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Abstract
Tuberous sclerosis complex (TSC) is a common neurological
autosomal-dominant syndrome caused by mutations in the
TSC1 or TSC2 genes. TSC starts in early childhood and is
characterized by cerebral hamartomas (benign tumours),
severe epilepsy and cognitive deﬁcits such as mental retardation and autism. The hamartomas are characterized by loss
of the remaining wild-type TSC allele, and clinical data implicate cerebral hamartomas in the generation of epileptic seizures, which may play a signiﬁcant role in the development of
mental retardation. The TSC2 mutation predicts alterations in
mitogen-associated protein kinase (MAPK) and, together with
the TSC1 mutation, in mammalian target of rapamycin
(mTOR) signalling pathways. Both pathways are involved
in neuronal plasticity. We therefore hypothesized that the

heterozygous mutation itself, besides cerebral hamartomas,
contributes to the pathogenesis of cognitive deﬁcits and
possibly also epilepsy. Here, we show that young adult
TSC2+/– rats, which are virtually free of cerebral hamartomas,
exhibit enhanced episodic-like memory and enhanced
responses to chemically-induced kindling. The activation of
cyclic adenosine monophosphate (cAMP) in the hippocampus
results in stronger induction of phospho-p42-MAPK in
TSC2+/– rats than in wild-type animals. Thus, the cognitive
phenotype and, possibly, epilepsy in TSC patients may result
not only from the focal hamartomatous lesions but also, from
altered neuronal plasticity in the heterozygous tissue.
Keywords: epilepsy, hippocampus, learning and memory,
mitogen-activated protein kinase, tuberous sclerosis.
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Tuberous sclerosis is an autosomal-dominant developmental
neurological disorder that manifests in early childhood with
severe epilepsy and cognitive deﬁcits, such as mental
retardation and autism. The brains of affected patients show
circumscribed regions of dysplasia, known as hamartomas,
which are characterized by loss of the remaining wild-type
allele and can progress into malignant tumours. Since
hamartomas are also found in organs other than the brain,
especially the skin, kidney and heart, the disease is often
referred to as Tuberous Sclerosis Complex (TSC). The
disorder affects about 1 in 6000 children and is linked with a
similar clinical phenotype to mutations at two genetic loci,
TSC1 (9q34) and TSC2 (16p13) (Gomez et al. 1999).
The mechanisms leading from the TSC genotype to the
complex TSC phenotype are only partially understood.
According to Knudson’s two-hit theory of cancerogenesis,
local loss of heterozygosity in the affected TSC gene due
to a second somatic mutation results in the development of

hamartomas (Green et al. 1994), which subsequently cause
the clinical manifestations. Hamartomas are the probable
cause of epilepsy, and epilepsy in combination with the
localization of the hamartomas correlates with mental
retardation (Gomez et al. 1999; Joinson et al. 2003). The
ways in which cortical tubers and other neuropathological
features relate to the development of epilepsy, await
elucidation (Thiele 2004), and even less is known about
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the mechanisms that lead to the cognitive impairments.
The TSC2 gene encodes tuberin, a GTPase-activating
protein and thus, a functional down-regulator of several
ras-related G-proteins including rap1 (Wienecke et al.
1995; Yoon et al. 2004) and rheb (ras-homologue enriched
in brain) (Manning and Cantley 2003). The down-regulation of rheb is mediated by a protein complex formed by
tuberin and the product of the TSC1 gene, hamartin. Rap1,
a target of tuberin, is an essential signalling molecule in
the neuronal Ca2+-cAMP/PKA-p44/42-MAPK pathway that
is required for long-term memory, long-term potentiation
(LTP) and the transcriptional activation of several plasticity-associated genes (Vossler et al. 1997; Milner et al.
1998; Waltereit et al. 2001; Deisseroth et al. 2003; Sweatt
2004). A forebrain-speciﬁc rap1 dominant-negative mouse
exhibits impaired long-term memory and reduced LTP
(Morozov et al. 2003). Recently, the mammalian target of
rapamycin (mTOR) signalling pathway involved in translational control was shown to be dependent on rheb and
thus, TSC proteins (Manning and Cantley 2003). In
hippocampal neurones, mTOR proteins regulate the translation of rapamycin-sensitive, local postsynaptic transcripts
and thereby, LTP (Casadio et al. 1999; Tang et al. 2002).
We therefore hypothesized that the TSC2 mutation results
in altered neuronal plasticity in the heterozygous brain
tissue, which would suggest an additional pathomechanism
of cognitive deﬁcits, and possibly also epilepsy, besides
the hamartomas.
Prior to the generation of mouse models for both TSC
mutations, a spontaneous TSC2 mutation had been described
in rats (Eker and Mossige 1961; Scheidenhelm and Gutmann
2004; Yeung 2004). The Eker rat is an autosomal-dominant
germline mutation of TSC2 truncating the GTPase-activating
domain and thereby disrupting the function of tuberin (Yeung
et al. 1994). As in humans, the homozygous TSC2–/–
offspring is embryonically lethal in the model, due to
disrupted neuroepithelial growth (Rennebeck et al. 1998).
The heterozygous Eker rat (TSC2+/–) develops kidney
tumours and, at a later age (‡ 2 years) and lower frequency,
cerebral hamartomas resembling those of human TSC. The
neurological behaviour of the TSC2+/– rat has been
described as inconspicuous.
The aim of this study was to examine whether the
heterozygous loss of one TSC2 allele affects cognitive
abilities and epileptogenesis in the absence of hamartomas.
Although various models of epilepsy in rodents have been
characterized, mental retardation and autism are conditions
of human disease which have no direct equivalents in
rodents. In preliminary experiments, we found that young
adult Eker rats are virtually free of cerebral hamartomas.
We therefore took advantage of the naturally occurring
Eker rat to study learning and memory tasks and responses
to seizure induction in this hamartoma-free animal model
of TSC.

Experimental procedures
Animals
A breeding colony of the Long–Evans strain carrying the Eker
mutation (Eker and Mossige 1961) was transferred from the M.D.
Anderson Cancer Center, University of Texas, USA to the
Department of General Neurology, University of Tübingen, Germany. Eker (TSC2+/–) and wild-type (TSC2+/+) genotypes were
determined by PCR (Rennebeck et al. 1998). In all experiments,
littermates with similar distribution to TSC2+/– and wild-type were
used. For histopathological analysis, every 50th 9 lm section from
parafﬁn-embedded brains was stained with haematoxylin-eosin. Of
the 15 TSC2+/– rats analysed at the age of 8 months, 14 had been
used previously in the Morris water maze and then in the episodiclike memory protocol for the water maze.
Behavioural studies
Rats were housed under a reversed 12 h/12 h day-night cycle. All
testing took place during the night phase, except for the radial maze
where rats were tested during the day phase of a non-reversed cycle.
The light/dark box and conditioned taste aversion tasks were
performed as previously described (Chaouloff et al. 1997; Janus
et al. 2004). For the place navigation task, the rats were trained in a
150 cm diameter water maze with extra-maze cues (opaque water at
25 ± 1C, 10 cm · 10 cm square platform with white rubber
surface, top surface 2 cm below water level, maximum trial
duration ¼ 120 s, 10 s on platform at the end of trials). Naı̈ve
animals were trained for 5 days three times a day with 2 h intervals
(Morris et al. 1982). Probe trials without platform had a duration of
60 s. The swim paths were recorded using the Noldus EthoVision
video tracking system (Noldus Information Technology, Wageningen, the Netherlands). For the delayed matching-to-place task
(Steele and Morris 1999), the rats were transferred to a similar water
maze apparatus but with different extra-maze cues. Platform
positions were changed daily and semi-randomly amongst nine
different sites. In the ﬁrst part of the protocol, rats swam four trials
with 15 s intervals. After 2 days of pre-training, the swimming trials
on days 3–6 corresponded to the experiment without the delay. In
the second part of the protocol, a 2 h interval was introduced
between the ﬁrst and the second trial and thus, days 7–11
corresponded to the experiment with the delay. Spatial learning in
the radial maze was performed as described by Keseberg and
Schmidt (1995). The side-walls of the arms were covered with
transparent plexiglas lids to prevent escape. At the end of the baited
arms a white, dust-free, 45 g sucrose pellet (Research Diets, New
Brunswick, NJ, USA) was easily accessible from a black food cup.
The animals were observed using a video camera ﬁxed to the
ceiling. For each session of the delayed matching-to-place protocol
(5 days), the feeding pattern was changed for two out of four arms
baited in the previous session.
Seizure susceptibility
Male rats were injected intraperitoneally with pentylenetetrazole
(PTZ; Sigma, Deisenhofen, Germany) as indicated. After injection,
the animals were closely monitored until the resumption of normal
explorative behaviour or death. Seizure behaviour was assessed in a
scale from 0 to 5 according to Racine (1972) with minor
modiﬁcations: 0, no behavioural signs; 1, arrest of motion or
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wet-dog shakes; 2, myoclonic jerks or forelimb tonus; 3, forelimb
clonus; 4, clonic convulsion including hindlimbs; 5, loss of posture
or death. For chemically-induced kindling, 20 injections of 30 mg/
kg PTZ were performed with an interval of 2–3 days. Further
injections were classiﬁed as stage 5 if an animal developed a stage 5
seizure during three consecutive injections, or died during a seizure.

Table 1 Hamartoma load. Brains from wild-type (n ¼ 5, 17 months
old) and TSC2+/) rats (n ¼ 15, 8 months old; n ¼ 11, 17 months old)
were ﬁxed in 4% paraformaldehyde, embedded in parafﬁn and
sectioned into 9 lm slices. Every 50th section was stained in haematoxylin-eosin and analysed for histopathological aberrances. Some
of the brains from TSC2+/) rats contained one single hamartoma

Molecular biology
Transverse hippocampal slices of 400 lm were prepared in cold
carbogenated artiﬁcial cerebrospinal ﬂuid (ACSF: 125 mmol/L
NaCl, 3 mmol/L KCl, 26 mmol/L NaHCO3, 1.25 mmol/L
NaH2PH4, 2.5 mmol/L CaCl2, 1.3 mmol/L MgCl2, 13 mmol/L
D-glucose) using a vibratome (Leica, Wetzlar, Germany). After
90 min of equilibration at room temperature (21C), 50 lmol/L
forskolin (Biomol, Hamburg, Germany) were added to the carbogenated ACSF. At the times indicated, slices were ﬁxed in liquid
nitrogen, sonicated in protein lysis buffer and immunoblotted (Martin
et al. 1997). One tenth of one lysed slice was loaded per lane. The
blots were hybridized with mouse monoclonal anti-phospho-p44/42MAPK (1 : 2000) and rehybridized after stripping with rabbit
polyclonal anti-p44/42-MAPK (1 : 1000) antibodies (Cell Signaling
Technology, Frankfurt, Germany). Chemiluminescence signals were
quantiﬁed with a LAS 1000 imager (Fuji, Düsseldorf, Germany).

Frequency of occurrence of cerebral hamartomas

Statistics
Analysis of statistical signiﬁcance was performed using SigmaStat
software (SPSS, Chicago, IL, USA). In all experiments, the data
were normally distributed and thus, p-values were calculated by
two-way Student’s t-test. Pooled data were treated as repeated
measures. In this case, a two-way analysis of variance for repeated
measures was carried out by calculating the mean of the pooled
values for each animal, followed by a t-test for these mean values.
Full bars represent mean values and error bars, the standard error of
the mean. An asterisk represents p < 0.05 in the t-test.

Results

Young TSC2+/– rats are virtually free of cerebral
hamartomas
To examine the consequences of the TSC2+/– genotype
without contamination by cerebral hamartomas, we analysed
animals prior to the development of these malformations. In
agreement with previous studies, we found single cerebral
hamartomas in 36% of aged TSC2+/– rats (17–24 months)
(Mizuguchi et al. 2000). To estimate the hamartoma load of
young TSC2+/– rats, we analysed 8-month-old animals from
our strain. Here, cerebral hamartomas were found with very
low frequency (6.7%, n ¼ 15; Table 1). No cortical tuber
was found. We therefore used young adult TSC2+/– rats aged
2–6 months that were virtually free of these malformations
for all subsequent experiments.
TSC2+/– rats exhibit enhanced episodic-like memory
There were no differences between wild-type and TSC2+/–
rats in exploratory behaviour and anxiety (light/dark box).

Control animals: wild-type, age 17 months (n ¼ 5)
3 males, 2 females: no cerebral lesion detected
Younger mutant group: TSC2+/–, age 8 months (n ¼ 15)
1 male: 0.8 mm · 0.6 mm hamartoma, subependymal
(lateral ventricle), extending into caudate putamen
7 males, 7 females: no cerebral lesion detected
Aged mutant group: TSC2+/–, age 17 months (n ¼ 11)
1 male: 1.7 mm · 1.4 mm hamartoma, subependymal
(lateral ventricle), extending into infralimbic cortex
1 female: 0.8 mm · 0.8 mm hamartoma, subependymal
(lateral ventricle), extending into caudate putamen
1 female: 0.5 mm · 0.3 mm hamartoma,
deep layers of frontal cortex
1 female: 0.3 mm · 0.3 mm hamartoma,
deep layers of frontal cortex
5 males, 2 females: no cerebral lesion detected

We then analysed, as the ﬁrst learning and memory
paradigm, classical Pavlovian learning (conditioned taste
aversion). There were no differences between TSC2+/– and
wild-type rats. Spatial memory formation in rodents, as
revealed by maze performance, is hippocampus- and NMDA
receptor-dependent. In the Morris water maze, TSC2+/– and
wild-type rats learned equally well to swim to, and climb
onto a hidden escape platform in a ﬁxed position (reference
memory protocol). Likewise, there were no differences when
the platform was moved to a new position to test reversal
learning. During probe trials when the escape platform was
removed, animals of both genotypes preferentially searched
for the platform in the correct quadrant (> 35% time spent in
the target quadrant) and at the correct position (annulus
crossings ¼ crossing of a potential platform position).
Rats were then subjected to a delayed matching-to-place
task in another water maze set-up with different extra-maze
cues (Steele and Morris 1999). The platform position was
kept constant for the four trials of one daily session (15 s
inter-trial interval), but the platform was randomly moved to
one of nine different positions between sessions. During the
ﬁrst trial of each session, rats had to locate the platform in an
as yet unknown position. Both TSC2+/– and wild-type rats
showed a dramatic reduction in the time required to escape
onto the platform during the second trial, with little further
improvement during trials 3 and 4 (working memory
protocol) (Fig. 1a). Surprisingly, when the interval between
the ﬁrst trial and the second trial was increased to 2 h to
increase episodic-like memory demands of the delayed
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Fig. 1 Episodic-like memory. (a, b) Water maze with daily changing of
positions of a hidden platform (pre-trained male and female rats,
4-month-old; wild-type n ¼ 11, open squares; TSC2+/– n ¼ 14, ﬁlled
squares; no difference between sexes). (a) Four daily trials, 15 s intertrial intervals. Data from 4 days are pooled. (b) Four daily trials, 2 h
interval between trials 1 and 2, 15 s intervals between following trials.
Data from 5 days are pooled. (c–f) Radial maze with new baiting
scheme every 5 days (pre-trained male and female rats, 4-month-old;
wild-type n ¼ 8; TSC2+/– n ¼ 10; no difference between sexes). Five
daily trials, 2 h interval between trials 2 and 3, otherwise 15 s inter-trial
intervals. Errors made by entering an unbaited arm as well as by
re-entering an already visited, baited arm showed the same tendency
and were therefore added. Data from three cycles of 5 days (day I–V)
are pooled. (c) Performance during days I–III. (d) Performance during
days IV–V. (e, f) Performance at trials 1 and 3 during days I–V.

matching-to-sample task, TSC2+/– rats found the platform
signiﬁcantly faster than wild-type animals (episodic-like
memory protocol) (p ¼ 0.013; Fig. 1b). While remembering
the platform position over the delay of 2 h between trial 1
and trial 2 diminished performance in wild-type rats as
expected, TSC2+/– rats had similar short escape latencies
whether the delay was 15 s or 2 h.
We then asked whether these differences in memory
formation between TSC2+/– and wild-type rats were taskspeciﬁc, or whether they could be replicated using an
independent spatial task. To address this question, rats were

tested for spatial learning in the radial maze. During
acquisition (10 daily sessions; ﬁve trials/session; 15 s intertrial interval), the same four out of eight arms always
contained food. During reversal (ﬁve daily sessions), the
previously unbaited arms contained food (Keseberg and
Schmidt 1995). TSC2+/– and wild-type rats learned the task
equally well. We then changed the pattern of baited arms
again and introduced a 2 h delay between trials 2 and 3 (one
cycle of 5 days). The latter protocol was repeated twice, each
time changing the pattern of baited arms (two cycles,
5 + 5 days), and trial data were pooled over sessions for
statistical analysis. As in the delayed matching-to-place task
in the water maze, TSC2+/– rats showed signiﬁcantly altered
behaviour in this type of radial maze protocol. Because both
entries into unbaited arms (often referred to as ‘reference
memory errors’) and re-entries into baited arms (often
referred to as ‘working memory errors’) contributed to
altered episodic-like memory in the radial maze, both types
of error were summarized in the analysis. TSC2+/– rats made
signiﬁcantly fewer errors during trial 3, the trial after a 2 h
delay (p < 0.05 during days I–III; Figs 1c and f). However,
with continuing training, this difference disappeared in the
late sessions (Fig. 1d). TSC2+/– rats also made fewer errors
than wild-type rats during trial 1 of the daily sessions
(p < 0.05 during day II), the interval between trial 1 and the
last trial of the previous session being 22 h (Figs 1c and e).
These results indicate that the effect of a mutation in the
TSC2 gene without contamination by the development of
hamartomas appears to be improved performance in this
speciﬁc type of memory task.
TSC2+/– rats display increased seizure-induced plasticity
We also examined whether TSC2+/– rats lacking hamartomas were more susceptible to pharmacologically-induced
convulsions. We challenged 3–6-month-old rats with PTZ at
30, 40 and 50 mg/kg and recorded their convulsive behaviour. There was no difference in seizure susceptibility at
either dose (Figs 2a–d and e, ﬁrst injection).
Even though the TSC2+/– genotype does not appear to
inﬂuence susceptibility to seizure induction, it could cause
differences in seizure-induced plasticity. Animals were
therefore repeatedly injected with PTZ at 30 mg/kg
(2–3 days interval). In this paradigm of chemically-induced
kindling, TSC2+/– rats developed stage 5 seizures earlier
than wild-type rats (p ¼ 0.041, Fig. 2e).
p42-MAPK induction is increased in the hippocampus
of TSC2+/– rats
Finally, we analysed a cellular mechanism that could
potentially be involved in altered episodic-like memory and
seizure-induced plasticity (Ben-Ari and Represa 1990; Steele
and Morris 1999; Sutula 2004). The cAMP/PKA-p44/42MAPK signalling cascade is induced by Ca2+ inﬂux through
the NMDA receptor, and regulates transcription- and trans-
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(b)

(c)

Fig. 3 Induction of the cAMP/PKA–p44/42-MAPK pathway. Hippocampal slices were stimulated with 50 lmol forskolin, ﬁxed at the
indicated time points in liquid nitrogen and analysed for p44/42-MAPK
phosphorylation (female rats, 6–15 weeks, wild-type n ¼ 10, open
columns; TSC2+/– n ¼ 10, ﬁlled columns). (a) Representative immunoblots. (b, c) Mean of all slices 2–6 min after induction (wild-type and
TSC2+/–, n ¼ 6 animals), 10–14 min after induction (n ¼ 6 animals),
20–60 min after induction (n ¼ 5 animals) and 2–60 min after induction (n ¼ 10 animals).

for phospho-p44-MAPK (mean of slices 2–60 min after
induction, n ¼ 10 animals: wild-type 141.58% of control,
TSC2+/– 294.57%, p ¼ 0.12). Thus, as hypothesized, the
heterozygous reduction of tuberin function results in
increased activation of p42-MAPK.

Fig. 2 Seizure susceptibility and seizure-induced plasticity. Male rats
(10–14 weeks) were intraperitoneally injected with PTZ as indicated.
(a–d) 50 mg/kg PTZ (wild-type n ¼ 19, open columns; TSC2+/– n ¼
20, ﬁlled columns), 40 mg/kg PTZ (wild-type n ¼ 13, open columns;
TSC2+/– n ¼ 13, ﬁlled columns). In cases in which an animal did not
reach a seizure stage, the latency was set to 600 s. (e) 30 mg/kg PTZ
kindling (wild-type n ¼ 14, open squares; TSC2+/– n ¼ 8, ﬁlled
squares), 2–3 day intervals between injections.

Discussion

lation-dependent long-term plasticity and memory (Vossler
et al. 1997; Waltereit et al. 2001; Kelleher et al. 2004;
Sweatt 2004). Tuberin down-modulates a key element in this
cascade in vitro (Wienecke et al. 1995). We tested the
hypothesis that this mechanism is also present in the brain by
directly activating adenylyl cyclase with a saturation dose of
forskolin, which promotes phosphorylation of p44/42MAPK via cAMP/PKA, in hippocampal slices (Martin et al.
1997; Vossler et al. 1997). The constitutive expression of
both phospho-p44-MAPK and phospho-42-MAPK in the
hippocampus did not differ between wild-type and TSC2+/–
rats (phospho-p44-MAPK in TSC2+/– rats: 92.12% of wildtype expression, p ¼ 0.50; phospho-p42-MAPK in TSC2+/–
rats: 115.17% of wild-type expression, p ¼ 0.54). The
induction of phospho-p42-MAPK by forskolin was signiﬁcantly stronger in TSC2+/– rats than in wild-type controls
(Fig. 3, mean of slices 2–60 min after induction, n ¼ 10
animals: wild-type 149.19% of control, TSC2+/– 241.86% of
control, p ¼ 0.011). No signiﬁcant difference was observed

The analysis of young adult TSC2+/– rats allowed us to
detect a novel phenotype of aberrant neuronal plasticity
consisting of enhanced episodic-like memory, enhanced
seizure-induced plasticity and increased induction of phospho-p42-MAPK in the hippocampus. Episodic-like memory
is thought to be an animal correlate of episodic memory in
humans. Like episodic memory, it is the memory of
happenings in particular places and at particular times, or
experiences that have the dimensions of ‘what, where and
when’ (Clayton and Dickinson 1998; Tulving 2002). In the
episodic-like memory protocol used here, the rats had to
distinguish between actual and previous (‘when’) platform
positions or patterns of baited arms (‘where’) to escape
(‘what’) from the maze (Fig. 1). There were only differences
between TSC2+/– and wild-type rats when there was an
interval of 2 h between the current trial and perception of the
actual target scheme, thus within a time window that did not
overlap with short-term or working memory. Spatial learning,
as tested both in the Morris water maze and radial maze, does
not require the animal to realise the different events of an
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actual and previous platform position (‘when’), but it is
similar to episodic-like memory dependent on the hippocampus and can be blocked by NMDA inhibitors (Davis
et al. 1992; Steele and Morris 1999). However, in this type
of memory TSC2+/– and wild-type rats did not perform
differently. Because TSC is characterized by cognitive
impairment, it is perhaps surprising that the TSC2+/– rats
performed better in the episodic-like memory task. A
negative interpretation could state that they recalled the
actual platform position more easily because they were less
disturbed than wild-type rats by the memory of the previous
positions. Augmented episodic-like memory may thus also
contribute to an overall cognitive disadvantage.
Young adult TSC2+/– rats were no more susceptible to
PTZ-induced seizures than wild-type rats (Fig. 2). A study of
ﬂurothyl-induced seizures similarly showed no increased
susceptibility to seizures in 3-month-old TSC2+/– rats
(Wenzel et al. 2004). These experiments are consistent with
the view that the development of epilepsy in TSC is
associated with the development of epileptogenic lesions,
notably cortical tubers, and not with primary cellular effects
of the TSC2 mutation. However, chemically-induced kindling by repeated injection of PTZ was enhanced in TSC2+/–
rats. Kindling is a process of induction of progressive and
permanent increases of seizure susceptibility in response to
repeated periodic activation of neuronal circuits. This process
is accompanied by a progressive sequence of long-lasting
cellular and molecular alterations occurring at every level
from gene transcription to patterns of neuronal connectivity
(Schmoll et al. 2003; Sutula 2004). In addition to altered
episodic-like memory, enhanced kindling epilepsy in
TSC2+/– rats without cerebral hamartomas therefore suggests altered neuronal plasticity due to the heterozygous
mutation. It remains speculative as to what extent enhanced
chemically-induced kindling in the TSC2+/– rat relates to
human TSC epileptogenesis.
Based on current knowledge, at least two main molecular
signalling mechanisms could account for altered neuronal
plasticity in TSC2+/– rats: the p44/42-MAPK signalling
cascade (Vossler et al. 1997; Waltereit et al. 2001; Deisseroth et al. 2003) that we investigated here (Fig. 3), and the
mTOR pathway (Casadio et al. 1999; Tang et al. 2002). Our
results correspond to studies of cortical tubers where
homozygous loss of tuberin leads to enhanced p44/42MAPK activity (Maldonado et al. 2003; Han et al. 2004). In
cell types that were not of neuroectodermal lineage, both
activation and suppression of p44/42-MAPK by loss of
tuberin has been reported (Karbowniczek et al. 2004; Yoon
et al. 2004). Several reports support a role for the p44/42MAPK cascade in synaptic plasticity and in learning and
memory (Milner et al. 1998; Sweatt 2004). A role for p44/
42-MAPK in seizure-induced plasticity has not yet been
conﬁrmed. However, that plasticity-associated genes such as
c-fos, which are induced via the cAMP/PKA-p44/42-MAPK

cascade, are transcriptionally-activated by seizure and
kindling epilepsy (Shin et al. 1990; Waltereit and Weller
2003), renders such a coherency likely. Kindling epilepsy is a
neuronal network phenomenon that develops over days and
weeks. Thus, augmented seizure-induced plasticity in
TSC2+/– rats may be interrelated with altered long-lasting
changes due to increased transcriptional activation from the
p44/42-MAPK cascade. That induction of p42-MAPK was
increased in hippocampal slices of TSC2+/– rats again
suggests haplo-insufﬁency of the remaining wild-type allele.
The mTOR pathway can be induced by rheb or p44/42MAPK, resulting in the translation of plasticity-associated
mRNA in the local postsynaptic spine and thereby regulating
synaptic plasticity (Casadio et al. 1999; Kelleher et al.
2004). Episodic-like memory, which contains elements of
memory storage to occur within hours, could thus be more
associated with processes of translational control by mTOR
signalling than transcriptional control by p44/42-MAPK.
In summary, we show here that the heterozygous TSC2
mutation in a rat model with virtually no cerebral hamartomas results in enhanced episodic-like memory and enhanced
sensitivity to kindling epilepsy. Our data suggest that the
primary cellular effects of the heterozygous TSC2 mutation
contribute to the pathogenesis of symptoms that have
traditionally been linked to localized hamartomas or the
occurrence of epilepsy.
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