor cells, glia, or inhibitory neurons remaining nonaffected. The
homozygous NEX-tsc2 mice die prematurely at around 16 postnatal days, while the lifespan of heterozygote
mice remaining unaffected. Neuronal abnormalities of heterozygote NEX-tsc2 mice included the presence of
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group. The authors concluded that tsc2 haploinsufficiency and
epileptic seizures might additively compromise social interac-
tion, a finding requiring independent verification.

Taken as a whole, despite faithfully replicating cellular and
molecular pathology and some specific features of human
brain lesions, the utility of tsc2+/− Eker rats as a model for
neurological or behavioral symptoms remains controversial
and requires further experimental analysis. Enhanced
episodic-like memory with abnormal short-term plasticity
and reduced theta-burst stimulation-induced LTP require cau-
tious interpretation in the context of neuropathological chang-
es and absence of overt behavioral phenotype.

Summary and Conclusions

One of the key priorities of translational neurobiology is elu-
cidating functional and molecular processes in the brain un-
derlying neurological and psychiatric diseases, to enable ef-
fective medical interventions. In neurology and especially in
psychiatry, the association between alleged genetic causes and
clinical manifestations of the disease is often tentative and
may vary to a considerable degree. TSC presents an archetyp-
al example of widely variable neurological symptoms induced
by TSC1/TSC2 loss of function, with underlying mechanisms
for the phenotypic heterogeneity remaining a matter of debate.
Indeed, while clinical reports of TSC in humans pinpoint re-
fractory seizures as one of the main manifestations of the
pathology, almost a third of TSC cases do not display signs
of seizures. Such inconsistency implies complex underlying
mechanisms and compensatory adjustments, which render the
management of the condition a major therapeutic challenge. It
also highlights the need for identifying reliable functional and
molecular biomarkers of the disease, to enable early diagnosis
with grading and characterization of cause–symptom (i.e., ge-
notype–phenotype) relationship and timely intervention.

Loss-of-function mutations in tsc2 in Eker rats, like in
humans, are expected to result in an array of neurological
and psychiatric symptoms. Indeed, the shared cause and mo-
lecular pathology render tsc2+/− a promising model for studies
of TSC from neuropathological, neurophysiological, and be-
havioral perspectives. Despite many years of research with the
use of this model and considerable progress, important ques-
tions remain concerning the extent of replication of the func-
tional and neurodevelopmental human TSC phenotype in rats.
While the tsc2+/− rats recapitulate most of the features of cel-
lular and molecular pathology, the vast majority of

abnormalities in rats set on at advanced age, unlike in humans
with histopathological alterations evident from a very young
age. Major discrepancies are also found in terms of the ana-
tomical distribution of lesions throughout the brain, with cor-
tical TSC, while the most prevalent in humans, not been con-
clusively shown in Eker rats. Finally, important questions re-
main over the neurobehavioral manifestations of TSC pathol-
ogy, with the majority of neurological and psychiatric symp-
toms prevalent in humans not detected in the Eker rat. At this
stage, there are no ready explanations for major discrepancies
in the disease onset, symptomology, and differential sensitiv-
ity of various brain regions to TCS1/TSC2 loss of function. In
these regards, the role of a variety of genetic (i.e., mutational
burden, penetrance, the expressivity of TSC genes) and envi-
ronmental (i.e., the second hit) factors and comorbidities has
been considered. Given that TSC deficit decouples mTORC1
from upstream signaling, an array of functional changes are
expected which contribute towards complex mechanisms and
neurobehavioral manifestations of the disease. Wide-ranging
symptomatic deviations of human and rat TSCs, despite
shared genetic cause and molecular pathology, testify incom-
pleteness of the current understanding of this complex condi-
tion and urge for further research and cautious interpretation
of the functional and neurobehavioral data.
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