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Blockade of Tetrahydrobiopterin Synthesis Protects Neurons after
Transient Forebrain Ischemia in Rat: A Novel Role for the Cofactor
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The generation of nitric oxide (NO) aggravates neuronal injury.
(6R)-5,6,7,8-Tetrahydro-L-biopterin (BH,) is an essential cofactor
in the synthesis of NO by nitric oxide synthase (NOS). We at-
tempted to attenuate neuron degeneration by blocking the syn-
thesis of the cofactor BH, using N-acetyl-3-O-methyldopamine
(NAMDA). In vitro data demonstrate that NAMDA inhibited GTP
cyclohydrolase |, the rate-limiting enzyme for BH, biosynthesis,
and reduced nitrite accumulation, an oxidative metabolite of NO,
without directly inhibiting NOS activity. Animals exposed to tran-
sient forebrain ischemia and treated with NAMDA demonstrated
marked reductions in ischemia-induced BH, levels, NADPH-

diaphorase activity, and caspase-3 gene expression in the CA1
hippocampus. Moreover, delayed neuronal injury in the CA1 hip-
pocampal region was significantly attenuated by NAMDA. For the
first time, these data demonstrate that a cofactor, BH,, plays a
significant role in the generation of ischemic neuronal death, and
that blockade of BH, biosynthesis may provide novel strategies
for neuroprotection.
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Nitric oxide (NO) and other free radicals have been implicated in
the pathophysiology of ischemic neuronal death (Patt et al., 1988;
Beckman et al., 1990; Dawson et al., 1991b; Kader et al., 1993;
Pahlmark et al., 1993). NO, synthesized from L-arginine by the
enzyme nitric oxide synthase (NOS), is an important signaling
molecule in normal synaptic transmission but can be a neurotoxin
under pathological conditions. Increases in NO generation, NOS
mRNA, and protein were reported in animal models of ischemia
(Kader et al., 1993; Zhang et al., 1994; Iadecola et al., 1995a,b; for
review, see ITadecola, 1997), and NOS inhibitors protected neu-
rons in these animal models (Buisson et al., 1992; Nagafuji et al.,
1992; Ashwal et al., 1993; Hamada et al., 1994; Huang et al., 1994;
Shapiro et al., 1994; Kohno et al., 1995, 1996; Izumi et al., 1996)
(also see Dawson et al., 1992). The mechanism by which NO
contributes to ischemic neuronal death, either through necrosis or
apoptosis, is not known. However, NO-mediated hydrolytic cleav-
age of poly(ADP-ribose)-polymerase, one of the key substrates
for activated cysteine protease (Bonfoco et al., 1996; Messmer et
al., 1996), suggests that NO plays a role in apoptotic cell death.

(6R)-5,6,7,8-Tetrahydro-L-biopterin (BH,) is an essential co-
factor for the activation of all isoforms of NOS (Kwon et al., 1989;
Tayeh and Marletta, 1989; Gross et al., 1991). It is synthesized
from GTP via sequential enzyme reactions catalyzed by GTP-
cyclohydrolase 1 (GTPCH), 6-pyruvoyl-tetrahydropterin syn-
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thase, and sepiapterin reductase. It was reported that cytokine-
induced NO production requires GTPCH activation in cardiac
myocytes (Oddis and Finkel, 1996). Also, increased BH, levels in
murine fibroblasts (Werner-Felmayer et al., 1990), cardiac myo-
cytes (Kasai et al., 1997), and endothelial cells (Werner-Felmayer
et al., 1993; Rosenkranz-Weiss et al., 1994) indicate that the
availability of the cofactor regulates NOS activity.

We hypothesized that ischemia increases the BH, level and
that the increased BH, level plays a critical role in selec-
tive neuronal injury via NOS activation. We tested whether
blockade of BH, biosynthesis could protect neurons. First,
we synthesized a new BH, synthesis inhibitor N-acetyl-3-O-
methyldopamine (NAMDA), an analog of N-acetyldopamine,
and tested whether it inhibited GTPCH, NOS, and NADPH-
diaphorase (NADPH-D) activity in an immortalized murine mi-
croglial cell line (BV-2; Blasi et al., 1990). Then, to explore the
possibility that upstream regulation of BH, protected neurons,
animals were exposed to transient forebrain ischemia. We tested
whether treatment with NAMDA changed BH, levels,
NADPH-D activity, and cysteine protease (caspase) gene expres-
sion in the CA1 hippocampus and, ultimately, whether this treat-
ment altered the number of neurons in the CA1 hippocampus.

MATERIALS AND METHODS

Synthesis of NAMDA. 3-O-Methyldopamine hydrochloride (1 gm, 4.9
mmol; Aldrich, Milwaukee, WI) was suspended in 10 ml of methylene
chloride and 2 ml of triethylamine. Acetyl anhydride (1 gm, 9.8 mmol)
was added to the suspension, and the solution was refluxed for 3 hr.
Solvent was removed in vacuo, and the residue was redissolved in 10 ml
of methanol. Potassium carbonate (200 mg) was then added and stirred
at room temperature for 3 hr. Methanol was removed, and the residue
was purified by silica gel column chromatography (methanol, 5%: chlo-
roform, 95%) to give N-acetyl-3-O-methyldopamine (930 mg, 91%) as a
semisyrup, which solidified. The chemical structure of the synthesized
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compound was identified by spectroscopic analyses: nuclear magnetic
resonance (DMSO-4) 6 8.71 (s, 1H, OH, D,O exchangeable), 7.87 (br t,
J = 4.8, 1H, NH, D,O exchangeable), 6.73 (d,/ = 1.6 Hz, 1H, 2-H), 6.67
(d,J = 8 Hz, 1H, 5-H), 6.57 (dd, J = 1.6, 8 Hz, 6-H), 3.74 (s, *H, OCH};),
3.18,2.57 (q, t,J = 7.6, 7.2 Hz, 4H, CH,CH,), 1.78 (s, *H, Ac). Analytical
calculated for C;;H;sNO;.H,0: C, 60.66; H, 7.02; N, 6.36. Found: C,
60.56; H, 7.04; N, 6.29. MS m/z, 210 [M "H]".

Nitrite measurement in the BV-2 cell line. The immortalized murine
BV-2 cell line was shown to exhibit phenotypic and functional properties
of reactive microglial cells (Blasi et al., 1990, Bocchini et al., 1992). The
cells were grown and maintained in DMEM (Life Technologies, Grand
Island, NY) supplemented with 10% fetal calf serum and penicillin-
streptomycin at 37°C in a humidified incubator under 5% CO,. The cells
were grown in 24 well culture plates and treated for 6 hr with 0, 0.05, 0.5,
2, or 5 mm NAMDA either in the presence or absence of 0.2 ug/ml
lipopolysaccharide (LPS; Sigma, St. Louis, MO). Accumulated nitrite,
an oxidative metabolite of NO, was measured in the cell supernatant by
the Griess reaction (Green et al., 1982). Briefly, 200 ul aliquots of cell
supernatant from each well were mixed with 100 ul of Griess reagent [1%
sulfanilamide (Fluka, Ronkonkoma, NY), 0.1% naphthylethylenedia-
mine dihydrochloride (Fluka), and 2.5% H;PO,] in a 96 well microtiter
plate, and the absorbance was read at 540 nm using a plate reader. After
the supernatant was removed, the cells were either dissociated to count
total cell number using the trypan blue exclusion method or immediately
fixed with 4% paraformaldehyde for 30 min to perform NADPH-D
histochemical staining.

NADPH-D histochemistry. NOS-containing neurons are visualized by
histochemical staining for NADPH-D because NOS catalytic activity
accounts for the staining (Dawson et al., 1991a; Hope et al., 1991). The
histochemical staining was performed according to the method described
by Vincent and Kimura (1992). Either fixed BV-2 cells [15 min fix with
4% paraformaldehyde (PFA)] or tissue sections (2 hr post-fix with 4%
PFA) were incubated for 1 hr at 37°C with a solution containing 1 mg/ml
NADPH, 0.25 mg/ml nitroblue tetrazolium (Sigma), and 0.3% Triton
X-100in 0.1 M phosphate buffer (PB). The reaction was terminated by the
addition of cold 0.1 M PB.

Because the intensity of NADPH-D staining depends on post-fixation
time, 15 min (for cells) and 2 hr (for tissue) post-fixation times were
strictly used. Sections from control, saline-treated ischemic, and
NAMDA-treated ischemic rats were nick-marked and incubated in the
same well. To quantitate NADPH-D activity 24 and 48 hr after ischemia,
the optical density of staining in the CAl pyramidal layer was projected
onto a video monitor and analyzed as has been described (Cubells et al.,
1995). Image analysis was performed by an investigator blinded to the
experimental condition. Mean optical density was calculated from four
images per animal, and there were three or four animals from the control,
saline-treated ischemic, and NAMDA-treated ischemic groups.

GTPCH activity. The activity of GTPCH was determined by the
method of Sawada et al. (1986). Briefly, BV-2 cells were homogenized in
200 wl of 0.1 m Tris-HCI, pH 7.8, containing 0.3 m KCI, 2.5 mm EDTA,
and 10% glycerol and sonicated. The reaction mixture (250 ul) contain-
ing 0.1 M Tris-HCI, pH 7.8, 0.3 M KC1, 2.5 mm EDTA, 10% glycerol, and
0.6 mM GTP was added to 100 ul of the enzyme preparation and
incubated for 15 min at 37°C in the dark. The reaction was terminated by
the addition of 20 wl of 1 M HCI solution. The mixture was oxidized by
the addition of 10 ul of iodine solution (8% 1,/16% K1) in the dark for
10 min. Iodine oxidation was stopped by the addition of 10 ul of 8%
ascorbate. After the addition of 30 ul of 1.0N NaOH, the mixture was
incubated with 3.5 U of alkaline phosphatase at 37°C for 1 hr. The
reaction was stopped by the addition of 50 ul of HCI, and the superna-
tant, after centrifugation, was analyzed by an HPLC-fluorometric detec-
tion system with 10 mM sodium phosphate buffer, pH 7.0, as carrier
buffer. The enzyme activity was expressed as femtomoles of neopterin
per hour per cell.

NOS activity. BV-2 microglial cells (2 X 10°) were activated with LPS
to induce inducible NOS (iNOS). To obtain a cell extract, cells were
washed at the end of 6 hr of incubation with 0.1 M PBS, collected,
homogenized in 100 ul of 25 mm Tris-HCI, pH 7.4, containing 1 mm
EDTA and 1 mM EGTA using Qia Shredder columns (Qiagen, Chats-
worth, CA), and then centrifuged at full speed for 5 min in a microcen-
trifuge. Cell extracts were kept frozen at —80°C until use. A NOS
detection assay kit (Stratagene, La Jolla, CA) was used to measure NOS
activity by monitoring the conversion of [?H]L-arginine to [*H]L-
citrullin. Cell extracts (5 ul, 10 pg of protein/ul) were added to 40 ul of
reaction mixture containing NADPH and [*H]arginine either in the
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absence (control) or presence of increasing concentrations of NAMDA
(0.05-5 mm). To chemically inhibit the control reaction, 5 ul of the
inhibitor Nw-nitro-L-arginine methyl ester HCl (NNAME) was added
before adding the cell extract. The rest of the steps were followed
according to the manufacturer’s instructions, and radioactive counts in
the reaction mixture were quantitated in a liquid scintillation counter.

BH , determination. The CAl region of the hippocampus was dissected
under a dissecting microscope. Total biopterin content was determined
according to the method of Fukushima and Nixon (1980). Briefly, the
dissected tissues pooled from each hemisphere were homogenized in 1
ml of 0.1N phosphoric acid, mixed with 0.2 ml of acidic iodine solution
(0.5% 1,/1.0% KI in 0.2N TCA), and incubated in the dark for 1 hr at
room temperature. Iodine oxidation was terminated by the addition of
0.1 ml of 1% ascorbic acid. The mixture was then centrifuged at 8000 X
g for 15 min, and the supernatant was diluted with distilled water and
analyzed using an HPLC-fluorometric detection system with 5% meth-
anol as mobile phase. Biopterine content was expressed as ug/mg of
tissue.

Four-vessel occlusion ischemia. Animal surgery was in compliance with
American Association of the Accreditation of Laboratory Animal Care
guidelines set forth in the Public Health Service manual Guide in the Care
and Use of Laboratory Animals. Animals (male Wistar rats, 200250 gm;
Hill Top, Scottsdale, AZ) were anesthetized with a mixture of halothane
(1%), oxygen, and nitrogen and surgically prepared for four-vessel oc-
clusion (4-VO) according to the method described by Pulsinelli et al.
(1982). Briefly, we used reversible clasps to encircle each common carotid
artery, electrocauterization to occlude both vertebral arteries, and an
adjustable neck suture to control collateral blood flow to the brain. Food
was withheld overnight, but water was freely available. On the following
day, 10 min of 4-VO ischemia was induced by tightening the clasps
around the common carotid arteries and the suture. To minimize vari-
ability, the following criteria were applied: loss of righting reflex and
bilateral pupil dilation during the entire ischemic period and 20 = 5 min
of postischemic coma after 10 min of ischemia. The body temperature of
all animals was kept at 37.5 = 0.5°C by a thermocouple-regulated heating
lamp during ischemia and reperfusion until the animals regained con-
sciousness and reestablished thermohomeostasis.

NAMDA administration. Animals subjected to 10 min of ischemia were
randomly divided into four groups. The animals received one of the
following triple intraperitoneal injections: (1) saline at 0, 0.5, and 2 hr;
(2) NAMDA (10 mg/kg) at 0, 0.5, and 2 hr; (3) NAMDA at 1, 1.5, and
3 hr; or (4) NAMDA at 2, 2.5, and 4 hr of cerebral reperfusion. To
examine whether NAMDA causes hypothermia, the animals’ body tem-
peratures were recorded for the first 4 hr of cerebral reperfusion.
Sham-operated animals that underwent surgery and carotid manipulation
were used for nonischemic controls.

Tissue preparation. Animals were anesthetized with sodium pentobar-
bital (120 mg/kg) and perfused transcardially with saline containing
0.5% sodium nitrite and 10 U/ml heparin sulfate followed by 4% cold
formaldehyde in 0.1 M sodium phosphate buffer (PB, pH 7.2). The brains
were further post-fixed for 2 hr and stored in a 30% sucrose solution
overnight. Using a sliding microtome, the dorsal hippocampus between
bregma —2.5 and —4.0 mm was sectioned at a thickness of either 30 um
for NADPH-D histochemical staining and neuronal density measure-
ments or 40 um for in situ hybridization. For the measurement of
neuronal density, sections were mounted on slides and stained with cresyl
violet to visualize neurons.

In situ hybridization. Caspase-3 (Cpp32) and caspase-1 (ICE) genes
were cloned by PCR using a mouse brain ¢cDNA library. Primers were
designed according to published sequence, and the clones obtained were
confirmed by sequencing: primer for caspase-3 (Cpp32), 5" end primer,
5'-AACCTCAGAGAGACATTCATGG-3'; 3" end primer, 5'-CGTG-
AGCATGGACACAATACACGG-3' (nucleotides 274-867); caspase-1
(ICE), 5’ end primer, 5'-GTACACGTCTTGCCCTCATTATC-3"; 3’
end primer, 5'-GTCACAAGACCAGGCATATTCTTTC-3" (nucleo-
tides 481-1091). All reagents for in situ hybridization were made up with
diethyl pyrocarbonate-treated water. Hippocampal sections from control,
saline-ischemic, and NAMDA-treated ischemic animals were collected
in the same vial containing 2X SSC (1x SSC = 0.15 m NaCl and 0.015
M sodium citrate) to ensure that they were subjected to identical hybrid-
ization conditions for each probe. **S-labeled mouse caspase-3 and
caspase-1 cDNA probes were prepared by the random primer method
(random prime labeling kit; Boehringer Mannheim, Indianapolis, IN).
The procedure for hybridization was followed by the method described
by Stone et al. (1990). Briefly, free-floating sections were prehybridized
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Table 1. Total cell numbers

NAMDA (mm)
Cell no.
(X10%) 0 0.05 0.5 2 5
NoLPS 369*15 389=*1.6 427+32 384+26 338=*=19

With LPS 373 £45 398 £3.1 352%25 304=x17 307=x17

Total BV-2 microglial cell number was counted by the trypan blue exclusion method
after incubation with different concentrations of NAMDA for 6 hr both in the
absence and presence of 0.2 ug/ml LPS. Data were obtained from two independent
experiments (n = 4 each) and expressed as a mean = SEM. ANOVA, Newman-—
Keuls multiple comparison test, p > 0.05, NS.

for 2 hr in 50% formamide, 10% dextran, 2X SSC, 1X Denhardt’s
solution, 10 mm dithiothreitol, and 0.5 mg/ml salmon sperm DNA.
Denatured probes (1 X 107 cpm/ml) were added to the prehybridization
mixture and hybridized at 48°C overnight in a humidified chamber. The
sections were washed in serial dilutions of SSC (2% to 0.1Xx SSC) at 48°C,
dried, and exposed to Eastman Kodak (Rochester, NY) X AR-5 film for
3-5d at 4°C.

To quantitate the optical density of caspase-3 gene expression, the
CA1 pyramidal layer and the adjacent stratum lucidum on the x-ray
autoradiogram was projected onto a video monitor and analyzed as
above (Cubells et al., 1995). Image analysis was performed by an inves-
tigator blinded to the experimental condition. The optical density of the
stratum lucidum was subtracted from the optical density of the CAl
pyramidal layer. Mean optical density was calculated from four images
per animal. There were three or four animals from the control, saline-
treated ischemic, and NAMDA-treated ischemic groups. Some slides
were dipped in Kodak N'TB-2 emulsion, exposed at 4°C for 3-4 weeks,
and developed for photomicrographs.

Cell density measurements. An unbiased morphometric strategy was
used to measure neuronal density in the CA1 region of the hippocampus
(Cho et al., 1997; Volpe et al., 1998). Briefly, a 100 X 100 um frame (10
boxes on a side) was placed so that its vertical axis was perpendicular to
the stratum pyramidale, and then this frame was systematically passed
along the entire length of the CA1 region. All sections were viewed under
oil with a 1.2 numerical aperture lens. The CA1-CA2 border was
identified by the change in neuron shape and packing density. For each
animal, neurons in the right and left strata pyramidale were sampled
from comparable regions of the anterior dorsal hippocampus (bregma
—3.2 mm) and the posterior dorsal hippocampus (bregma —3.8 mm).
Four sections, at least 300 wm apart, were obtained from each animal.
The number of neurons counted was divided by the total volume sampled
to generate the density of neurons in CAl. Mean neuron density was
calculated for the left and right sides of the hippocampus and for the
anterior and posterior regions for each animal.

Data analysis. All data are reported as mean = SEM. Comparison of
GTPCH activity, nitrite accumulation, NOS activity at different concen-
trations of NAMDA versus control in vitro, NADPH-D staining, and
caspase-3 mRNA expression at different treatments (either saline or
NAMDA) versus sham control in vivo were made using ANOVA and a
post hoc Newman—-Keuls multiple comparison test. Neuron density was
analyzed in a three-factor (treatment, region, and side) ANOVA fol-
lowed by post hoc Fisher’s PLSD tests.

RESULTS

Synthesis and characterization of NAMDA

After synthesis, we tested the effect of NAMDA on the viability
of BV-2 microglial cells. There were no apparent changes in the
morphology of the cells incubated with concentrations up to 5 mm
NAMDA for 24 hr on light microscopic examination. Further-
more, the microglial cell number determined by the trypan blue
exclusion method was not affected after 6 hr of incubation with
different concentrations of NAMDA (0.05-5.0 mm) (Table 1).
Addition of LPS did not affect the viability of cells treated with
NAMDA (Table 1).
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Effects of NAMDA on nitrite level and NADPH-D and
GTPCH activity in BV-2 microglial cells

To test whether NAMDA attenuated NO production in BV-2
cells, nitrite levels in the culture medium were measured. There
was a low but measurable amount of nitrite in the absence of LPS
at the end of the 6 hr incubation, which was not affected by
treatment with different concentrations of NAMDA (Fig. 1). On
the other hand, LPS increased the nitrite level by fivefold to
sixfold compared with control. Importantly, the addition of
NAMDA significantly reduced the LPS-induced nitrite accumu-
lation in a dose-dependent manner (Fig. 1).

The NADPH-D histochemical staining was consistent with the
nitrite level (see Fig. 1). In the absence of LPS, there was little
NADPH-D activity (Fig. 24), and the baseline intensity of stain-
ing was not affected by treatment with 5 mm NAMDA (data not
shown). In contrast, LPS produced a marked increase in
NADPH-D activity (Fig. 2B), which was attenuated by treatment
with 5 mm NAMDA (Fig. 2C).

To determine whether NAMDA inhibited LPS-induced NO
synthesis by blockade of the BH, biosynthetic pathway, the activ-
ity of GTPCH was measured in BV-2 microglial cells in the
presence of LPS. GTPCH activity in the cells treated with
NAMDA was significantly reduced in a dose-dependent manner

(Fig. 1).

Direct effects of NAMDA on NOS activity

To determine whether NAMDA inhibited NOS independent of
its effects on GTPCH, NOS activity was measured in BV-2 cell
extract. The data show that increasing concentrations of
NAMDA (0.05-5 mm) had no effect on NOS activity (Fig. 3), but
a known inhibitor, NNAME, inhibited control NOS activity
significantly (28% of control). The in vitro data indicate that
NAMDA attenuated nitrite production by GTPCH inhibition and
not through NOS inhibition. Taken together, NAMDA attenu-
ated NADPH-D activity by decreasing BH, synthesis without
apparent toxicity and without directly inhibiting NOS activity.

BH, measurements in the CA1 hippocampus

after ischemia

In animals exposed to ischemia, BH, levels measured in the CA1
hippocampus during the postischemic period was significantly
increased 24 hr after ischemia (Fig. 4). Treatment with NAMDA
(10 mg/kg at 0, 0.5, and 2 hr of cerebral reperfusion) prevented
the rise in BH, (Fig. 4). These results indicate that NAMDA
inhibits GTPCH activity and decreases BH, levels in vivo.

Intrinsic NADPH-D-positive neurons in the

CA1 hippocampus

Using NADPH-D histochemical staining, we located NOS-
containing neurons at the level of anterior dorsal hippocampus of
unoperated animals. Intensely stained NADPH-D+ neurons
were found throughout in the CAl pyramidal layer (Fig. 54,B)
but were scarce in the CA2-CA4 pyramidal layers (Fig. 5C,D). In
dentate gyrus, intensely stained NADPH-D+ neurons were
largely located adjacent to but not within the granular cell layer
(Fig. 5D). These observations indicated that the distribution of
NADPH-D+ neurons favored the CAl pyramidal layer of the
dorsal hippocampus that has been demonstrated to be selectively
vulnerable to ischemic challenge.

NADPH-D activity in the ischemic CA1 hippocampus
To investigate whether the ischemia-induced increase in BH,
levels resulted in a subsequent increase in NOS catalytic activity
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Figure 1. Nitrite levels and GTPCH activity in BV-2 microglial cells. In the presence of LPS (0.2 ug/ml), the addition of NAMDA significantly reduced
accumulated nitrite levels in supernatant and GTPCH activity in the cells. Data were obtained from two independent experiments (n = 4 each) and are
expressed as mean + SEM. Nitrite levels are expressed as femtomoles per cell, and GTPCH activity is expressed as femtomoles of neopterin per hour
per cell. *p < 0.05; **p < 0.01; ***p < 0.001 versus 0 mM NAMDA, one-way ANOVA, Newman-Keuls multiple comparison test.

Figure 2. NADPH-D histochemical staining in BV-2 microglial cells. NADPH-D staining was performed in the absence of LPS (A), the presence of
LPS (0.2 pug/ml, B), and the presence of LPS (0.2 ug/ml) and 5 mm NAMDA (C) after 6 hr of incubation. Note that the marked increase in staining

in the presence of LPS (B) was attenuated by NAMDA treatment (C).

in the CA1 region, NADPH-D staining was performed in the
hippocampus in rats exposed to 10 min of ischemia. Compared
with sham-operated controls, ischemia increased NADPH-D ac-
tivity selectively in CA1 but not CA2-CA4 pyramidal layers. The

intensity of staining was elevated in the CAl region at 12 hr,
peaked at 24 hr, and decreased by 3 d after ischemia (Fig. 6 B-EF).
The death and disappearance of CA1 pyramidal neurons account
for the lack of staining 7 d after ischemia (Fig. 6F). Ischemia-
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Figure 3. NOS activity in LPS-activated BV-2 cells extracts. The addi-
tion of different concentrations of NAMDA to the cell extracts did not
change NOS activity. However, the addition of NNAME, a known NOS
inhibitor, significantly attenuates NOS activity. *p < 0.001 versus con-
trol (Cont), one-way ANOVA, Newman-Keuls multiple comparison test
(n =4).
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Figure 4. BH, measurements in the CA1 hippocampus. BH, levels were
determined in sham-control, saline-ischemic (Isch/Sal), and NAMDA-
ischemic (Isch/NAMDA) rats at 24 hr of reperfusion. Ischemia increased
BH, levels in the CA1 hippocampus at 24 hr of reperfusion. The increase
was reversed by NAMDA treatment (10 mg/kg at 0, 0.5, and 2 hr of
cerebral reperfusion). *p < 0.05 versus control, one-way ANOVA, New-
man-Keuls multiple comparison test (n = 3-4 in each group).

induced NADPH-D staining was specifically localized in the
cytoplasm of CA1 pyramidal neurons (Fig. 6G, arrows), and these
neurons were distinct from intensely stained intrinsic
NADPH-D+ neurons (Fig. 6G, arrowheads). Ischemia-induced
NADPH-D staining was sharply demarcated at the CA1-CA2
junction (Fig. 6 H, arrow). Although some degree of NADPH-D
staining was present in the regions adjacent to CA2-CA4 pyra-
midal and dentate granular cell layers, CA2-CA4 pyramidal
neurons and granular neurons in dentate gyrus were themselves
devoid of staining. The data demonstrate that NADPH-D activity
in CAl pyramidal neurons undergoes a region specific upregula-
tion after ischemia.

To determine the effect of NAMDA on NOS catalytic activity
in vivo, NADPH-D staining was examined in the CA1 hippocam-
pus from control and saline- and NAMDA-treated ischemic an-
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imals. Ischemia-induced NADPH-D activity 24 hr after ischemia
was significantly reduced by triple intraperitoneal injections of
NAMDA (10 mg/kg, 0, 0.5, and 2 hr of cerebral reperfusion; Fig.
7A4,B,E). The attenuation of the NADPH-D staining persisted for
48 hr after ischemia (Fig. 7C,D,E).

Up-regulation of Caspase-3 mRNA in the

CA1 hippocampus

To understand NO-mediated cell death, the expression of genes
involved in apoptosis was investigated. Expression of caspase-3
mRNA in the hippocampus was not detected in the control (Fig.
8A,E) but was significantly and selectively upregulated in the
CAl pyramidal layer at 48 hr after ischemia (Fig. 8B,D,F).
Caspase-1 mRNA expression was absent in both the control and
ischemic hippocampus at 24 and 48 hr after ischemia (data not
shown). More importantly, treatment with NAMDA (10 mg/kg at
0, 0.5, and 2 hr of reperfusion) prevented the upregulation of
caspase-3 mRNA expression at 48 hr after ischemia (Fig.
8C,D,G). The data indicate that inhibition of BH,, with a subse-
quent effect on NOS, leads to downregulation of gene expression
in a crucial member of the caspase family.

Neuroprotection by NAMDA

Rats exposed to 10 min of 4-VO ischemia had their body tem-
peratures recorded for 4 hr of cerebral reperfusion. There were
no differences in body temperature between the saline-treated
ischemic and NAMDA-treated ischemic groups at any time point
recorded (Table 2). These data discount the possibility that
NAMDA causes hypothermia.

Neuronal density in the target CAl hippocampus measured 1
week later demonstrated significant increases in each of the
NAMDA-treated ischemic groups compared with the saline-
treated ischemic group (Fig. 9; p < 0.0001). Although the greatest
protection was achieved in the group that received NAMDA
immediately after reperfusion (45% of nonischemic control),
delaying the administration up to 2 hr after ischemia still resulted
in significant protection of CAl neurons.

DISCUSSION

The data demonstrate for the first time that downregulation of
BH, protects neurons exposed to ischemia. This novel candidate
neuroprotective mechanism depends on the role of BH, as a
crucial cofactor in the synthesis of NO. The putative mechanism
begins with the blockade of BH, biosynthesis by NAMDA and
ends with protection of neurons in the CAl hippocampus that
depends on the downregulation of NADPH-D activity and
caspase-3 gene expression. Our in vitro findings that NAMDA
inhibits GTPCH activity, with subsequent reduction of
NADPH-D activity and nitrite production, without directly acting
on NOS activity are consistent with the putative in vivo
mechanism.

Several in vitro studies have indicated that intracellular BH,
levels regulate NO synthesis (Werner-Felmayer et al., 1990, 1993;
Gross et al., 1991; Rosenkranz-Weiss et al., 1994; Kasai et al.,
1997). In the current study, we used NAMDA to block the
synthesis of BH,. Incubation of BV-2 cells with up to 5 mm
NAMDA, an analog of N-acetyldopamine, did not affect cell
viability in contrast to the apparent toxicity induced by compa-
rable concentration of N-acetyldopamine (data not shown). Al-
though N-acetyldopamine is a sepiapterin reductase inhibitor
(Smith et al., 1992), our in vitro study demonstrated that NAMDA
inhibited BH, biosynthesis at the level of GTPCH. However,
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Figure 5.  NADPH-D histochemical staining in the control hippocampus. Note the presence of intensely stained NADPH-D+ neurons in CA1 (4, low;
B, high magnification). NADPH-D+ neurons were less numerous in other pyramidal (C, D) and granular (D) cell layers. Hil, Hilus; DG, dentate granular

cells.

whether NAMDA directly acts on specific activity of GTPCH or
on a transcriptional or translational level requires further study.

BH, is an obligatory cofactor for the activities of all forms of
NOS and of monoamine biosynthetic enzymes such as tyrosine
hydroxylase (TH) and tryptophan hydroxylase (TPH). Less clear
is the mechanism by which BH, may appear within the locus of
target neurons for ischemic injury in the current model and the
critical source of NOS and NO formation. We speculate that BH,
may be transported from distant sources to a region of the
hippocampus that has, constitutively, large repositories of resis-
tant NOS+/NADPH-D+ neurons in the CAl region. TH and
TPH have been shown, by immunoreactivity and in situ hybrid-
ization, to colocalize with GTPCH (Hirayama et al., 1993; Lentz
et al., 1993; Hwang et al., 1998) but not with neuronal NOS
(nNOS) (Hwang et al., 1998). Instead, double immunostaining of
TH and nNOS in rat striatum revealed that TH/GTPCH+ fibers
terminate near nNOS cell bodies (Hwang et al., 1998). These
anatomical data suggest that BH,-containing nerve terminals may
donate this cofactor to nNOS-containing cells. That BH, is taken
up into cells (Anastasiadiz et al., 1994) further supports the
possibility that the propinquity of BH,-producing (GTPCH+)
terminals and BH,-dependent (NOS+/NADPH-D+) cells might
account for cofactor transport.

More specifically, the hippocampus receives monoaminergic
afferents from raphe (serotonergic, GTPCH+/TPH+) and locus
ceruleus (noradrenergic, GTPCH+/TH+), and we and others
have found NOS+/NADPH-D+ neurons present in the CAl
pyramidal layer of the dorsal hippocampus (O’Dell et al., 1994;

Wendland et al., 1994; Hara et al., 1996) (but see Valschanoff et
al., 1993, discussed below). The physical location of these neurons
activated by excess BH, may contribute to selective neuronal
injury. In fact, when the hippocampal afferents that included
fibers from the raphe and locus ceruleus were severed, there was
significant neuroprotection in the CAl hippocampus after fore-
brain ischemia (Buchan et al., 1990). Thus, the neuroanatomy is
consistent with the notion that monoaminergic fibers that inner-
vate the hippocampus may provide a rich source of BH,, espe-
cially after stress such as ischemia. Alternatively, a possibility of
a peripheral origin for BH, induced by postischemic stress cannot
be ruled out entirely, because BH, has been shown to penetrate
the blood-brain barrier (Kapatos and Kaufman, 1981).

Some investigators have demonstrated more NADPH-D+/
NOS+ neurons in the CA3 than in the CAl pyramidal layer
(Valschanoff et al., 1993). However, we observed numerous in-
trinsic NADPH-D+ neurons throughout the CAl pyramidal
layer and less NADPH-D+ neurons in the CA2-CA4 pyramidal
layers. The discrepancy may depend on the dorsal and ventral
location of these neurons. For example, although we and others
(O’Dell et al., 1994; Wendland et al., 1994) observed NADPH-
D+/NOS+ neurons in CAlpyramidal layers of anterior dorsal
hippocampus, Valschanoff et al. (1993) reported a lack of
NADPH-D+ neurons in the CAl pyramidal layers of ventral
hippocampus and more numerous NADPH-D+ neurons in the
CA3 pyramidal layers of the anterior tip of dorsal hippocampus.
Whether relative neuroanatomical position (e.g., anterior-dorsal
vs posterior-ventral hippocampus) accounts for the difference in
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Figure 6. Temporal profile of NADPH-D activity. NADPH-D activity in the postischemic hippocampus in control (4) and 12 hr (B), 24 hr (C, G, H),
2d (D),3d (E), and 7 d (F) after 10 min of 4-VO ischemia is shown. Ischemia-induced NADPH-D activity in the CA1 hippocampus was highest 24
hr after ischemia (C). High magnification of CA1l neurons after 24 hr of ischemia shows cytoplasmic localization of ischemia-induced NADPH-D

staining in pyramidal neurons (G, arrows). These neurons are distinct from intrinsic NADPH-D+ neurons (G, arrowheads). The arrow in H indicates
the junction between CA1l and CA2.
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Figure 7. NADPH-D activity in the saline-ischemic (Isch/S) and NAMDA-ischemic (Isch/N) CA1 hippocampus. The intensity of ischemia-induced
NADPH-D staining was reduced in the CA1 hippocampus of NAMDA-treated (B, D) compared with saline-treated (4, C) animals both at 24 hr (4, B)
and 48 hr (C, D) after ischemia. The intensity of NADPH-D staining of sham-operated control (Cont) (Fig. 64) was comparable to that of an
NAMDA-treated 48 hr postischemic animal (D). Quantification of NADPH-D activity shows significant increase in saline-treated ischemic CAl
hippocampus at 24 hr after ischemia (E). *p < 0.05 versus control, one-way ANOVA, Newman-Keuls multiple comparison test (n = 3—4 in each group).

the number of intrinsic NADPH-D+/NOS+ neurons deserves
further study.

NO production and the regulation of NOS gene expression and
protein are profoundly altered in ischemia (Kader et al., 1993;
Zhang and Iadecola, 1993; Nagafuji et al., 1994; Zhang et al.,
1994; Iadecola et al., 1995b, 1996). Also, mice with targeted
disruption of the nNOS gene and exposed to global ischemia
demonstrated a reduction in CA1 damage (Panahian et al., 1996).
A similar reduction in brain damage occurred in iNOS and nNOS
mutant mice after focal ischemia (Huang et al., 1994; Iadecola et
al., 1997). Because NADPH-D staining does not distinguish
among different isoforms of NOS, there can be no firm conclusion
about which NOS is responsible for delayed neuronal injury or
about which NOS is blocked by the NAMDA treatment. Clues
for the identification of the specific NOS isoform can be taken
from the temporal development of injury and the known appear-
ance of NADPH-D activity after ischemia. For example, the
expression of nNOS occurs shortly after the induction of isch-

emia, whereas iINOS expression is delayed in focal ischemia
(Tadecola, 1997). In the current study, ischemia-induced
NADPH-D activity in the postischemic CA1 hippocampus oc-
curred early and returned to baseline before the cells died (Fig.
5), consistent with the finding in an ischemic gerbil model (Kato
et al., 1994). Ischemia-induced NADPH-D staining was localized
in the cytoplasm of CAl pyramidal neurons at 24 hr after isch-
emia (Fig. 4G), and astrocytes did not show NADPH-D reactivity
at this time. Also, other work demonstrated iNOS expression
localized in astrocytes after ischemia (Endoh et al., 1994). Thus,
we speculate that early involvement of nNOS, at least partially, is
responsible for neuronal injury.

Several in vitro studies have shown that NMDA-mediated NO
toxicity or glutamate-induced neuronal death results in both
apoptosis and necrosis, depending on the magnitude of the insult
(Ankarcrona et al., 1995; Bonfoco et al., 1995). Similarly, both
types of cell death may occur after ischemia in vivo, with early
necrosis followed by delayed apoptosis. Although recent studies
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Figure 8. Caspase-3 in situ hybridization. Shown are representative autoradiograms (A-C) and emulsion-coated tissue sections (E-G) at the level of
dorsal hippocampus in sham control (4, E), saline-treated ischemic (B, F'), and NAMDA-treated ischemic (C, G) rats 48 hr after ischemia. Note that
caspase-3 gene expression is confined to the CA1 region of hippocampus (B, F'). Compared with control, quantification of caspase-3 mRNA in CAl
hippocampus showed a significant increase in caspase-3 mRNA in saline-treated ischemic (Isch/S) rats 48 hr after ischemia, and NAMDA (Isch/N)
blocked the increase (D). Arrows indicate the CA1l pyramidal layer (E, F). *p < 0.05 versus control, one-way ANOVA, Newman-Keuls multiple

comparison test (n = 3-4 in each group).

suggest that apoptosis after ischemia may be a variant form
(Petito et al., 1997), this delayed neuronal death has many of the
hallmarks of apoptosis (Nitatori et al., 1995; Volpe et al., 1995).
Caspases are known to contribute to cell death in ischemic and
excitotoxic brain injury, because inhibition of a family of cysteine
proteases reduces ischemic neuronal damage (Hara et al., 1997).
Increased expression in caspase-2 (Nedd 2) and caspase-3
(Cpp32, apopain) genes and caspase-like enzyme activity have
been reported after ischemia (Asahi et al., 1997; Gillardon et al.,
1997; Namura et al., 1998). In animals exposed to transient global
ischemia, a role of caspase-2 and caspase-3 in proteolysis during
neuronal death has also been suggested (Kinoshita et al., 1997;
Chen et al., 1998; Ni et al., 1998).

In the current study, the timing of caspase gene expression
supports the specific participation of caspase-3 in neuronal de-
generation, but this timing does not specify the locus of NAMDA

action. The upregulation of expression of caspase-3, but not
caspase-1 (ICE), in the CA1l hippocampus 48 hr after ischemia
preceded neuronal death, which typically occurs 5-6 d after
ischemia. The early induction of caspase-3 may indicate a role for
this protease in neuronal death. Our data are consistent with
other recent work on the role of caspase in delayed neuronal
death (Chen et al., 1998; Namura et al., 1998). Less clear are the
initiating factors for the induction of caspase gene expression.
Our data suggest that excess BH, and NO may serve as signals,
and we hypothesize that inhibition of caspase-3 gene expression
after ischemia by NAMDA in CAl neurons could be a conse-
quence of reduced NO synthesis via sequential reduction of
GTPCH activity, BH, levels, and NOS activity.

The underlying mechanism by which NO contributes to caspase
expression and ischemic neuronal death is not clear. However,
exposure of NO donors to hypothalamic-derived GT1-7 cells and



Cho et al. « Role of BH, in Selective Neuronal Injury

Table 2. Temperature recordings

NAMDA NAMDA
Postischemic  Saline NAMDA (1 hr) (2 hr)
time (hr) n =12) (n=29) n="17 (n=106)
0.5 379 £02 37.7+02 379 £02 383+02
1 372=0.1 37.6 £0.2 369 *0.1 36.8 £0.3
1.5 374 £0.1 373 0.1 37.0 £ 0.1 372 +04
2 375+02 373 +0.1 374 *0.1 374 +02
3 37.6 £02 375+02 375+02 373+02
4 378 £02 372x0.1 375*03 379 £03

Body temperature was recorded in saline-ischemic and NAMDA-ischemic animals
during cerebral reperfusion. Triple intraperitoneal injections of saline or NAMDA
(10 mg/kg) were given: saline, 0, 0.5, and 2 hr; NAMDA, 0, 0.5, and 2 hr; NAMDA
(1 hr), 1, 1.5, and 3 hr; NAMDA (2 hr), 2, 2.5, and 4 hr of cerebral reperfusion. Data
are expressed as a mean = SEM. ANOVA, Newman-Keuls multiple comparison
test, p > 0.05, NS.
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Figure 9. Mean neuronal density in control, saline-ischemic, and
NAMDA-ischemic animals. After 10 min of ischemia, triple intraperito-
neal injections of saline or NAMDA (10 mg/kg) were given [NAMDA, 0,
0.5, and 2 hr; NAMDA (1 hr), 1, 1.5, and 3 hr; NAMDA (2 hr), 2, 2.5, and
4 hr of cerebral reperfusion]. Note that all treatment groups were signif-
icantly protected compared with the saline-ischemic group; Sham control,
n = 4; saline, n = 12; NAMDA, n = 9; NAMDA (1 hr delay), n = 7;
NAMDA (2 hr delay), n = 6; *p < 0.0001 versus saline, ANOVA, post hoc
Fisher’s PLSD test.

Raw 264.7 macrophage has resulted in cleavage of poly(ADP-
ribose) polymerase (Bonfoco et al., 1996; Messmer et al., 1996).
These in vitro studies support a link between NO-mediated apo-
ptotic signaling and an increase in ICE-like protease activities,
the events that ultimately result in cell death.

In summary, 10 min transient forebrain ischemia increased
BH, levels and upregulated NADPH-D activity in the CA1 hip-
pocampus during cerebral reperfusion. The selective CA1 injury
was attenuated by triple administrations of NAMDA, a new
GTPCH inhibitor, at 0, 0.5, and 2 hr of reperfusion. Although the
degree of protection was less, delaying the treatment by 1 or 2 hr
also resulted in significant protection. The occurrence of neuro-
protection by NAMDA in vivo coincides with the decrease in BH,
levels, NADPH-D activity, and caspase-3 gene expression in the
CA1 hippocampus. The reduction of LPS-induced NO synthesis,
NADPH-D, and GTPCH activity by NAMDA in vitro further
indicates that the neuroprotective action of NAMDA in rat is

J. Neurosci., February 1, 1999, 79(3):878-889 887

mediated in part via reduction of BH, biosynthesis. Both in vivo
and in vitro data support our hypothesis that the increased BH,
level in the CA1 hippocampus during postischemia plays a critical
role in NOS activation and selective neuronal injury and suggest
that blocking the synthesis of cofactors, BH, in particular, might
form a new therapeutic strategy for stroke.
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