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ABSTRACT

5-lipoxygenase (5L OX) is the key enzyme in the synthesis of leukotrienes from arachidonic acid.
Hyperglucocorticoidemia, dexamethasone, and aging up-regulate 5LOX in the brain, including
the cerebellum in vivo. We studied the mechanisms of dexamethasone-triggered 5LOX up-
regulation in primary cultures of rat cerebellar granule neurons (CGN). We measured 5L OX
MRNA and protein contents, and the formation of cysteinyl leukotrienes (LTC4, LTD4, and
LTE,4). The dexamethasone (0.1 uM or 1 puM)-increased 5L OX mRNA and protein contents were
already observed at 3 h of treatment, and they persisted for at least 24 h. Dexamethasone also
increased the content of cysteinyl leukotrienes, assayed in the presence of 2 puM calcium
ionophore A23187 and 10 uM arachidonic acid. The stimulatory effect of dexamethasone on
5LOX expression was inhibited by the glucocorticoid receptor (GR) antagonist RU486 and by
reducing the CGN content of GR receptor protein with a GR-specific antisense oligonucleotide.
The 5LOX mRNA half-life was longer in dexamethasone than in vehicle-treated CGNs. Our
results indicate that dexamethasone increases 5LOX expression in CGNs in a GR-dependent
manner and that it also increases the stability of 5LOX mRNA. Further studies are warranted to
elucidate the physiologic/pathologic significance of glucocorticoid-regulated expression of
5LOX in the central nervous system.
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eicosanoids, leukotrienes (LTs) from arachidonic acid. 5LOX catalyzes the oxygenation of
arachidonic acid, leading to formation of 5-hydroperoxyeicosatetraenoic acid (5-HPETE)
and its subsequent dehydration into leukotriene A4 (LTA4). LTA, is the precursor for other LTs;
that is, LTB4 and the family of cysteinyl leukotrienes (cysLTs: LTC4, LTDy4, and LTE,) (2). In
the brain, increased formation of cysLTs was found in response to seizures (2). Moreover, the
brain also expresses a receptor specific for cysLTs, the cysteinyl leukotriene 2 receptor (3). An
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increased expression of 5LOX during aging was associated with increased brain vulnerability to
neurodegeneration (4). Thus, it has been suggested that inflammatory mechanisms, including the
5LOX pathway, might contribute to the pathophysiology of aging-associated brain disorders,
such as Alzheimer’ s disease (5, 6).

Recently, we have found that the content of 5LOX mRNA and protein in the central nervous
system, including the cerebellum, increases after prolonged (10 days) treatment of rats with
glucocorticoids, corticosterone, or dexamethasone (7). However, this rather unsuspected finding
that anti-inflammatory hormones (i.e., glucocorticoids) whose secretion is increased in the
elderly (8) also increase the expression of a proinflammatory enzyme (i.e., 5LOX) is not without
precedent. Thus, it was reported recently that dexamethasone increases 5LOX mRNA and
protein in human mast cells (9), and in human periphera blood monocytes and the acute
monocytic leukemia cell line, THP-1 (10). The exact mechanism of glucocorticoid-stimulated
5LOX expression is not clear.

In this study, we used primary cultures of rat cerebellar granule neurons (CGN) to characterize in
vitro the mechanism of action of dexamethasone on 5LOX. Rat CGNs have been identified
previously as one of the neuronal cell types that express 5LOX both in vivo (11) and in vitro
(12). The CGN also express the glucocorticoid receptor (GR) (13, 14) and thus are a suitable
model to study the involvement of GRsin the action of dexamethasone.

MATERIALSAND METHODS

Preparation of primary cultures of
rat CGN

CGNs were prepared from eight-day-old rat pups (Sprague Dawley; Harlan, Indianapolis, IN) as
described previousy (12). Cells were plated onto poly-L-lysine-coated (5 pg/ml, Sigma, St.
Louis, MO) 100-mm or 35-mm dishes (for LTs assay) at a density of 1 x 10° cellsml (10
ml/100-mm dish; 2 ml/35-mm dish). Cultures were grown in a chemically defined, serum-free,
B-27 supplemented neurobasal medium (Gibco BRL, Rockville, MD) containing 2 mM L-
glutamine, 30 pg/ml gentamicin sulfate, and 25 mM KCI (all from Sigma). Cultured neurons
were maintained at 37 C in a water-saturated air environment containing 5% CO.; they were
used for experiments at 7-8 daysin vitro.

Drug and antisense treatments

Dexamethasone (RBI), the GR antagonist RU486 (a gift from Christoph Kellendonk), or the
calcium ionophore A23187 (Sigma) were dissolved in dimethylsulfoxide (DM SO; Sigma). Stock
solutions or their vehicles were applied directly to the culture medium (1 pl/ml medium). The
GR antisense (AS) and the corresponding control, scramble (SCRM) oligonucleotides were
prepared based on the previously published report (15); AS. GGATTCTTTGGAGTCCAT,
SCRM: AATGCTCGCTTGATGTTG (Integrated DNA Technologies Inc., Coralville, 1A).
Oligonucleotides were dissolved in the culture medium and were added to the cells twice (24 h at
12-h intervals; final concentration 10 uM); cells were processed 12 h after the second application
of oligonucleotides. All experiments were repeated in at least three different CGN preparations.



RNA analysis

Typically, one-half of the samples from each experimental group were used to isolate the total
RNA, whereas the rest was used to isolate proteins. For RNA extraction, the medium was
removed and neurons were harvested in 4 M guanidine isothiocyanate, 50 mM Tris/HCI (pH
7.4), and 25 mM EDTA-Na (1 ml/dish). Total RNA was isolated by CsCl, ultracentrifugation,
as described previously (16). The yield of total RNA was determined by measuring the
absorbance of an aliquot of the precipitated stock at 260/280 nm. After each extraction, possible
DNA contamination was excluded by running one sample by quantitative reverse
transcription/polymerase chain reaction (RT-PCR; see below) without adding the reverse
transcriptase enzyme.

RNA content

This content was measured by quantitative RT-PCR with internal standards, as described earlier
(17). Briefly, we wused the following 5LOX-specific primers. forward = 5'-
AAAGAACTGGAAACACGTCAGAAA-3; reverse = 5-AACTGGTGTGTACAG
GGGTCAGTT-3, and the internal standard templates for 5LOX that were generated by site-
directed mutagenesis, as previously described (17, 18). Each standard was designed to introduce
a Bdlll restriction site midway between the amplification primers so that the digestion of the
amplicon would generate two fragments of approximately equal molecular size. The selected
restriction sites were introduced with only a minimal number of base substitutions. The
sequences of internal standards (mutations indicated by bold, italicized letters) were as follows:
forward = 5-TCGTCAAGATCTGCAACACTATTT-3; reverse = 3-
AGAAGCAGTTCTAGACGTTGTGAT-5. Decreasing concentrations of 5LOX internal
standard cRNA were added to 1 pg of the total RNA isolated from CGN cultures. The
RNA/cRNA mixtures were denaturated at 80 C for 6 min and then reverse-transcribed with
Moloney murine leukemia virus (M-MLV) reverse transcriptase (Gibco BRL) in an RT buffer
containing deoxynucleotide triphosphates (Gibco, BRL), random hexamers (Pharmacia Biotech,
Piscataway, NJ), and ribonuclease inhibitor (HPRI; Amersham, Piscataway, NJ). The RT
mixture was incubated at 37 C for 60 min to promote cDNA synthesis. The reaction was
terminated by heating the samples at 98 C for 5 min (17, 18). As a control, in all assays one RT
reaction was performed in the absence of RNA. After termination of the RT reaction, cDNA
aliquots containing reverse-transcribed material were amplified 30 cycles with Hot Tub DNA
polymerase. Trace amounts of [**P]dCTP (Amersham; 0.5 uCi/sample) were included during the
PCR step for subsequent quantification. The reaction was terminated with a 5-min fina
elongation step, and products were separated by agarose gel electrophoresis. To quantify the
amount of the product corresponding to the amplified mRNA, the ethidium bromide-stained
bands (5LOX and the internal standard) were excised and the radioactivity was determined by
Cerenkov counting (19). The results are expressed as attomol SLOX mRNA per pg total RNA
(17, 18).

RNA stability



This stability was examined by measuring the half-life of the mRNA following the inhibition of
the gene transcription with actinomycin D (Sigma), as described elsewhere (20). Briefly,
cultured neurons were treated with dexamethasone or its vehicle for 24 h before the addition of
actinomycin D (10 pg/ml). Total RNA was isolated from vehicle- and dexamethasone-treated
cells at different times after actinomycin D (2-8 h) and 5LOX mRNA levels were measured by
guantitative RT-PCR, as described above.

Protein analysis

The CGN content of 5LOX, GR, and [3-actin proteins was determined by Western blot analysis
Briefly, the total protein content for each sample was determined and two different
concentrations (20 pg and 40 pg) of each sample were run on a 7.5% SDS-PAGE ge
electrophoresis, as described elsewhere (12). For 5LOX and GR protein assays, we used the
respective polyclonal antibodies: 5LOX by Cayman Chemicals (Ann Arbor, Ml), and GR M-20
by Santa Cruz Biotechnology (Santa Cruz, CA). To normalize the signal for these two proteins,
the presence of a noninducible [3-actin protein was measured on the same blot by using a mouse
monoclona antibody against the [B-actin (Sigma) (12). The blots were developed by the
enhanced chemiluminescence system (ECL, Amersham) and exposed to ECL film (Amersham).
The optical densities of the bands on the film were quantified by using the Loats Image Analysis
System (Westminster, MD), and the optical densities of the 5LOX (78 kD) and GR (95 kD)
bands were corrected (calculated as a ratio) by the optical density of the corresponding (3-actin
band (46 kD). The values are expressed as a percent of the control.

Leukotriene analysis

The capacity of CGN cultures to synthesize LTs was measured in the presence of calcium
ionophore A23187 (2 pM) and arachidonic acid (10 uM; Sigma) by enzyme-linked
immunoassay (EIA) determination of cell-free supernatants for the predominant SLOX products
LTB4 and cysLTs (i.e,, LTC4, LTDy4, and LTE,) as reported earlier (21). The cultures were
treated with 1 pM dexamethasone or vehicle for 24 h; thereafter, cells from each group were
exposed for 20 min to arachidonic acid + A23187 (arachidonic acid was added first, A23187 was
added 5 min after arachidonic acid), and the medium was collected for LT assay (21). In the
absence of arachidonic acid, no LTs were detected (the lower assay limit was 13-15.6 pg/ml).

Statistical analysis

Statistical analysis of the results (mean + se) was performed by using ANOVA followed by the
Mann-Whitney U test or by the Kruskal-Wallis one-way analysis of variance on ranks; P < 0.05
was accepted as significant.

RESULTS

Dexamethasone increases 5L OX mMRNA and protein contents
in CGN in a concentration- and time-dependent manner



Exposure of CGNs to dexamethasone increased the culture' s content of both 5LOX mRNA (Fig.
1A) and 5LOX protein (Fig. 1B). These increases were concentration-dependent and became
dtatistically significant with 100 nM dexamethasone. Time-course studies revealed that
dexamethasone treatment increased the content of 5LOX mMRNA and protein as early as 3 h, and
that these increases persisted for at least 24 h of dexamethasone treatment (Fig. 1C, D).

Dexamethasone increases the capacity of CGN
to produce cysteinyl leukotrienes (cysL Ts)

The capacity of CGN to produce LTs was assayed by determination of cell-free supernatants for
the predominant 5L OX products, LTB4, and cysLTs (i.e., LTC4, LTD4, and LTE,). Cultures were
treated with 1 uM dexamethasone for 24 h (controls were treated with a vehicle for the same
period). In the last 15 min of treatment, cultures were supplemented with 10 uM arachidonic acid
(substrate for LT synthesis) and 2 uM A23187 (calcium ionophore; calcium is required for full
5LOX enzymatic activity). In the absence of added arachidonic acid, we did not detect LTsin the
culture medium, even if these cultures were treated with A23187. After adding arachidonic acid
and A23187, we readily detected cycLTs but not LTB,4 (the lower limit of detection was 13
pg/ml), and the content of cysL Ts was greater in cultures pretreated with dexamethasone than in
the corresponding controls: vehicle = 45.8 + .7, dexamethasone = 64.7 + 5.7* (pg/ml; n = 8 per
group; *P<0.01). We detected only LTB, (about 20 pg/ml) in few samples from dexamethasone-
pretreated cultures.

Dexamethasone—up-regulated 5L OX expression
requiresthe GR

We verified the expression of GRs in our preparation of CGNs with a specific anti-GR antibody
(Fig. 2A). Using antisense technology, we significantly reduced the content of GRs in CGN
cultures (Fig. 2B). GR AS and the corresponding SCRM oligonucleotides (see Materials and
Methods for details) were injected directly into the culture medium twice in 24 h, at 12-h
intervals, 12 h after the second treatment, cells were harvested for GR protein measurements.
Application of antisense to GRs reduced the content of GR protein by more than 50% compared
with SCRM-treated controls (Fig. 2B). Thus, we used antisense methodology to investigate
whether aterations in GR content in CGN also alter the effects of dexamethasone on 5LOX
expression (i.e,, MRNA and protein levels). When GR AS or SCRM oligonucleotides were co-
administrated with dexamethasone, GR AS but not SCRM could suppress the dexamethasone-
induced increase in 5LOX mMRNA and protein content (Fig. 3).

To investigate whether the stimulatory effect of dexamethasone on 5LOX expression occurs via
the GRs, we used the GR antagonist RU486. After co-administration of 1 uM dexamethasone (or
its vehicle) and 1 uM RU486 (or its vehicle) to CGNs for 24 h, SLOX mRNA and protein levels
were quantified. We found that RU486 significantly reduced dexamethasone-stimulated 5L OX
expression (Fig. 3). However, RU486 did not alter the basal levels of 5LOX mMRNA and protein

(Fig. 3).

Dexamethasone increases the
half-life of 5BLOX mRNA in CGNs



It has been suggested that the stimulatory action of dexamethasone on gene expression may
include both increased transcription and posttranscriptional effects, such as prolongation of an
MRNA’s half-life (22). Thus, we examined 5LOX mRNA stability in CGN cultures treated for
24 h with dexamethasone or its vehicle, and we estimated the half-life of 5LOX mMRNA
following the inhibition of gene transcription with actinomycin D (20). The half-life (ty,) of the
5LOX mRNA in vehicle-treated cells was 4.0 £ 0.1 h, whereas in dexamethasone-treated CGNSs,
thety, was 5.8 £ 0.2 h (i.e., about 50% longer) (Fig. 4).

DISCUSSION

The results we obtained in this study by using primary cultures of rat cerebellar granule neurons
confirm our previous findings in the rat cerebellum in vivo (7); that is, dexamethasone treatment
increased the content of 5SLOX MRNA and protein in cells of the mammalian central nervous
system. The stimulatory effect of dexamethasone on 5LOX in CGN was observed with
concentrations as low as 100 nM, which suggests that 5LOX up-regulation occurs at a
physiologically relevant concentration of glucocorticoid hormones. The advantage of the in vitro
system is that it is better suited for mechanistic studies; thus, we selected the CGN cultures to
characterize further the mechanisms of dexamethasone action on 5LOX expression.

Using different in vitro models of cell cultures, others have also observed 5L OX up-regulation in
response to dexamethasone treatment. For example, both 5LOX mRNA and protein were
increased after dexamethasone treatment (concentrations about 1 pM) in human mast cells (9)
and in human monocytes and THP-1 cells (10). In those cell cultures, dexamethasone also
increased the capacity of cells to produce LTs, and the authors concluded that this synthetic
glucocorticoid increased 5LOX gene expression (9, 10). Our primary cultures of CGN express
both 5L OX and the 5L OX-activating protein FLAP (12). Nevertheless, we found that they do not
produce detectable levels of LTs unless provided with exogenous arachidonic acid. When
provided with arachidonic acid and in the presence of the calcium ionophore, not only do these
cells produce cysLTs, but aso their capacity to synthesize cysLTs was increased by
dexamethasone pretreatment. Thus, we also conclude that our collective data on 5LOX mRNA,
5LOX protein, and LT synthesis are consistent with the proposed (9, 10) stimulatory action of
dexamethasone on 5LOX gene expression. In addition, it is possible that another key enzyme in
cysLTs synthesis, the LTC, synthase (functionally similar to glutathione-S-transferases) could
also be the target for dexamethasone, and that this action might contribute to increased cysLT
synthesis.

Many effects of corticosteroids in the central nervous system are believed to be mediated viatwo
types of corticosteroid receptors: mineralocorticoid receptors and GR, to which dexamethasone
binds (23). Both tritiated dexamethasone autoradiograpy (24) and immunohistochemistry (25)
studies showed nuclear localization of GRs in the cerebellar granule and Purkinje cells.
Quantitative analysis of GR mRNA by competitive RT-PCR revealed its highest amounts in the
cerebellum compared with other brain regions (26). Also our Western blot assay confirmed that
CGNs in vitro express the GR protein. The functiona involvement of GR in the regulation of
5LOX expression in CGNs is indicated by our findings in experiments with GR antisense
oligonucleotide and with the GR antagonist RU486; both were effective in inhibiting the up-



regulation of 5LOX expression by dexamethasone. We performed these studies using two
complementary methods; that is, antisense and pharmacological inhibition, because a single-
method approach might generate inconclusive results. In our experiments, GR antisense reduced
the GR protein levels by about 50%, which was sufficient to prevent the 24 h dexamethasone
exposure from up-regulating 5LOX. This finding suggests that the antisense-induced reduction
was capable of bringing the level of the GR protein below the amounts needed to sustain the 24 h
action of dexamethasone because the protracted glucocorticoid treatment also decreases the GR
steady-state MRNA levels by decreasing receptor gene transcription (27). However, RU486 is a
potent antagonist for both intracellular GR and progesterone receptors; it binds with high affinity
to these receptors and causes transconformational differences in their ligand-binding domain
(28). Because both GR antisense and RU486 prevented dexamethasone from up-regulating
5LOX expression, it can be concluded that genomic mechanisms, rather than a nongenomic
action that involves the activation of membrane receptors for glucocorticoids (29), mediated the
effects of dexamethasone we observed in CGNs. However, it should be stressed that no obvious
glucocorticoid response element has been found in the sequence of the 5LOX gene and its
promoter. Thus, it remains to be established whether such a response element is located
elsewhere in the genome and in relation to the 5LOX gene. Moreover, other more complex
interactions of GR with genome and/or other nuclear receptors (e.g., RZRs, nuclear receptors
that also affect 5LOX expression; (30)) could possibly explain the action of dexamethasone on
5LOX expression. Others who have reported the stimulatory action of dexamethasone on 5LOX
expression (9, 10) have also entertained these possibilities.

Our finding that dexamethasone pretreatment prolonged the half-life of 5SLOX mRNA suggests
that mechanisms that regulate RNA stability could also contribute to the increase in 5LOX gene
expression we observed. Such mechanisms are likely to include a direct action of dexamethasone
on 5LOX mRNA or on mRNA-selective proteing/enzymes (31). Glucocorticoids have already
been shown capable of enhancing the stability of other mRNAS such as those of the insulin
receptor (32) and the growth hormone (33). Even though the molecular mechanisms of the
hormonal regulation of RNA stability are not very well understood, it has been speculated that
glucocorticoids may induce a factor that associates with an RNA element in the 3'untranslated
region (3' UTR) of the gene (32). The latter region is critical for regulating the cytoplasmic life of
amRNA (34).

The functional significance of our findings for the physiology and/or pathology of the central
nervous system remains to be fully characterized. However, available data point to a possible
role for the 5LOX pathway in brain aging (35), neurodegeneration (5, 18, 36, 37, 38), seizures
(2), synaptic activity (39, 40), neurogenesis (41), and neurodevelopment (42). The stimulatory
effect of dexamethasone on 5LOX expression in CGNs might be responsible for the recently
observed glucocorticoid-induced increased vulnerability of these neurons to oxidative stress (43).
The importance of stress-induced increases is glucocorticoid levels for heightened risk for
neurodegenerative injuries is well recognized, and its relevance for the pathobiology of
neuropsychiatric disorders was recently reviewed (44). Not only are the brain (42) and our neural
cultures capable of synthesizing cysLTs, the brain also expresses cysLT receptors (3). Thus, it is
possible that the 5LOX pathway affects brain functioning via cysLTs. However, it is also
important to elucidate whether even nonenzymatic actions of 5SLOX protein (4) are relevant for
central nervous system functioning.
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Figure 1. Effect of dexamethasone on 5L OX mRNA (A, C) and protein (B, D) contentsin primary
cultures of CGN. Cultures were treated with increasing concentrations of dexamethasone for 24 h (A, B), or
with 1 uM dexamethasone for indicated periodsof time (3-24 h; C, D). Experiments were performed in 3-4
different culture preparations (A, B: the bars represent mean  sg; *P<0.01 vs. vehicle-treated control; i.e.,
Ctrl), or in two different culture preparations (C, D: the bars are mean values expressed as percentage of
corresponding time controls: each time point had its own vehicle- and dexamethasone-treated group). Note the
increase with 100 nM and 1 uM dexamethasone (A, B). More than a 2.5-fold increase in mRNA (C), and about
a50% increase in protein (D) contents were already observed after 3 h of dexamethasone treatment.
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Figure 2. Glucocorticoid receptorsin CGN cultures. suppression by antisense treatment. The GR antisense (AS)
and the corresponding control, scramble (SCRM) oligonucleotides were dissolved in the culture medium and added to
cellstwice within 24 h at 12-h intervals; final concentration 10 uM); cells were processed 12 h after the second
application of oligonucleotides. Treatment with AS reduced the content of GR-immunoreactive protein: A) shows an
example blot (GR and B-actin immunostaining); B) Shows the results from two different preparations (mean values
expressed as percentage of untreated control: GR/B-actin ratios).
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Figure 3. Treatment of CGN with GR antisense preventsthe stimulatory action of dexamethasone on 5L OX
MRNA (A) and protein (B) expression. Treatment with oligonucleotides, AS or SCRM was performed as described in
Figure 2. Dexamethasone (Dex; 1 uM) or its vehicle (control; Ctrl) were included at the beginning of oligonucleotide
treatment (i.e., for 24 h). AS but not SCRM prevented the stimulatory action of dexamethasone on 5LOX mRNA (A) and
protein (B) expression (n=3 different preparations; mean + Sg; P<0.05: *vs. Ctrl, # vs. Dex). Pharmacological inhibition
of GR prevents the stimulatory action of dexamethasone on 5LOX mRNA (C) and protein (D) expression. Cultures were
treated for 24 h with 1 UM dexamethasone (Dex) in the prelence or absence of 1 uM RU486 (GR antagonist). The GR
antagonist prevented dexamethasone from increasing 5L OX mRNA (C) and protein (D) expression (n=3 different
preparations; mean + Sg; P<0.05: *vs. Ctrl, # vs. Dex).
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Figure 4. Dexamethasone treatment increases 5L OX mRNA half lifein CGN cultures. The half-life of mMRNA was
assayed by measuring the 5LOX mRNA content following inhibition of gene transcription with actinomycin D (act-D; 10
po/ml). Cultures were treated with dexamethasone or its vehicle for 24 h before the addition of actinomycin D; total RNA
was isolated from vehicle- and dexamethasone-treated cells at different times after actinomycin D and 5LOX mRNA
levels were measured by gquantitative RT-PCR. This experiment was repeated three times; that is, in three different culture
preparations. The time actinomycin D needed to reduce 5LOX mRNA content by 50% was increased by dexamethasone
from 4.0 £ 0.1t0 5.8 £ 0.20 (P<0.01; n=3).



