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Abstract

Aims: To determine whether granulocyte macrophage-colony stimulating factor
(GM-CSF) production by neuronal precursor (NT2) cells can be regulated by IL-
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1beta and TNF-alpha. Background: We have previously demonstrated GM-CSF
expression by neurons of the developing human brain, as well as by NT2 cells. IL-
1beta and TNF-alpha upregulate GM-CSF production in glial cells, but GM-CSF
regulation in neurons is as yet undefined. We hypothesized that IL-1beta and
TNF-alpha would increase GM-CSF mRNA and protein production in NT2 cells.
Methods: The effect of IL-1beta and TNF-alpha on GM-CSF production was
assessed by dose response (0 to 2,000 U/ml), and time course (0 to 48 hours
incubation) experiments. GM-CSF mRNA and protein production were assessed
by quantitative RT-PCR and by ELISA. The effect of these cytokines on cell
turnover was determined by BrdU incorporation. Results: IL-1beta increased GM-
CSF mRNA and protein expression by NT2 cells. This effect was time and dose
dependent, and the effective dose ranging from (20-200 U/ml). TNF-alpha
increased GM-CSF mRNA expression to a lessor extent than did IL-1beta
(maximal stimulation at 200 U/ml), and a minimal increase in net protein
accumulation was noted. Neither cytokine increased NT2 cell turnover.
Conclusions: IL-1beta and TNF-alpha both increase GM-CSF mRNA expression
by NT2 cells, but only IL-1beta increases net GM-CSF protein accumulation.

Full text

INTRODUCTION

The role of cytokines in the development and homeostasis of the central
nervous system (CNS) is an area of intense research. Granulocyte macrophage-
colony stimulating factor (GM-CSF), originally discovered for its role in
stimulating clonal production of granulocytes and macrophages, has been
among the cytokines studied. Like many other hematopoietic cytokines, GM-
CSF acts by interacting with its specific cell surface receptor (GM-CSF-R), and
has important non-hematopoietic effects [1-4]. Neurons, microglia, astrocytes,
and oligodendrocytes all express GM- CSF-R mRNA [5], and GM-CSF production
has been demonstrated in astrocytes stimulated by inflammatory cytokines IL-
Tbeta and TNF-alpha, and by microglia stimulated with LPS [6]. Another possible
source of GM-CSF in the CNS may be systemic circulating GM-CSF, as it can
cross the blood-brain barrier [7].

Some of the non-hematopoietic functions of GM-CSF have been demonstrated
in differentiated cell lines. For example, GM-CSF stimulates proliferation of
microglia [6] and astrocytes [8]. GM-CSF also increases choline
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acetyltransferase in SN6.10.2.2 and septal neurons. In combination with IL-3, GM-
CSF increases neurite outgrowth of cholinergic neurons [3]. /n vivo, GM-CSF and
erythropoietin promote survival of septal cholinergic neurons of adult rats which
have undergone fimbria-fornix transections [1].

While GM-CSF production has been documented in mature cells of the CNS,
little is known about GM-CSF expression or function in cell in the developing
CNS. We have recently shown that many cell types (neurons, astrocytes, and
glial cells) in the developing CNS express GM-CSF and its receptor [9]. We
postulated that GM-CSF might play an important role in neurodevelopment, and
furthermore, that GM-CSF is expressed by neurons and neuronal precursorsina
regulated manner. The present experiments were designed to test the second
postulate. Specifically, we sought to determine whether the inflammatory
cytokines IL-Tbeta and TNF-alpha regulate GM-CSF expression by NT2 cells, a
human committed neuronal precursor cell line.

MATERIALS AND METHODS
NT2 cells

A human committed neuronal precursor cell line, NT2, is derived from
teratocarcinoma (Stratagene, LaJolla, CA) and can be induced to differentiate in
vitrointo postmitotic neurons by retinoic acid [10, 11]. NT2 cell were plated in 100
mm dishes and grown in 50:50 mixture of Dulbecco’s modified Eagle’s medium-
high glucose (DMEM-HG) and F12 (Gibco, Gaithersburg, MD) to which 5% fetal
bovine serum (FBS), 2 mM L-Glutamine, 100 U penicillin, and 100 mug
streptomycin were added. At approximately 75-80% confluence, cells were
treated with IL-1beta or TNF-alpha as follows.

Dose response curve. IL-1beta or TNF-alpha were added in triplicate at doses of
0.2.2.0, 20.0, 200, and 2,000 U/ml to 100 mm plates of NT2 cells. Cells were
incubated for 8 hours, after which the media was collected and total RNA
extracted.

Time course. Triplicate cultures of NT2 cells were treated with 200 U/ml IL-1beta
or TNF-alpha, then incubated for 0, 0.5, 1, 2, 4, 8, 12, 24, and 48 hours. Media were
collected after each time point, and cells were harvested for total RNA
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extraction. Spent media and harvested cell lysates were stored at - 70° C until
the ELISA or RNA isolation was performed.

BrdU incorporation. To detect possible differences in cell proliferation
associated with either IL-1beta or TNF-alpha, BrdU incorporation (2 hours) was
evaluated in NT2 cells at 50-60% confluence following overnight incubation with
either agent, in the presence and absence of 5% FBS. A colorimetric cell
proliferation BrdU ELISA (Roche, Molecular Biochemicals, Mannheim, Germany)
was used according to manufactures instructions. BrdU incorporation was
quantified by measuring the absorbance at a wavelength of 490 nm.

Quantitative RT-PCR (QRT-PCR)

Total RNA isolation. Total RNA was isolated from the cells utilizing the RNeasy
elution kit (Quiagen, Santa Clarita, CA) [9]. Total RNA was frozen at - 70° C.

cRNA template. cRNA was transcribed from a template plasmid containing
sequences homologous to the GM-CSF primers [13, 14]. This plasmid contains a
T7 promoter region and a polyA tail. The concentration and purity of the cRNA
was determined by UV spectroscopy, and diluted to a stock solution containing
10" molecules/mul. Copy numbers from 10" to 107 were used per reaction as
internal competing standards to determine the quantity of GM-CSF mRNA in
each 2 mug of total RNA.

Reverse transcription. Two mug of total RNA from each culture condition was
reverse transcribed along with the competing template cRNA at copy numbers
ranging from 10" to 107. The reactions were set up as follows: 2 mug total RNA,
template cRNA, as explained above, 20 mM Tris-HCI (pH 8.4), 50 mM KCI, 6 mM
MgCla, 2 mM dNTP, 0.015 mug/mul oligo dT, 0.25 Units/mul RNase Inhibitor
(Sigma, St. Louis, MO), 6 U/mul Superscript Il reverse transcriptase (Gibco). This
mixture was incubated at 25° C for 10 min followed by 60 min at 37° C and ending
with 5 min at 94° C. Incubations were performed with a Perkin ElImer Cetus
Thermal Cycler (Perkin Elmer).

Polymerase chain reactions (PCR). Ten percent of the RT reaction was added to
20 mM Tris-HCI (pH 8.4), 50 MM KCl, 1.5 mM MgCl,, 0.2 MM dNTP, 0.4 muM of
each primer, 25 mU/mul Taqg polymerase (Gibco). This mixture was incubated for
35 cycles (1min 94° C; Tmin59°C; 1.5min 72° C).
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Scion image software (Scion Corp, Fredrick, MD) was utilized to determine band
intensities. Ratios of band intensities were calculated and normalized for
molecular weight using Microsoft Excel (Microsoft, USA). The normalized ratios
were plotted on alog-log scale versus copy number and a best-fit curve and the
equation for the line [log(y) = A + B*log(x) ] were determined using Sigma Plot
(SPSS Inc, Chicago, IL). The slope and the y intercept were used to solve for x.
Where the band intensity ratios equal one (or Y = 1) indicates the copy number
present in the 2 mug of total RNA (or X = copy number).

GM-CSFELISA

GM-CSF concentrations in spent media were determined by specific ELISA (R&D
Systems, Minneapolis, MN). Duplicate samples of spent media were collected
from each plate during the time course for IL-1beta and TNF-alpha. Fresh cell
culture media containing 10% FBS, and spent control media spiked with GM-CSF
were tested to determine if any components of the media or growth factors
would effect the recovery of GM-CSF.

RESULTS

IL-1beta increased NT2 cell GM-CSF mRNA expression by 2 logs at lower
concentrations (0.2 and 2 U/ml), with expression increasing 3 logs from baseline
at higher concentrations (20 to 2,000 U/ml, Figure 1A). The pattern of GM-CSF
expression resulting from TNF-alpha stimulation was different, with no increase
in expression noted at 0.2 U/ml, a single log increase noted at 2 and 20 U/ml,
increasing by 3 logs from baseline at 200 U/ml, with a subsequent small
decrease in expression at the highest dose (Figure 1B).

Using 200 U/ml, NT2 cells were stimulated with IL-1beta for up to 48 hours. Figure
2 shows a representative set of gels done to determine the number of mRNA
copies per mug total RNA expressed by NT2 cells following IL-1beta stimulation.
Baseline GM-CSF expression was 2.2 x108 molecules/mug total RNA. Maximal
GM-CSF mRNA production (2.0x10™2 molecules/mug total RNA) was noted at 4
hours, with a gradual tapering of expression thereafter (Figure 3A). TNF-alpha
(200 U/ml) increased GM-CSF mRNA expression rapidly, with maximal
expression (4.9 x 10" molecules/mug total RNA) noted at 1and 2 hours. Unlike
with IL-1beta stimulation, TNF-alpha stimulation did not persist, but rather
decreased at 12 hours (Figure 3B).
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GM-CSF was present in the spent media at all time points tested, however, a
marked increase was noted after incubation with IL-1beta for 48 hours (Figure 4).
GM-CSF concentrations in fresh media containing 10% FBS were below the
detectable limit of the ELISA. When recombinant GM-CSF was "spiked" into such
media, full recovery was measured. GM-CSF concentration in spent media
collected from NT2 cells treated with 200 U/ml of TNF-alpha for up to 48 hours
did not change significantly (Figure 4).

Stimulation of NT2 cells with IL-1beta or TNF-alpha did not affect cell turnover
when compared to unstimulated cells, as determined by BrdU incorporation (p =
0.394, and 0.9, respectively). The presence or absence of FBS in the cultures did
not affect these results.

DISCUSSION

GM-CSF is a 23 kD glycoprotein first identified for its role in hematopoiesis, as it
stimulates clonal maturation of a broad range of hematopoietic precursor cells
[15-17]. GM-CSF is produced by T cells, monocytes, fibroblasts, and endothelial
cells, and is also produced within the CNS by stimulated astrocytes [18-20]. We
previously demonstrated that GM-CSF and its receptor are present in the CNS
during fetal development, but its role in development is not clear [9]. GM-CSF
has several demonstrated effects in the CNS including growth and activation of
astrocytes, oligodendrocytes, and microglia [8, 21, 22]. In addition, GM-CSF has
a trophic effect on certain types of neurons, promoting the survival and
enhancing neurite outgrowth of such cells in vitroand in vivo [1-3, 23]. These
findings suggest an important role for GM-CSF in the development and
homeostasis of the CNS.

IL-1beta is an inflammatory cytokine produced by mononuclear cells and
macrophages in response to infection. It is a classic "alarm peptide” synthesized
by macrophages and other cells in response to infection, and stimulates a
reaction cascade known as the "acute phase response”. This response includes
eicosanoid production, T cell activation, and results in increased vascular
permeability. In physiologic systems IL-1is usually balanced by IL-1 receptor
antagonist (IL-1Ra). In the CNS, astrocytes and glial cells are sources of IL-1[4,
24, 25]. IL-1beta acts viathe IL-1receptor that is shared by IL-1alpha. IL-1R has
been identified in many regions of the brain in specific subpopulations of
neurons and glial cells, suggesting a role for IL-1in the CNS [26-32].
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TNF-alpha is an inflammatory cytokine produced by endotoxin-activated
macrophages, activated T cells, NK cells, and mast cells. Endotoxin-stimulated
microglia and astrocytes in the CNS produce TNT-alpha, with microglia being the
major producer [33]. TNF-alpha in turn can induce GM-CSF production by
astrocytes, although less than IL-1beta [6]. TNF-alpha stimulates the
proliferation of simian astrocytes [8].

NT2 cells are a committed human neuronal precursor cell line which retain some
stem cell characteristics and which are capable only of terminal differentiation
into neurons [11]. In the present study, we showed that these cells produce a
small amount of GM-CSF under baseline culture conditions, but when
stimulated by IL-1beta, GM-CSF expression is greatly increased. This
upregulation of GM-CSF suggests a local function for GM-CSF in the injured or
developing CNS. GM-CSF causes the proliferation of microglia [4, 34] and
astrocytes [8], and may be an important component of the response to injury.

IL-1beta induction of GM-CSF mRNA and protein has been demonstrated in
several cell lines, including endothelial cells. In these and other cells the
mechanism of GM-CSF mRNA upregulation is due, in part, to mRNA stabilization
viathe AU rich motif in the 3’ untranslated region of the GM-CSF mRNA [35]. Two
nuclear factors NF-kappa B and NF-GM2 may also play a role in the upregulation
induced by IL-1beta stimulation [36, 37].

To determine whether IL-1beta or TNF-alpha might increase the expansion of
“neuronal precursors’, thereby potentially giving rise to more differentiated
neurons by increasing the pool of potential neurons, we evaluated BrdU
incorporation in the presence and absence of these cytokines. No difference
was observed between conditions.

In contrast to IL-1beta effects, TNF-alpha up-regulates GM-CSF mRNA, but does
not induce protein secretion. This suggests an inhibitory mechanism that is not
present in IL-1beta stimulated NT2 cells. This could possibly include ribosome
binding proteins that activate translation of the message that are induced with
IL-1beta stimulation and not with TNF-alpha. Alternatively, inhibition of secretory
vesicle formation or protein degradation prior to excretion could be the cause.

CONCLUSION
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We conclude that IL-1beta (but not TNF-alpha) is a potent inducer of GM-CSF
production by NT2 cells and that the response is dose and time dependent.
Further, we speculate that this ability of neuronal precursors to produce GM-
CSF may indicate a role for GM-CSF in CNS development.
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Figure 1 Dose-response curves for IL-1beta and TNF-
alpha stimulation of NT2 cells. Panel A shows the dose
response results for IL-1beta stimulation of NT2 cells. The
dose used ranged from 0 to 2,000 U/ml. Data are shown
on alog-log scale, with GM-CSF mRNA copy number per
microgram total RNA on the Y axis, and study drug
concentration shown on the X axis. Panel B shows the
comparable results for TNF-alpha stimulation.
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Figure 2 GM-CSF quantitative RT-PCR. Representative
quantitative RT-PCR gels are shown for GM-CSF
expression at timed intervals following IL-Tbeta
stimulation. Time points range from 0 to 48 hours. Each
gel shows 4 lanes, with template cRNA copy numbers
ranging from 10 to 108, as denoted in the legend. The
lane in which the band intensity of the competitive
template and the sample RNA are the same, indicates the
copy number present in the 2 mug of total RNA.
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Figure 3 Time curves for IL-1beta and TNF-alpha
stimulation of NT2 cells. Panel A shows the upregulation
of GM-CSF mRNA expression resulting from IL-1beta
stimulation of NT2 cells (200 U/ml). GM-CSF mRNA copy
number per microgram total RNA on the Y axis, with time
in hours on the X axis. Panel B shows timed GM-CSF
MRNA expression following TNF-alpha stimulation.
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Figure 4 The effect of IL-1beta and TNF-alpha
stimulation on GM-CSF secretion by NT2 cells. GM-CSF
secreted into the media by NT2 cells after IL-1beta or TNF-
alpha stimulation was measured by specific ELISA. Net
GM-CSF concentration is shown on the Y axis, with the
time of measurement shown on the X-axis.
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