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against Excitotoxicity in Cultured Cortical Neurons than
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Because the complex heterogeneity of fraumatic brain injury (TBI) is believed by many to be a major reason for the failed
clinical trials of monotherapies, combining two (or more) drugs with some potentially different mechanisms of action may pro-
duce better effects than administering those agents individually. In this study, we investigated whether combinatorial tfreatment
with progesterone (PROG) and 1,25-dinydroxyvitamin D, hormone (VDH) would produce better neuroprotection than PROG
alone following excitotoxic neuronal injury in vitro. E18 rat primary cortical neurons were pretreated with various concentrations
of PROG and VDH separately or in combination for 24 h and then exposed to glutamate (0.5 umol/L) for the next 24 h. Lactate
dehydrogenase (LDH) release and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) reduction assays were
used to measure cell death. Both PROG and VDH significantly (P < 0.001) reduced neuronal loss when tested independently.
Primary corfical cultures treated with VDH exhibited a U-shaped concentration-response curve. PROG at 20 umol/L and VDH
at 100 nmol/L concentrations were the most neuroprotective. When the drugs were combined, the “best” doses of PROG
(20 umol/L) and VDH (100 nmol/L), used individually, did not show substantial efficacy; rather, the lower dose of VDH (20 nmol/L)
was most effective when used in combination with PROG (P < 0.01). We also examined the effect of combinatorial treatment
on mitogen-activated protein kinase (MAPK) activation as a potential neuroprotective mechanism and observed that PROG
and VDH activated MAPK alone and in combination. Interestingly, the best combination dose of PROG and VDH (20 umol/L
and 20 nmol/L, respectively), as observed in cell death assays (LDH and MTT), resulted in increased MAPK activation compared
with either the most neuroprotective concentration of individual PROG (20 umol/L) and VDH (100 nmol/L) or the combination
of these individual best doses. Such interactions must be considered in planning individualized combinatorial therapies. In con-
clusion, the findings of the present study can be taken to suggest that VDH warrants study as a potential partner for combina-

tion therapy with PROG.
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INTRODUCTION

For more than 30 years, researchers in
the field of neuroprotection have been
trying to find a safe and effective agent
to treat acute-stage traumatic brain in-
jury (TBI). In the past two decades, al-
most all phase II and phase III clinical
trials for moderate and severe TBI failed
(1) because no single drug proved clini-
cally effective. These failures may be at-
tributable in part to the heterogeneity of

TBI and the limitations of monothera-
pies, which target a single mechanism of
the injury cascade. Because TBI is a very
complex systemic illness that results in
long-term neurodegenerative processes
that last for months or even years after
initial injury (2,3), a logical strategy
would be to combine pleiotropic agents
that can simultaneously target different
injury mechanisms to stem the cascade
of destructive events. Addressing this
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problem, a National Institutes of Health
(NIH) panel has recently called for stud-
ies to investigate combining therapeutic
agents that have individually shown
promising effects against TBI. These in-
vestigations would determine whether
such combinations could lead to better,
more clinically relevant, functional out-
comes than agents given alone (4).
Fortunately a number of pleiotropic
drugs that work via multiple mechanisms
to enhance central nervous system (CNS)
repair (for example, citicoline, erythropoi-
etin, statins, and fibrates) are now under
clinical investigation, but only one, prog-
esterone (PROG), has demonstrated proof
of safety and efficacy in clinical trials. In
one phase II trial for the use of PROG in
moderate to severe TBI, ProTECT II,



Wright et al. (5) reported a 50% reduc-
tion in mortality in patients with a se-
vere TBI and a statistically significant
improvement in functional outcomes in
patients with moderate TBI. The second
human trial (6), studying only patients
with severe brain injuries, reported re-
sults replicating those of the ProTECT
trial, but extending over a longer period
of time—6 months postinjury.

We explored combining vitamin D
hormone (1,25-dihydroxyvitamin D3;
VDH), the active form of vitamin D, with
PROG. This combination was chosen for
several reasons. First, VDH is a neuros-
teroid (like PROG), with a cholesterol
backbone and steroid-like effects in vari-
ous tissues, and shares some mecha-
nisms of neuroprotection with PROG (7).
The VDH receptor affects the expression
of more than 1000 genes and leads to the
activation of many pathways in the CNS
that are similarly modified by PROG
(8-10). Thus VDH might potentiate and
improve functional outcomes in combi-
nation with PROG administration. PROG
itself has been shown to limit TBI and
stroke injury by protecting the blood-
brain barrier and reducing cerebral
edema, inflammatory response, necrosis,
and apoptosis and by stimulating re-
myelination (11).

VDH in its own right has a number of
physiological properties that render it
neuroprotective in some types of experi-
mental brain injury (12-14). Further,
VDH deficiency can impair various
physiologic processes associated with
healthy CNS functions such as mitosis,
mitogenesis, neurite outgrowth, and pos-
sibly adult neurogenesis in hippocampal
cells (15), so correcting the deficiency
might improve clinical outcomes follow-
ing TBI. Perhaps more importantly, our
laboratory’s recent in vivo research has
shown that vitamin D deficiency can re-
duce the beneficial effects of PROG treat-
ment after TBI, especially in older sub-
jects (16).

In this in vitro study, we investigated
combining PROG and VDH as a chal-
lenge against glutamate-induced excito-
toxic cell death in rat primary cortical

neurons. The rationale for using an in
vitro injury model is that such models
can provide a rapid screening of the ef-
fects of various dosages, durations, and
treatment delays on specific types of cell
survival and metabolic outcomes, com-
pared with in vivo injury models, in
which many different extracellular vari-
ables can play a role in the injury cascade
and eventual recovery from it. We hy-
pothesized that VDH would enhance the
neuroprotective efficacy of PROG by ei-
ther synergistic or additive effects. We
examined glutamate-mediated excitotox-
icity because this highly effective mecha-
nism of initiating cell death is widely ac-
cepted as a crucial substrate in several
types of CNS injury, such as TBI (17),
spinal cord injury (18), and ischemia (19).
Mitogen-activated protein kinase
(MAPK) is known to play a critical role
in a number of intracellular activities like
metabolism, mitosis, differentiation, in-
flammation, cell death, and survival (20).
PROG has been reported to protect
against glutamate toxicity in primary
hippocampal neurons via activation of
extracellular signal-regulated kinase 1/2
(ERK1/2) (21,22). Accordingly, we exam-
ined the combination treatment effects of
VDH on PROG-mediated MAPK activa-
tion and associated neuroprotection.

MATERIALS AND METHODS

Neuronal Culture

NeuroPure™ E18 primary rat cortical
cells were commercially procured (Cata-
logue # N200200; Genlantis, San Diego,
CA, USA) as microsurgically dissected
regions from 18-d-old embryonic
Sprague-Dawley rat brain. The tissues
were processed for culturing according
to manufacturer specifications. Prior to
mechanical dissociation, enzymatic pre-
treatment of the tissue was done by incu-
bating the tissues in sterile NeuroPapain
enzyme solution at 30°C for 30 min. Fol-
lowing incubation, the cells were cen-
trifuged and transferred to fresh plating
medium, where they were then dissoci-
ated into isolated neurons by use of a P-
1000 pipettor with a sterile 1-mL plastic
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tip (opening diameter 0.8-1.0 mm). The
cells were again centrifuged and seeded
in multiwell plates precoated with poly-
D-lysine (0.15 mL/ cm?, 50 ug/mL) and
maintained at 37°C in a humidified 5%
CO, atmosphere. All experiments were
performed after 9-10 d in culture.

Induction of Glutamate Excitotoxicity
and Drug Treatment

Twenty-four h before glutamate expo-
sure, cultures were pretreated with both
PROG (Cat. #P3972; Sigma-Aldrich, St.
Louis, MO, USA) and VDH (Cat.
#D1530; Sigma) separately or in combi-
nation, with VDH at various concentra-
tions. Stock solutions of PROG and VDH
were prepared in dimethylsulfoxide
(DMSO; Cat. #D2650; Sigma) and etha-
nol, respectively, both of which were
further diluted in culture medium so
that the final concentrations of DMSO
and VDH were <5 uL./mL and 0.01%, re-
spectively. Glutamate was diluted in
phosphate-buffered saline (PBS) (pH 7.4).
All reagents were filter sterilized before
being added to cultures. At d 11, cortical
neurons in fresh media were separated
into five treatment groups: (i) control;
(ii) 24-h treatment with 0.5 umol/L glu-
tamate (23); (iii) 24-h pretreatment with
different concentrations of PROG (0.1, 1,
5,10, 20, 40, 80 umol /L) with subse-
quent exposure to glutamate for 24 h;
(iv) 24-h pretreatment with VDH (1, 5,
10, 20, 40, 80, 100 nmol/L) with subse-
quent exposure to glutamate for 24 h;
and (v) 24-h pretreatment with different
combinations of PROG and VDH
(PROG: 20 umol/L + VDH: 1, 5, 10, 20,
40, 80, 100 nmol/L) with subsequent ex-
posure to glutamate for 24 h.

Evaluation of Neuronal Death

We used two widely accepted assays,
lactate dehydrogenase (LDH) release
and 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) re-
duction assay, for the measurement of
cell viability. These assays are considered
very reliable and reproducible with high
predictive validity and are widely used
in various pharmacological studies (21).
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LDH release assay. Cytotoxicity was
assessed 24 h after the start of the expo-
sure by quantitative measurement of
LDH in the bathing medium, an index
that is proportional to the total number
of neurons damaged by excitotoxic expo-
sure (24). LDH activity was measured
using a Cytotoxicity Detection Kit (Roche
Molecular Biochemicals, Indianapolis,
IN, USA) and quantitated by measuring
absorbance at 490 nm. Data were nor-
malized against the amount of LDH ac-
tivity released from vehicle-treated con-
trol cultures receiving no glutamate.

MTT reduction assay. Neuronal death
was assessed by MTT assay, which is
based on the cleavage of the tetrazolium
ring of the pale yellow MTT into dark-
blue formazan crystals by mitochondrial
dehydrogenase enzyme in viable cells.
These blue formazan crystals accumulate
within the cells owing to their imperme-
ability to cell membrane, and are then
solubilized by adding DMSO. The inten-
sity of blue-colored formazan solution is
directly proportional to the number of
surviving cells. Concentrations were de-
termined by photometric analysis. Briefly,
10 uL of MTT was added per well and in-
cubated at 37°C for 4 h until purple pre-
cipitate was visible. DMSO (50 uL) was
added to solubilize the crystals, and the
absorbance was read at 570 nm.

Morphological Analysis of Cortical
Cultures

Changes in the morphology of neurons
treated with different drugs in various
groups were observed by use of a phase-
contrast microscope (Nikon Instruments
Inc., Melville, NY, USA). Primary cul-
tures were mainly observed for neurite
outgrowth, a hallmark feature of healthy
cells, and the density of healthy cells in
different groups.

MAPK Phosphorylation

PROG and VDH were added to the
primary cultures, as indicated, for 30 min
(21), and the cells were lysed using an
RIPA lysis buffer kit (sc-24948; Santa
Cruz Biotechnology, Santa Cruz, CA,
USA). Protein was determined in cell

250 -

200 -

150 -

100 | g

LDH Release (% Control)

50 -

Control Vehicle 0.01 0.1

120 -

100 -

=]
o
L

Cell Survival (% Control)
B [=2]
o o

20

Control Vehicle 0.01 0.1

1 5 10 20 40 80

PROG (uM)

1 5 10 20 40 80
PROG (M)

Figure 1. Effect of PROG on glutamate-induced LDH release (A) and MTT reduction (B) in
rat primary cortical neurons. Primary cells were pretreated with different concentrations of
PROG for 24 h and subsequently exposed to glutamate (0.5 umol/L) for 24 h. PROG was
present in the culture medium during the glutamate exposure. The values are expressed
as mean + SEM of four experiments. Significant difference: *P < 0.001 compared with con-

frol; *P < 0.001 compared with vehicle.

lysates by bicinchoninic acid protein
assay (Cat. # 23225; Pierce, Rockford, IL,
USA). Cell lysates (40 ug protein each
sample) were separated under reducing
and denaturing conditions by 12.5%
acrylamide Criterion gel (Bio-Rad, Her-
cules, CA, USA) at 200 V for 1 h and
transferred to a polyvinylidene difluo-
ride membrane at 100 V for 30 min. The
nonspecific binding sites of the mem-
brane were blocked with 5% nonfat dry
milk in PBS-T (PBS containing 0.05%
Tween-20). For MAPK phosphorylation,
membrane was probed with p-ERK1/2

antibody (sc-101761; Santa Cruz Biotech-
nology) recognizing the dual threonine
(Thr 202) and tyrosine (Tyr 204) phos-
phorylation sequence from MAPK. Total
ERK1/2 protein was detected using
ERK2 (C-14) antibody (sc-154; Santa
Cruz Biotechnology). Membranes were
then incubated in horseradish peroxi-
dase—conjugated secondary antibody
(Goat antirabbit IgG, 074-1506; KPL,
Gaithersburg, MD, USA). 3-Actin was
probed as a loading control. Blots were
developed using a chemiluminescent
substrate (Pierce) for 5 min. Chemilumi-
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Figure 2. Effect of VDH on glutamate-induced LDH release (A) and MTT reduction (B) in
rat primary cortical neurons. Primary cells were pretreated with different concentrations of
VDH for 24 h and subsequently exposed to glutamate (0.5 umol/L) for 24 h. VDH was pres-
ent in the culture medium during the glutamate exposure. The values are expressed as
mean + SEM of four experiments. Significant difference: *P < 0.001 compared with control;

*P < 0.001 compared with vehicle.

nescent bands were detected on Kodak
autoradiography film in a dark room,
and their densities were measured using
Bio-Rad Gel-Doc software (Quantity-One
4.6.1). MAPK activation was calculated
by normalizing p-ERK1/2 with total
ERK1/2 protein values.

Statistical Analysis of Data

We employed analysis of variance
(ANOVA) and post hoc tests. The
Neuman-Keuls test was used for inde-
pendent comparisons among groups.
The significance of results was set at
P < 0.05 two-tailed. All data are pre-
sented as mean =+ standard error of the
mean (SEM).

RESULTS

Neuroprotective Effect of PROG
against Glutamate-Induced
Excitotoxic Cell Death

Glutamate exposure (0.5 umol/L for
24 h) resulted in a significant (P < 0.001)
increase in cell death in primary cortical
neurons compared with control cells ex-
posed to solvent. The concentration-
response curve for PROG against
glutamate-induced cell death revealed
that PROG at lower concentrations (0.01,
0.1, 1, 5 umol/L) did not show any de-
crease in cell death compared with the
vehicle-only group. At higher concentra-
tions (10, 20, 40, and 80 umol/L), a sig-
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nificant reduction (P < 0.001) in cell
death was observed as measured by both
LDH and MTT assays (Figure 1A, B). The
best concentration of PROG against glu-
tamate-induced neuronal death was
found to be 20 umol/L.

Neuroprotective Effect of VDH against
Glutamate-Induced Excitotoxic Cell
Death

Different concentrations of VDH were
tested against glutamate insult in primary
cortical neurons. It was observed that
VDH exhibited a U-shaped concentration-
response curve for neuroprotection
against glutamate toxicity. Lower concen-
trations (0.001-0.5 umol /L) were signifi-
cantly protective (P < 0.001), whereas
higher concentrations (1-10 umol /L) did
not prevent neuronal loss compared with
the vehicle-only control group. Both cell
death assays suggested that VDH is most
effective at a 0.1 umol/L concentration
(Figure 2A, B).

Combinatorial Effect of PROG and
VDH against Glutamate-Induced
Excitotoxic Cell Death

On the basis of the concentration-re-
sponse curve, we combined and tested
the most effective concentrations of
PROG (20 umol/L) and VDH (0.1 umol/L)
against glutamate toxicity in primary
cortical neurons. The rationale behind
combining only the most effective con-
centrations was that both the drugs were
most neuroprotective individually at
these concentrations (P < 0.001) and
therefore likely to show an additive or
synergistic effect in combination at the
same concentrations. To our surprise, we
found that this combination treatment
with PROG and VDH did not prevent
cell death compared with vehicle (Fig-
ure 3A, B). In light of this finding and
because VDH showed a U-shaped re-
sponse curve against glutamate toxicity,
it is unlikely that higher concentrations
of VDH would have a better outcome in
combination with the most effective con-
centration of PROG.

Next, the most protective concentra-
tion of PROG (20 umol/L) was combined
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with various lower concentrations of
VDH (1, 5, 10, 20, 40, 80, and 100 nmol/L)
to evaluate the best combination of VDH
with PROG. Interestingly, both cell death
assays showed that PROG and VDH
given together produced a U-shaped
concentration-response curve for neuro-
protection against glutamate-induced
neuronal death (Figure 4A, B). The
most effective combination was PROG
(20 umol/L) + VDH (20 nmol/L), which
significantly reduced neuronal loss (P <
0.001) compared with vehicle. Also, this
combinatorial effect was significantly
better (P < 0.01) than the individual ef-
fect of either PROG (20 umol/L) or VDH
(0.1 wmol/L) at their most effective con-
centrations.

Morphological Changes in Primary
Cortical Cultures after Drug
Treatments

Changes in the morphology of neurons
treated with the different agents and
doses are shown in Figure 5. The control
group shows neuritic processes charac-
teristic of neurons in vitro. The glutamate
(0.5 umol/L for 24 h) group shows the
loss of neuronal processes and number of
neurons. PROG and VDH alone rescued
neurons independently, but this neuro-
protective effect was more pronounced
when neurons were exposed to both hor-
mones in combination.

Effect of PROG and VDH on MAPK
Activation

To examine the involvement of MAPK
in the synergy of PROG- and VDH-
mediated neuroprotection, MAPK phos-
phorylation was assessed in primary cor-
tical neurons after 30-min hormone
treatment alone or in various combina-
tions. Treatment with the most neuro-
protective concentrations of PROG
(20 wmol/L) and VDH (100 nmol/L)
resulted in a 2x and 1.7x increase, respec-
tively, in p-ERK1/2 level compared with
base-line phosphorylation values in the
control group (Figure 6). The combina-
tion of these doses showed no additive
effect, and ERK1/2 phosphorylation was
less (1.6x) than for PROG alone. Interest-
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Figure 3. Effect of combinatorial freatment of PROG and VDH on glutamate-induced LDH
release (A) and MTT reduction (B) in rat primary cortical neurons. Primary cells were pre-
freated with either best concentrations of PROG and VDH or their combination for 24 h
and subsequently exposed to glutamate (0.5 umol/L) for 24 h. Drugs were present in the
culture medium during the glutamate exposure. The values are expressed as mean + SEM
of three experiments. Significant difference: *P < 0.001 compared with control; *P < 0.001

compared with vehicle.

ingly, the best combination dose of PROG
and VDH (20 umol/L and 20 nmol/L, re-
spectively) seen in cell death assays
(LDH and MTT) resulted in a 2.7x in-
crease in MAPK activation.

DISCUSSION

This study evaluated the in vitro neu-
roprotective effects of the combinatorial
treatment of PROG and VDH against
glutamate-induced excitotoxic cell death
in primary cortical neurons. Our data
can be taken to indicate that both PROG
and VDH each independently reduce
glutamate-induced neuronal death, as
evidenced by decreases in LDH release
and MTT reduction assays. These data
are in agreement with previously re-
ported literature on PROG and VDH
neuroprotection. For example, PROG

protects primary hippocampal neurons
against glutamate insult by activating
MAPK signaling as a mechanism of neu-
roprotection (21). Similarly, VDH also
shows neuroprotection against various
excitotoxic insults and also downregulates
L-type calcium channel expression in
hippocampal neurons (25). The neuro-
protective efficacy of VDH has been evi-
denced in various in vivo and in vitro
models of neurodegeneration, for exam-
ple, stroke, zinc-induced neurotoxicity,
experimental autoimmune encephalo-
myelitis, lipopolysaccharide-induced ox-
idative stress, Parkinson’s disease, and in
multiple sclerosis in human patients
(12-14,26-29).

We observed that rat primary cortical
cultures treated with VDH exhibited a
U-shaped concentration-response curve
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for neuroprotection after excitotoxic in-
sult. Lower concentrations of VDH were
highly neuroprotective in our injury
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model, but higher concentrations were
either less protective or not protective at
all. In fact, VDH at 100 nmol/L concen-
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tration (physiological concentration)
showed the best protective effect against
glutamate insult. This response against
glutamate- and NMDA (N-methyl-D-
aspartate)-induced excitotoxicity in vitro
has been previously reported by Brewer
et al. (25). The authors proposed two
novel actions of low concentrations of
VDH on neurons: a direct neuroprotec-
tive action against excitotoxic insults
and a decrease in both L-type voltage-
sensitive Ca®* channel activity and
mRNA levels of the corresponding pore-
forming subunits (o, and o) of the
L-type calcium channel. We observed a
decrease in neuroprotection with increas-
ing concentrations of VDH. Although the
exact mechanism behind this phenome-
non is not clear, there are previous re-
ports suggesting that VDH has a direct
toxic effect on motor (400 ng/d) (30) and
hippocampal neurons (500-1000 nmol/L)
(25) at high concentrations in different in
vitro injury models.

Following the dose-response efficacy
studies of PROG and VDH, we examined
the combinatorial effects of these two hor-
mones on neuronal survival. We first
tested a combination of the most effective
concentrations of PROG (20 wmol/L) and
VDH (100 nmol/L) against glutamate tox-
icity, but the combination treatment was
not effective, and surprisingly, it sup-
pressed the individual protective effects
of PROG and VDH. We then tested lower
concentrations of VDH (1, 5, 10, 20, 40,
80, 100 nmol/L) in combination with the

PROG (20uM) + VDH (20nM)

Figure 5. Changes in the morphology of neurons treated with VDH or PROG. Control group shows neuritic processes characteristic of neu-
rons in vitro. The glutamate (0.5 umol/L for 24 h) group shows the loss of neuronal processes and number of neurons. PROG (20 umol/L) and
VDH (100 nmol/L) alone rescued neurons independently, but this neuroprotective effect was more pronounced when neurons were ex-

posed to their combination, that is, PROG (20 umol/L) and VDH (20 nmol/L).
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are expressed as SEM of three independent experiments. Significant difference: *P < 0.05
compared with control; TP < 0.05 compared with PROG (20 umol/L) and VDH (20 nmol/L)
groups. Values in parentheses represent fold increase in MAPK over control values.

best concentration of PROG (20 umol /L)
to determine whether a lower concentra-
tion of VDH could enhance the protective
effect of PROG on cultured neurons.
Here, we observed that PROG, when com-
bined with a lower concentration of VDH
(20 nmol/L), produced a significantly bet-
ter neuroprotective effect than when given
alone. Not only do these findings suggest
that the combination of VDH with PROG
merits investigation as a therapy for TBI,
but they also demonstrate the variability
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in individual and combinatorial effects of
two neuroprotective drugs and the impor-
tance of carefully testing combination
dose-response efficacy rather than select-
ing the best effective doses worked out
for single drugs independently.

The exact mechanism of the synergis-
tic effect of VDH with PROG clearly
needs to be explored. There is evidence
that VDH interacts with PROG and
estradiol to stimulate their secretion in
human placenta (31) and also acts in

maintaining bone health in postmeno-
pausal women. It is important to note
that many of the physiological proper-
ties of VDH are also attributed to PROG
(11,32,33)—for example, both are natural
hormones present in males and females.
In the present study, we examined the
role of MAPK in the synergistic effect of
PROG and VDH and found that neuro-
protective concentrations of PROG and
VDH resulted in the specific activation
of MAPK in primary cortical neurons.
PROG has previously been reported to
activate MAPK in unchallenged primary
hippocampal neurons after 30 minutes
of exposure (21). Thus upregulation in-
duces expression of antiapoptotic genes
like BCI-2, which then protects cells from
toxic injury (21,22). We observed that
VDH activates MAPK in primary corti-
cal neurons. There are reports suggest-
ing that VDH activates MAPK in differ-
ent experimental models (34-37). In
combination with PROG, the lower con-
centration of VDH (20 nmol/L) showed
the maximum increase in ERK1/2 phos-
phorylation (2.7x), whereas a higher
concentration of VDH (100 nmol/L)
showed less ERK1/2 phosphorylation.
Our cell death data demonstrate that a
lower concentration of VDH (20 nmol/L)
significantly enhanced the neuroprotec-
tive efficacy of PROG, as demonstrated
by a marked MAPK activation in the
combination therapy. We also noted that
a higher VDH concentration (100 nmol/L)
reduced PROG-mediated neuroprotec-
tion but still activated MAPK. In gen-
eral, our findings can be interpreted to
indicate that MAPK activation may be
one of the mechanisms of synergistic
neuroprotection offered by PROG and
VDH in a cell culture model of injury.
There is supporting evidence that MAPK
is a necessary but not sufficient condi-
tion for neuroprotection by combinator-
ial treatment. For example, medroxy-
progesterone acetate (MPA), despite
activating MAPK, does not afford neuro-
protection against glutamate insult in
hippocampal neurons. Interestingly,
MPA in combination with estrogen acti-
vates MAPK but blocks the neuroprotec-



tive effect of estrogen (21). Nilsen and
Brinton (22) suggested that a possible
reason behind this paradox is that nu-
clear translocation of phosphorylated
ERK is necessary to obtain steroid-
induced neuroprotection.

In addition to MAPK, on which com-
bined PROG and VDH treatment showed
a synergistic effect, other mechanisms of
VDH could compensate for PROG’s
lesser or missing effects and would be
very interesting to investigate. For exam-
ple, compared with PROG, VDH more
directly protects mitochondria by induc-
ing the expression of y-glutamyl trans-
peptidase and significantly increases in-
tracellular glutathione in response to
lipopolysaccharide-induced oxidative
stress in astrocytes (27). Unlike PROG,
VDH protects against the toxic effects of
heme breakdown products. It efficiently
maintains intracellular calcium (38,39)
and has been reported to protect cells
from free heme-induced oxidative injury
by upregulating glial heme oxygenase-1
immunoreactivity associated with the re-
duction in GFAP (glial fibrillary acidic
protein) immunoreactivity in cortical re-
gions affected by focal cortical ischemia
(40). Furthermore, VDH is also known
to exert a regulatory effect on the renin-
angiotensin system by suppressing renin
biosynthesis and regulating blood pres-
sure homeostasis (41-43). Another impor-
tant feature of VDH is its role in growth
and regeneration mediated by nerve
growth factor and glial-derived neuro-
trophic factor (44,45). Clearly, VDH, like
PROG, affects and enhances CNS repair
after injury, but VDH at the right dose
can potentiate the neuroprotective effects
of PROG in a cell culture model of CNS
injury and thus provide additional evi-
dence of enhancing neuronal repair.

Our finding that VDH significantly en-
hances the neuroprotective efficacy of
PROG in combination also suggests that
PROG could be given to prevent the ini-
tial inflammatory cascade and edema,
and then be coupled with VDH to stimu-
late the neurotrophic and regenerative
events that take place later in the repara-
tive process. Because only a few studies

have been done in this area, it is obvious
that more preclinical research will be
needed to determine the benefits of this
combinatorial therapy in clinical trial for
TBI or other CNS injuries such as stroke.
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