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ABSTRACT 

A study was carried out to develop media for the in v i m  expansion of human and rnurine 

neural stem cells. Issues studied included the evaluation of basal media, the optimization 

of glucose, glutaxnine, hormone, amino acid, and buffer concentrations, and 

supplementation with growth factors, albumin, lipids, and trace elements. Based on these 

studies, two new media, PPRF.h2 and PPRF.m2, were developed for human and murine 

cells respectively. 

The media were tested against a murine medium (NMSCM, published) and a human 

medium (NHSCM, proprietary) developed by NeuroSpheres Ltd. In static culture the 

human cells reached a maximum density in PPRF.h2 which was 10% higher than in 

NHSCM. In static culture the maximum murine cell density in PPRF.mZ was 75% 

greater than in NHSCM and 655% greater than in NMSCM. In stirred culture they were 

53.9% and 503% greater respectively. Triple staining of the murine cells after growing in 

PPRF.rn2 revealed that they retained their ability to give rise to neurons, astrocytes, and 

oligodendrocpes. 
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containing 5% CO,. 

The amount of Glutamine consumed and Ammonia produced by 
murine neural stem cells in NMSCM. The flasks were inoculated at 
75.000 cells/ml and incubated at 37OC in a water saturated atmosphere 
containing 5% CO,. 

The amount of Glucose consumed and Lactate produced by murine 
neural stem cells in NHSCM. The flasks were inoculated at 75,000 
celis/mL and incubated at 37OC in a water saturated atmosphere 
containing 5% CO,. 
The amount of Glutamine consumed and Ammonia produced by 
murine neural stem cells in NHSCM. The flasks were inoculated at 
75,000 cells/ml and incubated at 37°C in a water saturated atmosphere 
containing 5% CO,. 

The amount of Glucose consumed and lactate produced by human 
neural stem cells in MISCM. The flasks were inoculated at 75,000 
cells/ml and incubated at 37°C in a water saturated atmosphere 
containing 5% CO,. 

The amount of Glutamine consumed and Ammonia produced by 
human neural stem cells in NHSCM. The flasks were inoculated at 
75,000 ceUs/rnL and incubated at 37OC in a water saturated atmosphere 
containing 5% (2%. 

A graph showing the average specific glucose uptake rate during 
exponential growth for murine/NMSCM, murine/NHSCM, and 
humanMHS CM. The equations were obtained using linear regression. 
Nunc T-25 flasks were inoculated at 75,000 ceIls/mL and incubated at 
37OC in a water saturated annosphere containing 5% C4. 

A graph showing the average specific glutamine uptake rate during 
exponential growth for murineNMSCM, murineMISCM, and 
hmaoMHSCM. The equations were obtained using linear regression. 
Nunc T-25 flasks were inoculated at 75,000 cells/ml and incubated at 
37OC in a water saturated atmosphere containing 5% C4. 
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IV.26 A graph showing the average specific lactate production rate during 143 
exponential growth for murine/NMSCM, murine/NHSCM, and 
human/NHSCM. The equations were obtained using linear regression. 
Nunc T-25 flasks were inoculated at 75,000 ceUs/mL and incubated at 
37°C in a water saturated atmosphere containing 5% CO,. 

IV.27 A graph showing the average specific cellular ammonia production rate 144 
during exponential prowth for murineMSCM, murineMSCM, and 
humadWSCM. The equations were obtained using linear regression. . 
Nunc T-25 flasks were inoculated at 75,000 ceUs/mL and incubated at 
37°C in a water saturated atmosphere containing 5% CO,. 

IV.28 The yield of lactate from glucose (mol/mol) during the exponential 146 
growth phase for murine/NMSCM, murineMSCM, and 
hurnanMHSCM. The rates were calculated by performing a linear 
regression. Nunc T-25 flasks were inoculated at 75,000 cells/mL and 
incubated at 37°C in a water saturated atmosphere containing 5% CO,. 

W.29 The yield of ammonia fiom glutamine (moVmol) during the 148 
exponential growth phase for murine/NMSCM, murine/NHSCM, and 
h u m m S C M .  It should be noted that these values represent the 
ammonia produced by the cells, and not ammonia from other sources 
such as deamination. The rates were calculated by performing a linear 
regression. . Nunc T-25 flasks were inoculated at 75,000 cells/mL and 
incubated at 37°C in a water saturated atmosphere containing 5% CO,. 

W.30 The pH over time for murine neural stem cells in NMSCM or NHSCM, 151 
and human neural stem cells in NHSCM. Nunc T-25 flasks were 
inoculated at 75,000 cellslmL and incubated at 37°C in a water 
saturated atmosphere containing 5% CO,. 

N.31 The effect of varying the initial pH on the final cell density and 152 
viability of murine neural stem cells grown in NMSCM. Nunc T-25 
flasks were inoculated at 75,000 cellslmL and incubated for 5 days at 
3 7°C in a water saturated atmosphere containing 5% C4. 

W.32 The effect of varying the initial pH on the final cell density and 153 
viability of murine neural stem cells grown in NHSCM. Nunc T-25 
flasks were inoculated at 75,000 ceUs/mL and incubated for 4 days at 
37°C in a water saturated atmosphere containing 5% CO,. 
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IV.33 The effect of varying the initial pH on the final cell density and 154 
viability of human neural stem cells grown in NHSCM. Nunc T-25 
flasks were inoculated at 75,000 cells/mL and incubated for 10 days at 
37°C in a water saturated atmosphere containing 5% CO,. 

IV.34 The effect of varying the initial osmolality on the final cell density and 155 
viability of murine neural stem cells grown in NMSCM. Nunc T-25 
fllh ~ p r e  inncii.tpd at '75,000 ce-slwtJ x d  bcvbge$ for 5 &>rs =? 

37'C in a water saturated atmosphere containing 5% CO,. 

N.35 The effect of varying the osmolality on the final cell density and 156 
viability of murine neural stem cells grown in MISCM. Nunc T-25 
flasks were inoculated at 75,000 cells/mL and incubated for 4 days at 
37°C in a water saturated atmosphere containing 5% CO?. 

IV.36 The effect of varying the osmolality on the final cell density and 157 
viability of human neural stem cells grown in NHSCM. Nunc T-25 
flasks were inoculated at 75,000 ceUs/mL and incubated for 10 days at 
37OC in a water saturated atmosphere containing 5% CO,. 

IV.37 The amino acid profile over time in NMSCM used to grow m u ~ e  159 
stem cells. Nunc T-25 flasks were inoculated at 75,000 cells/ml and 
incubated at 37OC in a water saturated atmosphere containing 5% CO,. 
Shown are the amino acids that had initial concentrations under 25 
m g n -  

N.38 The amino acid profile over time in NMSCM used to grow murine 160 
stem cells. Nunc T-25 flasks were inoculated at 75,000 cells/ml and 
incubated at 37OC in a water saturated atmosphere containing 5% C4. 
Shown are the amino acids that had initial concentrations over 25 
m a *  

W.39 The amino acid profile over time in NHSCM used to grow murine stem 161 
cells. Nunc T-25 flasks were inoculated at 75,000 cells/mL and 
incubated at 37°C in a water saturated atmosphere containing 5% CO,. 
Shown are the amino acids that had initial concentrations under 25 
mg/L- 
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N.40 The amino acid profie over time in NHSCM used to grow murine stem 162 
cells. Nunc T-25 flasks were inoculated at 75,000 cells/mL and 
incubated at 37°C in a water saturated atmosphere containing 5% C02. 
Shown are amino acids that had initial concentrations over 25 m@. 

N.41 The amino acid profile over time in NHSCM used to grow human stem 163 
cells. Nunc T-25 flasks were inoculated at 75,000 cells/ml and 
incubated at 37OC in a water saturated atmosphere containing 5O/n CO:. 
Shown are the amino acids that had initial concentrations under 25 
mg/L* 

W.42 The amino acid profile over time in NHSCM used to grow human stem 164 
cells. Nunc T-25 flasks were inoculated at 75,000 ce1lshn.L. and 
incubated at 37°C in a water saturated atmosphere containing 5% CO,. 
Shown are the amino acids that had initial concentrations over 25 
m a .  

V.1 The effective doublings over the course of eight subcultures for murine 173 
neural stem cells in different murine media The cells were grown in 
Nunc T-25 Flasks. Each subculture was inoculated at 75,000 cells/ml, 
and incubated for 5 days at 37OC in a water saturated atmosphere 
containing 5% CO,. 

V.2 The viability over the course of eight subcultures for murine neural 174 
stem cells in different m u ~ e  media The cells were grown in Nunc T- 
25 Flasks. Each subculture was inoculated at 75,000 cells/mL, and 
incubated for 5 days at 37OC in a water saturated atmosphere containing 
5% co*. 

V3 The effective doublings over the course of eight subcultures for murine 176 
neural stem cells in different human media. The cells were grown in 
Nunc T-25 Flasks. Each subculture was inoculated at 75,000 cells/mL, 
and incubated for 5 days at 37°C in a water saturated atmosphere 
containing 5% CO,. 

V.4 The viability over the course of eight subcultures for murine neural 177 
stem cells in different human media The cells were grown in Nunc T- 
25 Flasks. Each subculture was inoculated at 75,000 cells/ml, and 
incubated for 5 days at 37OC in a water saturated atmosphere con&g 
5% co,. 
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V.5 The effective doublings over the course of five subcultures for human 179 
neural stem cells in different human media. The cells were grown in 
Nunc T-25 Flasks. Each subculture was inoculated at 75,000 cells/mL, 
and incubated for 10 days at 37OC in a water saturated atmosphere 
containing 5% COz. 

V.6 The viability over the come of five subcultures for human neural stem 180 
cells in different human media. The cells were gown in Nunc T-25 
Flasks. Each subculture was inoculated at 75,000 cells/ml, and 
incubated for 10 days at 37OC in a water saturated atmosphere 
containing 5% C02. 

V.7 The cell density over time for rnurine neural stem cells in murine 182 
RPMI/DMEM./Fl2 and NMSCM. The cells were grown in Nunc T-25 
flasks. M e r  being inoculated at 75,000 cells/mL, the flasks were 
incubated at 37OC in a water saturated atmosphere containing 5% C02. 

V.8 The exponential growth rate over time for murine neural stem cells in 183 
murine RPMI/DMEM/FIZ and NMSCM. The cells were grown in 
Nunc T-25 flasks. After being inoculated at 75,000 cells/rnL, the flasks 
were incubated at 37°C in a water saturated atmosphere containing 5% 
co,. 

V.9 The viability over time for murine neural stem cells in murine 184 
RPMI/DMEM/FlZ and NMSCM. The cells were grown in Nunc T-25 
flasks. After being inoculated at 75,000 cells/mL, the flasks were 
incubated at 37'C in a water saturated atmosphere containing 5% C4. 

V.10 The glucose consumed and the lactate produced over time by murine 185 
neural stem cells in murine RPMI/DMEM/F 1 2. The cells were grown 
in Nunc T-25 flasks. AAer being inoculated at 75,000 cells/ml, the 
flasks were incubated at 37OC in a water saturated atmosphere 
containing 5% CO,. 

V.ll The glutamine consumed and the ammonia produced over time by 186 
murine neural stem cells in murine RPh4UDMEMIF12. The cells were 
grown in Nunc T-25 flasks. M e r  being inoculated at 75,000 cells/ml, 
the flasks were incubated at 37OC in a water saturated atmosphere 
containing 5% C4. 
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v.12 The average specific cellular glucose uptake rate and the average 187 
specific glutamine uptake rate for mlnine neural stem cells in murine 
RPMZ/DMEM/FIZ. The cells were grown in Nunc T-25 flasks. M e r  
being inoculated at 75,000 ceUs/mL, the flasks were incubated at 37OC 
in a water saturated atmosphere containing 5% CO,. 

The average specific lactate production rate and the average specific 188 
cellular ammonia production rate for murine neural stem cells in 
murine RPMUDMEM/FIZ. The cells were grown in Nunc T-25 flasks. 
After being inoculated at 75,000 cells/mL, the flasks were incubated at 
3 P C  in a water saturated atmosphere containing 5% C4. 

The yield of lactate from glucose consumed by murine neural stem 189 
cells in murine RPMI/DMEM/F 12. The cells were grown in Nunc T-25 
flasks. After being inoculated at 75,000 cells/ml, the flasks were 
incubated at 37OC in a water saturated atmosphere containing 5% CO,. 

The yield of ammonia from glutamine consumed by murine neural 190 
stem cells in murine RPMVDMEM/F12. The cells were grown in Nunc 
T-25 flasks. After being inoculated at 75,000 cells/ml, the flasks were 
incubated at 37OC in a water saturated atmosphere containing 5% CO,. 

The amino acid profile of murine cells in rnurine RPMI/DMEM/FI2. 192 
Shown are the amino acids with an initial concentration lower than 25 
mg/L* 

The amino acid profile of murine cells in murine EPMIIDMEMIFl2. 193 
Shown are the amino acids with an initial concentration lower than 25 
mg/L* 

The glycolytic pathway showing the series of biochemical steps 197 
necessary to convert glucose into pyruvate. Depending on the 
environmental conditions, pyruvate can go on to form lactate, or enter 
the TCA cycle. 

The TCA cycle showing how pyruvate produced during glycolysis is 198 
further metabolized, and how it is related to glutamine metabolism. 
Also shown is spontaneous glutamine decomposition in an aqueous 
environment. 
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VI.3 The effect of modifying the glucose and glutamhe concentration both 205 
alone and simultaneously on the ED and viability of murine cells in 
RPMJ/DMEM2/F12. The cells were grown in Nunc T-25 flasks. M e r  
being inoculated at 75,000 cells/ml, the flasks were incubated for 5 
days at 3PC in a water saturated atmosphere containing 5% CO,. 

VIA The effect of modifying the glucose and giutamine concentration both 206 
alone and simultaneously on the ED and viability of rnurine cells in 
NHSCM made with DMEM2. The cells were grown in Nunc T-25 
flasks. After being inoculated at 75,000 cells/rnL, the flasks were 
incubated for 5 days at 37OC in a water saturated atmosphere containing 
5% COP 

VI.5 The effect of modifying the glucose and glutamine concentration both 207 
alone and simultaneously on the ED and viability of human cells in 
MISCM made with DMEM2. The cells were grown in Nunc T-25 
flasks. After being inoculated at 75,000 cells/ml, the flasks were 
incubated for 10 days at 37°C in a water saturated atmosphere 
containing 5% C02. 

VI.6 The effect of not adjusting the osmolarity to 337 mOsm/kg H,O. The 210 
NHSCM shown was made with DMEM2. Unadjusted osmolarity of 
RPMI/DMEM2/F12 was 280 mOsdkg H,O and NHSCM was 295 
mOsm/kg H,O. The cells were grown in Nunc T-25 flasks. After being 
inoculated at 75,000 cells/mL, the flasks were incubated at 37OC in a 
water saturated atmosphere containing 5% CO,. The murine cells were 
incubated for 5 days whereas the human cells were incubated for 10 
days. 

VI.7 The effect of supplementing RPMI/DMEM/F12, and both NMSCM 212 
and NHSCM with pyruvate. The RPMVDMEMlFlZ base medium 
c o n e  0.04 g/L of pyruvate whereas NMSCM and NHSCM both 
contain 0.06 g/L,. The cells were grown in Nunc T25 flasks. After being 
inoculated at 75,000 ceUs/mL, the flasks were incubated at 37°C in a 
water saturated atmosphere containing 5% CO,. The murine cells were 
incubated for 5 days and the human cells were incubated for 10 days. 
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VI.8 The effect of supplementing specific amino acids on the ED and 214 
viability of murine cells in NMSCM. The cells were grown in Nunc T- 
25 flasks. After being inoculated at 75,000 cells/mL, the flasks were 
incubated for 5 days at 37°C in a water saturated atmosphere containing 
5% CO,. 

VI.9 The effect of supplementing specific amino acids on the ED and 215 
viability of murine cells in RPMI/DMEM/F 12. The cells were grown in 
Nunc T-25 flasks. M e r  being inoculated at 75,000 cells/ml, the flasks 
were incubated for 5 days at 37°C in a water saturated atmosphere 
containing 5% cop 

VI.10 The effect of supplementing specific amino acids on the ED and 216 
viability of murine cells in NHSCM. The cells were grown in Nunc T- 
25 flasks. After being inoculated at 75,000 cells/mL, the flasks were 
incubated for 5 days at 37OC in a water saturated atmosphere containing 
5% CO?. 

VI.11 The effect of supplementing specific amino acids on the ED and 217 
viability of human cells in MISCM. The cells were grown in Nunc T- 
25 flasks. After being inoculated at 75,000 cells/mL, the flasks were 
incubated for 10 days at 37°C in a water saturated atmosphere 
containing 5% C02. 

VI.12 The effect of varying the percentage of hormone mixture in the media 219 
on murine and human neural stem cells. The cells were grown in Nunc 
T-25 flasks. After being inoculated at 75,000 cells/ml, the flasks were 
incubated at 37°C in a water saturated atmosphere containing 5% CO,. 
The murine cells were incubated for 5 days whereas the human cells 
were incubated for 10 days. 

VI.13 The effect of varying the pH on the proliferation of murine neural stem 220 
cells in RPMI/DMEM/FlZ. The pH was varied by altering the levels of 
Hepes and sodium bicarbonate in the medium. The case showing a pH 
of 7.26 contained the same amount of Hepes and sodium bicarbonate as 
found in MISCM. The cells were grown in Nunc T-25 flasks. 
Following inoculation at 75,000 ceUs/mL, the flasks were incubated for 
5 days at 3 7°C in a water saturated atmosphere containing 5% CO,. 
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VI.14 The effect of varying the pH on the proliferation of human neural stem 221 
cells in NHSCM. A NHSCM stock solution was initially made without 
any Hepes or sodium bicarbonate. The different media shown in the 
graph were produced by supplementing the stock solution with various 
amounts of Hepes and sodium bicarbonate. The case showing a pH of 
7.23 contained the same amount of Hepes and sodium bicarbonate as 
found in normal MISCM. The cells were grown in Nunc T-25 flasks. 
Following inoculation at 75,000 cells/ml, the flasks were incubated for 
10 days at 37°C in a water saturated atmosphere containing 5% C02. 

W.1 -4 schematic diagram showing human epidermal growth factor. Shown 227 
are (a) a 3D conformation (b) the polypeptide chain fold and (c) the 
amino acid sequence. In figure (b), the dashed lines represent hydrogen 
bonds and the solid lines represent disulfide bonds. These bonds aid in 
maintaining the active conformation of the molecule. The enlarged 
arrows on the backbone represent the direction of P-pleated sheets. 
Figure (c) shows the interaction of the Cys residues which give rise to 
the disulfide bonds. 

VII.2 .4 schematic diagram depicting the seven structural domains of the 228 
human epidermal growth factor receptor (adapted from Nicola, 1994) 

Vn.3 Events involved in the Whole Cell Kinetic Model for binding and 233 
tmfficking of the EGF receptor. Model parameters are described in the 
text (adapted fiom Starbuck and Laaenburger, 1992). 

W.4 Experimental results showing the percent maximum response of KF 240 
cells as a function of EGF concentration in both a large and small 
volume of medium. The maximum response refers to the maximum 
DNA synthesis rate (adapted fiom Knauer e? al., 1 984). 

W.5 The relationship between steady state receptor occupancy and the 243 
mitogenic response of HF cells (adapted fiom Knauer et al., 1984). 

M . 6  The response of NR6 cells transfected with WT or A973 EGF receptors 244 
to various initial concentrations of EGF. The cells were inoculated at 
40,000 ceUs/mL and counted after 9 days in culture (adapted fiom 
Wells et al., 1990). 
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W.7 Model predicted levels of steady state surface ligand-receptor 247 
complexes as a function of initial EGF concentration after a 6 hour 
incubation period. 

VII.8 The concentration of EGF in the medium as a function of t h e  for cells 249 
with WT EGFR. 

W.9 The relationship between the number of signaling surface complexes 250 
and the cell proliferation for HF and NR6 (WT EGFR) cells. 

W.10 The model response of cells with WT and A973 EGFR to different 252 
initial EGF concentrations. For comparison purposes, the data from 
Figure W.6 for NR6 cells is also included. 

W.ll The model predicted growth advantage conferred by having a A973 254 
EGFR as opposed to a WT EGFR. 

VII.12 The effect of varying the initial EGF concenmtion on the proliferation 256 
and viability of murine cells in NMSCM. Shown are the results for 
regular EGF and long EGF. A control (NMSCM) which contained 20 
pgL of regular EGF was also included in each study for comparison 
purposes. The cells were grown in Nunc T-25 flasks. After being 
inoculated at 75,000 c e l l d d ,  the flasks were incubated for 5 days at 
37°C in a water saturated atmosphere containing 5% COz. 

W.13 The effect of varying the initial EGF concentration on the proliferation 257 
and viability of rnurine cells in RPMVDMEMUF12. Shown are the 
results for regular EGF and long EGF. A control (R/DuF) which 
contained 20 pg/L of regular EGF was also included in each study for 
comparison purposes. The cells were grown in Nunc T-25 flasks. After 
being inoculated at 75,000 cells/&, the flasks were incubated for 5 
days at 37°C in a water saturated atmosphere containing 5% CO,. 

W.14 The effect of varying the initial EGF concentration on the proliferation 258 
and viability of murine cells in NHSCM. Shown are the results for 
regular EGF and long EGF. A control which contained 20 
pgL of regular EGF was also included in each study for comparison 
purposes. The cells were grown in Nunc T-25 flasks. After being 
inoculated at 75,000 cells/mL, the flasks were incubated for 5 days at 
37°C in a water saturated atmosphere containing 5% CO,. 
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W.15 The effect of varying the initial EGF concentration on the proliferation 259 
and viability of human cells in NHSCM. Shown are the results for 
regular EGF and long EGF. A control (NMSCM) which contained 20 
ClglL of regular EGF was also included in each study for comparison 
purposes. The cells were grown in Nunc T-25 flasks. After being 
inoculated at 75,000 cells/mL, the flasks were incubated for 10 days at 
37°C in a water saturated atmosphere containing 5% CO,. 

W.16 The effect of varying the initial bFGF concentration on the proliferation 261 
and viability of murine cells in NMSCM. Shown are the results in the 
presence and absence of EGF. The cells were grown in Nunc T-25 
flasks. M e r  being inoculated at 75,000 cells/ml, the flasks were 
incubated for 5 days at 37°C in a water saturated atmosphere containing 
5% COP 

W.17 The effect of varying the initial bFGF concentration on the proliferation 262 
and viability of murine cells in RPMIIDMEM2E12. Shown are the 
results in the presence and absence of EGF. The cells were grown in 
Nunc T-25 flasks. After being inoculated at 75,000 cells/&, the flasks 
were incubated for 5 days at 37°C in a water saturated atmosphere 
containing 5% CO,. 

W.18 The effect of varying the initial bFGF concentration on the proliferation 263 
and viability of murine cells in NHSCM. Shown are the results in the 
presence and absence of EGF. The cells were grown in Nunc T-25 
flasks. After being inoculated at 75,000 cells/mL, the flasks were 
incubated for 5 days at 37°C in a water saturated atmosphere containing 
5% cop 

W.19 The effect of varying the initial bFGF concentration on the proliferation 264 
and viability of human cells in NHSCM. Shown are the results in the 
presence and absence of EGF. The cells were grown in Nunc T-25 
flasks. After being inoculated at 75,000 cells/rnL, the flasks were 
incubated for 10 days at 37°C in a water saturated atmosphere 
containing 5% CO,. 
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W.20 The progression of the differentiated morphology of murine cells in 266 
medium containing 20 pg/L bFGF. (a) Shows the single cells and small 
aggregates starting to attach to the surface after 3 days in culture. (b) 
Show that the single cells and attached spheroids have spread out to a 
greater extend by 5 days in culture. (c) Shows cells in different regions 
starting to interact with one another by day 7 in culture. (d) shows the 
growth of the same cells after 5 days in medium containing 10 pg/L 
CFGF. No cells with differentiated morphology are visible. All of the 
cells were grown in T-25 flasks. After being inoculated at 75,000 
cells/mL, the flasks were incubated at 37OC in a water saturated 
atmosphere containing 5% CO, (Scale 1 rnm = 20 pm) 

W . 1  The effect of supplementing PPRF.ml with BSA on the proliferation of 274 
murine neural stem cells. The cells were grown in Nunc T-25 flasks. 
After being inoculated at 75,000 cells/ml, the flasks were incubated for 
5 days at 37OC in a water saturated atmosphere containing 5% C02. The 
results are presented relative to the control which was not 
supplemented (0 g/L albumin). 

VIII.2 The effect of supplementing PPRF.hl with BSA on the proliferation of 275 
human neural stem cells. The cells were grown in Nunc T-25 flasks. 
After being inoculated at 75,000 cells/ml, the flasks were incubated for 
10 days at 37OC in a water saturated atmosphere containing 5% CO,. 
The results are presented relative to the control which was not 
supplemented (0 g/L albumin). 

Vm.3 The effect of supplementing PPRF.ml containing 2.0 g/L  BSA with a 277 
commercially available defined lipid concentrate on the proliferation of 
murine neural stem cells in vitro. The cells were grown in Nunc T-25 
flasks. After being inoculated at 75,000 cells/ml, the flasks were 
incubated for 5 days at 37OC in a water saturated atmosphere containing 
5% CO,. The results are presented relative to the control which was not 
supplemented. 

VIII.4 The effect of supplementing PPRF.hl with a commercially available 278 
defined lipid concentrate on the proliferation of human neural stem 
cells in vifro. The cells were grown in Nunc T-25 flasks. After being 
inoculated at 75,000 cells/ml, the flasks were incubated for 10 days at 
37°C in a water saturated atmosphere containing 5% CO,. The results 
are presented relative to the control which was not supplemented. 



Figure Title Page 

Vm.5 The effect of supplementing PPRF.ml containing 2 g/L BSA and 0.1% 279 
lipid concentrate with a commercially available defined trace element 
mixture on the proliferation of murine neural stern cells in vitro. The 
cells were grown in Nunc T-25 flasks. After being inoculated at 75,000 
ceUs/mL, the flasks were incubated for 5 days at 37OC in a water 
saturated atmosphere containing 5% CO,. The results are presented 
relative to the control which was not supplemented. 

Vm.6 The effect of supplementing PPRF.hl containing 0.1% lipid 280 
concentrate with a commercially available defined trace element 
mixture on the proliferation of human neural stem cells in v i ~ o .  The 
cells were grown in Nunc T-25 flasks. After being inoculated at 75,000 
cells/ml, the flasks were incubated for 5 days at 37°C in a water 
saturated atmosphere containing 5% CO,. The results are presented 
relative to the control which was not supplemented. 

Vm.7 The effect of supplementing PPRF.ml containing 2 g/L BSA and 0.1% 282 
lipid concentrate with heparin on the proliferation of murine neural 
stem cells in vitro. The cells were grown in Nunc T-25 flasks. AAer 
being inoculated at 75,000 cells/mL, the flasks were incubated for 5 
days at 3PC in a water saturated atmosphere containing 5% CO,. The 
results are presented relative to the control which was not 
supplemented. 

VIII.8 The effect of supplementing PPRFhl containing 0.1% lipid 283 
concentrate and 0.1% trace elements mixture with heparin on the 
proliferation of human neural stem cells in vitro. The cells were grown 
in Nunc T-25 flasks. After being inoculated at 75,000 cells/ml, the 
flasks were incubated for 10 days at 37OC in a water saturated 
atmosphere containing 5% CO,. The results are presented relative to 
the control which was not supplemented. 

IX.1 A schematic diagram depicting how primary and secondary antibodies 288 
bind to merent cell type specific antigens and allow cell 
identification. Shown are the primary and secondary antibodies against 
(a) Astrocytes (b) Oligodendrocytes, and (c) Neurons. 
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KX.2 The growth curves for murine neural stem cells in three different media 29 1 
(NMSCM, MISCM and PPRF.rn2). The cells were grown in Nunc T- 
25 flasks. After being inoculated at 75,000 cells/mL, the flasks were 
incubated at 3PC in a water saturated atmosphere containing 5% CO?. 

K.3 The viabilities for murine cells grown in three different media 292 
(NMSCM, NHSCM and PPRF.rn2). The cells were grown in Nunc T- 
25 flasks. After being inoculated at 75,000 cells/ml, the flasks were 
incubated at 37°C in a water saturated atmosphere containing 5% CO,. 

IX.4 The specific growth rates for murine neural stem cells during the 293 
exponential phase in three different media (NMSCM, NHSCM and 
PPW.rn2). The cells were grown in Nunc 1-25 flasks. AAer being 
inoculated at 75,000 cells/mL, the flasks were incubated at 37°C in a 
water saturated atmosphere containing 5% CO, 

IX.5 Photographs showing the progression of spheroid formation for murine 294 
neural stem cells in (a) NMSCM (b) NHSCM and (c) PPRF.rn2. The 
cells were grown in Nunc T-25 flasks. Following inoculation at 75,000 
cells/ml, the flasks were incubated at 37°C in a water saturated 
atmosphere containing 5% CO, (Scale: 1 mm = 20 pm). 

DL6 The growth and viability of human neural stem cells in NMSCM, 296 
NHSCM, PPRF.h2 and PPRF.rn2. The growth results are given in 
comparison to MISCM. These results are fiom an unduplicated 
experiment, although the cells in each T-flask were counted twice. The 
cells were grown in Nunc T-25 flasks. After being inoculated at 75,000 
ceils/rnL, the flasks were incubated for 10 days at 37°C in a water 
saturated amosphere containing 5% C02. 

K 7  The glucose taken up by murine neural stem cells in NMSCM, 298 
NHSCM and PPRF.m2. The cells were grown in Nunc T-25 flasks. 
After being inoculated at 75,000 cellsImL, the flasks were incubated at 
37OC in a water saturated atmosphere containing 5% CO,. 

IX8 The lactate produced by murine neural stem cells in NMSCM, NHSCM 299 
and PPRF.rn2. The cells were grown in Nunc T-25 flasks. After being 
inoculated at 75,000 celUmL, the flasks were incubated at 37°C in a 
water saturated atmosphere containing 5% CO,. 
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IX.9 The yield of lactate fiom glucose for murine neural stem cells during 300 
the exponential growth phase in NMSCM, W S C M  and PPRF.rn2. The 
cells were grown in Nunc T-25 flasks. After being inoculated at 75,000 
c e l l d d ,  the flasks were incubated at 37°C in a water saturated 
atmosphere containing 5% CO,. 

K l O  The glutamine taken up by murine neural stem cells in NMSCM, 301 
NHSCM and PPW.m.2. The cells were grown in Nunc T-25 flasks. 
After being inoculated at 75,000 ceLls/mL, the flasks were incubated at 
37°C in a water saturated atmosphere containing 5% CO,. 

DL11 The ammonia produced by rnurine neural stem cells in NMSCM, 302 
NHSCM and PPR3.d .  The cells were grown in Nunc T-25 flasks. 
M e r  being inoculated at 75,000 celIs/mL, the flasks were incubated at 
37°C in a water saturated atmosphere containing 5% CO,. 

DL12 The yield of ammonia from glutamine for murine neural stem cells 303 
during the exponential growth phase in NMSCM, NHSCM and 
PPRF.rn2. The cells were grown in Nunc T-25 flasks. After being 
inoculated at 75,000 cells/mL, the flasks were incubated at 37OC in a 
water saturated atmosphere containing 5% CO,. 

K 1 3  The specific glucose uptake rates of rnurine neural stem cells during the 304 
exponential growth phase in NMSCM, NHSCM and PPRF.rn2. The 
cells were grown in Nunc T-25 flasks. After being inoculated at 75,000 
cells/ml, the flasks were incubated at 37°C in a water saturated 
atmosphere containing 5% CO,. 

IX.14 The specific lactate production rates of murine neural stem cells during 305 
the exponential growth phase in NMSCM, NHSCM and PPRF.rn2. The 
cells were grown in Nunc T-25 flasks. M e r  being inoculated at 75,000 
cells/mL, the flasks were incubated at 37°C in a water saturated 
atmosphere containing 5% C4. 

IX.15 The specific glutamine uptake rates of murine neural stem cells during 306 
the exponeatid growth phase in NMSCM, NHSCM and PPRF.m2. The 
cells were grown in Nunc T-25 flasks. After being inoculated at 75,000 
cells/mL, the flasks were incubated at 37°C in a water saturated 
atmosphere containing 5% CO,. 



Figure Title Page 

DL16 The specific ammonia production rates of murine neural stem cells 307 
during the exponential growth phase in NMSCM, NHSCM and 
PPRF.rn2. The cells were grown in Nunc T-25 flasks. After being 
inoculated at 75,000 cells/ml, the flasks were incubated at 37OC in a 
water saturated atmosphere containing 5% CO,. 

DL17 The appearance of a neural stem cell spheroid as it attaches and starts to 309 
differentiate. (a) Day 0 - The spheroid has just been placed in a well 
and is starting to attach to a polyomithine coated slide @) Day 3 - The 
spheroid has attached and cells are starting to migrate outward fiom the 
sphere (c) Day 6 - The spheroid has almost completely disintegrated 
and is surrounded my differentiated cells which continue to migrate 
outward. 

IX.18 A single murine neural stem cell spheroid as it appeared under 311 
fluorescent light following the staining procedure. Shown are (a) 
Neurons (b) Astrocytes (c) Oligodendrocytes and (d) a triple stain with 
neurons, astrocytes, and oligodendrocytes together. Note that cells can 
be clearly seen migrating away fiom the spheroid. A magnified view of 
these cells is provided in Figure DC.19. These photographs provide 
evidence that murine neural stem cells grown in PPRF.m.2 retain the 
ability to give rise to all three major CNS cell types (Scale: lmm=Spn). 

DL19 A magnified view of the edge of the differentiating murine neural stem 312 
cell spheroid shown in Figure IX.18 as it appeared under fluorescent 
light following the staining procedure. Shown are (a) Neurons (b) 
Astrocytes (c) Oligodendrocytes and (d) a triple stain with neurons, 
astrocytes, and oligodendrocytes together. Note that cells can be clearly 
seen migrating away from the spheroid. These photographs provide 
evidence that rnurine neural stem cells grown in PPRF.rn2 retain the 
ability to give rise to all three major CNS cell types (Scale: 1 mrn = 2.5 
PI= 

IX20 The growth curves for murine neural stem cells in NMSCM, NHSCM 313 
and PPRF.m2. The cells were grown in spinner Flasks. After being 
inoculated at 75,000 celldmL, the flasks were incubated at 37OC in a 
water saturated atmosphere containing 5% COz. The agitation rate was 
maintained at 100 rpm by a Thermolyne magnetic stir plate. 
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IX.21 The specific growth rates for rnurine neural stem cells during the 314 
exponential phase in NMSCM, NHSCM and PPRF.m.2. The cells were 
grown in spinner flasks. After being inoculated at 75,000 cells/ml, the 
flasks were incubated at 37OC in a water saturated atmosphere 
containing 5% CO,. The agitation rate was maintained at 100 rpm by a 
Thermolyne magnetic stir plate. 

DL22 The viabilities for murine neural stem cells grown in NMSCM: 316 
NHSCM and PPRF.m2. The cells were grown in spinner flasks. After 
being inoculated at 75,000 cells/mL, the flasks were incubated at 37°C 
in a water saturated atmosphere containing 5% CO,. The agitation rate 
was maintained at 100 rpm by a Thermolyne magnetic stir plate. 

M.23 Photographs showing the progression of spheroid formation for murine 317 
neural stem cells in (a) NMSCM (b) NHSCM and (c) PPRF.rn2. The 
cells were grown in spinner flasks. Following inoculation at 75,000 
cells/ml, the flasks were incubated at 37°C in a water saturated 
atmosphere containing 5% C02. The agitation rate was maintained at 
100 rpm by a Thermolyne magnetic stir plate (Scale: 1 mm = 20 pm). 
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SCOPE OF THESIS 

In general, all tissues which comprise mammalian systems can be divided into three 

categories (LeBlond, 1963). First, static tissues are those which are made up of cells that 

do not undergo cell division. An example of this would be skeletal muscle. Second, 

conditionally renewed tissues are those in which the cells can be induced to form new 

growth. Hepatocytes in the liver, or the epithelial cells which line the bile duct grow in 

this manner. Finally, continually renewed tissues are those in which populations of 

bctional cells need to be continuously replaced because they have limited life spans. In 

order for continually renewed tissues to remain viable, they must contain stem cells. 

Simply stated, stem cells are undifferentiated cells which reside in a particular type of 

tissue, and have the capability to divide and give rise to all of the functional cells which 

comprise that tissue. Thus, stem cells are responsible for replacing cells that are lost due 

to nahual aging, disease, or physical trauma. The most well known example of this 

occurs in the blood (hematopoietic) system. Blood is composed of three firnctional cell 

types: red blood cells, white blood cells, and platelets. It has been estimated that in 

humans, close to one tdlion of these functional blood cells are replaced every day 

(Ogawa, 1993). The source of these replacement cells are hematopoietic stem cells which 

have the ability to produce all three cell types. 



The existence of hematopoietic stem cells was hypothesized prior to scientific evidence 

suggesting their existence due to the large rate of cellular turnover that is observable in 

the blood system. However, shce a large cellular turnover is not observed in the central 

nervous system, the existence of neural stem cells was not predicted. The central nervous 

system (CNS) was viewed as a static system containing only terminally differentiated 

cells. When cell death occurs in the CNS the cells are not replaced, leading to the belief 

that cell loss was permanent. Since cell replacement does not occur, stem cells were 

thought not to exist in the CNS. However, in 1992 Brent Reynolds and Sam Weiss at The 

University of Calgary were able to isolate cells fiom the adult mammalian CNS which 

exhibited all of the characteristics of stem cells: they were able to divide over extended 

periods of time, maintain their own numbers, and give rise to the three functional cell 

types in the CNS (neurons, astrocytes and oligodendrocytes). Due to the implications of 

the existence of neural stem cells, there has been an explosion in the amount of research 

being carried out in this area. 

The existence of neural stem cells will have a tremendous impact on the manner in which 

CNS diseases and disorders will be eeated in the w e .  Currently it is estimated that in 

North America there are over 30 million individuals with CNS diseases or disorders, and 

the annual cost to treat these individuals is over US$220 billion. Traditional treatments 

have included the use of drug therapy. Although drugs can successfbily mask the 

symptoms associated with many of these diseases, they do not physically replace the cells 

that have been lost Furthermore, afflicted individuals are subjected to ever increasing 

drug doses due to habituation, exacerbating the undesirable side effects caused by many 

of these drugs. Thus, a more recent approach has been to procure cells fiom fetuses and 

transplant them into the CNS of afflicted individuals in an effort to replace the lost cells, 

and thereby restore function. Although this method of treatment has proven to be 

effective for diseases such as Parkinson's disease, fetal transplantation is not without its 

drawbacks. First, there are moral and ethical implications when using aborted fetuses. 



Second, since cells fiorn several fetuses are required for a single transplantation 

procedure, there is not an adequate supply of cells to treat all afflicted individuals. 

Moreover, it is difficult to screen cells from several sources, and thus, the transplanted 

tissue may contain pathogens or transformed cells. 

Neural stem cells grown in vitro represent an ideal source of cells for transplantation. 

First, they eliminate the ethical issues surrounding the procurement and utilization of fetal 

tissue. Second, an adequate supply can be established through scaling-up their production 

in bioreactors. Since the cells can be grown in a single facility, a rigorous quality 

assurance procedure can be established to ensure that they are pathogen and cancer free 

prior to transplantation. Furthermore, cells grown in vitro can be used for screening 

potential new therapeutics, and can be genetically manipulated prior to transplantation in 

order to perform gene therapy on the CNS. 

When scaling-up a cellular biochemical process, two avenues of research are important. 

The first is the development of bioreactor protocols which includes determining the 

optimum agitation rate, determining mass transfer characteristics in the bioreactor, and 

finding a method to aseptically harvest the cells. The second is the development of a 

medium in which the cells readily grow and proliferate. This thesis will examine some of 

the issues related to media development for the expansion of neural stem cells in static 

cultures. They will include screening different basal media, modifymg the concentrations 

of key components such as glucose and glutamine, and examining the effects of adding 

supplements such as cytokines, lipids, trace elements and proteins. The media developed 

for static cultures will also be evaluated under stined suspension culture conditions. It 

should be noted that although research was conducted on human cells, much of the work 

presented involves murine (mouse) cells. Due to the inherent similarities between humans 

and mice, the murine system has been established in science to be an acceptable model 

for the human system. 



In an effort to aid the reader in understanding this research, an appropriate amount of 

background information and literature review has been included in Chapter II. An 

overview of the CNS, including fetal development and functional cell types, is presented 

to introduce the reader to the source of neural stem cells. It is also important to 

understand the structure and function of the C N S  when discussing diseases and disorders, 

and the treatment of these conditions through transplantation procedures. A literature 

review of current research being conducted on neural stem cells is presented which 

contains information on in vitro cultivation methods for these cells. Also included is 

information on other stem cell systems such as the hematopoietic system. The amount of 

knowledge regarding hematopoietic stem cells far surpasses what is known about neural 

stem cells. Since there are similarities in stem cells fiom different tissues, it is possible 

that lessons learned from the hematopoietic system regarding bioreactor and media issues 

may be extrapolated to the neural system. 

Finally, a literature review has been presented regarding the serum free media which are 

currently used to cultivate human and murine neural stem cells in vih'o. Two of those 

media will be employed during this study to serve as a control against which expansion in 

the new media will be compared. The first, NMSCM, is a Wly disclosed medium which 

is commonly used for the growth of rnurine neural stem cells. The second, NHSCM, is a 

proprietary medium developed by NeuroSpheres Ltd. for the growth of human neural 

stem cells. NHSCM is regarded as the best medium available for the growth of 

mammalian neural stem cells. The aim of the research presented in this thesis is to 

develop media which are superior to both NMSCM and NHSCM in their ability to 

expand mammalian neural stem cells in vitro. 



INTRODUCTION 

II.1 T m  CENTIUL NERVOUS SYSTEM 

Based on gross anatomical features, the nervous system of vertebrates can be divided into 

two sections. The fmt is the peripheral nervous system (PNS). The PNS can be further 

subdivided into the sensory (afferent) nervous system which brings information from 

sensory receptors, and the motor (efferent) nervous system which carries signals to 

effector organs. The second is the central nervous system (CNS) which acts as a bridge 

between the sensory and motor functions of the PNS. The CNS is composed of the spinal 

cord and the brain. The two principle functions of the spinal cord are to integrate simple 

responses to certain stimuli (e.g. a patellar reflex) and to carry information to and &om 

the brain. The brain has centers for complex integration of homeostasis, perception, 

movement, and (in certain mammals) intellect and emotion (Campbell, 1 9 87). 

11.1.1 Anatomy of the Brain 

In humans, the brain is one of the largest organs with an average adult mass of 1.35 kg. 

Its soft, almost squishy texture belies the enormous number of cells of which it is 

composed. The signal carrying cells in the brain are located in well defined bundles, or 

tracts, whose myelin sheaths give them a white appearance. This white matter is located 

in the inner brain, with pathways going to the unmyelinated gray matter which composes 

the outer brain (Campbell, 1987). 



The brain (encephalon) itself can be subdivided into five major meas which are shown in 

Figure II.1. The myelencephalon and metencephalon together form the hindbrain. The 

myelencephalon, or medulla oblongata, is so named because it contains prominent tracts 

of myelinated cells. It is an enlarged continuation of the spinal cord which i s  thought to 
Y 

be the oldest part of the brain since it is well developed in all vertebrates. This section of 

the brain is responsible for respiration, heart rate regulation and controlling the transfer of 

impulses between the brain and the spinal cord. The metencephalon consists of the 

cerebellum and the pons. The cerebellum is responsible for coordinating movement, 

while the pons, which bridges the cerebellum and cerebrum, contains a respiratory center 

(Heimer, 1 994). 

The telencephalon and diencephalon together form the anterior and posterior forebrain. 

The forebrain contains intricate networks of integrating centers, sensory pathways and 

motor pathways which together make it the site of pattern and image formation, learning 

and emotion. The telencephalon, which is divided into two cerebral hemispheres, contains 

the cerebrum and is covered by the cerebral cortex. The cerebral cortex is the largest and 

most complex part of the brain, and has changed the most during vertebrate evolution. It 

is responsible for voluntary muscle control, contains a sensory area which gives rise to 

sight, hearing, taste, smell and touch, and is involved with the intellectual processes of 

memory, judgment, and reasoning. The diencephalon is composed of the thalamus and 

the hypothalamus. The thalamus acts as a projection area for the cerebral cortex, and the 

hypothalamus is responsible for homeostatic control, regulation of metabolic processes, 

and emotions. Lastly, the mesencephalon (midbrain) acts as a bridge between the 
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Figure II.1: A schematic diagram showing the major subdivisions of the brain (adapted 
&om Martini, 1995). 



metencephalon and the diencephalon. It contains the superior and inferior colliculi both 

of which are part of the visual and auditory system. Figures 11.2 and II.3 show areas 

within and around these five subdivisions that are of current interest in neural stem cell 

research such as the olfactory bulb, the cerebral cortex, and the substantia n i p  

11.1.2 Cells of the Central Nervous System 

The three types of structural cells that comprise the CNS are neurons, oligodendrocytes, 

and astrocytes. 

11.1.2.1 Neurons 

Neurons can be broadly categorized into three groups. Sensory neurons receive 

information fiom the environment, motor neurons transmit infomation to effector organs 

and interneurons form connections between other neurons. Although there is a great 

variation in the size and shape of neurons, they share some common morphological 

features. A typical neuron is shown in Figure II.4. The cell body is the metabolic centre 

of the cell. It contains the nucleus and is the site of all protein production. It is surrounded 

by a thm, excitable plasma membrane which provides the structural basis for the 

generation of electrochemical impulses, and the transmission of nerve signals. Despite 

it's importance, the cell body makes up only a small proportion of the total cell volume. 

Emanating fiom the cell body are processes called dendrites and axons. Dendrites are 

protoplasmic extensions which contain the same organelles as the cell body in their initial 

segment. However, dendrites gradually taper off and then branch profusely. This massive 

branching usually results in a dendritic d a c e  area which is much greater than that of the 

cell body. Axons can emanate fiom either the cell body, or from a main dendrite. Unlike 

a dendrite, an axon does not taper off as it extends away fiom the cell body. Rather, it 

acquires a small diameter immediately after its initial segment, and then maintains that 
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Figure 11.2: A schematic diagram of the brain identifying some of the areas which are of 
interest in current neural stem ceIl research. 
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Figure II.3: The orientation and extent of the ventricles within the brain. Shown are the 
(a) the Lateral View and (b) the Anterior View (adapted fkom Martini, 1995). 



Figure II.4: A schematic diagram of a myelinated neuron (adapted fiom Campbell, 1987) 



diameter uniformly down its entire length. The inidat segment, the axon hillock, is a cone 

shaped protuberance of the cell body and is the site where a nerve impulse or action 

potential is automaticaily initiated once the local potential exceeds threshold. 

One method used to categorize neurons is by axon length. Neurons with short axons are 

called Golgi type I neurons, and neurons with long axons are called Golgi type II 

neurons. An example of type I would be local circuit neurons which integrate information 

within a specific area of the CNS. These neurons are highly branched and usually only 

span a distance of a few micrometers. Type 11 neurons include projection neurons which 

transmit information over long distances, and are not profusely branched. Examples of 

these would be large motor neurons, some of which exceed one meter in length. The 

majority of neurons in the CNS are type I neurons. 

Impulses are transmitted from one neuron to another via a synapse which contains a 

secreted neurotransmitter. Usually, the impulse travels fiom the axon terminus of the 

m m i t t i n g  neuron to the dendrite of the receiving neuron. Within the receiving neuron, 

the impulse is transmitted via the cell body to the axon. The receiving cell then becomes 

the transmitting cell, and after the impulse has passed down the length of the axon, the 

impulse is passed onto another neumn, or an effector organ. 

11.1.2.2 Astrocytes 

m o c y t e s  can be classified morphologically into two categories. Protoplasmic astrocytes 

(Figure II.5a) have irregularly shaped, profusely branched processes, and are found in the 

gray matter. Fibrillary astrocytes (Figure II.5b) have more regularly shaped processes 

which are seldom branched, and are found predominantly in myelinated fiber bundles. 

Both types express glial fibrillary acidic protein (GFAP). Astrocyte processes radiate in 

a l l  directions fiom a relatively small cell body. The processes surround blood vessels, arid 

they contribute to the formation of the blood-brain barrier (BBB). The BBB physically 
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Figure 11.5: Schematic diagrams of (a) Protoplasmic Astrocytes (b) Fibrillary Astrocytes 
and (c) Oligodendrocytes. The astrocytes have vascularized feet which allow them to 
associate with blood vessels and forn the blood brain barrier (adapted from Heimer, 
1995). 



prevents certain toxic substances as well as plasma proteins and other large molecules 

from entering the brain. In addition to providing structural support to nervous tissue, and 

guiding migrating neurons, astrocytes also regulate electrolyte concentrations, and have 

been implicated in synaptic transmission. Finally, astrocytes form an exterior covering on 

the entire CNS surface, and proliferate to aid in the repair of damaged neural tissue. 

11.123 Oligodendroeytes 

Oligodendrocytes and astrocytes together form part of a group of cells known as 

neuroglia Both cell types derive fiom glioblasts. However, oligodendrocytes (Figure 

II.5c) have fewer first order processes than astrocytes, and their cytoplasm is considerably 

more dense. They make up the myelin sheath which covers the axons of transmitting 

neurons, and thus are found primarily in white matter. When in the gray matter 

oligodendrocytes are usually affiliated with myeliaated fibers. In the CNS, these cells 

express antigenic sulfatides such as 0 4  on their surface which act as differentiation 

markers 

II.13 Development of the Central Nervous System 

During the folty week gestation period of a human, an average of over one quarter of a 

million nerve cells are generated every minute. This means that at birth, the central 

nervous system (CNS) is composed of over one hundred billion cells. This neurogenesis 

continues into the early postnatal period, when the CNS undergoes significant changes. 

Immature neurons continue to form groups with many interconnections. The size of the 

group, and the number of interconnections, are proportional to the amount of sensory 

stimulation received by the cells. Those cells which are not stimulated, and do not form 

groups, eventually die. It has been estimated that fifty percent of all neurons created 

during gestation eventually die, and an equal percentage of synapses may also atrophy 

(Wortman & Loftus, 1992). The remaining cells go on to form the mature adult CNS. 



The embryonic nervous system first appears in the third week of gestation as shown in 

Figure I1.6. Some of the ectodermal cells located on the dorsal side of the embryo are 

induced into becoming specialized nervous tissue cells, and form a neural plate. As the 

neural plate starts to fold, a neural groove is formed in the center. The two side walls of 

the plate (neural folds) continue to fold and move towards each other, eventidy 

enclosing the groove and forming a neural tube. By the end of the fourth week, both ends 

of the tube have l l l y  closed. The anterior end of the fluid filled tube will go on to 

become the brain, and the remainder will form the spinal cord. 

Shortly prior to the neural plate closing, the brain becomes recognizable. This is shown in 

Figure II.7. A bend (the mesencephalic flexure) develops in the r o d  part of the neural 

folds prior to the neural tube completely closing. This gives rise to three bulges: the 

proencephalon, the mesencephalon, and the rhombencephalon. A second bend (cervical 

flexure) separates the rhombencephalon and spinal cord. Subsequent flexures within a 

short period of time divide the proencephalon into the telencephalon and diencephalon, 

and the rhombencephalon into the metencephalon and the myelencephalon. As a result, 

the divisions of the human brain are fully recognizable after only a few weeks into 

gestation. 

Once the neural tube has been formed, the neuroepithelial cells lining the inner walls 

begin to proiiferate and differentiate. These cells have the ability to foxm all of the 

structural cells which comprise the CNS. Postmitotic neurons which will form the spinal 

cord travel a shoa distance fiom the walls of the tube to the centre where they mature by 

acquiring their unique pattern of processes. However, the neurons which form the brain 

have to travel much greater distances. Many of them are guided by radially arranged glial 

fibers that span the wall of the neural tube. It is currently unknown how neurons 

determine their location within the CNS, and how they develop axons and processes 

which f o m  precise synaptic connections. Myelination of specific axons by 
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Figure II.6: The embryonic formation of the neural tube from the neural plate. The 
embryo is shown at (a) 18-19 days, (b) 20-21 days, (c) 22-23 days, and (d) 24-25 days 
following conception. The neural crest cells are located outside the neural tube where the 
neural folds have fused together in figure (c). (Adapted fiom Heimer, 1995). 
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Figure II.7: Early development of the embryonic brain. Figure (a) shows the locations of 
the mesencephalic flexure and the cervical flexure. Figure (b) shows that the 
proencephalon divides into the teiencephalon and diencephalon whereas the formation of 
the pontine flexure divides the rhombencephalon into the metencephalon and 
myelencephalon. (Adapted from Heimer, 1995). 



oligodendrocytes begins in the second trimester, and continues into adult life in some 

areas of the CNS. it is greatest during the two years after birth, and since it is energy 

demanding, metabolic insults such as starvation can significantly reduce the amount of 

myeiin. 

U.2 STEM CELLS 

In general, all tissues which comprise mammalian systems can be divided into three 

different categories (LeBlond, 1963). First, static tissues are those which are made up of 

cells that do not undergo cell division. An example of this would be skeletal muscle. 

Second, conditionally renewed tissues are those in which the cells can be induced to form 

new growth. Hepatocytes in the liver, or the epithelial cells which line the bile duct grow 

in this manner. Finally, continually renewed tissues are those in which populations of 

functional cells have limited life spans, and are undergoing constant replacement. The 

cells which eventually give rise to the replacement cells are called stem cells. The 

hematopoietic (blood) system fits into this category. It has been estimated that in humans, 

close to one trillion blood cells are replaced every day (Ogawa, 1993). 

In order to further discuss stem cells, it is necessary to first define several terms: 

(a) Differentiation: is a qualitative change in the cellular phenotype that is a result of the 

onset of synthesis of one or more new gene products. The onset has to be noncyclic, 

and must eventdy lead to functional competence. Since the change is qualitative, 

the differentiation must be relative to another cell, and a single cell may differentiate 

several times during the course of its life. A differentiated cell may be recognized as 

such due to a change in morphology, an altered eqmat ic  activity, or a different 

protein composition. The most common method of identifying differentiation is by 

detecting the expression of novel proteins. 



(b) Maturation: In contrast to differentiation, maturation is a quantitative change in the 

cellular phenotype. It is often measured by determining the mass of a specific protein 

per cell, or the number of specific receptors being expressed on the surface of each 

cell. A cell is completely mature after it has stopped differentiating, and has reached 

full hct ional  competence. At this stage a cell is considered to be terminally 

differentiated. 

(c) Progenitor Cells: Are differentiated cells which have not yet reached full functional 

competence. The less differentiated the progenitor cell is, the more primitive it is 

considered to be. The series of progenitor cells (from least to most mature) along 

which a stem cell differentiates to give rise to a terminally differentiated cell is called 

the lineage pathway. A lineage map shows all of the lineage pathways a stem cell can 

take. 

(d) Precursor Cells: Is the collective term for stem cells and progenitor cells. 

1 .  Definition of a Stem Cell 

Stem cells are undifferentiated, tissue-specific cells which have the ability to give rise to 

all of the terminally differentiated cells which comprise that tissue. Early embryonic stem 

cells are responsible for the genesis of an entire organism f?om conception through birth, 

and beyond. In adults, stem cells participate in cell replacement for continually replaced 

tissues in which there is cellular turnover. In order to be considered a stem cell, a cell 

must be capable of the following (Potten et al., 1990; Reynolds et al., 1996): 

(a) Proliferation: is a process involving a sequential, cyclical pattem of changes in gene 

expression which ultimately leads to the physical division of a cell. These changes 

have traditionally been mapped to a cell cycle which is temporally divided with 

m i t i o n  points for the onset and termination for DNA synthesis, and the onset and 



termination of mitosis. The changes in gene expression involve those proteins which 

are associated with cell division, and not those which are continually being produced 

such as differentiation markers. 

(b) Self Maintenance: is a process to ensure that the number of stem cells within the 

population of cells which make up a tissue remains approximately constant over the 

life of that tissue. Figure II.8 conceptually describes stem cell self-maintenance in two 

ways. In the stochastic model, a stem cell can divide symmetrically and give rise to 

either two stem cells (probability = p) or two non-stem cells (probability = q), or it 

can divide asymmetrically to give rise to one stem cell and one non-stem cell 

(probability = r). Overall, the number of stem cells will remain constant if the sum of 

p, q and r equals unity, and p equals q. In this model, the fate of the daughter cells is 

thought to be determined intrinsically. In the deterministic model, it is assumed that 

all of the cells which make up a particular tissue can be divided into various 

compartments. One of these is the stem cell population compartment. In this model, 

the stem cell population is considered as a whole, with no emphasis on individual cell 

divisions. If a high proportion of mitotic daughter cells are progenitor cells, the stem 

cell compartment will decrease in size, thereby inducing more stem cells to be 

created. Conversely, if a high proportion of the divisions result in stem cells, the 

compartment size will increase and induce the production of more progenitor cells. It 

should be noted that there is also some debate regarding environmental cues and the 

way they influence stem cell fate decisions. In a selective mechanism, stem cells give 

rise to committed progenitor cells, and growth factors control the survival and 

proliferation of these daughter cells. In an instructive mechanism, the growth factors 

cause the progenitor cell to adopt one fate at the expense of all others. 
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Figure 11.8: The stochastic model and deterministic model of stem cell self-maintenance. 
The abbreviation 'S' is for Stern Cell and the abbreviation 'N' stands for Non-stem Cell. 
(adapted fiom Loeffler and Potten, 1997). 
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(c) Generation of a large number of differentiated, functional progeny: Tissues are 

comprised of trillions of cells which can be categorized into different cell types. Stem 

cells must have the ability to give rise to both the number and diversity of cells which 

make up that tissue. 

(d) Retention of multilineage potential over time: A popuiation of stem cells has to be 

able to give rise to the diversity of cells which make up a tissue for the lifespan of an 

organism. 

(e) Generation of new cells in response to disease or  injury: Whenever a portion of 

the cells which make up a tissue undergo cell death, stem cells have the ability to 

replace those cells, thereby regenerating the tissue. 

The isolation of a single nonembryonic stem cell in vim has proven to be impossible 

thus far because stem cells are defined by virtue of their hct ional  attributes. The future 

potential of a cell has to be tested prior to classification as a stem cell. However, the 

experimental manipulation which the cell must undergo may actually alter its properties, 

thereby rendering it a differentiated cell. For example, when testing to see if an isolated 

cell has the multipotential to generate all of the cell types in the hematopoietic system, it 

may divide symmetrically to give rise to N o  progenitor cells. In this case, even if it is 

determined that all of the cell types were produced, the original stem cell would no longer 

exist. Self-maintenance, which is a cardinal property of stem cells, is another capability 

which can only be assessed in terms of the future of the cell. Furthermore, it is not 

possible to assess this property using a single cell. The stochastic model and deterministic 

models require that self-maintenance occurs in a population of cells, not a single cell. Due 



to the problems inherent in determining the 'sternness' of a cell, and the inability to 

experimentally distinguish early progenitor cells from stem cells, the defit ion of the 

term 'stem cell' during the remainder of this thesis, unless otherwise noted, will include 

early progenitor cells. 

A stern cell can be categorized based on the number of terminally differentiated cell types 

which it can generate. Unipotent stem cells give rise to only one type of functionally 

competent cell. Those stem cells which can give rise to two different cell types are 

classified as bipotent. Stem cells that have the ability to mature down more than two 

Lineages are termed pluripotent or multipotent. Since tissues are usually comprised of 

several different cell types, most stem cells fall into the final category. 

II.22 Hematopoietic Stem Cells 

Due to the enormous body of literature on the hematopoietic system, this review will be 

limited to describing some of the recent work concerning the characteristics of human 

hernatopoietic stem cells, cytokines prevalent in the hematopoietic system, and the cell 

culture systems for their growth and proliferation in vitro. 

The hematopoietic system is a complex set of cell lineages responsible for respiratory gas 

tmuport, defense against microbial infections, control of coagulation, surveillance 

against neoplastic transformation, and the production of a large number of cytokines and 

growth factors which target itself and other systems (Veiby et al., 1997). These lineages 

are shown in Figure 11.9. It has been estimated that 4x10" cells are produced every day in 

the bone marrow (BM) of adult humans. This represents 50% of the cell content in the 

BM (Miller, 1996). This rate of cell production can increase significantly during periods 

of stress such as infection. The Lifespan and h c t i o n  of these cells is summarized in 

Table II. 1. 
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Figure 11.9: The lineage map of the hematopoietic system showing how nine different 
terminally differentiated ceil types can be derived fiom a single totipotent stem cell. 
(adapted fiom McAdams et al., 1996). 



Table II.1: The Mespan and h c t i o n  of the terminally differentiated cells produced by 
the hematopoietic system (Miller, 1 996). 

All of the cells which comprise the blood system are derived fiom a single totipotent 

precursor cell, the hematopoietic stem cell (HSC). Under normal conditions, a majority of 

stern cells remain quiescent (Lerner and Harrison, 1990) in the Go phase of the cell cycle. 

It has been hypothesized that the long period of time spent in this phase allows for the 

repair of any DNA damage in order to ensure that the integrity of the stem cell population 

is maintained (Lajtha, 1979a). However, under periods of stress or during repopulation, 

they can clonally expand and self renew (Keller and Snodgrass, 1990). In contrast, the 

progenitor cells which are the progeny of stem cells undergo significant clonal expansion 

and are responsible for the huge daily output of terminally differentiated cells. The 

functionally competent cells have only a limited proliferative capacity (Veiby et al., 

1997). 
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Although the hematopoietic system has been studied extensively for several decades, 

there is still a great deal of controversy surrounding the definition of a hematopoietic 

stem cell. In addition to the criteria previously given for stem cells, additional criteria 
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which have been suggested include resistance to treatment with 5'-fluorouracil, the ability 

to reconstitute an ablated animal (an animal which has had its immune system previously 

destroyed through chemotherapy or radiation therapy), and the ability to compete with 

f?eshly explanted bone marrow when reconstituting ablated animals (Miller 1996). Based 

on this definition, the ~equency of stem cells in bone marrow is estimated to be 1 in 

every 10' cells cord,  1997). 

The small concentration of stem cells has made their isolation and subsequent study very 

diacult. Initially, physical means were used to purify this population (reviewed by 

Visser and van Beckum, 1990). However, with the invention of fluorescence activated 

cell sorting (FACS), segregation of rare populations of cells can be achieved based on an 

increasingly more sophisticated combination of surface markers. Different researchers 

use different marken to identify stem cells. One commonly used cell marker family is the 

cluster designate (CD) family. Hematopoietic progenitors are enriched within fetal and 

adult bone marrow cell populations which are CD34', but not CD34 (DiGiusto et al., 

1994). Within the CD34' population they also express low or undetectable levels of 

CD38 (Terstappen et al., 1991), CD45RA (Lansdorp et al., 1990) and CD71 (Lansdorp 

and Dragowska, 1992). Another marker which has been used is the HLA-DR marker 

which is associated with cells which are cycling. Human adult BM HSC have been 

described as CD34+, HLA-DR' (Srour et al., 1991) and fetal BM HSCs as CD34-, HLA- 

DR' (Huang and Terstappen, 1994). Cell populations have also be defined by the 

expression of thyrnocyte surface antigens (Thy), or the absence of all known markers (ki 

). For example, studies have shown that stem cells in adult BM (Murray et al., 1995a) and 

mobilized peripheral blood (Murray et al., 1995b) are CD34', Thyt, Lh-. HSC 

populations fiom fetal BM are described by Baum et a1 (1992) as being CD34+, Thy'", 

Lin-. The superscript 'low' means that the antigen is expressed, but only at very low 

levels. 



In addition to slnface markers, several dyes have also been used. Rhodamine-123 

(Rho123) is a fluorescent dye which accumulates in the mitochondria of metabolically 

active cells. Since stem cells are mostly quiescent, and have low metabolic requirements 

during these periods, they do not accumulate large quantities of the dye. They are termed 

Rho 123". Similarly, the uptake of Hoechst 33342 (Ho33342), a nucleic acid dye, is also 

used. Cells which reside within the Go phase of the cell cycle stain poorly and are 

therefore ~033342'"". From the research which has been completed to date, the most 

complete irnmunocytochemical phenotype for HSCs appears to be CD34', CD38; CD33-, 

Thy-11*, CD7 l', HLA-DR, CD4SRa1", lin Rho 123", Ho33342I0" (Ratajczak and 

Gewirtz, 1995). 

As cells progress towards terminal differentiation, not only do they change the markers 

on their surface, but they also become morphologically distinct, which makes them easy 

to identify and measure. In contrast, the measurement of early progenitor cells and stem 

cells has to be done indirectly using retrospective assays that involve subjecting the 

primitive cells to maximally stimulatory conditions in order to detect their ability to give 

rise to specific numbers and types of mature blood cells. These assays allow the detection 

of several colony forming cell (CFC) types, as well as a more primitive class of cells 

referred to as long-term culture-initiating cells (LTC-IC). LTC-IC are so named because 

they have the ability to give rise to CFCs for a period of not less than 5 weeks when 

placed in culturrs containing soluble factors produced by fibroblasts (Zandstra et al., 

1994). Several studies support the notion that LTC-IC and hematopoietic stem cells with 

in vivo reconstituting potential are overlapping populations (reviewed in Eaves et al., 

1992). 

In 1977, Dexter and colleagues described the first culture system which could 

reproducibly sustain the production of hematopoietic cells for many weeks. The 

distinguishing feature of the Dexter Culture is a rapidly formed, supportive, adherent 



feeder layer made up of 5.20% endothelial cells, 4545% fibroblasts, 25-35% 

macrophages, and the remainder adipocytes (Mayani and Janowska-Wieczorek, 1992). 

Subsequently, this layer is subjected to low dose irradiation to terminate cell 

proliferation, and primitive, nonadherent, hematopoietic cells are introduced into the 

system to form a coculture. It has been shown that within these cocultures, the precursor 

cells are selectively retained within the stromal layer where they undergo active 

hematopoiesis (Coulombel et al., 1983). It was thought that physical association with the 

stromal layer was necessary for active hematopoiesis because the stromal cells formed an 

appropriate microenvironment, comparable to a HSC niche in vivo (Mayani and 

Janowska-Wieczorek, 1992). However, Verfaillie (1992) designed a culture system in 

which the stromal layer was physically separated fiorn the hematopoietic cells, and 

showed that contact with the stromal layer is not necessary to sustain the culture. 

There are a large number of studies which have been conducted to identify growth factors 

in the hematopoietic system, and their effects (reviewed in Heyworth et al., 1997; Veiby 

et al., 1997). Some of these studies have shown that noneontact cultures can exist due to 

soluble factors being exuded into the medium by the stromal cells, and that the function 

of the adherent layer can be substituted by the addition of several laown growth factors 

done or in combination (Sutherland et al., 1993; reviewed in Ogawa, 1993). The 

increasing number of available growth factors has allowed the development of stroma 

fiee liquid suspension culture conditions which permit the production of CFCs, and LTC- 

ICs. For example, Petzer and colleagues (1996a) were able to achieve a 30 fold 

amplification of LTC-IC after 10 days in stroma fiee cultures initiated with CD34', 

CD38 cells isolated fiom adult human BM. These serum f i e  cultures were supplemented 

with Flt3-ligand, Steel factor, IL-3, IL-6, G-CSF, and NGF-P. Subsequent studies found 

that different combinations (Petzer et al., 1996b) and concentrations (Zandstra et al., 

1997) of these growth factors produced varying levels of expansion in both LTC-ICs and 

CFCs. 



FhaUy, fiom a practical perspective, the eventual goal of HSC research is to provide a 

source of cells for bone marrow transplantation, and gene therapy. However, the demand 

for cells is very high, and thus it will be necessary to scale-up the praduction in order to 

meet this demand. Whenever a biological system is scaled-up, certain problems can be 

anticipated such as limitations in 0, delivery, and diffusional gradients in nutrient supply. 

To eliminate these concerns, and generate a homogenous culture, it is necessary to agitate 

the culture. The elimination of the dependence on a stromal layer has facilitated the 

development of stirred suspension cultures (Sardonini and Wu, 1993; Zandstra et al., 

1994). Zandstm and colleagues were able to show that the net cell expansion over periods 

of 14 and 28 days in stirred culture was higher than in similarly maintained static 

cultures. 

1.23 Epithelial Stem Cells 

Epithelial stem cells can be divided into two major groups based on their location in vivo. 

The first group is comprised of those stem cells which give rise to the outermost layer of 

skin, the cornea, and hair follicles. The second group contains those stem cells which give 

rise to the single layer of simple epithelia in the gut. This review will be limited to a brief 

discussion of stem ceils in the skin and the gut. 

II23.1 Epithelial Stem Cells in the Skin 

It has been estimated that in humans, the entire outer layer of epidermis is shed 

completely every day (Jones, 1997). Since it is necessary to maintain the integrity of this 

cornified epithelial layer, cell proliferation at a rate equaling that of cell loss has to occur. 

According to one theory based on murine dorsal skin studies (Miller et al., 1997), the skin 

is spatially organized into multiple hexagonally shaped, microscopic~y sized regions 

known as epidermal proliferative units (EPUYs). These units extend down through the 

many layers which make up the skin until the basal layer is reached. At the centre of each 

EPU in the basal layer it is theorized that there exists an epithelial stem cell (primitive 



basal keratinocyte). This stem cell can divide to give rise to other stem cells and 

progenitor cells known as transit amplifjmg (TA) cells. The TA cells divide several 

times, giving rise to daughter cells. As these daughter cells leave the basal layer and 

migrate up through the layers of skin they undergo a series of biochemical and 

morphological changes until they have terminally differentiated into anucleate, protein 

mled keratinocytes. It should be noted that the anatomical arrangement of cells in the 

murine dorsal skin is not found in humans since the cells in the cornified layer do not 

align with the cells in the basal layer. Thus, idenhfylng human epidermal stem cells based 

on epidermal structure has proven to be impossible thus far (Jones, 1997). 

As described for the hematopoietic system, the presence or absence of specific cell 

markers allows the isolation of cell populations with increasingly higher proportions of 

stem cells. A breakthrough in determining the markers identifying epidermal stem cells 

came from studies on cell adhesion. The association of primitive keratinocytes to the 

basement membrane was found to be mediated by a cell adhesion molecule belonging to 

a family of cell sUTface receptors h o w n  as integrins. Integrins are heterodimeric 

glycoproteins comprised of an a and P subunit which can bind to collagen, l amah ,  and 

fibronectin. As a keratinocyte exits the cell cycle and commits to differentiation, the 

adhesiveness decreases and then disappears as the integrin expression is 

downregulated and subsequently lost (Adams and Watt, 1990; Hotchin and Watt, 1992). 

The expression of p l  integrins by primitive stem cell like keratinocytes has allowed them 

to be separated using flow cytometry (Jones, 1997). 

Until 1983 successful culturing of human keratinocytes in vitro involved supplementation 

with serum. Early cultures also involved the use of a lethally irradiated mouse 3T3 feeder 

layer in media supplemented with EGF, cholera toxin, and hydrocortisone (Daley et al., 

1989). In these cultures, colonies of keratinocytes fuse together to form confluent sheets 6 

to 8 cells deep in which the terminally differentiated cells lie above a basal layer of cells 



similar to growth in vivo. These cultures can be maintained for up to six or more passages 

after which they undergo senescence. Serum fiee cultivation of these cells without a 

feeder layer was made possible by the addition of trace elements, ethanolamine, 

phosphoenolethanolarnine, triiodothyronine, hydrocortisone, EGF, and bovine pituitary 

extract to the basal medium MCDB 153. Evidence that stem cells are present in these 

cultures comes from clinical studies on patients with extensive bums. Cells cultured fiom 

a small section of unbmt skin have been grafted back onto the patient resulting in skin 

with almost normal morphology (Jones, 1997). 

112.32 Epithelial Stem Cells in the Intestine 

The small intestine is covered with villi which are small finger-like projections extending 

into the intestinal lumen. The villi are separated firom one another by pits known as crypts 

which encircle the base of each villus. The villi are primarily lined by a layer of epithelial 

single cell known as enterocytes. Functionally, these cells are responsible for the 

secretory and absorptive properties of the villi and the crypts (Wright, 1997). Due to a 

lack of stem cell markers, and the inability to culture the cells in vitro, the origin of these 

cells has been based on kinetic studies, and transgenic mice. These studies have shown 

that cell proliferation occurs only in the crypts. The identification of this cell flux origin 

suggests that candidate stem cells should also be located in the crypts. It has been 

postulated that there is a population of slow-cycling cells in the lower crypt which give 

rise to a population of TA cells in the upper crypt (Potten and Loeffler, 1990). These post 

mitotic cells then migrate up the villus where they are lorn either due to shedding fiom the 

villus tip, or by apoptosis fiom the villus sides and tip. Although recent studies have 

shown that cell-cell interactions may play a role in the fate determination of stem and TA 

. cells, more work has to be done in this area with regard to the control and identification 

of intestinal epithelial stem cells. 



II.2.4 Neural Stem Cells 

This section will examine the existence of neural precursor cells in the postnatal brain, 

and then discuss in vitro studies that have characterized both immortalized and non- 

transformed neural stem cells. 

II.2.4.1 Precursor cells in the postnatal brain 

In 1928, Santiago Ramon y Cajal wrote: 

". . .the functional specialization of the brain imposes on the neurones two great 

lacunae; proliferation inability and irreversibility of intraprotoplasmic 

differentiation. It is for this reason that, once the development was ended, the 

founts of growth and regeneration of the axons and dendrites dried up irrevocably. 

In adult centers the nerve paths are something fixed, ended, immutable. Everythmg 

may die, nothing may be generated." 

With these words, Cajal laid the foundation for one of the central dogmas of 

neuroscience. Over the following yean a consensus emerged that humans are born with a 

certain number of nerve cells, and as they die due to increasing age, they are not replaced. 

In the event of nerve damage due to disease or injury, regeneration was not possible, and 

the damage was thought to be permanent. 

This dogma persisted unchallenged until the advent of incorporation techniques in 

the 1960's. Studies were conducted which suggested that certain subpopulations of cells 

in the adult mammalian C N S  were actively mitotic (Smart, 1961; Altmau, 1962; Sidman, 

1970; Rakic, 1985). More recently, retroviral-mediated gene transfer has been used to 

confim the presence of mitotic cells (Sanes et al., 1986; Price et al., 1987). In addition to 

mitosis, studies have found that existing axons, dendrites and synapses are able to m o w  



their structure (Chang et al., 1984; Bailey et al., 1993) thereby indicating that the CNS 

structure is dynamic, and has a functional plasticity. 

Due to the large number of cell types which comprise the brain, and the migration of cells 

fiom their birthplace to the area in which they undergo terminal differentiation, it has 

been difficuit to definitively ascertain the location and identity of neuronal precursors in 

adult mammals. One area which has been identified as containing proliferative cells is the 

subventricular zone of the lateral ventricle (subependyma). This region persists 

throughout adulthood as a heterogeneous population of undifferentiated cells with up to 

one-third of the cells mitotically active (Monhead and van der Kooy, 1992). Using 

retroviral tracers to label mitotically active cells, Monhead and van der Kooy determined 

that proliferating murine cells have a cell cycle of 12.7 hours, and undergo steady state 

cell division. However, they concluded that one of the two daughter cells undergoes cell 

death soon after division without migrating from its birth site. When Lois and Alvarez- 

Buylla (1993) labeled subependymal cells in vivo with tritiated thymidine, removed the 

cells, and grew them in vitro, the cells differentiated into neurons and glia A subsequent 

study (Lois and Alvarez-Buylla, 1994) using microinjections of ['HI into the lateral 

ventricles of adult mice revealed that there are clusters of proliferative cells which do not 

undergo death upon division. Rather they migrate to the olfactory bulb over distances as 

great as 5 mm before differentiating into neurons and glia This is in agreement with the 

work of Luskin (1993) who found that the r o d  subependyma in neonatal rat pups was 

the source of cells which migrated to the olfactory bulb and matured into neurons. In 

1994, Morshead and colleagues were able to show that neural stem cells exist in the 

subependyma of the adult mouse forebrain as a subpopulation of quiescent cells. 

Although the subependyma has been shown to be a source of stem cells, there is some 

controversy over whether or not this layer is responsible for giving birth to al l  neural 

progenitor cells which then migrate throughout the CNS, or if there are other sources of 



stem cells. For example, there is evidence that neurogenesis which occurs in the 

hippocampus occun locally in the basal zone of the dentate gyrus. in this region, Kaplan 

(1981) observed mitotic neuroblasts in prophase and telophase with synapses and axonal 

processes, and Bayer (1982) reported that between postnatal day 30 and 365, the number 

of cells in the hippocampus of the rat increases by 43%. Subsequently, it was shown that 

most of the cells receive and process synaptic input (Bayer, 1985), and are 

immunopositive for the protein neuron-specific enolase (Cameron et al., 1993), thereby 

clearly iden-g the majority of the new cells as neurons, and not glia Although the 

significance of neurogenesis in this part of the brain is currently unknown, it has been 

hypothesized that since this area is involved in short term memory, the continual 

replacement of cells may allow cognitive plasticity (Gage et al., 1995). 

The second area of coneoversy involves the cells of the oEactory bulb. It is known that 

the sensory neurons in the olfactory epithelium undergo continual degradation and 

replacement into adulthood (Graziadei et. al, 1979). Previously mentioned studies by 

L u s h  (1993) and Lois and Alvarez-Buylla (1994) have shown the migration of 

subependymal cells into the olfactory bulb. However, Gradadei and colleagues (1980) 

report that the new cells are generated from two separate unipotent stem cell populations 

(the horizontal basal cell, and the globose basal cell) which exist at the base of the 

ohctory epithelium. In most mammals, it is estimated that the life span of an olfactory 

cell including birth, migration, synaptogenesis, and degeneration, is one month (Gage et 

al., 1995). It has been hypothesized that the birth rate of new cells is regulated by the 

death rate of mature neurons, and that the h a l  differentiation and survival of these 

neurons is dependent upon synaptic contact with target cells in the olfactory bulb 

(Veerhagen et al., 1990; Carr et al., 1992 ). 



II.2.4.2 In vitro Characterizations of Neural Precursor CelIs. 

The isolation of a multipotent neural cell was first reported by Price and colleagues 

(1987) who cultured cells fiom the rat embryonic cortex after they had been transduced to 

express the p-gal gene. Using morphological characteristics, Price et. a1 (1987) 

demonstrated that multiple cells types were present in cultures which had presumably 

been derived fiom a single P-gal expressing cell. This was confirmed in 1991 by 

Williams and colleagues who found that 18% of embryonic cortex cells grown in vitro 

generated neurons and oligodendrocytes. In 1989, Temple reported that when cells from 

the embryonic septum of rats were cocdtured with tissue fiom the fetal strianun, nearly 

50% of the cells proliferated for extended periods of time. Furthermore, some isolated 

clones from the proliferating group were multipotent as indicated by the mixed progeny 

which expressed either GFAP or NF. This indicated that one or more soluble factors in 

the developing CNS strongly influences the mitogenesis of neural precursors. Since that 

time, several methods have been developed to grow neural stem cells in vitro. However, 

the two moat common methods are immortalbation of the cells, and cytokine stimulation. 

II.2.4.2.1 Immortalized Neural Populations 

Historically, it has been difficult to sustain the growth and proliferation of primary neural 

precursors in vitro for extended periods of time. This had made the characterization of 

these cells very difficult. To overcome this hurdle, several groups have developed neural 

lines using gene transfer techniques. These immoaalized cells are responsive to 

experimental manipulation and are readily expandable. The most common method of 

gene transfer has been by the retrovirai transduction of oncogenes into cells which were 

derived koom the developing brain (Lendhal and McKay, 1990). The process of 

immortalization usually arrests the cell at a defined stage of development, and prevents 

terminal differentiation. This allows precursor cells at various levels of maturity to be 

grown for extended periods of time. The most commonly used oncogenes are members of 

the myc oncogene family (Cepko, 1989) or a temperature sensitive (ts) mutant of the 



SV40 large T-antigen (Jat and Sharp, 1989). The latter induces proliferation at 33OC, but 

not at 39°C. It should be noted that certain cells expressing an oncogene do not become 

immortal (Ryder et al., 1990). It is possible that that in these cells the oncogene is unable 

to override a differentiation program which was initiated prior to the immortaLization 

process (Gage et al., 1995). 

in 1989, B e m d  and colleagues demonstrated that myc-immortalized populations 

derived from the mesencephalon of day 10 (E10) murine embryos could generate 

multiple cell types in vitro. Similarly, it was demonstrated that immortalized clones 

derived fiom the cerebral cortex or olfactory bulb of early postnatal rats were to be 

multipotent since they could gave rise to neurons and glia (Ryder et. al, 1990). In each of 

these cases, confirmation that the diverse cells were derived from a single multipotent 

precursor was determined by showing that all of the progeny cells had the same, unique 

viral integration site as the precursor. 

In contrast to myc-expressing clones, cells which have been immortalized with tsSV40 

large T antigen do not often show spontaneous multipotency in v i ~ u .  In many of the 

clonal lines, the morphology and/or phenotype was altered by manipulating the 

environment in which the cells were growing. A cerebellum derived cell line which only 

produced cells with a neuronal morphology and NF marker in vitro was found to express 

GFAP when cocultured with cells from the P3 cerebellum (Redies et al., 1991). Cells 

fiom the P1 murine striaturn, which only underwent gliogenesis in a serum enriched 

medium, subsequently started to produce neurons and glia when cultured in a chemically 

defined medium with a polyomithine coated substrate. (Evard et d., 1990). 

In addition to the studies fisted above, many other groups have developed immortalized 

cells lines (Lo et al., 1991;Whitternore and White, 1993; Snyder et a1 1994; Rao and 

Anderson, 1997; reviewed in Gage et. al, 1995; Snyder et. al, 1997). Although 



immortalization offers many advantages for studying cells in viiro, there are reports that 

this process alters some of the fundamental properties of the parent cells. Immoaalized 

cells have been shown to have altered expression of proteins which were characteristic of 

the parent (Vandenbergh et. al, 1991; Whittenberg and White, 1993). Furthennore, 

immortalization can affect the cell growth kinetics. The growth rate of immortalized cells 

is often faster than that of the original parent (Ryder et d., 1990), and is often found to be 

the result of an abnormal karyotype (Bianchi et al., 1993). Although these cells have been 

used in several transplantation studies Wtternore  et al., 1997; Snyder et al., 1997), 

placing immortalized cells into humans may be risky. Thus, recent efforts have been 

made to study the in vitro characteristics of primary cells in a effort to grow them without 

immortalizing them. 

11.2.4.2.2 Non-Immortalized Neural Populations 

The rat optic nerve is comprised of type 1 astrocytes, type 2 astrocytes, and 

oligodendrocytes. The latter two cell types are both derived fiom 0-2A progenitor cells. 

In 1984, Noble and Murray demonstrated that 0-2A cells undenvent significant 

mitogenic activity when cocultured with type 1 astrocytes. Subsequently it was shown 

that these astrocytes secrete platelet derived growth factor (PDGF) which induces the 0- 

2A cells (Noble et al., 1988). The terminal differentiation effect of PDGF is blocked in 

the presence of bFGF (BogIer, 1990), thereby allowing long term proliferation in vitro. 

The choice of glial cell generated is affected by the presence or absence of serum, and 

ciliary neurotrophic factor (CNF) can promote the differentiation into type 2 astrocytes 

(Hughes et al., 1988). These studies all support a role for endogenous factors in the 

growth, proliferation and differentiation of 0-2A progenitor cells in vitro. 

In 1992, Stemple and Anderson isolated cells fkom the rat neural crest and serially 

propagated them in vitro to examine their potential for development. They found that 

single neural crest cells are multipotent and they are capable of self renewal. They also 



found that the choice of substratum played a choice in the fate of the cells. When cells 

previously plated on fibronectin were subsequently plated on either fibronectin or 

fibronectin overlaid with poly-D-lysine, they gave rise to glia in the former case, and 

neurons in the latter. Growth factors were also found to affect lineage choice of 

uncommitted neural crest stem cells. Glial growth factor (GGF) suppresses neuronal 

differentiation while promoting glial maturation (Shah et al., 1992). More recently, it was 

found that bone morphogenic protein 2 (BMP2) induces neurogenesis, and alternative 

neural crest cell fates are instructively promoted by TGFPl (Shah et al., 1996). 

Neural cells isolated fiom the embryonic (E 14) mouse striatum proliferate in the presence 

of epidermal growth factor (EGF) and TGFa, but are unresponsive to NGF, bFGF, 

PDGF, or TGFP (Reynolds et al., 1992). The cells grow in clusters or aggregates called 

neurospheres. An elecaon photomicrograph of one of these neurospheres is shown in 

Figure n.10. The cluster of cells is held together by an extracellular matrix produced by 

the cells. A single EGF-responsive cell plated on polyomithine substratum under serum 

free conditions will generate a cluster of undifferentiated progeny that solely express 

nestin (Reynolds et al., 1992). Nestin has been shown to be a marker of intermediate 

filaments (Frederickson and McKay, 1988) and neuroepithelial cells during development 

(Lendahl et ai., 1990). Subsequent studies showed that neurospheres cultured in the 

presence of EGF form unipotent (neuronal) and a bipotent (neuronal/astroglial) 

progenitor cells when exposed to bFGF, (Vescovi et al., 1993). Furthermore, they 

morphologically and antigenically differentiate when exposed to B DNF (Ahmed, et al., 

1995). When first isolated, the striatal cells were thought to be a progenitor population 

within the CNS. In 1996, Reynolds and Weiss used clonal and population studies to 

demonstrate that the embryonic striatal cells are embryonic neural stem cells. 



Figure II.10: An electron photomicrograph showing a single neurosphere generated in 
vitro. The individual cells are located in a scaffold of ECM and adhesion molecules. The 
cells were originally procured from the striatal region of the murine brain. (Photograph 
courtesy of NeuroSpheres Ltd.). 



More recently, Reynolds and colleagues (1996) were able to isolate EGF responsive 

stem-like cells from the CNS of a 7-9 week old human embryo which were 

irnmunoreactive for nestin, but not differentiated cell antigens. They subsequently 

demonstrated that the cells could generate neurons, astrocytes, and oligodendrocytes. 

Svendsen and colleagues (1997) have isolated cells fiom the striatum of adult rats which 

they were able to culture under serum fiee conditions in the presence of EGF and bFGF. 

These cells were subsequently used for tramplantation into a rat model of Parkinson's 

disease. 

Prior to 1992, with the exception of optic nerve progenitor cells, researchers had been 

unable to isolate stem-like cells fkom the adult mammalian CNS. Based on studies which 

demonstrated the trophic and mitogenic actions of EGF on the embryonic and early 

postnatal neuronal development (Anchan et al., 1991), and those which showed EGF and 

EGF-receptor imrnunoreactivity in the adult rodent and human C N S  (Birecree et al., 

1991), Reynolds and Weiss (1992) were prompted to isolate cells fiom the d a t a  of adult 

(3-18 month old) mice. Their study found that when cultured in the presence of EGF, the 

cells divide symmetrically and asymmetrically to form neurospheres that can then be 

induced to differentiate morphologically and antigenically into neurons and astrocpes. 

The neurons are imrnunoreactive for the neurotransmitters y-aminobutyric acid and 

substance P. The addition of bFGF to EGF-generated neurospheres was found to cause 

the proliferation and self renewal of the multipotent progenitors (Gritti et al., 1995; Gritti 

et al., 1996). More recently, Weiss and colleagues (1996) have identified multipotent 

CNS stem cells in the adult mouse spinal cord and ventricular neuroaxis. Based on 

published information, Stemple and Mahanthappa (1997) recently compiled a lineage 

map showing the relationship between major C N S  cell types. This is shown in Figure 

II.11, 
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Figure 11.11: A neural system lineage map proposed by Stemple and Mahanthappa 
(1997). Listed are all of the cells thought to be derived fiom an embryonic CNS stem cell, 
their identified markers, and their responsiveness to growth factors. Also shown is an 
adult neural stem cell. However, these cells have not been studied adequately enough to 
generate an accurate lineage map. 



II.3 DISORDERS OF THE CENTRAL NERVOUS SYSTEM 

Although the CNS is fully developed very early in life, it is not a static system. Indeed, it 

is quite dynamic and continues to change throughout the life of an individual. Age related 

changes usually start in the third or fourth decade of life with the consequences becoming 

noticeable in the fifth or sixth decade. These changes which include increased 

forgetfihess, a decline in intellectual abilities, and minor motor and sensory deficits, 

have been attributed to a reduction in the number of neurons and the number of synaptic 

connections. It has been found that on average, there is a decline of 1 0 - 1 5% in the mass 

of the brain between the third or fourth decade to the ninth decade. Usually these 

symptoms are considered to be normal, and do not interfere with the quality of life. 

However, in certain cases the symptoms become pronounced, and the individual is said to 

be suffering from a CNS disease or disorder. 

The most common disease is Alzheimer's disease in which the aging process is 

pathologically accelerated. Other diseases include Parkinson's disease which is caused by 

the death of a specific group of cells, and Huntington's disease which is an autosomal 

dominant genetic disease. Although the overall prevalence of CNS diseases is highest 

among the elderly, younger individuals can also be affected. For example, multiple 

sclerosis can strike an individual as young as 15 years of age. CNS disorders include 

spinal cord injuries and brain trauma with the highest risk group being individuals 14 to 

24 years old. Table I1.2 shows the prevalence and economic impact of some of these 

diseases and disorders in North America. 

II3.1 Parkinson's Disease 

Parkinson's disease (PD) was first described in 1817 by James Parkinson, a British 

physician, in his paper "An Essay on the Shaking Palsy". The disease usually begins in 

middle age, with the majority of afflicted individuals showing symptoms after the age of 



Table 11.2: The prevalence and economic impact of CNS diseases and disorders 
in North America. 

60. Early on in the progression of the disease, affected individuals usually display 

rhythrmc tremor in one of their limbs, especially at rest. Over time, patients have 

difficulty initiating movement, such as standing from a sitting position, and become 

slower and stiffer. In the extreme case, their tightened muscles halt altogether causing 

them to freeze. Thus, the c a r d i d  manifestations of this disease are muscular rigidity, 

slowness of movements (bradykinesia), tremor at rest, and postural instability (Heimer, 

1995; Youdim and Riederer, 1997). 

Although motor impairments are the most prominent features of Parkinson's disease, 
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several nonmotor symptoms can also appear. Most afflicted individuals also experience 

varying levels of cognitive impairment and behavioural problems such as indecisiveness 

Carr et al., 1997; ' Matchar et al., 1993; ' NeuroSpheres Ltd.; Whetton-Goldstein et d., 1996; 
Chase, 1997 

Estimated Cases 

and depression. In the advanced stages, a severe dementia can develop reminiscent of 

Alzheimer's disease. Other nonmotor symptoms include excessive perspiration (Heimer, 

1995). 
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The substantia nigra rblack substancey') region of the brain contains pigmented neurons 

which have processes which extend into the h a t u n .  As shown in Figure 11.12, these 

cells are responsible for controlling movement by releasing dopamine, a neurotransmitter, 

into the striaturn. The striatal cells then relay the chemical message through the higher 

motor-controlling regions of the brain to the cortex, which is the coordination area for 

muscle behaviour. In individuals afnicted with Parkinson's disease, the dopamine 

producing neurons die thereby disrupting the smooth functioning of the overall motor 

network. As part of normal aging, approximately 4% of the neurons in this region die per 

decade of adulthood. However, the onset of symptoms associated with Parkinson's 

disease usually occurs after 70% of the neurons have been destroyed (Youdim and 

Riederer, 1997). Dopaminergic neuron death has also been reported in the tegmental 

region in a s igdcant  number of patients. These cells affect functioning in the forebrain 

including the d a t u m  and the frontal cortex. It has been postulated that the death of these 

cells is responsible for the nonmotor symptoms associated with Parkinson's disease 

(Heimer, 1 995). 

The cause of neuron death has not yet been determined. Since few patients with obvious 

familial Parkinson's disease had been seen clinically, the disease was thought to have an 

environmental etiology. The incidence of Parkinson's disease among those individuals 

living or working in areas polluted with high concentrations of environmental heavy 

metals CMn, Fe, Al) was higher than those populations living in less polluted areas. 

Furthermore, individuals exposed to MPTP (1 -methyl4phenyl- 1,2,3,6- 

tetrahydrapyridine), developed severe Parkinsons's-like symptoms. Subsequent studies 

showed that the MPTP selectively destroyed the dopaminergic neurons in the substantia 

nigra by entering into the mitochondria and inhibiting the complex I enzyme. This 

enzyme is part of the pathway responsible for producing cellular energy and decreasing 

levels of fiee radicals @e Michele et al., 1996; Youdim and Riederer, 1997). 
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Huntington's disease, the GABA-ergic neurons which transmit messages fiom the 
Striatum to the Globus Pallidus and downregulate the dopaminergic neurons in the 
Substantia Nigra are destroyed (Adapted fiom Youdim and Ftiederer, 1997). 



Recently, based on pedigree studies of several Mediterranean families with a high 

incidence of the disease (Golbe et al., 1996), a mutation was found on chromosome 4 in 

the gene which codes for alpha synuclein (Polymeropoulos, et al., 1997). Synucleins 

belong to a diverse family of synaptic proteins, and are generated and expressed by 

alternative splicing throughout the mammalian nervous system. Studies are currently 

underway to determine the role of these molecules and the biochemical implications this 

single missense mutation (Chase, 1 997). 

Traditionally, Parkinson's disease has been treated with drugs. The first drug, an extract 

of the deadly nightshade plant, was accidentally discovered in 1867 to alleviate some of 

the symptoms. By the middle of this century, scientists had determined that the extract 

worked by inhibiting the effect of excessive acetyl choline in the striaturn. Thus, acetyl 

choline inhibitors were developed, and whereas they helped alleviate some of the 

symptoms, they did not eliminate most of them. Furthermore, the side effects included 

blurred vision and memory impairment. In the 196OYs, researchers developed levadopa 

(L-dopa) which continues to be used to this day. L-dopa can cross the blood-brain barrier 

where astrocytes, microglia, and remaining dopaminergic neurons convert it to dopamine. 

Initially, this drug was hailed for its ability to control the symptoms. However, it soon 

became apparent that this drug was not as effective as thought. Patients who have been 

administered L-dopa begin to lose sensitivity to it after approximately 4 years of use. 

Greater and greater concentrations were needed to maintain the same level of symptom 

control. Furthermore, side effects became more apparent. They included psychological 

disturbances, and episodes of freezing where treated individuals were unable to move any 

part of their body for unpredictable periods of time. These problems lead to the 

development of dopamine agonists which mimic the actions of dopamine. However, 

whereas they do not show the same level of desensitization, they can often produce 

dizziness, confusion, and involuntary movement Most recently Monoaxnine oxidase B 

(MAO-B) inhibitors (such as selegiline) have been developed. The oxidase enzyme is 



known to prevent the formation of toxic products from MPTP in the brain. It is unclear 

whether these drugs halt the progression of neural degeneration, or simply treat the 

symptoms. However, MAO-B inhibitors remain in use today in conjunction with reduced 

levels of L-dopa, despite certain side effects. 

While research is continuing to find better pharmacological agents to treat and possibly 

prevent neurodegenerative diseases, current drug therapies do not provide sufficient relief 

for afflicted individuals. Thus, another treatment approach has been developed which 

compensates for the loss of essential neurons by replacing them with functional cells. In 

the late 1970s and throughout the 1980s, many fetal tissue grafting experiments were 

conducted in animal models (reviewed in Mehta et al., 1997). Based on the encouraging 

results in the lab, the procedures were clinically adapted for humans. Originally, adrenal 

medullary grafts fiom the aftlicted individual were transplanted into the nigral region. 

The rationale for this was that by using autologous tissue, ethical and immunological 

concerns surrounding the use of fetal tissue could be avoided. However, follow up studies 

have revealed only a modes improvement in 30% of treated individuals. Thus, the 

clinical use of fetal mesencephalic tissue for transplantation was initiated in the late 

1980s with the first report being published by Jiang and colleagues in 1987. Since that 

time, well over 100 transplants have been conducted, and although the results have 

varied, most individuals have shown marked improvement in h c t i o n  (reviewed in 

Mehta et al., 1997). 

II.32 Huntington's Disease 

Huntington's disease was first described by Dr. George Huntington in 1872. It is an 

autosornal dominant genetic disorder caused by repeats of the trinucleotide sequence 

CAG in the IT15 gene located near the telomere of the short arm of chromosome 4 

(Huntington Disease Collaborative Research Group, 1993). The disorder, which usually 

starts in the fourth decade of Me, is characterized by gradually worsening involuntary 



choreiform (dancelike) movements. This is also accompanied by personality changes and 

progressive dementia (Heiomer, 1995). 

Among the many cells which comprise the datum are gamma aminobutyric acid 

(GABA) containing neurons as shown in Figure II. 12. Their function is twofold. First, 

they relay the dopamine mediated message fiom the substantia nigra to the thalamus via 

an interneuron. Second, they downregulate the nigrostrial dopamine neumns to control 

the flow of dopamine into the striaturn. In individuals afflicted with Huntington's disease, 

these GABA-ergic cells die, terminating the regulation, and resulting in striatal dopamine 

hyperactivity. The exact cause of cell death (the phenotypic expression of the mutation) is 

as yet unknown, although it is believed to be related to a neurotoxic process involving the 

excitatory amino acid receptors, especially the NMD A (N-methy 1-D-aspartate) glutamate 

receptor. This neuronal death eventually leads to disinhibition of the thalamus and 

brainstem, which may explain the involuntary spasmodic movements (Heimer, 1995). 

Thus, in many ways, Huntington's disease may be characterized as being the opposite of 

Parkinson's disease. Whereas in Parkinson's there is a lack of doparnine in the striatun, 

in Huntington's there is too much. It should be noted that extrastriatal regions also 

undergo varying levels of cell death in Huntington's patients. However, the consequences 

of this are unknown and under investigation (Kordower et al., 1997). 

Currently, there are no known drugs which can prevent the progression of the disease, 

and various pharmacological treatment of movement and mood disorders attendant on 

HD have had Little or no effect (Tsuneizumi et al., 1994). Other treatment methods have 

included treatment with neurotrophic factors (Holtzman and Mobley, 1994) and gene 

therapy. However, based on animal studies, and success with transplantation in PD, 

researchers used fetal striatal tissue to conduct the first HD transplantation in 1996. The 

initial reports of this transplantation have been positive, but more work remains to be 

done since this is still a very experimental procedure. 



II.3 J Multiple Sclerosis 

The importance of the myelin sheath in nerve impulse conduction becomes evident in 

diseases where myelin degeneration is the most prominent feature. The most common 

demyelinating disease is multiple sclerosis (MS) which usually commences between the 

y e s  of 20 and 50. As indicated by the name, multiple sclerotic (scar-like) plaques or 

lesions form around the axons in the white matter. The symptoms are dependent on which 

regions are affected. The plaques have a predilection for the optic nerves, bmin stem and 

spinal cord. Although there are often periods of remission in the disease, it is usually 

progressive with a gradual deterioration in the condition of the patient over many years. 

Although the symptoms of the disease are known, there is significant debate over the 

cause of the disease. Epidemiological studies support two different, although not 

mutually exclusive, etiological perspectives. The environmental theory maintains that MS 

is an acquired disease, and support for this viewpoint includes the following observations 

(reviewed in Hogancamp et al., 1997): 

(a) the prevalence of MS varies with geography, generally increasing with distance fiom 

the equator 

@) migration may alter the risk of MS occurring (depending on age at migration) 

(c) o f f s p ~ g  of immigrants have prevalence rates similar to the population in their new 

area of residence and not their place of origin 

(d) concordance rates bemeen monozygotic twins is much lower than 100% 

(e) epidemics have been reported in localired areas 

Conversely, the genetic theory maintains that MS is a function of heredity and is 

supported by the following observations (reviewed in Hogancamp et al., 1997): 

(a) MS primarily affects caucasians 

(b) among caucasians, only certain subpopulations are vulnerable to the disease 



(c) relatives of afflicted individuals are more likely to be affected themselves, with the 

increased risk not being accounted for by shared environmental factors 

(d) the concordance rate, although lower than anticipated, is 6-10 fold higher in 

monozygotic twins than dqgotic twins 

(e) MS is associated with specific human leukocyte antigen (HLA) genotypes 

Although the exact etiology of MS is unknown, most authorities agree that the immune 

system is somehow involved. Many researchers consider MS to be an autoimmune 

disease against self-myelin antigens. In this hypothesis, the T-cell receptors on CD4' 

helper cells interact with the myelin antigens presented by the HLA class I1 molecules on 

macrophages and possibly astrocytes. This association is thought to result in an 

inflammatory cascade with the stimulation of helper T cells, cytokine secretion, T cell 

proliferation, and subsequently B cell and macrophage activation. This autoimmunity 

may be triggered by environmental factors such as molecular mimicry and superantigen 

production. Although the role of CD4' lymphocytes in demyelination is emphasized by 

many researchers, the roles played by CD8' cells, microglia, astrocytes, cytokines, and 

complement are receiving greater attention (reviewed in Lucchinetti and Rodriguez, 

1997) 

Studies have substantiated that there are some therapeutic benefits to treating MS with 

immunopharmacological agents (Noseworthy, 1994). They have been found to reduce the 

frequency and severity of relapses, and reduce the rate of disease progression for 1-2 

years. However, to date, no agent has been shown to achieve a sustained remission, or 

alleviation of long term disability (Hunter et al., 1997). Since MS affects many merent  

systems, there is a need for definitive diagnosis prior to administration of immunotherapy 

so that the proper agents are used. These agents used include corticosteroids, nonsteroidal 

anti-inflammatory drugs, antigen therapy, and allcylating cytotoxic agents (reviewed in 

Hunter et al., 1997). However, the side effects of these drugs include nausea, alopecia, 



and increased risk of cancer. Currently, no successful fetal tissue transplantations have 

been conducted, but this avenue of treatment is being experimentally pursued (reviewed 

in Milner, 1997; Franklin and Blakemore, 1997) 

113.4 Neural stem cell transplantation 

Although the clinical use of fetal tissue for transplantation has proven to be successful in 

the treatment of neurodegenerative disorders, there are several issues which must be 

addressed. First, there are moral and ethical concerns associated with using fetal tissue 

which could present a serious obstacle to this type of treatment. Second, although 70-80% 

of the transplanted cells are viable, only 5-10% of the tissue survives at the implant site. 

Thus, to provide enough cells, each treatment requires several fetuses. With an estimated 

550,000 Parkinson's patients in North America, millions of aborted fetuses would be 

necessary to provide treatment for just this one disease. Obviously, there is not an 

adequate supply. Third, the cost of isolating fetal tissue, and subsequent surgical 

transplantation is enormous, and could prove to be inhibitory to this form of treatment. 

Finally, since the fetal tissue is not derived &om a single source, it is not well 

characterized. Typically, the cells which are used come fiom elective abortions, and not 

spontaneous abortions, since the latter have a higher incidence of chromosomal 

abnormalities. However, they could still contain microbial contaminants, or cancerous 

cells (Baetge, 1993). 

Although conventional tissue transplantation has several disadvantages, the concept of 

neural tissue v l a n t a t i o n  is still viable. What is needed is an ideal source of cells. The 

in vim growth of neural stem cells could provide this source. There are several 

advantages to growing neural cells in bioreactors. The first is that the cells could be 

grown in large quantities. This would deviate current and future supply problems for 



transplantation. Second, the moral and ethical concerns of harvesting fetal tissue would 

be avoided. Third, since a large quantity of cells could be produced fiom a single source, 

the cells would be well characterized. By setting up appropriate screening protocols, it 

could be ensured that the cells are non-transformed, non-tumorigenic, and free of 

adventitious agents. Lastly, it has been very difficult in the past to test the effect of novel 

drugs on brain cells, Typically, research was done on animals, and the results 

extrapolated to humans. However, by growing cells in v i m ,  testing models can be 

developed so that they can be used to do research in the lab. 

Several studies have demonstrated that cultured neural fiem cells can successfully 

repopulate regions of absent or dead cells after transplantation into animal models of 

neurodegenerative disorders. Hamang and colleagues (1 994) transplanted fetal EGF 

responsive stem cells into a myelin deficient rat. The stem cell progeny were found to 

differentiate preferentially into oligodendrocytes in response to the nonmyelinated CNS, 

and subsequently produce myelin. Svendsen and colleagues (1997) transplanted 

progenitor cells isolated fiom the developing human CNS into rats with unilateral 

do paminerg ic lesions. After 20 weeks, differentiated graft derived neurons were found 

close to the transplantation site, and human astrocytes were found to have migrated 

throughout the stria-. Kordower and colleagues (1997) isolated EGF responsive stem 

cells fiom transgenic mice. These cells were genetically modified to express human nerve 

growth factor WGF)  under the direction of the GFAP promoter. These GFAP-hNGF 

cells were then transplanted by intrastriatal injection into a rat model of Huntington's 

disease. The study found that the cellular delivery of hNGF by genetically modified stem 

cells prevented the degeneration of striatal tissue otherwise destined to die. This suggests 

that neural stem cells are not only a possible source of transplantation tissue, but can also 

be manipulated to be a vehicle for gene therapy within the brain. 



II.4 MEDIA FOR MAMMALLAN CELL CULTURF, 

Since the latter half of the nineteenth century, scientists have attempted to grow cells in 

vitro. Originally, simple media were developed which contained high concentrations of 

ground meat, meat extracts, and tissue hydrosylates. These early media were found to 

give poor growth, and cell cultures could only be maintained in a viable state for limited 

amounts of time. However, one of the early biologicals tested was serum. Serum is the 

aqueous portion of the blood which remains after coagulation, and is most commonly 

derived from an adult or fetal bovine source. It was found that serum provided excellent 

support for in vitro cell growth, and was soon used routinely as a medium, or as a 

medium supplement. Starting in the 1930s, serum became a popular subject of scientific 

study in an attempt to determine its many components, and in the early 1950s, the first 

individuals, such as Eagle, had developed defined media based on serum (Bjare, 1992). 

1.4.1 Serum 

Serum is made up of a wide variety of naturally produced constituents. These include 

hormones, growth factors, binding and transport proteins, and low weight nutrients. In 

addition, serum also provides protease inhibitors, binds to and neutralizes toxins, and 

provides shear protection in agitated cultures (Steinicke, 1994). Although it aids in the 

growth and maintenance of cell cultures, there are several disadvantages to using serum. 

First, cell culture quality serum is expensive, especially when derived from a fetal source. 

Second, since it is derived fiom animals, the concentrations of the various constituents 

vary fiom batch to batch. This lack of uniformity over time makes it very difficult to 

reproduce experimental results. Third, there is always the possibility that serum contains 

microbial contaminants such as rnycoplasmas, viruses, and prions. Finally, it is often the 

case that cells are raised in vitro in order to produce a certain protein product. However, 

due to t5e large number of proteins in serum, downstream processing to adequately p w  

the desired protein can be complicated and expensive. Because of these reasons, the use 

of s e m  is being discouraged, and serum fiee media are becoming more popular. 



1 . 4  Serum free media 

Senun fiee media are made up of two components: a basal medium and a 

supplementation package. Basal media are commercially available today fkom a variety 

of sources. They typically contain many ingredients, including a large number of 

inorganic salts, some rare elements, amino acids, and several vitamins. For mammalian 

cell cultures, two of the most commonly used basal media are Dulbecco's Modified 

Eagles Medium and Ham's F12 Medium. These media can be used alone or in 

combination, and generally need to be supplemented with other ingredients such as 

hormones and growth factors to support cell growth. 

Whereas many cell types may share the same basal medium or media, the unique 

supplementation package usually tailors a serum free medium for a specific cell type. 

Many of the supplement package components are derived fiorn whole serum. On the 

surface it may appear that due to the cost of purifying these components, serum fiee 

media would be relatively expensive. However, in general, the cost of purifying a 

substance is inversely proportional to its concentration in serum. Those components 

which are the most expensive are needed by cells in such minute quantities, that the cost 

is acceptable. Furthennore, by controlling the ingredients added to media, it is possible to 

optimize the concenmtion of each component for individual cell types such as 

fibroblasts, lymphocytes, arid stem cells. 

1 Mammalian Neural Stem Cell Media 

One of the main objectives of neural stem cell research is to find methods to supply large 

quantities of neural stem cells for their subsequent transplantation into individuals with 

degenerating central nervous systems. To that end, two avenues of research must be 

pursued. The first is the development of bioreactor protocols for high density growth. A 

bioreactor may be defined as any vessel in which a valuable biological product is 

produced under controlled conditions. In this case, the product would be the cells 



themselves. The second is the development of a suitable medium to promote the growth 

and proliferation of the cells. Even under optimal bioreactor conditions, if a medium has 

inadequate levels of necessary nutrients, is not supplemented with the proper exogenous 

factors, or has ingredients that are toxic, the maximum potential cell density will not be 

realized. Thus, the development of media is of critical importance. 

Table II.3 shows the different sources fiom which various investigators have procured 

neural cells, the media they used to develop primary cultures, and the exogenous factors 

which they added. It should be noted that with the exception of Kiipatrick and Bartlett 

(1993), Price and colleagues (1987, and Richards and colleagues (1992), all media were 

supplemented with commercially available hormone mixtures. Svendsen and colleagues 

(1997) and Kalyani and colleagues (1997) used the B27 mixture. All of the remaining 

investigators used N2. The compositions of these two supplements mixtures are given in 

Table II.4 and Table n.5. 

In a majority of the studies cited, the choice of basal medium was DMEM or 

D M E W  12. In those cases where F 12 was not added, the DMEM was supplemented 

with varying levels of FBS. With the exception of two studies, exogenous factors such as 

EGF and bFGF were added to all the media In those two cases, the medium contained 

FBS, and both Price and colleagues (1987) and Williams and colleagues (1991) had an 

astrocyte monolayer which was later shown to supply PDGF. It is interesting to note that 

Price and colleagues (1987) did not add any hormone supplement, but required 10% FBS 

for growth whereas Williams and colleagues (1991) had N2 supplementation, and thus 

could achieve growth with only 0.5% FB S. 



Table II.3: The sources fiom which neural cells have been procured by different 
investigators, and the media which they used to grow them in vitro (Adapted fiom Gage 
et al., 1995). 

Swes 

?.I owe 

Mouse 

Mouse 

Rat 

Rat 

Rat 

Rat 

Rat 

Mouse 

Mouse 

Rat 

Rat 

Rat 

Human 

Region 

Mesencephalon 
3=d 

Telencephalon 
Mesencephalon 

and 
Telencephalon 

Striatum 

Cerebral 
Hemisphere or 

spinal cord 

Cortex 

Cortex 

Hippocampus 
or spinal cord 

NeuraI Crest 

Striatum 

Brain 

Stria- 

Hippocampus 

Brain 

Spinal cord 

Brain 

Age 

El9 

l4 

E 13- 14 

E12-18 

E 16- t 8 

E 10.5 

E13.5- 
14.5 

Adult 

Adult 

Adult 

E14, 
€19 

E 10.5 

Fetus - 
22 wks 

Cell Type 

W n r + r - r -  , , ,buaur  

Resunor 

Multipotent 
Progenitor 

Neuroblast 

Multipotent 
Precursor 

Multipotent 
Precursor 

Neuroblast 

Stem 

Stem 

Precursor 

Stem 

Neuroblast 

Progenitor 

stem 

Bipotent 
Progenitor 

Medium 

DMEM + 
1% mS 

Monomed + 
10% FBS 

D M E W l 2  

DMEM 

DMEM + 
10%FBS 
DMEM + 
0.5% FBS 

DMEM/F12 

L- 15 

DMEM/F12 

DMEM + 

10% FBS 

DMEMF12 

DMEM/FI2 

DMEM/F I2 

DMEM/F12 

DMEMiF12 

Exogenous 
Factors - 

bFGF (50 ng/mL) 
heparin (8 r%mL) 

bFGF (20 ng/mL) 
heparin (8 pg/mL) 

EGF (20 nglmL) 

bFGF (5 ng/mL) 

None 

None 

bFGF (20 ng/mL) 

EGF (100 ng/mL) 
bFGF (4 ng/mL) 
NGF (20 n&L) 
bFGF (20 ng/mL) 
NGF (20 ng/mL) 
EGF (*O "*) 
~ F G F  (20 n m )  

or ACM 

EGF (20 ng/mL) 

bFGF (20 ng/mL) 

long EGF (5 
n g m )  

bFGF (25 ng/mL) 
CEE(10%) 

EGF (20 ng/mL) 
bFGF (20 ng/rnL) 

Reference 

Murphy et al., 
: 99 - - 3; u a p  Z i  

99 

Kilpatrick and 
Bartlett, 1993 

Reynolds et 
al., 1992; 

Vescovi et 
1993 

Gens burger et 
al., 1987; 

Deloulme et 
d., 1991 

Price et al., 
1987 

Williams et 
aI., 199 1 

Ray et al., 
1993; Ray and 
Gage, I994 
Stemple and 
Anderson, 

1992 
Cattaneo and 
McKay, 1990 

Richards et al., 
1992 

Raynoids and 
We iss, 1992 
Gage et al., 

1994 
Mokry et al., 

1995 
Kalyani et al., 

1997 
Svendsen et 

al., 1997 



Table 11.4: The components in a lOOX concentrate of 
the commercially available (Gibco BRL) medium 
supplement N2. 

Table II.5: The components in the commercially 
avadable (Gibco BRL) medium supplement B27. The 
concentrations have not been presented since they have 
not been published. 

Co-mponent I Concentratiop (m&) 
Insulin 

Human Transfenin 
Progesterone 
Putrascine 
Selenite 

500 
I 

10000 
0.63 
161 1 
0.52 



11.5 CELL ADHESION INTERACTIONS 

The aggregates formed by neural stem cells in stationary and suspension culture act as 

complex microenvironments within which the cells grow and interact with one another. 

Since aggregate formation is an integral part of this culture, the role played by the 

extracellular matrix (ECM) and the issue of cellular adhesion needs to be addressed. 

Molecules involved in cell adhesion can be broadly classified based on their functions in 

vitro. Those which are involved with cell-substratum interactions are termed ECM 

molecules, whereas those involved in cell-cell adhesion are collectively termed cell 

adhesion molecules (Lander, 1989). 

II.5.1 Extraceilular Matrix Molecules 

Massive aggregations of ECM occur in connective tissues such as bone, tendon, cartilage 

and dermis. Although not as abundant, ECM is also found in the vertebrate CNS. 

Originally thought to simply provide physical support, increasing evidence is showing 

that the ECM is a dynamic entity which also affects cellular development, proiiferation, 

and function. The composition of ECM varies greatly since it is produced locally by the 

cells. However, all of the components can be classed as either a collagen, a proteoglycan, 

or a noncollagenous glycoprotein. Depending on the proportions of these constituent 

components and their configuration, the extracellular matrix can be watery, gelatinous, 

elastic, or rigid (Kleinsmith and Kish, 1988). 

Collagen is the most abundant protein found in vertebrates accounting for at least 25% of 

total body protein. The amino acid composition of this protein is u n d  since it is 

composed of one-third glycine. The reason for the high glycine content becomes apparent 

when observing the structural geometry of collagen. Although they are variable in their 

carbohydrate content, all collagen molecules consist of three intertwined polypeptide 

chains termed a-chains. The inside of the triple helix is very crowded and the only amino 

acid that can fit inside is glycine. Since there are three residues per turn of the helix, 



glycine constitutes every third residue (Stryer, 1988). It should be noted that at least 

seven different genetic variations of the a-chain occur, and that they can combine in 

different ways to give rise to ten different types of collagen. Collagen types I, 11, and IU 

are the most abundant and are referred to as fiber fonning collagen. When thousands of 

these collagen molecules line up, they have the ability to form collagen fibrils. Several of 

these fibrils then aggregate to form collagen fibers. The most striking quality about 

collagen fibers is their mechanical strength. It is this strength which gives bone, tendon, 

cartilage and skin their protective properties. In contrast, as its name suggests, elastin is 

an elastic protein in the ECM which resists stretching. It is a hydrophobic protein which 

endows loose connective tissue with the resilience to complement the tensile strength of 

collagenous fibers. 

Proteoglycans are specialized glycoproteins that have a high carbohydrate content 

composed of repeating dissacharide units known as gIycosaminoglycans. Each repeating 

unit consists of one amino sugar, and at least one sulfate or carboxyl acid group. Some of 

the most common glycosaminoglycans include hyaluronic acid, keratin sulfate, and 

heparin. The purpose of proteoglycans in the ECM appears to be to fonn a gelatinous 

substance which traps water and s m d  solutes, and in which collagen is embedded. Many 

of the properties of ECM are dependent on the ratio of the proteoglycaas and collagen. 

Cartilage is soft and pliable due to the higher proteoglycan content. Tendons are tougher 

and stronger because of their higher collagen content. 

The two moa abundant noncollagenous matrix glycoproteins are fibronectin and laminin. 

Fibronectin is present in blood, cartilage and other bodily fluids and is loosely associated 

with cellular SUTfaces. it is a large glycoprotein made up of two submits with separate 

binding areas for heparin. It is well known that if cell culture flasks are coated with 

fibronectin, cells readily attach to the surface and spread out (Woods and Couchman, 

1996). Laminin, is localized predominantly in the basal lamina The basal lamina are 



specialized sheets of matrix material which separate epithelial cell layers from underlying 

connective tissue, and often surround nerve, muscle, and fat cells. Aside fiom laminin, 

the other major components of the basal laminae are type IV collagen and heparan 

sulfate. 

The ECM has been found to have an important role in external growth factor signahg 

(Taipale and Keski-Oja, 1997). Growth factors such as FGF, GM-CSF, IL-3, and TGF-p 

bind to the ECM via proteoglycans in the matrix. The most common interactions involve 

heparin or heparan sulfate. One important consequence of storing growth factors in the 

ECM is that they can be proteolytically released at a later time to generate a rapid and 

highly localized signal. This method of signal transduction modulation is much faster 

than controlling genetic expression, and could be crucial in response to injury or for 

immune cell expansion during acute infection. Growth factors may also serve a memory 

function. During routine organ maintenance, or following injury, the combination of 

growth factors in a localized area may serve to instruct the new cells to form the proper 

structures. This would be of great relevance in neural stem cells research. instead of 

transplanting differentiated cells into an injured or diseased area, stem cells could be 

transplanted into that site, and the retained 'ECM memory' could guide the cells into the 

proper differentiated cell types. 

ECM molecules in the C N S  have not been studied as well as those in non-neural sites. It 

has been found that during embryonic development, laminin and fibronectin are involved 

in neurite outgrowth and neuron-substratum attachment. Laminin has also been found to 

be produced by adult astrocytes (Fitch and Silver, 1997). Astrocytes have been implicated 

in the production of thrornbospondin, an ECM protein whose function is still rmlcnown 

(Lander, 1989). Recently, ECM and cell d a c e  molecules produced by glial cells have 

been shown to be critical in their support of neurons and their processes (Fitch and Silver, 

1997). Tenascin, a glycoprotein, has been found in the developing CNS associated with 



the glial cell boundaries. Based on its studied properties, it is thought to act as a repulsor 

to growing neuronal processes. Several proteoglycans have also been reported to be in the 

vicinity of the glial boundary areas. Based on spatial and temporal expression of these 

molecules, it has been postulated that their role is to direct axonal growth to other areas 

(Fitch and Silver, 1997). 

Based on studies conducted by Reynolds and Weiss (1992), and visual observations at 

NeuroSpheres Ltd. and at PPRF, there is evidence to suggest that neural stem cells in 

culture grow in aggregates which contain ECM molecules. However, the composition of 

the ECM is as yet unknown. The ECM becomes important when attempting to scale up 

the growth of these cells in culture. First, the ECM causes a nutrient gradient to exist 

bemeen the bulk medium and the middle of the spheroid. Second, whereas the ECM 

provides a degree of protection &om shear forces in suspension culture, it makes it 

difficult to separate the spheroids into a single cell suspension. Finally, the presence of 

ECM molecules and cell suxface molecules promotes a high degree of single cell 

clumping after passaging. Large aggregates lead to problems such as necrotic centers if 

the nutrient gradient is too high. Other examples of spheroids in culture include 

multicellular tumors. A study conducted on a human glioma cell line and a thyroid cancer 

cell line revealed that extracellular space comprised 20% to 50% of the total volume of 

the spheroid depending on the depth into the spheroid. The same s t ~ ~ d y  also demonstrated 

that the ECM was composed of fibronectin, laminin, and collagen types I, ID, and V 

(Nederman et al., 1984). 

II.5.2 CeU Adhesion Molecules 

The term 'cell adhesion molecules' (CAMS) implies that these molecules are a form of 

intercellular glue. Whereas they do hold cells in close proximity to one another, they have 

much more important roles in tissue development and inter- and htracellular signaling. 



CAMS are subdivided into four different families based on structural homology. They are 

the immunoglobulin s u p e d d y  of CAMS (IgCAMs), cadherins, selectins, and integrins. 

The IgCAMs are so named because they share 60 to 100 amino acid regions of homology 

with hematopoietic immunoglobulin molecules. These sites are also the active adhesion 

sites. Most of the members of this family are active within the immune system with the 

most common adhesions involving lymphocytes. Within the neural system, IgCAMs 

include neural cell adhesion molecules (NCAMs), L1, the adhesion molecule on glia 

(AMOG) which participate in neural migration, and PMP-22, Po, and MAG which are 

involved in myelinizatioa The neural IgCAMs are different from other IgCAMs since 

they have hemophilic interactions. They can bind to other IgCAMs or to integrins 

(Marchetti and 0' Comer, 1 997). 

cad he^ molecules can be divided into those which interact with actin-cytoskeleton, and 

those which are desmosome associated. All cadherin molecules adhere to other cadherin 

molecules on neighboring cells via five tandem repeats on their extracellular region. 

Since c a d h e ~  molecules dimerize on the same cell, they can form dud interactions. This 

binding is CaZ* dependent. For those cadherins in the £irst group, binding also requires 

intracytopiasmic binding. The intracellular domain of the molecule is bound to catenins 

which in turn bind to the cytoskeleton of the cell. These include the N, P, R, B, and E 

cadherins. The desmosome associated cadherins interact with intermediate filaments and 

are affiliated with the structure of tight junctions (Marchetti and OYConner, 1997). 

Selectins can be divided into those present on lymphocytes (L-selectins), those on 

endothelid cells (E-selectins), and those on specific platelet granules (P-selectins). They 

all have an extending arm which contains an EGF-like domain and several tandem 

repeats. They bind to carbohydrate Iigands on neighboring cells (Marchetti and 

O'Conaet, 1997). 



Integrins are glycoproteins made up of one alpha and one beta subunit. Due to the large 

number of subunits available for combination (1 5 alpha and 8 beta), integrins are able to 

bind to many different molecules including ECM molecules such as collagen, fibronectin 

and laminin, as well as to IgCAMs (Marchetti and O'Conner, 1997). 

Neural CAMs have been associated with neuron-neuron and neuron-glia adhesion, as 

well as  with neuronal migration ((Mvlarchetti and O'Conner, 1997). Neural CAMs have 

also been associated in regeneration and development (Henderson and Copp, 1997; 

Redies and Takeichi, 1996; Edelman and Rutishauser, 1981). Recently, CAMS have been 

implicated in multiple sclerosis. An important early occurrence in the development of MS 

is the migration of TH-molecules across the blood brain banier. One result of this is an 

upregulation in the production of CAMs. Recent treatment directed against CAMs has 

been shown to be partially successful in slowing down the disease (Marchetti and 

O'Conner, 1997). 

II.6 MOUSE CELLS AS MODELS FOR KUMAN SYSTEMS 

It is said that mans best fiend is the dog. However, in the biological sciences, it may be 

argued that it is the mouse. The majority of scientific breakthroughs have been as a result 

of experiments which were conducted on living mice, their organs, or their cells. Since 

this is also true in the field of neural stem cell research, it is appropriate to comment on 

the validity of using murine (mouse) cells as a model for human cells. 

Humans and mice started on separate evolutionary paths 160 million years ago. Since that 

time their functional DNA sequences have remained highly conserved, and nonfunctional 

sequences have diverged at a rate of 1 % per million years (Meisler, 1996). Within the last 

decade significant strides have been made in sequencing both the human genome and the 



mouse genome. Comparative maps serve to illustrate the high degree of homology 

between the two genomes. Recent efforts have placed 1416 loci which define at least 18 1 

different conserved linkage groups @eBry and Seldin, 1996). Thus, it may be concluded 

that fiorn a genetic perspective, humans and mice are very similar, and this similarity 

allows the mouse to be a good model for human biomedical research. 

Genetic homology itself, however, is not reason enough for using the mouse to model 

human diseases. After all, primates such as the orangutan are less distantly related to 

humans, and share a much higher degree of genetic homology that mice. However, 

whereas primates are used in research, there are other reasons why mice are favored. The 

laboratory mouse is relatively cheap to maintain and easy to handle. Sexual maturity is 

reached within 6 months after birth, and during the following two years, the average 

female mouse will give birth to 4 to 8 litters. Their gestational period is only 19-20 

weeks, and a litter has 6-8 pups. This proliferative capacity makes the mouse an ideal 

candidate for research, especially in genetic studies (Darling and Abbott, 1992). 

The immense supply of mice allows access to ample amounts of fiesh tissue without 

having to resort to established cell lines. Established cell lines do not always behave the 

same way as primary cultures do under identical conditions. Many of these cell lines have 

been frozen for extended periods of time and subsequently thawed for experimentation 

between predetermined passage numbers. The longer the cells remain outside a living 

organism, the greater the possibility that genetic drif? could occur. The field of stem cell 

research has also benefited greatly by having access to all stages of the developing 

embryo. A considerable amount of knowledge regarding human hematopoietic stem cells 

has been garnered fiom studying the mrnine fetal liver. Defining the ontogeny of stem 

cells in mice will eventually improve techniques for the isolation and manipulation of 

human neural stem cells for therapeutic purposes (Weiss, 1997). 



For the reasons previously stated, the mouse model has been used extensively to evaluate 

potential strategies for therapeutic use in humans. This includes the manipulation of diet, 

administration of medication, and cell transplantation. For example, bone marrow 

transplantation in humans was used to ameliorate one form of osteoporosis only after it 

was shown to work in mice (Coccia et al., 1980). Mice have also been used in gene 

therapy applications to prove that inserted genes are f'unctioning appropriately, that they 

do not have a deleterious effects, and that they correct the phenotypic defect (reviewed in 

Darling and Abbott, 1992). Other mouse models which have been developed include 

strains exhibiting the symptoms of Alzheimer's disease, Huntington's disease, and 

Parkinson's disease. Since the mouse has been established in biomedical research as an 

acceptable model for humans, rnurine cells will be used extensively throughout this 

shldy . 

II.7 SCOPE OF STUDY 

In order to achieve improved growth and expansion of mammalian neural stem cells in 

virro, this study will encompass the following research: 

(a) Characterization of neural stem cells in existing media 

@) Evaluation of commercially available basal media 

(c) Manipulation of components in the existing and new basal media 

(d) Evaluation of growth factor supplementation 

(e) Evaluation of protein, lipid, heparin and trace element supplementation 

(f) Evaluation of new cell culture media in comparison to existing media 

(g) Scaling-up fkom static to stirred suspension culture 
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MATERLALS AND METHODS 

tII.1 CELLLINES 

Human Neural Stem Cells (NSC) were supplied by NeuroSpheres Ltd., Calgary, Alberta, 

as thawed cells in T-175 flasks containing 20 rnL of NeuroSpheres human stem cell 

medium (NHSCM). The passage level (PL) varied between 25 and 36. The PL refers to 

the number of times the cells have been inoculated into a new culture vessel in a 

procedure known as subculturing or passaging. A primary culture, which contains fkeshly 

procured cells, has a PL of zero. The human cells were originally procured from 7-9 week 

old human embryonic cadavers obtained during routine suction curettage. The tissue was 

dissected, and identifiable brain regions were placed separately in hibernation medium. 

At 3-4 days poa dissection, the cells were mechanically dissociated into single cells 

using a fire polished Pasteur pipette, and placed in NHSCM. The supplied cells were 

presumed to be of diencephalic origin (see Figure II.7b). 

M u b e  Neural Stem Cells were obtained from two sources. The first was NeuroSpheres 

Ltd., Calgary, Alberta, as fksh cells in T-175 flasks containing 30 mL of NeuroSpheres 

murine stem cell medium (NHSCM). The PL varied between 16 and 25. The second 

source was a gdl fiom Dr. Sam Weiss, Foothills Hospital, Calgary, Alberta These cells 

were supplied at a PL of 1 in T-175 flasks containing 90 mL of NMSCM. In both cases, 

the m u h e  cells were originally procured fiom pathogen free adult CD1 mouse shiata (3- 

18 weeks, female). The mice originated fiom Charles River (St. Constant, Quebec). 



III.2 MEDLA PREPARATION 

III.2.1 Basal Media 

The basal media used in the experiments were obtained fiom several different sources as 

shown in Table III.1. They were all supplied in powdered form with the exception of 

QBSF6O which wa. 2 !iqlid. I-e p w k r e d  ~ e & l m  was prep~c.hged so t h t  e ~ h  

package could be reconstituted with water to make 1.0 L of medium. Each medium was 

prepared as per the standard operating procedures supplied by the manufacturer. The 

powdered contents of one package were added to 1.0 L of distilled water (Gibco, Cat 

#15230-147), and £iltered through a Falcon 0.22 micron bottle top filter (Becton 

Dickinson, Cat #7105) into a sterile pyrex glass bottle. This basal medium was stored at 

4°C for up to three months after which time any remaining medium was discarded. 

QBSF60 was also stored at 4°C until the expiration date specified by the manufacturer. It 

should be noted that basal media were often used in combination, The notation which will 

be used to designate a mixture will be the names of all of the media in the mixture, 

separated by slashes ('/'). For example, DMEM/F12 designates a mixture made up of 

Table III.1: The different commercially available media which were evaluated for their 
ability to allow growth and proliferation of mammalian neural stem cells. 

-. +... -.- . *. A- .- --~N:aiiieUMediaih (~bpviitj;qd)-:.l-~;i~;:: 
3 - -  e m -  

Dulbecco' s Modified Eagle's medium (DMEM) 
Dulbecco' s Modified Eagie' s medium (DMEhl2) 

Ham's F 12 Nutrient Mixture (F 12) 

Iscove's Modified Dulbecco's Medium (IMDM) 

Roswell Park Memorial Institute 1640 (RPMI) 

MDCB 1 10 (MDCB) 

Q B S F ~ ~  (QBSF) 

, .: --- ++"; - + ,-- .:p-s@ei 2 .- -- d Y 

GibcoBRL 

GibcoBRL 

GibcoBRL 

GibcoBK 

GibcoBRL 

Sigma 

Quality Biological 

~ - ; : + ~ ~ ~ g &  . .- -4. - d- 
I 

12100-046 

23800-022 

2 1700-075 

12200-03 6 

13200-076 

M-6520 

16020406 1 



50% DMEM and 50% F12 by volume. A mixture made up of equal volumes of RPMI, 

DMEM, and F 12 would be designated RPMZIDMEMIF 12. 

m.2.2 Exhting Media Supplements 

As described above, a basal medium is a mixture of many Merent nunients essential for 

the growth and proliferation of mammalian cells in vitro. However, each basal medium is 

not complete and can not sustain cell growth and proliferation without supplementation 

with several other factors. Unless otherwise stated, a balanced salt solution and a 

hormone mixhue were always added to a basal medium. 

II1.2.2.1 Balanced Salt Solution 

The balanced salt solution (BSS) is described in Table 111.2. The glucose and glutamine 

were added to enhance the available carbon and energy sources, and the sodium 

bicarbonate and Hepes were added to buffer the medium in an appropriate range. 

Although not always essential in cell cultures, a BSS was included because salt solutions 

traditionally improve cell growth and proliferation. The BSS was made immediately prior 

to use. 

The 30% glucose stock solution was prepared by gradually dissolving 30.0 g of glucose 

(Sigma G-702 1) in 100 mL of distilled water. The solution was filter sterilized through a 

0.22 micron Falcon 7105 bottle top filter into a sterile 100 mL pyrex glass bottle, 

aliquoted into sterile 15 mL centrifuge tubes, and subsequently stored at 4OC. The 

glutamine solution was purchased preprepared (GibcoBRL, 25030-01 6) and stored frozen 

at -20°C. Prior to use, a sample was thawed by placing it into a 37OC water bath, and then 

agitated since the freeze-thaw process caused the glutamine to precipitate out of solution. 

The sodium bicarbonate solution was prepared by dissolving 7.5 g of sodium bicarbonate 

(Sigma, S-576 1) into 100 mL of distilled water. It was subsequently filtered and aliquoted 

in the same manner as the glucose stock solution, and stored at 4OC. The Hepes Stock 



Table III.2: The components necessary to produce 1.0 L 
of Balanced Salt Solution (BSS) 

1 30% Glucose Stock Solution I 400 I 
- - 

I 20 m~ ~lutamine solution j 200 

1 7.5% Sodium Bicarbonate SoIution I 300 I 
I I M HEPES Solution I 100 I 

Solution was prepared by dissolving 23.8 g of Hepes (Sigma, H-9136) in 80 mL of 

distilled water. After it had dissolved, the volume was adjusted to 100 mL with distilled 

water. The stock solution was filtered, diquoted, and stored at 4OC. 

III.2.2.2 Hormone Mixture 

A hormone mixtuTe supplement is described in Table m.3. Studies have shown that 

hormones are necessary for the survival of mammalian cells in vitro (reviewed in Bjare, 

1992). Prior to making the hormone mixture, two stock solutions had to be prepared in 

addition to those mentioned above. The first was a 3 ~ 1 0 - ~  M selenium solution which was 

prepared by adding 1.93 mL of distilled water to a 1.0 mg vial of selenium (Sigma, S- 

9 133). After agitation, the contents of the vial were placed in a 5.0 rnL conical tube, and 

stored at -20°C. The second was a 2x10" M progesterone stock solution which was 

prepared by pipetting 1.59 rnL of 95% ethanol into a 1.0 mg vial of progesterone (Sigma, 

P-6149). After agitation, the contents were transferred to a sterile 5.0 mL conical tube and 

stored at -20°C. The following protocol was used to make 436 mL of the hormone 

mixture: 

(a) Using a 500 mL graduated cylinder, 340 mL of basal medium were measured and 

placed into a sterile 500 mL glass bottle. 



Table III.3: The components which are used to produce 1.0 L 
of hormone mixture (HM). 

(b) Using a pipette, 8.0 mL of 30% glucose stock solution, 6.0 mL of 7.5% sodium 

bicarbonate stock solution, and 2.0 mL of 1M Hepes stock solution were added to the 

bottle, and the contents mixed by swirling. 

(c) 400 mg of Apotransferrin were weighed out in a plastic vial and added to the bottle. 

The contents were agitated until the apotransferrin had completely dissolved. A small 

volume of the bottle contents were then used to rinse out the vial to ensure d l  the 

Apotmnsferrin, and then returned to the bottle. 

(d) 4.0 mL of 0.lN HCI were added to 100 mg of inmlin which had been weighed out in 

a plastic vial. The vial was vortexed to dissolve the insulin. 

(e) Using a graduated cylinder, 18.0 mL of basal medium were placed in a 50 mL 

c e n t h g e  tube, and the insuWHC1 mixture was added. The vial which originally 

contained the insulin/HC1 was rinsed twice with 4.0 mL of fiesh basal medium, and 

each rinse was added in the centrifuge tube. The 26 mL in the centrifuge tube were 

b 
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1 X Basal Medium 

30% Glucose Stock Solution 

7.5% Sodium Bicarbonate Stock Solution 

1M Hepes Stock Solution 

0.1 N HCI 

Apotransfenin 

Insulin 

Putrescine 

3x10" M Selenium Solution 

2x1 V3 M Progesterone Stock Solution 
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954.1 mL 

18.35 mL 

13.76 mL 

4.59 mL 

917 mL 

917 mg 

229.4 mg 

88.53 mg 

0.091 7 mL 

0.0917 mL 



then mixed and added to the bottle. 10 mL of fiesh basal medium was used to rinse 

out the centrifuge tube, and added to the bottle. 

(f) 3 8.6 mg of putrescine was weighed out and placed in a 50 mL c e n m g e  tube. 

(g) 20 mL of basal medium was added to the centrifuge tube, and the contents agitated to 

dissolve the putrescine. The contents were then added to the bottle. The centrifbge 

tube was then rinsed out using another 20 mL of fkesh basal medium and added to the 

hormone mixture bottle. 

(h) After thawing the selenium stock solution, 40 pL was pipetted into the hormone mix 

bottle. 

(i) After thawing the progesterone stock solution, 40 pL was pipetted into the hormone 

mix bottle. 

(i) The contents of the bottle were well mixed by swirling, and then filtered into a sterile 

500 mL bottle through a 0.22 micron Falcon 71 05 bottle top filter. 

(k) The hormone mix was aliquoted into 10 mL and 40 mL aliquots, and stored at -20°C. 

m.23 Preparation of Human and Murine Media 

The existing medium was composed of 75% basal medium, 15% balanced salt solution, 

and 10% hormone mix. This mixture was supplemented with Epidermal Growth Factor 

(PeproTech Inc., Rocky Hill, NJ, Cat. MOO-15) to a concentration of 20 pg/L. It should 

be noted that this medium allowed the growth of murine neural stem cells but not human 

n e d  stem cells. Thus, any basal medium supplemented with a balanced salt solution, 

hormone mix, and EGF will be referred to as murine medium. To allow the growth of 

human neural stem cells, a third supplement mixture developed by NeuroSpheres Ltd. 

was added to the murine medium to produce a human medium. The supplemented 

quantity of this third mixture was very small compared to the total volume of medium, 

and thus did not have a significant effect on the final concentrations specified above. The 

contents of this third group are proprietary, and were not revealed by NeuroSpheres Ltd. 



III.2.4 New Supplements to Enhance Existing Media 

Since the in vifro growth of mammalian neural stem cells is a relatively recent 

occurrence, the existing literature describing potential medium supplements is very 

limited. Thus, potential supplements to enhance the growth and proliferation of the cells 

in the existing human and murine media were chosen by reviewing literature on diploid 

fibroblasts and epithelial cells, and by conducting batch experiments to determine cellular 

requirements. A list of these supplements is given in Table III.4. The albumin was added 

directly to the medium in powder form. The lipid mixture and trace elements mixture 

were both IOOOX concentrates, and were also added to the medium directly. Their 

contents are listed in Table III.5 and Table III.6 respectively. Stock solutions were made 

for the remaining supplements as follows: 

(a) Aspartic Acid and Asparaghe: A 1.25 g/L stock solution was produced by 

dissolving 0.5 g of amino acid in 40 mL of the appropriate basal medium. The solution 

was heated to 30°C and then vortexed for 1 minute to achieve complete dissolution. 

The stock solution was filtered through a 0.2 micron syringe filter (Nalgene, Cat #190- 

2520) and stored at 4°C. 

(b) bFGF: A 20 mg/L stock solution was produced by dissolving 100 pg of lyophilized 

long bFGF in 5 mL of a 0.1% bovine serum albumin (BSA) in PBS stock solution. 

The latter sock solution was made by dissolving 0.04 g of BSA in 40 mL of 

Dulbecco's Phosphate-Buffered Saline (GibcoBRL, Cat #14080-022), adjusting the 

pH to between 7.2 and 7.4 using HCI, and filtering through a 0.2 micron syringe 

filter. The bFGF stock solution was aliquoted into 100 pL and 500 )rL aliquots and 

stored at -20°C. 



Table III.4: A list of supplements evaluated for their ability to enhance the growth and 
proliferation of mammalian neural stem cells. 

Table III.5: The composition of commercially available Gibco Defined Lipid Mixture. 
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Arachidonic Acid 2.0 
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DL-a-Tocopherol- Acetate 70.0 
Ethyl Alcohol 100,000.0 
Linoleic Acid 10.0 
Linolenic Acid 10.0 
Myristic Acid 10.0 

Oleic Acid 10.0 
Palmitric Acid 10.0 
Palmitic Acid 10.0 
PluronicB F-68 100,000.0 

Stearic Acid 10.0 
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A-9256 

233-FB 

G-1251 
G-7 126 

H-3 149 

1 1905-03 1 

E-4269 

102926 

MT-99- 1 75-LI 

Albllmin Bovine Fraction V 1 Sigma 
Asparagine 

Aspartic Acid 
Basic Human Fibroblast Growth Factor 

GIutamic Acid 
Glycine 
Heparin 

Lipid Mixture 
Long Epidermal Growth Factor 

Pyruvic Acid (Sodium Salt) 
Trace Elements Mixture 

Sigma 
Sigma 

R&D Systems 
Sigma 
Sigma 
Sigma 

GibcoBRL 
Sigma 

ICN Biomedicals Inc. 
Fisher Scientific 



Table III.6: Composition of commercially available Defined Trace Elements Mixture. 

(c) Glutamic Acid and Glycine: A 1.25 g/L stock solution was produced by dissolving 

0.5 g of amino acid in 40 mL of the appropriate basal medium. The solution was 

heated to 30°C and then vortexed for 1 minute to achieve complete dissolution. The 

stock solution was filtered through a 0.2 micron syringe filter and stored at 4°C. 

(d) he pa^: A 5.0 g/L stock solution was produced by dissolving 0.2 g of heparin in 40 

mL of distilled water. The solution was vortexed for one minute to achieve complete 

dissolution. The stock solution was filtered through a 0.2 micron syringe filter and 

stored at 4°C. 

(e) Long EGF: A 20 mglL stock solution was produced by dissolving 100 pg of 

lyophilized long EGF in 5.0 mL of a 0.1% BSA in PBS stock solution. The long EGF 

stock solution was aliquoted into 100 pL aliquots and stored at -20°C. 

( f )  Pyruvate: A 55 g/L stock solution was produced by dissolving 0.55 g of pymvate in 

10 mL of distilled water. The pyruvate readily dissolved at room temperature. The 

stock solution was filter through a 0.2 micron syringe filter and stored at 4OC. 



III.3 CELL CULTURE EQUIPMENT 

This section will describe the equipment used to conduct ail of the experiments, as well 

as their respective sources. 

III3.1 Pipette Tips 

200 p.L pipette tips were purchased fiom VWR (Cat #53509-000) and Sarstedt (Cat 

#70.760.002), and 1000 pL tips were purchased fiom VWR (Cat #53508-989). Figure 

111.1 shows schematic diagrams of the VWR 200 pL tip and the Sarstedt 200 $ tip. The 

200 pL pipette tips were used with the p20 Pipetman (Gilson, Cat #G10534G), plOO 

Pipetman (Gilson, Cat #G26980E), and p200 Pipetman (Gilson, Cat #GI13 1 OC), and the 

1000 pL pipette tips were used with Model 4810 plOOO Pipette (Eppendorf, Cat 

#2244020-9). 

III3.2 Tissue Culture Flasks 

Tissue culture flasks (T-flasks) are plastic containers with large surface areas which can 

be used to culture cells in vitro. The T-flasks which were used were manufactured by 

Falcon and Nunc. The Falcon T-flasks had bottom surface areas of 25 cm2 (T-25), 75 cm2 

(T-75), and 175 cm2 ( ' - 1  75). The Nunc T-flasks had bottom surface areas corresponding 

to T-25, T-80, and T-185. The vast majority of experiments were completed using Nunc 

T-flasks. Figure III.2 shows schematic diagrams for the Nunc T-80 flasks. All of the T- 

flasks were manufactured fiom polystyrene and included an angled neck which allowed 

easy access when adding or removing contents. The caps were manufactured f?om 

polypropylene and included a 0.2 micron filter to allow gas exchange in the incubator 

while protecting against airborne con-ts. When using T-flasks, the protocol that 

was followed was to add medium to the T-flask and incubate it at 37OC and 5% CO, for at 

least 24 hours prior to cell inoculation. This incubation allowed the medium to equilibrate 

to an acceptable temperature aud pH for cell inoculation. Furthermore, it allowed the 

medium to 'condition' the T-flasks to prevent the neural stem cells fiom attaching and 
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Figure III.1: (a) a schematic diagriun of a 200 pL, WW pipette tip and (b) a schematic 
diagram of a 200 pL Sarstedt pipette tip. Both tips are made from polypropylene. The 
cross sectional area of the VWR tip is 0.258 mm' whereas the cross sectional area of the 
Sarstedt tip is 0.203 mm2. As per specifications from the manufachmrs, the wall 
thickness of both tips is variable. 
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Figure III.2: Three views of a Nunc T-80 flask. Each flask included a perforated cap 
which allowed gas exchange through a 0.2 micron filter held in place by a plastic O-ring. 
The shaded area on Figure C denotes the bottom SUTface of the flask. 



spreading out after seeding. A medium volume to surface area ratio of 0.14 u r n 2  was 

used for human cells and 0.16 mL/cm2 was used for murine cells. Table m.7 shows the 

corresponding volume of medium placed in each of the different size flasks. It should be 

noted that unless otherwise stated, all experiments were conducted in duplicate. 

m3.3 Spinner Flasks 

Spinner flasks (Corning Glass, N.Y.) are mall bioreacton with nominal volumes of 125 

mL. They were used in the final experimental stages to obsente the effect of scaling-up 

the growth of n e d  stem cells fiom T-flasks. A schematic diagram of a spinner flask is 

shown in Figure III.3. The vessels are 195 mm high, 70 rnm in diameter and have two 24 

mm diameter arms. A 55 mm long teflon coated magnetic impeller is suspended 

approximately 10 rnm fiom the bottom of the flask. The impeller was rotated at a 

controlled rate by positioning the spinner flask on a Themolyne slow speed magnetic stir 

plate which had been placed in the incubator. To prevent the cells from adhering, the 

glass vessel and the impeller were coated with 10% Sigmacoat (Sigma, Cat #SL-2) in 

hexane. After being coated, the excess sigmacoat solution was removed. The flasks were 

then allowed to dry overnight and autoclaved. 

Table XII.7: The volume of medium used in different size T-flasks for both human and 
murine neural stem cells. 

T-Eiask 

T-25 

T-75 

T-8 0 

T-175 

T-185 

Volume of medium for 
- had cells 

3.5 mL 

10.5 mL 

1 1 . 2 ~  

24.5 mL 

25.9 mL 

Volume ofwmediedi-for- .- 
mmhe cell$ : 

4.0 mL 

12.0 mL 

12.8 mL 

28.0 mL 

29.6 mL 
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Figure III.3: A schematic representation of a 125 mL spinner flask. The height of the 
flask is approximately 195 mm, and the diameter is 70 mm. The surface area to volume 
ratio is approximately 0.3 1 cm" . 



AU spinner flask experiments were performed in duplicate with 125 mL of medium, and 

sampled daily. When sampling, the spinner flask was removed from the incubator and 

sampled in the biological safety cabinet as rapidly as possible to minimize the settling of 

the neural aggregates. A 5.0 mL sample was removed by placing a 5 mL pipette into the 

center of the medium to obtain a representative sample. 

III.4 CELL HANDLING PROCEDURES 

III.4.1 Cryopreservation of Cells 

Long term storage of cells at low temperature (cryopreservation) is a common laboratory 

technique. Cells are typically stored in Liquid nitrogen which has a temperature of -1 96°C. 

There are several reasons for cryopreservation. During routine maintenance, cells which 

are not frozen may undergo spontaneous mutation, or genetic drift. This may be due to 

culture conditions, overgrowth of a specific subpopulation, or instability of the cell line 

itself during long term subculturing. Freezing cells ensures that the ori@ genotype and 

phenotype are maintained. A second reason for freezing cells is to provide back-up 

cultures in the event of gross contamination or mechanical failure of laboratory 

equipment (e.g. incubator). Finally, cryopreservation reduces the labour and supply costs 

associated with the continual subculture of cells which are not currently in use. 

During the freezing process, cells can be fatally damaged through mechanical injury fiom 

intracellular ice crystals, concentration of electrolytes, changes in pH, or denaturation of 

essential proteins. To minimize the extent of injury, the cryoprotectant dimethyl sulfoxide 

(DMSO) was used. DMSO is a compound which can permeate the plasma membrane and 

act through colligative action to reduce the amount of ice which is formed at any 

temperature. In addition to using a cryoprotectant, the rate of cooling is also important for 

the suwival of the cells. During the normal cooling process, extracellular ice forms lirst, 



causing pools of highly concentrated electrolytes. In order to remedy this osmotic 

imbalance, intracellular water migrates out fiom the cell, leaving the cell somewhat 

shrunken and dehydrated. Subsequently, the intracellular water eeezes, and metabolism 

terminates. If the cooling rate is too slow, a severe osmotic imbalance can occur leading 

to extreme dehydration and cell death. If the cooling rate is too fast, all of the intracellular 

water will form ice crystals which may tear the cell membrane and kill the cell. it bas 

been found that - 1°C/min is an acceptable cooling rate (Harris and Griffths, 1972), and 

this was achieved by performing the following protocol: 

(a) The cells to be frozen were aseptically removed fiom T-Flasks during their 

exponential growth phase and placed in 15 mL centrifuge tubes. 

@) The samples were centrifuged for 10 minutes at 1000 rpm. 

(c) After removing as much supernatant as possible, the pellet was resuspended in 1.0 

mL of cryoprotective medium. The cryoprotective medium was composed of 10% 

DMSO in normal medium. Resuspension was achieved by passing the pellet through 

a 200 pL pipette several times. It should be noted that the r e v e n s i o n  was done 

gently since the objective was to separate the pellet into spheres and not single cells. 

(d) Each sample was quickly transferred to a 1.2 rnL cryovial (Nalgene, 5000-0012), and 

then the cryovials were placed in a fieezing container (Nalgene, 5 100-0001). The 

freezing container had been previously prepared by filling it with 250 mL of 

isopropanol (before adding the sponge) at room temperature. 

(e) The fieezing jar was placed in a -80°C keezer overnight 

( f )  The cryovials were quickly removed from the fieedng jar and placed in canes for 

subsequent storage in a 35 L liquid nitrogen dewar. 



III.4.2 Thawing of Cryopreserved Cells 

Cells which have been cryopreserved should be thawed as rapidly as possible to minimize 

the exposure of thawed cells to DMSO which can affect the viability of the cells. It 

should be noted that extreme care must be taken when removing cryovials fiom the 

dewar, since improperly closed cryovials could explode upon removal fiom the liquid 

nitrogen. The following procedure was used to thaw the cells in each cryovial: 

(a) After removal from the dewar, the cryovials were placed immediately into a 

styrofoam box containing liquid nitrogen, and the box was transferred to a biological 

safety cabinet. 

(b) The cryovials were removed fiom the liquid nitrogen, and the caps on the vials were 

loosened (not removed) to exhaust any nitrogen which may have seeped into 

improperly sealed vials. The vials were then tightened. 

(c) The cryovials were then placed in a 37°C water bath (Haake, Model L D8) and gently 

agitated until the samples had thawed. 

(d) After removal &om the water bath, the exterior surface of each cryovial was washed 

with 70% ethanol to ensure sterility. 

(e) Using a 2 mL pipette, the contents of each cryovial were placed into a 15 mL 

centrifbge hlbe containing 10 mL of the appropriate medium. Each cryovial was 

subsequently rinsed with 1 mL of medium, which was added to the centrifuge tube. 

(f) The samples were centrifhged for 10 minutes at 1000 rpm 

(g) As much supernatant as possible was removed fiom each centrifbge tube, and the 

pellets were gently resuspended in 2.0 mL of the appropriate medium. 

(h) Each sample was used to seed a T-175 flask which had been preincubated with the 

appropriate medium for 24 hours at 37°C and 5% C4. 

(i) After two days, the cells were subcultured as described in Section III.4.3 



III.4.3 Cell Propagation and Maintenance 

Cells were grown in T-flasks incubated at 37°C and 5% CO, in a water saturated 

atmosphere. Unless otherwise stated, murine cells in NMSCM and NHSCM were grown 

in a flask for 5 days, and human cells in human medium were grown for 10 days. After 

this time, the cells were passaged. Passaging is a procedure which involves removing 

cells &om a spent environment and then inoculating them as single cells into fresh 

medium. As previously described, mammalian neural stern cells grow as cellular 

aggregates in suspension. Thus, in order to inoculate them as single cells, it was 

necessary to include ~turat ion as part of the passaging protocol. Trituration is a process 

which physically breaks up the aggregates into single cells. After centrifhging the cells in 

a 15 rnL, tube, a P200 Pipetman fitted with a 200 pL pipette tip was placed the tube as 

shown in Figure III.4. The pellet was then gently drawn into the pipette tip, and expelled. 

By doing this repetitively, the aggregates were separated into a single cell suspension due 

to the shear forces they encountered when exiting the pipette tip, and their impact against 

the bottom of the centrifbge tube. 

Passaging was conducted as per the following procedure: 

(a) Following several days of growth, T-175 flasks containing cellular aggregates were 

removed fiom the incubator and placed in a biological safety cabinet. 

(b) Using aseptic methods, the contents of each flask were placed into two or three 15 mL 

centrifuge tubes using a 10 mL plastic pipette. Glass pipettes were avoided as the 

cells had a tendency to stick to them. The flasks were then rinsed with 5 mL of the 

appropriate medium to remove any remaining cells, and this was placed into one of 

the centrifuge tubes. AU tubes had identical sample volumes. 

(c) The samples were centrifuged for 10 minutes at 1000 rpm 

(d) The supernatant was removed fkom each tube with the exception of approximately 

200 pL  (including the pellet). 
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Figure III.4: The manner in which the pipette tip was placed inside a 15 mL centrifuge 
tube to triturate the aggregates in suspension. The tip was placed proximal to, but not 
touching, the bottom surEace of the centrifuge tube at an angle of approximately 85'. The 
objective of trituration is to physically dissociate the ceUular aggregates by subjecting 
them to shear forces at the exit of the tip, and by impacting them against the bottom 
d a c e  of the centrifuge tube. 



(e) The remaining volume was triturated using a P200 Pipetman set to approximately 170 

6. The number of triturations varied based on the amount of ECM in the aggregate. 

Greater amounts of ECM required a higher level of trituration. Murine cells in 

NHSCM were triturated 30 times, mwhe cells in NMSCM were triturated 40 times, 

and human cells were triturated 100 times. Unless othenvise stated, VWR 200 $ 

pipette tips were used for rnurine cells, and both VWR tips and Sarstedt 200 & 

pipette tips were used in combination for the human cells. 

( f )  Using a P20 Pipetman 10 pL samples were aiiquoted into two microcentrifuge tubes 

(VWR, 20 170-337). A separate pipette tip was used for each sample to ensure sterility 

of the centrifuge tube contents. 

(g) The samples were each counted in duplicate as per the procedure in Section IIX.5.1, 

and the resuits recorded. 

(h) The cell suspension in each centrifuge tube was triturated 10 times to break up any 

small aggregates which may have formed while the cell count was taking place. To 

each tube, 1.8rnL of the appropriate medium was added using a plastic 2 rnL pipette. 

(i) The resulting cell suspension was used to inoculate preincubated T-175 flasks at a 

seeding density of approximately 75,000 cells/mL. 

0) Each flask was gently swirled to distribute the cells throughout the medium, and then 

placed in an incubator (Forma Scientific, Model 3956). 

The stock human cells were p e h e d  with 5 mL of fresh medium after 7 days. 

III.5 ANALYTICAL PROCEDURES 

111.5.1 Cell Counts and Viabilities 

Cell densities and viabilities were determined by using a hemacytometer. Figure III.5, 

shows a schematic diagram of the counting surface on the hemacytometer. It contains 

four counting areas, each of which is subdivided into 16 squares. After the stem cell 



Figure III.5: A schematic drawing of the counting surface on a hemacytometer. In each 
comer of the sdace  is a 1 d quadrant composed of 16 equally sized squares. Only the 
cells that were completely within these quadrants were counted. The depth of each 
quadrant was 0.1 mm. 



aggregates were triturated as  described in section m.4.3, a representative 10 jL sample 

was taken to be counted. This sample was diluted with PBS and trypan blue. The actual 

dilution varied with the expected cell density so that the sample would yield a statistically 

representative count (between 150 and 250 cells over the four quadrants). The PBS was 

prepared using the chemicals listed in Table III.8. The 0.1% trypan blue was prepared by 

diluting 0.4% trypan blue (Sigma., T-8154) with the PBS. A volume of 10 pL of the 

diluted sample was placed onto the hemacytometer where it filled the counting chamber, 

and the cells were counted using a Zeiss Axiovert 35 Microscope (Zeiss, Germany). The 

viable cells appeared as clear spheres whereas the dead cells appeared as dark blue 

spheres. This was because the dead cells had compromised cell membranes which 

allowed the trypan blue to penetrate them. After being counted, the hemacytometer and 

coverslip were washed with distilled water and dried with kimwipes m b e r l e y  Clark, 

Cat #EX-L). 

The observed cell count was then used to determine several different values. The first was 

the viability (v) of the sample which was triturated. This was calculated using the 

equation: 

Eqn. III.1 

The viable cell density 01,) in cells/mL of the triturated cell suspension was determined 

by using the formula: 

Eqn. m.2 



Table III.8: The formulation for Cab and MgZ' free PBS. 

The total number of cells (Cd) in the cell suspension was calculated using the equation 

- - 

NaCl 
Na,HPO,JE&O 

Eqn. DL3 

I 
8.0 
2.16 

The viable cell density 6) in cells/ml of the sample in the T-flask or spinner flask prior 

to trituration was determined by using the equation: 

Eqn. III.4 

The total number of cells (C,) in the T-flask or spinner prior to trimtion was calculated 

using the equation: 

For example, assume that a 2.0 mL sample is taken fiom a spinner flask containing 100 

mL of medium, and centrifbged to yield a cell pellet volume of 200 pL. Then, 10 pL, of 

this pellet is removed after trituration and diluted with 20 pL of PBS and 20 pL of trypan 

blue. The cell count reveals 40 viable cells and 10 dead cells over the four quadrants on 

the hemacytometer. In this example, the viability will be 80%. The viable cell density of 

the triturated pellet will be 5x10' ceWmL and the total number of cells in this pellet will 



be 1x10' cells. The cell density in the spinner flask will be 5x1 O4 cells/ml, corresponding 

to a total of 5x10~ cells. 

Since the number of cells used to inoculate each T-flask and spinner flask was known 

(CJ, the above values could also be used to calculate the effective doublings: 

Eqn. III.6 

In the above example, if the spinner flask was inoculated with 2.5x106 cells (25,000 

ceUs/mL), and the sample was taken after incubation for 4 days, the number of effective 

doublings would be 1 .O. 

m.52 Measurement of pH 

pH measurements were conducted using a General Purpose Combination Ag/AgC1 

Electrode (Corning, Cat #476530) connected to a pH meter (Cole Parmer, Model #05669- 

20). The electrode was calibrated prior to each use using a pH 7 Buffer Solution CVWR, 

Cat #34 170- 1 30), and either a pH 4 Buffer Solution (VWR, Cat #34 1 70- 127) or a pH 1 0 

Buffer Solution (VWR, Cat #34170-133). All medium samples were measured after 

equilibration for several hours in an incubator containing 5% CO,. 

The pH could also be estimated visually when the medium contained the indicator phenol 

red. Phenol red is active in the pH range 6.4 - 8.2. When the pH of the medium was 

acidic, the indicator made the medium appear yellow. When the medium was basic, it 

was magenta in colour. In the neutral pH range the medium appeared red. Phenol red was 

added to a medium fiorn a 10 m g / d  stock solution which was made by dissolving 100 

mg of phenol red powder (GibcoBRL, Cat #870-1160IL) in 10 mL of distilled water. 



III.53 Measurement of Glucose, Lactate, and Glutamine 

Glucose, Lactate and Glutamine concentrations were determined using a YSI 2700 Select 

Biochemistry Analyzer (Yellow Springs Instruments, Ohio). Since this hstrument has 

dual channels, glucose and lactate were measured simultaneously, and glutamate and 

glutamhe were measured simultaneously. The analyzer measures biochemical 

concentrations using 3 layer membranes placed on sensor probes. Each membrane 

contains substrate-specific oxidase enzymes which cause the production of H,O, in the 

presence of that specific substrate. The hydrogen peroxide then reacts with the platinum 

on the sensor probe to give rise to fiee electrons which can be measured: 

Pt Anode 
H202 - 2K + 0, + 2e- 

Since the flow of electrons is proportional to the concentration of H202, and the 

proportion of H,O, is proportional to the original substrate, the concentration of the 

substrate can be determined. 

The glucose membrane (YSI, Cat #2365) and lactate membrane (YSI, Cat #2329) are 

each single enzyme membranes: 

Glucose Oxidase 
Glucose + 0, - H,O, + D-glucono-&Lactone 

L-Lactate Oxidase 
L-Lactate + 0, - H202 + Pyruvate 

However, the glutaxnine membrane (YSI, Cat #2735) uses a chain of enymes: 

L-Lactate Oxidase 
L-Glutamine - L-Glutamate + NH, 



GIutarnate Oxidase 
L-Glutamate + O2 - H,O, + a-ketoglutarate + NH, 

Since free glutamate in the medium can also affect the g1utaxn-h~ reading, it was 

necessary to conduct all Ntamine measurements simultaneously with glutamate 

measurements. The glutamine membrane measured all of the glutamate (whether fiee or 

converted fiom glutamine) and the glutamate membrane (YSI, Cat #2754) measured only 

the fiee glutamate. The difference between these two measurements represented the 

concentration of glutamine. 

This insmunent was operated as per the instructions provided by the manufacturer. The 

system solutions included Simultaneous GlucoselLactate Calibration Standard (YSI, Cat 

#2776), Glutamine Calibration Standard (YSI, Cat #2736), Glutamate Calibration 

Standard (YSI, Cat #2755), and System Buffer (YSI, Cat #2357). 

III.5.4 Measurement of Amino Acids 

Amino acid analyses were performed by measuring the 340 nm absorbance of 

orthophthaldialdehyde (OPA) derivatives aiter separation on a reverse phase high 

pressure liquid chromatography (HF'LC) column (Supelcosil LC-18, Supelco, PA). The 

amino acids proline, hydroxyproline, and cysteine do not fom derivatives with OPA, and 

thus were not included in any analysis. The fluorescence intensity for each amino acid 

was measured by a Hewlett-Packard 1090 liquid chromatograph and recorded by an 

attached computer workstation. 

OPA solution was made by mixing 1.5g of boric acid, 0.4mL of mercaptoethanol, 

0.15mL of (0.3%) Brij 35, 0.0625 g of OPA dissolved in 1 mL of ethanol, and 10 mL of 

water. After adjusting the pH to 9.8 with KOH, the final volume was made up to 50 mL 

wi.ng water. The OPA solution was not stored longer than two weeks at 0°C. Buffer A 



was made using 13.608 g of sodium acetate, 14.207 g of Na,HPO,, 40 mL of methanol, 

40 mL of tetrahydrofuran, and 2 L of water. After the pH was adjusted to 7.4, the solution 

was filtered through a 0.45 micron Millipore filter and stored at room temperature. Buffer 

B was a 65% methanol solution that was made prior to each run to eliminate the 

evaporation effects which could have occurred during storage. 

Volumes of 20 pL were withdrawn fkom the prepared sample vials and mixed with 20 4 
of OPA. The mixture was then fed into the column at 1.5 rnLh together with 80% Buffer 

A and 20% Buffer B. Over the course of 50 minutes, the proportion of Buffer B steadily 

changed fiom 20% to 100% thereby changing the pH in the column. The varying pH 

caused different amino acids to exit the column at different times. The amount of time 

that an amino acid spends in the column is referred to as its residence time. Under a given 

set of conditions, each amino acid will have a specific residence time that will be 

different fiom other amino acids. Table m.9 shows the residence time for each amino 

acid, and Figure 111.6 shows a rypical HPLC output. Each peak represents a different 

amino acid, and by integrating the area under a peak, the concentration of that amino acid 

can be determined. 

In order to relate the area under the curve to concentration, a series of standard curves 

were generated using an amino acid standard mixture (Sigma, AA-S-18). This mixture 

contained 2.5 mmoVL of each of the amino acids shown in Table m.9 with the exception 

of L-cystine which was at 1.25 mmoVL and asparagine which was not included in the 

mixture. A standard containing 2.5 mmoVL asparagine in 0.1N HC1 was prepared and run 

separately. All of the standard curves were linear at low amino acid concentrations. 



Table m.9: The amino acids which were detected by the HPLC, and their corresponding 
retention times. 
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Figure m.6: A typical HPLC peak analysis for amino acid determination using an 
HPLC. Refer to Table In.9 to match the residence times with the amino acid. 



III.5.5 Measurement of Pyruvate 

Pyruvate was measured using a Sigma Diagnostics Pyruvate Kit (Sigma, Cat #726-UV). 

The procedure utilizes lactate dehydrogenase to catalyze the following reversible 

reaction: 

Lactate Dehydrogenase 
Pyruvate + NADH 4 Lactate + NAD 

In the presence of excess NADH, virtually all of the pyruvate is converted to lactate. In 

the process, the NADH which has a high absorbance at 340 nm, gets converted to NAD 

which has a low absorbance at 340 nm. The reduction in the amount of absorbance is 

proportional to the amount of pyruvate originally present. The absorbance was measured 

using an Ultrospec 111 Specnophotometer (LKB Biochrom Ltd., England). Figure 111.7 

shows a standard curve which was generated using pyruvate standards included in the kit. 

If it was suspected that a sample had a pyruvate concentration greater than shown on the 

graph, it was diluted with water prior to lactate conversion. It should be noted that this 

procedure utilizes 8% perchloric acid diluted from a 70% concentrate. Great care must be 

taken when handling perchloric acid because it is very corrosive, and if allowed to dry, 

can become explosive. 

tlI.5.6 Measurement of Osmolality 

Osmolality is a measure of the total solute concentration in a solution. Medium 

osmolality was determined by fieezing point depression using an Osmette S Model 4002 

Osmometer (Precision Systems, Inc., Natick, MA). Osmolality is measured in units of 

milliosmoles (mOsm) per kilogram of water. One rnOsm/kg H1O is defined as the amount 

of a particular solute which must be added to one kilogram of pure water to lower the 

fieezing point of that water by 0.001858"C. An osmometer determines solute 

concentration by measuring the fieezing point depression using three phenomena. The 

fist is that, in general, the more concentrated a solution is, the lower its f'keezing point 



Change in Absorbance 

Figure III.7: The standard curve which was used to determine pyruvate concentration in 
media. It should be noted that the standard curve is only useful for samples containing 30 
m@ pyruvate or Iess. If it was suspected that a sample had more pyruvate, it was diluted 
accordingly with distilled water. 



will be. Second, in the absence of contamination, crystals, and agitation, water can be 

supercooled well below its fkeedng point temperature without freezing. Finally, when 

water freezes, it releases energy (heat of fusion) to the environment. An osmometer is 

able to control the environment in which a sample is supercooled and frozen, and 

measure the released heat. The manufacturer has determined that this instrument can 

determine the freezing point of a sample to within k0.001"C. 

The Osmette was cooled using Bath Fluid (Precision Systems, Inc., Cat %2100) which is a 

m e  of ethylene glycol and several other unspecified chemicals. It was calibrated with 

100 rnOsmkg H20 calibration fluid (Advanced Instruments Inc., Cat #3LA0 10) and 500 

m0smkg H,O calibration fluid (Precision Systems Inc., Cat X2105). The instrument was 

operated as per the manufactures protocol using sample volumes of 2 mL. 

II1.5.7 Measurement of Ammonia 

Ammonia was measured using an Orion Model 95-12 Ammonia Electrode (Orion 

research Inc.. Boston) attached to an Accumet pH Meter (Fisher Scientific, Model 925). 

The probe contains an internal filling solution (Orion Research Inc., Cat #951202) which 

is separated &om the sample solution by a hydrophobic membrane. Ammonia from the 

sample diffuses through the membrane until the partial pressure of the ammonia is the 

same on both sides. The ammonia probe responds to the partial pressure of dissolved 

ammonia which is related to its concentration by Henry's Law. 

When ammonia is dissolved in solution, it reacts with the hydrogen ion to form 

ammonium ions: 



The relative amount of NH, and NH,' is determined by the pH. At a pH above 11.2, the 

equilibrium rests at the left. However, as the pH is decreased, the equilibrium shifts 

towards the right, with all of the ammonia being converted to ammonium by pH 7.2. This 

was important when storing samples. Whereas ammonium is soluble and stable in 

solution, ammonia is volatile. If samples are stored (fiozen or otherwise) above a pH of 

7.2, then some of the ammonium would be converted to ammonia which in turn would 

come out of solution. Thus, media samples were kept below a pH of 7.2 until ready to 

measure. The pH was then raised by adding an ionic strength adjuster (Orion Research 

Inc., Cat #95 1202) until a pH of approximately 12.5 was attained. The samples were then 

measured, with the mV readings being converted to concentration units using a 

previously prepared standard curve. An example of standard curves is shown in Figure 

III.8. It should be noted that a separate standard curve must be prepared every time the 

probe is used. 

111.6 CELL STAINING PROCEDURES 

Indirect immunocytochemistry was used to stain the mammalian neural cells to determine 

whether or not they retained the ability to produce all of the cellular phenotypes 

comprising the CNS. Using the protocol described below, neurons would appear red, 

oligodendrocytes would appear green, and astrocytes would appear blue when exposed to 

fluorescent light. 

m.6.1 Preparation of Stock Solutions 

(a) 1X PBS: Was prepared by mixing 100 mL of 10X Duibecco's Phosphate-Buffered 

Saline with 900 mL of distilled water. The pH was adjusted to between 7.2 and 7.4 

using concentrated HCl, and stored at 4°C. 



Ammonia Concentration (M) 

Figure III.8: Three standard ammonia curves generated prior to determining the 
ammonia concentration in a sample. A new standard curve was generated each time the 
probe was used. If the measuring session was beyond 30 minutes, a new standard curve 
was generated. 



(b) 4% Paraformaldehyde: Was prepared by adding 2 g of paraformaldehyde (Sigma, 

Cat #P-6148) to 45 mL of distilled water, immediately followed by 5 drops of 

concenmted NaOH. After stirring with heat for several minutes, the solution was 

cooled to 4". 5 mL of 10X Dulbecco's PBS was then added to the solution, and the 

pH was adjusted to between 7.2 and 7.4 using concentrated HC1. The mixhue was 

filtered through a Falcon 0.22 micron bottle top filter, and stored in the fiidge for up 

to 7 days. It should be noted that great care was taken when handling 

paraformaldehyde since it is very toxic. 

(c) Polyomithine: Was prepared by dissolving 15.0 rng of Poly-L-Omithine (Sigma, Cat 

#P-3655) in 100 mL of distilled water. The mixture was then autoclaved for 20 

minutes at 120°C, aliquoted into 5.0 rnL samples and stored at -20°C. 

(d) 1X PBS with 10% NGS: Was prepared by adding 3.0 mL of normal goat serum 

(GibcoBRL, Cat #16210-072) to 9.0 mL of 1X PBS. The mixture was stored at 4°C. 

(e) 03% Triton-X-100 with 10% NGS: Was prepared by adding 15.0 pL of Triton-X- 

1 00 to 1 0 mL of 1 X PBS with 1 0% NGS. The mixture was stored at 4OC. 

(f) Primary Antibody Solutions: 

(i) Anti-Neuron and Anti-Astrocyte: Was prepared by adding 2.2 mL of Rabbit 

Anti-Glial Fibrillary Acidic Protein (Incstar Corp., Cat #22522) and 6.6 pL of 

Mouse IgG2b (Isotype III) Monoclonal Anti P-Tubulin to 4.4 mL of 1X PBS 

with 10% NGS. 

(ii) Anti-Oligodendrocyte: Was prepared by adding 0.33 mL of Mouse (Clone 

8 1) Monoclonal Anti-04 (Boehringer Mannheim, Cat #15 18925) which had 

been reconstituted in 1 mL of distilled water to 6.27 mL of 1X PBS with 10% 

NGS. 



(g) Secondary Antibody Solutions: 

(i) Anti-(Anti-Neuron) and Anti-(Anti-Astrocyte): Was prepared by adding 

33.0 pL of Rh odamine (TRITC)-conjugated Goat Anti-Mouse IgG (Jackson 

ImmunoResearch Laboratories Lnc., Cat #115-025-146) and 66.0 p.L of 7- 

amino-4-methylcouarin-3-acetic acid (AMCA)-conjugated Goat Anti-Rabbit 

IgG (Jackson hunoResearch Laboratories Inc., Cat #Ill-155-003) to 6.5 

rnL of 1X PBS with 10% NGS. 

(ii) Anti-(Anti-Oligodendrocyte): Was prepared by adding 33.0 pL of 

Fluorescein (FITC)-conjugated Goat Anti-Mouse IgM (Jackson 

ImmunoResearch Laboratories Inc., Cat #115-095-075) to 6.57 mL of 1X PBS 

with 10% NGS. 

m.63: Preparation of Cells for Staining 

One coverslip was placed in each well of a 24-well plate. After adding 1 rnL of a 15.0 

mg/L polyornithine solution to each well, the plate was incubated at 4 ' ~  overnight to 

allow the polyomithine to coat the coverslips. The solution was then removed and each 

well was rinsed with 1.0 mL of 1X PBS three times (5 minutes each). A volume of 0.5 

mL of appropriate medium was then added to each well. 

A 3.0 mL aliquot containing media and cells was removed fiorn the T-flask in which they 

had been growing (12 days for human cells and 4 days for murine cells) and placed in a 

35 mm plastic dish. Using micromanipulation, single spheres were transferred to each 

well of the 24-well plate. After incubation at 37°C and 5% CO? for 3 days, 20.0 pL of 

filtered FBS was added to each well. The plate was then incubated for another 4 days 

during which time the cells fkther migrated outward fiom the sphere and differentiated. 

Following this, the cells were fixed for 20 minutes at room temperature by replacing the 

growth medium with 0.5 mUwell of 4% paraformaldehyde. Each well was then rinsed 

with 1X PBS three times to remove all of the paraformaldehyde. The cells were now 



ready for staining. It should be noted that if staining is not done immediately, the fixed 

cells can be stored in 1X PBS for 3 days at 4OC, or in PBS containing 0.1% sodium azide 

for a Longer period of time. 

m.63 Cell Staining 

The following procedure was followed to stain the fixed cells: 

(a) .Mer aspirating the PBS, 0.25 mL/well of 0.3% triton-X-100 with 10% NGS was 

added for 5 minutes at room temperature to permeabilize the cell membrane. 

(b) The contents of each well were aspirated and three five minute rinses were conducted 

with 1.0 mL/well 1X PBS. The plate was then incubated for 2 hours at 37°C after the 

addition of 250 &/well of Anti-Neuron and Anti-Astrocyte solution. 

(c) The contents of each well were aspirated and three five minute rinses were conducted 

with 1.0 mL/well 1X PBS. 250 pL of Anti-(Anti-Neuron) and Anti-(Anti-Astrocyte) 

solution was added for 30 minutes at room temperature. 

(d) The contents of each well were aspirated and three five minute rinses were conducted 

with 1.0 mL/well 1X PBS. The plate was then incubated for 2 hours at 37°C after the 

addition of 250 &/well of Anti-Oligodendrocyte solution. 

(e) The contents of each well were aspirated and three five minute rinses were conducted 

with 1.0 mL/well 1X PBS. 250 pL o f f  ti-(Anti-oligodendrocyte) solution was added 

for 3 0 minutes at room temperature. 

(f) The contents of each well were aspirated and three five minute rinses were conducted 

with 1.0 &/well 1X PBS. 

(g) The coverslips were removed fiom the plate and mounted on glass slides (4 per slide) 

with Fluorsave (Calbiochem, Cat #345789). The covenlips were then topped with a 

second coverslip (Baxter, Cat #M604 1). 

(h) After allowing the slides to dry for 45 minutes, the perimeter of the top covenlip was 

sealed by applying clear nail polish. The slides were stored in the dark at 4OC. 



II1.7 EXPERIMENTAL V-ILITY 

Biological systems are the most complex systems known to mankind. A single cell can 

contain thousands of different types of proteins. Internal proteins allow the cell to 

perform all of the functions necessary to survive, gow, and proliferate. External 

membrane bound proteins or secreted proteins allow the cell to interact with other cells 

either physically or through chemical mediation. In cell cultures, the majority of these 

processes and interactions can not be controlled due to their vast number and complexity. 

Because of this, all biological cell culture systems are inherently variable. 

When dealing with stem cell cultures, the degree of variability is increased because of the 

heterogeneity of the population. For example, a neural stem cell culture contains variable 

proportions of stem cells, progenitor cells, and terminally differentiated cells which can 

not at present be quantified. The response of the different cells to certain procedures such 

as trituration, or to a test variable such as the glucose concentration may vary, thereby 

affecting the results. The problem is further compounded by significant donor to donor 

variability. 

To minimize the effect of the variability on the results, several steps were taken. First, all 

experiments were designed with a control against which the results were measured. All of 

the T-flasks or spinner flasks were seeded at the same time from the same batch of 

inoculum in an attempt to eliminate donor to donor variability. Unless otherwise 

specified, all experiments were always conducted in duplicate. It was not possible to 

conduct them in excess of duplicate due to time c o n s ~ t s  and resource limitations. The 

results presented throughout this thesis are typically the average of these duplicate trials. 

Unless otherwise specified, all results have a standard error of *5%. Finally, when 

evaluating the effect of medium supplementation or coocenmtion manipulation, the 

absolute numbers that were obtained were not always found to be as relevant as observed 

trends. For example, if the addition of a substance to a medium resulted in marginally 



improved cell growth, it could have been concluded that it was a positive supplement. 

However, if visual observations indicated that there was a greater quantity of debris, or 

that the cells were clumping together more than desired, the conclusion that the 

supplement was good may not be entirely valid. Thus, qualitative results provided a lot of 

information regarding the health of a culture, and were given a Feat deal of credence 

when evaluating an experiment. 

Qualitative assessments were comprised of several criteria: 

(a) Cell Size: Following trituration, large single cells indicated a healthier culture than 

one in which the cells appeared to be smaller and/or shriveled. 

(b) Cell Shape: After triturating the aggregates, if the cells appeared to be spherical it 

was an indication that the culture was healthy. Irregularly shaped cells often indicated 

that the cells were beginning to differentiate. 

(c) Cell Brightness: Cells that appeared to be clear and bright were considered to be 

healthier than cells that appeared dark and granular. This was also the case for non- 

triturated aggegates. Cultures containing aggregates that were darker in colour 

generally had a lower viability than those cultures in which the aggregates were 

lighter in colour. 

(d) Debris: The amount of cellular debris which was visible in the medium and during 

the cell counting procedure was also an indication of the health of the culture. Since 

debris is composed of cellular components &om dead cells, a large amount of debris 

signified excessive cell death. 

(e) Cell Packing in Aggregates: In order for cells to communicate with one another, 

they need to be in proximity to one another. In the case of neural stem cells, they 

maintain this proximity by exuding ECM molecules and CAMS as described in 



Chapter II. It was observed that in those cases where the aggregates appeared to be 

loose, the maximum cell density would decrease over the span of several subcultures. 

Thus, the lower the degree of cell packing in the aggregates, the less healthy the 

culture. 

(f) Cell Adherence: If single cells or aggregates were observed to adhere to the surface 

of the T-flask following two days in culture, the culture was assessed to be less 

healthy than one in which the single cells and/or aggregates did not adhere. The time 

frame of two days was chosen because during the first 48 hours following inocuiation, 

the presence of cellular adherence was common even in cultures which were 

eventually deemed to be healthy. However, in healthy cultures, there was little if any 

adherence afker 48 hours. Typically, adherence after 2 days indicated differentiation. 

(g) Medium Colour: The media that were used contained phenol red as an indicator of 

pH. In the physiological pH range, the medium would appear red. Above this pH 

range the medium would appear magenta, whereas below this range the medium 

would appear yellow. Over the course of several days, the colour would typically shift 

from red towards yellow due to the build up of toxic acidic metabolic end products 

such as lactate. The less red the medium appeared (and thus, the more yellow or 

magenta it appeared), the less healthy the culture was considered to be. 

The qualitative results were very important in all experiments, and were used in 

conjunction with the quantitative results to draw conclusions regarding the impact of test 

variables on neural stem cell cultures. 



NEURAL STEM CELL CHARACTERIZATION 

IV.1 OVERVIEW 

The experiments in this chapter were conducted to characterize the human and murine 

neural stem cells in NeuroSpheres murine stem cell medium and NeuroSpheres human 

stem cell medium. From the results obtained, several conclusions could be drawn. First, 

culturing the human cells in Nunc tissue culture flasks as opposed to Falcon tissue culture 

flasks had a positive impact on the final viable cell density. Also, the combination of a 

VWR pipette tip followed by a Sarstedt tip was found to be beneficial when triturating 

the human cells. VWR tips were better than Sarstedt tips for triturating murine cells. 

The batch growth of murine and human stem cells in NMSCM and NHSCM were tracked 

with regard to cell density, viability, and concentrations of various nutrients and 

metabolic end products. For the macronutrients glucose and glutamine, the main 

observation was that the level of consumption was far below the initial concentrations in 

the medium for all batch cultures. Further study is required to determine if this is 

detrimental for the growth of the cells. It was also found that certain amino acids were 

depleted over time in the cultures, and M e r  studies are again necessary to determine if 

supplementation will enhance the growth characteristics of the media. Finally, studies on 

pH and osmolality showed that these parameters did have a significant effect on the 

growth of the cells. As osmolality was increased, the cell growth tended to decrease. For 

initial pH, the optimum window was found to be between 7.2 and 7.6. 



IV.2 INTRODUCTION 

This chapter characterizes the in v i m  growth of human and murine neural stem cells 

under batch conditions in both NMSCM (murine medium) and NHSCM (human 

medium). Human cells in murine medium will be designated 'human/NMSCM7, human 

cells in human medium as 'human/NHSCMy, murine cells in murine medium as 

'rnurineMMSCMy, and murine cells in human medium as 'murine/NHSCMY. 

IV.2.1 Tissue Culture Flask Type 

The issue of biocompatibility between culture substrate and cell growth is important, but 

often overlooked. In 1996, LaIuppa and colleagues reported that in the hematopoietic 

system, the choice of culture materials affects the ex vivo expansion of progenitor cells. 

Their study on the choice of growth substrate lead to the conclusion that tissue culture 

polystyrene (TCPS) was the best for their system. Based on the results of that study, it 

was deemed necessary to evaluate if T-flasks manufactured by Falcon and Nunc varied in 

their ability to house human and murine neural stem cell cultures in vitro. These two flask 

types were chosen because of their history of use for growth of mammalian tissue at 

PPRF and NeuroSpheres Lrd. The main objective of this experiment was to limit non- 

compatibility between the materials of construction and the cells. Both flask types are 

fabricated fYorn plastic designated as tissue culture polystyrene by the manufacturer. 

However, proprietary methods of production can lead to different types of polystyrene 

being classified as TCPS, which in turn can affect tissue cultures. For example, a 

chemical used by one manufacturer but not the other may have the ability to leach into 

the growth medium, where it could act as a toxin. The manufacturing method could also 

affect the permeability of the TCPS. It has been shown that in mammalian cell cultures, 

up to 30% of the oxygen consumed diffuses through the side walls and bottom surface of 

the T-flask (Randen-Eichhom et al., 1996). It is possible that the TCPS produced by one 

of the manufacturers is more favorable for growing NSC cultures. 



W.22 Pipette Tip Type 

As described in Chapter 111, trituration involves physically dissociating the stem cell 

aggregates. The neurospheres break apart due to the shear they experience as they pass 

through the exit of the pipette tip, the shear they experience as they travel through the 

bulk medium, and forces they experience when they impact the test tube. The impact 

forces are the primary reason for aggregate break up. If not enough force is experienced, 

the aggregates will simply break apart into smaller clusters, but not single cells. 

Conversely, if too much force is experienced, it could cause many of the single cells to 

break apart, thereby decreasing the overall viability. Since the magnitude of the shear 

forces and the impact forces are a function of the pipette tip geometry, the effect of using 

different pipette tips for triturating human and murine cells was investigated. 

When using a VWR tip, the amount of force experienced by the aggregates can only be 

increased by decreasing the distance bemeen the tip exit and the wall of the centrifuge 

tube. However, the two are already proximal to one another (Figure III.4). Thus, a better 

approach would be to use a Sarstedt tip, which has a smaller exit cross sectional area 

(u. The impact forces are a function of the mass flow rate (& ) and the exit velocity 

(S3. In tum, the exit velocity is a function of A- as per the equation: 

Eqn. IV.5 

Since the mass flow rates through the two tips are similar, but the cross sectional area on 

the Sarstedt tip is smaller, the exit velocity would also be greater, leading to a higher 

impact force than with the VWR tip. 

The number of times that force needs to be applied in order to dissociate a spheroid into 

single cells is a function of the amount of ECM produced by those cells. The greater the 

amount of ECM in the aggregate, the greater the number of applications. Visual 

observations of the murine aggregates revealed that the cells are clumped together with 



less extracellular matrix than their human counterparts. Furthennore, murine cells in 

NMSCM produced slightly more ECM than m u ~ e  cells in NHSCM. Thus, the human 

cells required the greatest amount of trituration followed by murine cells in NMSCM, and 

then murine cells in NHSCM. 

In each case. the contents of a flask containing NSC were centrifuged: and the 

supernatant was removed leaving 200 pL (including the cell pellet) in the bottom of the 

test tube. After dislodging the pellet and breaking it up into individual spheroids using 

gentle agitation, fiesh medium was added to increase the total volume to 1.0 mL. Four 

200 pL aliquots were then placed in separate test tubes. The first aliquot was triturated 

using a VWR tip, and the second aliquot was triturated with a Sarstedt tip. The third 

aliquot was triturated by a VWR tip followed an equal number of times by a Santedt tip. 

The fourth aliquot was triturated using a Sarstedt tip followed an equal number of times 

by a VWR tip. It should be noted that the total number of triturations varied depending on 

the cell type and medium. Murine cells in NMSCM were triturated a total of 40 times, 

murine cells in NHSCM 30 times, and human cells in NHSCM t 00 times. 

N.23 Inoculation Cell Density 

The requirement of a minimum inoculum density has been shown to exist for mammalian 

cell cultures including normal diploid fibroblasts (Hu and Wang, 1987), hybridoma cells 

(Ozturk and Palsson, 1990a), and hematopoietic cells (Zandstra et al., 1994). It has been 

postulated that the reason for this is that mammalian cells produce various soluble factors 

in order to survive in v i m .  In those cases where the seeding density is adequate, there are 

enough cells producing these factors that within a short time after seeding, the required 

concentration for survival of the cells is achieved. However, if the seeding density is too 

low, the concentration of soluble factors will not be able to reach the critical limit 

necessary for proliferation. In 1966, Rubin reported that the minimum seeding density of 

primary chick embryo cells could be decreased by adding conditioned medium which, 



presumably, contained the factors. No studies have been published addressing the initial 

seeding density of neural stem cells. Thus, this study was conducted to establish. if there 

is a seeding threshold for NSC. 

IV.2.4 Tracking Cell Density and Viability 

T?x cell density and viability were measured using the trypan blue exclusion method. The 

maximum specific growth rate (Q was calculated by plotting the data on a semilog 

plot, and determining the slope of the graph during the exponential phase using the 

following equation (Schuler and Kargi, 1992) derived by linear regression 

Eqn IV.l 

where X, and X,, are the viable cell concentration at the beginning (to) and end (t) of the 

exponential phase respectively. The maximum specific growth rate was used to determine 

the doubling time (tk) using the equation (Schuler and Kargi, 1992) 

Eqn IV.2 

N.2.4 Tracking Glucose Glutambe, Lactate, and Ammonia 

Glucose and glutamine are two of the most commonly used components in mammalian 

cell culture. An overabundance of either of these two substances, or conversely their 

scarceness, can greatly affect the overall performance of a culture. Glucose is metabolized 

via the glycolytic pathway to produce pyruvate, which, under certain conditions such as 

low 0, tension is further metabolized to lactate. Ammonia is produced fiom the 

metabolism of giutamine via glutaminolysis, and fiom deamination of glutamhe and 

other amino acids. The concentrations of both of these products were measured because 

they are known to be toxic towards mammalian cells. 



It is important to note that during each of the tracking experiments, blank T-flasks 

containing medium but no cells were placed in the incubator alongside the T-flasks 

containing cells. The contents of the blanks were analyzed every time a cell count was 

taken. The purpose of this was to track if the above listed macronutrients and products 

were naturally degraded or spontaneously produced, in the absence of cellular 

metabbin. It w s  f ~ i , d  t b t  over t h e ,  the c ~ c c e ~ p - ~ c n  of ml*yose exh nefim bA - 
increased as measured by the YSI glucose analyzer. For each reading, the actual glucose 

consumption by the cells was calculated by subtracting the measurement for the culture 

fiom the measured value for the blank. Glutamine was found to degrade naturally over 

time. This, along with other deamination reactions, contributed to the steady increase in 

the concentration of ammonia. Thus, the consumption of glutamine was calculated by 

subtracting the concentration of glutamine in the cell cultures fiom the corresponding 

blank. The ammonia produced by that culture was calculated by subtracting the 

concentration in the blank T-flask fkom that in the cell culture. Lactate was not 

spontaneously produced in any of the blank T-flasks. 

The uptake rates for glucose and glutamine were assumed to be constant during the 

exponential growth phase, as were the prodilction rates of lactate and ammonia. Thus, for 

glucose the consumption rate was defied by the equation: 

where %, is the average specific glucose uptake rate (g/cell.h), and [glc] is the glucose 

concentration (glL). Integrating equation IV.3, the following equation is obtained: 

Eqn IV.4 



Thus, the average specific glucose uptake rate during the logarithmic growth phase will 

be the slope on a plot of the glucose consumed ( g L )  against the time integral of viable 

cells (cell~h/L). The average specific glutamine uptake rate, as well as the average 

specific lactate and ammonia production rates were found in the same manner using their 

respective measured data. It should be noted that in this thesis the term 'consumption' or 

'cam-mcd' v.tll be !used to refer to the removal of a coi;;p~ilciit em the meilia by ihc 

cells. Also, the term 'production' or 'produced' will be used to refer to the addition of a 

component to the media by the cells. These parameters will be specified in units of g/L or 

mom. 

The yield of lactate from glucose (YIddJ was calculated by determining the slope on a 

plot of lactate produced (mol/L) versus glucose consumed (mom). Similarly, the yield of 

ammonia £?om glutamine (Y-d was found on a plot of ammonia produced (morn) 

versus glutamine consumed (moVL). It was assumed that the concentrations of these 

products were homogeneous throughout the culture. 

N.2.6 Tracking Osmolality, pH, and Amino Acids 

In addition to the parameters mentioned above, the osmolality and pH were also 

monitored, and tests were carried out to determine the boundaries within which future 

experiments could be conducted so that these two parameters were e m e o u s  variables. 

Finally, the amino acid concentrations were tracked throughout the batch experiments to 

determine if any of them became depleted over time. 

W.3 EXPERIMENTAL RESULTS AND DISCUSSION 

W.3.1 Effect of Tissue Culture Flask Type 

The effect of flask tlpe on the growth of murine NSC in NMSCM and NHSCM, and 

human NSC in NHSCM are shown in Figures N.1, IV.2, and IV.3 respectively. In each 
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Figure N.l: The effect of using Falcon T-25 Flasks verms Nunc T-25 Flasks on the 
Final Cell Density and Viability of Murine Neural Stem Cells grown in NMSCM. Four 
trials were conducted with each type of flask. AU eight flasks werp inoculated at 100,000 
cells/ml and incubated for 5 days at 37°C and 5% CO,. The cells were previously grown 
in a single Falcon T- 1 75 flask. 
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Figure IV.2: The effect of using Falcon T-25 Flasks versus Nunc T-25 Flasks on the 
Final Cell Density and Viability of Murine Neural Stem Cells grown in NHSCM. Four 
trials were conducted with each type of flask. AU eight flasks were inoculated at 100,000 
ceUs/rnL and incubated for 4 days at 37°C and 5% CO,. The cells were previously grown 
in a single Falcon T-175 flask. 
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Figure IV.3: The effect of using Falcon T-25 Flasks versus Nunc T-25 Flasks on the 
Final Cell Density and Viability of Human Neural Stem Cells grown in NHSCM. Four 
triais were conducted with each type of flask. All eight flasks were inoculated at 100,000 
cells/mL and incubated for 10 days at 37°C and 5% CO,. The cells were previously 
grown in a single Falcon T-175 flask. 



case, cultures were initiated under identical conditions in four Nunc flasks and four 

Falcon flasks. The cell density and viability of murine cells in NMSCM seemed to be 

unaffected by the type of flask. For murine cells in MISCM, although the four Nunc 

flasks showed a slight improvement in density over Falcon flasks, it was deemed to be 

within experimental error, and thus not significant. However, this was not the case for 

human cells. On average, growing the cells in Nunc flasks resulted in 25,000 cells/mL 

more than growing the identical cells in Falcon flasks. Furthermore, it was visually 

observed that in the Falcon flasks, a greater proportion of the cells adhered to the 

substrate, even though the flasks had been conditioned with the medium for 24 hours 

prior to inoculation. Since the goal of this project is to develop a better suspension 

culture, cell attachment is undesirable. Based on this observation, the increased human 

cell density, and the apparent lack of effect on murine cells, it was decided that all fiture 

experiments involving tissue culture flasks would use Nunc, and not Falcon T-flasks. 

IV3.2 Effect of Pipette Tip Type 

The results of the pipette tip experiments for rnurine cells are shown in Figures IV.4 

througI5 IV.7. Figure IV.4 shows the effect of using pipette tips separately on murine cells 

in NMSCM. Cell counts completed after triturating with VWR tips showed slightly 

higher cell densities and viabilities than those counts completed after using Sarstedt tips. 

These effects were more pronounced for Flask A than Flask B. When tips were used in 

combination, as shown in Figure IV.5, the order of use showed no sigdicant difference 

in either density or viability, although all of the results were similar to using Sarstedt tips 

alone. Figure IV.6 shows that when murine cells in NHSCM were triturated with VWR 

tips alone, the measured cell density was approximately 20,000 ceLls/mL higher, and the 

viability was approximately 6% greater than with Samedt tips. When in combination, as 

shown in Figure N.7, the order in which the tips were used was insignificant. However, 

the overall cell densities and viabilities were similar to those measured for Sarstedt tips 

done in Figure IV.6. 
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Figure IV.4: The effect of using VWR Pipette Tips and Sarstedt Pipette Tips separately 
to triturate m u ~ e  neural stem. cells grown in NMSCM. One-half of the cellular 
aggregates grown in a T-flask were triturated 40 times by VWR tips, and the other half by 
Sarstedt tips. The cell density and viability were then measured by the trypan blue 
exclusion method. Shown are the results for two flasks (A and B) each counted in 
duplicate (trials 1 and 2). The cells were grown in Nunc 1-25 flasks. After being 
inoculated at 100,000 celldd, the flasks were incubated for 5 days at 37°C in a water 
saturated atmosphere containing 5% CO,. 
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Figure IV.5: The effect of using VWR Pipette Tips and Sarstedt Pipette Tips in 
combination to triturate murine neural stem cells grown in NMSCM. One-half of the 
cellular aggregates grown in a I-flask were triturated 20 times by VWR tips and then 20 
times by Sarstedt tips (VWRISantedt), whereas the other half was triturated in the 
opposite order (SarstedtNWR). Shown are the results for two flasks (A and B) each 
counted in duplicate (trials 1 and 2). The cells were grown in Nunc T-25 flasks. M e r  
being inoculated at 100,000 cells/mL, the flasks were incubated for 5 days at 37°C in a 
water saturated atmosphere containing 5% C4. 



1A 2A 1A 2A 1B 2B 1B 2B 

Trial 

Density (A) - VWR Density (A) - Sarstedt 
Density (B) - VWR Q Density (B) - Sarstedt 

rn Viability (A) - VWR o Viability (A) - Sarstedt 
A Viability (B) - VWR o Viability (B) - Sarstedt 

Figure IV.6: The effect of using VWR Pipette Tips and Sarstedt Pipette Tips separately 
to triturate murine neural stem cells grown in NHSCM. One-half of the cellular 
aggregates grown in a T-flask were triturated 30 times by VWR tips, and the other half by 
Sarstedt tips. The cell density and viability were then measured by the trypan blue 
exclusion method. Shown are the results for two flasks (A and B) each counted in 
duplicate (trials 1 and 2). The cells were grown in Nunc T-25 flasks. After being 
inoculated at 100,000 celWmL, the flasks were incubated for 4 days at 37OC in a water 
saturated atmosphere containing 5% CO,. 
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Figure IV.7: The effect of using VWR Pipette Tips and Sarstedt Pipette Tips in 
combination to trituate murine neural stem cells grown in NHSCM. One-half of the 
cellular aggregates grom in a T-flask were triturated 15 times by VWR tips and then 20 
times by Sarstedt tips (vwwsarstedt), whereas the other half was triturated in the 
opposite order (SarstedtNWR). Shown are the results for two flasks (A and B) each 
counted in duplicate (trials I and 2). The cells were grown in Nunc T-25 flasks. After 
being inoculated at 100,000 cells/mL, the flasks were incubated for 4 days at 37°C in a 
water saturated atmosphere containing 5% CO,. 



The results for human cells in NHSCM are shown in Figures N.8 and rV.9. Using 

Samedt tips alone resulted in cell densities approximately 25,000 cells/mL lower, and 

viabilities approximately 12% lower than using VWR tips alone. However, it should be 

noted that the Sarstedt tips achieved a more homogenous single cell suspension, since a 

few aggregates remained with the VWR tips. Previous studies (results not shown) 

conducted with VWR tips found that increasing the number of triturations beyond 100 

did not result in lowering the number of aggregates remaining. When the tips were used 

in combination, the order was significant. The result of triturating with VWR tips first 

and then Sarstedt tips rather than the other way around resulted, on average, in an 

increase of 30,000 cells/mL in the cell density and 5% in the viability. Furthermore, the 

VWR/Santedt combination achieved cells densities approximzitely 1 3,000 cells/rnL 

higher than VWR tips alone, although the viabilities were similar. Thus, for future 

experiments, it was decided that all rnurine cells would be triturated using VWR tips, 

whereas human cells would be triturated equally using VWR tips followed by Sarstedt 

tips. 

IV.33 Inoculation Cell Density 

T-flasks that had been conditioned with medium for 24 houn at 37°C and 5% CO, were 

inoculated with cells at various levels between 25,000 cells/rrL and 500,000 cellslmL. As 

shown in Figure N.10, for murine cells in NMSCM, lower seeding concentrations 

resulted in a greater number of effective doublings, but lower final cell densities. The 

final cell densities were not proportional to the inoculum since a 20 fold increase in the 

seeding density resulted in a 16 fold increase in the final viable cell density. The 

exceptions to this were the flasks inoculated at 25,000 cells/mL which showed fewer 

effective doublings than the flasks inoculated at 50,000 ceUs/mL. However, the average 

overall growth rate of 0.0073 K' remained comparable to the growth rates of the other 

flasks which varied between 0.0083 h-' for the 50,000 cells/mL inocdum and 0.0075 h-' 

for the 200,000 cells/mL inoculum. The growth rate of the cells in flasks inoculated at 
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Figure IV.8: The effect of using VWR Pipette Tips and Sarstedt Pipette Tips separately 
to triturate human neural stem cells grown in NHSCM. One-half of the cellular 
aggregates grown in a T-flask were triturated 3 0 times by VWR tips, and the other half by 
Smtedt tips. The cell density and viability were then measured by the trypan blue 
exclusion method. Shown are the results for two flasks (A and B) each counted in 
duplicate (trials 1 and 2). The cells were grown in Nunc T-25 flasks. After being 
inoculated at 100,000 cells/rnL, the flasks were incubated for 10 days at 37OC in a water 
saturated atmosphere containing 5% CO,. 
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Figure W.9: The effect of using VWR Pipette Tips and Sarstedt Pipette Tips in 
combination to triturate human neural stem cells grown in NHSCM. One-half of the 
cellular aggregates grown in a T-flask were triturated 50 times by VWR tips and then 20 
times by Sarstedt tips (VWR/Sarstedt), whereas the other half was triturated in the 
opposite order (SarstedtAWR). Shown are the results for two flasks (A and B) each 
counted in duplicate (trials 1 and 2). The cells were grown in Nunc T-25 flasks. After 
being inoculated at 100,000 cells/mL, the flasks were incubated for 10 days at 37°C in a 
water saturated atmosphere containing 5% CO,. 
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Figure IV.10: The effect of inoculation density on the effective number of doublings and 
viability of m u ~ e  neural stem cells in NMSCM after incubation for 5 days at 37°C and 
5% CO, in Nunc T-25 flasks. 



500,000 cells/mL was sigmiYcantly lower at 0.0057 h-'. This decrease is most likely 

attributable to the production of one or more toxic waste products which are known to 

rise very rapidly in dense cultures (Ozturk and Palsson, 1990a). 

Figure N. 1 1 shows the effect of initial seeding density on murine cells in NHSCM. In 

this medium, the cells do not appear to have a critical lower inoculum density, or, if they 

do, it is below 25,000 cells/ml. It is possible that one or more of the proprietary 

components used by NeuroSpheres in the human medium replaced the action of the 

soluble factor(s) produced by the cells thereby acting much like the conditioned medium 

used by Rubin (1966). The trend of fewer doublings, disproportionate final cell densities, 

and decreasing growth rates were also evident in this case. 

The requirement for a minimum seeding density of 75,000 cells/mL for human cells in 

NHSCM is clearly illustrated in Figure IV.12. At lower inoculum densities, the number 

of effective doublings remained low, as did the final cell density. It should be noted that 

unlike the murine cells, the growth rate did not decrease significantly at high inoculum 

densities. This was probably because the growth rate of human cells was much lower than 

for murine cells, and thus, the final cell density was also much lower, thereby avoiding 

the negative effects of a dense culture. Based on the results obtained in this study, it was 

decided that all future experiments, murine and human, would be inoculated at 75,000 

celldlml. 

W3.4 Cell Density and Viability 

The cell density and viability of batch experiments were tracked over a period of several 

days to determine the specific growth rate and doubling time of the NSC in the media 

The growth rates and viabilities for murine cells in NMSCM and MISCM are shown in 

Figures N. 13 and N.14 respectively. It is clear that the NHSCM is superior to NMSCM 



Figure IV.11: The effect of inoculation density on the effective number of doublings and 
viability of murine neural stern cells in NHSCM after incubation for 4 days at 37°C and 
5% CO, in Nunc T-25 flasks. 



0.25 0.50 0.75 1.00 2.00 5.00 

Inoculation Density (ceIlsImL x10-~) 

I Doubling o Viability 

Figure IV.12: The effect of inoculation density on the effective number of doublings and 
viability of human neural stem cells in NHSCM after incubation for 10 days at 37°C and 
5% CO, in Nunc T-25 flasks. 
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Figure IV.13: The cell density over time for murine neuml stem cells in Nunc T-25 
flasks containing NMSCM or MISCM. The flasks were inoculated at 75,000 ceIls/rnL 
and incubated at 37OC in a water saturated atmosphere containing 5% CO,. 
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Figure IV.14: The viability over time for murine neural stem cells in Nunc T-25 flasks 
containing NMSCM or NHSCM. The flasks were inoculated at 75,000 cells/mL and 
incubated at 3 7OC and 5% CO,. 



for the proliferation of murine NSC . In both cases, the growth curves were sigmoidal with 

maximum cell densities occuning at approximately 120 hours after inoculation. The 

initial decrease in the cell density is called the lag period during which cells became 

accustomed to their new environment. During the exponential phase, the average specific 

growth rates were calculated to be 0.015 h" in NMSCM and 0.0235 h-' in NHSCM as 

shown in Figure IV.15. This corresponded to doubling times of 46.2 h and 29.5 h 

respectively. The viability in NHSCM was also approximately 30% higher throughout the 

experiment. In both cases viability gradually declined over time, with the greatest rates of 

decline occuning after 120 hours which is characteristic of the death phase. 

The growth c w e s  for the human cells in NHSCM and NMSCM are shown in Figure 

IV.16. It is evident that NMSCM was unable to maintain the growth human NSC. In 

NHSCM the cell density was found to peak 235 hours after inoculation, with a specific 

growth rate of 7.3~105 h", and a doubling time of 95 h during the exponential growth 

phase. Figure N.17 shows the viability curves for human cells in the two media. As 

expected, the viability was higher in MISCM. However, it is interesting to note that the 

rate of decline in viability for cells in NHSCM was greater than for cells in NMSCM. At 

235 hours, when the m b u m  cell density was achieved, the viability was only 43% and 

was approximately equal to the viability of cells in NMSCM. After 235 hours, the 

viability in NHSCM dropped below that of the cells in the other medium. 

As discussed in Chapter III, the only difference between NMSCH and NHSCM is the 

inclusion of the proprietary supplements fiom NeuroSpheres Ltd. Beyond this, the 

compositions of the two media are identical. Thus, the inability of the mouse medium to 

sustain the growth of the human cells can be ascribed to the absence of these 

supplements, and not due to a nutrient deficiency. Based on these results, experimentation 

involving human cells in murine medium was suspended, and all hture experiments 

involving these cells were conducted in the presence of the proprietary supplements. 
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Figure IV.15: The average exponential growth rate for murine/NMSCM, 
murine/NHSCM, and humanMHSCM. The flasks were inoculated at 75,000 cells/ml 
and incubated at 3 7°C in a water saturated atmosphere containing 5% CO,. 
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Figure W.16: The cell density over time for human neural stem cells in Nunc T-25 flasks 
containing NMSCM or MISCM. The flasks were inoculated at 75,000 cells/mL and 
incubated at 37" in a water saturated atmosphere containing 5% CO,. 
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Figure N.17: The viability over time for human neural stem cells in Nunc T-25 flasks 
containing NMSCM or NHSCM. The flasks were inocuiated at 75,000 cells/ml and 
incubated at 37OC in a water saturated atmosphere containing 5% CO,. 



IV.35 Glucose, Glutamine, Lactate, and Ammonia 

Figures N. 18 through W.23 document the glucose, lactate, glutamhe, and ammonia 

profiles over time, and Figures IV.24 through IV.27 show how nutrient kinetic valucs 

were derived. Glucose and glutamine are considered to be the primary carbon and energy 

sources for mammalian cell cultures. Thus, it was noteworthy to find that only a small 

peiCciir*e of t,hese macrooz~ezts : t s : :e~  Z C P ~ ! ) .  C Q P S ? ~ ~  by the c&. 51.d or? the c.!! 

densities, it was expected that the murine cells in NHSCM would have consumed much 

more glucose than the murine cells in NMSCM and the human cells in NHSCM. 

Surprisingly, the murine/NMSCM culture consumed approximately 1.2 g/L, whereas the 

murine/NHSCM culture consumed approximately 1.1 g/L. This converted to a low 

specific glucose uptake rate of 4.39~10"~ g/cellah. The murine/NMSCM and 

human/NHSCM cells had higher rates of 1.95~10-" g1cell.h and 4.57~10'" g/cellmh 

respectively. It should be noted that these figures were calculated using linear regression 

and the R' values for murineMMSCM, murineMHSCM, and human/NHSCM were 

0.819, 0.784, and 0.968 respectively. This indicates that the growth of murine cells was 

not as closely correlated to the amount of glucose consumed as was the growth of human 

cells, and that they may have alternate carbon sources. 

With regard to glutamine, it was found that overall the murine/NHSCM cells consumed 

almost 50% more glutamine than the murine/NMSCM cells, and almost 200% more than 

the human cells. However, when calculated on a specific basis during exponential 

growth, the murineMMSCM cells had the highest glutamine uptake rate with 6.92~10-'~ 

g/cell-h (R'=0.8 1 8), followed by hurnanMHSCM with 1.3 8x 1 O*" g1cell.h (RL0.444) and 

murine/NHSCM with 1 .17x 10"' g/cellah (*0.78 8). The R2 values for the murine cells 

indicate that there is a relationship between cell growth and glutamine consumption. This 

appears to be less true for human cells. On Figure IV.25 the M three data points during 

the exponential growth phase indicate that there may be a strong relationship between the 

two variables. However, midway into the exponential growth, the rate of 
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Figure TV.19: The amount of glutamine consumed and ammonia produced by rnurine 
neural stem cells in NMSCM. The flasks were inoculated at 75,000 cells/ml and 
incubated at 37°C in a water saturated atmosphere containing 5% CO,. 
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Figure W.20: The amount of Glucose consumed and Lactate produced by murine neural 
stem cells in NHSCM. The flasks were inoculated at 75,000 ceUs/ml and incubated at 
3 7OC in a water saturated atmosphere containing 5% COz. 
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Figure IV.21: The amount of Glutamine conmmed and Ammonia produced by murine 
neural stem cells in NHSCM. The flasks were inoculated at 75,000 cells/mL, and 
incubated at 37°C in a water saturated atmosphere containing 5% C 4 .  
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Figure IV.22: The amount of glucose consumed and lactate produced by human neural 
stem cells in NHSCM. The flasks were inoculated at 75,000 ceUs/mL and incubated at 
37°C in a water saturated atmosphere containing 5% C4. 
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Figure 1'23: The amount of glutamine consumed and ammonia produced by human 
neural stem cells in NHSCM. The flasks were inoculated at 75,000 cellslmL and 
incubated at 37OC in a water saturated atmosphere containing 5% CO?. 
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Figure N.24: A graph showing the average specific glucose uptake rate during 
exponential growth for murine/NMSCM, murine/NHSCM, and humanlNHSCM. The 
equations were obtained using linear regression. Nunc T-25 flasks were inoculated at 
75,000 cells/mL and incubated at 37OC in a water saturated atmosphere containing 5% 
co,. 
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Figure IV.25: A graph showing the average specific glutamine uptake rate during 
exponential growth for murine/NMSCM, murine/NHSCM, and human/M1[SCM. The 
equations were obtained using linear regression. Nunc T-25 flasks were inoculated at 
75,000 cells/xnL and incubated at 37°C in a water saturated atmosphere containing 5% 
CO2. 



Figure IV36: A graph showing the average specific lactate production rate during 
exponential growth for murine/NMSCM, murine/NHSCM, and human/NHSCM. The 
equations were obtained using linear regression. Nunc T-25 flasks were inoculated at 
75,000 ceIls/mL and incubated at 37°C in a water saturated annosphere containing 5% 
CO*. 



Integral of Viable Cell Density (cellh/L) 

Figure n7.27: A graph showing the average specific cellular ammonia production rate 
during exponentid growth for murine/NMSCM, muriae/NHSCM, and human/NHSCM. 
The equations were obtained using linear regression. . Nunc T-25 flasks were inoculated 
at 75,000 cellslmL and incubated at 37OC in a water saturated atmosphere containing 5% 
CO2. 



glutamine consumption decreases and actually becomes negative, which leads to the low 

R' value. Thus, the assumption that glutamine consumption was constant during 

logarithmic growth is false, and there is not a strong relationship between the glutamine 

uptake rate and cell growth. It is interesting to note in Figures IV.19 and IV.21, the 

glutamine uptake for murine cells became negative shortly after the end of the 

exponential phase. At approximately the same time, or shortly thereafter, there was a 

noticeable increase in the rate at which glucose was consumed. There was also an 

increase in the rate for the human cells, but the increase in glucose consumption became 

apparent midway through the exponential phase when the rate of glutamine consumption 

was starting to decrease. 

The calculated exponential growth phase yields for lactate from glucose are shown in 

Figure IV.28. These values are an indication of the efficiency with which glucose is being 

consumed in the medium. A high yield (theoretical maximum is 2 mol/mol) would 

indicate metabolic inefficiency since a large percentage of the pyruvate produced is 

converted to lactate and expelled from the cell instead of entering the TCA cycle 

(discussed further in Chapter VI) to undergo oxidation for energy production. In this case, 

the yields for murine/NMSCM, murineMSCM, and humanMHSCM were 0.756 

mollmol (R2 = 0.963), 0.832 moVm01 (R2 = 0.953), 1.02 moVmol (R2 = 0.916) 

respectively. This indicates that the human cells were the most inefficient, whereas 

murine/NMSCM were the least, although for every 1 mol of glucose consumed, they still 

wasted 0.756 mol by producing lactate. It is possible that the different yields in the three 

cultures were the result of different oxygen mass transfer characteristics. The human cells 

formed the most tightly packed spheroids due to the large quantity of ECM. Thus, it is 

expected that oxygen had the lowest difhivity in human cell spheroids. Low O2 

conditions are known to enhance glycolysis, especially in the presence of an abundant 

glucose supply, and increase lactate production. By this reasoning, the murine cells in 

NHSCM which had the least tightly packed spheres should have the lowest lactate yield. 
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Figure n7.28: The yield of lactate fiom glucose (moVmol) during the exponential growth 
phase for murine/NMSCM, murineMSCM, and h u m m S C M .  The rates were 
calculated by performing a linear regression. Nunc T-25 flasks were inoculated at 75,000 
ceLls/mL and incubated at 37OC in a water saturated atmosphere containing 5% C4. 



However, it is important to note that the cell density was si&cantly higher in this 

culture than the other two cultures, and thus the amount of 0, in the medium may have 

been low, again causing the production of lactate. The murine cells in NMSCM which 

did not have as much ECM as the human cells, and proliferated to a maximum cell 

density three times lower than the murine/NHSCM cells exhibited the lowest value for 

As sholm in Figure N.29, using linear regression, the specific ammonia production rates 

for the murineNMSCM, murine/NHSCM, and humanMHSCM cultures were 2.55~10'~~ 

g/cell.h (R2 = 0.972), 6.3 8x1 0'') g1cell.h (R' = 0.949), and 1.7 1x1 0'" g/cell*h (RZ = 0.940) 

respectively. It is important to note that these specific ammonia production rates only 

refer to the total amount of ammonia produced by the cells. Since ammonia was also 

produced &om other sources, the actual ammonia concentrations in the media were 

significantly higher. Table IV.1 gives a summary of the total measured glutamine and 

ammonia concenwations in the various cultures at the end of the exponential growth 

phase, and the methods by which their concenmtions increased or decreased. It was 

assumed that all of the deamination resulted in an equimolar increase in the ammonia 

concentration. lo all three cases, it is evident that a significant proportion of the decrease 

in glutamine concentration was the result of natural deamination. This was especially 

exaggerated in the human culture due to the lack of reliance upon glutamine, and the 

extended incubation period. Thus, the contribution of glutamine deamination towards the 

total ammonia production was almost as much, if not greater than the amount produced 

by the cells. The third source of ammonia (listed as 'other' in the Table) may have been 

the deamination and deamidation of other free amino acid species in the medium. A 

summary of the kinetic parameters calculated during these batch runs is given Table 
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Figure N.29: The yield of ammonia h m  glutamine (mol/mol) during the exponential 
growth phase for murineNMSCM, murine/NHSCM, and human/MISCM. It should be 
noted that these values represent the ammonia produced by the cells, and not ammonia 
fiom other sources such as deanination. The rates were calculated by performing a linear 
regression. Nunc T-25 flasks were inoculated at 75,000 cells/rnL and incubated at 37OC in 
a water saturated atmosphere containing 5% CO,. 



Table IV.1: The calculated sources of measured ammonia in the media 

Table IV.2: A synopsis of the kinetic parameters for human/MISCM, murinelNHSCM, 
and murine/NMSCM cultures. These values were calculated during the exponential 
growth phase. 

Parameter Decrease in Igh] 
(morn) 

0.000585 
0.000270 

0 
0.000855 
0.000739 
0.000273 

0 
0.001 01 
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Increase in m3] 
(mom) 

0.000 192 
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0.000273 
0.00083 1 
0.000276 

ConsumedlProduced By Cells - 
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0.000578 
0.000606 
0.00 146 
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0.81 8 
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0.972 
0.963 
0.91 8 
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td 01) 
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q- (gfce1l.h) 

Y- (m0h01) 
Y-@ (moVm01) 

6.43~10' 
0.0235 

0.000578 
0 

0.000958 
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1.59~10' 

0.0073 
1.96~10' 

0.0 15 
46.2 

4.575 x 10'" 
6.92 1 x 
1.744 x lo-" 
2.550 x 1 0-l3 

0.756 
0.263 

NIA 
0.987 

R~ 
NIA 
0.978 
NIA 
0.968 
0.444 
0.950 
0.940 
0.9 16 
0.740 

29.5 
4.388 x 10'" 
1.166 x 1 @I2 
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6.3 80 x 1 0 - l 3  
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0356 

NIA I 95.0 
0.784 1 1.952 x 10''' 
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0.919 
0.949 
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0.93 1 

9.557 x 1 0-l2 
1.7 12 x 1 0-l3 
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N3.6 Medium pH 

The pH over time of the NSC cultures in NHSCM and NMSCM are shown in Figure 

IV.30. It is evident that the pH did not change sigmficantly, with the greatest decrease 

(0.13 pH units) occurring for rnurine/NHSCM. pH changes in cell culture are a direct 

result of accumulating acidic metabolic end products such as lactate. 

Figures IV.31 through IV.33 show the effect of varying the initial pH on the cell density 

and viability of murine cells in NMSCM and NHSCM, and human cells in NHSCM 

respectively. The pH was modified using concentrated HCl and NaOH. In all of the cases 

it was evident that a pH window existed between approximately pH 7.2 and pH 7.6 

within which optimal growth was achieved. This was especially pronounced for murine 

cells. One explanation would be that murine cells produce less ECM than human cells. 

The ECM provides a certain degree of protection against hostile environments. Based on 

this experiment, unless otherwise stated, all future experiments were conducted with an 

initial pH in the above stated range. 

IV.3.7 Osmolality 

NMSCM and NHSCM have an osmolality of 337 mOsrn/kg H,O. The osmolality for the 

batch tracking experiments did not show any significant change in any of the cdhues. 

The effect of osmolality on the cells was then investigated with the results presented in 

Figures N.34 through IV.36. The osmolality of the medium was manipulated by adding 

NaC1, and it was found that the osmolality increased by approximately 32 mOsm/kg H,O 

for every 1.0 g/L increase in the NaCl concentraton. In general, raising the osmolality 

was detrimental for the NSC, with the effect being more pronounced for murine cells. 

The decrease in cell density and viability for h u m  cells was not significant until the 

osmolality was greater than 3 7 1 mOsm/kg H,O. Using the trends obtained, it is possible 

that the cells would respond favorably to media with an osmolality lower than 337 

mOsxn/kg HH,. However, since it is not possible to decrease the osmolality of a 



Figure IV30: The pH over time for rnurine neural stem cells in NMSCM or NHSCM, 
and human neural stem cells in NHSCM. Nunc T-25 flasks were inoculated at 75,000 
cells/mL and incubated at 37°C in a water saturated atmosphere containing 5% COl. 
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Figure TV.31: The effect of varying the initial pH on the final cell density and viability of 
murine neural stem cells grown in NMSCM. Nunc T-25 flasks were inoculated at 75,000 
ceUs/mL and incubated for 5 days at 37°C in a water saturated atmosphere containing 5% 
co2* 
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Figure IV.32: The effect of varying the initial pH on the final cell density and viability of 
murine neural stem cells grown in MISCM. Nunc T-25 flasks were inoculated at 75,000 
cells/mL and incubated for 4 days at 37°C in a water saturated atmosphere containing 5% 
cop 
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Figure IV.33: The effect of varying the initial pH on the final cell density and viability of 
human neural stem cells grown in NHSCM. Nunc T-25 flasks were inoculated at 75,000 
celldml and incubated for 10 days at 37OC in a water saturated atmosphere containing 
5% COz. 



Density + Viability v 
Figure N34: The effect of varying the initial osmolality on the final cell density and 
viability of murine neural stem cells grown in NMSCM. Nunc T-25 flasks were 
inoculated at 75,000 ceUs/mL and incubated for 5 days at 37°C in a water saturated . 

atmosphere containing 5% CO,. 



Figure IV.35: The effect of varying the osmolality on the final cell density and viability 
of murine n e d  stem cells grown in NHSCM. Nunc T-25 flasks were inoculated at 
75,000 c e W d  and incubated for 4 days at 37OC in a water saturated atmosphere 
containing 5% CO,. 
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Figure N36: The effect of varying the osmolaiity on the final cell density and viability 
of human neural stem cells grown in NHSCM. Nunc T-25 flasks were inoculated at 
75,000 ceIls/mL and incubated for 10 days at 3PC in a water saturated atmosphere 
containing 5% CO,. 



previously prepared medium, this was not investigated here. Unless othemise specified, 

the addition of supplements that cause the osmolality to increase was kept to a minimum 

during all future experiments, thereby ensuring the lowest possible osmolality at all 

times. 

IV.3.8 Amino Acids 

The amino acid profiles during the batch tracking experiments are displayed in Figures 

N.37 through IV.42. For each culture, the profiles were divided into those amino acids 

which had an initial concentration lower than 25 mg/L and those which had higher initial 

concentrations. It should be noted that for the murine cells, the values for valine and 

tryptophan were lumped together since they did not form separate discemable peaks on 

the HPLC output. For the human cells, methionine, valine, and tryptophan were added 

together, as were glycine and threonine. For both human and murine cells, the histidine 

values were not been included because the peak was indistinguishable from the glutamine 

peak, and the combined peak had a much higher concentration than all other amino acids. 

In all three cases, none of the amino acids with an initial concentration greater then 25 

mg/L were depleted, although they did decrease more noticeably in NHSCM than in 

NMSCM. For murine cells in NMSCM, aspartic acid and glutarnic acid were both 

depleted by 135 hours, and danine was produced within 24 hours of culture inoculation. 

For murine cells in NHSCM, aspartic acid and glutamic acid were depleted in 47 hours. 

Furthermore, by 120 hours, glycine and asparagine had also depleted. It should be noted 

that the serine concentration undenvent a steep decline after 120 hours, and the alanine 

which was produced appears to have been consumed. For the human cells, glutamic acid 

and aspartate were both depleted w i t .  47 hours, with the depletion of asparagine 

becoming apparent at approximately 120 hours. Again, alanine was produced, but in this 

case, the serine levels did not decrease. 



24 48 72 96 120 144 168 

Time (h) 
- 

-ASP + Glu 4 Asn 
4 Ala -t- Ser + Gly 

Figure N.37: The amino acid profile over time in NMSCM used to grow murine stem 
cells. Nunc T-25 flasks were inoculated at 75,000 ceUs/mL and incubated at 3 7 O C  in a 
water saturated atmosphere containing 5% CO,. Shown are the amino acids that had 
initial concentrations under 25 mg/L,. 
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Figure IV.38: The amino acid profile over time in NMSCM used to grow murine aem 
cells. Nunc T-25 flasks were inoculated at 75,000 ceUs/rnL and incubated at 37°C in a 
water saturated atmosphere containing 5% CO,. Shown are the amino acids that had 
initial concentrations over 25 m@. 
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. Figure IV.39: The amino acid profile over time in NHSCM used to grow murine stem 
cells. Nunc T-25 flasks were inoculated at 75,000 ceUs/ml and incubated at 37°C in a 
water saturated atmosphere containing 5% C4. Shown are the amino acids that had 
initial concentrations under 25 mg/L. 



Figure lV.40: The amino acid profile over time in NHSCM used to grow murine stem 
cells. Nunc T-25 flasks were inoculated at 75,000 cells/mL and incubated at 37OC in a 
water saturated atmosphere containing 5% CO,. Shown are the amino acids that had 
initial concentrations over 25 mgL. 
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Figure IV.41: The amino acid profile over time in NHSCM used to grow human stem 
cells. Nunc T-25 flasks were inoculated at 75,000 ceHs/mL and incubated at 37OC in a 
water saturated atmosphere containing 5% CO,. Shown are the amino acids that had 
initial concentrations under 25 mgL. 
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Figure IV.42: The amino acid profile over time in MISCM used to grow human stem 
cells. Nunc T-25 flasks were inoculated at 75,000 ceUs/rnL and incubated at 3PC in a 
water saturated atmosphere containing 5% C4. Shown are the amino acids that had 
initial concentrations over 25 m a .  



IV.4 CONCLUSIONS 

In this chapter, the issue of biocompatibility between type of T-flask and cell growth was 

examined. It was found that the human cells preferred to grow in Nunc Flasks as opposed 

to Falcon flasks. The issue of pipette tip type during trituration was also examined. It was 

found that triturating the murine cells with VWR tips yielded better cell densities and 

viabilities than Sarstedt tips. However, the best results for human cells was achieved by 

triturating an equal number of times with VWR tips and then Sarstedt tips. 

The cell density, viability, nutrient utilization, and concentrations of metabolic end 

products were tracked for murine and human cells grown in batch experiments. The data 

were used to determine the nutrient and growth kinetics of the two cell types. The kinetics 

for human cells in NMSCM were not calculated since that medium was unable to support 

their growth. In general, the cells were found to consume only a very small fraction of the 

initial glucose and glutamate in the medium. Since glucose and glutamine levels are 

known to influence the rate of glycolysis, glutaminolysis, and the production rate of 

toxins such as lactate and ammonia, further studies into the optimization of the 

concentration of these two macronutrients will be conducted. Furthermore, in all three 

cultures, amino acid depletion was observed. Amino acid supplementation studies will be 

conducted to determine if their depletion limits the growth in the culture. 



BASAL MEDLA SELECTION 

v.l OVERVIEW 

A total medium is made up of two components: a basal medium, and a goup of 

supplements. In this chapter, various basal media were tested for their ability to maintain 

the growth and enhance the proliferation of neural stem cells in vitro. No one single 

medium was able to achieve this. However, when specific media were blended, the best 

combination of basal media for the gowth of murine and human cells in human medium 

was DMEMIFl?. which is the base for the already existing NHSCM. However, murine 

cells in murine medium grew the best in a combination of RPMI/DMEM/FlZ. The 

murine cells were tracked in this medium over several days, and the nutrient kinetics 

were found to be similar to those of murine cells in NMSCM. Once again, only a very 

small bct ion of the initial glucose and glutamine were consumed. Finally, glutamate and 

aspartate were found to be the only amino acids to be depleted fiom the medium. 

However, their depletion occurred many hours after the cell growth curve had peaked. 

Thus, it is unlikely that their depletion limited the proliferation in this culture. 



V.2 INTRODUCTION 

A complete cell culture medium is composed of a basal medium to which a group of 

supplements have been added. A basal medium is a defined mixture of chemicals 

necessary for the cultivation of cells in vim. The selection of an appropriate basal 

medium is very important since it is the initial step towards the development of a suitable 

final growth medium. The first defined basal medium was published by Eagle (1955) for 

the growth of mammalian cells. Since that time, numerous basal media formulations have 

been developed, either independently or through modifications to Eagle's medium, for 

the growth of specific cell lines or cell types. However, no basal medium has yet been 

developed specifically for the growth of neural stem cells. 

For this study, six different commercially available basal media were evaluated. Since 

there were no prior reports on the proper choice of a basal medium for neural stem cells, 

commonly used media developed for several different cell types were chosen. These are 

listed in Table V. 1. 

Table V.l: A list of basal media that were evaluated for their ability to sustain the growth 
and proliferation of neural stem cells in vino. Shown in this table are the cell types that 
the media were originally designed for, and the corresponding reference. 

Basal Medium 
DMEM 

F12 
IMDM 

RPM 1640 
MCDB 1 10 

QBSF60 

Original Cells 
Murine Embryo Cells 
CHO Cells 
Murine B-Lymphocytes 
Normal Human Leukocytes 
Human Diploid Fibroblasts 

Human BM CD34' Cells 

Reference 
Dulbecco and Freeman, (1 959) 
Ham, (1965) 
Iscove and Melchen, (1978) 
Moore et al., (1967) 
Bettger et al., (1 98 1) 
Quality Biological Inc., Gaithersburg, 



The components making up these media are shown in Table V.2. It should be noted that 

the components of QBSF60 are not listed because it has a proprietary formulation not 

disclosed by the manufacturer, and DMEM2 (a variant of DMEM) is listed since it will 

become relevant in Chapter VI. In general, basal media ingredients can be divided into 

four groups. Inorganic salts and trace elements are included to provide adequate 

buffering, proper osmolality, and supply molecules which often act as cofactors. Amongst 

the selected media, MCDB has the greatest number of trace elements, whereas IMDM has 

the lowest NaCl concentration. Amino acids are necessary since they are building blocks 

of proteins, and as a group, form the second largest supply of reduced carbon. DMEM has 

the largest overall amino acid concentration followed by RPMI. MCDB 110 and F12 

have the lowest concentrations with almost identical amino acid profiles. Vitamins are 

essential for many functions. For example, folic acid derivatives and vitamin B12 are an 

integral part of sulfur amino acid metabolism, fatty acid metabolism, and incorporation of 

precursors into DNA. However, it should be noted that the exact role played by an 

individual vitamin depends on the cell type, the type of medium. Finally, the remaining 

components have been classified under 'Other Components'. They include carbohydrates 

such as glucose and pyruvate, fatty acids such as lipoic and linoleic acid, and the pH 

indicator phenol red. The inclusion of fatty acids in F12 makes it a lipid rich medium that 

is recommended for use in serum free medium development. 

V.3 EXPERIMENTAL SETUP 

The media were all prepared separately as described in Chapter 1'1, and supplemented 

with BSS, HM, and EGF. The human media were further supplemented with the 

proprietary NeuroSpheres Ltd. cocktail. In addition to testing each medium alone, various 

combinations were also evaluated. These are listed in Table V.3. Due to time constraints, 

every possible combination could not be evaluated. The combinations which were 

selected were those composed of the most commonly used basal media F12 was included 

in every combination due to its lipid rich content It should be noted that the basal media 



Table V.2: The composition of the commercially available basal media that were 
evaluated. QBSF60 is not shown since it has a proprietary formulation. 
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Table V.2 Continued.. . 

combination DMEM/F12 is used to make NHSCM and NMSCM. Thus, DMEM.12 

murine medium refers to NMSCM, and DMEM.12 human medium refers to NHSCM. 

The media were evaluated by measuring the effective doublings (ED) and the viability 

during several subcultures in Nunc T-25 flasks. The murine cultures were subcultured a 

maximum of 8 times with each subculture lasting 5 days. The human cells were 

subcultured a maximum of 5 times, with each subculture lasting 10 days. Unless 

otherwise stated, all subculturing was done with an inoculation density of 75,000 

ceLls/mL, and the flasks were incubated at 37°C in a humid atmosphere with 5% C 4 .  
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Table V.3: The different combination of basal media 
tested and their volumetric ratios. 

V.4 EXPERIMENTAL RESULTS AND DISCUSSION 

Basal Medium 
DhGME12 
RPMIE 12 

V.4.1 Murine Cells in Murine Media 

The number of effective doublings for murine cells in different murine media and their 

corresponding viabilities are shown in Figures V. 1 and V.2 respectively. It is unclear why 

there was a general decline in the effective number of doublings during the fist three 

subcultures, or why the viabilities were so variable during that same time period. 

However, by the third subculture, a clear pattern was emerging. Overall, the best basal 

medium for murine cells in murine media was found to be RPMUDMEM/F12 which had 

an average effective number of doublings greater than 2, and a viability between 65% and 

70%. These cells appeared to be slightly larger than the cells in the other media, and 

seemed to be produce less ECM based on visual observations which revealed looser 

aggregates. It is interesting to note that the cells did not do that well in DMEM'FIZ 

which is the same medium as NMSCM. In this medium, the cells stabilized at an ED of 

just greater than 1, and the viability continually dropped, until it was below 45% by the 

eighth subculture. The evaluations of RPMVFl2 and RPMIIIMDMIFIZ were 

discontinued prior to eight subcultures because the ED were low relative to some of the 

VoIametric Ratio 
1:l 
1 : 1 

IMDM.12 
MCDBR12 

QBSF60/F 12 
RPMUDMEME12 
RPMI/IMDM/F 12 

IMDM/DMEM/F 12 

1:l 
111 
1 : 1 

1:1:1 
1:I:l 
1:1:1 



Subculture Number in New Basal Media 

Figure V.l: The effective doublings over the come of eight subcultures for murine 
neural stem cells in different murine media. The cells were grown in Nunc 1-25 Flasks. 
Each subculture was inoculated at 75,000 ceUs/mL, and incubated for 5 days at 37OC in a 
water saturated atmosphere containing 5% CQ. 
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Subculture Number in New Basal Media 

+ NMSCM + RPMIF12 
+ RPMI/IMDM/F 12 -+ RPMI/DMEM/F 12 
+IMDM/F12 * IMDM/DMEM/F 12 

Figure V.2: The viability over the course of eight subcultures for murine neural stem 
cells in different m u k e  media. The cells were grown in Nunc T-25 Flasks. Each 
subculture was inoculated at 75,000 ceUs/mL, and incubated for 5 days at 37OC in a water 
saturated atmosphere containing 5% CO,. 



other combinations. Ordinarily the RPMUF 12 evaluation would not have been terminated 

due to the relatively high viabilities. However, the cells in the RPMI/F12 culture were 

attaching to the T-flask, and raking on the morphology of differentiated cells. The results 

are not shown for any single basal medium done, or for any medium containing QBSF60 

or MCDB since cell growth could not be sustained in any of these cultures. 

V.4.2 Murine Celis in Human Media 

The results for murine cells in human media are shown in Figures V.3 and V.4. The best 

medium in this case was DMEMIF12 (NHSCM). The average ED value was 3.6 and the 

average viability was 77%. Again, for the results shown, RPMI/IMDM/F12 had the worst 

ED and viability. RPn/fI/F 12, despite having a high viability, again had a relatively low 

ED, and showed some degree of cell attachment, although it was less than that observed 

in the corresponding murine medium. The results for individual basal media and certain 

combinations are not shown since either the cell growth in them was significantly lower 

than that for the presented data or nonexistent. 

When comparing these results to those of rnurine cells in murine medium, it is obvious 

that the cells grew to a much higher cell density, and had a better viability in human 

medium. However, the only difference between the human and murine media was the 

addition of the NeuroSpheres proprietary supplementation mixture which is a 

combination of growth factors and proteins (NeuroSpheres Ltd., personal 

correspondence). Since the supplementation did not add any nutrients to the media, the 

nutritional content of the murine media and the human media were identical. Thus, it may 

be postulated that the lower cell density in murine medium was not due to any nutritional 

deficiency. Rather, the supplementation just enhanced the utilization of the existing 

nutrients. 



Subculture Number in New Basal Media 

+ NHSCM +RPMI/F12 
4 RPMI/IMDM/F 12 + RPMI/DMEM/F12 
+ IMDMR12 * IMDM/DMEM/F12 

Figure V.3: The effective doublings over the course of eight. subcultures for murine 
neural stem cells in different human media. The cells were grown in Nunc T-25 Flasks. 
Each subculture was inoculated at 75,000 cells/mL, and incubated for 5 days at 37'C in a 
water saturated atmosphere containing 5% CO,. 



Subculture Number in New Basal Media 

Figure V.4: The viability over the course of eight subcultures for rnurine neural stem 
cells in different human media The cells were grown in Nunc T-25 Flasks. Each 
subculture was inoculated at 75,000 cells/mL, and incubated for 5 days at 37°C in a water 
saturated atmosphere containing 5% C4. 



V.43 Human Cells in Human Media 

The basal media evaluation results are shown in Figures V.5 and V.6. In this case, based 

on the resuits presented, the best media would appear to be RPMI/FIZ. Although there 

was an unexplained drop in the ED during the first 3 subcdtures, the final cell density 

was still higher than in the other human media Furthermore, the viability in RPMW 12 

was sigdicantly higher than in all of the other cultures, and exceeded the viability in 

NHSCM by over 40% by the fifth subculture. The morphology of the cells during the 

first few subcultures was also different. M e a d  of the tight spheroids present in NHSCM, 

the cells were in loosely packed, non-spherical, suspended aggregates. Furthermore, 

unlike in the other cultures, no significant cellular debris was evident in the T-flask, or 

during the cell count on the hemocytometer. However, over the course of the experiment, 

the number of cells in suspension continually decreased, and by the fifth subculture, all of 

the cells had attached to the T-flask and displayed differentiated morphologies. Since the 

objective of this experiment was to find the best basal medium for suspension culture, the 

use of RPMI/F I2 was unfortunately abandoned. By excluding RPMI/F12 as a potential 

medium, the next best candidates based on ED were DMEMR12 and RPMI/DMEM/F12 

which both had very similar cell growth patterns, including low viabilities. To distinguish 

between the two cultures, visual observations were used. It was found that in those 

cultures that contained RPMI/DMEM/FIZ, the amount of visible debris in the T-flasks 

was greater than in the DMEM/FIZ cultures. This was also evident when counting the 

cells since the debris appeared as trypan blue saturated particles. Thus, it was concluded 

that DMEME 12 (NHSCM) was the best basal media combination (in the presence of the 

given supplements) amongst those evaluated for the growth of human neural stem cells. 

V.4.4 Characterization in New Basal Medium 

Prior to conducting any supplementation studies, it was decided that it was necessary to 

characterize the stem cells in the new basal medium. Characterization was not necessary 

for murine and human cells in human medium since it was determined that DMEMF12 



Subculture Number in New Basal Media 

Figure V.5: The effective doublings over the course of five subcultures for human neural 
stem cells in different human media The cells were grown in Nunc T-25 Flasks. Each 
subculture was inoculated at 75,000 cells/ml, and incubated for 10 days at 37°C in a 
water saturated atmosphere containing 5% CO,. 



Subculture Number in New Basal Media 

Figure V.6: The viability over the course of five subcultures for human neural stem cells 
in different human media. The cells were grown in Nunc T-25 Flasks. Each subculture 
was inoculated at 75,000 cells/ml, and incubated for 10 days at 3PC in a water saturated 
atmosphere containing 5% C4. 



was the best medium for these cells, and the cells had already been characterized in that 

medium (Chapter TV). Thus, only the results for mlnine cells in murine 

RPMI/DMEM/F12 are presented here. Murine cells in NMSCM were grown alongside 

the RPMI/DMEM/F 12 cultures so that a direct comparison could be made with reference 

to cell density and viability. 

The cell density, growth rate, and viability data are presented in Figures V.7 through V.9. 

It is evident that the cell density achieved in murine RPMVDMEMIF12 was somewhat 

greater than that in NMSCM. -4lthough the growth rate of 0.0184 h ' l  was slightly lower 

than the growth rate of 0.0195 h" in NMSCM, the measured exponential phase was 115 

hours as opposed to 103. These extra few hours allowed for a higher cell density to be 

achieved. The viability in rnurine RPMI/DMEM/Fl2 was greater by over 10% during 

exponential growth. However, this difference decreased to approximately 5% during the 

death phase since the viability in RPMVDMEMF 12 decreased prior to the end of the 

exponential phase. The rate of decline in viability in the two cultures was similar. 

As expected, glucose and glutamine were consumed as shown in Figure V.10 and lactate 

and ammonia were produced as shown in Figure V. 1 1. Based on this data, the glucose 

uptake rate for murine cells in murine RPMI/DMEM/F12 medium was calculated to be 

4.70~10'" g/cell.h (R' = 0.946), the glutamine uptake rate was 2.64~10.'~ g/cell.h (R' = 

0.846). The average specific lactate production rate was 1.86~10'" g/cell.h (R2 = 0.954) 

and the average specific rate of ammonia produced as a result of giutaminolysis was 

1.35x10*" g1cell.h (R' = 0.953). Contributions to the ammonia from other sources is 

shown in Table V.4. Furthermore the YlUIdc and Y-,& yield values were calculated to be 

0.77 1 m o h o l  (R' = 0.984) and 0.364 mol/mol (R' = 0.90) respectively. These results are 

comparable to those obtained for murine cells in Chapter IV. 
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-Trend (Murine in Murine R/D/F) -Trend (Murine in NMSCM) 

Figure V.8: The exponential growth rate over time for murine neural stem cells in 
murine RPMI/DMEM/F12 and NMSCM. The cells were grown in Nunc T-25 flasks. 
After being inoculated at 75,000 cells/ml, the flasks were incubated at 37°C in a water 
saturated atmosphere containing 5% COP 
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Figure V.10: The glucose consumed and the lactate produced over time by murine neural 
stem cells in murine RPMI/DMEM/FIZ. The cells were grown in Nunc T-25 flasks. After 
being inoculated at 75,000 ceUs/mL, the flasks were incubated at 37'C in a water 
saturated atmosphere containing 5% COz. 
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+ G f utamine 4 Ammonia 

Figure V.ll: The glutamhe consumed and the ammonia produced over time by murine 
neural stem cells in murine RPMIfDMEMR12. The cells were grown in Nunc T-25 
flasks. After being inoculated at 75,000 cells/mL., the flasks were incubated at 37OC in a 
water saturated atmosphere containing 5% C02. 



Integral of Viable Cell Density (cell.h/L) 

Glucose Glutamine - - - Trend (Glutamine) - Trend (Glucose) 

Figure V.12: The average specific cellular glucose uptake rate and the average specific 
glutamine uptake rate for murine neural stem cells in murine RPMUDMEM/FIZ. The 
cells were grown in Nunc T-25 flasks. After being inoculated at 75,000 ceLls/mL, the 
flasks were incubated at 37°C in a water saturated atmosphere containing 5% CO,. 
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Figure V.13: The average specific lactate production rate and the average specific 
cellular ammonia production rate for murine neural stem cells in murine 
RPMI/DMEM/FIZ. The cells were grown in Nunc T-25 flasks. After being inoculated at 
75,000 cells/mL, the flasks were incubated at 37°C in a water saturated atmosphere 
containing 5% CO,. 



Figure V.14: The yield of lactate fiom glucose consumed by murine neural stem cells in 
murine RPMI/DMEMIFIZ. The cells were grown in Nunc T-25 flasks. After being 
inoculated at 75,000 celIs/mL, the flasks were incubated at 37°C in a water saturated 
atmosphere containing 5% C 4 .  





Table V.4: The calculated sources of ammonia production for murine cells in 
RPMI/DMEM/F 12 murine medium. 

Parameter 
Ammonia 
fmoVJL,l 

I ConsumedProduced By Cells I 0.000759 I 0.000263 I 

I Other I 0 
I Total 1 0.00108 I 0.000845 I 

The amino acid tracking data for those amino acids with a starting concentration below 

25 mg/L are presented in Figure V.16. Figure V.17 shows the tracking data for those 

amino acids with a starting concenmtion higher than 25 mgL. Aspartic acid and 

glutarnic acid were found to be depleted by approximately 150 hours and 170 hours 

respectively. This is well after the depletion times found for the same amino acids in the 

murine cells in NMSCM culture, and can be attributed to the higher initial concentrations. 

Also, alanine was produced for approximately the fint 96 hours, and then appeared to 

decrease in concentration. None of the amino acids with a starting concentration higher 

than 25 mg/L were depleted in culture. 

V.4 CONCLUSIONS 

For murine and human cells in human media, the best basal media combination was 

found to be the DMEM/Fl2. This is the same combination found in both NHSCM and 

NMSCM. It should be noted that for the human cells, RPMI/FlZ initially seemed to give 

a superior performance in terms of cell density and viability. However, over time, the 

cells took on the morphology of differentiated cells, and thus, this basal medium 
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Figure V.16: The amino acid profile of m e e  cells in rnurine RfMVDMEM/F12. 
Shown are the amino acids with an initial concentration lower than 25 mg/L. 
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Figure V.17: The amino acid profile of murine cells in murine RPmMEMF12 .  
Shown are the amino acids with an initial concentration lower than 25 m a .  



combination was not chosen. Future work could look further into supplementing the 

RPMI/FlZ medium in such a manner so that it can maintain the growth of human neural 

stern cells. For murine cells in murine medium, the best combination was 

RPMI/DMEM/F 12. Determination of key parameters revealed that the nutrient kinetics 

were similar to murine cells in NMSCM. Furthermore, although the amino acids 

glutamate and aspartic acid eventually became depleted in the medium, they did so well 

after the growth curve had peaked. Based on these results, RPMUDMEME12 formed the 

basis for a new murine cell culture medium which was used in fbture modification and 

supplementation experiments. 



MODIFICATION OF EXISTING MEDIA 

VI.1 OVERVIEW 

This chapter examined the effect of modifying the concentration of components already 

present in the NSC media. Removing glucose and glutamine supplementation during 

media preparation was found to be beneficial for the growth of both human and murine 

stem cells. Observed trends included lower specific glucose uptake rates at lower initial 

glucose concentrations when the glutamine concentration was kept constant, as well as 

lower Ywyc values. Similar trends were not observed for glutambe when the glucose 

levels were kept constant. When the glucose and glutamine concentrations were lowered 

concurrently, the specific uptake rates of both components also decreased. The effect of 

supplementing the media with pyruvate was found to be detrimental to the growth of all 

cell types, even though, a significant proportion of the pyruvate was being consumed. 

Supplementing with amino acids was also found to be detrimental, or have no effect, with 

the one exception being aspartic acid supplementation in human cultures which increased 

the effective doublings by 10% over identical cells in NHSCM. The presence of a 

hormone mixture was found to be essential in achieving significant cell growth. Upon 

addition to the medium, the growth of murine cells effectively plateaued once a 

concentration of 10% Hormone Mix was reached, whereas the optimum level for human 

cells was 15%. Finally, a new ratio of Hepes and sodium bicarbonate in the media was 

found to improve the growth of murine cells at an initial pH of 7.49. A new ratio was not 

found for the human cells, which appear to be less sensitive to pH changes. 



VI.2 INTRODUCTION 

This chapter will examine the effects of modifying the concentrations of components 

which are already present in NMSCM, NHSCM, and murine RPMI/DMEM/F12 

VI.2.1 GIucose and Glutamine 

It is well known that glucose and glutarnine are the primary carbon and energy sources 

for mammalian cells. Their metabolic pathways are shown in Figure VI. I. Glycolysis is a 

nearly universal biochemical pathway in biological systems. It is a sequence of reactions 

that occur in the cytosol and convert glucose into pyruvate with the concomitant 

production of the energy molecule ATP. In addition to this, it also iknishes carbon 

skeletons for biosynthetic reactions. Under aerobic conditions, pyruvate enters the 

mitochondria and is completely oxidized to C02 and H,O via the TCA cycle and the 

electron transport chain (ETC). Most of the energy stored in glucose is garnered in this 

manner. One molecule of glucose metabolized via glycolysis, the TCA cycle, and the 

ETC will net 36 molecules of ATP. Under anaerobic or inadequate O2 conditions, 

pyruvate does not enter the TCA cycle. Rather, it is reduced into lactate. In addition to 

being a pH altering toxin in mammalian cultures, one molecule of glucose metabolized to 

lactate will only net 2 ATP molecules. The TCA cycle is depicted in Figure VI.2 

The primary method of glutamine metabolism is via glutaminolysis. An enzyme called 

glutamhue deaminates the glutamine to form glutamate. Glutamate is then further 

deaminated and enters the TCA cycle via a-ketoglutarate. In culhw media, glutamine 

spontaneously decomposes into pyrrolidone-carboxylic acid and ammonia. Tritsch and 

Moore (1962) found that the rate and degree of decomposition in Eagles Medium was 

dependent on pH, temperature, and the time period of incubation. After 10 days at 37°C 

and a pH of 7.2, only 30% of the initial glutamhe remained. Ozturk and Palsson (1990b) 

found that the rate of decomposition was higher in RPMI than in both IMDM and 

DMEM. 
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Figure VI.1: The glycolytic pathway showing the series of biochemical steps necessary 
to convert glucose into pyruvate. Depending on the environmental conditions, pyruvate 
can go on to form lactate, or enter the TCA cycle. 
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Figure VI.2: The TCA cycle showing how pyruvate produced during glycolysis is 
further metabolized, and how it is related to glutamine metabolism. Also shown is 
spontaneous glutamine decomposition in an aqueous environment. 



The role played by glutamine as a major energy source was demonstrated by Rietzer and 

Colleagues (1979) who used radioactive tagging in HeLa cells to show that over 50% of 

the cellular energy was provided via glutaminolysis in the presence of glucose, and 98% 

when glucose was substituted by galactose or hctose. Similar results were found for 

CHO cells (Domely and Sheffler, 1976) and murine L cells (Zielke, 1984). It was also 

determined that glutamine is involved in the regulation of DNA replication in fibroblasts 

(McKeehan, 1986), and in the synthesis and secretion of proteins in connective tissue 

cells (Handley et al., 1980). 

Since glucose and gluramine are both major nutrients, it would be reasonable to assume 

that there is a metabolic relationship between them. In 1 978, Zielke and Colleagues found 

that glucose and glutarnine utilization by cultured diploid fibroblasts was reciprocally 

regulated. In 1989, Miller and colleagues found that for hybridoma cells, the molar ratio 

of glucose consumed to glutamine consumed was equal to the glucose to glutamine ratio 

in the medium. However, Zeng and Deckwer (1995) recently pointed out that this 

'reciprocal regulation' of glycolysis and glutaminolysis in cultured cells is not valid for 

all mammalian cells. The rate of glutamine and glucose consumption were found to not 

influence one another in BHK cells (Linz et al., 1997). Rather, they found that the cellular 

yields and rates associated with glucose were determined by residual glucose 

concentrations whereas those associated with glutamine were determined by residual 

glutamine concenmtions. The effect of concentration in the medium has also been 

studied. In general it has been found that high glucose concentrations upregulate 

glycolysis and increase the production of lactate, and high glutamine concentrations have 

also been implicated in excessively high ammonia production. The formation of lactate 

and ammonia could be reduced by decreasing the initial concentrations of glucose and 

glutamine (Xie and Wang, 1994). The same investigators were able to increase the 

maximum achievable hybridoma cell density five fold by establishing a feeding protocol 

which constantly maintained low levels of glucose and glutamhe. ( X e  and Wang, 1996). 



It should be noted that the concentrations of glucose and glutamine in NHSCM and 

NMSCM are approximately 10 g/L and 0.7 g/L respectively. These values are much 

higher than most reported values. For example, the cell density of BHK-21 cells was 

increased by optimizing the media with a glucose concentration below 0.9 g/L, and a 

glutamine concentration of 0.1 5 g/L (Linz et al., 1997). The hybridoma cell line CRL- 

1606 grown by Xie and Wang (1996) showed increased proliferation when grown in 

medium where the glucose and glutamine were maintained at 0.09 g/L and 0.029 g/L. 

All of the media used in the glucose/glutamine study were prepared using DMEM2 and 

not DMEM. From Table V.2 it can be seen DMEM2 differs from DMEM in that it does 

not have any glucose, glutamine, pymvate, or phenol red. Phenol red and pyruvate were 

added to DMEM2 so that their final concentrations were the same as in DMEM. The lack 

of glucose and glutamine allowed the levels in the culture media to be better manipulated. 

VI.22 Pyrwate 

As described above, pyruvate is an important intermediate in the metabolism of glucose. 

Under various conditions, it can be converted to acetyl CoA for use in the TCA cycle, to 

lactate, or to ethanol. The use of pyruvate in medium has been found to be important in 

the growth of embryonic cultures. Pyruvate was used by Whittingham (1971) in his M16 

medium to culture mouse ova. Lawitts and Biggers (1991) showed that pyruvate was 

absolutely necessary for the culture of m o w  embryos. More recently, noninvasive 

microanalytical techniques have found that pyruvate is consumed by human embryos 

with glucose playing a greater role later on in development (Leese et al., 1993). Based on 

these studies it was decided to supplement the pyrwate in the existing medium. NHSCM 

and MISCM both contain approximately 0.06 g/L of pyruvate, whereas murine 

RPMUDMEMlF12 contains 0.040 g/L. It has been shown that pyruvate becomes 

detrimental at a concentration above 0.1 1 g/L (Lawitts and Biggers, 1 99 1). Thus, total 

initial pynnrate concentrations of 0.08 g/L and 0.12 g/L were tested. 



W.23 Amino Acids 

Amino acids are the building blocks of proteins, and due to their concentration as a group 

in medium, are the second largest reduced carbon source behind carbohydrates. In 

Chapters IV and V it was shown that certain amino acids were depleted during the batch 

runs. Based on those results, the amino acid supplementation studies were conducted as 

outlined in Table VI. 1. For each cell type and medium, the shaded areas in the table were 

tested separately and all together. For example, for murine cells in NHSCM, the effect of 

adding Asp, Asn, Glu, and Gly each alone and all together was tested. 

VI.2.4 Hormones 

The hormone mixture (HIvl) used to culture neural stem cells is based on the N2 

formulation uable II.4) developed by Bottenstein and Sato (1978) for the in vitro growth 

of the B104 rat neuroblastoma cell line. The HM is made up of the following major 

components: 

Transferrin: is a pl  globulin which is typically found in senun. It is responsible for 

transferring iron to the cells, and is an essential component in the medium for most long 

term serum fiee mammalian cultures. When the protein is not complexed to iron it is 

called apotransferrin. In addition to iron transportation, it has been reported that that 

tramfenin can upregulate DNA synthesis in mitogen stimulated lymphocytes (Brock, 

1981), as well stimulate proliferation through cell d a c e  receptors (Kovar and Franek, 

1985). TransfeRin from homologous and heterologous species have been found to be 

equally effective in cell cultures (Bjare, 1992). 

Insulin: is a peptide hormone which stimulates glucose uptake, and has been implicated 

in RNA, protein and lipid synthesis (Schubea, 1979). It is usually necessary to add 

insulin at supraphysiological concentrations approximately 1000 fold higher than in 

serum (Freshney, 1992). One possible explanation for this is that the cysteine found in 



Table VI.1: The amino acid supplementation experiments which were conducted are 
shown in the shaded areas. The initial quantities were based on the amounts reported by 
the manufacturer of the basal media. The final quantity was the total concentration 
following supplementation. Supplements were prepared as per the method listed in 
Chapter III. 

media reduces the disulfide bonds, thereby inactivating the insulin's growth promoting 

activities (Bottenstein and Sato, 1979). 
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Selenium: is believed to be an essential nutrient for many cell lines. It may also act as an 

antioxidant, and protect the cells against peroxide and superoxide radicals. It is typically 

toxic at elevated levels (Bottemtein and Sato, 1979). 

Progesterone: is a steroid hormone which is known to affect electrical activity in the 

CNS, behaviom, and maintain pregnancy. Based upon studies of steroid hormone 

receptors, it has been found that steroid hormones act as enhancers of transcription 

(Stryer, 1988). Progesterone has also been shown to act as a growth stimulator for the 

M2R mouse melanoma line as well as the B 104 cell line (Bottenstein and Sato, 1979). 
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Putrescine: is a nonprotein nitrogenous base that acts as a precursor for polyamines such 

as spermine and spermidine. There is also believed to be a developmental correlation 

since the concentration in the fetal rat brain is approximately 50 fold higher than in the 

adult rat brain. Thus, it may be linked to a high rate of cell proliferation. Putrescine has 

also been shown to be growth stirnulatory for the B104 cell line as well as other 

mammalian cell lines, and it has been postdated that it does this by taking over the role 

of a serum hormone whose mechanism of action involves polyamines (Bonemein and 

Sato, 1979). 

Technically speaking, the best way to determine the effect of the above compounds on 

human and murine neural stem cells would have been to test each component separately. 

However, this was not possible due to time and resource constraints. Instead, the effect of 

varying the concentration of the hormone mixture in the medium was studied. 

VI.2.5 Buffers 

The issue of pH maintenance in cell culture media is important because many 

biochemical reactions are very sensitive to changes in the hydrogen ion concentration. 

Thus, it is somewhat ironic that many of these same reactions actually produce or 

consume hydrogen ions. Because of this constant flux in the pH, it is necessary to add 

components to the media which can undergo reverse protonation. These substances are 

known as buffers. By definition, a buffer solution is one that contains a weak acid and its 

conjugate weak base. One of the first buffers to be used in cell culture systems was 

sodium bicarbonate (NaHCO,) with an exogenous source of CO,. However, one problem 

with using NaHCO, alone is that the optimal buffering range of carbonic acid at 37°C is 

lower @4, = 6.2) or higher @k, = 10.2) than the physiological range of 7.0-7.4 (Taylor, 

1981). In order to remedy this, Good and Colleagues (1966) developed Zwitterionic N- 

substituted aminosulfonic acids. A zwitterion is an ion which has both a positive and a 

negative charge on the same species. Of all the substances developed by Good et al., the 



most successful has been N-hydroxyethylpiperazine-N'-ethanesulfonic acid, more 

commonly known as Hepes. At 20°C, this buffer has been shown to have a pk, of 3.0, 

and a pk,  of 7.55 which makes it useful in the 7.0 to 8.0 pH range (Vasconcelos et al., 

1996). Neural stern cell media contains both sodium bicarbonate and Hepes. 

In cell cultures, the presence of certain buffers are known to be toxic to some cell lines, 

and non-toxic buffers may become detrimental at elevated concentrations (Ferguson et 

al., 1980). Thus, in this chapter, the effect of altering the pH by changing the 

concentrations of NaHCO, and Hepes was investigated. Earlier in this thesis (Chapter 

TV), concentrated HCl and NaOH were used to modify the inoculation pH. From that 

study it was determined that the proliferation of murine and the human neural stem cells 

was not adversely affected between an initial pH window of 7.2 to 7.6. However, whereas 

HCl and NaOH have the ability to c h g e  the initial pH, they do not have any buffering 

capacity and thus are not efficient at pH maintenance. Sodium bicarbonate and Hepes are 

better able to maintain an initial pH setpoint as dictated by their ratio. 

VId EXPERIMENTAL RESULTS AND DISCUSSION. 

VI.3.1 Glucose and Glutamine 

From Figures VI.3 through VI.5 it is evident that altering the initial glucose and 

glutamine concentrations does have an effect on the viable cell density of neural stem 

cells in culture. For murine cells in RPMVDMEM/F12, when the glutamhe was 

maintained at 0.6 g L  (high), a decreasing glucose concentration appeared to slightly 

increase the measured ED. When the glucose concentration was maintained at 8.0 g/L 

(high), lowering the glutamine concentration appeared to be detrimental. However, 

lowering both the glucose and glutamine concentration simultaneously lead to an increase 

in both the ED and the viability of the cells. For the murine/NHSCM system, maintaining 

a high glutamine concenmtion while altering the glucose concentration appeared to have 

no effect on the cells. However, when the glucose concentration was held constant and 
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Figure VI3: The effect of modifying the glucose and glutamine concentration both alone 
and simultaneously on the ED and viability of rnurine cells in RPMVDMEM2/F12. The 
cells were grown in Nunc T-25 flasks. After being inoculated at 75,000 cells/mL, the 
flasks were incubated for 5 days at 37OC in a water saturated atmosphere containing 5% 
co*. 
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Figure VI.4: The effect of modifying the glucose and glutamine concentration both alone 
and simultaneously on the ED and viability of murine cells in NHSCM made with 
DMEM2. The cells were grown in Nunc T-25 flasks. After being inoculated at 75,000 
ceUs/mL, the flasks were incubated for 5 days at 37°C in a water saturated atmosphere 
containing 5% C4. 
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Figure VI.5: The effect of modifying the glucose and glutamine concentration both alone 
and simultaneously on the ED and viability of human cells in NHSCM made with 
DMEM.2. The cells were grown in Nunc T-25 flasks. After being inoculated at 75,000 
ceWmL, the flasks were incubated for 10 days at 3TC in a water saturated atmosphere 
containing 5% COP 



the glutamhe concentration was lowered, it was accompanied by a slight decrease in cell 

density, although the viability was not affected. As with the murine cells in 

RPMUDMEMUF12, the best results were obtained by the simultaneous lowering of both 

glucose and glutamine. Finally, for the human/NHSCM system, the result of lowering the 

glucose concentmtion while maintaining high glutamine levels was beneficial, whereas 

no trend was observed for the converse situation. Again, the most beneficial scenario was 

when both the glucose and glutamine were initially at low concentrations. 

Table VI.2 s m e s  some of the kinetic data derived fiorn this experiment. In all three 

cases, the average specific uptake rate of glucose declined with decreasing glucose levels 

when the glutamine concentrations were kept constant. The yield of lactate fiom 

ammonia also declined. These results are consistent with studies described above which 

found that the glucose concentration can s e c t  the rate of glycolysis and lactate 

production. The same trends were not seen for glutamine, and it appears as though, in 

general, the concentration of glutamine does not have any obvious consequence when the 

glucose concentration is maintained at a high level. However, when the glucose 

concentration was lowered together with the glutamine concentration, both the glucose 

and glutamine uptake rates decreased simultaneously, together with a drop in the Ywd, 

values. However, once again no conclusions could be drawn based on the ammonia yield 

data. Based on these results, it would be prudent to decrease the glucose and glutamine 

concentrations in the medium to decrease their uptake rate, and the production of lactate. 

In each of the above experiments, modifying the concentrations of the macronutrients 

resulted in a decrease in the osmolality. To eliminate any osmolality effects, the 

osmolality of each medium had been adjusted to approximately 337 mOsm/kg H,O (the 

omolality of the medium with the highest concentration of both glucose and glutamine) 

with NaCl prior to the experiment. During the batch studies described in Chapter IV, it 

was observed that lowering the osmolality in the range tested was beneficial for the 



Table V1.2: A summary of the kinetic data derived fiom the experiment studying the 
effect of varying the concentrations of glucose and glutamine. 

growth of the murine and human cells. However, in those cases it was not possible to 

decrease the osmolality below 337 mOsmlkg H,O since it would involve reducing the 

concentration of one or more components in the medium. Based on the results obtained in 

this giucoselglutamine study, it was decided to test the effect of not adjusting the 

osmolality. Figure VI.6 shows the effect of growing murine and human cells in NHSCM 

with an osmolality of approximately 295 rnOsmAcg H,O, and murine cells in 

RPMI/DMEhWFl2 at 280 mO&g H,O. Growing the mouse cells in media with lower 
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Figure VI.6: The effect of not adjusting the osmolality to 337 mO&g H,O. The 
NHSCM shown was made with DMEM2. Unadjusted osmolality of RPMI/DMEM2/Fl2 
was 280 mOsm/kg H,O and MISCM was 295 mOsmflcg H,O. The cells were grown in 
Nmc T-25 flasks. After being inoculated at 75,000 ceUs/ml, the flasks were incubated at 
37°C in a water saturated atmosphere containing 5% CO,. The murine cells were 
incubated for 5 days whereas the human cells were incubated for 10 days. 



osmolalities appeared to be beneficial since it resulted in noticeably higher ED values, 

and approximately a 5% increase in the viability. The results for the human cells were 

less pronounced, but definitely showed that a low osmolality was not harmful, and thus, 

adjustment was not necessary. It is often the case that cells in vitro exist best in a medium 

with an osmolality similar to their environment in vivo (Waymouth, 198 1). In 1993, 

Brewer and Colleagues found that neurons, which reside in the same environment as 

NSC, grew better at 235 mOsm/kg H20 than at 335 mOsm/kg H,O. This would suggest 

that cells fiom the C N S  prefer to reside in environments which have an osmoldity lower 

than that found in most mammalian sera. However, it should be noted that the osmolality 

itself does not cause proliferation. Rather, it provides an appropriate environment in 

which the mitogens and nutrients can affect the cells. 

VI3.2 Pymvate Supplementation 

The effects of pyruvate supplementation are shown in Figure W.7. For all of the cell 

cultures, the addition of pyruvate resulted in a decline in the ED, with the effect being the 

least pronounced for human cells. This trend was also evident for the viability, although 

the viability of human cells in the c u l m  with the highest pyruvate concentration slightly 

increased. These results would indicate that p p v a t e  is toxic for neural stem cells, even 

at low quantities. Thus, it was surprising to h d  that the cells actually consumed some of 

the pyruvate as shown in Table VI.3, and with overall specific uptake rates higher than 

Table VI3: The percent of initial pyruvate consumed (% Pyr. Consurn.) and the specific 
pyruvate uptake rate for human and murine neural stem cells. 
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Figure VI.7: The effect of supplementing RPMI/DMEM/FlZ, and both NMSCM and 
NHSCM with pywate. The RPMUDMEMlF12 base medium contains 0.04 g/L of 
pyruvate whereas NMSCM and NHSCM both contain 0.06 g/L. The cells were grown in 
Nunc T-25 flasks. After being inoculated at 75,000 ceUs/mL, the flasks were incubated at 
37OC in a water saturated atmosphere containing 5% C4. The murine cells were 
incubated for 5 days whereas the human cells were incubated for 10 days. 



that of glucose and glutamine. It is possible that although toxic at higher levels, the cells 

can utilize pyruvate when in an appropriate concentration range. This would make it a 

candidate for further study in a perfusion bioreactor system where the pyruvate 

concentration can be maintained at low levels throughout the run. 

W3.3 Amino Acid Supplementation 

The results for the amino acid supplementation study are presented in Figures VI.8 

through V1.11. It had been thought that the depletion of certain amino acids would 

negatively impact the maximum achievable cell density, and that supplementation with 

these amino acids would increase the productive Life of the cultures. This was not found 

to be the case for murine cells in any of the media In fact, supplementation with Asp had 

no effect, whereas if Glu, Asn, Gly, or all of the amino acids in combination, were added, 

it was slightly detrimental for cell proliferation. However, for the human cells, 

supplementation with aspartic acid did make a noticeable difference and increased the 

number of effective doublings by approximately 0.35 over the level achieved in MISCM. 

One explanation for these results is that the amino acids were added at levels that were 

toxic for the cells, although they were far below the concentration of most of the other 

amino acids in the media With regard to Glu, its depletion from the culture medium was 

detected using HPLC. However, when measuring Glu using the YSI analyzer, it was 

observed that Glu was present in residual qut i t ies  throughout the batch runs described 

in Chapter TV. It is possible that glu was not actually depleted from the medium. Rather, 

over time it decreased to levels that were below the detection threshold of the HPLC 

detector, but not the YSI analyzer. The most likely source of the Glu was spontaneous 

decomposition of Gln in the medium. If this were the case, supplementation with 

glutamate would not be necessary as long as the decomposition of glutamine equaled or 

outpaced the glutamate consumption rate. Similar comments can not be made about the 

remaining amino acid supplements since they were only measured using HPLC. 
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Figure VI.8: The effect of supplementing specific amino acids on the ED and viability of 
murine cells in NMSCM. The cells were grown in Nunc T-25 flasks. After being 
inoculated at 75,000 ceils/mL, the flasks were incubated for 5 days at 370C in a -water 
saturated atmosphere containing 5% CO, 
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Figure VI.9: The effect of supplementing specific amino acids on the ED and viability of 
rnurine cells in RPMVDMEME12. The cells were grown in Nunc T-25 flasks. After 
being inoculated at 75,000 celIs/mL, the flasks were incubated for 5 days at 37°C in a 
water saturated atmosphere containing 5% C4. 
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Figure VI.10: The effect of supplementing specific amino acids on the ED and viability 
of murine cells in NHSCM. The cells were grown in Nunc T-25 flasks. After being 
inoculated at 75,000 cellslml, the flasks were incubated for 5 days at 37OC in a water 
saturated atmosphere containing 5% CQ. 
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Figure VI.ll: The effect of supplementing specific amino acids on the ED and viability 
of human cells in NHSCM. The cells were grown in Nunc T-25 flasks. After being 
inoculated at 75,000 cells/&, the flasks were incubated for 10 days at 37°C in a water 
saturated atmosphere containing 5% CO,. 



V13.4 Hormone Mixture Levels 

The effects of varying the hormone mixture concentration in the media are depicted in 

Figure VI.12. In all cases, the absence of the HM resulted in low, or negative ED values. 

It should be noted that a lot of debris was observed in the media even though the cell 

viabilities were not extremely low. These observations can be explained if it is assumed 

that a large proportion of the dead cells underwent lysis thereby releasing their contents, 

including inbacellular pools of HM components, into the media This would have 

allowed modest growth to occur. The absence of intact dead cells would also increase the 

apparent viability of the culture, and result in significant quantities of cellular debris. It 

may be argued that lysis occurred in every culture. Whereas this may be true, the impact 

of dead cell lysis would be greatest in a culture which had a low cell density. 

Overall, for the murine cells, there were no significant increases in the ED values for 

those cultures which had greater than 10% HM in the medium. Also, qualitative 

assessments indicated that those murine cultures with less than 10% HM were not as 

healthy in appearance. The viability showed slight increases up to 15%, but then 

decreased at 20%, possibly because one or more of the components in the HM reached 

toxic levels. For the human cells, the peak occurred at 15% HM. The maximum human 

viability of 52% occurred in 20% HM, but was not significantly higher than in the other 

HM containing media 

VI3.5 Buffer Lev& 

Finally, the effects of varying the pH on the proliferation of murine and human cells are 

shown in Figures VI.13 and VI.14 respectively. Table VI.4 shows the different initial pH 

values, and the corresponding levels of NaHCO, and Hepes. AU of the media were 

adjusted with NaCl to an osmolality of 337 mOsm/kg H,O. It should also be noted that all 

initial pH values were measured after the medium had been incubated for 24 hours at 

37°C in 5% COP It is obvious that altering the pH of the media had an effect on both cell 

types. M u h e  cells prolifkrated between pH 7.31 and 7.77. Within this range, the 
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Figure VI.12: The effect of varying the percentage of hormone mixme in the media on 
murine and human neural stem cells. The cells were grown in Nunc T-25 flasks. After 
being inoculated at 75,000 ceWml, the flasks were incubated at 37°C in a water 
saturated atmosphere containing 5% C4. The murine cells were incubated for 5 days 
whereas the human cells were incubated for 10 days. 
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Figure VI.13: The effect of varying the pH on the proliferation of muke  neural stem 
cells in RPMIIDMEM/FIZ. The pH was varied by altering the levels of Hepes and 
sodium bicarbonate in the medium. The w e  showing a pH of 7.26 contained the same 
amount of Hepes and sodium bicarbonate as found in NHSCM. The cells were grown in 
Nunc T-25 flasks. Following inoculation at 75,000 ceIls/ml, the flasks were incubated 
for 5 days at 37OC in a water saturated atmosphere containing 5% CO,. 



7.89 7.75 7.60 7.50 7.27 7.06 6.51 6.50 7.23 

Initial pH 

I Doublings A Viability 

Figure VI.14: The effect of varying the pH on the proliferation of human neural stern 
cells in NHSCM. A NHSCM stock solution was initially made without any Hepes or 
sodium bicarbonate. The different media shown in the graph were produced by 
supplementing the stock solution with various amounts of Hepes and sodium bicarbonate. 
The case showing a pH of 7.23 contained the same amount of Hepes and sodium 
bicarbonate as found in normal NHSCM. The cells were grown in Nunc T-25 flasks. 
Following inoculation at 75,000 cells/mL, the flasks were incubated for 10 days at 37OC 
in a water saturated atmosphere containing 5% C4. 



Table VI.4: The amount of Hepes and sodium bicarbonate added to the base media for 
murine and human cells, and the resulting pH values. For murine cells the base medium 
was RIPMI/IDMEM/F12 and for human cells the base medium was NHSCM. In both cases 
the base media were made as concentrated stock solutions without any Hepes or sodium 
bicarbonate. Medium 9 contained the same amount of Hepes and sodium bicarbonate 
normally added to NHSCM and NMSCM. 

maximum growth was realized at an initial pH of 7.49. Outside of this range, the h a 1  cell 

densities were lower than the inoculation densities. Furthermore, the proliferation and 

viability in medium 4 (pH 7.49) were greater than that in medium 9 (pH 7.26) which 

contained the same level of Hepes and sodium bicarbonate as NHSCM and NMSCM. 

This would suggest that the murine cells prefer the concentrations of sodium bicarbonate 

and Hepes found in medium 4. 

The human cells showed an optimum pH range fiom 7.27 to 7.60, although proliferation 

was still observed at pH values of 7.06 and 7.75. This interval is larger than for murine 

cells indicating that the human cells are less sensitive to decreasing pH values. Also, the 

growth and viability within the opthum pH range was not significantly different than 
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that in medium 9 (pH 7.23). Lastly, the final pH values measured at the time of cell 

harvesting are presented in Table VI.4. These values were measured after cell removal 

and subsequent incubation in 5% CO, for 2 hours at 37°C. They show that in both the 

murine and human cultures, the pH did not change sigmficantly over the course of the 

experiment. 

VI.4 CONCLUSIONS 

From the data presented in this chapter, it is evident that by changing the concentration of 

glucose and glutamine, noticeable increases can be made to the achievable cell density. 

Lowering the glucose concentration resulted in a lower consumption rate as well as a 

lower yield of lactate from glucose. This generahation can not be made for glutamine 

since the yield of ammonia fiom glutamine did not seem to be dependent on the 

glutamine concentration. Furthermore, by lowering the concentration of these 

macronutrients, it is possible to lower the osmolality to levels which appear to be better 

for cell growth. 

Supplementation of the media using pyruvate did not enhance cell growth, and actually 

proved to be detrimental. However, the results also indicated that the cells consumed a 

sigmficant proportion of the pyruvate available. Thus, it is possible that the supplemented 

p p v a t e  concenmtion was too high and became toxic for the cells. Future studies could 

be conducted in a perfision system where the concentration of pyruvate can be 

maintained at a low and constant level. Surprisingly, supplementation with amino acids 

was found to have no effect or a negative effect with the only exception being the positive 

impact that aspartic acid had on the growth of human cells. Further experiments could 

focus on testing the supplements by factorial design. This rigorous approach to 

supplementation may yield more favorable results. 



The necessity of adding hormone mixture to the medium was demonstrated by observing 

the negative effect of removing the mixture fiom the medium. The 10% supplementation 

level was found to be adequate for the rnurine cells, and a 15% level was found to yield 

the best results for the human cells. Perhaps the higher HM level is beneficial for human 

cells since they remain in culture twice as long as m u ~ e  cells, and adding extra HM 

makes up for the time dependent degradation of HM components which can occur in the 

medium. 

Finally, both cell types were found to have a pH interval within which proliferation was 

possible. The murine cells grew between pH 7.31 and 7.77, although the highest 

proliferation was achieved in RPMIIDMEME 12 with an initial pH of 7.49. The human 

cells, which appeared to be less sensitive to changes in pH, were able to proliferate 

between a pH of 7.06 and 7.75. Also, the murine cells grew better at a pH of 7.49 with 

buffer concentrations that were different than those found in NMSCM and NHSCM. 

Thus, the new buffer levels were eventually incorporated into a new murine medium. 



GROWTH FACTORS 

m.1 OVIERVIIEW 

Both murine and human neural stem cells were found to proliferate in response to EGF 

and bFGF. However, the mitogenic action of bFGF was only significant in the presence 

of EGF. Long EGF was found to be a weak mitogen compared to regular EGF. The 

optimum levels of EGF and bFGF were 20 pg/L and 10 pg/L respectively. Moreover, at 

20 pgL bFGF was found to change the morphology of murine neural stem cells to that of 

differentiated neural cells. 

An EGF supplementation model was developed based on the binding and trafficking 

properties of EGF. The model was used to predict the optimum concentration of EGF in 

the medium. It predicted a level three times greater than that found by experimentation on 

neural stem cells. However, this discrepancy may be attributed to the parameter values in 

the model which were based on fibroblasts since equivalent data did not exist for neural 

stem cells. Overall, the model illustrates that in vim cytokine activity can be simulated. 



VII.2 INTRODUCTION 

Mitog ens are growth factors that induce cell division (mitogenesis). They reversibly bind 

to specific receptors on the membrane surface, and are taken up by the cells. Originally it 

had been assumed that the only purpose of these receptors was to internalize the growth 

factors. In this way, it was postulated, the ligands could find an appropriate destination 

within the cell to transmit a mitogenic signal. Since that time, studies have revealed that 

this is not the case, and a more complex mechanism has been proposed. 

W2.1 Epidermal Growth Factor 

Human epidermal growth factor (EGF) is a protein made up of 53 amino acid residues 

(Figure VII.l), and is quite stable in heat and acidic pH. The main features of this 6,045 

Dalton molecule include two anti-parallel P-sheets comprising residues 18-23 and 28-34, 

and three intramolecular disulfide bridges. These bridges, together with hydrogen bonds, 

restrict the possible tertiary conformation of EGF (Nicola, 1994). The residues which 

interact with the EGF receptor are currently unknown, although it has been found that the 

N-terminus of the molecule can be changed without adversely affecting receptor binding. 

However, receptor binding is sensitive to mutations at Tyrl3, Tyr22, Ile23, Leu26, 

Tyr29, Tyr37, Leu47, and all six cysteinyl residues (Carpenter and Wahl, 1990). 

When present in the medium, EGF molecules bind to EGF receptors (EGFR). EGFR is a 

170 kDa transmembrane glycoprotein which is unanchored, and thus fiee to move 

laterally on the membrane. An EGFR molecule is schematically depicted in Figure W.2. 

The ligand binding site is obviously on the extracellular domain of the protein. On the 

intracellular domain, there is an inactive tyrosine kinase enzymatic site on the 

cytoplasmic tail. Binding of EGF induces a conformational change in the EGFR 

structure, activating the enzymatic site and allowing it to catalyze phosphorylation 

reactions. Tyrosine residues are phosphorylated on both the EGFR, as well as on several 



(a) 3D conformation (b) Polypeptide Chain Fold 

(c) Amino Acid Sequence 

Figure W.1: A schematic diagram showing human epidermal growth factor. Shown are 
(a) a 3D conformation (b) the polypeptide chain fold and (c) the amino acid sequence. In 
figure (b), the dashed lines represent hydrogen bonds and the solid lines represent 
disulfide bonds. These bonds aid in maintaining the active conformation of the molecule. 
The enlarged arrows on the backbone represent the direction of P-pleated sheets. Figure 
(c) shows the interaction of the Cys residues which give rise to the disulfide bonds 
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Figure W.2: A schematic diagram depicting the seven structural domains of the human 
epidermal growth factor receptor (adapted fiom Nicola, 1994) 



other proteins, and this initiates a cascade of biochemical events which subsequently 

results in DNA synthesis. It should be noted that the precise molecular mechanism that 

activates the enzyme and the pathway of the biochemical cascade are unknown. 

Furthermore, EGFR is not EGF specific, and can also bind to other ligands such as 

transforming growth factor (TGF-a). EGF and TGF-a share approximately 30% 

homology, presumably in the binding domain. 

Administration of EGF to animals has lead to hyperproliferation of epithelial tissues 

which suggests that EGF acts as a maintenance factor for populations of epithelial cells 

such as the epidermal system and the intestinal epithelia Studies conducted on mouse 

embryo cells have found that in culture EGF induces proliferation in both retinal cells 

(Lilien and Cepko, 1992) and striatal cells (Reynolds et al., 1992). Reynolds and Weiss 

(1992) also found that EGF acts as a mitogen for adult murine neural stem cells, and 

causes them to form aggregates. 

Long EGF is an analog of epidermal growth factor. It has the same amino acid sequence 

as human EGF plus a 53 amino acid N-terminal extension peptide. It is synthesized 

recombinantly in E. coli, and has a molecular weight of 12,297 Daltons. The use of long 

EGF was tested on the proliferation of murine and human neural stem cells based on a 

study which reported that it was 10 times more mitogenic than regular EGF for rat neural 

stem cells (Mokry et al., 1995). An advantage of using long EGF over regular EGF is that 

the extra residues allow it to be more resistant to degradation in the medium. 

VII.2.2 Fibroblast Growth Factors 

Fibroblast growth factors (FGF) are a family of single chain polypeptides currently 

consisting of nine membm which share 30.70% amino acid sequence identity. Because 

of their ubiquitous distribution, these molecules have been discovered and rediscovered 



many times, and thus are known by several different names such as eye-derived growth 

factor, brain derived growth factor, and heparin-binding growth factor. The first fibroblast 

growth factor to be discovered was basic FGF (bFGF or FGF-2), a 155 amino acid 

polypeptide located in the brain. Together, bFGF and acidic FGF (aFGF or FGF-1) are 

distinct from the remaining FGF. Most dramatic is that they both lack a signal peptide, 

and thus it is unknown how they are secreted fiom the cell. 

The ECM plays an important role in FGF function. FGF has a high affinity for heparin 

and heparan sulfate which are present in the ECM. Heparan sulfate differs fiom heparin 

in that it is sulfated to a lower degree and is synthesized on a core protein. The 

accumulated FGF is then released slowly and hence the ECM serves as a source of latent 

FGF. Although recent x-ray studies have found that bFGF has a heparin binding region 

(Moy et al., 1997), it has been found that only FGF-I has an absolute requirement for 

exogenous heparin prior to acting as an effective mitogen (Irnamura, et al., 1995). 

Binding to heparin or heparan sulfate has also been reported to protect the FGF fiom 

denaturation and proteolytic degradation (Nicola, 1994). 

The binding of FGF to heparin or heparan sflate proteoglycaas has been termed low 

affinity binding whereas binding to FGF receptors (FGFR) has been termed high aifmity 

binding. There are five different FGFR of which 1 through 4 bind to FGF-1 and FGF-2 

with very high affinity. Depending on the cell type, FGFR binding can lead to 

proliferation, differentiation, inhibition of proliferation, or inhibition of differentiation 

(Burgess and Maciag, 1989). Proliferation is caused by tyrosine kinase activity as 

described for EGF. It should also be noted that a single cell type may proliferate in 

response to one concentration of FGF, but be inhibited at higher concentrations (Nilsen- 

Hamilton, 1 994). 



Several studies have been conducted regarding the role played by bFGF in neural stem 

cell cultures. Vescovi and colleagues (1993) found that in cultures containing EGF 

generated neurospheres from embryonic murine striatal tissue, the addition of exogenous 

bFGF resulted in the proliferation of two progenitor types. The first was a bipotent 

progenitor which gave rise to neurons and astrocytes, whereas the second progenitor was 

unipotent for cells with neuronal characteristics. Furthermore, they found that bFGF only 

acted in this manner following the generation of spheres with EGF suggesting that EGF 

and bFGF act in sequential fashion upon the cells. This was in contrast to a study 

conducted on embryonic rat hippocampal cells which showed that these cells could only 

be expanded when bFGF was present, and would differentiate upon bFGF withdrawal 

(Johe et al., 1996). Studies conducted on adult murine cells have shown that bFGF cannot 

induce proliferation in cells fiom the striaturn (Reynolds and Weiss, 1992). However, 

following treatment with EGF, bFGF was found to induce multipotential cells which 

could give rise to neurons and glia (Gritti et al., 1995; Gritti et al., 1 996). 

W23 Mitogenic Signaling and Attenuation 

Once activated, EGF/EGFR or bFGF/FGFR binary complexes are internalized via one of 

two pathways in a process known as endocytosis. The complexes are then routed, or 

trafficked, to various fates within the cell. These include lysosomal degradation, and 

recycling of receptors to the cell surface. Various experiments have shown that endocytic 

trafficking is used by the cell to attenuate mitogenic signaling (Chen et al., 1989; Wells et 

d., 1990). The attenuation occurs in two ways. The first is receptor downregulation in 

which EGF and bFGF receptors are removed fiom the surface and degraded. This results 

in a lower number of receptors on the surface, and thus, less mitogenic signaling. Second, 

EGF and FGF are removed fiom the extracellular environment in the same manner as the 

receptors. Once internalized and degraded, the ligands act effectively as cellular nutrients 

as opposed to mitogens. As the degradation continues, the concentration of EGF or FGF 

in the medium is depleted, thereby continuously decreasing mitogenic signaling. 



Attenuation of the mitogenic signal is a very important homeostatic strategy used by cells 

to regulate their own proliferation. Without this internahtion mechanism, a cell would 

divide uncontrollably whenever growth factors were present, not unlike certain cancer 

cells. Because of this similarity, it has been hypothesized that the lack of attenuation may 

be involved in the onset, and maintenance, of several cancers. In addition to cancer 

diagnosis and therapy, EGF/EGFR and FGF/FGFR binding and trafficking also has 

implications in wound healing, and tissue engineering. Thus, understanding physiological 

cell growth control is very important from a health care perspective. Understanding 

mitogenic signaling and attenuation is also very important in biochemical engineering. 

One important role of the biochemical engineer is to optimize growth conditions within a 

bioreactor. One aspect of growth optimization is media optimization. This is true whether 

the cells are being grown in order to derive a specific biochemical product, or for the 

whole cells themselves. The use of a model to simulate the kinetic behaviour of cells in 

response to cytokines in the media can be an important tool when trying to maximize 

productivity. 

Vn3 EGF BI[IVDING AND TRAFTICKIEIG MODEL 

W3.1 ReceptorLigand Binding and Trafficking 

In this thesis, the modeling of EGF binding and trafiicking was chosen over FGF since 

EGF is better characterized in terms of its chemical, physical and biological properties. 

The model proposed for EGF binding and trafficking is schematically depicted in Figure 

VII.3. Ligand in the medium (LJ binds to EGF receptors on the d a c e  of the cell (RJ 

resulting in a ligand-receptor binary complex (CJ. The binding is governed by the 

forward and reverse ligand binding rate constants, k, and $ respectively. The formation 

of a binary complex induces a conformational change in the intracellular section of the 

trammembrane receptor, activating the tyrosine kinase enyme, and forming a signaling 

receptor complex (C;). This also initiates a local idlux of calcium ions. The complex is 
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Figure W.3: Events involved in the Whole Cell Kinetic Model for Binding and 
Trafficking of the EGF Receptor. Model parameters are described in the text (adapted 
fiom Starbuck and Lautfenburger, 1992). 



then internalized in a process termed endocytosis. Endocytosis can occur by two different 

pathways. The first is the coated pit (induced) pathway in which the signaling receptor 

complex migrates in the lateral plane of the membrane and clusters in specialized areas of 

the membrane referred to as coated pits. The surface of each of these pits is coated with a 

network of molecules consisting mainly of the protein c l a t h ~ .  Experiments indicate that 

the clustering phenomenon may be mediated by the binding of the signaling receptor 

complex to endonexins (PJ which are non-clathrin proteins beneath the pits on the 

cytosol face of the membrane. The endonexins associate with the s i w g  receptor 

complex to form a temary complex (TJ. At this time, the pit invaginates and pinches off 

fiom the plasma membrane, releasing a coated vesicle into the interior of the cell. The 

vesicle then sheds the clathrin, forming an uncoated vesicle known as an endosome. The 

kinetics of internalization via the coated pit pathway is governed by the number of 

endonexins, the receptor/coated pit coupling and uncoupling rate constants, & and 12 
respectively), and the coated pit internalization rate (A) constant. 

The second mode of internalization is via the smooth pit (constitutive) pathway which 

allows internalization of all receptors that are not in coated pits. The receptors do not 

need to be complexed or signaling to enter the cell via this pathway. Once internalized 

through a process of invagination and pinching off, the endosome can remain 

independent, or fuse with another endosome formed fiorn either pathway. Thus, any 

given endosome within a cell can contain internalized complexes (C,, TJ, fiee receptors 

(RJ, and fiee ligand (LJ. The total volume of all of the intracellular endosomes is 

designated VP,. 

Within the endosome several different events can take place. The first is the uncoupling 

of the ligand fiom the receptor. Since this dissociation is enhanced due to the acidic 

conditions within the endosome, the dissociation rate constant, designated k', will have a 

different value than the reverse ligand binding rate constant at d a c e  conditions &). 



However, the forward rate constants at the surface and within the endosome are identical. 

Second, after dissociation has occurred, the receptor is retuned to the surface as dictated 

by the recycling rate constant, k. Third, fiee ligand, and ligand complexed with receptors 

may be degraded. Degradation occurs when the endosome fuses with a lysosome which 

contains hydrolytic enzymes. Since it has been shown that fiee ligand and complexed 

ligand have different half-lives, they have been assigned the degradation rate constants k, 

and k, respectively. 

The dynamic sufface and intraceilular events depicted in Figure VII.3 are mathematically 

represented in Table W.1 as ten coupled, nonlinear ordinary differential equations. 

Together, these equations are referred to a whole cell model. By making certain 

assumptions, this model was simplified. First, it was assumed that upon endocytosis, the 

endonexins are immediately uncoupled fiom the internalized complexes in a process 

lcnown as rapid coated-pit uncoating. Although the rate constant for the uncoating and 

return of endonexins to the clathrin coated pits on the surface was formally designated 

1Z,, it was assumed that this process occurs instantaneously, and that the surface 

endonexin level stays constant. This assumption removed equation W.8, and the last 

term of equation W.4, and replaced them with the expression 

Eqn. W.ll 

where P, is constant as the total number of endonexin proteins. A second assumption 

which was made is that the interactions between the receptor and the surface endonexins 

are fast relative to competing rate processes, and thus, ternary complex formation is at 

quasi steady state. This eiiminated equations W.3 and W.4, and replaced them with the 

equation 



Table M.1: Whole cell model equations describing EGF binding and trafficking.' 

Surface S~ecres 

&dt = -!&Lo + kc, - &.I' + + 

dCJdt = k&Lo - kC;kCPS + hTs -&Cs+k,Ci 

dTJdt = kCps - kTs - ATs 
dPJdt = -kCPs + k;T, + lQi 

dLddt = (-Wo + kcJ(~m,) 

@qn. XnL.!) 

(Eqn. VI1.2) 

(Eqn. W.3) 

(Eqn. W.4) 

(Eqn. W. 5 )  

(Eqn. W.6) 

(Eqn- W-7) 

(Eqn. W. 8) 

(Eqn. W. 9) 

ded S ~ e c i a  

dLddt = kci + (VP>av)hLi (Eqn. VII. 10) 

a The notation used this Table is described in the text, and also in the Nommclanut Section. It should be noted that 
% C, T, P, h, C, Pi, and L, have the units ctI1"; Lo and arc in mom (adapted from Starbuck and 
Mcnburger, 1 992) 



where 

Eqn. W.12 

Eqn. W.13 

A third assumption, which is inherent in the model, was that all of the ligandfreceptor 

complexes on the s d a c e  have active tyrosine kinase domains (C, = C,'). This is valid 

since the amount of time required for activation (seconds) is much shorter relative to 

binding and tra££icking events (minutes). Finally, it was assumed that binary surface 

complexes are able to phosphorylate intracellular substrates, but ternary complexes are 

not. It has been predicted that in order to stabilize the receptor/phosphate bond in the 

ternary complex, it is necessary to phosphorylate the endonexin protein itself. In doing 

so, the steric conformation of the carboxy terminus of the EGFR molecule would make it 

unlikely that any substrate could gain access to the tyrosine kinase catalytic site. 

Table VII.2 contains rate constant values for the equations in Table W.1. These values 

were determined in independent experiments (Starbuck et. al, 1990, Lund et al., 1990; 

Wiley et ai. 1991) using B82 human fibroblast cells. This particular cell line was used 

because it can grow independently of EGF. Also included ia Table W.2 are the 

parameter values for an EGFR mutant which has been truncated at residue 973 (A973). 

On the wild type 0 EGFR, the region between residues 973 and 1022 is referred to as 

the CaIn domain, since it is necessary for Calcium influx, and Intermhation. Since A973 

does not have this region, it can not complex with the endonexins, and thus can not be 

endocytosed via the coated pit pathway. It would not be surprising to find that this 

mutation also affects other trafficking parameters such as h. However, since there is no 

evidence to indicate this currently, the only difference between the parameters for the 

wild type EGFR and the mutant EGFR is the value of the coated pit coupling rate 



Table W.2: Experimentally determined binding and trafficking cell parameter values 
for B82 cells. 

Surface Binding Parameters 

Internalizationflntracellular Trafficking Parameters 

&P 

RT 
PT 

I kc (instantaneous) I (instantaneous) 

1.8~10"  
1 . 8 ~ 1  0' cell" 
8.1x104 cell' 

0 
1 . 8 ~ 1 0 ~  ceW' 

I 8.1x104 cell' 

k, 
k 

a The notation uwd this Table is described in the text, and also in the Nommclaturc Section. (adapted h m  Srarbuck 
and Menburger, 1 992) 

k', 
k 

I 

kk. 

0.03 miriL 
1 30 cell" min" 

0.03 m i d  
13 0 cell-' rnin*' 

(instantaneous) 
5 . 8 ~  I 0-2 min' 
2.2~10" Inin-' 

(instantaneous) 
5 . 8 ~ 1 0 ' ~  mi.xil 
2.2~10" mid  



constant. The reason for including A973 in this study was to show the effect of sUTface 

receptor binding on mitogenic activity in the absence of significant downregulation and 

ligand degradation. If indeed ligandlreceptor complex internalization is responsible for 

mitogenic attenuation, the model should predict that A973 will show unregulated growth. 

M3.2 Experimental Cell Proliferation in Response to EGF 

W3.2.1 Experiments by Knauer and Colleagues (1984) 

From the whole cell model described above, it is possible to generate a relationship for 

the number of EGF d a c e  complexes as a function of EGF concenmtion. However, in 

order to generate a relationship between EGF concentration and cell proliferation, what is 

needed is a model describing cell proliferation as a function of the number of stdace 

complexes. One of the only mechanistic models available which can provide this 

information was presented by Knauer and colleagues (1984) for human fibroblasts (HF). 

HF cells were exposed to EGF at several different concentrations, and the mitogenic 

response (DNA synthesis rate) was determined by [3Hlthymidine incorporation. Figure 

VII.4 graphically depicts the experimental data as recorded for proliferation in 2 rnL and 

80 mL of medium with the DNA synthesis rate as a percentage of the maximum response. 

The large volume would represent a steady state condition in which the amount of ligand 

depletion was negligible, and the smaller volume would represent an unsteady state. 

From this figure it can be seen that the cells grown in 2 rnL of medium had to be given 

approximately twice as much EGF as those cells grown in the 80 mL of medium in order 

to achieve half-maximal response. Thus, not only does the initial concentration of EGF 

govern the response characteristics, but also the ligand depletion rate. The smaller the 



EGF Concentration (mg/L) 

Figure W.4: Experimental results showing the percent maximum response of HF cells 
as a function of EGF concentration in both a large and small volume of medium. The 
maximum response refers to the maximum DNA synthesis rate (adapted fiom Knauer et 
al., 1984). 



reactor volume, the greater the ligand depletion rate. This translates to a lower availability 

of EGF molecules in the medium. 

Using the data in Figure W.4, Knauer and colleagues proposed a model for determining 

mitogenic response as a function of receptor occupancy. By assuming that the receptor 

ligand interaction is reversible and bimolecular, that the internalization rate is first order, 

and that there is negligible recycling, they proposed the following expressions: 

and 

where 

Eqn. W. 14 

Eqn. VII. 16 

and 

C+=Cs+Ci Eqn. W.17 

Equations W. 14 through VII. 17, together with the values listed in Table W .3, were 
used to construct Figure W.5 which shows the percent maximum response as a function 
of the total number of occupied receptors for cells cultured in 80 mL of medium. Two 
things are evident fiom this graph. First, the relationship between cell proliferation and 
receptor occupancy is linear. This is surprising given the complicated cascade of events 
which eventually lead to DNA synthesis and cell division. However, the results are 
consistent with a study which found that although cells require minutes for binding and 
trafficking, they require at least 6 hours of persistent EGFR occupancy to invoke a fidl 



Table W.3: The rate constant parameters for the model proposed by Knauer and 
colleagues (1984). 

mitogenic response (Aharonov et al., 1978). It has been postulated that during this rate 

limiting step, the rate of intracellular signal generation leading to DNA replication is 

proportional to receptor occupancy. Second, Figure VII.5 shows that maximum 

proliferation occurs at an occupancy equivalent to approximately 25% of the receptors 

present prior to addition of ligand. At that concentration of EGF, 75% of the EGFR have 

been downregulated. 

Mode1 Parameter 

k 
k, 
!$- 

k 
k 
v , 

W3.2.2 Experiments by Wells and Colleagues (1990) 

Using the model by Knauer and colleagues, it is possible to predict a relationship between 

the concentration of EGF arid cell proliferation. However, what is sti1I required is 

experimental evidence to venfy the results predicted by the whole cell model. This can be 

provided fiom experiments conducted by Wells et al. (1990). In their experiments, Wells 

and colleagues transfected NR6 cells, which are devoid of endogenous EGF receptors, 

with one of four types of EGFR The results for WT and A973 EGFR W e c t a t s  are 

shown in Figure W .6. It shows that the NR6 cells transfected with WT EGFR were able 

to respond mitogenidly to EGF. However, due to lack of downregulation, the A973 

EGFR trandectant responded to an EGF concentration almost 10 fold lower than that 

Value 
I 

2.4~10" s" 
4.8x105 s" 
2.?X1o6 s-I I 

1 . 2 ~ 1  S-I 
2.4x104 s-' 
3.8 cell'' s" 



Percent initial receptors occupied 

Total Occupied Receptors (do-S) 

Figure W.5: The relationship between steady suite receptor occupancy and the 
mitogenic response of HF cells (adapted from Knauer et al., 1984). 



Initial EGF Concentration (M) 

Figure W.6: The response of NR6 cells Wetted with WT or A973 EGF receptors to 
various initial concentrations of EGF. The cells were inoculated at 40,000 cells/mL and 
counted after 9 days in culture (adapted from Wells et al., 1990). 



required by the WT EGFR transfectant. One assumption which was made by the 

experimenters was that the overall magnitude of the mitogenic response was dependent 

on cell type (NR6), but independent of EGFR type. This assumption was valid since the 

overall level of cell proliferation seems to approach a common maximum for both WT 

EGFR and A973 EGFR. 

W3.2.3 Equating Different Cell Types 

The rate constants which were used to generate the whole cell model were determined 

fiom experiments using B82 cells. Equivalent data does not yet exist for neural stem 

cells. However, it is evident that neural stem cells require EGF for proliferation 

(Reynolds et al., 1992). Funhemore, the events depicted in Figure W.3 are generic and 

not cell type specific. Thus, as a first approximation, it was assumed that the proliferation 

of neural stem cells in response to EGF could be modeled using the B82 cell parameters. 

This assumption can not be validated without experimental results. A second assumption 

which was made is that the data generated for the HF cells studied by Knauer and 

colleagues could be used to form a relationship bemeen the number of surface complexes 

and the rate of DNA synthesis in neural stem cells. Again, there is no data to prove or 

disprove this assumption. Finally, it was assumed that the B82 cell binding and 

trafficking parameter values could be used for NR6 cells, which are a variant of NIH 3T3 

cells. In 1989, Chen et al. found that B82 cells and NM 3T3 cells exhibited similar 

binding and trafficking properties. All of these assumptions had to be made in order to 

proceed with a model of neural stem cell response to medium containing EGF. 

VII.3.3 Results of Model 

The first step required to form a model was to generate profiles showing the relationship 

between the initial EGF concentration and the number of signaling d a c e  complexes. 

This was done by solving the equations presented in Table W.1 (after they had been 

modified as per equations W. 1 1 - W. 13). The equations were solved in MATLAB 



using the GEAR method. A copy of this program is located in Appendix A. The initial 

values for the different variables are shown in Table W.4. 

Figure W.7 shows the values generated by the model for cells exhibiting wild type 

EGFR (as found on neural stem cells in vivo) and cells transfected with the mutated A973 

EGFR. The curves represent the number of surface complexes after incubation at various 

concentrations of EGF for 6 hours. Six hours was chosen because it takes at least that 

length of time for the full cell mitogenic response. As expected, due to lack of 

downregulation, the number of s d a c e  receptors for the A973 cells exceeded the number 

of surface receptors for cells with WT EGRF at every concentration of ligand. 

Table W.4: Initial conditions for the cell receptor species and 
ligand concentrations. The values are characteristic of a steady 
state in the absence of growth factor prior to incubation in 
growth factor at a specified concentration L, at time t = 0 min. 

Model Parameter 

k 
cs 
L o  

R, 
Ci 
L i 
Ld 
ps 
Ts 

Initial Value 
I 

1.8~10~ cell" 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

8.1x104 cell" 
0.0 . 
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Figure W.7: Model predicted levels of steady state d a c e  ligand-receptor complexes 
as a function of initial EGF concentration after a 6 hour incubation period. 



Furthermore, downregulation lead to a plateau in C,' for stem cells at higher 

concentrations of EGF. This was not evident for A973 cells which instead had increasing 

C,' values with increasing EGF concentration for the duration of the time period 

modeled. 

Using the data presented in Figure VIL4, Knauer et al. showed that in addition to EGF 

concentration, EGF availability was also important. To ensure steady state conditions for 

EGF availability, Knauer et al. conducted their experiments in a relatively large volume 

(80 mL) so that the overall concenmtion of ligand would not change appreciably. To test 

whether or not this was the case with the whole cell model, Figure W.8 was generated. 

This figure shows the change in EGF concentration in the medium as a function of time 

for cells with WT EGFR initially incubated at 1x10-I' M EGF. Cells transfected with WT 

EGFR were chosen since A973 receptor transfected cells do not cause ligand depletion. 

The EGF concentration was chosen because it is the lowest considered by the model. In 

combination, these two factors would give the worn possible case scenario for ligand 

depletion. However, as is evident in Figure W.8, significant ligand depletion did not 

occur. Over an incubation period of 360 minutes, the total ligand concentration in the 

medium changed 0.4%. Thus, the assumption of steady state was valid. 

The data for C,' in Figure W.7 were then converted into corresponding proliferation 

information. This was achieved using the experimental values for HF cells presented in 

Figure VII.5. First, the abscissa of Figure W.5 had to be converted fiom total number of 

receptors (as described in equation VII. 17) to total number of signaling surface receptors. 

This was achieved by using a reported Ci to C, ratio of 7 (Wiley and C b g h a m ,  1981). 

The results of this computation are presented in Figure W.9. Next, a relationship 

between the number of signaling receptor complexes and the proliferation response was 

determined for NR6 (WT EGFR) using the data presented in Figure W.6. The results of 

this are also shown in Figure W.9. By comparing the two curves in Figure W.9 it is 
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Figure VII.8: The concentration of EGF in the medium as a function of time for cells 
with WT EGFR 
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HF O NR6 (WT EGFR) ; 

Figure W.9: The relationship between the number of signaling d a c e  complexes and 
the cell proliferation for HF and NR6 (WT EGFR) cells. 



evident that tach cell type begins to proliferate in response to a different n&r of 

~i-g complexes. The threshold number of receptors ( C s e d  for cells is 

300 cell", whereas C,'- for NR6 cells is 450 cell". Similarly, they 

achieve their maximum response ( C S ' ~ ~ )  at different C,' values. c,',, for HF cells 
was found to be 3,400 cell", whereas for NR6 cells it was 5,400 cell-1. These variations in 

values between different cell types is not uncommon, and should be expected (Stduck 

and Lauffenburger, 1992). It should be noted that the curves in F i m e  m.9 have c,',, 
values which occur at a DNA synthesis rate which is 8% of m w u m  instead of zero. 

The reason for starting here is so that appropriate comparisons can be made to the &b of 

Wells et al. (1 990) for which the background of 2% fetal bovine se- in the MEMa 

allowed for this level of proliferation in the absence of added EGF. Thus, only a 

change in the DNA synthesis rate greater than 8% of the m - ~  rate can be 

to a mitogenic response due to added EGF. 

Next, Figure m. 10 was generated by changing the ordinate of pigure m.7 using the 

relationship derived for the m6 cells in Figure W.9. This plot now shows the 

relationship between EGF concentration and the corresponding proliferation response for 

both cells with and A973 recePton- As expected, the mutated receptoa allow for 

greater ~roliferation at lower concentrations of EGF. Also plotted on Figure W.10 are 

the data points from Figure a - 6 0  As can be see& the model predittions for the cells with 

WT EGFR are fairly representative of the scattered experimenu data Based on this 

model, the optimum neural stern cell proliferation can be achieved by supplementing 

media with 1 .Oxlod M EGF (60 p@)- 

The level of agreement between the model and experimental data for the ~ 9 7 3  

mfectants  was low at concentrations of EGF higher than 1 ~ 1 0 ~ ~  M. one 

for this is that the assumption that only the value of k, changes in ~ 7 3  relative 
to WT cells is in~0IXeCt. It is possible that other pafameten bay also be affected. 
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Figure W.10: The model response of cells with WT and A973 EGFR to diffe~ent initial 
EGF concentrations. For comparison purposes, the data fiom Figure W.6 for NR6 cells 
is also included. 



By altering just one or two other parameters, it may be possible to better fit the 

experimental proliferation data for cells with A973 receptors. Based on the predictions 

made by the current model, the growth advantage confened on cells which have A973 

EGF receptors as opposed to WI' EGF receptors is shown in Figure W.11. The growth 

advantage was calculated by subtracting the DNA synthesis rate of the WT EGFR cells 

f?om the mutant EGFR cells. The greatest difference is 75% which occurs at an EGF 

concentration of 3x1 0"' M. This is comparable to the experimental data on Figure VII.6, 

where the greatest difference occurs at 5x1 0"' M. 

VII.4 EXPERIMENTAL SETUP 

NMSCM and NHSCM were prepared as described in Chapter III, but were free of EGF 

or bFGF. For the EGF supplementation study, EGF was added at a concenmtion of 40 

pgL. Media with lower EGF concentrations were made by serially diluting the media 

containing 40 pg/L EGF with EGF-free media The media for the bFGF study were 

prepared in the same manner with the highest bFGF concentration being 20 pa. It 

should be noted that for each EGF experiment a control was included (NMSCM, 

NHSCM, or RPMI/DMEM/F12) containing 20 pg/L of regular EGF. This was done so 

that a direct comparison could be made with the serially diluted media containing 20 pgL 

EGF. 

For this experiment it was important to minimize the carry-over of any extracellular 

growth factor from previous cultures. Thus, following centrifugation, all of the 

supernatant was removed, and the pellets containing the seed cells were resuspended and 

triturated in EGF-fke and bFGF-fiee medium. The cells were then recentrifuged and 

resuspended in growth factor-fiee media two more times prior to actually inoculating the 

T-flasks. 





VII.5 EXPERIMENTAL RESULTS AND DISCUSSION 

The results of supplementation with regular EGF and long EGF are shown in Figures 

W. 12 through W.15. In three of the four cases, the elimination of EGF from the 

medium was detrimental for cell proliferation as can be evidenced by the negative 

number of doublings and low viability. However, the murine cells in EGF-free NHSCM 

seemed to fare better than the other cells and showed some proliferation. There are three 

possible explanations for this. First, it is conceivable that the proliferation was due to the 

actions of one or more of the proprietary supplements in the medium. Second, the only 

other known polypeptide hormone in the medium was insulin, and since it was present at 

well above physiological levels, it could have stimulated the proliferation in NHSCM by 

attaching to a separate (albeit not as powem) mitogenic receptor (eg. insulin-like growth 

factor receptor). Finally, it is possible that in NHSCM, the murine cells themselves were 

producing their own growth factors. In general, proliferation increased with increasing 

EGF concentration until 20 pglL. This is in agreement with published values for 

nontransformed neural stem cells (Reynolds et d. 1992, Reynolds and Weiss, 1992; 

Vescovi et al., 1993; Gritti et al., 1996). However, it is slightly greater than the maximum 

stimulatory EGF concenmtion of 3 pg.5 found for immortalized neural stern cells 

(ICltchens et al., 1994). This is not surprising since immortalized cells have a lower level 

of cellular proliferative control than nontmnsformed cells. Beyond 20 pg/L, the growth 

rate seemed to level off and/or decrease. It should be noted that this value is somewhat 

lower than the 60 pg/L predicted by the whole cell model. However, this discrepancy 

may be attributed to the fact that the results &om that model were based on parameters 

determined in human fibroblasts. 

The substitution of long EGF for regular EGF was found to be detrimental. This is in 

direct contrast to a study reported by Mokry and colleagues (1995) in which long EGF 

was found to be 10 times more mitogenic than regular EGF for the proliferation of neural 

stem cells in v i m .  However, those researchers were using rat precursor cells, possibly 
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Fipre M.12: The effect of varying the initial EGF concentration on the proliferation 
and viability of murine cells in NMSCM. Shown are the results for regular EGF and long 
EGF. A control (NMSCM) which contained 20 pg/L of regular EGF was also included in 
each study for comparison purposes. The cells were grown in Nunc T-25 flasks. After 
being inoculated at 75,000 ceUs/mL, the flasks were incubated for 5 days at 37°C in a 
water saturated atmosphere containing 5% C4. 



0 10 20 30 40 R/D2/F 

EGF Concentration (pg/L) 

Doublings - EGF Doublings - Long EGF 
o Viability - EGF A Viability - Long EGF 

Figure M.13: The effect of varying the initial EGF concentration on the proliferation 
and viability of murine cells in RPMI/DMEMuFIZ. Shown are the results for regular 
EGF and long EGF. A control (WDuF) which contained 20 pg/L of regular EGF was 
also included in each study for comparison purposes. The cells were grown in Nunc T-25 
flasks. After being inoculated at 75,000 cells/ml, the flasks were incubated for 5 days at 
37" in a water saturated atmosphere containing 5% C4. 
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Figure W.14: The effect of varying the initial EGF concentration on the proMeration 
and viability of rnurine cells in NHSCM. Shown are the results for regular EGF and long 
EGF. A control (NHSCM) which contained 20 pg/L of regular EGF was also included in 
each study for comparison purposes. The cells were grown in Nunc T-25 flasks. AAer 
being inoculated at 75,000 celIs/d, the flasks were incubated for 5 days at 37°C in a 
water saturated amosphere containing 5% CO,. 
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Figure M.15: The effect of varying the initial EGF concentration on the proliferation 
and viability of human cells in NHSCM. Shown are the results for regular EGF and long 
EGF. A control (NMSCM) which contained 20 pgL of regular EGF was also included in 
each study for comparison purposes. The cells were grown in Nunc T-25 flasks. After 
being inoculated at 75,000 ceUs/mL, the flasks were incubated for 10 days at 37OC in a 
water saturated atmosphere containing 5% CO,. 



accounting for the contradictory results. Observations at PPRF f~urtd that in those 

cultures with long EGF there was a greater amount of debris present in the medium 

compared to the control, and all of the cells appeared to be smaller indicating that regular 

EGF may play a role in cell growth as well as proliferation. 

2 e  i z s d ~  f ~ i  bFGF sipplemcntatia~ prsssntsd in Figures bX.16 though 'v?i.i9. 

For the murine cells in the various media, the presence of bFGF in the absence of EGF 

resulted in a mall  degree of proliferation. Further experimentation would have to be done 

to determine whether or not this proliferation can be attributed to the bFGF alone. It has 

been shown that immortalized neural progenitor cells respond mitogenically to bFGF 

(Kitchens et al., 1994). It has also been shown that embryonic murine primary neural 

stem ceil cultures do not proliferate in response to bFGF in the absence of EGF (Vescovi 

et al., 1993). However, Vescovi and colleagues found that bFGF could cause the 

proliferation of uni potent and bipotent progenitors from EGF induced spheroids 

suggesting that EGF and bFGF act in sequential fashion to regulate the production of 

neurons and astrocytes in the developing CNS. For the human cells, the presence of only 

bFGF resulted in a lower cell density than the seeding density. 

In general, in the presence of 20 pg/L EGF, bFGF was found to have a maximum 

stirnulatory effect between 5 pg/L, and 10 pg/L above which the growth rate was either 

constant, or decreased somewhat. This is slightly lower than found by Gritti and 

Colleagues (1996) who have reported that primary murine addt striatd neural stem cell 

cultures proliferate in response to 20 Clgn bFGF. Interestingly, it was observed that in 

those rnurine cultures which had a concentration of 20 pg/L bFGF, there were a 

noticeable number of cells which had attached to the T-flask surface and taken on the 

morphology of differentiated cells (neurons). A subsequent experiment was conducted in 

which cells were seeded in a T-flask containing NMSCM supplemented with 20 pg/L 
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Figare W.16: The effect of varying the initial bFGF concentration on the proiiferation 
and viability of murine cells in NMSCM. Shown are the results in the presence and 
absence of EGF. The cells were grown in Nunc T-25 flasks. After being inoculated at 
75,000 cells/rnL, the flasks were incubated for 5 days at 37°C in a water saturated 
atmosphere containing 5% CO,. 
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Figure W.17: The effect of varying the initial bFGF concentration on the proliferation 
and viability of murine cells in RPMYDMEMUF12. Shown are the results in the 
presence and absence of EGF. The cells were grown in Nunc T-25 flasks. After being 
inoculated at 75,000 ceUs/mL, the flasks were incubated for 5 days at 37°C in a water 
saturated atmosphere containing 5% C4. 
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Figure W.18: The effect of varying the initial bFGF concentration on the proliferation 
and viability of murine cells in NHSCM. Shown are the results in the presence and 
absence of EGF. The cells were grown in Nmc T-25 flasks. After being inoculated at 
75,000 ceWmL, the flasks were incubated for 5 days at 3PC in a water saturated 
atmosphere containing 5% CO,. 
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Figure W.19: The effect of varying the initial bFGF concentration on the proliferation 
and viability of human cells in NHSCM. Shown are the results in the presence and 
absence of EGF. The cells were grown in Ntmc T-25 flasks. After being inoculated at 
75,000 ceUs/mL, the flasks were incubated for 10 days at 37OC in a water saturated 
atmosphere containing 5% C4. 



bFGF and 20 pg/L EGF to observe the culture morphology beyond 5 days. As shown in 

Figure W.20, it was found that single and small aggregates cells had started to attach and 

spread out within 3 days of inoculation. AAer 5 days in culture, the attached cells had 

spread out even further, and larger, previously suspended spheroids started to attach. By 

day 7 in culture, the attached cells had started to form networks with other attached cells, 

and any remaining spheroids had also attached and were spreading out. This suggests that 

bFGF concentrations of 20 pg/L are too high, and may cause the murine neural stem cells 

to differentiate. Since this is undesirable, a concentration level of 10 Clgn was chosen for 

all subsequent media preparations. 

VII.6 CONCLUSIONS 

Both murine and human neural stem cells responded mitogenically to EGF and bFGF, 

although bFGF required the presence of EGF for significant proliferation. The optimum 

level of EGF was found to be 20 pg/L and the optimum level of bFGF was found to be 10 

pglL. Beyond these concentrations, the growth rates were constant or showed some 

decline. Ln the case of bFGF, concenmtions of 20 pg/L were found to induce the 

attachment of cells which subsequently appeared to have the morphology of 

differentiated neural cells. Also, long EGF was found to be a much weaker mitogen than 

regular EGF. 

- A whole cell model was developed based on work by Starbuck and Laeenburger (1992) 

which determined the optimal level of EGF in the medium based on its binding and 

tdficking properties. The modeled value was calculated to be approximately 3 times 

greater than the experimentally determined optimum concentration. However, it is 

possible that this discrepancy is due to the fact that the model parameters were based on 

experiments on human fibroblasts. Future work involving the determination of those 

parameter values in neural stem cells may allow the whole cell model to make a more 

accurate prediction, and thereby become a valuable tool in neural stem cell modeling. 



(a) Day 3,20 pg/L bFGF (b) Day 5,20 pg/L bFGF 
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Figure W.20: The progression of the differentiated morphology of rnurine cells in 
medium containing 20 pgR, bFGF. (a) Shows the single cells and small aggregates 
starting to attach to the d a c e  after 3 days in culture. (b) Show that the single cells and 
attached spheroids have spread out to a greater extend by 5 days in culture. (c) Shows 
cells in different regions starting to interact with one another by day 7 in culture. (d) 
shows the growth of the same cells after 5 days in medium containing 10 pg/L bFGF. No 
cells with differentiated morphology are visible. AU of the cells were grown in T-25 
flasks. After being inoculated at 75,000 cells/ml, the flasks were incubated at 37C in a 
water saturated atmosphere containing 5% CO, (Scale 1 rnm = 20 pm). 



EVALUATION OF MEDIUM SUPPLEMENTS 

m.1 OVERV][EW 

PPRF.ml and PPRF.hl are media which were developed for the growth of m u ~ e  and 

human cells respectively based on the positive results presented to this point in this 

thesis. Albumin, lipids, trace elements, and heparin were individually added to these two 

media to determine their effects on both murine and human neural stem cells. Bovine 

serum albumin (2.0 g/L), lipid concentrate (0.1%) and heparin (5.0 rng/L) were found to 

enhance the proMeration of murine cells in PPRF.ml, and trace elements had no 

significant effect. The proliferation of human cells in PPRFh 1 increased in the presence 

of lipid concentrate (0.1%) and trace element mixture (0.1%), and heparin had no clear 

effect. Also, the addition of BSA appeared to be detrimental for the human cells. Those 

supplements which reinforced proliferation were added to their respective media as 

permanent components. 



W . 2  INTRODUCTION 

In this chapter, the effect of supplementing media with albumin, lipids, trace elements 

and heparin was investigated. It should be noted that the supplementation was conducted 

for human cells in a medium called PPRF.hl and for rnurine cells in PPRF-ml. These 

media were developed at PPRF based on the positive experimental results which have 

been presented to this point in this thesis. Their compositions are given in Table WI.1. 

VIII.2.1 Proteins 

One of the major roles of serum in medium is to provide various proteins. Serum proteins 

have been implicated in protecting the structural integrity of membranes, acting as 

carriers for hormones, lipids, growth factors, vitamins and minerals, osmotic pressure 

regulation, protection fiom mechanical shear, and pH buffering (Freshney, 1992; Bjare, 

1992). Almost all cells require at least low levels of protein (or protein substitutes) with 

the vast majority of exceptions being transformed cell lines. It has been estimated that in 

one liter of calf serum, 60% of the 38 g of total protein is albumin (Freshney, 1992). 

Being that it is the major serum protein, serum albumin is generally chosen for protein 

supplementation in media The most common source of albumin is the serum of cows 

(bovine). 

MII.2.2 Lipids 

Lipids are a heterogeneous group of molecules that are characterized by their insolubility 

in aqueous solutions. They serve a variety of roles in biological systems including being 

used as fuel moIecules, highly concentrated energy stores, signal molecules, and 

membrane components (Stryer, 1988). The three most common classes of membrane 

lipids are phospholipids, glycolipids, and cholesterol. Phospholipids derived fiom 

glycerol are called phosphoglycerides, and those derived fiom sphingosine are called 

sphingomyelin. A phosphoglyceride consists of two faw acids attached to a glycerol with 



Table W . 1 :  The components in 1.0 L of the PPRF-ml and PPRF.hl which were 
developed at PPRF for the growth of murine and human neural stem cells respectively. 
Their compositions are based on the results presented earlier in this thesis. 

a phosphorylated alcohol. The fatty acids typically have even numbered carbon chains 

which vary in length between 14 and 24 wbon  atoms. The most common chain lengths 

are 16 (palmitate, palmitoleate) and 18 (stearate, oleate, linoleate, and linolenate). They 

can be unsaturated or contain multiple double bonds. Phospholipids, which are 

amphipathic, are the most abundant component in cellular membranes and form a 

phospholipid bilayer. Also present in the membrane are sphingolipids which have a 

structural role and are d a c e  antigenic. Glycolipids are similar to sphingoiipids, but are 

complexed with sugars. They are classified based on the number and complexity of 

sugars. The simplest are cerebrosides which only contains one sugar, and the most 

complex are the gangliosides which have branches of multiple sugars. When a glycerol is 

complexed to three fatty acids it is called a triacylglycerol. These molecules are highly 

Component 
DMEM 
DMEM2 

RPMI 
F12 

30% Glucose Stock Solution 
200 mM Gln Stock Solution 

7.5% Na Bicarbonate Solution 
1 M Hepes Solution 
Hormone Mixture 

EGT 
bFGF 

10 g/L Phenol Red Stock Solution 

NeuroS~heres Mixture 

1.25 g/L Aspartic Acid Stock Soh. 

PPRF.ml 
O m L  

291 mL 
291 mL 
291mL 

NMSCM 
375 mL 
OmL 
0 mL 
375mL 
60 mL 
30 mL 
45mL 
15 mL 
1 0 0 d  
20 Pg 

0 OPg mL 
Not 

Included 
None 

NHSCM 
375 mL 
OmL 
0 mL 

375mL 

PPW-.hl' 
0 mL 

389.3 m]L 

0 mL 
389.3m.L 

0 mL 
0 rnL 

45 mL 
15 mL 
150mL 
20% - 
10pg 
O m L  

Included 

11.5 rnL 

O m l ,  60 mL 
O m L  , 3OmL 

21.5mL 1 45mL 
4.3 mL 
10OmL 
20 I% 
1Opg 

1.0mL 
Not 

bcluded 
None 

15 mL 
10OmL 
20 Pg 

unknown 
OmL 

Included 

None 



concentrated metabolic energy stores with complete oxidation releasing approximately 9 

kcaVg as opposed to only 4 kc&g for carbohydrates and proteins (Stryer, 1988). 

Fatty acids and cholesterol are the basic building blocks used by cells to synthesis larger, 

more complex lipids. Most of these fatty acids and cholesterol can also be synthesized by 

some cells, but only when there is no exogenous supply. In media containing senun, the 

senun supplies most of the lipids. In these cultures it has been found that over time, the 

fatty acid composition of the cells resembles that of the serum. This indicates that 

although some cells can synthesize their own fatty acids and cholesterol, they suppress de 

novo lipid synthesis when external supplementation is included in the medium (I(mg and 

Spector, 1981). It should be noted that although certain cells can survive without lipid 

supplementation, others have not retained this ability, and thus do not fare very well in 

vitro when in a fatty acid andlor cholesterol-he medium. 

Lipids in serum can be classified as either fiee fatty acids or lipoproteins. Free fatty acids 

are usually tightly complexed with albumin. The remaining lipids (cholesterol, 

phospholipids etc.) make up the lipoproteins. The levels of these components in senun 

can vary considerably. Thus, the required level of lipid supplementation for a particular 

cell type can only be determined by experimentation. Due to time conmahts, the effect 

of adding individual lipids was not investigated. Rather, the lipid requirement of neural 

stem cells in viho was assessed by adding a commercially available, chemically defined 

lipid concentrate as described in Table III.5. 

vIII.2.3 Trace Elements 

The necessity of trace elements in mammals was first realized through deprivation studies 

on animals. By 1957, it had been established that seven trace elements - cobalt, copper, 

iodine, iron, manganese, molybdenum, and zinc - were essential in one or more animal 

species. The physiological significance of selenium and chromium was established in 



1957 and 1959 respectively. Since then, many other trace elements such as nickel, 

vanadium, arsenic, silicon, fluorine, and tin have also been found to be essential or 

beneficial in animal studies. Because these elements play a role in maintaining the well 

being of an organism, it is believed that they are also an essential component of cell 

culture! media. It has even been reported that the removal of insulin, albumin, tramfenin, 

and liposomes from serum-fiee hybridoma cultures did not have a detrimental effect in 

the presence of a large number of trace elements (Freshney, 1992). Commercially 

available media such as F12 and MCDB routinely contain several trace elements, and 

trace element mixtures (Table m.6) are available for further supplementation. 

The determined function and plasma concentrations of the seven on@ trace elements 

are shown in Table VIII.2. The known hct ions of the trace elements in Table m.6 are 

described here. Nickel has been shown to activate enzymes in vifro, and has a structural 

role in serum proteins such as nickeloplasmin. Since Ni is ubiquitous, and contaminates 

most amino acids, it is usually always present in small quantities in culture even when not 

directly added. Vanadium, however, is not ubiquitous. It has been implicated as a 

cofactor in several enzymatic reactions, and it has been suggested that V has a role in 

some oxidation-reduction reactions. Silicon is included as a mce element because it has 

many fimctions in living organisms including ECM and bone formation. Sn is tetravalent, 

and thus has a tendency to form coordination complexes with between four and eight 

ligands. It has been suggested that Sn contribute to the tertiary m c t u r e  of proteins or 

other biological components. Furthermore, since the S ~ ~ * + B S ~ ' +  potential of 0.13 Volts is 

within the physiological range, it has also been suggested that tin plays a role in 

oxidation-reduction reactions, particularly those involving flavin enzymes. Lastly, 

manganese has been shown to be necessary for the activation of certain enzymes, and 

molybdenum has been found to be essential in the formation of two molybdoflavoprotein 

enzymes (Schwartz, 1974, reviewed in Nielsen, 198 1). 



Table VIII.2: The measured concentration of several trace elements in human plasma or 
serum and their suggested functions (Nielsen, 198 1). 

Vm.2.4 Heparin 

Heparin is a collective tern used to describe a heterogeneous mixture of oligosaccharides 

of varying length and sulfation level. The oligosaccharides are made up of repeating 

disaccharide units, and are typically found as part of the glycosarninoglycans in the ECM. 

In biological systems, heparin hc t ion  is associated with FGF function. Heparin has been 

found to protect FGF-2 fiom inactivation in environments with low pH, elevated 

temperature, and proteases. With regard to murine neural stem cells, Gritti and colleagues 

(1996) have reported that their medium contains 2 mg/L heparin. Kitchens and colleagues 

(1993) have reported that their medium for the growth of transformed stem cells contains 

1 m e .  

Trace 
, Element 

Cobalt 
Copper 
Iodine 
Iron 

Manganese 
Molybdenum 

Zinc 

Over the last several years, the exact role of heparin in bFGF activation has been unclear 

due to conflicting reports. It has been found that heparin molecules can bind several 

bFGF molecules (one every four to five saccharides), and it had been hypothesized that at 

least two bFGF molecules are necessary for receptor activation and tyrosine kinase 

mediated transphosphorylation. Recent studies show that heparin, either as an 

octasaccharide (Hen et al., 1997) or as a decasaccharide (Moy et al.), can bind two bFGF 

Concentration 
@?@I 

8.5 
1200 - - 

/O 

1050 
80 
7.5 
1000 

Sugge&dEiIe 
,& 

Essential component of vitamin B ,, 
Constituent of certain enzymes or essential in their activity 

Thyroid function 
Integral part of iron containing enzymes such as hemoglobin 

Enzyme Activation 
Essential for 2 molybdoflavoproteins 

Constituent of certain enzymes or essential in their activity 



ligands in a cis-confonnation, and that this bFGF h e r  orientation is necessary to allow 

effective binding to FGFR What remains uncertain is the source of this heparin. In cell 

cultures, FGF-1 has been found to require exogenous quantities of heparin, whereas this 

may not necessarily be the case for FGF-2. In this study the effect of heparin on the 

proliferation of mmine and human neural stem cells was investigated by supplementing 

media containing 10 pg/L bFGF. 

VIII.3 EXPERIMENTAL RESULTS AND DISCUSSION 

VIII3.1 Albumin Supplementation 

The proliferative effects of BSA supplementation on rnurine and human neural stem cells 

are shown in Figures MII.1 and VIII.2 respectively. The relative number of total cells 

shown in the graphs was calculated by expressing the total number of viable cells in a test 

case as a percentage of the non-supplemented control which is shown as 100%. A number 

greater than 100% indicates that the supplement had a positive influence on cell 

proliferation whereas a value lower than 100% indicates a negative influence. It is clear 

Eom Figure VIII.1 that the murine cells in PPRF.ml responded positively to the addition 

of BSA up to a concentration of 2.0 g/L. Above this level of supplementation the number 

of viable cells dropped dramatically, although the viability itself was not affected to the 

same degree. One possible explanation for these results is that beyond 2.0 g/L, the 

excessive number of albumin molecules interfere with the interactions between the cells 

and medium components, although the exact nature of this interference is unclear. Also, 

the albumin supplementation caused a slight increase in the osmolality which may have 

contributed towards a lower rate of proliferaton. However, since the i n m e  was small, 

it is unlikely that this was a major contributor. It should be noted that in all of the murine 

trials which were supplemented with albumin, the viable single cells appeared to be more 

spherical and healthier than those cells in the control medium. Albumin supplementation 

was found to be negative for the human cells. The morphology of the human cells in the 

control culture did not appear to be any different than cells in the supplemented cultures. 
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Figure W . 1 :  The effect of supplementing PPRF.ml with BSA on the proliferation of 
murine n e d  stem cells. The cells were grown in Nunc T-25 flasks. After being 
inoculated at 75,000 ceUs/mL, the flasks were incubated for 5 days at 37°C in a water 
saturated atmosphere containing 5% C 4 .  The redts are presented relative to the control 
which was not supplemented (0 g/L albumin). 
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Figure VIII.2: The effect of supplementing PPRF.hl with BSA on the proliferation of 
human neural stem cells. The cells were grown in Nunc T-25 flasks. M e r  being 
inoculated at 75,000 cells/&, the flasks were incubated for 10 days at 37°C in a water 
saturated atmosphere containing 5% C4. The results are presented relative to the control 
which was not supplemented (0 g/L albumin). 



Vm3.2 Lipid Supplementation 

The results for the lipid supplementation are presented in Figures Vm.3 and VIII.4. It 

should be noted that for the studies presented in this chapter, any positive results were 

immediately incorporated into the media prior to subsequent supplementation 

experiments. Thus, the lipid supplementation was carried out in PPRF.ml containing 2.0 

g/L, albumin since it was earlier demonstrated to have a positive effect on murine cell 

proliferation. For human cells, the lipid supplementation was carried out in PPRF.hl 

without any added albumin. From the results in Figures VIII. 1 and VIII.2 it is evident that 

the addition of lipid to the media had a positive effect on cell proliferation. Not 

surprisingly, this effect was not as  h a t i c  as in the case of albumin supplementation 

since the cells were presumably able to synthesize their own lipids in the absence of a 

supplement. Also, on a percentage basis, the magnitude of the human cell response was 

greater than that of the murine cells. In both cases, the ultimate benefit was seen at a lipid 

concentration of 0.1%. At higher concentrations such as 1.0% the abundance of lipid 

molecules may have hindered the interaction of the cells with other medium components, 

thereby negating the positive influence evident at lower levels. Based on these results, 

PPRF.hl and PPRF.rn1 were both supplemented with 0.1% lipid concentrate for 

subsequent experiments. 

Vm3.3 Trace Element Supplementation 

The effect of trace element supplementation is shown in Figures MI I .5  and VIII.6. Once 

again, the most positive responses were seen at a concentration of 0.1%. The increase in 

the relative number of murine cells to 103% was not significant enough to definitively 

say that the addition of trace elements increased the proliferation rate. However, at the 

same concentration, the relative number of total human cells was 10% higher than the 

control indicating that the trace elements enhanced the medium for the growth of these 

cells. It is possible in the case of both the lipid and trace element supplementation that 
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Figure MII.3: The effect of supplementing PPRF.ml containing 2.0 g/L BSA with a 
commercially available defined lipid concentrate on the proliferation of murine n e d  
stem cells in vitro. The cells were grown in Nunc T-25 flasks. M e r  being inoculated ar 
75,000 cells/mL, the flasks were incubated for 5 days at 3TC in a water saturated 
atmosphere containing 5% COP The results are presented relative to the control which 
wes not supplemented. 
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Figure Vm.4: The effect of supplementing PPRFhl with a commercially available 
defined lipid concentrate on the proliferation of human neural stem cells in vim. The 
cells were grown in Nunc T-25 flasks. After being inoculated at 75,000 cells/mL, the 
flasks were incubated for 10 days at 37°C in a water saturated atmosphere containing 5% 
CO,. The results are presented relative to the control which was not supplemented. 
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Figure VLII.5: The effect of supplementing PPRF.ml containing 2 g/L BSA and 0.1% 
lipid concentrate with a commercidy available defined trace element mixture on the 
proliferation of murine neural stem cells in vitro. The cells were grown in Nunc T-25 
flasks. After being inoculated at 75,000 ceUs/mL, the flasks were incubated for 5 days at 
37°C in a water saturated atmosphere containing 5% COP The results are presented 
relative to the control which was not supplemented. 
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Figure Vm.6: The effect of supplementing PPRF.hl containing 0.1% lipid concenmte 
with a commercially available defined trace element mixture on the proliferation of 
human neural stem cells in vim. The cells were grown in Nunc T-25 flasks. After being 
inoculated at 75,000 ce WmL, the flasks were incubated for 10 days at 37OC in a water 
saturated atmosphere containing 5% C4. The results are presented relative to the control 
which was not supplemented. 



although the components in the respective concentrates enhanced the growth of the cells, 

their combination was not optimal. A better response may have been obtained if a 

different combination of lipids or trace elements were tested. Although time consuming 

and tedious, the only way to determine if this is the case would be to carry out 

supplementation studies with individual components. Based on the results presented here, 

trace elements were not added to the PPRF.mI medium, but were added to PPRF.hl for 

fuhne experiments. 

VIII.3.4 Heparin Supplementation 

Finally, the results of adding heparin to the media are shown in Figures VIII.7 and Vm.8. 

Based on the literature surveyed it had been expected that heparin would enhance the 

growth of the cells because of the 10 pg/L of bFGF already present in the media This is 

exactly what was found for the murine cells which showed an average increase of 10% in 

the total cell number when 5 mglL of heparin was added to the medium. Above this 

concentration the profiferation declined rapidly. The results did not show a clear trend for 

the human cells, and thus no conclusion could be drawn based on these results. However, 

what is notable is that a decrease in proliferation was not seen at the higher heparin 

concentrations. It is unknown why this discrepancy occurred between the murine cells 

and the human cells. If the heparin was interfering with the binding of bFGF then a 

decline in proliferation should have been seen for both the human and murine cells since 

they both responded positively to the addition of bFGF in the presence of EGF. Thus, it is 

more likely that at higher concentrations the heparin was toxic to the murine cells and not 

to the human cells. Furthermore, it is possible that the human cells were better able to 

cope with higher levels of heparin because they produced greater quantities of ECM, and 

the extra heparin was easily incorporated into this ECM. Based on these results, 5mg/L 

heparin was incorporated into the PPRF.ml medium. Heparin was not made a permanent 

component of PPRF.hl . 
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Figure VIII.7: The effect of supplementing PPRF.ml containing 2 g/L BSA and 0.1% 
lipid concentrate with heparin on the proliferation of murine neural stem cells in vitro. 
The celis were grown in Nunc T-25 flasks. After being inoculated at 75,000 ceUsImL, the 
flasks were incubated for 5 days at 37OC in a water saturated atmosphere containing 5% 
CO,. The results are presented relative to the control which was not supplemented. 
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Figure Vm.8: The effect of supplementing PPRF.hl containing 0.1 % lipid concentrate 
and 0.1% trace elements mixture with heparin on the proliferation of human neural stern 
cells in vipo. The cells were grown in Nunc T-25 flasks. After being inoculated at 75,000 
celldmL, the flasks were incubated for 10 days at 37OC in a water saturated atmosphere 
containing 5% CO,. The results are presented relative to the control which was not 
supplemented. 



VIII.4 CONCLUSIONS 

Some of the roles of proteins, lipids, trace elements, and heparin in mammalian systems 

were outlined at the beginning of this chapter. These substances were then used as media 

supplements to determine their effects on both murine and human neural stem cells. BSA 

(2.0 &), lipid concenmte (0.1%) and heparin (5.0 mg/L) were found to enhance the 

proliferation of rnurine cells in PPRF.ml, and trace elements had no significant effect. 

The proliferation of human cells in PPRFbl increased in the presence of lipid 

concentrate (0.1%) and trace element mixture (0.1%), and heparin had no clear effect. 

Also, the addition of BSA appeared to be detrimental for the human cells. Those 

supplements which reinforced proliferation were added to their respective media as 

permanent components. 



CELL EXPANSION IN NEW MEDIA 

IX.1 OWRVLEW 

In this chapter, the proliferation of murine and human neural stem cells was evaluated in 

PPRF.rn2 and PPRF.h2 respectively. In static culture, murine cells grown in PPRF.rn2 

reached a maximum cell density 75% higher than cells in NHSCM, and 655% higher than 

cells in NMSCM. In stirred culture, the murine cells reached a maximum cell density 

53.9% higher than cells in NHSCM, and 503% higher than cells in NMSCM. In all cases 

the viability was higher for a greater period of time. Overall, the PPRF.mZ cultures 

appeared to be healthier than the NHSCM cuitures, although there were a greater number 

of single cells over the course of the experiment. The human cells in PPRF.h2 achieved a 

cell density 10% greater and a viability 8% higher than human cells in MISCM. 

Surprisingly, human neural stem cells placed in PPRF.m2 achieved a cell density 8% 

higher then in NHSCM and had a 9% higher viability. However, this result will have to 

be verified before any solid conclusions can be drawn. Finally, an antibody based staining 

procedure was used to determine if murine neural stem cells grown in PPRF.d retained 

their ability to give rise to all three differentiated CNS cell types. Upon microscopic 

visualization, neurons, astrocytes and oligodendrocytes were observed simultaneously 

suggesting that PPRF.rn2 is capable of growing murine neural stem cells without causing 

differentiation. However, the effects of long-term subculturing in PPRF.m2 still need to 

be investigated. 



K 2  INTRODUCTION 

This chapter will present the results of growing murine and human neural stem cells in 

suspension culture using new media which were developed based on the results presented 

earlier in this thesis. 

IX.2.1 New Media Formulations 

The new media formulations for growing murine and human neural stem cells are 

presented in Table IX.1. The human medium was named PPRF.h2 and the rnurine 

medium was named PPRF.m2. 

Table IXI: The components in 1.0 L of the PPRF.rn2 and PPRF.h2 as compared to 
NMSCM and MISCM. These two media were developed at PPRF based on the 
experimental results presented earlier in this thesis for the growth of murine and human 
neural stem cells respectively. 

L 

PPRF.rn2 
0 mL 

290.4 rnL 
290.4mL 
290.4 mL 
O m L  

NHSCM. 
375.0mll. 
0 mL 

Component I Nl\rZSCM PEFtj?.h2-: 
OmL 

388.25mL 
D E M  
DMEM2 

RPMI 
F12 

30% Glucose Stock Solution 

375.0 mL 
0 rnL 
OmL 

375.0 mL 
60.0 mL 

200 mM Gln Stock Solution 
7.5% Na Bicarbonate Solution 

1M Hepes Solution 
Hormone Mixture 

EGF 

30.0 mL 
45.0mL 
15.OmL 
100.0 mL 
20.0 pg 

OmL 
375.0 mL 
60.0 mL 

0 mL 
45.0d 
15.0mL 
150.0 mL 
20.0 pg 
10.0 pg 

o g  
I.OmL 
1.0 mL 
OmL 
OrnL 
11.5 mL 

Included 

OmL 
388.25m.L 
0 mL 

O m L  
21.5mL 
4.3mL 
100.0 mL 
20.0 pg 
10.0 pg 
2.0 g 
1.0mL 
0 mL 

1.0mL 
1 .O mL 
O m L  
Not 

Included 

30.0 mL 
45.0mL 
15.0rnL 
100.0 mL 
20.0 pg 

Unknown 
Unknown 
Unknown 
Unknown 
Unknown 
OrnL 
O m L  

Included 

bFGF 
Albumin 

Gibco Lipid Concentrate (1000X) 
Trace Elements Mixture 

5 g/L Heparin Stock Solution 
10 gL Phenol Red Stock Solution 
1.25 g/L Aspartic Acid Stock Soln. 

NeuroSpheres Proprietary Mixnue 
i 

O W  
o g  
O m L  
0 rnL 
OlnL 
0 mL 
0 mL 
Not 

Included 



W.2 Cell Staining 

In general, the main objective of media development is to achieve an improved level of 

cellular proliferation. However, when developing a medium for stem cells, it is also 

important to ensure that the new medium does not change the fundamental sternness of 

the cells. A medium in which the final cell density is high, but in which the cells can no 

longer give rise to the Ml spectrum of terminally differentiated cell types, is not a 

successfdly developed stem cell medium. In the case of neural stem cells, the ability of 

the cells to give rise to neurons, astrocytes and oligodendrocytes was determined after 

being grown in the new media. 

In order to determine whether all three cell types were being produced, the stem cells 

were differentiated and stained as per the procedure outlined in Section m.6. The 

procedure utilized antibody technology to identify cells based upon specific markers as 

shown in Figure E.1.  In the described procedure, the targeted markers for neurons, 

astrocytes and oligodendrocytes were the three proteins P-tubulin, GFAP, and 04 

respectively. The antibodies which attach to these proteins are known as primary 

antibodies. and they were generated in animals by commercial producers. The primary 

antibodies targeting neurons were raised in mice and are termed mouse IgG2b anti-@- 

tubulin). The primary antibodies targeting mocytes were raised in rabbits and are 

termed rabbit anti-GFAP. Lastly, the primary antibodies targeting oligodendrocytes were 

raised in mice and are termed mouse anti-04. 

Attaching an antibody to the marker is not enough since the presence of an attached 

antibody still needs to be detected. This was accomplished using secondary antibodies 

against the primary antibodies. The secondary antibodies were each conjugated with 

different molecules which emit a specific colour when under fluorescent light. In the 

procedure described in Section m.6, the secondary antibodies against the neuron primary 

antibodies were Rhodamine (TRITC)-conjugated goat anti-mouse IgG. The 
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Figure M.1: A schematic diagram depicting how primary and secondary antibodies bind 
to different cell type specific antigens and allow cell identification Shown are the primary 
and secondary antifbodies against (a) Astrocytes (b) Oligodemlrocytes, and (c) Neurons. 



secondary antibodies against the astrocyte primary antibodies were AMC A-conjugated 

goat anti-rabbit IgG. Finally, the secondary antibodies against the oligodendrocyte 

primary antibodies were FITC-conjugated goat anti-mouse IgM. Under fluorescent light, 

Rhodamine appeared red, AMCA appeared blue, and FITC appeared green. For a given 

differentiated spheroid sample, if red, green and blue cells could be microscopically 

visualized, it meant that the original undifferentiated sphere contained neural stem cells. 

W.3 Scaling up the Production of Mammalian Cells 

One objective of stem cell research is to provide large quantities of cells fiom a quality- 

controlled environment in an economically feasible manner. Throughout this study, all of 

the experiments have been conducted in T-flasks. Although this is a good starting point in 

research, growth in T-flasks will not be adequate to supply the foreseeable demand for 

neural stem cells. Since T-flask volumes are relatively small, a huge number of them 

would be needed to meet the demand. This would be time consuming, labor intensive, 

and very expensive. 

One way to circumvent these problems is to scale-up the production of the neural stem 

cells to large suspension culture bioreactors. Due to economies of scale, increasing the 

volume of the production vessel should result in larger quantities of cells at lower cost. 

However, by increasing the size of the bioreactor, other problems are introduced. In order 

to maintain a homogenous medium devoid of nutrient and gas grachents, the contents 

need to be physically agitated. This may cause hydrodynamic shear forces to be created 

which could be detrimental to shear-sensitive mammalian cells. Also, maintaining 

adequate levels of nutrients, gases, and pH requires continuous on-line monitoring and 

controlled supplementation. These problems will have to be addressed since scaled-up 

production is the only feasible method by which in vitro culture will be able to supply an 

adequate quantity of neural stem cells. 



The scale-up of any process to a commercial level does not occur in one step. Rather it is 

the cumulative result of a series of small increases in the size of the production vessel. 

Since the ceils have been grown in T-flasks thus far, the next logical step would be to 

grow them in spinner flasks. A spinner flask is schematically depicted in Figure m.3. Not 

only is this an increase in the volume of the culture vessel, but it also introduces the 

effects of agitation. The proliferative response of murine neural stem cells in spinner 

flasks containing NMSCM, NHSCM, or PPRF.rn2 was examined and is reported here. 

IX.3 EXPERIMENTAL RESULTS AND DISCUSSION 

D U . 1  Ceil Density and Viability 

The cell density and viability for murine neural stem cells in NMSCM, NHSCM, and 

PPRF.m2 are shown in Figures IX.2 and M.3 respectively. It is clearly evident that 

PPRF.rn2 is far superior to NMSCM for the growth of murine cells. Furthermore, the 

cells in PPRF.rn2 appeared to be able to sustain logarithmic growth for one day longer 

than in NHSCM. The extra time in this phase brought about a maximum cell density 

approximately 75% higher than that achieved in NHSCM, and 655% higher than in 

NMSCM. As shown in Figure IX.4, the specific growth rates during exponential growth 

were comparable in PPRF.rn2 and NHSCM, but significantly lower in NMSCM. 

Over the course of the experiment, the cells also appeared to be healthier in PPRF.m2. 

Initially the viability in NHSCM medium was slightly higher. However, after 48 hours, 

the viability in this medium began to drop, and never recovered. In PPRF.m.2 the viability 

was maintained up until approximately 120 hours before sigdicant decreases were 

observed. Qualitatively, following trituration, the single cells appeared to be more 

spherical and brighter, and less debris was evident. Photographs of the spheroids in the 

three different media are shown in Figure M.5. In NMSCM the spheroids did not grow 
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Figure W: The growth curves for murine neural stem cells in three different media 
(NMSCM, NHSCM and PPRF.m2). The cells were grown in Nunc T-25 flasks. AAer 
being inoculated at 75,000 ceLls/mL, the flasks were incubated at 37OC in a water 
saturated atmosphere containing 5% CO,. 
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Figure E.3: The viabilities for murine neural stem cells grown in three different media 
(NMSCM, NHSCM and PPRF.rn2). The cells wcre grown in Nunc T-25 flasks. Aftcr 
being inoculated at 75,000 ceIIslmL, the flasks were incubated at 37°C in a water 
saturated atmosphere containing 5% CO,. 
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Figure IX.4: The specific growth rates for murine neural stem cells during the 
exponential phase in three different media (NMSCM, NHSCM and PPRF.rn2). The cells 
were grown in Nunc T-25 flasks. After being inoculated at 75,000 cells/mL, the flasks 
were incubated at 37OC in a water saturated atmosphere containing 5% CO,. 
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Figure K.5: Photographs showing the progression of spheroid formation for murine 
neural stem cells in (a) NMSCM (b) NHSCM and (c) PPRF.rn.2. The cells were grown in 
Nunc T-25 flasks. Following inoculation at 75,000 cells/mL,, the flasks were incubated at 
37°C in a water saturated atmosphere containing 5% CO, (Scale: 1 mm = 20 pn). 



nearly as well they did in NHSCM and PPRF.m2. Over time the spheroids and single 

cells started to attach to the surface of the T-flask and take on the morphology of 

differentiated cells. Some evidence of this was also present in NHSCM, but not in 

PPRF.rn2. Also, in PPRF.m2 there were more spheroids than in MISCM, and they were 

generally smaller in diameter. One possible explanation for this is that in NHSCMy the 

cells had more of a tendency to aggregate, and thus the eventual number of spheroids was 

low= than in PPRF.rn2, but larger. It was noticed that in PPRF.rn2 there were a greater 

number of single cells in the medium throughout the experiment. It is unknown if these 

were viable cells or intact dead cells. 

The results for the human cells are presented in Figure IX.6. It should be noted that 

whereas fhll growth c w e s  were generated for the murine cells, it was not possible to do 

this for the human cells due to the small quantity of human cells on hand when the 

experiments were conducted. Thus, the human cell results are not presented in the same 

manner as the murine cells. Furthermore, the results shown are for single T-flasks which 

had their cellular contents counted twice. Due to the lack of cells, the experiment itself 

could not be performed in duplicate. From Figure IX.6 it is clear, as was shown in 

Chapter IVY that NMSCM can not sustain the growth of human neural stem cells in vitro. 

In PPRF.h2 the rate of proliferation was 10% higher than in NHSCM and the viability 

was approximately 8% higher. This was expected based on result presented earlier in this 

thesis. The unexpected surprise was that human neural stem cell growth could be 

sustained in PPRF.m2 with 8% more proliferation and a 9% higher viability than in 

NHSCM. It is unlikely that this growth is due to the wryover of components (such as 

NeuroSpheres proprietary mixture) fiom previous cultures because if that were the case, 

proliferation would also be observed in NMSCM. Thus, the growth can be attributed to 

the PPRF.rn2 medium. Although the results will have to be verified, and the effect of 

long term culturing in PPRF.m2 will have to be investigated, if it is determined that 

PPRF.xn2 can support the growth of the human cells, it will represent a large leap forward 
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Figure K.6: The growth and viabili~ of human n e d  stem cells in NMSCM, NHSCM, 
PPRF.h2 and PPRF.rn2. The growth results are given in comparison to NHSCM. These 
results are fkom an unduplicated experiment, although the cells in each T-flask were 
counted twice. The cells were grown in Nunc T-25 flasks. AAer being inoculated at 
75,000 ceUs/mL, the flasks were incubated for 10 days at 37OC in a water saturated 
atmosphere containing 5% CQ. 



for PPRF. It will mean that there will no longer be a dependence upon NeuroSpheres 

proprietary supplement mixture for the growth of human neural stem cells. 

IX3.2 Glucose, Glutamine, Lactate, and Ammonia 

The glucose consumption by the murine cells in the three different m u ~ e  media is 

shown in Figure IX.7. At the beginning of the run, the amount of glucose consumed was 

similar in all three cultures. Towards the end of the run, the cells in PPRF.m2 appeared to 

consume slightly more glucose. However, the amount of lactate produced (Figure M.8) 

by the cells in PPRF.rn2 was much greater than the cells in NMSCM and NHSCM. As 

shown in Figure M.9, this resulted in a Ywd, of 0.803 moUmol which was higher than 

that in NHSCM and NMSCM. This was somewhat of a surprise since it was expected 

that the yield would be lower in a relatively low glucose medium. 

The glutamine consumed by the cells is shown in Figure IX. 1 0. It was found that the cells 

in PPRF.rn2 consumed approximately 30% less glutamine than the cells in MISCM. 

Thus, it was expected that the cells would also produce the least amount of ammonia 

(Figure IX.1 I). However, this was not the case. The murine cells in PPRF.m2 actually 

produced ammonia at levels similar to NHSCM. Figure IX. 12 shows a Ywe of 0.409 

rnoVmol for cells in PPRF.rn2 which was si@cantly higher than 0.317 moYmol 

produced in NHSCM. 

It is important to consider that the yield values presented above do not take into account 

the number of cells in the medium. The average specific uptake and produn dion rates 

during exponential growth are presented in Figures IX.13 through IX.16. These figures 

show that the cells in PPRF.m2 had the lowest specific glucose and glutamine uptake 

rates, as well as the lowest specific ammonia production rate. The specific lactate 

production rate was higher than in MISCM, but not by a large amount. The n h e n t  and 

growth kinetics for the murine cells in different media are summarized in Table Kl . 
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Figure IX7: The glucose taken up by m e e  neural stem cells in NMSCM, NHSCM 
and P P R F d .  The cells were grown in Nunc T-25 flasks. After being inoculated at 
75,000 ceUs/mL, the flasks were incubated at 3PC in a water saturated atmosphere 
containing 5% C4. 
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Figure lX.8: The lactate produced by murine neural stem cells in NMSCM, NHSCM and 
PPRF.rn2. The cells were grown in Nunc T-25 flasks. After being inoculated at 75,000 
ce l l s fd ,  the flasks were incubated at 37OC in a water saturated atmosphere containing 
5% cop 
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Figure IX9: The yield of lactate from glucose for murine neural stem cells during the 
exponential growth phase in NMSCM, NHSCM and PPRF.mZ. The cells were grown in 
Nunc T-25 flasks. After being inoculated at 75,000 cel ldml,  the flasks were incubated at 
37°C in a water saturated atmosphere containing 5% CO,. 
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Figare IX.10: The glutamine taken up by murine neural stem cells in NMSCM, NHSCM 
and PPRF.rn2. The cells were grown in Nunc T-25 flasks. After being inoculated at 
75,000 cells/mL, the flasks were incubated at 37OC in a water saturated atmosphere 
containing 5% CO,. 
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Figure IX.11: The ammonia produced by murine neural stem cells in NMSCM, NHSCM 
and PPRF.m.2. The cells were grown in Nunc T-25 flasks. After being inoculated at 
75,000 ceUslmL, the flasks were incubated at 37°C in a water saturated atmosphere 
containing 5% C02. 
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Figure IX.12: The yield of ammonia from glutamine for murine n e d  stem cells during 
the exponential growth phase in NMSCM, MISCM and PPRF.rn2. The cells were grown 
in Nunc T-25 flasks. After being inoculated at 75,000 cellsfml, the flasks were incubated 
at 37°C in a water saturated atmosphere containing 5% COP 
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Figure IX.13: The specific glucose uptake rates of murine n e d  stem cells during the 
exponential growth phase in NMSCM, NHSCM and PPRF.m2. The cells were grown in 
Nunc T-25 flasks. AAer being inoculated at 75,000 ceUs/mL, the flasks were incubated at 
37°C in a water saturated atmosphere containing 5% C02. 
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Figure IX.14: The specific lactate production rates of mrmrine neural stem cells during the 
exponential growth phase in NMSCM, NHSCM and PPRF.rn2. The cells were grown in 
Nunc T-25 flasks. Mer being inoculated at 75,000 ceLlslmL, the flasks were incubated at 
37OC in a water saturated atmosphere containing 5% CO,. 
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Figure IX15: The specific giutamine uptake rates of murine neural stem cells during the 
exponential growth phase in NMSCM, NHSCM and PPRF.rn2. The cells were grown in 
Nunc T-25 flasks. After being inoculated at 75,000 ceUs/ml, the flasks were incubated at 
37OC in a water saturated atmosphere containing 5% C4. 
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Figure IX16: The specific ammonia production rates of murine neural stem cells during 
the exponential growth phase in NMSCM, NHSCM and PPRF.rn2. The cells were grown 
in Nunc T-25 flasks. After being inoculated at 75,000 ceWml, the flasks were incubated 
at 3'7°C in a water saturated atmosphere containing 5% COP 
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Figare IX.16: The specific ammonia production rates of murine neural stem cells during 
the exponential growth phase in NMSCM, MISCM and PPRF.m2. The cells were grown 
in Nunc T-25 flasks. After being inoculated at 75,000 ceUs/mL, the flasks were incubated 
at 37°C in a water saturated atmosphere containing 5% CO,. 



Table IX.1: A summary of the kinetic parameters for murine cells in NMSCM, 
NHSCM, and PPRF.rn2. These values were calculated during the exponential growth 
phase. 

M3 J Spheroid Differentiation and Cell Staining 

Following their growth in PPRF.rn2, the murine neural stem cells were stained as per the 

procedure outlined in Chapter Ill. Figure IX. 17 shows a spheroid during various stages of 

the differentiation procedure. Upon being placed on a polyomithine coated slide, the 

spheroid attached rapidly to the d a c e .  Within 3 days, it had started to spread out with 

the cells migrating away fiorn the disintegrating spheroid. At 7 days, after forced 

differentiation through exposure to FBS, the spheroid had almost completely 

disintegrated, and the cells have spread out even further. Presumably, if allowed to 

continue, the cells would eventually form a confluent monolayer of cells. 
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Figure IX.17: The appearance of a neural stem cell spheroid as it attaches and starts to 
differentiate. (a) Day 0 - The spheroid has just been placed in a well and is starting to 
attach to a polyomithine coated slide (b) Day 3 - The spheroid has attached and cells are 
starting to migrate outward from the sphere (c) Day 6 - The spheroid has almost 
completely disintegrated and is surrounded my differentiated cells which continue to 
migrate outward. 



Figure M.18 shows a single spheroid (magnified 200X) after it had been stained. When 

placed under fluorescent light it is evident that all three major terminally differentiated 

CNS cell types were produced upon differentiation. In Figures IX. 18 (a), @) and (c), the 

different cell types are shown separately. In Figure IX. 1 8 (d), the different cell types are 

shown all together. Figure IX.19 shows a close up of the spheroid periphery. The 

migrating cells can clearly be seen in these photographs. Again, Figures M.19 (a), (b), 

and (c) show the different cell types separately, and Figure IX. 19 (d) shows how all three 

cells were simultaneously present in that region. These visual observations suggest that 

murine neural stem cells can proliferate in PPRF.m.2 while maintaining the ability to give 

rise to neurons, astrocytes, and oligodendrocytes. 

IX3.4 Growth in Spinner Flasks 

Figure IX.20 shows the growth of murine neural stem cells in spinner flasks containing 

NMSCM, NHSCM, or PPRF.m2. As expected, PPRF.rn2 was found to be the best 

medium for the growth of murine cells. However, the overall cell density achieved in 

spinner flasks was lower than that in T-flasks for all three media The specific growth 

rates are shown in Figure E.21. It is possible that the cells require time to adapt to their 

new environment. Adaptation processes could include a change in the composition of the 

cellular membrane to make the cells more robust, or production of more extracellular 

matrix for protection. It is also possible that the shear forces destroy certain 

subpopulations of cells thereby altering the composition of an already heterogeneous 

mixture. In a separate study conducted at PPRF, long term serial passaging in spinner 

flasks containing NHSCM have indicated a decreased cell density relative to T-flasks 

during the first few subcultures in spinner flasks. However, in those experiments the cell 

density increased over the course of several passages and eventually leveled off at 

concentrations comparable to what can be obtained in T-fl asks (Kallos, 1998). A similar 

study should be conducted in spinner flasks containing P P R F d .  



Figure M.18: A single mu& neural stem cell spheroid as it appeared under fluorescent 
light following the staining procedure. Shown are (a) Neurons (b) Astrocytes (c) 
Oligodendrocytes and (d) a triple stain with neurons, astrocytes, and oligodendrocytes 
together. Note that ceUs can be clearly seen migrating away eom the spheroid. A 
magnified view of these cells is provided in Figure IX. 19. These photographs provide 
evidence that murine neural stem cells grown in PPRF.rn2 retain the ability to give rise to 
all three major CNS cell types (Scale: 1 mm = 5 pn). 



(a) Neurons (b) Astrocytes 

(c) Oligodendroeytes (d) Triple stain 

Figure M. 19: A @ed view of the periphery of the differentiating rnurine neural stem 
cell spheroid shown m Figure IX.18 as it appeared under fluorescent light following the 
staining procedure. Shown are (a) Neurons (b) Astrocytes (c) Oligodendrocytes and (d) a 
triple stain with neurons, astrocytes, and oligodendrocytes together. Note that cells can be 
clearly seen migrating away eorn the spheroid. These photographs provide evidence that 
mmrriae neural stem ceb  grown in PPRF.rn2 retain the ability to give rise to all three major 
CNS cell types (Scale: 1 mm= 2.5 pn). 



96 

Time (h) 

- - o - - NMSCM -o- NHSCM -t-- PPRF.rn2 

Figure M 3 0 :  The growth curves for murine neural stem cells in NMSCM, NHSCM and 
PPRF.rn2. The cells were grown in spinner Flasks. AAer being inoculated at 75,000 
cells/mL+, the flasks were incubated at 37'C in a water saturated atmosphere containing 
5% C4. The agitation rate was maintained at 100 rpm by a Thermolyne magnetic stir 
plate. 
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Figure IX.21: The specific growth rates for rnurine neural stem cells during the 
exponential phase in NMSCM, MISCM and PPRF.xn2. The cells were grown in spinner 
flasks. AAer being inoculated at 75,000 cells/&, the flasks were incubated at 37°C in a 
water saturated atmosphere containing 5% COP The agitation rate was maintained at 100 
rpm by a Themolyne magnetic stir plate. 



The viabilities of the murine neural stem cells in spinner flasks are shown in Figure 

M.22. There appears to be a slightly higher viability in spinner flasks relative to T-flasks 

which seems paradoxical since the spinner flask cultures are subject to shear forces, and 

achieve lower cell densities. However, it is possible that these same shear forces 

mechanically break apart dead cells whereas in static culture a greater number of dead 

cells remain intact since they only undergo chemical decomposition. Since viability is a 

hc t ion  of the quantity of intact, recognizable dead cells, the result would be a higher 

apparent viability in spinner flasks. 

The progressive growth of the spheroids in spinner flasks is photographically shown in 

Figure IX.23. What is immediately apparent relative to T-flask cultures is that within one 

day of inoculation, large aggregates had already formed. Obviously these are not the 

resuit of cellular proliferation. Rather, the motion of the medium caused the cells to 

frequently come in contact and adhere with one another, thereby giving rise to large 

aggregates. Also evident is the presence of a greater quantity of debris. This would add 

credence to the theory that cells broke apart in the presence of hydrodynamic shear 

forces. However, what remains unclear is whether the debris was mostly &om cells killed 

by the shear forces, or from cells which died for other reasons. It should also be 

mentioned that at 5 days in cultures, the spheroids in spinner flasks were larger than in T- 

flasks and they had a noticeably darkened center. This may indicate that the density at the 

center was different than at the periphery. It is &own whether or not these spheroids 

had a necrotic center. Necrosis (cell death) is conceivable at large spheroid diameters for 

two reasons. First, nutrient and oxygen mass transfer limitations could occur, thereby 

causing localized depletion of key factors. Second, due to mass transfer limitations out of 

the spheroid, toxic metabolic end products could accumulate and kill the cells. The best 

method to ensure, necrosis does not occur is to limit the size of the spheroid. Future 

studies could involve &ding methods to reduce the level of cell aggregation. 
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Figure M 3 2 :  The viabilities for muriae neural stem cells grown in NMSCM, NHSCM 
and PPW.m.2. The cells were grown in spinner flasks. After being inoculated at 75,000 
ceUs/mL, the flasks were incubated at 37°C in a water saturated atmosphere containing 
5% CO,. The agitation rate was maintained at 100 rpm by a Thennolyne magnetic stir 
plate. 



(a) NMSCM 

(b) NHSCM 

(c) PPRF.In2 

Figure IX.23: Photographs showing the progression of spheroid formation for murine 
neural stem cells in (a) NMSCM @) MISCM and (c) PPRF.m2. The cells were grown in 
spinner flasks. Following inoculation at 75,000 cel ldd,  the flasks were incubated at 
37°C in a water saturated atmosphere containing 5% C4. The agitation rate was 
maintained at 100 rpm by a Thermolyne magnetic stir plate (Scale: 1 mm = 20 pm). 



IX4 CONCLUSIONS 

The results presented in this chapter suggest that PPRF.rn2 is superior to NMSCM and 

NHSCM for the in vitro proliferation of murine neural stem cells in both T-flasks and 

spinner flasks. Higher cell densities were accompanied by better viabilitiesy and overall, 

healthier lookin_g cultures. Surprisingly, PPW.rn2 also seemed to be able to sustain the 

growth of human neural stem cells in T-flasks. However, this result will have to be 

verified before any solid conclusions can be drawn. Finally, an antibody based staining 

procedure was used to determine if murine neural stem cells grown in PPRF.m2 retained 

their ability to give rise to all three differentiated CNS cell types. Upon microscopic 

visuahzation, neurons, astrocytes and oligodendrocytes were observed simultaneously 

suggesting that PPRF.rn2 is a medium which is capable of growing murine neural stem 

cells. However, the effects of long-term subculturing in PPRF.rn2 still need to be 

investigated. 



CONCLUSIONS AND RECOMMENDATIONS 

XI CONCLUSIONS 

The focus of this thesis was to develop new media for the in vitro growth of murine and 

human neural stem cells. First, the nutrient and growth kinetics of these cells were 

determined in existing media. It was found that only a small percentage of the total 

glucose and glutamine was being consumed even though there was a huge quantity of 

these components in the media, and that certain amino acids were being depleted. The 

cells were also found to be sensitive to high osmolalities. 

Next, a basal media study was conducted to determine which basal media, or basal media 

combination was the best for growing the cells. For murine cells in murine medium, the 

best basal medium combination was found to be RPMVDMEMF12. For murine cells and 

human cells in human media, the best basal medium combination was found to be 

DMEMlF 12 (which is the combination found in NHSCM and NMSCM). 

Following this, studies were conducted to determine the optimum levels of components 

already in the medium. It was found that both human and murine cells responded 

positively to decreases in the glucose and glutamine levels, and the uptake rates of these 

two macronutrients decreased at the lower concentrations. The supplementation of 

pymate was found to be detrimental to both cell types. Supplementation with amino 

acids which were previously identified as becoming depleted was also detrimental, or had 



no effect with the one exception being aspartic acid which increased the proliferation of 

human cells in human medium. The optimum level of hormone mixture was found to be 

10% for murine cells and 15% for human cells. Lastly, the murine cells were found to 

respond positively to new decreased buffer levels, whereas the human cells were 

indifferent within an optimum pH window. 

Based on the results found up until this point, a new murine medium (PPRF.ml) and a 

new human medium were formulated (PPRF .h 1). PPRF.m l contained 

RPMI/DMEM2/F 12, had low levels of glucose and glutarnine, modified levels of sodium 

bicarbonate and Hepes, EGF, and bFGF. PPRFbl contained DMEM2E12, had low 

levels of glucose and glutamine, 15% hormone mix, 14.4 mg/L aspartic acid, and both 

EGF and bFGF. These two media then undenwent further supplementation. Murine cells 

in PPRF.ml were found to respond favorably to 2.0 g/L BSA, 5.0 mg/L heparin, and a 

0.1 % supplementation with a commercially available lipid concentrate. The human cells 

in PPRF.h2 showed greater proliferation in the presence of 0.1% lipid concentrate, and 

0.1 % trace elements mixture. These changes were implemented into the media to give the 

final media, PPRF.m.2 and PPRF.h2. 

The growth of the murine and human neural stem cells were evaluated in the new media 

and compared to growth in the previously existing media In T-flasks, murine cells grown 

in PPRF.m2 were able to achieve a cell density 75% higher than cells in NHSCM, and 

655% higher than cells in NMSCM. Also, the viability was higher for a greater period of 

time. Overall, the PPRF.rn2 cultures appeared to be healthier than the NHSCM cultures, 

although there were a greater number of single cells over the course of the experiment. 

The human cells in PPRF.h.2 achieved a cell density 10% greater and a viability 8% 

greater than human cells in NHSCM. Surprisingly, human n e d  stem cells placed in 

PPRF.rn2 achieved a cell density 8% higher than in NHSCM and had a 9% higher 

viability. The milnhe cells grown in PPRF.rn2 were differentiated and then stained using 



antibodies conjugated with fluorescent molecules. The simultaneous presence of neurons, 

astrocytes and oligodendrocytes confirmed that PPRF.m2 did not alter the abikiy of the 

stem cells to give rise to the entire spectrum of major cell types present in the CNS. 

In the final stage of this project, the growth of the murine cells was scaled up fiom T- 

flasks to spinner flasks. The maximum cell density was 53.9 % more than in MISCM and 

503% more than in NMSCM. The viabilities throughout the run were also higher in 

PPRF.rn2. However, the maximum cell density in T-flasks containing PPRF.rn2 was 

higher than in spinner flasks by 36.3%. It is possible that this decrease may be attributed 

to the presence of hydrodynamic shear forces caused by agitation in the spinner flasks. 

Based on these final results in T-flasks and spinner flasks, it may be concluded that new 

media for the growth and proliferation of human and mlrrine neural stem cells were 

successfully developed, and that they are superior to media which existed prior this study. 

X2 RECOMMENDATIONS 

Due to the problems encountered when trying to obtain a sufficient supply of human 

neural stem cells, as well as difficulties inherent in the human cell system, a majority of 

the work in this study focused on the murine neural stem cell system. However, 

eventually, the production of large quantities of murine cells will not be of clinical 

significance. Thus, more work should be conducted on finding a better medium for the 

growth of the human neural stem cells. One area which should be reexamined is the use 

of the basal medium combination RPMIEI2 which initially showed promise. It is 

possible that a supplementation package can be developed for RPMVFlZ which will 

discourage the development of a differentiated cell morphology in the long tem while 

maintaining aU of the observed positive attributes. 



Although human cells will eventually be required in clinical settings, the use of the 

murine system should not be abandoned. The human cells do not yet grow well enough in 

viho to initiate scale-up studies. The stepwise scale-up of neural stem cell production 

fiom T-flasks to spinner flasks and eventually controlled bioreactoa should be developed 

first for the murine system since a large amount of practical knowledge can be gained in a 

shorter period of time. This information may subsequently prove to be applicable to the 

human system. For example, it has been shown in this study that the human cells may be 

able to grow in PPRF.rn2 which was developed specifically for murine cells. 

One area which should be addressed when scaling-up is further media modifications to 

attain even higher cell densities. New growth factor studies could include the effects of 

adding insulin-like growth factor I which has been shown to enhance bFGF related 

proliferation (Drago et al., 1991) and neuregulin which has shown to be a mitogen and a 

differentiation inhibitor for 0-2A progenitor cells (Cannoll et al., 1996). Instead of 

adding a lipid concentrate, a mixture of lipids could be tailored specscally for neural 

stem cells. According to Freshney (1992), the lipid content of a medium requires the most 

carell optimization. Other supplements which could be evaluated include protease 

inhibitors, antioxidants, and dactants .  

Finally, when scaling-up the production of mammalian cells, the development of 

bioreactor protocols is very important. Issues to be considered include mode of operation 

and homeostatic control strategies. Is it best to operate the bioreactor in batch, perfusion, 

or continuous mode? How can the cells be barvested aseptically on a large scale? Should 

the pH be controlled by gas sparging, or through the periodic addition of an alkali? What 

is the optimum agitation rate? These are just some of the issues which must be addressed 

before the commercial production of neural stem cells can become a reality. 
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COMPUTER PROGRAM FOR 
EGF BEV'3ING A\?) TIUSTICKING ilIODEL 

The program in this Appendix was written in MATLAB to solve the ten coupled, 
nonlinear ordinary differential equations describing the whole cell model of EGF binding 
and tdticking. 

% 
% This file contains the linear ordinary differential equations 
% as described by the whole cell method. These equations will 
% be solved using GEAR over a 360 minute time period to determine 
% the concentration of sigoaling d a c e  receptors as a function 
% of EGF concentration. The results will be plotted in Figure 7 
% of this paper. 
% 
function dx=egffx(t,x) 
% 
global init 
% 
% Values for the different parameters in the whole 
% cell kinetic model 
% 
kf = 7.2e7; 
la = 0.34; 
%M.001; 
%W.17; 
xbO.68; 
KDC = 4.7e-9; 
kc = 2.0e-5; 
%kc = 0.0; 



ku = 0.1; 
KDT = 5.0e3; 
%KCP = 1.8e-5; 
RT = 1.8e5; 
%RT=9.0e5; 
%RT=3.6e5; 
PT = 8.le4; 

lam = 1 .O; 
KCP==c/(lam+ku)); 
kt = 0.03; 
ks = 130; 
k2r = lO.O*kr; 
kx = 5.8e-2; 
%kx=O. 19; 
%kx=l .O; 
khr = 2.2e-3; 
khl = l .Oe-2; 
VeNe = 1 .Oe- 1 1 ; 
rho = 1.0e6; 
%rho = 1 .Oe9; 
Nav = 6.023e23; 
% 
% x(1) = Rs = fiee surface receptors &(I) = dRs/dt 
% x(2) = Cs = ligand bound surface receptors dx(2) = dCddt 
% x(3) = Lo = [ligand in medium] dx(3) = dLo/dt 
% x(4) = Ri = endosomal ligand ~ e e  receptors dx(4) = dRi/dt 
% x(5) = Ci = endosomal ligand bound receptor dx(5) = dCi/dt 
% x(6) = Li = [endosomal ligand] dx(6) = dlildt 
% x(7) = Ld = degraded ligand dx(7) = dLd/dt 
% Ts = complexed endonexins 
% Ps = endonexins 
% 
Ps = PT/((KCP*x(2))+ 1 .O); 
TS = PT-Ps; 
% 
dx(1) = - ~ x ( l ) * x ( 3 ) ~ ~ ( 2 ) ) - ( k t * x ( l ) ) + ~ * x ( 4 ) ) + k s ;  
dx(2) = ~x(l)*x(3))-(kr*x(2))-~x(2)*Ps)-yku*Ts)-(k*x(5)); 
dx(3) = (-vx( l )*x(3))+(lrr*x(2))) * (rhoMav); 
&(4) = -(kf*x(4)*x(6))+(k2r'x(5)W*x( 1 )j(khr*x(4)>(lar*x(4)) ; 
h ( 5 )  = wx(4)*x(6))-(k29x(5))+(1~*Ts)ykt*x(2))wx(5)~~*x(5)); 
dx(6) = ((-(kPx(4)*x(6)W*x(5)))/WeNe*Nav))-; 



% The file needed to execute GEAR to solve the equations in 
% the file egffx.m using the nm fiie egfm.m 
% 
hction [sys,xnot]= gfiles(t,x,y,flag) 
% 
global init 
% 
if ( f l a g 0 )  

xnot = init; 
sys = [7 0 7 0 0 01; 

elseif ((flag= 1 )l(flag=- 1)) 
sys = egffx(Gx); 
mot = 0; 

elseif ( f l agg3)  
sys = e@wf x); 
mot = 0; 

% keyboard; 
% sys = x; 
end 

% This is the run file for the file eg f i .  The method 
% used to solve the equations in is GEAR 
% 
clear 
% 
global init 
% 



n=0;  
to = 0.0; 
tf = 360.0; 
Lo = l.Oe-I I; 
q=o; 
% 
while Lo<= 1 .Oe-7; 
Yo 

11=11+l; 

% 
% Routine to change the concentration of EGF 
% from le-11M to le-7M 
% 

if n=l1; 
Lo = newlo; 
n=2; 
newLo=Lo*n; 

elseif n<l1 
newLo=Lo*n; 

end 
% 
% mot initial values =[Rs,CsLo,Ri,Ci,Li,Ld] 
Yo 

mot = [1.8e5;O.O;newLo;O.O;O.O;O.0;0.0]; 
init = mot; 

% 
% Calling GEAR 
% tolerance is le-6 
% min. step size is 0.1 min 
% max step size is 1.0 min 
Yo 
% 

[t,x,y]=gear('gfiles',tf,mot,[l e-6 0.1 1 1 01); 
% 
% Routine to find the change in medium ligand concentration 
% for a given initial concentration 
% 
% ifnewLo=l.Oe-11 
% t  
% ligcon = x(:,3) 
% end 
% 



q=q+l; 
rlength(t) ; 
Lig(q, 1 )==ewLo; 
Cs(q, 1 Mc(2); 

% 
end 
% 
%Print out results 
Yo 
Lig 
Cs 
% 
%plot the results 
% 
elf 
plot(Lig,Cs),title('Cs vs Lo'), 
ylabel('Cs'),xlabeI('Lo') 
% 

figure(figure) ; 
% 
elf 
plot(t,~(:,3)),title(Zigand Concentration in the Medium'), 
ylabel('Lor), xlabel('Time (min)'), 
% 

fiiYre(figure) ; 
Yo 
clf 
plot(~(:,2)),titIe('Number of Surface Receptors'), 
ylabel(%sl), xlabel('Tirne (min)'), 




