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Abstract
Background
Tuberous sclerosis complex (TSC), a multi-system genetic disorder often associated with autism spectrum disorder (ASD), is caused by mutations of TSC1 or TSC2, which lead to constitutive overactivation of mammalian target of rapamycin (mTOR). In several Tsc1+/- and Tsc2+/- animal models, cognitive and social behavior deficits were reversed by mTOR inhibitors. However, phase II studies have not shown amelioration of ASD and cognitive deficits in individuals with TSC during mTOR inhibitor therapy. We asked here if developmental epilepsy, common in the majority of individuals with TSC but absent in most animal models, could explain the discrepancy.

Methods
At postnatal day P12, developmental status epilepticus (DSE) was induced in male Tsc2+/- (Eker) and wild-type rats, establishing four experimental groups including controls. In adult animals (n = 36), the behavior was assessed in the paradigms of social interaction test, elevated plus-maze, light-dark test, Y-maze, and novel object recognition. The testing was carried out before medication (T1), during a 2-week treatment with the mTOR inhibitor everolimus (T2) and after an 8-week washing-out (T3). Electroencephalographic (EEG) activity was recorded in a separate set of animals (n = 18).

Results
Both Tsc2+/- mutation and DSE caused social behavior deficits and epileptiform EEG abnormalities (T1). Everolimus led to a persistent improvement of the social deficit induced by Tsc2+/-, while deficits related to DSE did not respond to everolimus (T2, T3).

Conclusions
These findings may contribute to an explanation why ASD symptoms in individuals with TSC, where comorbid early-onset epilepsy is common, were not reliably ameliorated by mTOR inhibitors in clinical studies.

Supplementary Information
The online version contains supplementary material available at https://​doi.​org/​10.​1186/​s11689-021-09357-2.
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Abbreviations
	ANOVA
	Analysis of variance

	ASD
	Autism spectrum disorder

	DSE
	Developmental status epilepticus

	EEG
	Electroencephalogram

	EPM
	Elevated plus maze test

	LD
	Light-dark test

	MAPK
	Mitogen-activated protein kinase

	mTOR
	Mammalian (or mechanistic) target of rapamycin

	mTORi
	mTOR inhibitor/inhibition

	NORT
	Novel object recognition test

	OF
	Open field test

	RRID
	Research Resource Identifier (see scicrunch.​org)

	SEGA
	Subependymal giant cell astrocytoma

	SI
	Social interaction test

	TSC
	Tuberous sclerosis complex

	USV
	Ultrasonic vocalization

	WDS
	Wet dog shake

	wt
	Wild-type




Background
Autism spectrum disorder (ASD) is a neurodevelopmental disorder occurring in about 1% of the general population and well recognized as a global public health concern [1]. Epilepsy is present in about 21% of individuals with ASD who also have an intellectual disability and in about 8% of those without intellectual disability. Epilepsy is associated with a range of problem behaviors and significant treatment challenges [2–5]. However, there is still a very limited understanding of the fundamental links between ASD and seizures and a dearth of pre-clinical and clinical intervention studies of ASD in the context of epilepsy.
Tuberous sclerosis complex (TSC) is an autosomal dominant disorder with an incidence of 1:6000, with manifestations (including, but not limited to, benign tumors and other types of lesions) that can affect almost every organ in the body, including the brain. TSC is associated with ASD in up to 50% of individuals, and in turn, accounts for 1–4% of overall autism cases [6–8]. A lifetime history of epilepsy is reported in 70–90% of individuals with the disorder [9–14].
TSC is caused by mutations in either TSC1 or TSC2 resulting in dysfunction of the TSC1-TSC2 intracellular protein complex, causing overactivation of the mTOR signaling pathway [15]. The pharmacological class of mTOR inhibitors (mTORi) has emerged as molecularly targeted treatments for TSC1-TSC2-protein complex overactivation in TSC. For several organ manifestations in TSC, including renal angiomyolipoma, subependymal giant cell astrocytoma (SEGA), and as adjunctive treatment in treatment-resistent epilepsy, mTORi are now FDA- and EMA-approved therapies [16–19].
Apart from ASD, TSC is associated with a wide range of TSC-associated neuropsychiatric disorders (TAND) seen in up to 90% of individuals with TSC [15]. There is therefore significant interest in understanding the molecular (and other) mechanisms of TAND in order to identify appropriate treatments. After earlier proposals that ASD in TSC was caused by structural and/or electrophysiological aberrations, de Vries and Howe [20] proposed that direct molecular pathways may be sufficient to lead to ASD and other TAND deficits, and that mTORi may therefore be molecular-targeted treatments [20].
In Tsc1 and Tsc2 animal models, mTORi were shown to reverse cognitive [21] and social behavior impairments [22, 23], and early-phase mTORi in adults with TSC suggested potential improvement in memory and executive skills [24]. However, in subsequent trials of children and adolescents, two phase II trials reported no significant improvement in TAND manifestations including intellectual ability, behavioral problems, or ASD-related symptoms, after 6–12 months of mTORi administration [25, 26].
Epilepsy is seen in at least 70% of individuals with TSC. An association between early seizure onset (especially infantile spasms during the first year of life) and poor neurodevelopmental outcome, including ASD, has been consistently reported [5, 7, 27–36]. It is therefore of potential importance that reversal of cognitive and social behavior deficits by mTORi was mostly observed in studies conducted in Tsc1+/- and Tsc2+/- mice without an additional epilepsy model [21–23]. By contrast, the majority of TSC patients enrolled in the phase II mTORi studies also had a history of epilepsy [25, 26].
We previously reported social deficits in adult Eker rats (a spontaneous Tsc2 haploinsufficiency model) reminiscent of the findings in Tsc1+/- and Tsc2+/- mice. We also observed social deficits induced by early developmental status epilepticus (DSE) in wild-type rats, and reported additional social deficits in Tsc2+/- rats when combined with DSE [37–39]. The combination of Tsc2+/- and DSE corresponds more closely to the situation of the majority of individuals with TSC plus ASD. Recently, we reported that social deficits in the combined Tsc2+/- plus DSE model responded to the mTORi everolimus [40]. However, whether the autistic-like behaviors induced by Tsc2+/-, by DSE, or by combination of TSC and DSE have differential responsiveness to mTORi has not been examined to date.
Taking together the clinical observations and our experimental animal work, we hypothesized that ASD phenotypes in TSC resulted from a combination of TSC1/TSC2 molecular deficits (directly leading to some social deficits) and additional social impairments caused by seizures. We proposed that the direct TSC molecular deficits may be sensitive to mTORi, but that seizure-related deficits may not be, thus explaining why TAND manifestations in individuals with TSC may have been unresponsive to mTORi. Here, we studied the effect of everolimus, an mTORi, on the social deficits induced by the two factors (Tsc2+/- and DSE), either in isolation or in combination.
Methods
Animals
Rats used in this study were heterozygous Tsc2+/- (Eker) males, RRID:RGD_625624 (homozygous mutants are not viable) and their wild-type Long-Evans littermates, bred at the National Institute of Mental Health (NIMH) in Klecany, Czech Republic. Breeding Tsc2+/- males originated from the breeding colony at Technische Universität Dresden, Germany, or from subsequent generations born at NIMH. Long-Evans dams, RRID:RGD_2308852, were purchased from a supplier (Charles River, Germany). We took care to use wild-type females only, as dam genotype was demonstrated to influence maternal care and pup behavior in Tsc2+/- mice [41]. Breeding was performed in individually ventilated cages (Tecniplast, 40×35×21 cm), and after weaning at postnatal day (P)28, the offspring was transferred to standard Plexiglas boxes (44×28×23 cm) in an air-conditioned room with a 12-h/12-h light-dark cycle and food and water ad libitum.
On P3-P4, pups were sexed and genotyped by PCR using tissue samples from tail tips [42]. The offspring showed the expected Mendelian ratio 1:1 for Tsc2+/- and wild-type genotypes.
For behavioral experiments, we used males (n = 36) from five different litters (littermates evenly distributed among experimental groups for counterbalanced design). Additional adult males from different litters, which underwent the same treatment as the main group, were used for the EEG testing (n = 18) and everolimus quantification (n = 16). Individual animals were arbitrarily distributed to experimental groups. Each rat had a unique identification code independent on group membership, permitting experimental blinding. Obviously ill or suffering animals would have been excluded from the study; however, no animal had to be excluded or died during the study.
All testing took place during the light phase of the daily cycle. Animals included in behavioral experiments were housed in groups of two or three. All experiments were approved by the Institutional Animal Care and Use Committee (Project of Experiments No. 66/2016) and complied with the Animal Protection Act of the Czech Republic, EU Directive (2010/63/EU). The study was not pre-registered.
Group design and timing of procedures
Sizes of experimental groups were calculated based on our data and experience from previous studies with the model [37–40, 43]. Group sizes were also influenced by the limited number of litters available from the mutant breeding line. Ultrasonic vocalizations (USV) as a measure of mother-seeking behavior were recorded at P7 in a proportion of animals (for detailed description, see Supplementary Methods). At P12, DSE or control treatment was administered. All animals were attributed to four experimental groups depending on genotype and DSE status: wild-type naïve, Tsc2+/- naïve, wild-type DSE, and Tsc2+/- DSE. At P19, a proportion of juvenile rats was behaviorally assessed as described below (Fig. 1). At the age of 3 months, the main experimental setup was initiated, focusing on the response to treatment with everolimus. It comprised assessment of behavior, epileptiform activity, and everolimus concentration in the brain. The experimental schedule consisted of three time points. First, rats underwent experiments under baseline (non-medicated) condition (T1), followed by 2 weeks of treatment with everolimus and a second round of experiments under medicated condition (T2). After 8 weeks of washing-out, a third round of experiments was conducted (T3). A graphical summary of the order of procedures and investigations can be found in Fig. 2a and Table 1.
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Fig. 1Induction of DSE and effects of Tsc2+/- and DSE on physical and behavioral development. a, b Pilocarpine injection induced signs of status epilepticus. Genotype of the pup had no influence on the time of the first occurrence of specific signs, and on seizure severity estimated using a modified Racine scale (n = 6 for wt, n = 6 for Tsc2+/-). c Tsc2+/- mutation did not affect body weight between P11 and P90 (n = 40 for wt, n = 30 for Tsc2+/-, DSE and saline pooled together). d Pilocarpine-induced DSE at P12 led to persistent growth retardation, which was detectable up to P40, but compensated in the adulthood (n = 33 for saline, n = 37 for DSE, Tsc2+/- and wt pooled together). e, f Pilocarpine-induced DSE led to reduction of social play and ultrasonic calling during interaction with an age- and treatment-matched conspecific at P19 (n = 8 pairs for saline, n = 9 pairs for pilocarpine, Tsc2+/- and wt pooled together). g Examples of ultrasonic calls emitted during social interaction at P19. Data are shown as means ± SEM. Three-way ANOVA with repeated measures and simple effects (a-d); t-test (e, f). *p < 0.05; **p < 0.01; ***p < 0.001
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Fig. 2Effects of everolimus on social behavior in adult rats with Tsc2+/- and DSE. a Temporal order of behavioral tests and drug administration. b, c Duration of anogenital and non-anogenital social exploration before (T1), during (T2) and 8 weeks after (T3) everolimus administration (n = 10 for wt naïve, n = 7 for Tsc2+/- naïve, n = 11 for wt DSE, n = 8 for Tsc2+/- DSE). Anogenital exploration (b) was significantly reduced by DSE, and this effect was not changed by everolimus treatment. Tsc2+/- induced significant decrease in the baseline session (T1), which was ameliorated by everolimus medication (T2), and the improvement persisted even after washing-out of the drug (T3). Non-anogenital social exploration (c) was significantly impaired by DSE, but not by genotype. The changes induced by an early DSE experience in both types of social behavior were not affected by everolimus. d Concentration of everolimus in the brain after T2 testing was not affected by DSE or genotype. No everolimus was detectable at T3, 8 weeks after the last injection (at T2, n = 4 for wt naïve, n = 4 for Tsc2+/- naïve, n = 6 for wt DSE, n = 2 for Tsc2+/- DSE, at T3, n = 10 for wt naïve, n = 7 for Tsc2+/- naïve, n = 11 for wt DSE, n = 8 for Tsc2+/- DSE). e Two-week administration of everolimus led to marked weight loss in the experimental animals (n = 36). Data are shown as means ± SEM, significances are indicated by asterisks according to three-way ANOVA with repeated measures (in green) and two-way ANOVA (in black). NS p > 0.05; * p < 0.05; ** p < 0.01; *** p < 0.001

Table 1Design of the experiment in adults


	Time points
	Habituation
	T1
	Everolimus administration
	Washing out period
	T3

	 	T2

	Procedure
	OF, EPM
	Behavioral testing battery
	 	Behavioral testing battery
	 	Behavioral testing battery

	Age
	P74–P78
	P81–P92
	 	P95–P106
	 	P158–P169

	Duration
	2 days
	4 days
	 	4 days
	8 weeks
	4 days

	12 days, 6 injections (every other day)


EPM elevated plus maze test, OF open field test, P postnatal day



Pilocarpine-induced developmental status epilepticus in pups
To simulate early developmental epilepsy, we used pharmacologically induced DSE. We decided to use lithium-pilocarpine-induced DSE at P12 instead of the previous paradigm of repeated kainic acid-induced DSE at P7 and P14 [39, 40]. The models are epileptologically very similar, but in a pilot experiment lithium-pilocarpine exhibited a stronger phenotype without mortality previously reported for kainic acid [39] (Fig. 1, Suppl. Fig. S1). The lithium-pilocarpine seizure model is well characterized and has been successfully used as a model of early epilepsy [44, 45].
Pilocarpine induction of DSE was performed following the protocol described by [46]. LiCl (127 mg/kg, i.p., dissolved in distilled water, purchased from Sigma Aldrich, Czech Republic, cat. no. L4408-100G) was applied to all pups at P11, to sensitize them to pilocarpine, and to facilitate seizures [47]. After 24 h (P12), half of the pups received a single i.p. injection of pilocarpine (35 mg/kg, injection volume 10 ml/kg, purchased from Sigma Aldrich, Czech Republic, cat. no. P6503-5G) and the others received 0.9% saline vehicle solution (naïve control). The state of the pups was checked by visual observation, a heating pad was used to prevent hypothermia, and additional saline was applied after the DSE procedure to prevent dehydration. With regard to brain development, the time span between P7 to P14 in rats is comparable with the first year of life in humans [48]. DSE in this period leads to life-long impairments of cognition and synaptic plasticity [49, 50]. Infantile spasms are a key component of early developmental epilepsy in TSC, associated with intellectual disability and ASD [15]. Chronic infantile spasms have been studied in rodents as genetic and as acquired models [51, 52]. There is however no single optimal model of infantile spasms, most have limitations, and many of the existing ones would not have been applicable for our study. We used DSE as an animal model of early epilepsy in TSC, although it is not a specific model of infantile spasms, in order to study differential effects of Tsc2 haploinsufficiency and experience of status epilepticus restricted to early life [39, 40]. The DSE animal model resembles some aspects of early life epilepsy in TSC, in particular, the severe seizure activity and the long-term effects on behavior.
Behavioral testing of juveniles
At P19, juvenile rats (n = 34) from the main experimental group were tested for spontaneous exploration of unknown environment and social behavior. In the open field test (OF), the juvenile was placed into the middle of a dimly illuminated (18 lux) Plexiglas box (40×35×21 cm) with fresh bedding and recorded for 3 min. Social interaction test was performed in the same box. After 5-min social isolation, two juveniles of the same genotype were put into the box simultaneously and recorded for 3 min. Social play, other social contacts, self-grooming, and digging were noted. Social play was the most distinctive behavioral category at this age, so we focused on it in the analysis. As it is a behavior in which both pups participate, every pair was taken as a single measurement. USV were recorded during SI sessions. The experimenter who handled the animal was always unaware of the experimental group assignment.
Behavioral testing battery in adults
For the testing battery, we used 36 rats: wild-type naïve (n = 10), Tsc2+/- naïve (n = 7), wild-type DSE (n = 11) and Tsc2+/- DSE (n = 8). The order of animals was always randomized with respect to group membership. Due to limited throughput of the behavioral tests, the animals were divided into two cohorts shifted by 1 week. The behavioral testing battery was preceded by habituation sessions for open field and elevated plus maze apparatuses at P74–P78, to eliminate novelty effect from the subsequent testing. The behavioral testing battery conducted at T1, T2, and T3 covered several behavioral domains affected in TSC and ASD patients: social behavior and communication (social interaction, SI), anxiety (elevated plus maze test, EPM; light-dark test, LD), spontaneous locomotor activity (open field test, OF), learning and memory (Y-maze test; novel object recognition test, NORT). The design and temporal order of the tests is represented by Tables 1 and 2. The experimenter who handled the animal was always unaware of the experimental group assignment.
Table 2Order of tests used in the behavioral testing battery


	Phase
	Habituation
	Behavioral testing battery (T1, T2, T3)

	Day
	 	Day 1
	Day 2
	Day 3
	Day 4

	Test
	OF
EPM
	EPM
LD
	OF
	NORT
	SI
Y-maze


EPM elevated plus maze test, LD light-dark test, NORT novel object recognition test, OF open field test, SI social interaction test



Social interaction test (SI)
In this test, two unfamiliar rats (non-cage mates) of the same age from the same group were interacting in the neutral, familiar environment of the open field arena, dimly illuminated (18 lux). Social isolation (10 min) preceded the interaction test, which itself took 10 min, but only the first 5 min were analyzed. The following parameters were evaluated: (a) social behavior: anogenital exploration, non-anogenital exploration, climbing on or pinning the social partner, following or approaching the social partner, play/fight, and evade; and (b) non-social behavior: self-grooming, freezing.
Elevated plus maze test (EPM)
The apparatus, made from light grey plastic, consisted of four arms (each 10-cm wide, 50-cm long), elevated 70 cm above the floor. Two arms opposite to each other were open, and the other two were surrounded by 30-cm high walls. The apparatus was illuminated by fluorescent tubes on the ceiling (480 lux in open arms, 85 lux in closed arms). Each animal was placed into the middle part facing into an open arm and recorded for 5 min. The animals were habituated to the apparatus by a 5-min session 1 week before T1 to avoid the effect of novelty. Time spent in the open arms was evaluated as a classical measure of anxiety. Looking down from the maze (a form of risk assessment behavior also termed head dipping or scanning in the literature) was counted whenever the head of the rat protruded over the edge of an open arm. This behavior has been shown to provide a measure of anxiety, perhaps linked to decision-making [53, 54]. The total number of arm visits was used as a measure of locomotor activity.
Light-dark test (LD)
The apparatus consisted of a dark compartment with black walls (25×25 cm) and a light compartment with white floor and transparent walls (50×25 cm; illumination 1000 lux), both divided by a gray wall disrupted by a 10×15 cm opening. It was manufactured to match the one used by Waltereit et al. (2011). The animal was placed into the dark compartment and recorded for 10 min. Time spent in the light compartment was recorded as a measure of anxiety [55].
Open field test (OF)
For the open field test, a square white chipboard arena (70×70 cm; illumination 1000 lux) was used. The animal was placed into the middle of the arena and left to freely explore for 10 min. Habituation to the arena was done 1 week before T1. Locomotor activity (total distance walked) was measured.
Novel object recognition test (NORT)
Novel object recognition test was done in the same apparatus as OF, but with a dim, indirect illumination (18 lux). It was done 24 h after the open field test to ensure familiarity of the animals with the environment. Two different pairs of identical objects of comparable size (glass jars full of pebbles and glass cuboid containers) were used. The objects were fastened by two-sided tape to the floor in the opposite corners (20 cm from the walls) and cleaned with water after each session. The animal was put into the central part facing an empty corner. In the initial sampling session, the rat was left free in the arena to explore two identical objects for 5 min. After 15-min retention interval, one object was replaced by a novel one and the animal was allowed to explore them for another 5 min (discrimination session). The use of objects as familiar/novel was counterbalanced to minimize the effect of any eventual preference of object or place, unrelated to the experimental stimulus. Discrimination index, as a measure of ability to differentiate between familiar and unfamiliar objects, was calculated as (n−f)/(n+f); where n is the time spent by the exploration of the novel object, while f is the time spent exploring the familiar object.

                              Y-maze test
Y-maze was used to study spontaneous alternation as a measure of working memory. The apparatus consisted of three identical arms (10-cm wide, 50-cm long, 30-cm high walls; labeled A, B, and C) made from white plastic. The rat was placed into the central part facing the arm A and was left free to explore the maze for 8 min. Spontaneous alternation (in %) was calculated as the number of correct triads of arm entries (ABC, BCA, CAB, ACB, CBA, BAC) divided by the number of all triads. The same arm entrance (AA, BB, CC) was counted when the rat came out of an arm to the center and returned back again to the same arm. Total arm visits were analyzed as an activity measure.
Everolimus administration
Everolimus suspension was provided by Novartis (Basel, Switzerland) in a proprietary vehicle at 20 mg/ml. For application, it was diluted in 0.9% saline and injected i.p. at a dose of 1 mg/kg (injection volume 1 ml/kg), as described previously [40]. The drug was administered every other day for 12 days (6 injections in total), and the testing battery under medication (T2) was initiated during the second week of administration. All animals were injected by the active substance, and within-subject design was used to assess the effects on behavior. The drug was always applied in the afternoon, after behavioral testing. Body weight of rats was measured every day before the injection. Everolimus levels in the brain were not affected by rat genotype or history of DSE and remained stable in the period corresponding to the behavioral testing, as shown in Suppl. Fig. S3.
Everolimus levels in the brain tissue
To address the question of everolimus levels in the brain during the behavioral tests, we harvested the brains from the main experimental group immediately after the T3 behavioral testing (8 weeks after the end of everolimus therapy). The rats were decapitated under isoflurane anesthesia. Additional rats of the same origin, age, and treatment (n = 16) were sacrificed at the end of the 14-day everolimus medication, corresponding to the end of T2.
To verify if everolimus concentrations during the T2 testing period were stable, we used a group of intact Wistar rats (RRID:RGD_13508588, Velaz Ltd., Czech Republic, n = 16). The rats undergoing the same everolimus treatment as the main experimental group were sacrificed either before the medication (baseline), or 24 h after the third or the sixth (final) everolimus injection, which corresponds to the beginning and the end of the T2 behavioral testing battery.
The rats were anaesthetized by isoflurane and sacrificed by decapitation, their brains quickly removed, cooled by dry ice, and stored at −80 °C until analysis. Approximately, 100 mg of rat brain tissue was transferred to Eppendorf tube; 100 mg of bullets for homogenization and 1 ml of acetonitrile were added to each sample. The samples were thoroughly vortexed and homogenized using the Bullet Blender Gold (Next Advance, USA) at 4 °C (15 min, speed 8). Then, the samples were centrifuged (10 min, 11.2 RPM) and the resulting supernatants were carefully pipetted to HPLC vials.
For HPLC-MS/MS analysis, UltiMate 3000 LC system (Thermo, USA) coupled with QTrap 6500 mass spectrometer (AB Sciex, Canada) was used. Chromatographic separation was performed on Kinetex F5 column, 2.1 x 150 mm, 1.7 μm (Phenomenex, USA). The mobile phases for gradient elution were 0.1 % formic acid + 5 mM ammonium formate in water (A) and methanol with 0.1 % formic acid (B). The flow rate of the mobile phase was 200 μL/min, and the column temperature was set at 30 °C. The MS/MS apparatus was operating in positive mode. A multiple reaction monitoring (MRM) method was developed with three transitions of m/z used for the detection of everolimus (975.6→908.5, 980.6→948.5, 980.6→775.5) and three transitions for the deuterated standard of the analyte (979.6→912.5, 984.6→952.5, 984.6→779.5). For data acquisition and management, Analyst software (RRID:SCR_015785) version 1.63 and MultiQuant 3.0.3 were utilized (AB Sciex).
Stereotactic surgery
For EEG recordings, we used additional 18 male rats divided into the same groups: wild-type naïve (n = 5), Tsc2+/- naïve (n = 3), wild-type DSE (n = 4), and Tsc2+/- DSE (n = 6). The animals were stereotactically implanted at P80 with 14 gold-plated epidural electrodes (Mill-Max Mfg. Corp., product number 310-93-132-41-001, purchased from Farnell Czech Republic), under general isoflurane anesthesia (2.5%). Electrodes were implanted epidurally in homologous areas of the frontal, parietal, and temporal regions of the right and left hemispheres. Coordinates were taken from Paxinos rat brain atlas, RRID:SCR_006369 [56]: A +5 mm and L ±2 mm for the frontal association cortex (electrodes F3/F4), A +2.2 mm, and L ±3.2 mm for the primary motor cortex (electrodes C3/C4), A −3.8 mm and L ±2.5 mm (electrodes P3/P4), and A -4.5 mm and L ±4.5 mm (electrodes P5/P6) for the lateral parietal association cortex, A −3.6 mm and L ±7.2 mm for the temporal association cortex (electrodes T3/T4) and A −8.3 mm and L ±5.8 mm for the secondary auditory cortex (electrodes T5/T6). The reference electrode was implanted above the olfactory bulb and ground electrode subcutaneously in the occipital region. Electrode positions are indicated in Fig. 4. Electrodes and the connector were fixed to the skull with dental cement Dentalon (containing 1 g of active gentamicin per 100 g of Dentalon powder). After the surgery, rats were single-housed to prevent damage of the implant and left for 1 week to recover.
EEG recordings
Four recordings were acquired from each animal. The first one was done 1 week after implantation (session 1 at P95—age corresponding to T1 behavioral experiments). Then, everolimus was administered for 2 weeks prior to the second recording (session 2 at P111, corresponding to T2 behavioral testing). Two more recordings were made during the washing-out period (session 3 at P124 and session 4 at P138), the latter corresponding to T3 behavioral testing.
Recording sessions were 42–55-min long (40 min of signal from each animal were analyzed) and were conducted in a box with bedding. The rats were able to move freely in the cage during EEG recording while connected to a data acquisition system.
Raw EEG signal was recorded using the BrainScope (M&I, Prague) BioSDA09 amplifier having a frequency band of 0.15–70 Hz. The system acquired data with a 16-bit depth, 7.63 nV/bit resolution (i.e., ∼130 bit/μV), and a dynamic range of ±500 μV. The data were recorded using a sampling rate of 1000 Hz.
Data evaluation and statistical analysis
Sample sizes were adopted from previous behavioral experiments in the Tsc2+/- (Eker) rat [39, 40]. In some substantially laborious experiments (EEG recordings), the sample size was determined by the framework of experimental possibilities. With respect to our previous studies [39, 40], anogenital exploration was the primary outcome. No animal was excluded from the study.
During all behavioral tests, the animals were recorded by an overhead video camera located above the apparatus. BORIS software [57] was used for offline manual scoring of rat behavior; EthoVision software (RRID:SCR_000441, Noldus Information Technology, Wageningen, Netherlands) for automatic analysis of trajectory in OF. Ultrasonic calls were marked manually in the Audacity software (RRID:SCR_007198). EEG recordings were analyzed manually in BrainVision Analyzer 2.1 (RRID:SCR_002356), and all findings were video confirmed with behavior. All offline analyses were blinded.
Data were statistically evaluated using the IBM SPSS Statistics 25 (RRID:SCR_019096). Three-way analysis of variance (ANOVA) with repeated measures was used for the main behavioral testing battery. MANOVA, t-test and one-way ANOVA were used when applicable. The factors included in the analysis were genotype (Tsc2+/-) and DSE as between-subject measures and time as within-subject measure. The factor of time covered the course of everolimus medication (T1—baseline before treatment, T2—under everolimus medication, T3—after washing out). In case there was a significant genotype-time or DSE-time interaction, we used simple effects to specify the nature of the interaction and to identify the testing condition where the groups differed. The data was log-transformed to meet parametric assumption in case of non-normal distribution (indicated by Shapiro-Wilk test of normality). When transformation did not lead to normalization of the data (number of open arm visits in the elevated plus maze), the negative binomial model with log link function was used. Significance was accepted at p ≤ 0.05. When the assumption of sphericity was not met in ANOVA with repeated measures, we used Greenhouse-Geisser correction of df and p values.
Statistical analysis of the data was independently verified using GraphPad PRISM 5, RRID:SCR_002798 (two-way ANOVA and Bonferroni post hoc tests), also used to indicate significance in the figures. Data are shown as bar graphs with mean and SEM. With regard to the quantity of data combined in the figures, additional showing of individual data points resulted in overloaded presentations. Instead, full output tables of statistical results obtained from both types of statistical software can be found in Suppl. Tab. S1.
Results
Severity of pilocarpine-induced DSE is independent of pup genotype
Pilocarpine injection at P12 caused diarrhea and seizures accompanied by automatic scratching, drumming motions, tremors, limb extensions, postural problems, and wild running, which is consistent with signs described in the literature [58]. The signs appeared in characteristic order during seizure onset, and the time of their first occurrence was independent of pup genotype (Fig. 1a). Seizure severity was assessed by visual observation complemented by video recordings at two 15-min observation intervals, the first starting immediately after injection and the second starting 4 h after the injection. The signs were scored using a modification of the Racine scale. Clonic behaviors, such as shivering or forelimb clonus (“drumming “) counted as stage 3, while tonic behaviors (general stiffness, tail clonus, falls, or failure of righting reflex) counted as stage 5. Behaviors which could represent both seizure-related automatisms and normal behavior (i.e., scratching) only counted as stage 1. The highest stage observed in the 15-min interval for each animal was then counted. Seizure severity was comparable in Tsc2+/- and wild-type pups at both time points (Fig. 1b). This suggests that genotype did not play a role in the severity of the seizure. After 5–6 h, the symptoms receded in most individuals, and the pups were then returned to the mothers. No mortality was observed.
Social behavior is altered by Tsc2+/- and pilocarpine-induced DSE during early development
Body weight of animals from all four experimental groups was monitored from P11 to P90. We found an obvious effect of age (F(1.261, 83.225) = 4207.379; p < 0.001; ηp2 = 0.985), but also an interaction between age and DSE treatment (F(1.261, 83.225) = 4.092; p = 0.037; ηp2 = 0.058). Genotype had no influence on weight. Simple effects showed significant differences between DSE and naïve groups at P14 (p < 0.001), P19 (p = 0.001), P27 (p = 0.015), and P40 (p = 0.010), with DSE animals exhibiting lower body weight. This indicates that DSE affected the physical development of the pups, with persistent retardation of growth only normalizing at early adulthood (Fig. 1c, d). Moreover, the effects of DSE on social behavior at P19 were examined. The total duration of social play was selected as the parameter most relevant to eventual autism-like deficits. The data were log-transformed because of non-normal distribution and analyzed by t-test. In pairs consisting of DSE pups, the social play was much less common: T(15) = 3.15, p = 0.007. Also, ultrasonic vocalizations (total call count) were much less common in DSE pups: T(15) = 3.035, p = 0.008 (Fig. 1e, f). Together, this confirms that DSE has a lasting impact on both physical and social developments of the pups.
In experimentally naïve P7 pups (prior to DSE), we observed an altered isolation-induced USV profile in Tsc2+/- pups, suggesting that Tsc2+/- also leads to early changes in vocal communication patterns (for detailed description, see Supplementary results, Fig. S2 and Suppl. Tab. S1).
Everolimus reduces social behavior deficits in adult rats with Tsc2+/- but not after DSE
Young adult rats from all four experimental groups (wild-type naïve, Tsc2+/- naïve, wild-type DSE, Tsc2+/- DSE) were investigated in several behavioral paradigms under three different conditions: baseline before everolimus treatment (T1), during treatment with everolimus (T2), and after wash-out (T3).
In the social interaction test, the parameters of anogenital and non-anogenital social exploration were chosen for analysis (Fig. 2b, c, Supplementary Tab. S1). In anogenital social exploration, three-way ANOVA of T1–T3 revealed an effect of DSE, F(1, 32) = 23.909; p < 0.001; ηp2 = 0.428, with rats with a history of DSE being less explorative. There was also an effect of time F(2, 64) = 16.078; p < 0.001; ηp2 = 0.334. Importantly, there was a significant interaction between Tsc2+/- and time, F(2, 64) = 3.438; p = 0.038; ηp2 = 0.097. A more detailed examination by simple effects analysis showed that Tsc2+/- genotype significantly decreased anogenital exploration at T1 (p = 0.036), but this deficit was no longer apparent at T2 and T3 (Fig. 2b). This indicates an effect of everolimus on anogenital social exploration impaired by Tsc2+/-, but not by DSE. In non-anogenital social exploration, three-way ANOVA of T1–T3 was only significant for the effect of DSE F(1, 32) = 12.285; p = 0.001; ηp2 = 0.277. Two-way ANOVA of T1, T2, and T3 showed an effect only of DSE (Fig. 2c). Other parameters either did not differ between groups, or were too rare for analysis, and are not shown.
Importantly, we verified that everolimus concentration in brain tissue at T2 was not significantly affected by either DSE or Tsc2+/- (Fig. 2d). It was also stable during the T2 behavioral testing period and non-detectable after washing-out at T3 (Fig. 2d; Suppl. Fig. S3). Everolimus induced significant weight decrement, which was, however, quickly compensated after therapy discontinuation (Fig. 2e).
Locomotor activity in the EPM, measured by total arm visits, was affected neither by Tsc2+/- nor by DSE. In three-way ANOVA, the effect of time was significant, F(3, 96) = 3.839; p = 0.012; ηp2 = 0.107, corresponding to a gradual decrease of activity across sessions, probably driven by habituation of the animals (Fig. 3a). Open arm visits exhibited a strongly non-normal distribution, which was not improved by data transformation. Therefore, we used the negative binomial model with log link function and did not found a statistically significant effect of either DSE or genotype at T1, T2, or T3. However, the number of open arm visits was decreased in Tsc2+/- animals in the habituation session: 0.168 (95% CI, 0.029 to 0.972), p = 0.046 (Fig. 3b). In looking down duration, a three-way ANOVA showed a significant effect of DSE, F(1, 32) = 7.780; p = 0.009; ηp2 = 0.196, with DSE rats spending more time looking down from the maze than their naïve counterparts. On the other hand, this behavior was reduced in Tsc2+/- rats, F(1, 32) = 6.205; p = 0.018; ηp2 = 0.162. There was also an effect of time, F(2.168, 69.377) = 3.71; p = 0.026; ηp2 = 0.104, suggesting gradual decrease. There was no interaction between the factors. Two-way ANOVA for individual sessions confirmed the effects of DSE at all time points. Effects of Tsc2+/- were present at habituation and T3, but not at T1 and T2 (Fig. 3c).
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Fig. 3Effects of everolimus on non-social behaviors in adult rats with Tsc2+/- and DSE. In the elevated plus maze, overall activity measured as total arm visits (a) did not differ between groups. Anxiety measured by open arms visits (b) was not significantly different between groups in the experimental sessions, although in habituation, anxiety was increased in Tsc2+/- groups. Looking down duration (c) was increased by DSE and reduced by Tsc2+/- mutation. Locomotor activity in the open field (d), the time spent in the light compartment in the light-dark test (e) and general level of activity in the Y-maze (f) did not show differences between groups. On the other hand, spontaneous alternation in the Y-maze (g) was decreased in DSE groups according to repeated measures three-way ANOVA, revealing a working memory deficit (although the difference is not seen as significant in two-way ANOVAs for individual days). Novel object recognition (h) performance was not affected by either DSE treatment or genotype. Repeated measure analysis showed significant effect of testing condition in several parameters (a–f); however, in all cases, the behaviors evolved gradually in time in a manner suggesting habituation to the apparatuses or age-dependent changes, rather than everolimus medication as the cause (for all tests, n = 10 for wt naïve, n = 7 for Tsc2+/- naïve, n = 11 for wt DSE, n = 8 for Tsc2+/- DSE). Data are shown as means ± SEM, significances are indicated by asterisks according to three-way ANOVA with repeated measures (in green), two-way ANOVA (in black) or negative binomial model with log link (open arm visits, in blue). NS p > 0.05; * p < 0.05; ** p < 0.01; *** p < 0.001


Locomotion of adult rats in the OF was neither affected by Tsc2+/- nor DSE. In three-way ANOVA, there was an effect of time (F(3, 87) = 18.233; p < 0.001; ηp2 = 0.386), again suggesting a gradual decrease of locomotion either due to habituation or age-dependent changes in activity (Fig. 3d).
In LD, the time spent in the light compartment exhibited non-normal distribution and the data had to be log-transformed. In three-way ANOVA, there was an effect of time, F(1.443, 41.857) = 5.065; p = 0.019; ηp2 = 0.149, suggesting gradual decrease of anxiety in time. There was a significant interaction between DSE and time, F(1.443, 41.857) = 4.329; p = 0.030; ηp2 = 0.130. However, subsequent simple effect analysis did not find a specific significant difference on any testing day, only a trend at T3 (p = 0.071). Two-way ANOVA for individual sessions did not find specific differences at T1 and T2; however, animals that underwent DSE did spend less time in the light compartment at T3 (Fig. 3e). Bonferroni’s post hoc tests showed that it was due to the Tsc2+/- DSE group exploring the light compartment significantly less than any other group (Supplementary Tab. S1).
In the Y-maze, locomotor activity indicated by the total number of arm visits was only affected by time, F(2, 64) = 23.895; p < 0.001; ηp2 = 0.427, with gradual decrease evidencing habituation to the environment. Working memory, measured by spontaneous alternation, was decreased in DSE animals, according to three-way ANOVA, F(1, 32) = 4.317; p = 0.046; ηp2 = 0.119 (Fig. 3f, g).
Recognition memory in NORT, measured as discrimination index, was neither affected by Tsc2+/-, DSE nor time (Fig. 3h).

                           Tsc2+/- and DSE induce epileptiform activity in adult rats which is not eliminated by everolimus
EEG in combination with video monitoring was recorded during T1 (session 1), T2 (session 2), 4 weeks later (session 3), and during T3 (session 4). EEG records showed normal and symmetric background activity and no signs of any generalized tonic-clonic seizures. However, epileptiform activity patterns were apparent in the data (Fig. 4, Supplementary Tab. S1).
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Fig. 4EEG recordings and epileptiform activity. a Number of wet dog shakes in Tsc2+/- and in DSE rats. In three-way ANOVA, there was a significant increase in WDS in Tsc2+/- rats and also generalized gradual decrease across sessions. In two-way ANOVA for data averaged across all sessions, the increase was significant for both Tsc2+/- and DSE. b Incidence of WDS also decreased during the course of a session. Placement of epidural electrodes is indicated in (c), and typical examples of epileptiform patterns are shown in d and e. Data are shown as means ± SEM (n = 5 for wt naïve, n = 3 for Tsc2+/- naïve, n = 4 for wt DSE, n = 6 for Tsc2+/- DSE), significances are indicated by asterisks according to three-way ANOVA with repeated measures (in green) and two-way ANOVA (in black) and Bonferroni post hoc test. NS p > 0.05; * p < 0.05; ** p < 0.01; *** p < 0.001


During all sessions, patterns with a frequency of 15–20 Hz (mean duration 576±11 ms) were identified in the EEG (Fig. 4d), corresponding to wet dog shake (WDS) behavior on video recordings. Statistical analysis by three-way ANOVA of sessions 1–4 showed a significant effect of Tsc2+/-, F(1, 11) = 6.850; p = 0.024; ηp2 = 0.384, with Tsc2+/- rats exhibiting more WDS. Simple effects showed that the difference between genotypes was significant in session 2 (p = 0.001) and session 3 (p = 0.019). The effect of DSE did not reach significance. There was an effect of time (F(3, 33) = 9.380; p < 0.001; ηp2 = 0.460) with a robust gradual decrease of WDS events across sessions and interaction between time and Tsc2+/- (F(3, 33) = 3.586; p = 0.024; ηp2 = 0.246). No specific effect of everolimus medication was apparent. Two-way ANOVA of individual sessions 1–4 mostly showed effects of both Tsc2+/- and DSE. Missing differences during session 4 could be due to a floor effect, as WDS decreased with time. We analyzed pooled data from sessions 1–4 to assess the overall occurrence of WDS. Two-way ANOVA and additional Bonferroni post hoc tests demonstrated individual and combined effects of both Tsc2+/- and DSE on increased WDS occurrence (Fig. 4a). To assess the temporal distribution of WDS within individual sessions, we pooled all sessions together and divided them into 5-min intervals. Three-way ANOVA showed a significant effect of Tsc2+/-, F(1, 14) = 13.007; p = 0.003; ηp2 = 0.482, a strong effect of time, F(7, 98) = 19.223; p < 0.001; ηp2 = 0.579, and interaction between time and Tsc2+/-, F(7, 98) = 2.202; p = 0.040; ηp2 = 0.136. The number of WDS was initially high, rapidly decreasing during the course of the session. Two-way ANOVA showed a disseminated pattern of differences caused by Tsc2+/- and DSE (Fig. 4b).
During periods of behavioral immobility, we also noted long intervals (mean duration 3.5±0.2 s) of rhythmic EEG activity (frequency 8–10 Hz) (Fig. 4e), which occurred predominantly in Tsc2+/- rats (27 events compared to 1 in wt).
Discussion
Our study aimed to investigate whether early epileptic seizure has an additional effect on the ASD-like phenotype in an animal model with Tsc2 haploinsufficiency, and whether the Tsc2+/- and seizure-induced behavioral deficits differ in their responsivity to mTORi treatment. We found that the ASD-like social impairment induced by Tsc2+/- responded well to everolimus therapy, confirming our earlier work [38–40], while the behavioral consequences of DSE were not ameliorated by the drug.
The observed severity of pilocarpine-induced DSE was not affected by genotype, resembling similar seizure susceptibility to pentylenetetrazole described in Tsc2+/- and wild-type rats [38]. This is of importance because the initial insult was comparable in both genotypes, and the differences in adult animals have to be attributed to genotype effects later in development. We found that pilocarpine-induced DSE led to long-term disturbance of physical and social development, corresponding to changes documented in the literature [59]. We also noted qualitative changes in isolation-induced USV of 7-day-old pups bearing Tsc2+/- mutation. Altered vocalization patterns have been previously noted as an early manifestation of the ASD-like phenotype in Tsc2+/- mouse pups [41]. In adult rats, both DSE and Tsc2+/- mutation altered social behavior. While DSE led to general and persistent impairment of social exploration, Tsc2+/- specifically decreased anogenital social exploration in the baseline session. Anogenital and non-anogenital exploration behaviors seem to be quite independent from each other, so it may not be surprising to find the one to be more sensitive to genetic factors than the other [60]. As anogenital sniffing is important for individual recognition in rats [61], we consider it to be particularly sensitive to social deficits.
An ASD-like phenotype was previously reported in both epilepsy-naive Tsc2+/- (Eker) rats and wild-type rats after kainic acid-induced DSE [39, 40]. In a genetically comparable Tsc2+/- mouse model, decreased social interaction was found by Sato et al. [23], although an earlier study reported no social impairment [21]. Other genetic manipulations causing more severe Tsc2 deficiency, or dysfunction of the TSC1-TSC2 complex, lead to abnormal social behaviors in mice [62, 63].
Importantly, a 2-week therapy with mTORi everolimus reversed the effect of Tsc2+/- on social behavior, with the beneficial effect persisting at least 2 months after discontinuation of the therapy. However, no such treatment response was observed in DSE animals. Although everolimus is known to suppress seizure frequency [17], it apparently did not ameliorate the persisting consequences of early developmental seizures. Our observations strongly suggest that Tsc2+/- and DSE may induce social impairments via different neurobiological mechanisms, with only the former being sensitive to mTOR inhibitors.
Both autism and epilepsy commonly affect emotionality. Increased anxiety after pilocarpine-induced DSE, described in the literature for both the EPM [64–66] and LD [58], was not replicated in our study. The exact timing of the status epilepticus might be crucial, as pilocarpine-induced seizure at older age actually decreased anxiety [67]. In the EPM, DSE animals spent more time looking down from the maze than naïve rats. Looking down from the maze may indicate exploratory behavior, inversely proportional to anxiety [53, 54]. However, open arm exploration as the main index of anxiety was not changed by DSE. We may also interpret looking down from the maze as a sign of risk assessment behavior, which was found to be elevated by DSE in other studies [64, 65].
Elevated anxiety was previously reported in the Tsc2+/- (Eker) rat [39], the findings in mouse models of TSC are contradictory [63, 68]. We saw elevated anxiety in the Tsc2+/- rats only in the EPM habituation session. It is possible that the anxiety phenotype was only apparent during the first experience with the task, as repeated testing has been shown to alter EPM behavior [69].
Regarding other domains of non-social behavior, DSE decreased working memory in the Y-maze. Impaired spatial learning was observed in rats after early postnatal seizures evoked by kainic acid, where it was underlain by a long-term loss of hippocampal plasticity, such as reduced capacity for long-term potentiation, reduced susceptibility to kindling and enhanced paired-pulse inhibition in the dentate gyrus [49]. A single early-life seizure in P7 rats resulted in impaired hippocampus-dependent short-term memory, but not spatial learning or recall. Presumably, the long-term cognitive impact of a single early-life seizure was limited largely to the hippocampus/prefrontal cortex [70]. It remains currently unknown if there are relations between these phenomena and the failure of everolimus to improve social behavior deficits following DSE. Locomotor behavior was unchanged in our experiments, suggesting normal sensorimotor function.
Tsc1+/- and Tsc2+/- mutations are known to induce epilepsy in humans, but so far, a spontaneous epilepsy phenotype has not been described in the Tsc2+/- rat or any comparable pre-clinical mouse models. However, previous studies assessed only overt behavioral signs of seizures [21, 38, 71, 72], which severely limited their sensitivity. Tschuluun et al. [73] measured EEG in intact and prenatally irradiated Tsc2+/- rats and detected no seizures, but their sample size was very small (n=2 for intact Tsc2+/- rats). Our EEG recordings show two classes of features which could be classified as epileptiform: wet dog shakes (WDS), possibly corresponding to focal limbic seizures [74], and intervals of rhythmic activity accompanied with immobility, both of which were more common in Tsc2+/- rats. WDS were, to a weaker extent than in Tsc2+/- rats, also observed in the adult rats with a history of DSE. Although epileptic status is a known trigger of epileptogenesis, very young animals seem to be more resilient to epilepsy initiation, and DSE before P17 did not lead to recurring seizures in adult rats [75], which is consistent with our observations. However, the occurrence of WDS decreased in time both between sessions and within a single session, especially in the rats carrying Tsc2+/- mutation, in a manner resembling habituation. This may suggest stress during the recording procedure as a possible trigger of epileptiform activity in the pre-disposed Tsc2+/- and DSE rats. Recently, Taylor et al. [76] have shown EEG signals in healthy rats mimicking absence seizures, which, however, can be terminated by external stimuli and therefore should not be considered true epileptiform activity. It is well possible that the rhythmic activity in our recordings was of similar nature, and it would be premature to classify it as epileptic without further verification. In addition, the limited number of animals in our EEG sample and rather short recording time limit the strength of our conclusions, but the observations are certainly interesting and deserve further examination. The present data do not show any effect of everolimus on EEG activity, but given the limitations by sample size and design, we must consider this conclusion tentative.
Despite the limitations, we showed that both Tsc2+/- and DSE rats exhibit distinct EEG changes, adding to the previously described increased sensitivity to flurothyl-induced seizures in irradiated animals [72] and kindling epilepsy in rats repetitively challenged with chemically induced seizures [38]. In clinical contexts, it remains unclear whether epilepsy in TSC patients is attributable to the Tsc2+/- mutation, is secondary to cortical tubers acting as epileptogenic foci [8] or may be a combination of both. Epileptiform patterns seen in the Tsc2+/- rat argue for the former, as the brains of Tsc2+/- rats are virtually tumor-free until advanced age [43].
The molecular mechanisms mediating the role of mTOR overactivation and epilepsy in the pathogenesis of ASD are only very partially understood. Aberrant synaptic protein synthesis induced by mTOR and MAPK overactivation was proposed to represent one possible pathway leading to autistic phenotypes [77]. Epilepsy sets in motion a cascade of events that include gene expression, sprouting of fibers, the establishment of new synaptic contacts, and thus persisting neuronal changes [78]. Our findings suggest Tsc2+/- and DSE to be pathophysiologically divergent, as only the former responded to mTORi treatment.
Returning to the clinical trial findings of mTORi in relation to TAND, the present study shows that the social impairment in a pre-clinical model responds to mTORi in a manner depending on its etiology: the effect of Tsc2+/- mutation is ameliorated by everolimus, while the effect of DSE is persistent—at least when treated for 2 weeks at adult age. If validated in other studies, our findings may have implications for clinical practice. Given that a significant proportion of individuals with TSC and ASD have early-onset epilepsy, our findings suggest that their ASD symptoms may only be partially responsive to mTORi. Our findings emphasize the importance of early seizure suppression as a fundamental approach against the development of ASD in TSC and in general [79–81]. Individuals with TSC and ASD who do not have comorbid epilepsy may represent a subgroup that could show more clear-cut benefit from mTORi treatment. Our study does not predict the effects of early developmental or long-term treatment with mTORi.
Finally, we acknowledge the limitations of any translational research and the challenges to recapitulate mutational and behavioral equivalence between human and rodent models. However, we used an established heterozygous animal model of TSC and used established paradigms of epilepsy and social behaviors, as used in pre-clinical research [82]. Our DSE paradigm with a single period of prolonged seizures was only an approximation of the situation in epilepsy patients, who experience recurring seizures throughout their lives. Further, it is unclear how valid pilocarpine-induced DSE is as a model for infantile spasms in TSC. It is however still remarkable that social behavior impairments in the epilepsy model could not be ameliorated by mTORi. Given that our study examined a 2-week treatment with everolimus in adult rats, it may not represent possible effects of early developmental and/or long-term treatment with mTORi. In addition, we did not assess the molecular pathways and mechanistic state of the mTOR signaling cascade in experimental groups and treatment stages directly. However, mTORi status in the brain was estimated by analyzing everolimus levels. Finally, we investigated here male animals only. In future research designs, it would be important to also study females. Despite the potential limitations, the findings presented here are novel and provide direct experimental evidence for differential contributions of molecular- and seizure-related mechanistic pathways to ASD-like phenotypes in TSC.
Conclusion
We report here first, behavioral manifestations occurred early in the development of Tsc2+/- and DSE rats; second, both the presence of a Tsc2+/- mutation and a history of DSE decreased anogenital social exploration in adult rats, but only the deficit induced by Tsc2+/- was ameliorated by mTORi treatment; and third, we showed that both Tsc2+/- and DSE caused persisting epileptiform activity not eliminated by mTORi treatment. These findings suggest that both Tsc2+/- and DSE induce abnormalities in social behavior, but through different mechanisms. We propose that our findings may contribute to an explanation why mTORi treatment was not effective in TSC individuals with ASD where comorbid early-onset epilepsy is common.
Acknowledgements
We would like to thank Dr. Hana Brozka for help with statistical analysis, Gabriela Kocurova for help with PCR genotyping, and laboratory technicians at NUDZ for animal husbandry and assistance with tissue sample acquisition.

Authors’ contributions
TP was responsible for the design and execution of behavioral experiments, contributed to the statistical analysis, and significantly contributed to the manuscript. IV contributed to the behavioral work and data analysis, wrote the major part of the “Methods” section, and was responsible for the statistics and figures. OK participated in EEG recording and analyzed the records for epileptiform activity, KT was involved in behavioral experiments and behavioral data analysis, CV performed implantation of EEG electrodes and supervised EEG recording, and JR and AS were responsible for everolimus quantification. DK supervised the research team at NUDZ. NB contributed to writing the manuscript. PdV contributed to writing the manuscript. JO provided epileptological expertise, namely helped with implementing the pilocarpine-induced DSE model and supervised EEG data analysis and interpretation. RW designed the study, supervised the collection of data, interpreted results, and wrote the major part of the paper. The authors read and approved the final manuscript.

Funding
This work was supported by an investigator-initiated research grant from Novartis and a research grant from the Deutsche Tuberöse Sklerose Stiftung (German Tuberous Sclerosis Foundation), both awarded to RW. Work at NIMH was supported by the project Sustainability for the National Institute of Mental Health, under grant number LO1611, with financial support from the Ministry of Education, Youth and Sports of the Czech Republic under the NPU I program. Open Access funding enabled and organized by Projekt DEAL.

Availability of data and materials
The datasets used and/or analyzed during the current study are available from the corresponding authors on reasonable request.

Declarations
Ethics approval and consent to participate
All animal experiments were approved by the Institutional Animal Care and Use Committee (Project of Experiments No. 66/2016) and complied with the Animal Protection Act of the Czech Republic, EU Directive (2010/63/EU).

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.


References
	1.
Baird G, Simonoff E, Pickles A, Chandler S, Loucas T, Meldrum D, et al. Prevalence of disorders of the autism spectrum in a population cohort of children in South Thames: the Special Needs and Autism Project (SNAP). Lancet. 2006;368:210–5.PubMed

	2.
Besag FM. Epilepsy in patients with autism: links, risks and treatment challenges. Neuropsychiatr Dis Treat. 2018;14:1–10.PubMed

	3.
Amiet C, Gourfinkel-An I, Bouzamondo A, Tordjman S, Baulac M, Lechat P, et al. Epilepsy in autism is associated with intellectual disability and gender: evidence from a meta-analysis. Biol Psychiatry. 2008;64:577–82.PubMed

	4.
Reilly C, Atkinson P, Das KB, Chin RFMC, Aylett SE, Burch V, et al. Neurobehavioral comorbidities in children with active epilepsy: a population-based study. Pediatrics. 2014;133:e1586–93.PubMed

	5.
Bolton PF, Carcani-Rathwell I, Hutton J, Goode S, Howlin P, Rutter M. Epilepsy in autism: features and correlates. Br J Psychiatry. 2011;198:289–94.PubMedPubMedCentral

	6.
de Vries PJ, Prather PA. The tuberous sclerosis complex. N Engl J Med. 2007;356:92.PubMed

	7.
Smalley SL. Autism and tuberous sclerosis. J Autism Dev Disord. 1998;28:407–14.PubMed

	8.
Bolton PF, Park RJ, Higgins JN, Griffiths PD, Pickles A. Neuro-epileptic determinants of autism spectrum disorders in tuberous sclerosis complex. Brain. 2002;125:1247–55.PubMed

	9.
Wu JY, Peters JM, Goyal M, Krueger D, Sahin M, Northrup H, et al. Clinical electroencephalographic biomarker for impending epilepsy in asymptomatic tuberous sclerosis complex infants. Pediatr Neurol. 2016;54:29–34.PubMed

	10.
Kotulska K, Kwiatkowski DJ, Curatolo P, Weschke B, Riney K, Jansen F, et al. Prevention of epilepsy in infants with tuberous sclerosis complex in the EPISTOP trial. Ann Neurol. 2021;89:304–14.PubMed

	11.
Davis PE, Kapur K, Filip-Dhima R, Trowbridge SK, Little E, Wilson A, et al. Increased electroencephalography connectivity precedes epileptic spasm onset in infants with tuberous sclerosis complex. Epilepsia. 2019;60:1721–32.PubMedPubMedCentral

	12.
Nabbout R, Belousova E, Benedik MP, Carter T, Cottin V, Curatolo P, et al. Epilepsy in tuberous sclerosis complex: findings from the TOSCA Study. Epilepsia Open. 2019;4:73–84.PubMed

	13.
Capal JK, Bernardino-Cuesta B, Horn PS, Murray D, Byars AW, Bing NM, et al. Influence of seizures on early development in tuberous sclerosis complex. Epilepsy Behav. 2017;70:245–52.PubMedPubMedCentral

	14.
Song J, Swallow E, Said Q, Peeples M, Meiselbach M, Signorovitch J, et al. Epilepsy treatment patterns among patients with tuberous sclerosis complex. J Neurol Sci. 2018;391:104–8.PubMed

	15.
Curatolo P, Moavero R, de Vries PJ. Neurological and neuropsychiatric aspects of tuberous sclerosis complex. Lancet Neurol. 2015;14:733–45.PubMed

	16.
Bissler JJ, Kingswood JC, Radzikowska E, Zonnenberg BA, Frost M, Belousova E, et al. Everolimus for angiomyolipoma associated with tuberous sclerosis complex or sporadic lymphangioleiomyomatosis (EXIST-2): a multicentre, randomised, double-blind, placebo-controlled trial. Lancet. 2013;381:817–24.PubMed

	17.
French JA, Lawson JA, Yapici Z, Ikeda H, Polster T, Nabbout R, et al. Adjunctive everolimus therapy for treatment-resistant focal-onset seizures associated with tuberous sclerosis (EXIST-3): a phase 3, randomised, double-blind, placebo-controlled study. Lancet. 2016;388:2153–63.PubMed

	18.
Franz DN, Belousova E, Sparagana S, Bebin EM, Frost M, Kuperman R, et al. Efficacy and safety of everolimus for subependymal giant cell astrocytomas associated with tuberous sclerosis complex (EXIST-1): a multicentre, randomised, placebo-controlled phase 3 trial. Lancet. 2013;381:125–32.PubMed

	19.
Sasongko TH, Ismail NFD, Zabidi-Hussin Z. Rapamycin and rapalogs for tuberous sclerosis complex. Cochrane Database Syst Rev. 2016;7:CD011272.PubMed

	20.
de Vries PJ, Howe CJ. The tuberous sclerosis complex proteins--a GRIPP on cognition and neurodevelopment. Trends Mol Med. 2007;13:319–26.PubMed

	21.
Ehninger D, Han S, Shilyansky C, Zhou Y, Li W, Kwiatkowski DJ, et al. Reversal of learning deficits in a Tsc2+/- mouse model of tuberous sclerosis. Nat Med. 2008;14:843–8.PubMedPubMedCentral

	22.
Tsai PT, Hull C, Chu Y, Greene-Colozzi E, Sadowski AR, Leech JM, et al. Autistic-like behavior and cerebellar dysfunction in Purkinje cell Tsc1 mutant mice. Nature. 2013;488:647–51.

	23.
Sato A, Kasai S, Kobayashi T, Takamatsu Y, Hino O, Ikeda K, et al. Rapamycin reverses impaired social interaction in mouse models of tuberous sclerosis complex. Nat Commun. 2012;3:1292.PubMedPubMedCentral

	24.
Davies DM, de Vries PJ, Johnson SR, McCartney DL, Cox JA, Serra AL, et al. Sirolimus therapy for angiomyolipoma in tuberous sclerosis and sporadic lymphangioleiomyomatosis: a phase 2 trial. Clin Cancer Res. 2011;17:4071–81.PubMed

	25.
Krueger DA, Sadhwani A, Byars AW, de Vries PJ, Franz DN, Whittemore VH, et al. Everolimus for treatment of tuberous sclerosis complex-associated neuropsychiatric disorders. Ann Clin Transl Neurol. 2017;4:877–87.PubMedPubMedCentral

	26.
Overwater IE, Rietman AB, Mous SE, Bindels-de Heus K, Rizopoulos D, ten Hoopen LW, et al. A randomized controlled trial with everolimus for IQ and autism in tuberous sclerosis complex. Neurology. 2019;93:e200–9.PubMed

	27.
Bolton PF, Clifford M, Tye C, Maclean C, Humphrey A, le Marechal K, et al. Intellectual abilities in tuberous sclerosis complex: risk factors and correlates from the Tuberous Sclerosis 2000 Study. Psychol Med. 2015;45:2321–31.PubMedPubMedCentral

	28.
Jansen FE, Vincken KL, Algra A, Anbeek P, Braams O, Nellist M, et al. Cognitive impairment in tuberous sclerosis complex is a multifactorial condition. Neurology. 2008;70:916–23.PubMed

	29.
Humphrey A, MacLean C, Ploubidis GB, Granader Y, Clifford M, Haslop M, et al. Intellectual development before and after the onset of infantile spasms: a controlled prospective longitudinal study in tuberous sclerosis. Epilepsia. 2014;55:108–16.PubMed

	30.
Jeste SS, Sahin M, Bolton P, Ploubidis GB, Humphrey A. Characterization of autism in young children with tuberous sclerosis complex. J Child Neurol. 2008;23:520–5.PubMed

	31.
Numis AL, Major P, Montenegro MA, Muzykewicz DA, Pulsifer MB, Thiele EA. Identification of risk factors for autism spectrum disorders in tuberous sclerosis complex. Neurology. 2011;76:981–7.PubMedPubMedCentral

	32.
Vignoli A, La Briola F, Peron A, Turner K, Vannicola C, Saccani M, et al. Autism spectrum disorder in tuberous sclerosis complex: searching for risk markers. Orphanet J Rare Dis. 2015;10:154.PubMedPubMedCentral

	33.
Goh S, Kwiatkowski DJ, Dorer DJ, Thiele EA. Infantile spasms and intellectual outcomes in children with tuberous sclerosis complex. Neurology. 2005;65:235–8.PubMed

	34.
O’Callaghan FJ, Harris T, Joinson C, Bolton P, Noakes M, Presdee D, et al. The relation of infantile spasms, tubers, and intelligence in tuberous sclerosis complex. Arch Dis Child. 2004;89:530–3.PubMedPubMedCentral

	35.
Primec ZR, Stare J, Neubauer D. The risk of lower mental outcome in infantile spasms increases after three weeks of hypsarrhythmia duration. Epilepsia. 2006;47:2202–5.PubMed

	36.
Riikonen R, Amnell G. Psychiatric disorders in children with earlier infantile spasms. Dev Med Child Neurol. 1981;23:747–60.PubMed

	37.
von der Brelie C, Waltereit R, Zhang L, Beck H, Kirschstein T. Impaired synaptic plasticity in a rat model of tuberous sclerosis. Eur J Neurosci. 2006;23:686–92.PubMed

	38.
Waltereit R, Welzl H, Dichgans J, Lipp H-P, Schmidt WJ, Weller M. Enhanced episodic-like memory and kindling epilepsy in a rat model of tuberous sclerosis. J Neurochem. 2006;96:407–13.PubMed

	39.
Waltereit R, Japs B, Schneider M, de Vries PJ, Bartsch D. Epilepsy and Tsc2 haploinsufficiency lead to autistic-like social deficit behaviors in rats. Behav Genet. 2011;41:364–72.PubMed

	40.
Schneider M, de Vries PJ, Schönig K, Rößner V, Waltereit R. mTOR inhibitor reverses autistic-like social deficit behaviours in adult rats with both Tsc2 haploinsufficiency and developmental status epilepticus. Eur Arch Psychiatry Clin Neurosci. 2017;267(5):455–63.PubMed

	41.
Young DM, Schenk AK, Yang S-B, Jan YN, Jan LY. Altered ultrasonic vocalizations in a tuberous sclerosis mouse model of autism. Proc Natl Acad Sci U S A. 2010;107:11074–9.PubMedPubMedCentral

	42.
Rennebeck G, Kleymenova EV, Anderson R, Yeung RS, Artzt K, Walker CL. Loss of function of the tuberous sclerosis 2 tumor suppressor gene results in embryonic lethality characterized by disrupted neuroepithelial growth and development. Proc Natl Acad Sci U S A. 1998;95:15629–34.PubMedPubMedCentral

	43.
Kútna V, Uttl L, Waltereit R, Krištofiková Z, Kaping D, Petrásek T, et al. Tuberous sclerosis (tsc2+/-) model Eker rats reveals extensive neuronal loss with microglial invasion and vascular remodeling related to brain neoplasia. Neurotherapeutics. 2019;17:329–39.PubMedCentral

	44.
Mikulecká A, Druga R, Stuchlík A, Mareš P, Kubová H. Comorbidities of early-onset temporal epilepsy: cognitive, social, emotional, and morphologic dimensions. Exp Neurol. 2019;320:113005.PubMed

	45.
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.PubMed

	46.
Kubova H, Mares P. Are morphologic and functional consequences of status epilepticus in infant rats progressive? Neuroscience. 2013;235:232–49.PubMed

	47.
Marchi N, Fan Q, Ghosh C, Fazio V, Bertolini F, Betto G, et al. Antagonism of peripheral inflammation reduces the severity of status epilepticus. Neurobiol Dis. 2009;33:171–81.PubMed

	48.
Workman AD, Charvet CJ, Clancy B, Darlington RB, Finlay BL. Modeling transformations of neurodevelopmental sequences across mammalian species. J Neurosci. 2013;33:7368–83.PubMedPubMedCentral

	49.
Lynch M, Sayin U, Bownds J, Janumpalli S, Sutula T. Long-term consequences of early postnatal seizures on hippocampal learning and plasticity. Eur J Neurosci. 2000;12:2252–64.PubMed

	50.
Sayin U, Sutula TP, Stafstrom CE. Seizures in the developing brain cause adverse long-term effects on spatial learning and anxiety. Epilepsia. 2004;45:1539–48.PubMed

	51.
Dulla CG. Utilizing animal models of infantile spasms. Epilepsy Curr. 2018;18:107–12.PubMedPubMedCentral

	52.
Stafstrom CE. Infantile spasms: a critical review of emerging animal models. Epilepsy Curr. 2009;9:75–81.PubMedPubMedCentral

	53.
Cruz AP, Frei F, Graeff FG. Ethopharmacological analysis of rat behavior on the elevated plus-maze. Pharmacol Biochem Behav. 1994;49:171–6.PubMed

	54.
Griebel G, Rodgers RJ, Perrault G, Sanger DJ. Risk assessment behaviour: evaluation of utility in the study of 5-HT-related drugs in the rat elevated plus-maze test. Pharmacol Biochem Behav. 1997;57:817–27.PubMed

	55.
Arrant AE, Schramm-Sapyta NL, Kuhn CM. Use of the light/dark test for anxiety in adult and adolescent male rats. Behav Brain Res. 2013;256:119–27.PubMedPubMedCentral

	56.
Paxinos G, Watson C. The rat brain in stereotaxic coordinates. 6th ed. Cambridge: Academic Press; 2007.

	57.
Friard O, Gamba M. BORIS: a free, versatile open-source event-logging software for video/audio coding and live observations. Methods Ecol Evol. 2016;7:1325–30.

	58.
de Oliveira DL, Fischer A, Jorge RS, da Silva MC, Leite M, Goncalves CA, et al. Effects of early-life LiCl-pilocarpine-induced status epilepticus on memory and anxiety in adult rats are associated with mossy fiber sprouting and elevated CSF S100B protein. Epilepsia. 2008;49:842–52.PubMed

	59.
Castelhano ASS, Scorza FA, Teixeira MCTV, Arida RM, Cavalheiro EA, Cysneiros RM. Social play impairment following status epilepticus during early development. J Neural Transm. 2010;117:1155–60.PubMed

	60.
Petrasek T, Vojtechova I, Lobellova V, Popelikova A, Janikova M, Brozka H, et al. The McGill transgenic rat model of Alzheimer’s disease displays cognitive and motor impairments, changes in anxiety and social behavior, and altered circadian activity. Front Aging Neurosci. 2018;10:1–23.

	61.
Moura PJ, Meirelles ST, Xavier GF. Long-term social recognition memory in adult male rats: factor analysis of the social and non-social behaviors. Braz J Med Biol Res. 2010;43:663–76.PubMed

	62.
Chevere-Torres I, Maki JM, Santini E, Klann E. Impaired social interactions and motor learning skills in tuberous sclerosis complex model mice expressing a dominant/negative form of tuberin. Neurobiol Dis. 2012;45:156–64.PubMed

	63.
Yuan E, Tsai PT, Greene-Colozzi E, Sahin M, Kwiatkowski DJ, Malinowska IA. Graded loss of tuberin in an allelic series of brain models of TSC correlates with survival, and biochemical, histological and behavioral features. Hum Mol Genet. 2012;21:4286–300.PubMedPubMedCentral

	64.
Kubova H, Mares P, Suchomelova L, Brozek G, Druga R, Pitkanen A. Status epilepticus in immature rats leads to behavioural and cognitive impairment and epileptogenesis. Eur J Neurosci. 2004;19:3255–65.PubMed

	65.
Loss CM, Cordova SD, de Oliveira DL. Ketamine reduces neuronal degeneration and anxiety levels when administered during early life-induced status epilepticus in rats. Brain Res. 2012;1474:110–7.PubMed

	66.
Castelhano ASS, Cassane GDST, Scorza FA, Cysneiros RM. Altered anxiety-related and abnormal social behaviors in rats exposed to early life seizures. Front Behav Neurosci. 2013;7:1–8.

	67.
Detour J, Schroeder H, Desor D, Nehlig A. A 5-month period of epilepsy impairs spatial memory, decreases anxiety, but spares object recognition in the lithium-pilocarpine model in adult rats. Epilepsia. 2005;46:499–508.PubMed

	68.
Ehninger D, Silva AJ. Increased levels of anxiety-related behaviors in a Tsc2 dominant negative transgenic mouse model of tuberous sclerosis. Behav Genet. 2011;41:357–63.PubMed

	69.
File SE. Factors controlling measures of anxiety and responses to novelty in the mouse. Behav Brain Res. 2001;125:151–7.PubMed

	70.
Cornejo BJ, Mesches MH, Benke TA. A single early-life seizure impairs short-term memory but does not alter spatial learning, recognition memory, or anxiety. Epilepsy Behav. 2008;13:585–92.PubMedPubMedCentral

	71.
Takahashi DK, Dinday MT, Barbaro NM, Baraban SC. Abnormal cortical cells and astrocytomas in the Eker rat model of tuberous sclerosis complex. Epilepsia. 2004;45:1525–30.PubMed

	72.
Wenzel HJ, Patel LS, Robbins CA, Emmi A, Yeung RS, Schwartzkroin PA. Morphology of cerebral lesions in the Eker rat model of tuberous sclerosis. Acta Neuropathol. 2004;108:97–108.PubMed

	73.
Tschuluun N, Wenzel HJ, Schwartzkroin PA. Irradiation exacerbates cortical cytopathology in the Eker rat model of tuberous sclerosis complex, but does not induce hyperexcitability. Epilepsy Res. 2007;73:53–64.PubMed

	74.
Rondouin G, Lerner-Natoli M, Hashizume A. Wet dog shakes in limbic versus generalized seizures. Exp Neurol. 1987;95:500–5.PubMed

	75.
Priel MR, dos Santos NF, Cavalheiro EA. Developmental aspects of the pilocarpine model of epilepsy. Epilepsy Res. 1996;26:115–21.PubMed

	76.
Taylor JA, Reuter JD, Kubiak RA, Mufford TT, Booth CJ, Dudek FE, et al. Spontaneous recurrent absence seizure-like events in wild-caught rats. J Neurosci. 2019;39:4829–41.PubMedPubMedCentral

	77.
Kelleher RJ 3rd, Bear MF. The autistic neuron: troubled translation? Cell. 2008;135:401–6.PubMed

	78.
Ben-Ari Y, Represa A. Brief seizure episodes induce long-term potentiation and mossy fibre sprouting in the hippocampus. Trends Neurosci. 1990;13:312–8.PubMed

	79.
Moavero R, Benvenuto A, Emberti Gialloreti L, Siracusano M, Kotulska K, Weschke B, et al. Early clinical predictors of autism spectrum disorder in infants with tuberous sclerosis complex: results from the EPISTOP study. J Clin Med. 2019;8:788.PubMedCentral

	80.
Jozwiak S, Kotulska K, Wong M, Bebin M. Modifying genetic epilepsies - results from studies on tuberous sclerosis complex. Neuropharmacology. 2019;166:107908.PubMed

	81.
Tuchman R, Rapin I. Epilepsy in autism. Lancet Neurol. 2002;1:352–8.PubMed

	82.
Howe CJ, Serfontein J, Nisbet ER, de Vries PJ. Viewing animal models for tuberous sclerosis complex in the light of evolution. In: Roubertoux PL, editor. Org Model Autism Spectr Disord. New York: Humana Press; 2015. p. 99–115.



Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.


OEBPS/images/11689_2021_9357_Fig3_HTML.png
Total number of
arm visits

T

Number of open
arm visits

Time spent by
looking down (s)

Total walked
distance (m)

ELEVATED PLUS MAZE:
Total arm visits

wt naive B Tsc2+/- naive
B wtDse M Tsc2+/-DSE

% (Time)
12
10
8
6
4
2
0
HAB T
ELEVATED PLUS MAZE:
Open arms visits
*
3.0
25 Q‘
2.0
1.5
1.0
0.5

™

ELEVATED PLUS MAZE:
Looking down duration

* (Time)
*% (DSE)
* *% * *k
I e £ £/ £/

% (Genotype)

50 * *k

] =L

40

35

30

25

20

15

10

HAB ™

OPEN FIELD TEST:
Locomotion

* %% (Time)

e LIGHT-DARK TEST:
Light duration

% (Time)

% (Time*DSE)

*k

J

"

Time spent in the light
compartment (s)

= =2 N NN

B ON OO B

o OO O OO Oo

o

=

Y-MAZE TEST:

Total arm visits
*%% (Time)

Total number of
arm visits
o

™

g Y-MAZE TEST:
Spontaneous alternation

% (DSE)

Alternation (%)
g

™ T3

h NOVEL OBJECT RECOGNITION:
Discrimination index

Discrimination index
(n—f) / (n+f)

O SOo0ooooo0o00

o O=2=aNDNWWHA DN

oo ocuocuou






OEBPS/navigation.xhtml

    
      Contents


      
        		mTOR inhibitor improves autistic-like behaviors related to Tsc2 haploinsufficiency but not following developmental status epilepticus


      


    
    
      Landmarks


      
        		Body Matter


      


    
  

OEBPS/css/envelope.png





OEBPS/images/11689_2021_9357_Fig2_HTML.png
a Age
PO

P7

P11
P12

m Birth

B USV recording

LiCl
L Pilocarpine

] DSE

b  Anogenital exploration

*%% (Time)
*%% (DSE)
NS (Time*DSE)
*k% *kk *kk
T I I
NS (Genotype)
S * (Time*Genotype)
s *%* NS NS
% 30 =1
X 25 :I:
58 2
S
= 15
§S 10
fo k=]
o8 5
c S
<D

T T3

c Non-anogenital exploration
NS (Time)

*%% (DSE)

NS (Time*DSE)

*k% * *%
1

NS (Genotype)

NS (Time*Genotype)
NS NS

)

Non-anogenital exploration

duration (s

d

ng/g brain tissue

e

Weight increment (g)

Everolimus brain levels

wt naive B Tsc2+/- naive
B wtDSe M Tsc2+-DSE

- N w S a1
o o o o o
| | 1 | |

o
|

T2 T3

Weight development following
everolimus treatment

30—

146 8 111820
Days after treatment






OEBPS/images/11689_2021_9357_Fig4_HTML.png
a Wet dog shakes (WDS):
session averages

*%% (Time)

NS (DSE)
NS (Time*DSE)
NS * * NS NS

% _ (Genotype)

* _ (Time*Genotype)

Number of WDS

T

Session1

T3 Average
Session3 Session4 Sessions
1-4

d Wet dog shakes (WDS)

F3 Yy
F4 Sy
C3 AN
C4 NSy
P3 v
P4 A M A
T4 RSV
T3 eV
T5 M
T6 RVt

400 pv

Average number
of WDS
OaNwWwWrOTO N

e

Wet dog shakes (WDS):
changes in occurrence
within session

wt naive M Tsc2+/- naive
B wtDSE M Tsc2+/- DSE

*%% (Time)

NS (DSE)

NS (Time*DSE)

NS NS NS *
[ o i | s [

%% (Genotype)

*

(Time*Genotype)

Fkk *% NS *%

0-5

5-10

15-20 20-25

0aarj

25-30 30-35 35-40

Minutes

Rhythmic activity

F3 e M o A g AP A SO, (A AN it e i,
FA e AN s iy A A g o IO AR NN AN o8N i it

C3
C4
P3
P4
T4
T3
T5
T6

400 ppv 1s





OEBPS/images/11689_2021_9357_Fig1_HTML.png
Time after injection (s) @

Body weight (g)

Social play

Seizure signs:

M PIL wt
[ PIL Tsc2+/-

first occurrence

Body weight curve:
effect of Tsc2+/- mutation
500
450 + wt
400 = Tsc2+/-
350
300
250
200
150
100
50
P11 P12 P14 P19 P27 P40 P90
Age
Social play f Total call
duration (P19) count (P19)
B Saline ° 200
B PIL = %
—~ 20 *% 8150 r
) = G
c 15 5 100
o
= 10 £
Y E 50
S =}
kel P4

o o,

o

T

Seizure severity

M PIL wt
[T PIL Tsc2+/-

Modified Racine scale

0:00-0:15h 4:00-4:15h

&
d Body weight curve:
effect of DSE
500 200 *%k
450 = Saline 180
S 4004 = DSE 160
= 350 140
S 300 120
g 250 100 - o
2z 200 80
2 150 60 — ke
i)
100 | 40 | *k%
50 20
P11 P12 P14 P19 P27 P40 P90 0- P14 P19 P27 P40
Age Age
g Ultrasonic vocalization example (P19)
80 kHz - iy !
70 kHz- it ,Ii‘l N | HA
60 kHz- ~N AT T »f‘Mi Lilkem o
50 kHz -
40 kHz- ARSI

01s





OEBPS/css/sidebar.gif





