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Abstract
TBI induces a neuroinflammatory response frequently associated with increased intracranial
pressure (ICP). We investigated the effects of alcohol and increased extracellular pressure on
murine BV-2 microglial proliferation and cytokine responses to lipopolysaccharide (LPS)
stimulation. BV-2 cells were cultured under 0 or 30mmHg increased extracellular pressure without
or with ethanol (100mM) or LPS (10ng/ml) for 24 hours. We assessed cell proliferation via MTS
assay and secretion of the pro-inflammatory cytokines TNF-α, IL-6, and MCP-1 by ELISA.
Increased pressure and LPS stimulation each promoted proliferation. Ethanol pretreatment blocked
these effects. Basal TNF-α and IL-6 secretion were at the limits of delectability. Basal MCP-1
production was stimulated by pressure, which was blocked by ethanol. Even this low LPS dose
stimulated microglial secretion of TNF-α, IL-6 and MCP-1. Pressure inhibited LPS-stimulated
production of these proinflammatory cytokines, while ethanol pretreatment blocked LPS-
stimulated cytokine production. The combination of pressure and ethanol further reduced TNF-α,
IL-6 and MCP-1 secretion by LPS-stimulated microglial cells. Alcohol’s anti-inflammatory effects
may contribute to the reduced TBI mortality that some have described in acutely intoxicated
patients, while pressure downregulation of inflammatory cytokine release could create a negative
feedback that ameliorates inflammation in TBI.
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INTRODUCTION
Up to two million Americans experience traumatic brain injury (TBI) annually and 230,000
are hospitalized (17). 35-81% of TBI patients are intoxicated and 42% were heavy drinkers
before injury (20). TBI involves both focal and diffuse brain injuries, inducing a
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neuroinflammatory response frequently associated with increased intracranial pressure (ICP)
that leads to brain ischemia, herniation, and death (11).

ICP’s above 20 mm Hg (27 cm H2O) are high. We studied 30 mm Hg, resembling in vivo
ICP after TBI. We previously described effects of similar pressures on cell proliferation and
signaling in microglial cells (24), epithelial cells (8, 22), macrophages (21), monocytes (21)
and fibroblasts (4). Pressures of 15 mmHg and 30 mmHg above ambient have similar effects
on microglial cells (24). Lee reported that 100mM ethanol activated BV-2 cells but 10 mM
ethanol did not (13). We studied 100mM ethanol here.

Microglial cells, the resident macrophages of the brain, sense CNS infection or injury and
play a pivotal role in the CNS host response (14). Brain injury or infection activate
microglial cells to produce pro-inflammatory mediators including tumor necrosis factor α
(TNF-α), interleukin-1β (IL-1β), interleukin-6 (IL-6), and monocyte chemotactic protein 1
(MCP-1, CCL2). These cytokines initiate and reinforce inflammation in the CNS (12). By
these actions, activated microglial cells may aggravate neuronal damage (6) and may be
targets for immunosuppression after acute spinal cord or brain injury.

Alcohol generally adversely influences the nervous system, but its specific effect on brain
inflammation is incompletely understood. We sought to determine how ethanol influences
inflammatory microglial activation under increased pressure consistent with the increased
ICP of TBI, using low dose LPS as a mild inflammatory stimulus.

MATERIALS and METHODS
Materials

Ethanol (200 proof) was from Fisher (Pittsburgh, PA), lipopolysaccharide (LPS from
Salmonella enteric, L7770) from Sigma (St. Louis, MO), DMEM/F-12 with 2 mM
glutamine, 0.05% trypsin-EDTA, 0.4% trypan blue stain and penicillin/streptomycin from
Gibco (Gaithersburg, MD), and MTS, 3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium inner salt, from Promega
(Madison, WI). Enzyme-linked immunosorbent assay (ELISA) kits for Interleukin-6 (IL-6),
TNF-α and MCP-1 were from BD Biosciences (San Diego, CA). Immortalized BV-2 mouse
microglial cells developed by Dr. Blasi (5) were donated by Dr. Van Eldik at the University
of Kentucky. The cells were maintained in DMEM/F-12 supplemented with 10% FBS, 100
IU/ml penicillin and 100 mg/ml streptomycin at 37°C with 5% CO2.

Pressure model
Pressure was increased 30 mmHg above ambient for some cell culture conditions with
consistent temperature, pH and pO2 as previously (27).

Proliferation
Proliferation was assessed by colorimetric MTS assay as described by the manufacturer
(Promega Corporation, Madison, WI).

TNF-α, MCP-1 and IL-6
1×106 cells/well were incubated overnight at 37°C in complete medium, rinsed twice with
basal medium and pretreated with basal medium alone, 100mM ethanol, 10ng/ml LPS or
ethanol and LPS for 30 min. After pretreatment, the ethanol was aspirated and the cells
redosed with ethanol and LPS. Cells were then incubated for 24 hours at ambient or
30mmHg pressure, and medium TNF-α, MCP-1, and IL-6 were assayed by sandwich
ELISA (BD Biosciences Pharmingen).
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Statistical Analysis
All experiments were done independently at least three times with similar results. Data sets
were analyzed using paired or unpaired t-tests using Bonferroni corrections as appropriate.
Statistical significance was considered p<0.05.

RESULTS
Ethanol and LPS regulate pressure-stimulated microglial proliferation

Increased pressure stimulated microglial proliferation without affecting viability (n=3,
p<0.05, Fig 1). Pretreatment with ethanol did not alter basal proliferation at ambient
pressure (n=3) but blocked pressure-induced proliferation. LPS increased basal proliferation
(n=3, p<0.05, Fig 1) and increased pressure did not further enhance proliferation in these
cells. Ethanol pretreatment blocked LPS-induced proliferation at ambient pressure as well as
pressure-stimulated proliferation (n=3, p<0.05). BV-2 cells treated with ethanol, LPS or
both with or without increased pressure did not demonstrate any differences in trypan blue
exclusion compared to untreated control cells (data not shown).

Pressure and ethanol modulate LPS-stimulated inflammatory responses
BV-2 TNF-α and IL-6 were undetectable without LPS (Figs 2 and 3) but MCP-1 was
detectable even without LPS (Fig 4). LPS enhanced TNF-α secretion (n=3, p<0.05, Fig 2),
IL-6 (p<0.05, Fig 3), and MCP-1 (p<0.05, Fig 4). Increased pressure completely blocked
LPS-stimulated TNF-α secretion (n=3, p<0.05, Fig 2). Furthermore, ethanol pretreatment
inhibited LPS-induced TNF-α production at ambient pressure (n=3, p<0.05, Fig 2).
Interestingly, increased pressure completely inhibited TNF-α production in cells treated with
either LPS alone or LPS and ethanol (Fig 2). Either pressure or ethanol (p<0.05, Fig 3)
blocked LPS-stimulated IL-6 secretion. Pressure further inhibited IL-6 secretion after
combined LPS-ethanol treatment vs. LPS-ethanol treated cells at ambient pressure (p<0.05,
Fig 3). Like LPS, pressure alone stimulated MCP-1 secretion (p<0.05, Fig 4), and ethanol
blocked both pressure-induced and LPS-induced (p<0.05, Fig 4) MCP-1 secretion.
However, pressure inhibited LPS-stimulated MCP-1 production either alone or when LPS
was combined with ethanol (p<0.05, Fig 4).

DISCUSSION
In general, more intoxicated polytrauma victims display increased need for intensive care,
more complications, and higher mortality than sober patients (19). In contrast, TBI victims
with high blood alcohol levels do not necessarily fare worse than sober TBI patients (2, 3,
15). Indeed, a high admission blood alcohol level (≥230 mg/dL) is even associated with
lower mortality in some TBI subsets(2). The mechanisms of the effect of alcohol on the host
response to CNS trauma remain obscure, and the interplay among alcohol-mediated
modulation of immune cell activation, inflammatory reaction, and ICP alteration in the
disease progression following TBI is poorly understood.

Microglial cells are the major CNS inflammatory cell (12). Like other members of the
monocyte-macrophage family, these resident CNS macrophages are activated by injurious
and infectious stimuli to produce inflammatory mediators that initiate and reinforce the
inflammatory response (12, 16).

Increased ICP is common in CNS inflammation. We found that increased extracellular
pressure stimulates microglial proliferation and MCP-1 secretion even without an
inflammatory stimulus. However, increased pressure inhibits LPS-induced production of the
pro-inflammatory cytokines TNF-α, IL-6, and MCP-1 by microglial cells, and does not
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further stimulate proliferation in the setting of inflammatory stimulation. While the
differences related to alcohol were not very large, they are highly statistically significant.
Even small changes in inflammatory cytokine levels may be amplified by the cytokine
cascade to have profound biological effects.

Taken together, these observations suggest that while pressure may stimulate microglial
proliferation, it also creates a strong negative feedback that downregulates inflammatory
cytokines. This may be protective during the response to TBI. An appropriate inflammatory
reaction clears devitalized tissue and initiate tissue repair and regeneration. However,
overwhelming inflammation that further increases ICP would be harmful. How pressure
regulates microglial cytokine production awaits elucidation. Others have shown that
increased ICP exerts anti-inflammatory effects by inducing IL-10 in the peripheral tissues
through sympathetic nervous system activation (23).

Further investigation of the signals by which pressure regulates microglial activation will
improve our understanding of this novel mechanism of protection in the CNS inflammatory
response. Similar to our results, both extracellular pressure Shiratsuch, 2005 #33} and
ethanol (1) inhibit LPS-stimulated TNF-α secretion in human monocytes.

We studied constant high pressure. Fluctuating pressure might have different effects since
turning another force (cyclic strain) on and off may have a greater effect than simply
maintaining cyclic strain (9). This will be a subject for future study.

Conversely, 100mM alcohol blocked the mitogenic effects of pressure or LPS. Alcohol also
facilitated pressure-induced inhibition of microglial TNF-α, IL-6 and MCP-1 production in
response to LPS. Thus alcohol may restrain the local inflammatory response to TBI, perhaps
contributing to the apparent amelioration of mortality observed clinically. The effects of
combining ethanol and LPS on microglial cytokine secretion have not previously been
studied. Bovadjieva reported that ethanol without LPS stimulates rat microglial TNF-α
secretion (5), but we could not detect significant TNF-α secretion changes in the absence of
LPS. Murine BV-2 microglial cells may secrete less TNF-α at baseline than rat cells. In
contrast to our results, Qin reported that ethanol potentiated LPS-induced TNF-α and
MCP-1 content in whole brain tissue (18), but Qin studied chronic ethanol and LPS
exposure over 10 days in mice intact organisms so this may reflect differences between
acute direct effects of ethanol and LPS on microglial cells and indirect neurohumoral effects
of longstanding chronic exposure in vivo.

The mechanism by which LPS, alcohol and pressure act on BV-2 cells wait further study.
Cao reported that NF-κB-regulated NOTCH-1 signaling mediates LPS-stimulated BV-2 cell
activation (7). However, Cao studied a high LPS dose (1μg/ml) with effects different from
the 10ng/ml LSP studied here. Alcohol is a small molecule that affects many intracellular
signals and its effects remain to be elucidated. Indeed, alcohol may act by changing the
conformation of many different proteins. Ingber (10) postulated that physical forces like
pressure change the conformation of the cytoskeleton and the signal molecules associated
with it. We have previously identified numerous intracellular kinases modulated by pressure
in epithelial cells (8)(22), macrophages (21) monocytes (21) and fibroblasts (4). Thus it
would not be unreasonable to hypothesize that alcohol-pressure interactions might be
mediated by structural conformational changes in one or more intracellular signal molecules.
This awaits further study. This study delineates potential anti-inflammatory mechanisms by
which increased ICP and ethanol intoxication might ameliorate TBI-induced inflammation.
Certainly, ICP increases and ethanol have other deleterious effects, while the effects of these
stimuli on the release of anti-inflammatory cytokines await study. However, further studies
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directed at understanding how alcohol and extracellular pressure damp microglial pro-
inflammatory cytokine secretion may help to elucidate the pathobiology of TBI.
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Fig 1. Effect of extracellular pressure, LPS, ethanol and the combination of LPS plus ethanol on
microglial proliferation
Pressure and LPS significantly stimulated proliferation compared to control cells at ambient
pressure (◻P < .05, n = 3) and ethanol blocked both pressure-induced and LPS-induced
proliferation without affecting basal proliferation (P>0.05 considered non-significant (ns).
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Fig 2. Effect of extracellular pressure, LPS, ethanol and the combination of LPS plus ethanol on
TNF-α production
LPS significantly increased TNF-α secretion in comparison of ambient control (~P < .05, n
= 3). Pressure and ethanol blocked LPS-induced TNF-α production (◻P < .05, n = 3).
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Fig 3. Effect of extracellular pressure, LPS, ethanol and the combination of LPS plus ethanol on
IL-6 production
LPS significantly increased IL-6 secretion in comparison of ambient control (◻P < .05, n =
3). Pressure and ethanol blocked LPS-induced IL-6 production (◻P < .05, n = 3).
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Fig 4. Effect of extracellular pressure, LPS, ethanol and the combination of LPS plus ethanol on
MCP-1 production
Pressure and LPS significantly increased MCP-1 secretion compared to ambient pressure
controls (◻P < .05, n 3). Ethanol blocked release of MCP-1 in response to pressure and LPS
(◻P < .05, n = 3), (P>0.05 considered non-significant (ns).
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