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ABSTRACT
To investigate possible effects that may contribute, together with

a direct action on neurohormone secretion, to the impairment of
gonadal axis function during inflammation, we evaluated the effect of
TNFa on the growth and viability of GT1–7 hypothalamic neurons
and the intracellular transduction pathways involved in these effects.
TNFa caused a reduction of cell number and an induction of apoptotic
death. These effects were mimicked by cell-permeable analogs of
ceramide and by neutral or acidic sphingomyelinase. Exposure to
acidic sphingomyelinase induced a persistent (up to 48 h) reduction
of cell growth and apoptosis, whereas the effect of neutral sphingo-
myelinase was time limited. The involvement of acidic sphingomy-

elinase in TNFa action was demonstrated by the partial prevention
of ceramide generation, apoptosis, and reduced cell growth by the
inhibitor of the acidic sphingomyelinase-generating pathway, D609,
whereas the involvement of ceramide was proved by complete pre-
vention of TNFa-induced effects by treatment with okadaic acid at
concentrations inhibiting ceramide-dependent protein phosphatase.
The present data indicate that TNFa, through activation of ceramide-
generating pathways, is able to affect GT1–7 cell viability, suggesting
an additional effect that may contribute to the global action of this
cytokine on neuroendocrine activities. (Endocrinology 140:
4841–4849, 1999)

TUMOR NECROSIS factor-a (TNFa) as well as other cy-
tokines are known to affect neuroendocrine secretory

activities (1, 2); this phenomenon may be relevant in the
alterations of endocrine parameters, including disruption
of reproductive function, that accompany infectious states.
The hypothalamus-pituitary-gonadal axis, in fact, exhibits
marked sensitivity to the effects of various cytokines (3, 4),
and TNFa can affect the activity of this axis exerting its action
at different levels. Thus, TNFa mediates lipopolysaccharide-
induced suppression of the GnRH pulse generator activity
(5) and reduces basal and stimulated LH release by acting
either at central level (6) or at the pituitary (7). In addition,
TNFa is able to stimulate apoptotic death in ovarian follicles,
suggesting a causative role for this cytokine in the genesis of
follicular atresia (8).

Besides a direct effect on neuroendocrine secretory activ-
ity, TNFa may also act by regulating neuronal viability at the
hypothalamus. In fact, in other cellular systems, TNFa is
known to act as a trophic, toxic, or differentiating agent (9).
At the central nervous system, the responses to TNFa exhibit
large variability (10), and neurotoxic (11–17) as well as neu-
roprotective (18–20) effects of this cytokine in neuronal cul-
tures have been reported. This appears particularly intrigu-
ing, as definition of the action of TNFa on hypothalamic
neuronal viability could provide a significant contribution to

the understanding of the global action of this cytokine at the
hypothalamus and of the possible role of TNFa at the inter-
section between the neuroendocrine and the immune sys-
tems. The relevance of these phenomena may be related not
only to the pathological events that lead eventually to the
impairment of neuroendocrine activity, but also to physio-
logical conditions that control development and maturation
of selected central nervous system areas, including the hy-
pothalamus. In this respect, the dual action exerted by TNFa
may be critical, as it may combine a general neurotropic effect
with the induction of programmed cell death that takes place
during the course of normal development. The complexity of
the response to TNFa may be partly related to the activation
of two distinct receptors that mediate TNFa signaling:
TNFR1 (p55), whose activation is known to generate intra-
cellular signals that are responsible also for cell death, and
TNFR2 (p75), whose role has not been completely charac-
terized, but which probably mediates proliferation and sur-
vival events (21). Activation of TNFR1 leads to the hydrolysis
of sphingomyelin and the generation of ceramide, an intra-
cellular second messenger involved in survival and death
phenomena (22, 23). Focusing our attention on this particular
TNFa receptor subtype, we have studied the effect of TNFa
in a hypothalamic cell population. The availability of the
GT1–7 cell line (24) allowed us to study the action of TNFa
on cell viability directly in GnRH-secreting neurons. The
choice of this homogeneous cell population was based on the
double opportunity to use an experimental model that al-
lowed the evaluation of cell viability (25, 26) and the inves-
tigation of intracellular mechanisms. Hence, in GT1–7 cells
we have studied the action of TNFa on neuronal viability and
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proliferation, TNFa-activated transducing mechanisms, and,
in parallel, the effects produced by intracellular mediators
that may be responsible for the transduction of TNFa sig-
naling in GnRH-producing neurons.

Materials and Methods
Cell culture

GT1–7 cells were maintained under sterile conditions in DMEM sup-
plemented with 10% FCS and antibiotics in a temperature-controlled
and humidified atmosphere of 5% CO2. All cell culture materials and
plasticware were obtained from Life Technologies, Inc. (Milan, Italy).

Cell counting

GT1–7 cells were plated into 24-well multiwell plates in FCS-con-
taining DMEM for 24 h and then maintained in the presence of the tested
drugs for 3–12 h (short term studies) or 24–96 h (long term studies). Cells
were then harvested with a 0.01% trypsin solution and counted with the
aid of a hemocytometer.

3-[4,5-Dimethylthiazol-2-yl]-2,5-diphenyltetrazolium
bromide (MTT) assay

The MTT cell proliferation assay is based on the conversion of a
diphenyltetrazolium salt into blue formazan detectable in an enzyme-
linked immunosorbent assay plate reader. After exposure to various
treatments, GT1–7 cells were incubated with MTT (0.9 mg/ml, final
concentration) for 2 h at 37 C and then solubilized with isopropanolol
containing 0.1 n HCl. Formazan production was evaluated in a plate
reader with a 560-nm test wavelength and a 690-nm reference
wavelength.

[3H]Thymidine incorporation

GT1–7 cells were plated into 24-well multiwell plates and exposed to
different agents for various lengths of time. [3H]Methylthymidine (Am-
ersham Pharmacia Biotech, Milan, Italy; SA, 20 Ci/mmol; 1 mCi/ml) was
added during the last 6 h of incubation. Cells were then extracted with
1 n HClO4, and the incorporated radioactivity was determined by scin-
tillation counting.

Immunocytochemistry

GT1–7 cells were stained for TNFR1 and TNFR2 using rabbit poly-
clonal antibodies specifically recognizing each subtype. Cells were fixed
with 4% paraformaldehyde and exposed to the primary antibody (San-
bio, Uden, The Netherlands; 1 mg/ml) for 1 h at room temperature before
exposure to antirabbit IgG for 1 h. After reaction with avidin-biotin-
horseradish peroxidase (Elite ABC Vectastain, Vector Laboratories, Inc.,
Burlingame, CA), staining was developed by exposure to 0.05% diami-
nobenzidine-0.01% H2O2.

Flow cytometry

For specific detection of TNFR1/R2, growing GT1–7 cells were fixed
with 4% paraformaldehyde for 30 min, repeatedly washed, and subse-
quently treated with anti-TNFR1/R2 (5 mg/mlz30 min) and fluorescein
isothiocyanate (FITC)-conjugated antirabbit IgG (1:100 for 30 min). All
incubations were carried out at 4 C. Controls included omission of the
primary antibody and substitution with nonimmune serum. Samples
were analyzed with an ELITE flow cytometer (Coulter Electronics, Hi-
aleah, FL) with an excitation wavelength of 488 nm and monitoring of
fluorescence at 525 nm. At least 10,000 forward and side scatter gated
events/sample were evaluated.

Ceramide-1-phosphate measurement

GT1–7 cells were cultured in 35-mm dishes and exposed to TNFa for
the time indicated. Lipids were extracted and subjected to mild alkaline
hydrolysis, and ceramide levels were measured using a modified di-

acylglycerol kinase assay (27) with a commercially available kit (Am-
ersham Pharmacia Biotech).

Evaluation of apoptotic death

Quantitative analysis of DNA fragmentation was performed with the
cell death detection enzyme-linked immunosorbent assay based on the
photometric sandwich immunoassay of cytoplasmic histone-associated
DNA fragments (Roche Molecular Biochemicals, Mannheim, Germany).

For cytofluorometric analysis, after fixation with 70% ethanol over-
night at 220 C, cells were incubated with ribonuclease (100 mg/ml) for
2 h at 37 C and stained with the nuclear dye propidium iodide (final
concentration, 50 mg/ml). Analysis was carried out on a Coulter ELITE
flow cytometer and was restricted to cells with diploid and hypodiploid
DNA contents.

Laddered patterns of DNA fragmentation were resolved by conven-
tional gel electrophoresis on 1.5% agarose gel impregnated with
ethidium bromide and visualized by UV illumination.

Drugs

Unless otherwise specified, all chemicals used were obtained from
Sigma Chemical Co. (St. Louis, MO). d-Erythro-sphingosine N-octanoyl
(C8-ceramide; Calbiochem, La Jolla, CA) was dissolved in dimethyl-
sulfoxide and stored at 280 C. Okadaic acid (Calbiochem, La Jolla, CA)
solubilized in water was stored at 220 C. Neutral sphingomyelinase (N
SMase) from Staphylococcus aureus (Sigma Chemical Co.) was provided
in a solution containing 50% glycerol and 0.25 m phosphate buffer, pH
7.5, and stored at 4 C. Acidic sphingomyelinase from human placenta
(Sigma Chemical Co.) was provided in 50% glycerol, 25 mm potassium
phosphate, 0.1% Triton X-100, and 0.05 mm phenylmethylsulfonylfluo-
ride, pH 4.5, and stored at 220 C. Human TNFa was obtained from
PeproTech EC Ltd. (London, UK).

Results

The expression of the low and high affinity TNFa recep-
tors, TNFR1 and TNFR2, in GT1–7 cells was analyzed by flow
cytometry (Fig. 1), immunocytochemistry (Fig. 1), and West-
ern blot analysis (data not shown) using antibodies specif-
ically recognizing each receptor subtype. In immunohisto-
chemical studies, staining was marked and diffuse within
the cell body, but was also present in neuritic extensions.
Interestingly, the expression was more pronounced for
TNFR1 and was selective for a defined cell population,
whereas a small percentage of cells did not show positive
immunostaining.

Long term (24- to 96-h) exposure of GT1–7 cells to TNFa
(20 ng/ml) produced a significant reduction of cell number
that was already present after 24 h of incubation and per-
sisted throughout all time points examined (Fig. 2A). Indeed,
a marked reduction of cell number was already evident after
short term (6- to 12-h) exposure to TNFa, as measured by the
MTT proliferation assay (Fig. 2B). The inhibitory effect of
TNFa was concentration dependent, significant at 1 ng/ml,
and maximal between 10–100 ng/ml (Fig. 2, inset).

The reduction of GT1–7 cell number by TNFa is correlated
to induction of apoptotic cell death. Characteristic features of
apoptosis, such as DNA laddering, in fact appeared after
only 6 h of exposure to TNFa and were particularly evident
after 24–48 h (Fig. 3A). Induction of apoptosis was confirmed
by cytofluorometric analysis; Fig. 3B reveals a pronounced
predyploid cell population in TNFa-treated GT1–7 cells
stained with the nucleic acid probe, propidium iodide.

It is well established that stimulation of TNFR1 results in
activation of the sphingomyelin cycle with ensuing produc-
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tion of ceramide. Accordingly, treatment of GT1–7 cells with
TNFa produced a significant stimulation of ceramide for-
mation, as assessed by measurement of the metabolite cer-
amide-1-phosphate (Fig. 4); this effect exhibited time depen-
dency, being present after 5 min, peaking at 15 min, and
remaining elevated up to 60 min.

To establish a functional link between activation of the
sphingomyelin cycle and proliferation and viability of hy-
pothalamic neurons, GT1–7 cells were treated with N SMase
(200 mU/ml) or the permeable analog of ceramide, C8-cer-
amide (25 mm). At the same concentration, another cell-per-
meable analog of ceramide, C2-ceramide, behaved in a very

similar manner (not shown). Long term treatment with N
SMase and C8-ceramide produced an inhibition of cell pro-
liferation, measured as a reduction of cell number, that was
time dependent, significant at 24 h, and more pronounced,
particularly for C8-ceramide, after 48 h (Fig. 5A). However,
for longer time points (72 and 96 h), the behavior of the two
compounds was divergent, as C8-ceramide was still able to
maintain a reduced cell number, whereas GT1–7 cells were
no longer sensitive to the inhibitory action of N SMase, and
their number was significantly increased (Fig. 5A). Accord-
ingly, GT1–7 cells exposed to N SMase very rapidly escaped
the inhibitory action of the enzyme and exhibited an in-

FIG. 1. GT1–7 cells are immunopositive for both TNFa receptors subtypes, TNFR1 (B) and TNFR2 (C). Cells were fixed in 4% paraformaldehyde,
incubated with rabbit antimouse-TNFR1 and -TNFR2, and processed for immunocytochemistry (left panels) or flow cytometry (right panels)
as described in Materials and Methods. Control rabbit IgG were used to determine nonspecific labeling (A).
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creased proliferation rate, as shown by enhanced [3H]thy-
midine incorporation, evident after 48–96 h of incubation
(Fig. 5B). The behavior of C8-ceramide was again different,
as a reduction of [3H]thymidine incorporation could be ob-
served at all time points examined (Fig. 5B). The lack of effect
of long term treatment with N SMase on GT1–7 cell prolif-
eration might be ascribed to rapid metabolism and/or inac-
tivation of the enzyme; in support of this possibility, reex-
posure of GT1–7 cells to N SMase after 48 h (total exposure
time, 96 h) produced a reduction of GT1–7 cell number,
comparable to that induced by a single treatment for 48 h
(Table 1). The inhibitory action of N SMase was very rapid;
the MTT proliferation assay revealed a very early reduction
of the number of cells that was already significant after 3 h
of incubation and was maximal at 12 h (Fig. 6). This prompt
effect is suggestive of induction of cell death; accordingly,
short term (6–12 h) treatment with N SMase (200 mU/ml)
determined the appearance of clear signs of apoptotic death.
These were evaluated by measurement of oligonucleosome
formation (Fig. 7A) and analysis of DNA laddering (Fig. 7B).
The time-course studies indicated that induction of apoptosis
by N SMase was very rapid (6–12 h) and was not present
after 48 h (Fig. 7). Conversely, as shown for cell counting,
C8-ceramide (25 mm) treatment produced a marked and sus-
tained (up to 48 h) apoptotic effect (Fig. 7B).

TNFa is known to activate an acidic sphingomyelinase (Ac

SMase) located in specific intracellular compartments (28).
Thus, we analyzed the effect of this enzyme on the prolif-
eration and viability of GT1–7 cells. Treatment with 200
mU/ml Ac SMase induced a time-dependent inhibition of
cell number. A significant inhibition, as assessed by the MTT
proliferation assay, was present after only 6 h of treatment
and progressively increased, reaching a maximum after 48 h
(Fig. 8A). This effect was accompanied by the appearance of
DNA fragmentation, indicative of apoptotic death. Figure 8B
reports a representative DNA laddering observed in GT1–7
cells exposed to Ac SMase for 48 h.

To support the involvement of Ac SMase in the effect of
TNFa on GT1–7 cell viability, we used the xanthate D609, an
inhibitor of phosphatidylcholine-specific phospholipase C
(29), a key enzyme in the activation of Ac SMase (but not N
SMase) by TNFa (30). Pretreatment of GT1–7 cells with D609
(5 mg/ml) reduced by about 50% the accumulation of cer-
amide-1-phosphate induced by a 15-min exposure to 20
ng/ml TNFa (Table 2). Similarly, preincubation of GT1–7
cells with D609 for 1 h before the addition of TNFa for 48 h
significantly reduced the inhibitory effect of the cytokine on
cell number and partially prevented TNFa-induced apopto-
sis (Table 2). The latter evaluation was carried out by flow
cytometry, which allowed a quantitative analysis of the pro-
tective effect.

Recently, a specific cytosolic protein phosphatase has been

FIG. 2. Time and concentration dependency of the TNFa effect on GT1–7 cell proliferation. Cells plated at low density were exposed to TNFa
(20 ng/ml) for the time indicated (single treatment) and either counted with the aid of a hemocytometer (A) or quantitated by the MTT
proliferation assay (B). In the inset, the concentration-response curve of a 48-h treatment with TNFa is shown. Values are mean 6 SE of at least
three independent studies. A significant effect of treatment (P , 0.05) on GT1–7 cell number (A) was observed at all time points examined (by
two-way ANOVA followed by Duncan’s multiple range test). *, P , 0. 05 vs. control (by one-way ANOVA followed by Newman-Keuls t test for
significance).
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suggested as a mediator of ceramide effects (31, 32). To assess
the involvement of this pathway in the action of TNFa,
GT1–7 cells were preincubated with okadaic acid. This com-
pound is a potent inhibitor of various protein phosphatases

(33); however, at low concentrations, it appears to act as a
relatively specific inhibitor of ceramide-activated protein
phosphatase (31). Okadaic acid, in a range of concentrations
shown to inhibit both protein phosphatases 1 and 2 (.5 nm)
caused a concentration-dependent reduction of cell number
(;32% reduction at 10 nm and .70% reduction at 100 nm).
In contrast, smaller concentrations (0.5–1 nm) did not affect
cell number or viability, but completely prevented the in-
hibitory effect of TNFa on cell number and the induction of
apoptosis (Table 3), as assessed by cell counting and cyto-
fluorometric analysis, respectively. In addition, to exclude
further the involvement of protein phosphatase 1 in okadaic
acid action, GT1–7 cells were pretreated with 1 nm tauto-
mycin (a compound that, at this concentration, is known to
specifically affect protein phosphatase 1) (34). Under these
conditions, the inhibitory effect of TNFa on GT1–7 cell pro-
liferation was not affected (data not shown).

Discussion

TNFa is recognized as one of the key molecules mediating
neuroimmune interactions; at the hypothalamus this results
in modulation of hormonal secretion (1–3, 5, 6), but a role for
this cytokine in hypothalamic neuronal viability can also be
hypothesized. The action of TNFa at the central nervous
system has been mainly related to its ability to modulate
neuronal survival, but very little is known about the intra-
cellular events that mediate cytokine action at this level. In
this respect, the immortalized hypothalamic GT1–7 cells rep-
resent a useful neuronal in vitro model, as they express re-
ceptors for TNFa, TNFR1, and TNFR2. TNFa recognizes, in
fact, two distinct receptors (21), one of which, the TNFR1 or
p55, belongs to the nerve growth factor/TNF receptor family
characterized by the presence of a specific intracellular se-

FIG. 3. TNFa induces apoptosis in
GT1–7 cells, as assessed by DNA lad-
dering (A) and cytofluorometry (B). In
A, DNA was extracted from cells ex-
posed to TNFa for different lengths of
time: 1, 3 h; 2, 6 h; 3, 24 h; 4, 48 h; and
5, untreated control at 48 h. M, 100-bp
markers. In B, the appearance of a
predyploid population after exposure
to TNFa (20 ng/mlz48 h) is detected by
cytofluorometric analysis.

FIG. 4. TNFa stimulates the accumulation of ceramide, as assessed by
measurement of ceramide-1-phosphate (Cer-1-P). After exposure to
TNFa (20 ng/ml) for the time indicated, lipids were extracted, and cer-
amide levels were measured using a modified diacylglycerol kinase as-
say. Data are expressed as the percentage above the control value of
untreated samples incubated for the same length of time. Values ob-
tained in untreated cells were consistent with time; variations were less
than 10%. Cer-1-P accumulation in control cultures at 5 min was 4478 6
223 cpm/106 cells. Values reported are the mean 6 SE of three indepen-
dent determinations. *, P , 0.05 vs. untreated control, by Student’s t test.
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quence responsible for the transduction of a death signal to
the cell (35). Treatment of GT1–7 neurons with TNFa caused
rapid and prolonged reduction of cell number, an effect
accompanied by induction of apoptotic death. This confirms
previous reports showing that TNFa induces apoptosis in
neurons (13–15) and is involved in neurodegeneration pro-
cesses (11, 16, 17, 36), but is in contrast with a large body of
evidence that indicates a neuroprotective activity for this
cytokine (18–20).

Activation of TNFR1 is linked to stimulation of a neutral
and an acidic sphingomyelinase that differ on the basis of
their location in distinct cellular compartments, but that are

FIG. 5. N SMase and C8-ceramide (C8-cer) differently affect growth and proliferation rates of GT1–7 cells. Cells were exposed to N SMase (200
mU/ml) or C8-cer (25 mM) for the time indicated (single administration) and either counted with a hemocytometer (A) or assessed for
[3H]thymidine incorporation (B). *, P , 0. 05 vs. control, by one-way ANOVA followed by Newman-Keuls t test for significance.

TABLE 1. Effect of single or repeated long term treatment with
N SMase (200 mU/ml) and C8-cer (25 mM) on GT1-7 cell growth

Treatment No. of cells (% of control)

Control 100 6 1.8

N SMase (48 h) 81 6 5.2a

N SMase (96 h) 143 6 4.3a

N SMase (48 1 48 h) 78 6 4.8a

C8-cer (48 h) 65 6 7.1a

C8-cer (96 h) 66 6 4.0a

C8-cer (48 1 48 h) 71 6 3.6a

Values are expressed as a percentage of the value in untreated
cultures and represent the mean 6 SE of three or four independent
studies performed in triplicate.

a P , 0.05, by Student’s t test.

FIG. 6. N SMase very rapidly modifies the proliferation of GT1–7
cells. Cells were exposed to the enzyme (200 mU/ml), and MTT was
added during the last 2 h of incubation. Cells were solubilized with
acidified isopropanol, and their number was evaluated in a plate
reader. A significant (P , 0.05) inhibitory effect of N SMase was
observed at all time points examined.
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both responsible for generation of the intracellular messen-
ger, ceramide (22, 23, 28, 37). Exposure of GT1–7 cells to
TNFa caused the accumulation of ceramide, as assessed by
the formation of ceramide-1-phosphate. Ceramide is known
to induce apoptosis in a series of different cellular systems,
but its role at the central nervous system is still controversial.
Ceramide has, in fact, been shown to induce apoptosis in
cultured mesencephalic neurons (38), but it also exerts neu-
roprotective activity in cultured neurons deprived of trophic
support (39) or exposed to excitotoxic or oxidative insult (40).
In addition, ceramide induces neuronal differentiation (41)
and regulates the balance between neuritic formation and
apoptosis in hippocampal cultures (42). Treatment of GT1–7
cells with cell-permeable ceramide analogs induced a
marked reduction of cell number and the appearance of
distinct features of apoptotic death at all time points exam-
ined (either short or long term treatments). To evaluate the
relative contribution of the ceramide-generating pathways in
the induction of apoptotic death in GT1–7 cells, cultures were
exposed to N or Ac SMase. Treatment with both enzymes
produced a reduction of cell number and induction of apo-
ptotic cell death. However, the effects observed were tem-
porally divergent, as the action of N SMase was rapid in its
onset but restricted to a short period of time, whereas Ac
SMase induced a reduction of cell number and apoptotic
death that were sustained with time (up to 48 h). This dif-
ferent time-related behavior may be ascribed to specific,
prompt metabolism of the neutral enzyme whose action is
rapidly achieved and completed or, alternatively, it may be
due to the activation of intracellular pathways able to coun-
terbalance the effect of N SMase on neuronal viability. One

such example is represented by activation of protein kinase
C, whose action on cell survival in our system (data not
shown) as well as in other cellular systems (43) is that of
counteracting the effect of N SMase. However, in our con-
ditions, the involvement of protein kinase C is partially ruled
out by the fact that GT1–7 cells are still responsive to the
action of N SMase once the initial effect has ended, as dem-
onstrated by the reduction of viable cells observed after re-
peated (twice, every 48 h) treatment with the drug. Inter-
estingly, GT1–7 cells exhibited a very prompt capacity to
recover after completion of N SMase action, and they re-
sponded with an increased proliferation rate starting at 48 h,
when cell number was still decreased in N SMase-treated
cultures, and a significant enhancement at 72 h. Hence, the
time-limited action of N SMase on GT1–7 cell growth and
viability revealed the rapid reversibility of the effect ob-
served. Indeed, the current knowledge of TNFR1 signaling
suggests that activation of Ac SMase is responsible for the
transduction of the death signal, whereas the neutral enzyme
would, instead, mediate proliferation and survival events
(44). Based on these results, an alternative interpretation of
the effect observed could be made. The nature of the early N
SMase response could be due to the enormous amount of
ceramide generated within the cell by exogenous addition of
the enzyme (data not shown); under these conditions, the
true response of increased cell growth would be completely
masked and appear late.

In our hands, the activation of Ac SMase seems to be only
partially involved in the action of TNFa on GT1–7 cell num-
ber and viability as demonstrated by the partial reduction of

FIG. 7. Different time-course pattern of apoptosis induction by N
SMase and C8-cer in GT1–7 cells. The appearance of oligonucleo-
somes after treatment with N SMase (200 mU/ml) was very rapid,
disappearing after 48 h of exposure (A). Accordingly, DNA laddering
was very pronounced after 12 h of exposure and was still present after
24 h. In contrast, the induction of DNA fragmentation by C8-cer (25
mM) was equally effective after short and long term treatment (B). 1,
Control; 2, N SMase 12 h; 3, N SMase 24 h; 4, C8-cer 12 h; 5, C8-cer
48 h; M, 100-bp marker. *, P , 0. 05 vs. control values.

FIG. 8. Treatment of GT1–7 cells with Ac SMase affects proliferation
and induces apoptotic death. Cells were exposed to the enzyme (200
mU/ml) for the time indicated, and the MTT solution was added
during the last 2 h of incubation. MTT reduction, indicative of viable
cell number, was then evaluated in an ELISA plate reader (A). A
significant (P , 0.05) inhibitory effect of Ac SMase was present at all
time points examined. B, DNA ladder of GT1–7 cells exposed to Ac
SMase for 48 h. 1, Control; 2, Ac SMase 200 mU/ml.
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TNFa-induced effects by treatment with D609, an inhibitor
of phosphatidylcholine-specific phospholipase C (29, 30)
whose stimulation activates the pathway specifically involv-
ing Ac SMase. The contribution of N SMase on TNFa action
cannot be extrapolated from the present findings, as no phar-
macological tools are currently available to specifically mod-
ulate this pathway. However, an increased GT1–7 cell pro-
liferation after TNFa treatment has never been observed. It
is important to underline that activation of the sphingolipid
metabolism leads to the production of sphingosine-1-phos-
phate, a second messenger involved in the regulation of
cellular proliferation and survival (45), and sphingosine,
whose role as an intracellular regulator of cellular differen-
tiation and apoptosis is now emerging (46, 47). It is, then,
possible that the involvement of the sphingomyelin pathway
in TNFa-induced apoptosis may result from a balance be-
tween the generation of different messengers (ceramide,
sphingosine, and sphingosine-1-phosphate), all able to reg-
ulate cellular viability. In the present study we have focused
our attention primarily on the role of ceramide, as ceramide
analogs were able to mimic the TNFa effects. In addition, the
involvement of ceramide in the action of TNFa in GT1–7 cells
is further supported by the complete prevention of the TNFa
effect by treatment with low concentrations of okadaic acid.
However, an involvement of sphingosine in TNFa-induced
apoptosis in GT1–7 cells cannot be ruled out and requires
further investigation. In the context of a complete picture of
TNFa action in GT1–7 cells, although this would open a new,
vast issue, well beyond the confines of the present study, a
role for the caspase cascade could be envisaged. Caspases
may, in fact, take part in the action of TNFa merely as

executioners of apoptosis (48), but they may also be more
deeply involved in TNFa signaling events by regulating
intracellular ceramide production (49, 50).

In conclusion, in immortalized hypothalamic neurons,
TNFa exerts a cytotoxic effect, presumably through an in-
creased production of ceramide. This activity on hypotha-
lamic neuronal viability together with the modulation of
neurohormone secretion may critically contribute to the im-
pairment of gonadal axis function occurring during infec-
tious states.
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