






86 

 

 

F
ig

 4
.7

. 
P

o
st

n
a

ta
l 

ra
p

a
m

y
ci

n
 r

e
sc

u
e

s 
m

y
e

li
n

 d
e

fe
ct

 a
n

d
 a

st
ro

g
li

o
si

s.
 (

A
) 

Im
m

u
n

o
st

a
in

in
g

 w
it

h
 m

y
e

li
n

 b
a

si
c 

p
ro

te
in

 (
M

B
P

) 
d

e
m

o
n

st
ra

te
d

 a
 

m
a

rk
e

d
 r

e
d

u
ct

io
n

 o
f 

m
ye

lin
 t

h
e

 l
o

w
e

r 
co

rt
e

x.
 M

B
P

 s
ta

in
in

g
 w

a
s 

p
re

se
n

t 
th

o
u

g
h

 p
a

tc
h

y
 i

n
 t

h
e

 c
o

rp
u

s 
ca

ll
o

su
m

, 
su

g
g

e
st

in
g

 a
 p

ro
b

le
m

 w
it

h
 

m
ye

li
n

 p
ro

g
re

ss
io

n
 r

a
th

e
r 

th
a

n
 f

o
rm

a
ti

o
n

. 
(B

) 
P

re
n

a
ta

l 
m

u
ta

n
t 

m
ic

e
 e

xh
ib

it
e

d
 s

im
il

a
r 

m
y

e
li

n
a

ti
o

n
 d

e
fe

ct
s 

a
s 

th
e

 u
n

tr
e

a
te

d
 m

u
ta

n
ts

. 
(C

, 
D

) 

P
o

st
n

a
ta

l 
tr

e
a

tm
e

n
t 

w
it

h
 r

a
p

a
m

yc
in

 a
p

p
e

a
rs

 t
o

 f
u

ll
y

 r
e

sc
u

e
 t

h
is

 d
e

fe
ct

. 
(F

) 
E

xa
m

in
a

ti
o

n
 o

f 
a

st
ro

cy
te

 a
ct

iv
it

y
 u

si
n

g
 G

F
A

P
 r

e
v

e
a

ls
 a

 n
o

ta
b

le
 

in
cr

e
a

se
 i

n
 G

F
A

P
 e

xp
re

ss
io

n
, 

in
d

ic
a

ti
ve

 o
f 

a
n

 a
st

ro
g

li
o

si
s.

 (
G

) 
H

ig
h

 e
xp

re
ss

io
n

 o
f 

G
F

A
P

 i
s 

st
il

l 
p

re
se

n
t 

d
e

sp
it

e
 p

re
n

a
ta

l 
tr

e
a

tm
e

n
t 

w
it

h
 

ra
p

a
m

yc
in

. 
(H

, 
I)

 P
o

st
n

a
ta

l t
re

a
tm

e
n

t 
d

e
cr

e
a

se
s 

G
F

A
P

 e
xp

re
ss

io
n

 t
o

 c
o

n
tr

o
l 

le
v

e
ls

. 
 

 



87 

 

size is a major factor in the development of megalencephaly.   

 However, though density of cells, a measure of total cell number divided by total 

cortex area, did not differ in the untreated control versus mutant, total cell counts were 

higher in the latter. As the mTORC1 pathway is important for translation, cell cycle, and 

microtubule dynamics (147), attenuation of this pathway via rapamycin provides a good 

opportunity to determine whether increased cell size does explain the cortical thickness in 

our mutant. This may be done by assessing whether total neuron and astrocyte counts for 

the rapamycin-treated mice differ compared to each other and the untreated mutant. For 

example, the rapamycin-treated mutants might have similar total cell populations as the 

untreated mutants and therefore have higher cell density, despite similar cell and cortical 

size as the untreated control. This result would suggest that the cortical thickness defect is 

unrelated to cellular hypertrophy, and that a proliferation defect did exist in the untreated 

mutant.  

In addition, as overactivation of mTORC1 has been well-established to increase cell 

size (57), it is interesting that cell size seems uniformly decreased across all treated 

samples by P21. One would speculate that once rapamycin is withdrawn at birth in the 

prenatally treated mutant cortex, mTORC1 would be allowed to function uninhibited until 

sacrifice of these mice at P21. Despite the three week interval, however, prenatally treated 

mice do not have enlarged cells. In fact, closer examination of these cortical cells indicates 

that they are smaller than the untreated control and post or pre+post treated mutants. 

Some cells even appear pyknotic. As studies have shown that rapamycin may trigger 

apoptosis in some cell systems (91, 148-150) it is important to investigate cell death in our 

rapamycin-treated samples. It would also be informative to determine whether prenatal 

rapamycin may damage the inherent function of mTORC1 to increase cell size, or perhaps 

inhibit the ability of the cell itself to grow. On the other hand, characterization of the neuron-
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specific TSC1 CKO mouse (94) showed that the benefits of rapamycin persist for several 

weeks following withdrawal of treatment. If this is the case, then perhaps increase in cell 

size could not occur within the short timeframe given before these mice were taken for 

study.  

The persistence of rapamycin benefit for several weeks after withdrawal of treatment 

may explain the discrepancies between weight gain in the untreated versus treated cohorts. 

The post and pre+post mutants exhibited weight gain comparable to the littermate controls, 

as rapamycin was given throughout their postnatal life. Prenatally treated mice exhibited 

similar weight gain until around P14, when their weight plateaued. Though they also 

appeared somewhat runted by P21, they weighed more and looked more developed than 

untreated mutant mice. To better establish the relationship between weight gain benefits 

and rapamycin, observations of the postnatal health of prenatally-treated mice should be 

compared to rapamycin serum levels of corresponding days.  In addition to possibly 

benefiting metabolism pathways, treatment with rapamycin may also be inhibiting seizure 

activity, resulting in more normal feeding and weight gain. As we have not investigated 

whether untreated and/or treated mice have subclinical seizures, data from EEG recordings 

of these mice might also be compared to rapamycin serum levels to determine whether 

there is a relationship between weight gain and seizure activity. These studies would also 

demonstrate how long benefits of rapamycin persist despite lowered serum levels following 

withdrawal of treatment. These results will contribute greatly to our knowledge regarding the 

role of mTORC1 in growth and development.  

We found defects in myelin progression and an astrogliosis in the untreated mutant, 

which were still apparent in the prenatally-treated mutant. Postnatally administered 

rapamycin, however, rescued both of these defects, with wildtype-like progression of myelin 

fibers in the lower cortex and minimal evidence of astrogliosis in both post and pre+post 
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cohorts. In Chapter 3, I discussed the possibility that the hypomyelination observed was 

due to a reason independent of problems with the oligodendrocytes, such as axonal 

damage of the neurons in the lower cortex. This was in part based on findings in the 

neuron-specific TSC1 CKO in which hypomyelination was observed despite lack of Cre 

expression or differences in populations of the oligodendroglia (77). The lack of rescue in 

the prenatally-treated mice suggest that either (a) prenatal rapamycin was unable to rescue 

defective events that later resulted in hypomyelination, such as oligodendrocytes formation 

and subsequent maturation, (b) overexpression of mTORC1 following effective prenatal 

treatment is still sufficient to inhibit proper myelination, or (c) the defect in myelination in our 

mouse is due to a predominately postnatal effect , such as dendritic arborization and 

synapse formation of more newly-born neurons. More in-depth characterization of the 

myelin defect itself, such as myelin-thickness assessment, as well as investigation of 

axonal health and formation is necessary before further conclusions may be made. As 

astrogliosis was also not observed in the neuron-specific Tsc1 CKO (77) but was in the 

astrocyte-specific Tsc1 CKO (75), I also hypothesized that the astrogliosis in our mutant 

may not have been in response to axonal damage and was instead due to increased 

mTORC1 activity in the astroglia. The ability of rapamycin to inhibit the astrogliosis hence is 

logical.  

One of the most striking defects found in the untreated Tsc2flox/ko; hGFAP-Cre mutant 

involved aberrant lamination. Demarcation of the cortical layers and organization of the 

hippocampus were largely disrupted, and a number of ectopic cells stained with the upper 

layer marker Cux1 were found in lower layers. We also found a number of ring heterotopias 

within the hippocampus, possible indicators of abnormal neuronal migration. As migration 

occurs early in neurodevelopment (141) and studies suggest mTORC1 is highly involved in 

this process (137, 151), we hypothesized that prenatal rapamycin treatment would alleviate 
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most lamination defects compared to post or untreated. As expected, heterotopias were 

present in the post treated mutants and absent in the pre treated cohort. Fewer Cux1+ 

ectopic cells were also found in the pre versus post mutants, while the post and untreated 

groups exhibited similar numbers. However, no significant difference was found in the 

number of NeuN+ ectopic cells above the hippocampus between the untreated, pre, or post 

mutants. These results suggest that the timing and mechanisms of migration, as well as the 

involvement of mTORC1 in these mechanisms, may differ in different regions of the brain.  

However, combined pre+post treatment resulted in almost full laminar rescue in the 

cortex and the hippocampus, resulting in a clearly demarcated Layer I of the cortex, 

significantly fewer Cux1 cells compared to the post or untreated mutants, and significantly 

fewer NeuN+ ectopic cells above the hippocampus than pre, post, or untreated mutants. 

Indeed, the pre+postnatally treated mutant is histologically similar to untreated control 

brains . These results indicate that mTORC1 activity is highly involved in neuronal 

migration, and tight regulation of its activity is needed both pre- and postnatally to ensure 

proper cellular migration. This may be further established by examination of prenatally-

treated mutants at P0, which should show wildtype-like organization if this is the case.  

Despite the high degree of rescue in the pre+post treated mutant, once taken off 

rapamycin, these mice only live an additional 4 weeks before they die of seizures, like the 

pre and post-treated mutants. We have not examined the brains of these mice following 

withdrawal of rapamycin. In their neuron-specific TSC1 CKO mouse, Meikle et al (94) found 

that mTORC1 was upregulated and cell size increased following removal of rapamycin, 

though rescued myelination did not regress. It is likely that we would find similar results in 

our treated mouse, though cell size might not increase in the prenatally treated mouse for 

reasons previously discussed. However, these studies make clear that despite seemingly 
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full histologic rescue, as seen in the pre+post mice, the presence of rapamycin must be 

constant to prevent recurrence of lesion formation.  

 By treating the Tsc2flox/ko; hGFAP-Cre mice with rapamycin at different timepoints, we 

have been able to elucidate the impact of rapamycin on several prominent defects in TSC 

neuropathology. Pre, post, and pre+post treatments all restore cortical thickness and cell 

size to control levels. Postnatal treatment is able to rescue the hypomyelination and 

astrogliosis, while prenatal treatment seems to be more beneficial in rescuing some 

migrational defects. However, our studies show that correct migration in our mouse requires 

proper pre- and postnatal signaling, as a combination of pre+post treatment appears to 

more completely rescue migrational defects in both the cortex and hippocampus to a much 

greater degree than prenatal treatment alone. While further characterization is needed to 

fully understand the impact of the different treatments on TSC neuropathology, the 

astounding degree of rescue following pre+post treatment suggests that this combined 

treatment may provide the greatest benefit to patients in inhibiting TSC lesion formation. 

However, as histologic improvement does not always translate to functional improvement, 

we explored the degree of functional benefit the combined pre+postnatal rapamycin 

treatment has on the Tsc2flox/ko; hGFAP-Cre mice in the following chapter.  
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Behavioral Testing of Rapamycin-Treated Tsc2flox/ko; hGFAP-Cre Mice 
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Introduction 

 More than 95% of TSC patients exhibit brain manifestations, which have been 

associated with a wide range of neurologic morbidity such as mental retardation, behavioral 

problems, and learning difficulties (152). Even the approximately 50% of TSC patients who 

have a normal IQ of 80-130 are often affected with neuropsychological deficits (153), which 

include deficits in long-term and working memory (154, 155). Indeed, recent studies in 

mouse models have demonstrated that haploinsufficiency of either Tsc1 (156) or Tsc2 

(157) result in impaired learning and memory, despite absence of cerebral lesions or 

seizures.  

These findings underscore the importance of the TSC genes in learning and memory, 

which are thought to stem from their regulation of the mTORC1 pathway. Long-term 

learning and memory require the synthesis of new proteins, a process that mTORC1 tightly 

regulates in response to nutrients and growth factors (158). Stimulation of late long-term 

potentiation (L-LTP), used to measure memory at a cellular level, results in phosphorylation 

of mTORC1 downstream effectors such as 4E-BP1 and S6K1 (159). Studies in wild type 

rats both in vitro (160) and in vivo (161) have also demonstrated that inhibition of the 

mTORC1 kinase using rapamycin in the hippocampus results in impaired long term 

memory, providing further evidence of the importance of this pathway in learning and 

memory.  

As established in Chapter 3, the Tsc2flox/ko; hGFAP-Cre mouse models many 

characteristics of TSC neuropathology. Given this and the prevalence of learning and 

memory deficits in the TSC population, we hypothesized that our mutant mouse could be 

used to better understand these cognitive deficits. Unfortunately, the severity of defects in 

the untreated mutant results in sickness and death by P23, too young an age for most 

behavioral tests. As described in Chapter 4, however, a combination of pre+postnatal 
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rapamycin treatment in these mutants demonstrated nearly complete rescue of these 

defects, including  weight gain, cortical thickness, cell size, cortical lamination, myelin 

progression, and an astrogliosis. Most striking, however, was the restoration of organization 

to the hippocampus, which appeared nearly indistinguishable from controls when analyzed 

with H&E and NeuN immunohistochemistry. This finding was particularly relevant given the 

importance of the hippocampus in long term learning and memory. As this treatment 

scheme seemed to restore the majority of histological defects we noted, particularly those 

in the hippocampus, we sought to assess whether the histologic rescue correlated with 

functional rescue of cognition and behavior. Control and mutant animals that had been 

treated with rapamycin were assessed with a battery of behavioral tests measuring learning 

and memory.  

Since untreated mutants could not be used for comparison, we chose instead to test 

the postnatally-treated rapamycin cohort, which showed a lesser degree of histological 

rescue compared to the pre+post group. Comparisons of control and mutant mice of these 

two groups demonstrated not only whether histologic rescue translates to functional rescue, 

but whether combined pre+postnatal treatment with rapamycin improved learning and 

memory in this mouse model to a greater degree than postnatal treatment alone.  

 

Materials and Methods 

Mice  –  As described in Chapter 4, Tsc2flox/ko; hGFAP-Cre (mutant) and Tsc2flox/+ (control) 

mice used for behavioral testing were treated with rapamycin either from birth (postnatal 

day 0, P0) (“postnatal treatment”) or beginning embryonic day 12.5 (E12.5) until adulthood 

(“pre+post treatment”). All mice were treated with rapamycin throughout behavioral testing, 

which began on average around P48. Control and mutant mice from both treatment cohorts 

were given coded IDs and randomly segregated into new groups for all behavioral testing, 
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which was done in collaboration with Natalia Rozas, a doctoral student in the laboratory of 

Pramod Dash, Ph.D.  All testing and mouse handling was approved by the UT Animal 

Welfare Committee.  

 

Rapamycin  –  Rapamycin preparation was the same as that described in Chapter 4. 

Briefly, rapamycin was solubilized in 100% methanol and stored at a concentration of 1.0 

mg/mL at -20°C for up to two months. Rapamycin was diluted with PBS immediately before 

use and administered IP at a dosage of 0.1 mg/kg daily with a 30G½ needle until P30-45 in 

both post rap and pre+post groups. Around this timepoint, mutant mice from both cohorts 

began to look sick, with one prenatally-treated and one pre+post treated mutant dying of 

seizures. This was likely due to decreased permeability of rapamycin through the blood 

brain barrier as mice aged, as studies have demonstrated decreased rapamycin 

concentration in the brain beyond P30 (Meikle 2008). Since previous experiments had 

shown that a dosage of 2 mg/kg administered three times a week was sufficient to extend 

lifespan and maintain health, all mice were switched to this treatment scheme at least one 

and a half weeks before behavioral testing began. Treatment continued at this dosage 

throughout behavioral testing.  

 

Motor skills  –  To assess motor coordination, mice were tested on a Basile automated 

accelerating rotarod using a protocol set forth by Crawley and Paylor (162). Mice were 

trained for 90s at a constant 16 rpm before being tested for 300s at an accelerating 4-40 

rpm. Mice were then allowed to rest in their home cages for 2 hours before being tested 

again for 300s at 4-40 rpm. Latency to fall for all trials was recorded.  
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Morris Water Maze  –  Spatial learning and memory was assessed using a standard 

version of the Morris water maze. Briefly, a tank (1.2 meters in diameter) located in a dimly-

lit testing room was filled with water mixed with non-toxic white paint, rendering it opaque. A 

circular platform (11 cm in diameter) was submerged 2 cm below the surface of the water. 

Spatial cues, including lights as well as brightly colored shapes, were stationed on the walls 

around the tub. Before each trial, mice were taken from their home cage and individually 

placed in clean, diaper-lined cages with a heated water bottle for warmth. After 10 minutes 

of habituation, the trial began by placing a mouse into the tub from a random start location. 

Each mouse was given 60 s to locate the platform. If it could not within the 60 s, the blinded 

experimenter would guide it towards the platform and let it sit for 10 s. The mouse was then 

taken back to its bottle-heated cage to await the next trial, with a minimum inter-trial time of 

4 minutes to rest. Activity of the mouse was tracked by an overhead camera, including 

swim speed, latency to platform, and swim direction.  

 Two variations of the Morris water maze were conducted in the order described below. 

Mice initially underwent mass training, in which they were given 12 consecutive trials in one 

day as described above, for 4 consecutive days. Twenty-four hours after the last trial, a 

probe trial was performed in which the platform was removed and mice were allowed to 

swim freely for 60 s. Latency to original platform location and number of times the mouse 

crossed the original platform location were recorded. Mice were then spaced trained, which 

consisted of 4 trials per day for 6 consecutive days. Twenty-four hours after the 6th day of 

training, a probe trial was conducted. The platform remained in the same location 

throughout both of these tests. Following all testing, the visual version of the Morris water 

maze was performed by placing a large painted brick on top of the platform. Latency to the 

visible platform and swim speed were recorded for each mouse and compared across 

groups.  
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Elevated Plus Maze (EPM)  –  EPM testing was conducted according to a protocol by Walf 

and Frye (163). Briefly, an EPM made of heavy white plastic and consisting of four arms 

(two open without walls and two enclosed by black plastic walls) was placed in the 

previously described Morris water maze tub in a brightly lit testing room. Each arm of the 

maze was attached to a thick plastic pipe to elevate the maze about 76 cm above the 

bottom of the drained tub. Two partitions hid the maze and tub from the rest of the testing 

room, where mouse cages were temporarily kept for testing.  

 All mouse testing was conducted between 11am and 4pm of the same day and the 

maze was thoroughly cleaned with 70% ethanol between each test. At the beginning of 

each test, mice were individually taken from their home cages and placed at the junction of 

the open and closed arms, facing towards an open arm and away from the experimenter. 

Mice were then observed for five minutes via an overhead camera by a blinded 

experimenter who was hidden behind the partition. Total time spent on open arms as well 

as entries into open and closed arms were manually assessed. Exploration into an arm was 

considered an entry when at least half the body of the mouse was on the arm. Data from 

mice that jumped off the maze was removed from the study (n=5, 3 WT and 2 postnatal 

treated KO mice). 

  

Contextual Fear Conditioning  –  The fear conditioning test was modeled after a protocol 

described by Frankland et al. (164) in which the context of conditioning rather than an 

auditory cue is paired with a mild footshock as a method to assess learning and memory 

abilities. In our setup, the shock cage (Coulbourn Instruments) had a yellow and black-

striped back wall and was scented with pineapple soap. The similarly-sized safe cage 

featured a blank white concave back wall that limited the floor space to a semicircle and 

was cleaned with ethanol. The floor of both cages contained a footshock grid. Cages were 
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placed side-by-side inside an internally-lit sound-proof box, though only one cage was used 

at any given time. Mice were individually taken from their home cages in a separate room 

and transported in a clean empty cage before each test. Each mouse was initially given 10 

minutes to explore each cage, with no shock in either cage. The following day, mice were 

trained for 3 minutes in each cage, during which a 0.75 mA, 2s-long shock was given in the 

shock cage after 2 minutes and no shock was given in the safe cage. This experiment was 

repeated the next day and continued for 3 more days using the same setup. Freezing 

behavior was monitored in 2 s intervals throughout the 3 minutes in both cages by a blinded 

observer, though only data from the first 2 minutes (pre-shock time) was used. Mice were 

allowed a minimum of 3.5 hours between time in the shock cage and the safe cage 

(morning then afternoon, or vice versa) and groups were counterbalanced across cage 

testing order.  

 

Object Recognition  –  Object recognition testing was carried out in two individual trials, 

modified from a protocol by Bevins and Besheer (165). Briefly, mice were kept in their home 

cages in the dark testing room until testing began. Mice were then individually removed 

from their home cages and allowed to habituate for 10 minutes in an empty, approximately 

15” x 15” x 18” (l x w x h) plastic-lined wooden box illuminated by a red light lamp. 

Differences in trials only began 24 hours after initial habituation in the empty box. In the 

long-term memory trial, mice were placed in the same box for 3 minutes with two identical 

sample objects (plastic hamburger buns) that were secured in two adjacent corners of the 

box with Velcro. Twenty-four hours later, one sample object was removed and replaced 

with a novel object (brass weight), which the mouse was allowed to explore for 3 minutes. 

In the short-term memory trial, mice were allowed to habituate with the two sample objects 

(golf balls) for 10 minutes. One hour later, one sample object was replaced with a novel 
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object (rubber stopper) and the mouse was allowed to explore for 3 minutes. In both trials, 

all object interactions were filmed and the placement of the sample and novel object was 

randomized between mice. All objects and the box were cleaned with 70% ethanol between 

trials. Scoring of total time with each object was initially conducted by one blinded observer 

and confirmed by a second blinded observer (Pearson’s r = 0.98).  

 

Results 

Combined pre+postnatal rapamycin treatment impairs long-term spatial memory 

 By comparing cognitive function of the Tsc2flox/ko; hGFAP-Cre pre+post rapamycin 

treatment cohort to the postnatally treated cohort, we sought to determine whether the 

greater histological rescue we observed in the former group translated to greater functional 

rescue. As the most striking degree of histological improvement was found in the 

hippocampus, we chose to focus on learning and memory tests that were hippocampus-

dependent. We began with the hidden-platform version of the Morris Water Maze (MWM), 

in which the mouse uses spatial cues (Fig 5.1A) to locate a submerged platform in a tub of 

opaque water (Fig 5.1B). The mice were initially placed through the more sensitive MWM 

test of mass training (see Methods & Materials) for 4 consecutive days (Fig 5.1C). 

However, mutant mice from both cohorts exhibited seizures and signs of exhaustion 

throughout the tests (as demonstrated by minimal cleaning behavior when placed back into 

the heated cage, labored breathing, and a hunched posture). As mutants from both groups 

found the platform in similar amounts of time by Day 4, we felt comfortable transitioning to a 

less stressful version of the MWM, which involved spaced training.  
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Fig 5.1. Combined pre+postnatal rapamycin treatment of Tsc2flox/ko; hGFAP-Cre mice 

impairs spatial learning and memory. (A,B) Mice were trained in the Morris Water Maze, 

in which mice use spatial cues (A) around a tub of opaque water to find a submerged 

platform (B). (C) Post and pre+post rapamycin-treated mice were initially mass-trained over 

four days, though exhaustion and seizures in the mutants resulted in limited learning, as 

shown by the average time to find the platform by day 4 compared to controls. (D) Pre+post 

mutants took longer to find the platform compared to control and post mutants in the less-

stressful spaced training task. Meanwhile the post mutants performed similarly to both post 

and pre+post treated controls. (E, F) 24 hours after day 6 of spaced training, the platform 

was removed and latency to find the platform location (E) and number of times the platform 

location was crossed was recorded (F). Pre+post mutants look significantly longer to find 

the platform and crossed it fewer times compared to control cohorts while post mutants 

performed similarly to their treated controls. (G) These results were not due to differences 

in swimming speed between groups, as measured using a visible platform. 
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In spaced training, mice were trained over the course of 6 days and the average time 

taken to find the platform, unmoved from mass training, was recorded per day (Fig 5.1D). 

No seizures or signs of exhaustion were observed during this test. Interestingly, though 

both pre+post and post rap mutants displayed similar latencies at the end of mass training, 

pre+post mutants took significantly longer to find the platform on Day 1 of spaced training 

compared to postnatally treated mutants. Though the average latency of pre+post mutants 

slightly decreased per day, their final time on Day 6 was still notably longer than that of the 

other cohorts. Meanwhile, the postnatally treated mutants consistently found the platform in 

a similar amount of time as the control groups. Twenty-four hours after their last trial on Day 

6, we performed a probe trial in which the platform was removed. Pre+post mutants took 

significantly longer to locate the platform compared to the post rap mutants, who performed 

similarly to the control (Fig 5.1E). Pre+post mutants also crossed the platform fewer times 

on average than the post mutants (Fig 5.1F). These results were not due to differences in 

motor ability, as swim speeds were similar among all groups (Fig 5.1G) and prior rotarod 

testing showed no significant difference in latency to fall (data not shown). A visible-platform 

version of the MWM confirmed that discrepancies were also not due to visual impairment, 

as all mice were able to locate the platform in similar amounts of time in this case (data not 

shown).  

 

Combined pre+postnatal rapamycin treatment impairs contextual discrimination and 

memory 

 To further investigate the apparent spatial learning and memory deficits of the 

pre+postnatally treated cohort, we tested the mice for context discrimination and memory 

abilities using contextual fear conditioning. This modified version of classical fear 

conditioning is more hippocampal-dependent as it tests the ability of the mice to  
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Fig 5.2. Combined pre+postnatal rapamycin treatment of Tsc2flox/ko; hGFAP-Cre mice 

impairs contextual learning and memory. (A) Mice were tested for contextual memory, 

where the time spent freezing in a shock cage versus safe cage is measured. The two 

cages were located in a soundproof, darkened box as shown, with subtle differences 

including background, shape, and smells differentiating the two cages. One cage (shown on 

left) was always paired with the shock.  (B-E) Over the course of 4 days, mice were 

measured for time spent freezing in either cage prior to shock. By Day 4, control mice (B) 

and postnatally treated mutants (C) froze longer in the shock cage versus safe cage, 

whereas pre+post mutants froze for similar amounts of time in both cages (D). Results from 

Day 4 are shown in bar graph in (E). (F) To demonstrate that freezing was not due to mere 

anxiety about a new environment, freezing behavior was measured in the shock cage and a 

completely novel context (cage in brightly lit room). All mice were able to distinguish 

between the two contexts. Post-treated control (n=12), post-treated mutant (n=8), pre+post 

treated mutant (n=9). 
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discriminate between two slightly similar contexts, one of which is paired with a shock and 

the other which is not (Fig 5.2A). Ability to discriminate is measured in percentage of time 

spent freezing in the shock cage versus the safe cage. Over the course of 4 days, time 

spent freezing in both cages was recorded (Fig 5.2B-D). By the fourth trial, postnatally 

treated mutant and control mice froze significantly longer in the shock cage than the safe 

cage, indicating they had learned to discriminate between contexts, whereas the freezing 

time of the pre+post treated mutant did not differ between either cage (Fig 5.2E). To 

determine whether mice were indeed remembering the shock and were not freezing due to 

anxiety from being moved or touched, we measured freezing behavior of the mice first in 

the shock cage and then in a novel, completely distinct cage. Both post and pre+post 

mutants were able to discriminate between these contexts (Fig 5.2F), indicating our findings 

were due to impaired contextual discrimination and memory in the pre+postnatally treated 

mutant.  

 

Rapamycin-treated Tsc2flox/ko; hGFAP-Cre mice display reduced anxiety-like behavior 

Though the MWM and contextual fear conditioning are solid and informative tests to 

assess hippocampal functions of learning and memory (166, 167), both tests involve a large 

degree of stress. Results from other behavioral tests may hence be affected if certain 

subjects are more susceptible to stress or anxiety than others. We therefore sought to 

validate the last finding from our fear conditioning assay using another well-established test 

for anxiety, the elevated plus maze (EPM, see Methods). Often used to measure the anti-

anxiety effects of new pharmacological agents, increased time or entrances on the open 

arms of the EPM are interpreted as indicators of alleviated anxiety (163). Post and pre+post 

mutant mice entered both the enclosed and open arms more often than the control mice 

(Fig 5.3A), indicating higher levels of activity. Interestingly, though they did not preferentially  
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Fig 5.3. Rapamycin-treated Tsc2flox/ko; hGFAP-Cre mice display anti-anxiety behavior. 

(A) Mice were tested for anxiety using the elevated plus maze, in which increased time or 

entrances on open arms demonstrate anti-anxiety. Both post and pre+post mutants entered 

the enclosed and open arms more frequently than controls, indicating higher levels of 

activity. (B) Though mutants did not preferentially enter the open arms compared to 

controls, they did spend more time on the open arms.   
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enter the open arm over the closed arm, they did spend significantly more time on the open 

arms than the control (Fig 5.3B). This finding suggests that the mutants of both treatment 

groups display less anxiety than their littermate controls. 

 

Short-term memory is intact in all rapamycin-treated cohorts 

 To better understand why long-term learning and memory seemed to be disrupted in 

the pre+post mutant mice, we tested all groups for short-term memory using the object 

recognition test.  This test makes use of the observation that mice preferentially interact 

with a previously unexplored object. Mice are hence exposed to two identical objects in 

phase one before one object is replaced with a novel object in phase two. Interaction time 

with each object is recorded. To test short-term memory, we allowed a one-hour interval 

between the two phases. Mutant and control  

mice from both treatment groups all interacted for a greater length of time with the novel 

object, demonstrating that short-term memory was not impaired in any group.  

 

Discussion 

 In this study, we examined the functional effects of post and pre+post rapamycin 

treatment by testing the learning and memory abilities of treated Tsc2flox/ko; hGFAP-Cre and 

control mice. We hypothesized that pre+post treated mutant animals would behave more 

like control animals since histologic rescue was most similar to control brains.  Surprisingly, 

mutant mice treated pre+postnatally were impaired in spatial and contextual long-term 

learning and memory compared to postnatally treated mutant and control animals as 

demonstrated using the MWM and contextual fear conditioning tasks. Postnatally treated 

mutants, on the other hand, performed as well as post and pre+post treated controls. Both  
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Fig 5.4. Short-term memory is intact in all rapamycin-treated cohorts. (A) The low-

stress object recognition task was used to assess short-term memory. In this task, mice are 

habituated in a box then allowed to interact for 10 minutes with two identical objects (left). 

One hour later, one original object is replaced with a novel object and interaction with both 

objects is timed for 3 minutes. (B) All mice preferentially interacted with the novel object 

than the original, demonstrating intact short-term memory in all groups.  
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mutant groups also demonstrated reduced anxiety-like behavior in the elevated plus maze. 

Meanwhile, the short-term memory of all groups appeared intact as demonstrated by the 

object recognition task.  

We originally hypothesized that the greater degree of histological rescue found in 

the pre+post mutants would translate to improved cognitive function compared to the post 

rap mutants, though this was demonstrated to be incorrect. Though post and pre+post 

mutants exhibited similar degrees of rescue of defects in cortical thickness, cell size, 

hypomyelination, and astrogliosis, pre+post mutants showed significantly improved 

lamination, an important factor in proper cognitive function. Despite their improved 

lamination, however, the pre+post mutants displayed significantly impaired learning and 

memory compared to post rap mutants. These results may be explained by considering the 

fact that while appropriate migration of cortical and hippocampal neurons is indeed critical 

to brain function (136), many other factors are involved in long term memory and learning, 

such as neurotransmitter homeostasis as well as dendrite and synapse formation and 

function (168). Studies in the astrocyte-specific Tsc1 CKO mouse (93), for example, 

revealed abnormal glutamate homeostasis and subsequent impairments in MWM and fear 

conditioning results. Interestingly, the untreated Tsc2flox/ko; hGFAP-Cre mouse has been 

found via Sholl analysis to have significantly increased dendritic branching, while dendritic 

spines appear round and mushroom-like (data not shown). Though our histologic analysis 

demonstrated rescue of some defects, we did not assess the impact of rapamycin on the 

increased dendritic arborization or many other factors that are important for proper brain 

function such as axon formation, neurotransmitter production and release, and 

neurotransmitter receptor density. Investigation of how prenatal versus postnatal rapamycin 

impacts these factors will be essential in helping us better understand the role of the 

mTORC1 pathway in cognitive function.  
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We consistently found that postnatally-treated mutant mice performed similarly to 

treated controls. This result suggests that postnatal treatment with rapamycin, when 

administered from birth, is able to restore learning and memory abilities in mutant mice. Our 

finding is similar to that shown by Ehninger et al. (2008), who demonstrated that rapamycin 

treatment was able to reverse spatial learning and contextual discrimination defects in 3-6 

month old Tsc2+/- mice compared to vehicle controls, using the MWM and same context 

discrimination task we chose. However, as our experiments did not include a naïve or 

vehicle-treated control group, we cannot conclusively determine whether postnatal 

treatment in the Tsc2flox/ko; hGFAP-Cre mice rescued learning and memory abilities. As 

rapamycin has been shown to impair learning and memory in vivo (161), treated control 

mice might therefore also be impaired in their cognitive functions. We are currently testing 

untreated control mice to resolve this concern, as it is critical to understand whether 

rapamycin has detrimental effects on control animals. If impairment at this low dosage is 

minimal, then our results would indicate that postnatal treatment from birth can not only 

restore health, increase lifespan, and alleviate a number of histologic brain defects, but 

improve cognitive function as well. This would pave the way for exciting translational trials 

in neonates affected with TSC.   
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Introduction 

Nearly a century and a half after Bourneville’s initial account of TSC, much 

regarding its genetic etiology and relevant pathways has been discovered thanks to the 

efforts of generations of physicians, researchers, and patients. However, significant gaps 

still exist in our understanding of the pathophysiology of the disease, particularly in regard 

to the debilitating neurological manifestations. In this dissertation, we sought to address 

some of these unknowns through the creation, characterization, and rapamycin treatment of 

a novel brain-specific mouse model of TSC, Tsc2flox/ko;hGFAP-Cre. We hypothesized that 

deletion of Tsc2 in radial glial cells would result in a mouse that recapitulated many aspects 

of TSC neuropathology. Using this mouse, we proposed to test the extent of mTORC1 

involvement in TSC brain pathology formation by inhibiting mTORC1 with the macrolide 

rapamycin, while also demonstrating the therapeutic potential of this drug as a TSC 

treatment.  

As described in previous chapters, the results of our study have yielded a number of 

novel findings. First, deletion of Tsc2 in radial glial cells does indeed give rise to many TSC-

like brain defects, indicating that these neuroglial progenitor cells may play a large role in 

TSC neuropathology. Second, loss of heterozygosity, as modeled in our mouse, leads to 

TSC-like brain pathology, lending support to the two-hit hypothesis for brain lesion 

formation in this disease. Third, inhibition of mTORC1 over-activity with rapamycin 

alleviates many TSC defects, demonstrating the high degree of involvement the mTORC1 

pathway has in TSC pathology formation. Fourth, a low dosage of rapamycin is sufficient to 

effect histologic rescue in our mice, suggesting that the extremely high dosages used in 

other mouse studies may be unnecessary and/or lead to undesired side effects for 

translational studies.  Fifth, combined prenatal and postnatal treatment with rapamycin 

resulted in the greatest histologic rescue of defects in neuronal migration compared to 
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individual prenatal or postnatal treatment, indicating that proper mTORC1 activity is 

required for correct migration throughout all stages of neurodevelopment. Sixth, prenatal 

rapamycin treatment is detrimental to learning and memory, suggesting that inhibition of 

mTORC1 activity may cause side effects during early development. Lastly, postnatal 

rapamycin administration in our model results in learning and memory abilities similar to 

those of treated control mice, a result that may support the novel treatment modality of 

rapamycin treatment in neonates with TSC.  

The work described in this thesis has provided an excellent tool for the study of TSC 

in the brain and greatly enhanced understanding of the defects involved in TSC brain 

pathology. In addition, it has indicated a significant role of mTORC1 in TSC neuropathology 

formation, though much remains unknown regarding the downstream effectors and 

mechanisms by which this kinase induces lesion formation. The Tsc2flox/ko;hGFAP-Cre 

mouse model will be extremely useful in future studies that involve elucidating or verifying 

the mechanisms underlying formation of these defects. Below, I will discuss potential 

mechanisms that lead to two of the most prominent yet poorly understood defects found in 

TSC brain pathology, neuronal migration and myelination, and how these mechanisms 

might explain our findings in the Tsc2flox/ko;hGFAP-Cre mouse. In addition, I will propose 

future work to investigate these mechanisms and enhance our understanding of TSC 

neuropathology formation.  

 

mTOR and Neuronal Migration   

 As previously discussed, cellular migration is a highly regulated process that is 

essential to proper brain function. As described in the discussion section of Chapter 3, the 

defects in migration in TSC brain lesions are so severe that the disease may be considered 
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a neuronal migration disorder (16). We also found significant defects in neuronal migration 

in the cortex and hippocampus in the untreated Tsc2flox/ko;hGFAP-Cre mouse, as indicated 

by poorly defined cortical layers, the presence of cells stained with an upper-layer marker in 

the lower layers of the cortex, and ring heterotopias and an ectopic layer of cells above the 

pyramidal layer of the hippocampus. Prenatal rapamycin treatment resulted in alleviated 

cortical migration defects, though hippocampal abnormalities were not significantly affected, 

while our analysis demonstrated that postnatal rapamycin treatment had no significant 

effect on migration. A combination of prenatal and postnatal treatment, however, resulted in 

significant rescue of both cortical and hippocampal migration defects. These results indicate 

the need for proper mTORC1 function during both prenatal and postnatal 

neurodevelopment for correct neuronal migration.  

 

A. Migration and the Cell Cycle 

A1. Cell cycle progression and cell size 

Several studies have implicated the impact of mTORC1 on cell cycle progression as 

a major mechanism by which the kinase is involved in migration. Laminar organization in 

the cortex requires precise coordination between the timing of cell cycle exit of progenitor 

cells and the determination of their laminar fate, which occurs during the S phase of the last 

cell division (169). Fingar et al. (170, 171) established in vitro that S6K1 and 4E-BP1, well-

established downstream effectors of mTORC1, were responsible for mTORC1’s control of 

G1-phase progression. They hypothesized that their results might indicate a model in which 

cell growth and cell cycle are closely coupled, such that mTORC1 primarily drives cell 

growth via macromolecular biosynthesis, with progression of the cell cycle being a 

secondary consequence. However, they also noted a rapamycin-insensitive and therefore 



113 

 

mTORC1-independent aspect of G1-phase progression and suggested a possible role for 

the mammalian orthologue of a yeast protein, TORC2, known at the time to mediate both 

rapamycin-sensitive and -insensitive signals. Later studies confirmed the presence of 

mTORC2 (96), a rapamycin-insensitive second kinase complex of mTOR, which is 

activated by the TSC complex (95) and activates Akt via phosphorylation (172, 173).  

Though FKBP12-rapamycin cannot bind directly to mTORC2, prolonged presence of 

rapamycin allows it to bind to free mTOR and thereby inhibit mTORC2 assembly and 

consequently Akt activity (100). Rosner et al. (174) later demonstrated in primary non-

transformed, non-immortalized human fibroblasts that mTORC1 was able to control the cell 

cycle via the aforementioned downstream effectors independently of mTORC2 activity. 

However, mTORC2 was also able to regulate cell size and the cell cycle through its 

activation of mTORC1 via Akt/Tsc2/Rheb.  These studies indicate the critical role of 

mTORC1 and mTORC2 in controlling cell size as well as cell cycle progression, which is 

closely tied to migration.  

 

A2. Cell cycle progression and cyclin-dependent kinase inhibitor p27Kip1 

Another method of regulation of the cell cycle by the mTOR complexes, 

independent of S6K1 and 4E-BP1 translational activity, was recently proposed in which 

mTOR promotes the phosphorylation and therefore targeted degradation of p27Kip1, a 

Cip/Kip cyclin-dependent kinase inhibitor (CKI) highly involved in brain development (175). 

p27Kip1 promotes cell cycle exit at the G1 restriction point by blocking the catalytic activity of 

cyclin E/A and cdk2 (cyclin dependent kinase 2) (176), inhibiting phosphorylation of pRb 

(retinoblastoma protein) and halting transcription of genes required for transition from G1 to 

S phase  (Koff, Polyak, 1995, Cell Cycle Res). p27Kip1 is therefore particularly involved in 
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determining the length of the cell cycle and the probability of cell cycle exit (Lukaszewicz, 

Savatier, 2005, Neuron), and therefore the birth date of projection neurons. Increased 

mTOR activity hence enhances cell cycle progression through degradation of p27Kip1 (177). 

Accordingly, p27Kip1 knockout mice demonstrate increased cell proliferation and enlarged 

brains, particularly as a result of thicker upper cortical layers at the expense of lower layers 

(178). This finding of enlarged brains and decreased lower layer neuron population is 

similarly found in the Tsc2flox/ko;hGFAP-Cre mouse model, in which overexpression of 

mTOR may be leading to increased degradation of p27Kip1. These findings suggest that 

p27Kip1 may play a role in the formation of TSC brain pathology.   

 

A3. Future examination of the cell cycle  

With the similarities between the Tsc2flox/ko;hGFAP-Cre mouse model and p27Kip1 

knockout mice, it is important to investigate the activity of p27Kip1 as well as the contributions 

of the cell cycle to the phenotype found in our model. Direct visualization of phosphorylated 

and unphosphorylated p27Kip1 expression via immunohistochemical staining or 

immunoblotting may be easily conducted during mid-neurogenesis timepoints, such as 

E13.5 and E16.5.  As mTOR activity is highly increased in the mouse model, p27Kip1 

presence should be decreased, and therefore increase of G1 to S cell cycle progression 

should be noted. Unchecked protein synthesis via upregulated mTORC1 activity may also 

disrupt the cell cycle and contribute to the observed migration defects. Basic analysis of cell 

cycle progression should therefore be conducted, and may be quickly performed using 

immunohistochemical labeling and quantitation of cells with cell-cycle markers such as anti-

pH3, a marker of cells undergoing mitosis, which might be conducted at E12.5, E14.5, 

E16.5, and E18.5 to compare differences in M phase activity between the control and 
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mutant mice. Comparison of number of cells exiting the cell cycle may also be analyzed 

using co-labeling of BrdU, an S-phase marker, and Ki67, a cell cycle marker. This 

experiment involves injecting pregnant dams with BrdU, waiting 24 hours for a full cell cycle 

then co-labeling with anti-BrdU and anti-Ki67 antibodies, and quantitating cells that are 

BrdU+ but Ki67-. This experiment might also be conducted at a variety of embryonic 

timepoints to investigate cell cycle progression and regulation in the mouse model. We 

have currently initiated analysis of expression arrays from cortical samples taken at E14.5, 

E16.5, and P10. Investigation of these samples and additional proteomic array analysis at 

these timepoints will further establish presence of relevant cell cycle components. 

Repetition of these studies using Tsc2flox/ko;hGFAP-Cre mice undergoing concurrent 

rapamycin treatment, in which we see improvement of migration defects, might determine 

whether cell cycle components, and in particular p27Kip1, play a significant role in formation 

of these defects.  

  

B. Migration and the Rho Family Small GTPases 

B1.The Rho family small GTPases 

 The Rho family of small GTPases, most notably RhoA, Rac1, and Cdc42, are crucial 

regulators of cellular migration that cycle between an inactive GDP-bound form and an 

active GTP-bound form.  RhoA advances the formation of actin stress fibers and focal 

adhesions (Ridley, 1992, Cell; Amano, 1997, Science) while controlling actin-myosin 

contractility, which is important for translocation of the cell body and retraction of the rear of 

the cell (179). Rac1 promotes formation and extension of lamellipodia, whereas Cdc42 

stimulates formation of filopodia (180). Proper cellular migration particularly requires a 

balanced polarity between Rac1 and RhoA, with higher Rac1 activity present at the leading 
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edge of the cell and higher RhoA activity at the rear of the cell (Woods, 2010, Cell Cycle). 

Disruption of this balance disrupts migration and impacts other morphological events such 

as growth-cone motility and axon guidance in the cell (181) .  

 

B2. p27Kip1 and RhoA 

 In a function distinct from its regulation of the cell cycle, p27Kip1 has been shown to play 

a more direct role in migration by modulating RhoA activation. p27Kip1 was found by Besson 

et al (182) to inhibit RhoA via direct binding to prevent its interaction with its guanine-

nucleotide exchange factors (GEFs), which exchange GDP for GTP and thereby activate 

RhoA (183)(Schmidt &Hall, 2002, Genes Dev). Mouse embryonic fibroblasts (MEFs) 

derived from p27Kip1 knockout mice had impaired mobility, increased numbers of stress 

fibers, and increased numbers of focal adhesions (182), likely due to the imbalance 

between RhoA and Rac1. In a separate experiment, prolonged but not acute treatment with 

rapamycin in vitro caused an increase in p27Kip1  presence and also impaired RhoA activity 

and cell migration, results of which could be mimicked by mTORC2 siRNA inhibition, 

implicating the specific role of mTORC2 in negatively regulating p27Kip1 (175) and 

underlining the delicateness of RhoA/Rac1 balance. As the loss of the TSC complex has 

been shown to impair mTORC2 kinase activity in vitro (95), loss of Tsc2 in the 

Tsc2flox/ko;hGFAP-Cre mouse likely also results in impaired mTORC2 activity. According to 

the results discussed above, this would lead to reduced degradation of p27Kip1, greater 

inhibition of RhoA, and consequent decrease in cell motility, which may explain the 

migration defects found in the model. However, prolonged treatment with rapamycin at our 

dosage alleviated these migration defects rather than exacerbated them, suggesting that 

alternate mechanisms in regulation of migration need to be explored.  
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B3. S6K1, 4E-BP1, and the Rho family small GTPases 

 The involvement of mTOR in regulating RhoA, Rac1, and Cdc42 was further confirmed 

in a recent study by Liu et al. (184), in which rapamycin treatment was found to inhibit 

protein synthesis and the activity of the three GTPases in vitro. While this study makes no 

mention of p27Kip1, it instead implicates a different set of regulators of RhoA, Rac1, and 

Cdc42 - the downstream effectors of mTORC1, S6K1 and 4E-BP1. By disrupting mTORC1 

or mTORC2 by down-regulating raptor or rictor, respectively, the authors were able to 

conclude that mTORC1 was involved in inhibiting the protein synthesis of the three 

GTPases, whereas mTORC2 mainly inhibited their activity, as measured by decreased 

GTP-bound forms of the GTPases. Prolonged rapamycin treatment, however, mainly 

suppressed RhoA, Rac1, and Cdc42 activity and therefore cell motility by inhibiting the 

protein expression of the small GTPases. Meanwhile, rapamycin inhibition could be 

overcome by overexpression of RhoA but not the other proteins, suggesting that rapamycin 

inhibits cell motility at least in part through attenuation of RhoA protein expression. These 

results indicate a larger role of mTORC1 in migration than the aforementioned studies 

implied. It is therefore possible that overactivation of mTORC1 in the Tsc2flox/ko;hGFAP-Cre 

mouse and the resulting migration defect is attenuated through rapamycin treatment, which 

results in restored balance to RhoA levels and subsequent appropriate migration.  

 

B5. Future examination of the Rho family small GTPases 

 The relationship between the mTOR complexes and RhoA, Rac1, and Cdc42 as 

described above suggest that the Rho family of small GTPases may play an important role 

in the migration defects found in TSC pathology. Though these in vitro studies show that 

prolonged rapamycin inhibits migration through these proteins at least in some part, it is 
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unclear how the small GTPases are impacted by treatment following the removal of Tsc2, 

particularly in an in vivo system. Characterization of the activity of RhoA, Rac1, and Cdc42 

as well as the phosphorylation status of the two mTOR complexes in the Tsc2flox/ko;hGFAP-

Cre mouse will therefore be very useful in investigating this question. Phosphorylation 

status and protein presence may be measured using immunoblot analysis of embryo cortex 

and hippocampal lysates throughout corticogenesis, for example at E13.5, E15.5, E17.5, 

and P0. Activity of the small GTPases may be more specifically measured using affinity 

binding assays to pull down GTP-bound RhoA, Rac1, and Cdc42 before immunoblot 

analysis. Investigation of these and other migration-linked effectors via expression and 

proteomic arrays may further establish the roles of these and other proteins in the formation 

of TSC defects. For example, analysis of E16.5 cortical samples by expression array in our 

lab has demonstrated a significant increase in expression of Pak1 in the Tsc2flox/ko;hGFAP-

Cre mouse compared to a littermate control. As Pak1, a downstream effector of Rac1 and 

Cdc42, is an important regulator of neuronal polarity, morphology, migration, and synaptic 

function (Nikolic 2008 Mol Neurobiol), investigation of why this protein is so highly 

upregulated following Tsc2 deletion will provide direct insight into TSC pathology formation.  

 

mTOR and Myelination 

A. Myelination and Migration 

In addition to neuronal migration, the Tsc2flox/ko;hGFAP-Cre mouse is also 

characterized by defective myelination. Developmental studies, as described in Chapter 3, 

indicated that the hypomyelination observed in the adult was due to aberrant progression of 

myelin into the lower cortical layers, rather than as a result of demyelination. Though myelin 

presence, as visualized by immunohistochemistry using MBP as a marker, appears slightly 
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patchy in the corpus callosum, actual formation of myelin does not seem to be severely 

affected. Our investigation of mature oligodendrocytes using antibodies against CC1 

demonstrated in the Tsc2flox/ko;hGFAP-Cre mouse an increased number of oligodendrocytes 

in which mTORC1 was also upregulated. Whether increase in mTORC1 activity or increase 

in cell number affects the ability of oligodendrocytes to myelinate remains to be studied. 

The neuron-specific Tsc1 CKO mouse, however, demonstrates similar myelination defects 

as our model, without evidence of increase in or aberrant distribution of oligodendrocytes 

(77), indicating that these particular characteristics may play a lesser role in the 

hypomyelination phenotype. Before alternate hypotheses may be studied, however, we 

must first establish that oligodendrocytes are correctly distributed throughout the cortex in 

the Tsc2flox/ko;hGFAP-Cre mouse. Oligodendrocyte precursor cells (OPCs) move using 

saltatory migration (185), in which the leading edge of the cell orients towards the pial 

surface with alternating stationary and fast-moving phases, including dramatic shape 

changes (186). This method of movement resembles formation of axonal growth cones, a 

process which incorporate signals from the previously mentioned RhoA and its related 

effectors (187). Given that RhoA signaling is likely highly altered in the Tsc2flox/ko;hGFAP-

Cre mouse, OPC migration to a position appropriate for myelination may also be 

compromised. Use of immunohistochemical markers such as Olig2, MOG, and CC1 to 

visualize and quantitate OPC and mature oligodendrocytes should be sufficient to establish 

proper placement of these cells for myelination.  

 

B. Myelination and Axonal Surface Molecules 

As characterization of the neuron-specific Tsc1 CKO did not yield differences in 

OPC distribution or number, the authors instead suggested that hypomyelination was seen 
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as loss of Tsc1 in neurons might inhibit the induction of myelination (77). This hypothesis is 

quite plausible, given that myelination of individual axons by oligodendrocytes may be 

heavily regulated by extracellular ligands and secreted molecules present on the surface of 

the axon itself (188). As support, Meikle et al (2007) cite high expression of the growth-

associated protein GAP-43 in the P21 mouse model. GAP-43 has a distinct inverse 

relationship with myelin (189) and is usually expressed during axonal outgrowth before P7 

(190), indicating that neurons may be more responsible than oligodendrocytes in causing 

the hypomyelination defect observed. Initial effort might therefore focus on investigating 

aberrant neuronal signaling to oligodendrocytes in the Tsc2flox/ko;hGFAP-Cre mouse. A 

number of well-characterized axonally expressed ligands may be studied for this purpose, 

such as Jagged, PSA-NCAM, and LINGO-1, all of which inhibit the differentiation of OPCs 

or myelination (191-193).  

 

B. Myelination and Neuronal Activity 

 Deletion of Tsc2 and subsequent mTORC1 activation in the Tsc2flox/ko;hGFAP-Cre 

mouse may also alter electrical activity of the axons, which in turn may influence 

myelination (194, 195). Aberrant neuronal activity may alter expression of the previously 

mentioned surface ligands. Unregulated release of neurotransmitters such as adenosine by 

active axons might also inhibit or disrupt OPC differentiation and subsequent myelination 

(196).  Investigation of neurotransmitters in vivo may be conducted via microdialysis or 

direct electrochemical methods, while detection of individual neuronal activity can be 

achieved via patch clamping of cultured brain slices.  
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Model Summary 

 Though TSC neuropathology is characterized by a number of defects, aberrant 

neuronal migration and hypomyelination are two of the most cardinal and poorly understood 

traits. As these characteristics are also well-recapitulated in the Tsc2flox/ko;hGFAP-Cre 

mouse model, I have focused on them in this discussion to better guide future investigation 

into the formation of these defects. Neuronal migration may be controlled by a number of 

factors, most prominently release of the cell from the cell cycle and physical ability of the 

cell to move. The important roles of p27Kip1 and mTORC1’s downstream effectors S6K1 and 

4E-BP1 in controlling the cell cycle as well as Rho family small GTPases have therefore 

been discussed, with future study emphasizing the relative levels of these proteins at 

different developmental timepoints. Myelination may be highly affected by inhibited OPC 

movement or altered neuronal induction, whether by surface molecule or neurotransmitter 

signaling. Investigation of OPC/oligodendrocyte positioning and electrical/biochemical 

signaling to determine what is causing the aberrant myelin progression is therefore 

relevant. The results of these proposed studies will provide much-needed insight into the 

neuronal migration and hypomyelination defects seen in TSC pathology. I will now discuss 

additional future studies which may also enhance our understanding of TSC 

neuropathology formation.  

 

Additional Future Studies 

A. Creation of a tuber-based mouse model 

One of the main criticisms of our model, as well as that of the Eker rat and TSC1 CKO 

models, has been the absence of focal tubers, a defining characteristic of TSC 

neuropathology. In a TSC Investigator’s Meeting workshop, participants felt that:  
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The relevance of all of these results [from animal models] 

to human TSC remains to be established( [participants] 

remained cautious of direct correlation to human TSC. 

Despite the variety of neuropathology in these models, 

none expressed typical cortical tubers (197).  

 

In response to this critique, Wong (198) correctly pointed out that a number of findings 

derived from “tuberfree” animal models have already impacted understanding of human 

TSC. He cites as examples the discovery of the role of the TSC complex in the mTORC1 

pathway, originally found in Drosophila (52, 199) and now the basis for rapamycin 

treatments, as well as abnormalities in astrocyte glutamate transporters, found in the 

astrocyte-specific TSC1 CKO (200) and now verified in human TSC tissue (201). He 

concludes that while caution is always appropriate when interpreting animal data, data from 

these models have already been found to have direct clinical applications to TSC.  

While study of models that do not display focal tubers has indeed been extremely 

informative, it is also important to note that though we do not see focal tubers per se, many 

of the characteristics found throughout the Tsc2 flox/ko; hGFAP-Cre brain model those of 

tubers. It is thought that tubers form from a single progenitor (202). By deleting Tsc2 in all 

radial glial progenitor cells, we have recapitulated much of the disease and in many 

respects created a “holotuber.” Some aspects of TSC, such as seizures and cognitive 

disabilities, may admittedly be much more severe in this mouse due to the presence of 

tuber-like defects throughout the entire brain rather than in an isolated area surrounded by 

normal tissue. Other characteristic defects such as migration problems or giant cells, 

however, are likely similar to those found in isolated lesions.  

Now that we have defined and examined these characteristics in our mouse model, 

future experiments may satisfy critics of our “tuberless” model relatively easily by deleting 
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Tsc2 in only a few radial glial cells. This may be achieved most efficiently using an hGFAP-

Cre retrovirus, which if delivered at low titer and directly to the ventricles of Tsc2flox/ko 

embryos, may result in focal deletion of Tsc2 in dividing radial glial cells. This experiment 

would validate whether tubers can originate from radial glial cells, as well as elucidate the 

contributions of a haploinsufficient environment to the localized tuber by comparing its 

characteristics with those of our original Tsc2 flox/ko; hGFAP-Cre mouse. Though inherent 

differences between the mouse and human brain, such as the lissencephalic nature of the 

mouse brain, may prevent actual tuber formation, results of this experiment would be very 

informative and perhaps more appealing to human-centric investigators.  

 

B. Further investigation of differentiation and proliferation defects 

Though the Tsc2flox/ko;hGFAP-Cre mouse does recapitulate the majority of 

characteristics found in TSC brain lesions, we see little evidence of the prominent defects of 

abnormal differentiation and proliferation. While one explanation might be that radial glial 

cells (RGCs) only partially contribute to the TSC brain phenotype and therefore these 

particular defects are not present in our model, several findings indicate otherwise. Ring 

heterotopias in the hippocampus reveal cells that do not stain for post-mitotic neuronal or 

glial markers, suggestive of a problem with differentiation into one or the other cell line. 

Meanwhile, embryonic analysis demonstrated aberrant populations of neural progenitor 

pools, indicating either aberrant differentiation into post-mitotic neurons or basal progenitor 

cells (BPCs), or possibly a proliferation defect in one progenitor pool. Future work might 

focus on characterizing these defects more thoroughly, prenatally as well as postnatally, in 

these mice.  
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For example, though we did not find aberrant proliferation in the mutant embryos using 

our methods as described in Chapter 3, proliferation is often the most common explanation 

for a greater number of cells. Other experiments must therefore be conducted to validate 

our initial findings that aberrant proliferation of RGCs and BPCs did not occur. While cell 

counts at a certain timepoint are useful, they do not distinguish between (1) lack of a 

proliferation defect, which we originally concluded, (2) a proliferative event followed closely 

by cell death, and (3) a proliferative event immediately followed by differentiation into other 

cell types, such as post-mitotic neurons or BPCs, which would not stain for the original cell 

marker and therefore not be counted. As altered progenitor pools are found by E14.5 and 

Tsc2 deletion only occurs two days prior, evidence of cell death should be easy to detect 

around E13.5 should it exist. Immunohistochemistry with antibodies against a cell death 

marker such as CC3 or TUNEL staining would therefore be useful.   Though we 

investigated proliferation using BrdU, we were unable to distinguish between RGCs and 

BPCs undergoing S phase based on location alone, due to the interkinetic nuclear 

oscillations of RGCs during synthesis towards the subventricular zone where BPCs reside 

(139). By double-labeling with the robust BPC marker Tbr2 and BrdU, we will be able to 

determine whether more RGCs are undergoing S phase in the mutant compared to control. 

To identify whether cells are leaving the cell cycle to become post-mitotic neurons, we may 

inject BrdU, wait 24 hours for completion of a cell cycle, and double label with BrdU and 

Ki67, a general marker of mitosis. An increase of cells that are BrdU+/Ki67- in the mutant 

would suggest that cells were undergoing synthesis but then leaving the cell cycle. 

Together, these three experiments would clarify whether proliferation plays a role in the 

altered progenitor pool defect rather, or in addition to, differentiation.  

Postnatal analysis must also be conducted more thoroughly to establish whether these 

two defects are present in our mouse model. Our experiments thus far have used markers 
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that identify post-mitotic neurons or glia for our cell counts, rather than markers that 

investigate immature cells. Crino et al (203) showed that tubers contained cells stained with 

nestin, an embryonic intermediate filament protein, PCNA (proliferating cell nuclear 

antigen), and Ki-67. These markers are expressed during embryonic development but not 

by mature neurons after migration, demonstrating that many cells in tubers are 

developmentally retarded. Repeating this experiment in our mutant mouse at P0, P5, P10, 

and P15 might therefore reveal defects in proliferation and differentiation better than cell 

counts alone.  

 

C. Characterization of seizure phenotype 

Epilepsy is one of the most common neurological manifestations of TSC, as well as one 

of the most devastating (204). Nonfatal seizures have been routinely observed in both 

TSC1 CKO mouse models throughout their lifespan (93, 94). Our mutant mice, however, do 

not exhibit a clinical seizure phenotype until P23, when seizures consistently end in a fatal 

tonic phase. It is unclear how the seizure phenotype in our mouse compares to those of the 

other mouse models. This question is particularly interesting given that our mouse 

demonstrates more severe histologic defects than either mouse. Investigation of the 

underlying seizure phenotype of our mutant may therefore elucidate the importance of 

certain TSC defects to seizure events.  

Additionally, we have observed several nonfatal seizures in our mice following 

rapamycin treatment. As rapamycin has been shown to alleviate seizures in both TSC1 

CKO mice as well, it would be interesting to see what impact our lower dosage of 

rapamycin might have on seizure activity. Measuring differences between seizure 
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phenotype in our pre, post, and pre+post rapamycin treated cohorts would also be useful in 

establishing which treatment might be more beneficial for this aspect. 

The standard method of seizure assessment is via video-EEG recordings. In mice, this 

requires surgical implantation of epidural screw electrodes and a monitoring setup, which 

our lab is currently not equipped for. However, such an experiment would be particularly 

useful for our mice, as this method would not only measure seizures but also provide a 

background EEG. As we see low frequency of seizures in the treated mice, interictal EEG 

activity would provide adequate data regarding the impact of different rapamycin treatments 

on brain functioning, perhaps enough to determine whether prenatal treatment was more 

beneficial for seizure management.  

As our lab is currently best suited for histological study, however, characterization of 

seizure activity via Timm staining may be more appropriate. The Timm stain allows 

visualization of zinc deposits that accumulate along mossy fibers that are produced by hilar 

cells of the hippocampus. While it is unclear whether mossy fiber sprouting is a cause or 

effect of seizures (Koyama & Ikegaya 2004, Curr Neurovasc Res), Timm staining is 

frequently used to assess the seizure phenotype. In fact, rapamycin has been shown to 

decrease mossy fiber sprouting (Buckmaster 2009, J Neurosci). Though this data was not 

coupled with EEG recordings, it provides support that Timm staining in our mice might 

provide a more practical method of assessing variation between benefits of rapamycin 

administered at different timepoints.  

 

Conclusion 

 This dissertation describes the creation, characterization, and treatment of a novel, 

Tsc2-based radial glial model of TSC brain pathology in the mouse, Tsc2flox/ko;hGFAP-Cre, 
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which recapitulates many features of TSC neuropathology. Our studies with this mouse 

have yielded a number of significant and novel findings. We have confirmed the radial glial 

cell as a likely source of TSC brain pathology formation, gathered evidence to support LOH 

as a mode of brain lesion formation, and established a significant role for mTOR in 

regulating brain size, neuronal size and migration, myelination, astrogliosis, and learning 

and memory. This work has provided an excellent tool for the study of TSC in the brain, 

while characterization of this model has also greatly enhanced the understanding of the 

defects involved in TSC neuropathology. Using this model, additional studies may also be 

conducted to elucidate the currently poorly understood mechanisms by which TSC brain 

pathology forms. Moreover, our investigations of rapamycin treatment of this mouse model 

at different time points may establish precedent for novel treatment modalities in the clinic, 

further establishing the high impact the Tsc2flox/ko;hGFAP-Cre mouse has and will continue 

to have on increasing our understanding of TSC.  
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