
1 

AWARD NUMBER:     W81XWH-16-1-0415 

TITLE:   Cell Type-Specific Contributions to the TSC Neuropathology 

PRINCIPAL INVESTIGATOR:   Gabriella D’Arcangelo 

CONTRACTING ORGANIZATION: Rutgers, the State University of New Jersey 
Piscataway, NJ 08854-8000

REPORT DATE: November 2019 

TYPE OF REPORT:   Final 

PREPARED FOR:   U.S. Army Medical Research and Development Command 
 Fort Detrick, Maryland  21702-5012 

DISTRIBUTION STATEMENT: Approved for Public Release; 
Distribution Unlimited 

The views, opinions and/or findings contained in this report are those of the author(s) and should 
not be construed as an official Department of the Army position, policy or decision unless so 
designated by other documentation. 



2 

REPORT DOCUMENTATION PAGE 
Form Approved 

OMB No. 0704-0188 
Public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering and maintaining the 
data needed, and completing and reviewing this collection of information.  Send comments regarding this burden estimate or any other aspect of this collection of information, including suggestions for reducing 
this burden to Department of Defense, Washington Headquarters Services, Directorate for Information Operations and Reports (0704-0188), 1215 Jefferson Davis Highway, Suite 1204, Arlington, VA  22202-
4302.  Respondents should be aware that notwithstanding any other provision of law, no person shall be subject to any penalty for failing to comply with a collection of information if it does not display a currently 
valid OMB control number.  PLEASE DO NOT RETURN YOUR FORM TO THE ABOVE ADDRESS. 
1. REPORT DATE
NOVEMBER 2019

2. REPORT TYPE
Final

3. DATES COVERED
1AUG2016 - 31JUL2019 

4. TITLE AND SUBTITLE

Cell Type-Specific Contributions to the TSC Neuropathology 

5a. CONTRACT NUMBER 
W81XWH-16-1-0415

Cell Type-Specific Contributions to the TSC Neuropathology 5b. GRANT NUMBER 

5c. PROGRAM ELEMENT NUMBER 

6. AUTHOR(S) 5d. PROJECT NUMBER 

Gabriella D’Arcangelo 5e. TASK NUMBER 

E-Mail: darcangelo@dls.rutgers.edu
 

5f. WORK UNIT NUMBER 

 7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES)

AND ADDRESS(ES)

8. PERFORMING ORGANIZATION REPORT
NUMBER

Rutgers, the State University 
of New Jersey
3 Rutgers Plza, New Brunswick 
NJ, 08901-8559 

 9. SPONSORING / MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSOR/MONITOR’S ACRONYM(S)

U.S. Army Medical Research and Development Command 
 Fort Detrick, Maryland  21702-5012 11. SPONSOR/MONITOR’S REPORT

NUMBER(S)

12. DISTRIBUTION / AVAILABILITY STATEMENT

Approved for Public Release; Distribution Unlimited 

 13. SUPPLEMENTARY NOTES

14. ABSTRACT
Mutations in the human TSC2 gene cause tuberous sclerosis complex (TSC), a developmental
disorder characterized by tumor susceptibility and neurological manifestations. To better
understand the disease, we generated an animal model in which the mouse Tsc2 gene is
disrupted exclusively in excitatory neurons of the forebrain. We investigated how
heterozygous and homozygous Tsc2 mutations affect the development of mutant excitatory
neurons as well as other surrounding brain cells, in vivo and in vitro. We found that
heterozygous mutations of Tsc2 in the excitatory neurons of the forebrain have modest effects
on their growth, whereas homozygous loss disrupts the maturation not only of excitatory
neurons and their synapses, but also disrupts the development of inhibitory neurons and their
synapses. These combined effects likely contribute to altered neuronal activity and increased
seizure susceptibility in TSC.

15. SUBJECT TERMS
Tuberous Sclerosis Complex, animal model, neuronal development, synapse, TSC2

16. SECURITY CLASSIFICATION OF: 17. LIMITATION
OF ABSTRACT

18. NUMBER
OF PAGES

19a. NAME OF RESPONSIBLE PERSON 
USAMRMC 

a. REPORT

Unclassified

b. ABSTRACT

Unclassified

c. THIS PAGE

Unclassified
    Unclassified 18 

19b. TELEPHONE NUMBER (include area 
code) 

Standard Form 298 (Rev. 8-98) 
Prescribed by ANSI Std. Z39.18



3 

TABLE OF CONTENTS 

Page 

1. Introduction 4 

2. Keywords 4 

3. Accomplishments 4-15

4. Impact 15-16

5. Changes/Problems 16 

6. Products 16-17

7. Participants & Other Collaborating Organizations 17-18

8. Special Reporting Requirements 18 

9. Appendices 18 



4 

1. INTRODUCTION:

Mutations in the TSC2 gene cause tuberous sclerosis complex (TSC), a developmental disorder
characterized by tumor susceptibility in multiple organs and frequent neurological
manifestations, such as seizures, intellectual disability, and autism. The brain of TSC patient is
characterized by lesions (cortical tubers or tumors) containing abnormal homozygous mutant
cells, whereas the majority of the brain cells carry heterozygous mutations and appear
morphologically normal. We hypothesized that heterozygous mutations in the TSC2 gene disrupt
the normal development and function of excitatory neurons without affecting their size.
Homozygous loss-of-function mutations, on the other hand, not only profoundly alter their size
and intrinsic development, but also disrupt cell-cell communication with other cell types.  These
non cell-autonomous mechanisms exacerbate defects in synaptic function and cognition, and
possibly contribute to the formation of cortical tubers and tumors in the TSC brain.

2. KEYWORDS:

Tuberous Sclerosis Complex, animal model, neuronal development, synapse, TSC2

3. ACCOMPLISHMENTS:

What were the major goals of the project?

The overall goal of this study was to define the cellular abnormalities of excitatory neurons that
are deficient in TSC2 activity, and to understand how they impact the development of other
neuronal and glial subtypes in the cerebral cortex.

For our study we utilized NEX-Tsc2, a conditional Tsc2 knock out mouse line in which gene
deletion occurs specifically in embryonic forebrain excitatory neurons, the most abundant cell
type in the developing cerebral cortex. We proposed to characterize the neurodevelopmental
defects of heterozygous and homozygous NEX-Tsc2 mice, including cell autonomous
abnormalities in the development of excitatory neurons, as well as non-cell autonomous effects
on inhibitory neurons and non-neuronal cell types. In collaboration with Dr. Anne Anderson, we
also planned to use video-EEG recordings to determine whether heterozygous and homozygous
NEX-Tsc2 mice exhibit seizures or increased susceptibility to chemoconvulsants. Our work
includes in vivo studies (Specific Aim 1= Major Task 1), and in vitro culture studies (Specific
Aim 2 = Major Task 2).

The goal of Major Task 1 was to generate and fully characterize the brain phenotype of
heterozygous and homozygous NEX-Tsc2 mutant mice. The goal of Major Task 2 was to
analyze neuronal and neuro-glia cultures obtained from these mutant mice.

What was accomplished under these goals?

Major Task 1: In vivo characterization of heterozygous and homozygous NEX-Tsc2 mice
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We generated experimental NEX-Tsc2 mice by breeding Cre+/+;Tsc2flox/wt mice with 
heterozygous mice Cre-/-;Tsc2flox/wt. This breeding strategy generated 100% Cre+/- mice that were 
either wild type (WT = Tsc2wt/wt), heterozygous (HT = Tsc2fl/wt) or homozygous (KO = Tsc2fl/fl) 
for Tsc2. Pups were born at the expected Mendelian ratio (25% WT, 50% HT, and 25% KO). As 
expected HT mice appeared indistinguishable from WT controls, whereas KO mutant mice 
appeared runt and some died prematurely at approximately 12-15 days after birth (P12-15). 
Despite some mortality, we were able to obtain multiple sets of mice of each genotype (WT, HT 
and KO) for our study. To maintain the colony and regenerate breeder mice of the appropriate 
genotype we also interbred separately Cre+/+;Tsc2flox/wt mice as well as Cre-/-;Tsc2flox/wt and 
selected Tsc2flox/wt from each progeny. These breeders were regenerated twice per year to ensure 
fertility. 
We analyzed body weight, brain weight and the ratio of brain/body weight in a cohort of NEX-
Tsc2 mice at postnatal day (P) 16, and determined that heterozygous mice are completely normal 
with regard to these parameters, whereas homozygous mutants are smaller but their brain/body 
weight is much larger than in control mice. This indicates that homozygous Tsc2 mutations 
cause an enlargement of the brain, but heterozygous mutations do not affect brain size or overall 
animal growth and health. 

   
Figure 1. Body and brain weights in a cohort of NEX-Tsc2 mice. Statistical analysis was performed using the 
GraphPad Prism 7 software (n=5 mice per genotype group). Body weight values were analyzed using 
Kruskal-Wallis with Dunn's multiple comparisons test, whereas brain weight and brain/body ratios were 
analyzed using ordinary one-way ANOVA with Tukey's multiple comparisons test. Adjusted p values of WT 
vs. HT were not significantly different for any parameter measured; KO values were significantly different 
than WT or HT. *=p<0.05; ****= p<0.0001. 

To analyze neuronal development and synaptogenesis in NEX-Tsc2 mice, we isolated the brain 
of P16 mice of the 3 genotypes, extracted RNA and proteins, conducted RT-PCR analysis of 
neuronal markers, and examined cell and synaptic markers in both whole lysates as well as 
crude synaptosome preparations by Western blot analysis. RT-PCR analysis was conducted after 
extracting total RNA samples from the cerebral cortex or the hippocampus of NEX-Tsc2 mice 
using gene specific primers. Specific proteins were detected using the quantitative LI-COR 
Odyssey Fc imaging system. Blots will be stained with REVERT™ Total Protein Stain (Li-
COR) to control for protein loading, followed by primary antibodies and secondary antibodies 
conjugated to near-infrared fluorophores (Li-COR). Statistical analysis was performed by 
ordinary one-way ANOVA with Dunnett’s post-hoc multiple comparisons using the GraphPad 
Prism7 software. 
RT-PCR analysis of neuronal markers in the forebrain of NEX-Tsc2 mice. 
The data plotted below show that there is a significant decrease in Tsc2 mRNA levels in 
heterozygous and homozygous mutant both, in the cerebral cortex (Fig. 2) and in the 
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hippocampus (Fig. 3). However, there was no significant difference in the expression levels of 
the neuronal markers bIII Tubulin (TuJ1) (p>0.05).  
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Figure 2. RT-PCR analysis of Tsc2 and TuJ1 expression in the cerebral cortex. One-way ANOVA with 
Dunnett’s multiple comparisons, n=3 samples per genotype, *p<0.05, **p< 0.01. 

 
 

Figure 3. RT-PCR analysis of Tsc2 and TuJ1 expression in the hippocampus. One-way ANOVA with 
Dunnett’s multiple comparisons, n=3 samples per genotype, *p<0.05. 

Western blot analysis of neuronal markers in the whole forebrain of NEX-Tsc2 mice. 
Consistent with the data above, Western blot data show that there is no significant difference in 
the protein expression of neuronal markers such as TuJ1 in NEX-Tsc2 mutant mice, despite the 
deficit in Tsc2 expression. Furthermore, there was no defect in the expression of the dendrite 
marker Map2 or the axonal markers Tau or NFH in either HT or KO mice (Fig. 4). 

 
Figure 4. Western blot analysis of neuronal markers in whole forebrain homogenates of NEX-Tsc2 mice. 
One-way ANOVA with Dunnett’s multiple comparisons, n=5 samples per genotype, ****p<0.0001. 
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Western blot analysis of synaptic markers in whole forebrain lysate of NEX-Tsc2 mice. 
Next, we analyzed synaptic markers by Western blotting. The data below show that there is no 
significant difference between genotypes regarding the expression levels of general presynaptic 
marker Synaptophysin (Syn), inhibitory-specific presynaptic marker VGAT and Synaptotagmin2 
(Syt2), excitatory-specific postsynaptic marker PSD95 and inhibitory-specific postsynaptic 
marker Gephyrin. Nevertheless, the expression levels of most of these markers appeared 
consistently decreased in homozygous mice. However, there was a significant decrease in the 
levels of the excitatory-specific presynaptic marker VGlut2. These results suggest that Tsc2 
deficiency in excitatory neurons results in a strong deficit in the formation of excitatory 
synapses, but it may also affect other synapses.  

 

Figure 5. Western blot analysis of synaptic markers in whole forebrain homogenates. One-way ANOVA with Dunnett’s 
multiple comparisons, n=5 samples per genotype, ****p<0.0001. 

 
Western blot analysis of synaptic markers in synaptosomes of NEX-Tsc2 mice. 
To examine synaptic markers in more detail we prepared crude synaptosome fractions of the 
forebrain of P16 NEX-Tsc2 mice and conducted Western blot analysis of the same markers. The 
data confirm that there is no significant difference between genotypes in the expression levels of 
general presynaptic marker Synaptophysin (Syn) or inhibitory-specific presynaptic marker 
VGAT, but there is a significant decrease in the excitatory-specific presynaptic marker VGlut2 
and the inhibitory-specific marker Synaptotagmin2 (Syt2) in homozygous mice. Also, the data 
confirm that excitatory-specific postsynaptic marker PSD95 is not altered, but indicate that 
inhibitory-specific postsynaptic marker Gephyrin is decreased, although the difference was 
significant only when homozygous values were compared to heterozygous values. Overall the 
results suggest that Tsc2 deficiency in excitatory neurons results in a strong deficit in the 
formation of excitatory synapses, and possibly also affect inhibitory synapses.  
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Figure 6. Western blot analysis of synaptic markers in synaptosome fractions. One-way ANOVA with Dunnett’s multiple 
comparisons, n=5 samples per genotype, except for Syn (n=3-4 samples per genotype), *p<0.05. 

The data above indicate that the Tsc2 mutation in homozygosity not only disrupts the 
development of excitatory neurons (cell-autonomous) but it may also interfere with the 
development of interneurons forming inhibitory synapses on mutant cells (non cell-
autonomous).  To explore this possibility, we conducted RT-PCR and Western blot analysis of 
GAD67 (an inhibitory neuron marker) mRNA and protein expression in the forebrain of P16 
mice. 
RT-PCR analysis of GAD1 (GAD67) in the forebrain of NEX-Tsc2 mice. 
The data below show that there is no significant decrease in GAD1 (GAD67) mRNA levels in 
heterozygous and homozygous mutant both, in the cerebral cortex or hippocampus (Fig. 7). 
However, there was a modest decrease in the homozygous hippocampus. 
 
 

Figure 7. RT-PCR analysis of the GAD1 gene (encoding GAD67) expression in the cerebral cortex (CX) and 
hippocampus (HC). One-way ANOVA with Dunnett’s multiple comparisons, n=3 samples per genotype. 

 
Western blot analysis of GAD67 expression in whole forebrain lysate of NEX-Tsc2 mice. 
To examine the levels of GAD67 protein we conducted Western blot analysis of the same whole 
forebrain homogenate samples used for the above analysis of synaptic markers and some 
previous samples. The data show that there is a modest decrease in GAD67 expression in 
homozygous samples. However, the significance of these results depends on the statistical tool 
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utilized. One-way ANOVA comparing all 3 genotypes indicates a marginal but not significant 
difference (p= 0.0574), whereas an unpaired t test comparing only WT to KO samples indicates 
a significant difference (p=0.0197). 

Figure 8. Western blot analysis of GAD67 expression in whole forebrain homogenates. One-way ANOVA with 
Dunnett’s multiple comparisons (p>0.05), unpaired t test WT versus KO *p<0.05, n=8-9 samples per 
genotype. 

Immunofluorescence analysis of GAD67 expression in the forebrain of NEX-Tsc2 mice. 
To further investigate the expression of GAD67 in the forebrain we perfused 3 sets of P16 NEX-
Tsc2 mice, prepared brain sections with a cryostat, and conducted immunofluorescence. 
Epifluorescence images reveal the presence of sparse GAD67+ cells in the cortex and 
hippocampus of WT and KO mice. Confocal images further revealed the cell bodies of these 
GAD67+ inhibitory neurons as well as their presynaptic terminals decorating the cell bodies of 
GAD67- excitatory neurons in both brain regions.  

Figure 9. Immunofluorescence analysis of GAD67 expression in the cerebral cortex (A) or hippocampus (B) 
of NEX-Tsc2 mice. Top panels (green) are epifluorescence images at 10x magnification; bottom panels are 
confocal images at the 20X magnification. 

At first glance GAD67 expression appeared mostly normal in KO mice, however, there seemed 
to be a decrease specifically in the dentate gyrus of the hippocampal formation. To determine if 
this was the case we analyzed the number of GAD67+ cells in the whole hippocampus proper 
and in the dentate gyrus alone. The data show that there was a significant deficit in GAD67+ 
inhibitory neurons specifically in the KO dentate gyrus (Fig. 10). 
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Figure 10. Quantification of GAD67+ cells by immunofluorescence in the whole hippocampus or dentate 
gyrus (DG) of NEX-Tsc2 mice. Data were analyzed by unpaired t tests; n= 16-17 sections from 3 
mice/genotype. ****p<0.0001. 

Together, the data indicate that the loss of Tsc2 expression in KO mice results in a reduced 
number of inhibitory neurons, specifically in the dentate gyrus of the hippocampus. 

Seizures and EEG abnormalities. 
Recurrent spontaneous seizures were evident in KO mice beginning at P11 and observed until 
death (Figure 11A). No epileptiform activity was detected in WT or HT mice. Epileptiform 
activity in KO mice appeared initially as isolated interictal spike activity that evolved into 
frequent polyspike discharges. Whereas exploratory time in KO mice was normal on the first day 
of recording, subsequent days consisted of longer periods of immobility interrupted by brief 
periods of exploration. Immobility coincided with epochs of epileptiform activity. Quantitative 
EEG analysis revealed that total EEG power (0.5-50 Hz) was decreased compared to WT in KO 
from P11 to P14 and in HT mice at P14 (Figure 11 A- C).  KO mice showed significantly 
reduced power in delta frequencies at P11 compared to WT and HT mice (1-3 Hz; Figure 11C), 
while HT are comparable to WT at this age. At P14, spectral power was significantly reduced in 
delta and theta frequencies in both KO and HT relative to WT (KO: 1-6 Hz; HT: 1-4 Hz; Figure 
11D).  
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Figure 11. Early postnatal spontaneous seizures and abnormal background EEG in NEX-Tsc2 mice. A) 
Representative cortical EEG from WT, HT, and KO mice at P11 as well as EEG activity from a KO during a 
spontaneous tonic-clonic seizure. B) Total cortical power (0.5-50 Hz) from WT, HT, and KO mice at P11-P14. 
Spectral power analysis at C) P11 and D) P14 showed a decrease in delta frequencies in KO mice at P11. At P14, 
reduced power compared to WT is found in an increased range of frequencies in KO mice, while HT mice showed a 
reduction in delta frequencies compared to WT mice. Two-way ANOVA; WT vs KO: *p<0.05, **p<0.01; ***p<0.001; 
WT vs HT: #p<0.05, ###p<0.001; P11: n=6-10/group; P14: n=4-10/group; Data represent mean ± SEM. 

Seizure susceptibility in NEX-Tsc2 mutant mice.  
To assess seizure threshold, separate cohorts underwent seizure induction with the 
chemoconvulsant pentylenetetrazol (PTZ; 50mg/kg intraperitoneal) at P12 or P15 (Figure 12). 
KO mice are more vulnerable than WT and HT mice. Almost all KO mice at both age groups 
enter status epilepticus (Figure 12, C and D), fail to recover and continue to exhibit 
electrographic seizure bursts and severe tonic clonic seizures without regaining posture even at 1 
hour post PTZ (Figure 12, A and B). Latency to the first seizure varied widely between 1 and 10 
minutes with no difference among genotypes. 
Data from our pilot experiments at P49 showed HT mice were more susceptible to PTZ than WT 
mice. Although all mice from both groups developed tonic-clonic seizures after PTZ, 60% of HT 
mice died whereas all WT mice recovered within 1 hr (n =5 WT, 7 HT). EEG analysis at this 
time revealed that surviving HT mice displayed an increased frequency of rhythmic spiking 
compared to WT mice. 
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Figure 12. Increased PTZ seizure susceptibility in juvenile NEX-Tsc2 mutant mice. After a single injection 
with PTZ, mice were observed for 1 hour with seizure activity scored using EEG activity (A,B) and behavior 
(C, D) in mice age P12 (A, C) or P15 (B, D). EEG activity was recorded before, during, and after PTZ-
induction. Chi Square test; *p<0.05, ***p<0.001. 

Major Task 2: In vitro analysis of neuronal abnormalities and neuro-glia interactions in NEX-
Tsc2 cultures 

Immunofluorescence analysis of excitatory neuron maturation. 
We prepared hippocampal cultures from newborn NEX-Tsc2 mice of all genotypes, and stained 
them with the neuronal cell body/dendrite marker Map2, and the axonal marker Tau. Excitatory 
neurons could be easily identified based on their cell body morphology. We first measured soma 
size and dendrite complexity (Sholl analysis) based on the Map2+ signal. The data from 
multiple independent experiments reveals that HT neurons are very slightly larger than WT, and 
have a modest increase in the number of proximal dendrites. Mutant KO excitatory neurons, on 
the other hand, are very enlarged, and present with dramatically increased dendrite complexity 
at several distances from the some (Fig. 13).  
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Figure 13. Immunofluorescence analysis of Map2-stained hippocampal excitatory neurons. Analysis of the 
soma size was conducted using Kruskal-Wallis tests. Dendrite branching was analyzed by two-way ANOVA 
followed by Dunnett’s multiple comparison tests. Values on the X axis represent distances from the soma 
(µm). *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 

We then measured axonal length based on the Tau signal. The data from multiple independent 
experiments reveals that HT neurons are normal with regard to axonal extension. Mutant KO 
excitatory neurons, on the other hand, present with dramatically increased axonal elongation 
(Fig. 14).  

 
Figure 14. Immunofluorescence analysis of Tau-stained hippocampal excitatory neurons. Total axonal length 
was analyzed using one-way ANOVA. *p<0.05. 
 
Western blot analysis of signal transduction. 
We prepared cortical cultures from newborn NEX-Tsc2 mice of all genotypes, extracted 
proteins and analyzed them by Western blotting probing for antibodies that reveal the activity of 
the Akt/mTOR signaling pathway. The data from multiple experiments revealed that signaling 
in HT cultures appears normal, although a non-statistically significant increase in phosphoS6K, 
a readout of mTORC1, was noted. Signaling in KO cultures was very abnormal and included a 
non-statistically significant decrease in phosphoAkt, a non-statistically significant increase in 
phosphoS6K, and a strong statistically significant increase in phosphoS6, a downstream target 
of mTORC1 (Figure 15). These data indicate that HT excitatory neurons, the main component 
of these cultures, are mostly normal, whereas KO neurons are abnormal at the signal 
transduction level, as expected. Specifically, mTORC1 activity in these neurons is highly 
increased. 
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Figure 15. Western blot analysis of cortical cultures. Levels of phosphorylated Akt, S6K or S6 were 
normalized to the total levels of the corresponding proteins. Data were analyzed by one-way ANOVA. 
***p<0.001. 

High content imaging analysis of signal transduction. 
We used high-content analysis of microscopy images to further investigate mTORC1 signaling 
in NEX-Tsc2 cultures. These cultures were stained by double immunofluorescence with NeuN 
antibodies to label all neuronal nuclei, and with phosphoS6 antibodies conjugated to AlexaFluor 
488 to probe mTORC1 activity. Random images containing several hundred neurons per 
genotype were collected using the INCell Analyzer 6000 (GE). The phosphoS6 signal intensity 
in all neurons was then measured and plotted. The data confirmed that phosphoS6 levels (and 
thus mTORC1 activity) are strongly elevated in KO but not in HT neurons (Fig. 16). 

Figure 16. PhosphoS6 (pS6) signal intensity by high-content analysis of microscopy images. Levels of pS6 
were measured in NeuN+ neurons from NEX-Tsc2 cortical cultures. Data were analyzed by the Kruskal-Wallis 
test. n= 15-61 random fields.****p<0.0001. 

High content imaging analysis of signal transduction in inhibitory neurons. 
We used high-content analysis of microscopy images to investigate mTORC1 signaling in NEX-
Tsc2 specifically in the inhibitory neurons present in cortical cultures. These neurons were 
identified by immunofluorescence with Gad67 antibodies and were double labelled with 
phosphoS6 antibodies conjugated to AlexaFluor 488 to probe mTORC1 activity. Random 
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images containing several hundred neurons per genotype were collected using the INCell 
Analyzer 6000 (GE). The phosphoS6 signal intensity in all Gad67+ neurons was then measured 
and plotted. The data revealed that phosphoS6 levels (and thus mTORC1 activity) are strongly 
elevated in the inhibitory neurons present in KO but not in HT cultures (Fig. 17). These findings 
suggest that Tsc2-null excitatory neurons surrounding the genetically normal inhibitory neurons 
in KO cultures disrupt mTORC1 signaling by non cell-autonomous mechanisms. 

 
Figure 17. PhosphoS6 (pS6) signal intensity in inhibitory neurons measured by high-content analysis of 
microscopy images. Levels of pS6 were measured in Gad67+ neurons from NEX-Tsc2 cortical cultures. Data 
were analyzed by the Kruskal-Wallis test. n= 16-64 random fields.****p<0.0001. 
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4. IMPACT:  

 
What was the impact on the development of the principal discipline(s) of the project?    
 
Our findings revealed several neurodevelopmental abnormalities resulting from the cell 
autonomous loss or deficiency in Tsc2, as well as non cell-autonomous defects in inhibitory 
neurons surrounding KO excitatory neurons. 1) Complete loss of Tsc2 in excitatory neurons 
disrupts their development, resulting in their hypertrophy, coupled with a disruption in VGlut2+ 
excitatory synapses, and increased mTORC1 activity. 2) KO excitatory neurons also disrupt the 
development of inhibitory neurons (which are genetically normal in the NEX-Tsc2 line), 
resulting in deficits in Gephyrin+ inhibitory synapses, loss of Gad67+ neurons in the dentate 
gyrus of the hippocampus, and altered mTORC1 activity. Together these defects may explain the 
elevated seizure activity reported in KO mice. Furthermore, we noted subtle alterations in the 
development of HT neurons, such as increased soma size, dendrite branching and phosphoS6K 
levels, indicating that these neurons are not entirely normal. These abnormalities may explain the 
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reported increased susceptibility to seizures noted in PTZ experiments with HT mice. Our 
findings elucidate the mechanisms that underlie the altered neuronal activity and seizures that are 
frequently associated with TSC. 
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