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Abstract
Transforming growth factor-β1 (TGF-β1) is upregulated by inflammatory mediators in several
neurological diseases/disorders where it either participates in the pathology or provides protection.
Often, the biological outcome of TGF-β1 is dependent upon changes in gene expression. Recently,
we demonstrated that TGF-β1 enhances astrocytic nitric oxide production induced by
lipopolysaccharide (LPS) plus interferon-γ (IFNγ) by increasing the number of astrocytes in a
population that express NOS-2. The purpose of this study was two-fold: 1) to determine whether this
effect occurs more generally by assessing the effect of TGF-β1 on another pro-inflammatory gene,
cyclooxygenase-2 (COX-2); and 2) to assess stimulus specificity. We found that TGF-β1 augmented
LPS plus IFNγ-induced COX-2 mRNA and protein expression, by nearly tripling the number of
astrocytes that express COX-2. The effect was not stimulus-specific as TGF-β1 enhanced the number
of astrocytes that expressed both COX-2 and NOS-2 protein when either IL-1β or TNFα was used
in lieu of LPS. Collectively, these results suggest that TGF-β1 augments overall protein expression
levels of select pro-inflammatory genes in astrocytes in a promiscuous manner by reducing the
magnitude of noise in the cellular population.
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Introduction
Clonal populations of cells exhibit substantial phenotypic variation and astrocytes are no
exception [1–3]. It has been argued that this variation is not an innate property of astrocytes
but instead reflects a plasticity tailored to suit the needs of different microenvironments [4].
Indeed, evidence suggests that astrocytic gene expression can be influenced by environmental
factors such as the presence of surrounding cells (e.g., neurons) through either cell-derived
soluble factors alone or contact-dependent mechanisms [5–11]. Although the particular
microdomain in which an astrocyte resides in vivo likely plays a major role in influencing its
gene expression pattern, certain forms of astrocyte heterogeneity appear to be innate. For

*Direct correspondence to either author: (Present address): Department of Neuroscience MC 3401, University of Connecticut Health
Center, 263 Farmington Avenue, Farmington, CT 06030-3401, USA. Tel: 860-679-2871 Fax: 860-679-8766, E-mail:
shewett@neuron.uchc.edu, jhewett@nso1.uchc.edu.
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers
we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting
proof before it is published in its final citable form. Please note that during the production process errors may be discovered which could
affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
Prostaglandins Other Lipid Mediat. Author manuscript; available in PMC 2009 March 1.

Published in final edited form as:
Prostaglandins Other Lipid Mediat. 2008 March ; 85(3-4): 115–124. doi:10.1016/j.prostaglandins.
2007.11.004.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



instance, astrocytes within a given brain region and, moreover, in a defined environment in
culture still exhibit heterogeneous gene expression profiles and functionalities [12–17].
Cortical astrocytes maintained in a controlled cell culture environment exhibit divergent resting
membrane potentials [18] and differing expression profiles of certain genes including that of
glutamate transporters and receptors [17]. Further, astrocytes in culture maintained in the same
microenvironment exhibit differential abilities to express NOS-2 in response to LPS or LPS
plus IFN-γ stimulation [14,19]. Interestingly, exposure to TGF-β1 increased the proportion of
astrocytes that expressed NOS-2 protein [14]. As astrocytic NOS-2 can be induced by several
different combinations of cytokines [14,20–23] in the absence of TGF-β1, the question
remained as to whether this population-based upregulation of NOS-2 gene expression by TGF-
β1 was stimulus- and/or gene-specific. Herein, we demonstrate that TGF-β1 also enhanced
COX-2 gene expression by increasing the pool of astrocytes that expressed this protein and
this occurred, for both COX-2 and NOS-2, without stimulus-specificity.

Materials and Methods
Materials

Cytosine β-D-arabinofuranoside and leucine methyl ester (LME) were purchased from Sigma
Chemical. Human recombinant TGF-β1, mouse recombinant IFN-γ and mouse recombinant
IL-1β were purchased from R&D Systems. LPS (E.coli 0127:B8) was obtained from DIFCO
Laboratories. Recombinant mouse TNF-α was purchased from Alexis Biochemicals. The
mouse monoclonal β-actin antibody was obtained from Sigma Chemical Co. The rabbit
polyclonal NOS-2 was purchased from Upstate Cell Signaling Solutions. The rabbit polyclonal
COX-2 antibody was purchased from Cayman Chemical.

Cell Culture
Purified primary astrocyte cultures were prepared from postnatal CD1 mice (1–3 days) as
described in detail [13]. Briefly, cerebral cortices were dissociated and cells plated in 15mm
24-well plates or 35mm 6-well plates in media stock (MS) supplemented with 10% fetal bovine
serum (FBS), 10% iron-supplemented calf serum (CS), 2mM L-glutamine, 50IU/ml penicillin,
50μg/ml streptomycin, and 10ng/ml epidermal growth factor. MS consisted of L-glutamine-
free modified Eagle’s medium (Earle’s salt) supplemented with glucose and sodium
bicarbonate to a final concentration of 25.7mM and 28.2mM, respectively. Once the astrocytes
reached confluence, cultures were treated once with 8μM cytosine β-D-arabinofuranoside for
a duration of 5–6 days; this substantially reduces microglial contamination [13]. Thereafter,
cultures were maintained in growth medium consisting of MS plus 10% CS, 50IU/ml penicillin,
50μg/ml streptomycin and 2mM L-glutamine. Purified astrocyte cultures were generated by
eradicating residual microglia with a 1 hr, 75mM LME treatment one day prior to
experimentation as described [13].

Cell stimulation
Astrocyte cultures (14–31 DIV) were pre-treated for 24hr with TGF-β1 (3ng/ml) or its vehicle
(750ng/ml BSA plus 3μM HCl) in a stimulation medium consisting of L-glutamine-free
DMEM supplemented with 5% CS, 2mM L-glutamine, 50IU/ml penicillin, and 50μg/ml
streptomycin. NOS-2 and COX-2 were then induced with LPS (2μg/ml) alone, LPS plus
IFNγ (3ng/ml), TNF-α (1μg/ml) plus IFNγ, or IL-1β (3ng/ml) plus IFNγ.

Measurement of NO
Twelve hr following cytokine stimulation, NOS-2-derived nitric oxide (NO) production was
assessed by measurement of nitrite, a stable oxidative breakdown product of NO [24], that
accumulated in the cell culture medium. Supernatant (100μl) was mixed with Griess Reagent
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(100μl) prepared fresh by combining 1 part 0.1% (w/v) sulfanilamide in 60% (v/v) acetic acid
with 1 part 0.1% (w/v) napthylenediamine dihydrochloride in distilled H2O. The absorbance
at 550nm was measured spectrophotometrically using a microtiter plate reader (Thermolabs).
Results are expressed as μM nitrite + SEM.

Measurement of PGE2
Thirty-two to 48 hr following cytokine stimulation, cell culture medium was collected and
frozen at −80°C. The amount of Prostaglandin E2 (PGE2) accumulated in the supernatant was
measured via EIA according to the manufacturer’s instructions (Caymen Chemical). Samples
were diluted –in this case 1/5 for basal and 1/15 for all other conditions– to ensure that
absorbance values fell within the linear range of the assay. Results are expressed as ng/ml +
SEM.

Immunoblot analysis
Protein lysates were generated from cell cultures as previously described [14]. Protein
concentrations were determined using the BCA Assay (Pierce). Ten-20μg protein was
separated via SDS-PAGE (8% polyacrylamide gel) and then electrophoretically transferred to
nitrocellulose (0.2μm; Biorad). The membrane was washed twice with H2O (20ml; 5min),
blocked (1hr; ≈25°C), and blotted with a mouse monoclonal β-actin antibody (2.8μg/ml) and
either a NOS-2 (0.67μg/ml; Upstate Cell Signaling Solutions) or COX-2 (0.25μg/ml; Cayman)
rabbit polyclonal antibody. Proteins were detected using the WesternBreeze Immunodetection
Kit (Invitrogen) per the manufacturer’s instructions. Results were recorded on X-Ray film (GE
Healthcare UK, Ltd.).

Quantitative Reverse Transcriptase-Polymerase Chain Reaction (qRT-PCR)
Total RNA was extracted from cultures using TRIzol Reagent (Invitrogen) and suspended in
RNase-free H2O (Cellgro, Mediatech). RNA was quantified spectrophotometrically at 260nm
(GeneQuant; Pharmacia) and first-strand cDNA synthesized from 0.5μg RNA using MMLV
reverse transcriptase primed with oligo(dT)(12–18) as previously described [14,25]. cDNA
(4μl) was subjected to Real-Time PCR in 25μl singleplex reaction containing either mouse
COX-2 or mouse β-actin Assay-On-Demand primers and probes along with Taqman Universal
PCR Master Mix (Applied Biosystems). Relative quantification of COX-2 cDNA was
calculated using the comparative cycle threshold (CT) method wherein COX-2 CT levels were
normalized to β-actin CT values from the same sample. The normalized CT values were then
compared to a calibrator value (2 hr LPS + IFNγ treatment) to determine the relative fold
increase in COX-2 mRNA levels over the calibrator. Results were collected and analyzed using
Applied Biosystems software.

Quantification of the percentage of COX-2 and NOS-2 expressing astrocytes
COX-2 and NOS-2 protein was detected by indirect immunofluorescence. Cultures were fixed
with a freshly prepared solution of 50% acetone/50% methanol (5min) and incubated for 7min
with 0.25% Triton X-100 (PBS). Cells were washed with PBS and non-specific binding sites
blocked with 10% normal goat serum (NGS) in PBS (25°C, 30min). In single labeling
experiments, a rabbit polyclonal NOS-2 (2μg/ml; Cell Signaling) or COX-2 antibody (2.5μg/
ml; Cayman) was added in PBS containing 5% NGS (4°C overnight) and the binding visualized
using a Cy3-conjugated antibody directed against rabbit IgG [1 hr (25°C)] (7.5μg/ml; Jackson
ImmunoResearch). To localize COX-2 to astrocytes or to assess co-localization with NOS-2,
the aforementioned rabbit polyclonal COX-2 antibody, a rat monoclonal GFAP antibody
(1μg/mL, Zymed) or a mouse monoclonal NOS-2 antibody were employed. COX-2, GFAP
and NOS-2 were visualized with goat anti-rabbit Cy3 (7.5μg/ml; Jackson ImmunoResearch),
goat anti-rat FITC (7.5μg/mL; Jackson ImmunoResearch), and a goat anti-mouse Alexa488-
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conjugated antibody (10μg/ml; Molecular Probes), respectively. DAPI (0.2μg/ml) was used to
visualize nuclei. Three to five different fields of view (40x magnification) per culture well were
captured using a CRX digital camera (Digital Video Camera Co) mounted on an Olympus
IX50 inverted microscope outfitted with epifluorescence and processed identically using
Adobe Photoshop software. For each image, the total number of DAPI positive nuclei was
calculated using Scion NIH Image software while the number of NOS-2 or COX-2 positive
cells was manually counted. The percent of NOS-2 or COX-2 positive cells per image was
calculated by dividing the number of positive cells by the total number of cells in each field
(i.e., DAPI-labeled nuclei). Data are expressed as the mean % NOS-2 or % COX-2 positive
cells + SEM. Data were transformed (arcsine square root of the percentage data) prior to post-
hoc statistical analysis [26]. For COX-2 and NOS-2 double labeling quantification, the
counting was done as described above, except that the percentages were calculated with respect
to whether the cell expressed both NOS-2 and COX-2, or NOS-2 or COX-2 exclusively.

Results
We demonstrated previously that treatment with TGF-β1 enhances astrocytic nitric oxide
production induced by LPS plus interferon-γ (IFNγ) by increasing the number of astrocytes in
a population that express NOS-2 [14]. To test whether TGF-β1 augments COX-2 expression
in murine astrocytes, COX-2 mRNA and protein expression were examined in murine primary
astrocyte cultures by qRT-PCR and Western blot analysis, respectively. While not
constitutively expressed in resting or TGF-β1-treated astrocytes, COX-2 mRNA levels steadily
increased following treatment with LPS and IFNγ and these levels were enhanced by TGF-
β1 at every time point assessed (Fig. 1). This increase in COX-2 mRNA expression
corresponded to a parallel and time-dependent increase in COX-2 protein expression (Fig. 2).

Immunocytochemistry for COX-2 revealed perinuclear staining in only a small fraction of LPS
(3.58 ± 0.86%) or LPS plus IFNγ (3.28 ± 0.41%) –stimulated astrocytes (Fig. 3). Pretreatment
with TGF-β1 significantly increased the percentage of cells that expressed COX-2 with either
stimuli used (to 11.90 ± 1.91% and 8.23 ± 0.78%, respectively; Fig. 3). Co-localization with
the astrocyte-specific marker glial fibrillary acidic protein (GFAP) confirmed that these
COX-2-positive cells were indeed astrocytes (Fig. 4). Hence, these data demonstrate that the
ability of TGF-β1 to facilitate astrocytic NOS-2 expression [14] is not gene-specific as it
facilitates astrocytic COX-2 expression in a similar manner.

To assess whether the TGF-β1-mediated effect on either COX-2 or NOS-2 expression was
sensitive to the inductive stimulus used, various cytokines were employed in lieu of LPS.
IL-1β and TNFα induced astrocytic COX-2 and NOS-2 protein expression when combined
with IFNγ (Figure 5A,6A) and these protein levels were substantially augmented by pre-
incubation with TGF-β1 (Figure 5A,6A). The increase in protein expression by TGF-β1 was
largely functionally relevant as TGF-β1 increased COX-2 activity (i.e., enhanced PGE2)
following treatment with IFNγ along with LPS or IL-1β, although not with TNFα (Fig. 5B).
Increased NOS-2 activity (i.e., enhanced NO production) occurred with all stimuli employed
(Fig. 6B).

To determine whether the mechanism by which TGF-β1 enhanced COX-2/NOS-2 protein
expression induced by these other stimuli was due to an enhancement in the pool of astrocytes
that expressed these proteins, COX-2 and NOS-2 expression were examined by
immunofluorescent microscopy. As was demonstrated for NOS-2 previously and shown here
for comparison [14], only a subpopulation of astrocytes were immunopositive for COX-2
following stimulation with LPS plus IFNγ. This number was significantly augmented by
treatment with TGF-β1 (Fig. 7). Similar results for both NOS-2 and COX-2 were found when
TNFα or IL-1β was used in lieu of LPS (Fig. 7). Finally, examination of whether NOS-2 and
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COX-2 protein expression localized to the same cells revealed that the monolayers contained
three separate populations of responding cells: 1) those that express NOS-2 only; 2) those that
express COX-2 only; and 3) those that express both COX-2 and NOS-2 (Fig. 8 A). While all
cohorts of cells were increased by TGF-β1, there appeared to be a differential increase whereby
the pool of astrocytes expressing COX-2 and NOS-2 exclusively increased by ~2-fold and ~5-
fold, respectively, while that expressing both proteins increased by ~7-fold (Fig. 8 B).

Discussion
It has long been recognized that astrocytes represent a phenotypically diverse population of
cells [12–17]. Cell-to-cell variation in gene expression can have broad implications for cellular
function. As such, it is of great interest to understand the processes and molecules involved in
regulating this diversity. Here, we find that TGF-β1 acts to upregulate expression of select
genes, namely NOS-2 and COX-2, via a population-based mechanism of gene regulation – that
is by increasing the pool of astrocytes that contribute to overall gene expression levels.
Furthermore, our results demonstrate that this phenomenon occurs irrespective of the stimuli
used to induce COX-2/NOS-2, suggestive of a universal role of TGF-β1 in eliciting this mode
of gene regulation under neuroinflammatory conditions.

TGF-β1 has been shown to increase or decrease NOS-2 [27–31] and COX-2 [32–39] expression
in a cell type- and experimental paradigm-dependent manner. The TGF-β1-mediated increase
in COX-2 protein expression demonstrated herein in mouse cortical astrocytes complements
similar results obtained in a rat cortical astrocyte culture system [39], thereby indicating TGF-
β1 to be a positive regulator of COX-2 expression in astrocytes. Additionally, our study
demonstrates that the TGF-β1-mediated enhancement in COX-2 protein expression correlates
with increased COX-2 mRNA levels and that the underlying increase was due to an
enhancement in the population of astrocytes that express COX-2. This phenomenon is
strikingly similar to that which we reported for the TGF-β1-mediated upregulation of NOS-2
expression in astrocytes [14].

The TGF-β1-mediated regulation of NOS-2 and COX-2 has been shown to be stimulus-specific
in several cell types throughout the body including microglia [32,33,40,41]. For example, TGF-
β1 inhibits microglial COX-2 expression induced by IL-1β but not that induced by TNFα or
IL-6 [32]. However, present results demonstrate that in astrocytes the changes in NOS-2/
COX-2 expression mediated by TGF-β1 do not appear to be stimulus-specific. This lack of
stimulus specificity implies that TGF-β1 may act to augment astrocytic NOS-2 and COX-2
protein expression under various neuroinflammatory conditions irrespective of the type of pro-
inflammatory mediators present. This lack of stimulus specificity also begs the question as to
whether TGF-β1 increases the population of astrocytes that express these proteins via
modulation of a common signaling pathway. However, both COX-2 and NOS-2 protein were
upregulated in a heterogeneous manner (i.e., in separate populations of cells, as well as, in a
population that overlaps) and are known to have distinct cis-elements on their respective
promoter regions [42,43]. Thus, it would not be surprising that different transcription factors
would be required for COX-2 versus NOS-2 induction.

TGF-β1 canonically signals by binding to TGFβRII which heterodimerizes with and activates
the signaling receptor activin-like kinase-5 (ALK5) [44]. This facilitates the phosphorylation
of the R-SMADS, Smad2 and Smad3, which can then form a heterotrimer with Smad4 allowing
the trimolecular complex to translocate into the nucleus and affect gene transcription.
Unfortunately, neither the NOS-2 nor COX-2 promoter has a canonical Smad-binding element
(SBE). However, TGF-β1 has been shown to augment gene transcription via binding to other
consensus elements [45–48]. Whether this type of mechanism underlies the response in our
system requires further investigation. It is of interest, however, that the potentiating effect of
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TGF-β1 on both COX-2 and NOS-2 expression occurs with LPS, IL-1β, and TNFα,
independent from IFNγ (unpublished data). This suggests that signal transducers and activators
of transcription (i.e. STATs) may be an unlikely target. While NOS-2 and COX-2 promoters
contain a known consensus element for NFκB [48–51], preliminary analyses employing a
standard immunofluorescent microscopic technique demonstrate that TGF-β1 does not
increase the percentage of astrocytes that display nuclear accumulation of p65 in response to
LPS or IL-1β plus IFNγ stimulation (unpublished observations). In addition to transcription,
numerous proteins are known to be regulated by TGF-β through stabilization of their mRNA
(for review see [52]). In fact, TGF-β1 has been demonstrated to stabilize COX-2 mRNA
induced by IL-1β- or TNF-α in lung fibroblasts, while having no effect on transcription itself
[53]. However, the precise pathway(s) by which it does so is poorly understood. Although an
indirect role for the Smads has been postulated [54,55] other molecules that might be important
in the context of TGF-β1 signaling and subsequent mRNA stabilization include JNK and
p38MAP kinase as well as tristetraprolin and ELAV proteins [56–60]. Finally, changes in
translational efficiency should not be overlooked [61].

While the exact reason for this heterogeneity in astrocytic inflammatory gene expression is at
present unknown, the results herein underscore the importance of examining changes in gene
expression at a cellular level, and not just as a population average, as the biological implication
of that change may result in different functional outcomes. For example, an increase in the
number of astrocytes expressing NOS-2 or COX-2 in a given tissue area, as opposed to
increased levels within a single cell, could lead to a more global effect, whereas the latter might
only affect the immediate microenvironment surrounding that particular cell. Indeed, whether
NO is beneficial or detrimental is critically dependent on the concentration and duration of
exposure as well as the cellular oxygen environment. [62–67]. Additionally, in the subset of
astrocytes in which COX-2 and NOS-2 are co-expressed, a possible interplay may be
functionally relevant as the enzymes have been shown to physically associate with one another
in both in vitro and in vivo assays [68]. Further NOS-2-derived NO can attenuate or augment
COX-2 activity depending on the cell-type examined and the predominant NO species present
[68–71]. In murine astrocytes specifically, COX-2 activity can be enhanced via increased
protein expression levels, or decreased via inhibiting COX-2 catalytic activity, in an NO-
species dependent manner [72]. In parallel, the induction of COX-2 itself can reduce
surrounding NO levels through the ability of NO to act as a co-substrate for its peroxidase
activity [73]. Further COX-2-derived products can also regulate (up or down) NOS-2
expression levels and activity depending on the cell-type and experimental paradigm studied
[74–76]. Hence, the heterogeneity of NOS-2 and COX-2 astrocyte expression in brain, as well
as their coordinate regulation, could contribute to the establishment and maintenance of a
network of communication among neurons and glia under both physiological and
pathophysiological conditions in ways we have yet to understand fully.

In conclusion, present data are the first to demonstrate that TGF-β1 enhances murine astrocytic
NOS-2 and COX-2 expression by augmenting the pool of astrocytes capable of expressing
these genes irrespective of the inductive stimulus used. Given this lack of stimulus-and target-
specificity, it is intriguing to speculate a widespread role for TGF-β1 in eliciting population-
based changes in astrocytic gene expression under neuroinflammatory conditions in vivo. More
globally, these results underscore the importance of examining changes in gene expression at
a cellular level in addition to analysis using biochemical measures, as it is becoming
increasingly clear that individual cells behave differently from the population average.
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Figure 1. Effect of TGF-β1 on astrocytic LPS plus IFNγ-induced COX-2 mRNA expression
Primary astrocyte cultures were treated with [(+) TGF-β1; 3ng/ml] or without [(−) TGF-β1]
TGF-β1 24hr prior to addition of medium alone or that containing LPS plus IFNγ (2μg/ml plus
3ng/ml, respectively) to induce COX-2. At the times indicated, RNA was isolated, first strand
cDNA was synthesized, and COX-2 and β-actin expression assessed via quantitative RT-PCR.
Data are expressed as the fold increase in COX-2 mRNA expression + SEM relative to a
reference, in this case the level of COX-2 mRNA expressed in the 2hr LPS plus IFNγ alone
condition (set at 1) (n = 4 from 4 separate astrocyte preparations).
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Figure 2. Effect of TGF-β1 on LPS + IFNγ-induced COX-2 protein expression in astrocytes
Primary astrocyte cultures were treated without [(−) TGF-β1] or with TGF-β1 [(+) TGF-β1;
3ng/ml] 24hr prior to addition of medium alone or that containing LPS plus IFNγ (2μg/ml plus
3ng/ml, respectively). Cell lysates were harvested at the times indicated and protein (20μg)
separated on an 8% SDS polyacrylamide gel followed by electrophoretic transfer to
nitrocellulose. Membranes were immunoblotted for β-actin and COX-2. A representative blot
from 2 independent experiments is shown.
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Figure 3. Effect of TGF-β1 on the number of cells that express COX-2 induced by LPS and LPS +
IFNγ
Astrocyte cultures were treated with vehicle [(−) TGF-β1] or TGF-β1 [(+) TGF-β1; 3ng/ml]
for 24 hr prior to the addition of medium containing LPS (2μg/ml) or LPS plus IFNγ (2μg/ml
plus 3ng/ml, respectively). (A) Six hr later, cultures were fixed and immunolabeled for COX-2
(red) followed by DAPI counterstaining (blue) to illustrate the number of nuclei per field. A
representative photomicrograph (40x magnification) is shown for each treatment condition.
(B) The percentage of cells expressing COX-2 per well was calculated and data plotted as mean
% COX-2 positive cells + SEM (n = 6 cultures pooled from 3 separate astrocyte preparations).
Following transformation of the percentage data, within group differences were analyzed via
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two-way ANOVA followed by the Bonferroni’s post-hoc test for multiple comparisons. (*)
indicates a significant within group difference assessed at p<0.05.
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Figure 4. Co-localization of COX-2 to GFAP immunoreactive cells
Cultures were treated with either vehicle (A,C) or TGF-β1 (3ng/ml; B,D) for 24 hr prior to the
addition of medium containing LPS (2μg/ml; A,B) or LPS plus IFNγ (3ng/ml; C,D). Twelve
hr later, cultures were fixed and immunolabeled for COX-2 (red) and GFAP (green) followed
by DAPI counterstaining to illustrate the number of nuclei per field (blue). Representative
photomicrographs (80x magnification) are shown for each treatment condition. (A) LPS, (B)
LPS + TGF-β1, (C) LPS + IFNγ, (D) LPS + IFNγ + TGF-β1.

Hamby et al. Page 15

Prostaglandins Other Lipid Mediat. Author manuscript; available in PMC 2009 March 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5. Effect of TGF-β1 on COX-2 protein expression and activity induced by different pro-
inflammatory stimuli
(A) Cultures were treated with either vehicle [(−) TGF-β1] or TGF-β1 [(+) TGF-β1; 3ng/ml]
for 24 hr prior to the addition of medium alone (CON) or that containing LPS (2μg/ml), LPS
+ IFNγ (2μg/ml + 3ng/ml), TNFα + IFNγ (1μg/ml + 3ng/ml), or IL-1β + IFNγ (both at 3ng/
ml). Six hr later, cell lysates were harvested and 20μg protein was separated on an 8% SDS
polyacrylamide gel followed by electrophoretic transfer to nitrocellulose. Membranes were
immunoblotted for COX-2 along with β-actin to control for equal loading. Results are
representative of three blots. (B) Thirty-two-48 hr later, cell culture supernatants were collected
from cultures treated as in (A) and prostaglandin E2 (PGE2) accumulation (mean μM + SEM;
n = 6 from 3 separate astrocyte preparations) was assessed as an indirect measure of COX-2
catalytic activity. (*) indicates a significant within group difference as determined by two-way
ANOVA followed by Bonferroni’s post-hoc test (p<0.001).
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Figure 6. Effect of TGF-β1 on NOS-2 protein expression and activity induced by different pro-
inflammatory stimuli
(A) Cultures were treated with either vehicle [(−) TGF-β1] or TGF-β1 [(+) TGF-β1; 3ng/ml]
for 24 hr prior to the addition of medium alone (CON) or that containing LPS (2μg/ml), LPS
+ IFNγ (2μg/ml + 3ng/ml), TNFα + IFNγ (1μg/ml + 3ng/ml), or IL-1β + IFNγ (both at 3ng/
ml). Six hr later, cell lysates were harvested and 20μg protein was separated on an 8% SDS
polyacrylamide gel followed by electrophoretic transfer to nitrocellulose. Membranes were
immunoblotted for NOS-2 along with β-actin to control for equal loading. Results are
representative of two blots. (B) Twelve hr later, cell culture supernatants were collected from
cultures treated as in (A) and nitrite accumulation (mean μM + SEM; n = 9 from 3 separate
dissections) was assessed as an indirect measure of NOS-2 catalytic activity. (*) indicates a
significant within group difference as determined by two-way ANOVA followed by
Bonferroni’s post-hoc test (p<0.001).
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Figure 7. Immunocytochemical analysis of NOS-2 and COX-2 protein expression
Cultures were treated with or without TGF-β1 (3ng/ml) for 24 hr prior to the addition of medium
containing LPS + IFNγ (2μg/ml + 3ng/ml), TNFα + IFNγ (1μg/ml + 3ng/ml), or IL-1β +
IFNγ (both at 3ng/ml). Twelve and six hr later, cultures were fixed and immunolabeled for
COX-2 (red) and NOS-2 (red), as indicated, followed by DAPI nuclear counterstaining (blue).
A representative photomicrograph (40x magnification) is shown for each treatment condition.
The percentage of cells expressing COX-2 and NOS-2 per culture well was calculated and data
plotted as mean % COX-2 (B) or % NOS-2 (C) positive cells + SEM (n = 6 cultures from 3
separate astrocyte preparations; n = 12 cultures from 4 separate astrocyte preparations,
respectively). Following transformation of the percentage data, significance was assessed via
two-way ANOVA followed by the Bonferroni’s post-hoc test. (*) indicates a significant within
group difference assessed at p<0.05.
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Figure 8. Distribution of NOS-2 and COX-2 expressing cells
Cultures were treated with vehicle [(−) TGF-β1; a,b,c] or TGF-β1 [(+) TGF-β1; 3ng/ml;
d,e,f] for 24 hr prior to the addition of medium containing LPS plus IFNγ (2μg/ml + 3ng/ml).
(A) Twelve-14 hr later, cultures were fixed and immunolabeled for NOS-2 (green) and COX-2
(red) followed by DAPI counterstaining to illustrate the number of nuclei per field (blue). A
representative photomicrograph (80x magnification) from the same field of view is shown for
each treatment condition. a,d, NOS-2; b,e, COX-2; c,f, NOS-2, COX-2, DAPI. (B) The
percentage of cells expressing either COX-2 alone, NOS-2 alone or both COX-2 and NOS-2
were calculated (n = 6 cultures from three separate astrocyte preparations). Percentages within
treatment groups are represented in Venn diagrams drawn to scale. COX-2 alone is shown in
red; NOS-2 alone is shown in green; double labeled-cells are yellow as indicated in the figure
key.
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