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PDGFs Protect Hippocampal Neurons against Energy Deprivation 
and Oxidative Injury: Evidence for Induction of Antioxidant 
Pathways 
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Platelet-derived growth factors (PDGFs) and PDGF recep- 
tors are expressed in brain, where their functions are large- 
ly unknown. We tested the hypothesis that PDGFs play a 
role in promoting the survival of neurons exposed to met- 
abolic and oxidative insults. Exposure of rat and mouse 
hippocampal cell cultures to glucose-deficient medium or 
the hydroxyl radical-promoting agent FeSO, resulted in 
progressive neuronal loss. Pretreatment of cultures with 
PDGF-AA or PDGF-BB resulted in highly significant atten- 
uation of glucose deprivation- and FeSO,-induced neuronal 
degeneration. In each injury paradigm the neuroprotective 
actions of the PDGFs were concentration dependent (3-100 
rig/ml). In the case of glucose deprivation, significant pro- 
tection was seen when cells were exposed to PDGFs prior 
to, or up to 8 hr following, the onset of glucose deprivation. 
Pretreatment with PDGFs was required for protection 
against FeSO,-induced oxidative injury. Western blot and 
immunocytochemical analyses demonstrated that cultured 
embryonic hippocampal neurons expressed both PDGF o- 
and p-receptors. PDGFs induced tyrosine phosphorylation 
of several proteins including a band at 180 kDa, the molec- 
ular weight of PDGF receptors. Induction of peroxide ac- 
cumulation in neurons by FeSO, was attenuated in cultures 
pretreated with PDGFs, suggesting that PDGFs enhanced 
cellular antioxidant mechanisms. Measurements of anti- 
oxidant enzyme activities in control and PDGF-treated cul- 
tures showed that both PDGF-AA and PDGF-BB increased 
both catalase and glutathione peroxidase activities, and 
PDGF-AA also increased superoxide dismutase activities. 
These findings suggest that PDGFs, which are widely ex- 
pressed in brain and induced in response to injury, may 
play roles in protecting neurons against metabolic and ox- 
idative insults. 
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Platelet-derived growth factor (PDGF) is a polypeptide origi- 
nally identified based on its potent mitogenic effect on mesen- 
chymal cells such as vascular endothelial cells and fibroblasts 
(see Ross et al., 1986; Williams, 1989, for review). PDGF is 
encoded by two genes which give rise to PDGF-A and PDGF-B 
chains, with the active growth factor being homodimeric (AA 
or BB) or heterodimeric (AB). Two different plasma membrane 
receptors for PDGF have been identified: the a-receptor binds 
all forms of PDGF whereas the B-receptor binds only PDGF 
dimers containing B chains (Claesson-Welsh, 1988; Heldin et 
al., 1989; Matsui et al., 1989; Seifert et al., 1989). PDGF has 
been shown to influence the proliferation and differentiation of 
oligodendrocytes (Noble et al., 1988; Raff et al., 1988) and may 
have chemotactic activity towards astrocytes (Bressler et al., 
198.5). In addition, PDGF increased the cellular volume of in- 
traocular parietal and hippocampal grafts which appeared to be 
due mainly to increased astrocytes (Giacobini et al., 1992). Re- 
cent data suggest that PDGF may also affect neurons. For ex- 
ample, Smits et al. (199 1) reported that PDGF-BB induced c-Fos 
expression and promoted long-term survival in cultured brain 
neurons, and Nikkhah et al. (1993) reported that PDGF pro- 
moted long-term survival of cultured mesencephalic dopami- 
nergic neurons. 

PDGF and PDGF receptors appear to be widely distributed in 
brain. PDGF-B and PDGF-A chain mRNAs are expressed in 
neurons throughout the brains of monkey and mice (Sasahara et 
al., 1991), and PDGF-B chain immunoreactivity was localized 
to neurons in several brain regions including the hippocampus 
(Sasahara et al., 1992). In the mouse, each isoform of PDGF is 
expressed in the developing brain where they are localized to 
neurons and growth cones (Hutchins and Jefferson, 1992). The 
PDGF B-receptor is expressed at high levels in the mouse fore- 
brain during embryonic and early postnatal development (Hutch- 
ins and Jefferson, 1992), and PDGF B-receptor immunoreactiv- 
ity localizes to retinal ganglion neurons (Hutchins and Zhang, 
1994). In situ hybridization studies have shown that PDGF o-re- 
ceptor mRNA in brain is expressed largely in glial cells during 
development of mouse and rat (Pringle et al., 1992; Yeh et al., 
1993). Expression of each of the PDGF receptors in brain is 
greater in late embryonic and early postnatal period than in the 
adult (Reddy and Pleasure, 1992). Neuroblastoma cells express 
both PDGF 01- and B-receptors, and activation of each of these 
receptors appears to induce neurite outgrowth (Matsui et al., 
1993). The mechanisms regulating expression of PDGFs and 
their receptors in brain are largely unknown, although it has been 
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Figure 1. Concentration dependence and time course of PDGF pro- 
tection against glucose deprivation-induced neuronal death. A, Hippo- 
campal cultures were pretreated for 24 hr with the indicated concentra- 
tions of PDGF-AA or PDGF-BB. Cultures were then deprived of glu- 
cose for 24 hr and neuronal survival was quantified. Values represent 
the mean and SEM of determinations made in 4 separate cultures. Sur- 
vival was significantly greater in PDGF-treated cultures with PDGF 
concentrations of 5 rig/ml (p < 0.0.5), and 10, 50, 100, and 300 ng/mI 
(p < 0.001). B, Cultures were pretreated for 24 hr with the indicated 
factors (PDGF-AA and PDGF-BB, 100 rig/ml; bFGF and NGF, 10 ng/ 
ml) or vehicle (control). Cultures were then deprived of glucose and 
neuronal survival was assessed at 24 hr intervals during a 4 d period. 
Values represent the mean and SEM of determinations made in four 
separate cultures. Survival was significantly greater in cultures treated 
with PDGF-AA, PDGF-BB, bFGE and NGF at I d 0, < O.OOl), PDGF- 
AA and PDGF-BB at 2 d and 3 d (p < O.OOl), bFGF and NGF at 2 d 
and 3 d (p < O.Ol), PDGF-AA and PDGF-BB at 4 d @ < O.Ol), bFGF 
and NGF at 4 d (p < 0.05). 

established that brain injury can induce expression of PDGF-B 
chain (Iihara et al., 1994). 

Several mitogenic growth factors have neurotrophic activities 
towards CNS neurons. For example, basic fibroblast growth fac- 
tor (bFGF) supported long-term survival of neocortical neurons 
(Morrison et al., 1986) and protected hippocampal and neocor- 
tical neurons against excitotoxic and metabolic insults (Mattson 
et al., 1989; Cheng and Mattson, 199 I). Neurotrophin-3 and 
BDNF protected hippocampal, septal, and neocortical neurons 
against glucose deprivation-induced injury (Cheng and Mattson, 
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Figure 2. Relationship between the time of addition of PDGFs, rela- 
tive to the onset of glucose deprivation, and efficacy in protecting 
against neuronal death. Hippocampal cultures were exposed to PDGF- 
AA or PDGF-BB (100 nglml) at the indicated time points relative to 
the onset of glucose deprivation (t = 0 is the time of glucose depri- 
vation). Neuronal survival was quantified 24 hr following the onset of 
glucose deprivation. Values represent the mean and SEM of determi- 
nations made in four separate cultures. 

1994), and tumor necrosis factors protected cultured hippocam- 
pal neurons against excitotoxic insults (Cheng et al., 1994). The 
rapidly growing body of data on neurotrophic factors and brain 
injury demonstrates that brain injury induces the expression of 
several different trophic factors (e.g., bFGF, NGE BDNE and 
TGFP), some of which can protect neurons against excitotoxic, 
metabolic and oxidative insults (see Mattson et al., 1993a. for 
review). While recent studies have revealed potential roles for 
some neurotrophic factors in neural injury, it is not known 
whether PDGF influences neuronal survival in such conditions. 

Accumulating data implicate the involvement of free radicals 
in the neuronal injury that occurs in an array of neurodegener- 
ative conditions ranging from acute insults such as traumatic 
brain injury and stroke, to chronic neurodegenerative disorders 
such as Alzheimer’s disease and amyotrophic lateral sclerosis 
(see Watson and Ginsberg, 1989; Hall et al., 1991; Mattson, 
1994; Brown, 1995, for review). Under conditions of ischemia 
free radicals arise from altered mitochondrial function, inositol 
phospholipid metabolism and elevation of intracellular calcium 
levels. The primary alterations contributing to free radical pro- 
duction are likely to differ among neurodegenerative disorders. 
For example, in Alzheimer’s disease the P-amyloid peptide is 
implicated (Goodman and Mattson, 1994; Hensley et al., 1994), 
while in amyotrophic lateral sclerosis alterations in the antioxi- 
dant enzyme Cu/Zn-superoxide dismutase may play a causal role 
(Brown, 1995). In light of recent data indicating that neurotroph- 
ic factors can increase antioxidant defense mechanisms in neu- 
rons (see Mattson et al., 1993a, for review), we tested the hy- 
pothesis that PDGFs increase activity of antioxidant enzymes 
and increase resistance to oxidative insults. 

Materials and Methods 
Hippocampal and neocortical cell cultures. Hippocampi and neocortical 
hemispheres were removed from embryonic day I8 Sprague-Dawley 
rats or embryonic day 16 C57BU6 mice (Harlan, Inc.). Cells were 
dissociated by mild trypsination and trituration as described previously 
(Mattson et al., 1995a) and were seeded into polyethyleneimine-coated 
plastic (for cell survival analysis) or glass-bottom (for cellular peroxide 
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Figure 3. PDGFs protect cultured rat and mouse hippocampal and rat 
neocortical neurons against glucose deprivation-induced injury. Cul- 
tures were pretreated for 24 hr with saline (OGlucose) or 100 ,ng/ml 
PDGF-AA or PDGF-BB. Cultures were then deprived of glucose for 
24 hr (rat hippocampus and neocortex) or 12 hr (mouse hippocampus). 
Values represent the mean and SEM of determinations made in four 
separate cultures. *, p < 0.001 compared to corresponding values for 
cultures containing glucose, PDGF-AA, or PDGF-BB. 

measurements) 35 mm culture dishes, or 60 mm plastic culture dishes 
(for Western blot analyses and antioxidant enzyme activity assays) con- 
taining Eagle’s Minimum Essential Medium supplemented with 26 mu 
NaHCO,, 40 mM glucose, 20 mu KCI, 1 mM sodium pyruvate, 10% 
(v/v) heat-inactivated fetal bovine serum (Sigma), and 0.001% genta- 
micin sulfate. After a 3-5 hr incubation period to allow for cell attach- 
ment, the medium was replaced with either 0.8 ml (35 mm dishes) or 
1.5 ml (60 mm dishes) of fresh medium. Cultures were maintained in 
a humidified atmosphere (6% CO,, 94% room air) at 37°C. All exper- 
iments were performed in 7-10 d old cultures; at this time in culture 
approximately 85-90% of the cells were neurons and the remaining 
cells were astrocytes (Mattson et al., 1995a). 

Experimental treatments. Methods for glucose deprivation and ex- 
posure to FeSO, are detailed in our previous studies (Cheng and Matt- 
son. 1991: Zhana et al.. 1993: Mattson et al.. 1995a). For glucose de- 
privation, cultu& were washed three times with glucose-f;ee Locke’s 
solution (154 mu NaCl, 5.6 mu KCI, 2.3 mu CaCl,, 1.0 mM MgCl,, 
3.6 mu NaHCO,, 5 mM HEPES) and then incubated in 1 ml of the 
same solution. Glucose-containing (20 mu) Locke’s solution was used 
in parallel control cultures. For exposure to FeSO,, cultures were 
washed twice with glucose-containing Locke’s solution and then incu- 
bated in 1 ml of the same medium. FeSO, was prepared as a 500X 
stock in sterile water and was diluted directly into the culture medium. 
Recombinant human PDGF-AA and PDGF-BB were purchased from 
Austral Biologicals (San Ramon, CA), and bovine recombinant bFGF 
and human recombinant NGF were purchased from Boehringer Mann- 
heim (Indianapolis, IN). PDGFs and other neurotrophic factors were 
included in the glucose-deficient medium. Neuronal survival was quan- 
tified by photographing the same 10X microscope fields (phase-con- 
trast) immediately prior to, and at appropriate time points following, 
glucose deprivation or exposure to FeSO,. Neurons were considered 
viable if they had neurites that were uniform in diameter and smooth 
in appearance, and somata that were smooth and round to oval in shape. 
Degenerating nonviable neurons had fragmented and beaded neurites, 
and a swollen and vacuolated soma with an irregular shape. Subsequent 
to these morphological changes, the degenerated neurons detached from 
the culture substrate. Cell counts were made directly from photographic 
negatives without knowledge of the treatment history of the cultures. 
Statistical comparisons were done using paired and unpaired Student’s 
t tests (two-tailed), or one-way analysis of variance (ANOVA) and 
Scheffe’s post hoc test for pairwise comparisons. 

lmmunocytochemistry and Western blot analysis. These methods 
were essentially identical to those used in our past studies (Mattson et 
al., 1993b; Cheng et al., 1994). For Western blot analysis cultured cells 
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Figure 4. Western blot analysis of PDGF receptor expression in hip- 
pocampal and cortical cells. Equivalent amounts of protein (50 pg for 
PDGF o-receptor and 100 kg for PDGF B-receptor) were separated by 
SDS-PAGE (7.5% SDS), transferred to nitrocellulose and immunoblot- 
ted. Upper panel, immunohlot probed with an antibody that recognizes 
both rat and mouse PDGF o-receptor (alphaR). MH, Mouse hippocam- 
pus; RH, rat hippocampus; RCC, rat cerebral cortex; vivo, tissue from 
adult rat brain. Note single immunoreactive band at approximately 180 
kDa in cultured cells; this band was faint or absent in tissue taken from 
adult rat brain. Lower panel, immunoblot probed with an antibody to 
the mouse PDGF B-receptor (betaR). The lanes contained cell homog- 
enates from mouse hippocampal (MH) or rat hippocampal (RH) cell 
cultures. Note immunoreactive band at approximately 180 kDa in 
mouse hippocampal cultures which is not detected by this antibody in 
rat hippocampal cultures. 

were scraped from 60 mm dishes in sample buffer (2 mu EDTA, 2.3% 
SDS, 10% glycerol, and 62 mu Tris, pH 6.8). while hippocampal and 
neocortical tissue from adult rat brain was homogenized in a buffer 
containing a cocktail of protease inhibitors. For antiphosphotyrosine 
immunoblot analysis, cultures were incubated for 10 min in the presence 
of 1 mM sodium orthovanadate prior to exposure to PDGFs. Protein 
was separated by SDS-PAGE (7.5 or 10% acrylamide), transferred to 
nitrocellulose sheets, and blocked with 5% milk. The nitrocellulose was 
then incubated sequentially in solutions containing primary antibody, 
alakaline phosphatase-conjugated secondary antibody (Vector Labora- 
tories), and alkaline phosphatase substrate developer (Vector Labs). For 
immunocytochemistry, cultures were fixed for 30 min in cold 4% para- 
formaldehyde in 10 mu PBS, permeabilized by incubating for 5 min in 
a 0.2% solution of Triton X-100 in phosphate-buffered saline (PBS), 
and incubated for 30 min in blocking serum (normal goat or horse 
serum). Cells were then incubated sequentially in primary antibody (3 
hr), biotinylated secondary antibody (1 hr), and FITC-avidin (30 min). 
Images of cellular immunofluorescence were acquired with a confocal 
laser scanning microscope (Molecular Dynamics), and photographs 
were taken directly from the video monitor. The primary antibodies 
employed were: a rabbit polyclonal antibody to the human PDGF o-re- 
ceptor which recognizes both rat and mouse PDGF a-receptor (Upstate 
Biotechnology, Inc., Lake Placid, NY); a rabbit polyclonal antibody to 
the mouse PDGF B-receptor which exhibits little or no cross-reactivity 



Figure 5. Immunocytochemical localization of PDGF receptors in hippocampal cell cultures. Cultures from mouse hippocampus (MH) or rat 
hippocampus (MT) were immunostained with antibodies to either the PDGF a-receptor (PDGFR-a) or the PDGF P-receptor (PDGFR-P). Immu- 
nofluorescence images of cells were acquired with a confocal laser scanning microscope. Relative levels of immunoreactivity are represented by 
the color scale shown in the upper right panel wherein colors represent pixel intensity (on a scale from 0 to 256; blue is the lowest level of 
fluorescence and white the highest level). Upper panels, PDGFR-(-w immunoreactivity was present in neurons where it was particularly concentrated 
in cell bodies and proximal regions of axons (arrowheads). PDGFR-(U immunoreactivity was also present in astrocytes (a). Middle panels, PDGFR-l3 
immunoreactivity was present in mouse hippocampal neurons where it was particularly concentrated in cell bodies and proximal regions 



with rat PDGF p-receptor (Becton Dickinson, Beford, MA); and a 
mouse monoclonal antibody that recognizes proteins phosphorylated on 
tyrosine residues (clone 4GlO; Upstate Biotechnology). Antibodies 
were used at dilutions of I: 1000 to 1:200. 

Measurernenr of cellular peroxides. Relative levels of cellular per- 
oxides were quantified by confocal laser scanning microscope analysis 
of cultured neurons loaded with the dye 2,7-dichlorofluorescin diacetate 
as described previously (Goodman and Mattson, 1994; Mattson et al., 
lYY5a). The dye is converted to the fluorescent compound 2,7-dichlo- 
rofluorescein (DCF) upon interaction with peroxides (Page et al., 1993). 
Cells were incubated for 50 min in the presence of 50 FM of the dye, 
and were then washed three times (2 ml/wash) in Hanks’ Balanced 
Saline Solution containing IO mM Hepes buffer and 10 mM glucose. 
Imaging studies employed a confocal laser scanning microscope (Mo- 
lecular Dynamics, Sarastro 2000) coupled to an inverted microscope 
(Nikon). The dye was excited at 488 nm and emission was filtered using 
a 5 10 nm barrier filter. The intensity of the laser beam and the sensitivity 
of the photodetector were held constant to allow quantitative compari- 
sons of relative fluorescence intensity of cells between treatment groups. 
Cells were located under visible light and scanned only once with the 
laser because preliminary studies revealed that exposure to the laser 
light could itself induce photo-oxidation resulting in increased DCF 
fluorescence. Staining intensity/cell was quantified using Molecular Dy- 
namics IMAGEsPAcE software. 

Anrimidruzt e,~ymr ucrivifx clssays. Activities of Cu/Zn-SOD, Mn- 
SOD, catalase, and glutathione peroxidase (GSHPx) in cultured cells 
were quantified by methods based upon those of Mizuno (1984). Cells 
from eight 60 mm culture dishes were pelleted by low-speed centrifu- 
gation and homogenized in 2.5 ml of a nitrogen-purged buffer consist- 
ing of IO mM Hepes, 137 mM NaCI, 4.6 mM KCI, 1.1 mM KH,PO,, 0.6 
mM MgSO,. 0.6 (pH 7.4). The homogenate was centrifuged for 1 hr at 
100,000 X g at 4°C and the supernatant used for enzyme assays. For 
the SOD activity assay, 200 ~1 of the supernatant was added to 1.48 
ml of 68 mM NaH?PO; containing 1.35 rni EDTA (pH 7.8), 100 ~1 of 
4 mM xanthine. and 170 ul of 3.53 mM eoineohrine (oH 11.5). After a 
5 min incubation at 30°C: 50 l.~l of xanthine oxidase was added to the 
cuvette and the absorbance was followed for 3 min at 320 nm. To 
control for variability among lots, xanthine oxidase was diluted until an 
assay mixture without SOD yielded 0.03A change/min. MnSOD activity 
was taken as the SOD activity remaining following addition of potas- 
sium cyanide (200 mM). One unit of SOD activity was defined as the 
amount that reduced the absorbance change by 50%, and results were 
expressed as units/mg protein. For the catalase activity assay, cell ho- 
mogenate supernatant (I .5 ml) was mixed with 18 ~1 of absolute eth- 
anol. incubated on ice for 8 min, and 7.8 )*I of 10% Triton X-100 and 
2.5 ml IO mM NaH?PO, buffer (pH 7.4) were added. Aliquots (0.6 ml) 
of the solution were added to 20 ml test tubes along with 3.57 ml of 
cold 6 mM hydrogen peroxide and the tube was vortexed. After 3 min. 
0.714 ml of 6N H$O, was added and the mixture vortexed. Five mil- 
liliters of O.OlN KMnO, was added to the solution, the tube vortexed 
and the absorbance measured at 480 nm within 60 set using a Spec 21 
UV-Vis spectrophotometer. Quantitation was based on the comparison 
of the tissue samples to a calibration curve of known peroxide concen- 
trations. The activity of the enzyme was expressed as units/mg protein 
with I unit = I pmol of HzOz catalyzed/min. GSHPx activity was 
determind by quantifying the rate of oxidation of reduced glutathione 
to oxidized glutathione by HzOz as catalyzed by the GSHPx present in 
the cell homogenate supernatant. The assay measured the decrease in 
absorbance at 340 nm as NADPH was converted to NADP (I unit of 
activity = I nmol NADPH oxidized/min). The blank for each enzyme 
assay contained cell homogenate supernatant which had been heated at 
100°C for 5 min. 

Results 
PDGF-AA und PDGF-BB protect cultured hippocampal 
neurons uguinst glucose deprivution-induced injury 
Hippocampal cell cultures were pretreated for 24 hr with in- 
creasing concentrations of either PDGF-AA or PDGF-BB, or 
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saline (control), and were then deprived of glucose for 24 hr. In 
control glucose-deprived cultures fewer than 15% of the neurons 
survived the 24 hr period of glucose deprivation (Fig. IA). In 
contrast, neuronal survival was significantly increased in cul- 
tures pretreated with PDGF-AA and PDGF-BB at concentrations 
of 5-300 rig/ml. The protective action of PDGFs was directly 
related to concentration of the growth factor with concentrations 
of 100 and 500 rig/ml providing maximum neuronal survival of 
approximately 90% (Fig. IA). The concentration-effect curves 
for PDGF-AA and PDGF-BB were very similar. In order to 
determine how long PDGF-treated neurons remained viable in 
the absence of glucose, neuronal survival was monitored during 
a 4 d period of glucose deprivation (Fig. IB). Whereas essen- 
tially all neurons died within 3 d of glucose withdrawl in control 
cultures, approximately 50% of the neurons remained viable at 
this time point in cultures treated with either PDGF-AA or 
PDGF-BB. More than 30% of the neurons in PDGF-treated cul- 
tures were viable at 4 d following glucose withdraw1 (Fig. IB). 
As with the concentration+ffect curves, the time courses of neu- 
ronal loss in cultures treated with PDGF-AA and PDGF-BB 
were very similar. In order compare the neuroprotective efficacy 
of PDGFs with other neurotrophic factors, we employed NGF 
and bFGF at concentrations previously shown to provide max- 
imum protection against glucose deprivation-induced neuronal 
injury in the same cell culture paradigm (Cheng and Mattson, 
1991). During the first 24 hr of glucose deprivation each of the 
growth factors supported the survival of 80-90% of the neurons. 
However, with longer periods of glucose deprivation, PDGF-AA 
and PDGF-BB were significantly more effective than bFGF and 
NGF in promoting neuronal survival (Fig. IB). 

Previous studies of neurotrophic factor-mediated protection 
against glucose deprivation-induced neuronal injury indicated 
that some neurotrophic factors (e.g., NGF) were able to “res- 
cue” neurons even when administered many hours following 
glucose withdrawl, whereas other neurotrophic factors (e.g., 
bFGF) were effective only when administered prior to glucose 
withdrawl (Cheng and Mattson, 1991). We therefore adminis- 
tered PDGFs to hippocampal cultures at different time points 
relative to the onset of glucose deprivation, and then quantified 
neuronal survival 24 hr following glucose withdrawl (Fig. 2). 
PDGF-AA and PDGF-BB afforded protection, at maximum ef- 
ficacy, when added up to 4 hr following the onset of glucose 
deprivation. However, when added 8 or I2 hr following glucose 
withdrawl each of the PDGFs was largely ineffective in rescuing 
neurons (Fig. 2). In addition to protecting cultured embryonic 
rat hippocampal neurons against glucose deprivation-induced in- 
jury, each PDGF also protected cultured rat neocortical neurons 
and cultured mouse hippocampal neurons against glucose de- 
privation-induced injury (Fig. 3). 

Expression and localizution of PDGF receptors in 
hippocampal cell cultures 

Previous studies that examined the expression of PDGF receptor 
mRNA and protein in intact rat and mouse brain indicated that 
the PDGF a-receptor was mainly expressed in glial cells, where- 
as the PDGF P-receptor was expressed in neurons (Smits et al., 

of axons (rrrrowhe&s). Astrocytes ((I) exhibited little or no immunoreactivity with the PDGFR-P antibody. Lower panels, cultured rat hippocampal 
neurons exhibited little or no immunoreactivity with the anti-mouse PDGFR-/3 antibody (left). No fluorescence was observed when primary antibody 
was not included in the immunostaining procedure (-I,,AAh). 
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1991; Pringle et al., 1992; Reddy and Pleasure, 1992; Hutchins 
and Zhang, 1994). Although neuronal responses to PDGF-BB 
might therefore be expected, our demonstration of neuroprotec- 
tive actions of PDGF-AA suggested that the cultured hippocam- 
pal neurons may also express the PDGF a-receptor. We therefore 
employed antibodies specific for either the cx or p PDGF recep- 
tor in Western blot and immunocytochemical studies to deter- 
mine whether cultured embryonic hippocampal neurons ex- 
pressed one or more of the PDGF receptors. Western blot anal- 
yses were performed on cell homogenates from mouse hippo- 
campal cultures, rat hippocampal and neocortical cultures, and 
hippocampus and neocortex from adult rats (Fig. 4). A 180 kDa 
protein band immunoreactive with PDGF a-receptor antibody 
was seen in homogenates of cells cultured from mouse and rat 
hippocampus and rat neocortex; a band at the same molecular 
weight was barely detectable in homogenates from adult rat hip- 
pocampus and neocortex. A polyclonal antibody against mouse 
PDGF P-receptor detected a protein band of approximately 180 
kDa in cell homogenates from cultured mouse hippocampus, but 
not from rat hippocampus (Fig. 4) consistent with the species 
specificity of this particular PDGF P-receptor antibody. 

Immunofluorescence confocal laser scanning microscopy was 
used to localize PDGF (Y- and P-receptor immunoreactivities in 
cultured mouse hippocampal cells (Fig. 5). Neurons were highly 
immunoreactive with antibodies to each of the PDGF receptors. 
PDGF a-receptor immunoreactivity was present in the cell body 
and neurites, with particular concentration in the proximal 
regions of the axon (Fig. 5); previous studies showed that cul- 
tured embryonic hippocampal neurons elaborate one long pro- 
cess which is the axon and several short processes which are 
dendrites (Dotti et al., 1988; Mattson, 1989). The confocal op- 
tical section images indicated that the PDGF a-receptor immu- 
noreactivity was localized at high levels in the region of the 
plasma membrane (Fig. 5). Astrocytes also exhibited PDGF 
a-receptor immunoreactivity which appeared to be localized in 
perinuclear regions and at the cell surface. Cultured mouse hip- 
pocampal neurons were higly immunoreactive with the PDGF 
P-receptor antibody with the immunoreactivity being concen- 
trated in the cell body and proximal region of axons (Fig. 5). 
Cultured rat hippocampal neuron exhibited little or no immu- 
noreactivity with the mouse PDGF P-receptor antibody, consis- 
tent with the Western blot analysis and the species specificity of 
this antibody. Astrocytes in mouse hippocampal cultures did not 
immunoreact with the the PDGF P-receptor antibody. No cell- 
associated fluorescence was observed when the primary anti- 
body was eliminated from the immunostaining protocol. We also 
performed immunohistochemistry with PDGF (Y- and P-receptor 
antibodies in brain sections from adult mouse. In hippocampus 
the P-receptor immunoreactivity is concentrated in cell bodies 
and neurites of pyramidal neurons and granule cells, while a-re- 
ceptor immunoreactivity is weak or absent from neurons (data 
not shown). 

PDGF-AA and PDGF-BB protect cultured hippocampal 
neurons against oxidative injury amd suppress accumulation 
of cellular peroxides 

Because recent studies in several laboratories indicated that 
some neurotrophic factors can protect neurons against oxidative 
insults (see Mattson et al., 1993a, for review), we determined 
whether PDGFs might also enhance neuronal resistance to the 
toxicity of FeSO, which kills cells by a hydroxyl radical-medi- 
ated mechanism (Zhang et al., 1993). Exposure of cultured rat 
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Figure 6. PDGFs protect hippocampal neurons against oxidative in- 
jury and suppress peroxide accumulation. A, Cultures were pretreated 
with saline (Conrrol), or 100 rig/ml of PDGF-AA or PDGF-BB. Cul- 
tures were then exposed to the indicated concentrations of FeSO, and 
neuronal survival was assessed 8 hr later. Values represent the mean 
and SEM of determinations made in four separate cultures. Neuronal 
survival was significantly greater in cultures pretreated with PDGF-AA 
or PDGF-BB compared to control cultures exposed to 5 )*M (p < 0.01 ), 
10 PM (p < 0.01) or 20 p,~ (p < 0.05) FeSO,. ANOVA with Scheffe’s 
post-hoc test for pairwise comparisons. B, Cultures were either pretrear- 
ed with saline, 100 rig/ml PDGF-AA or PDGF-BB and then exposed to 
vehicle (Cunrml) or IO FM FeSO,. Relative levels of peroxides (DCF 
fluorescence) were quantified 30 min following exposure to FeSO,. Val- 
ues represent the mean and SEM of determinations made in 26-34 
neurons in three separate cultures. *, p < 0.001 compared to control 
value. **, p < 0.02 compared to value for cells exposed to FeSO, alone. 

hippocampal neurons to increasing concentrations of FeSO, (2- 
20 FM) resulted in a concentration-dependent reduction in neu- 
ronal survival during a 8 hr exposure period (Fig. 6A). The neu- 
rotoxicity of FeSO, was significantly reduced in cultures pre- 
treated for 24 hr with 100 rig/ml of either PDGF-AA or PDGF- 
BB; protection was particularly striking with FeSO, concentrations 
inducing an intermediate level of neuronal death. Fluorescence 
imaging methods, that employ the dye 2,7-dichlorofluorescin di- 
acetate, can be used to quantify relative levels of peroxides in 
cultured neurons (Goodman and Mattson, 1994; Mattson et al., 
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1995a). In the present study we used this approach to determine 
whether PDGFs would modify FeSO,-induced accumulation of 
peroxides in cultured rat hippocampal neurons. Cultures were 
pretreated for 30 hr with 100 rig/ml of either PDGF-AA or 
PDGF-BB and were then exposed to 10 p.M FeSO, for 30 min, 
at which time neuronal peroxide levels were quantified. In con- 
trol cultures, FeSO, induced a marked five- to eightfold increase 
in DCF fluorescence (Fig. 6B). In contrast, the level of DCF 
fluorescence induced by FeSO, in PDGF-preatreated neurons 
was significantly reduced (Figs. 6B, 7). FeSO,-induced peroxide 
accumulation occured throughout the neurons including in the 
cell bodies and neurites (Fig. 7). PDGF-AA and PDGF-BB also 
protected neurons in neocortical cell cultures against FeSO, tox- 
icity and suppressed FeSO,-induced accumulation of peroxides 
(data not shown). 

PDGFs induce protein tyrosine phosphorylation in 
hippocampal cell cultures 

In non-neural cells the PDGF receptors possess intrinsic tyrosine 
kinase activity and their activation results in a cascade of phos- 
phorylation events beginning with phosphorylation of tyrosines 
on the PDGF receptor itself (Williams, 1989; Kanakaraj et al., 
1991). We therefore determined whether PDGFs induced tyro- 
sine phosphorylation of proteins in the hippocampal cell cul- 
tures. Cultures were exposed to 100 rig/ml of PDGF-AA or 
PDGF-BB for I, 2, 5, or IO min. Proteins in cell homogenates 
were then separated by SDS-PAGE, transferred to nitrocellulose 
sheets, and immunoblotted using a phosphotyrosine antibody 
(Fig. 8A). Both PDGF-AA and PDGF-BB induced a rapid in- 
crease in phosphotyrosine immunoreactivity of a protein band 
of approximately 180 kDa. The relative increase in tyrosine 
phosphorylation of the I80 kDa protein appeared to peak within 
2 min of exposure to a PDGF (Fig. 8B). Additional proteins also 
exhibited an increase in tyrosine phosphorylation in response to 
PDGF-AA and PDGF-BB including bands of approximately 42 
and 44 kDa in size (Fig. 8A). 

Eflects of‘ PDGFs on antioxidant enzyme activities 

Because PDGFs protected cultured hippocampal neurons against 
oxidative injury, and recent studies showed that neurotrophic 
factors can induce increases in activity levels of one or more 
antioxidant enzymes (Pan and Perez-Polo, 1993; Frim et al., 
1994; Mattson et al., 1995a), it was of interest to determine 
whether PDGFs affected antioxidant enzyme activities in hip- 
pocampal cell cultures. Cultures were exposed to vehicle, 100 
rig/ml PDGF-AA, or 100 rig/ml PDGF-BB for 24 hr and activ- 
ities of Cu/Zn-SOD, Mn-SOD, catalase, and glutathione perox- 
idase in cell homogenates were quantified. PDGF-AA induced 
a significant increase in activities of all four antioxidant en- 
zymes, with a striking sixfold increase in catalase activity (Fig. 
9). PDGF-BB increased catalase and glutathione peroxidase ac- 
tivities significantly, but did not significantly increase Cu/Zn- 
SOD or Mn-SOD activities. 

Discussion 
The present findings demonstrate that PDGFs can protect hip- 
pocampal and cortical neurons against metabolic and excitotoxic 
insults. The expression of both PDGF (Y- and P-receptors in 
neurons, the fact that both PDGF-AA and PDGF-BB were ef- 
fective, and the differential effect of the two PDGFs on anti- 
oxidant enzyme activities strongly suggests that either c1- or 
P-receptors can activate neuroprotective mechanisms. Each 

PDGF dimer (PDGF-AA and PDGF-BB) stimulated antioxidant 
defense systems as demonstrated by the attenuation of FeSO,- 
induced peroxide accumulation in neurons pretreated with 
PDGFs, and by the induction of antioxidant enzyme activities. 
The concentration-effect curves for protection against glucose 
deprivation-induced neuronal injury by PDGF-AA and PDGF- 
BB were very similar with maximal effect being seen with con- 
centrations of 100 rig/ml or greater, and half-maximal effect oc- 
curing with approximately 30 rig/ml of each PDGE Previous 
studies have shown that PDGF-BB can induce all three combi- 
nations of receptor dimers (i.e., (Y(Y, pp, and c@), while PDGF- 
AA only induces (~a dimers (Seifert et al., 1989; Kanakaraj et 
al., 1991). Our data therefore suggest that activation of neuro- 
protective pathways by PDGF can be mediated by (Y(Y receptor 
dimers. It is also possible that activation of pp and CKP dimers 
induce neuroprotective pathways, and that levels of expression 
of the different receptor dimer combinations is such that PDGF- 
AA and PDGF-BB exhibit similar concentration-response 
curves. The observation that PDGF-AA stimulated increases in 
SOD activities, whereas PDGF-BB did not suggests that both (Y 
and p receptors are involved in responses to PDGF in the hip- 
pocampal cell cultures. 

Whereas previous in vivo studies of the adult rodent brain 
indicated that neurons express little or no PDGF a-receptor 
(Pringle et al., 1992; Yeh et al., 1993), our Western blot and 
immunocytochemical analyses showed that cultured embryonic 
hippocampal and cortical neurons do express PDGF a-receptors. 
It may therefore be the case that neurons express the a-receptors 
during brain development (Reddy and Pleasure, 1992), or that 
they are induced as the result of an altered environment in cell 
culture. In agreement with previous data (Yeh et al., 1993) we 
observed PDGF a-receptor immunoreactivity in astrocytes. Be- 
cause astrocytes comprised approximately 10-20s of the cell 
population in our cultures, it is tlierefore possible that neuropro- 
tective actions of PDGFs were mediated indirectly via actions 
on astrocytes. The presence of PDGF P-receptors in cultured 
hippocampal neurons documented in the present study is con- 
sistent with previous studies of developing and adult rodent 
brain (Smits et al., 1991; Hutchins and Zhang, 1994). Because 
astrocytes apparently lack the PDGF-P receptor, it is likely that 
the neuroprotective actions of PDGF-BB are mediated by direct 
actions on the neurons. 

The signal transduction pathways of PDGFs have been pre- 
viously characterized in non-neuronal cells (Kanakaraj et al., 
1989; Williams, 1989). Binding of PDGF dimers to receptors 
induces receptor dimerization, activation of intrinsic tyrosine ki- 
nase activity of the receptors, and association of cytoplasmic 
SH2 proteins which induce downstream kinase cascades. Con- 
sistent with a similar transduction pathway being operative in 
the primary neuronal cultures of the present study, we found 
that PDGF-AA and PDGF-BB rapidly increased tyrosine phos- 
phorylation of several proteins including a band at I80 kDa. 
The molecular weight of PDGF receptors, which are known to 
undergo tryosine phosphorylation in response to activation by 
PDGFs, is 180 kDa. It is therefore possible that the I80 kDa 
band represents a PDGF receptor(s), although this was not di- 
rectly established. Because previous studies of neurotrophic fac- 
tor actions have indicated involvement of tyrosine phosphory- 
lation events in mediation of biological responses (Schlessinger 
and Uhich, 1992; Mattson et al., 1995b), it seems likely that 
such tyrosine phosphorylation events mediate the neuroprotec- 
tive actions of PDGFs. 
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Figure 7. Iron-induced accumulation of cellular peroxides is suppressed in hippocampal neurons pretreated with PDGFs. Parallel cultures were 
pretreated for 24 hr with saline or 100 rig/ml PDGF-AA and then exposed to 10 pM FeSO, or vehicle (control) for 20 min. Confocal laser scanning 
microscope images of DCF fluorescence were then acquired. The images depict relative levels of cellular DCF fluorescence (peroxide levels) 
according to the color scale shown in the lower right corner of the left panel wherein colors represent pixel intensity (on a scale from 0 to 256; 
blue is the lowest level of fluorescence. and red the hiehest level). Note that FeSO, induced accupllilttion of peroxides in neurons, which was 
considerably attenuated in cultures pretreated with PDGF-AA. 

PDGFs protected neurons in both hippocampal and cortical 
cultures against glucose deprivation-induced injury. Moreover, 
within cultures from each brain region the PDGFs promoted the 
survival of essentially the total neuronal population. These find- 
ings suggest that the PDGFs have a broad range of target cell 
populations with regard to neuroprotective activities, and are 
consistent with the cellular localization of PDGF rx- and p-re- 
ceptor immunoreactivities which were present in essentially all 
neurons in the hippocampal and cortical cultures. As further ev- 
idence for widespread trophic actions of PDGFs in the brain are 
the data of Nikkhah et al. (1993) showing that PDGF promotes 
survival of mesencephalic neurons in culture. On the other hand, 
Nakao et al. (1995) recently reported that PDGF did not protect 
cultured sriatal neurons against glucose deprivation-induced 
death. However, in the latter study only one concentration of 
PDGF-AA and PDGF-BB was used (30 rig/ml), and our dose- 
response study indicates that this concentration was submaxi- 
mally effective in protecting against glucose deprivation, at least 
in hippocampal cultures. 

Several laboratories have recently reported that neurotrophic 
factors can increase antioxidant enzyme activities in various 
neural cell populations (e.g., Pan and Perez-Polo, 1993; Frim et 
al., 1994; Mattson et al., 1995b). We found that PDGF-AA and 
PDGF-BB increased, to varying degrees, levels of several anti- 
oxidant enzymes including Cu/Zn-SOD, Mn-SOD, catalase, and 
glutathione peroxidase. Catalase and glutathione peroxidase are 
two enzymes that play a critical role in reducing levels of hy- 
drogen peroxide and preventing formation of hydroxyl radical. 
SODS act to prevent accumulation of the potentially damaging 
superoxide anion. Therefore, it can be predicted that increases 
in activities of one or more of these enzymes would suppress 
accumulation of ROS and protect neurons against oxidative in- 

sults. Consistent with the latter possibility we found that iron- 
induced accumulation of peroxides in neurons was suppressed 
in cultures pretreated with PDGF-AA or PDGF-BB. We did not 
establish whether the enhancement of antioxidant enzyme activ- 
ities by PDGFs resulted from induction of expression (transcrip- 
tional or translational regulation) of new enzymes, or perhaps 
modulation of activities of existing enzyme levels. However, in 

light of abundant evidence showing that neurotrophic factors 
(including PDGFs) can activate transcription factors, and essen- 
tially no precedence for regulation of antioxidant enzyme activ- 
ity per se, it seems likely that PDGFs affect expression of the 
antioxidant enzymes. Further support for an effect of PDGFs on 
expression of antioxidant enzymes is the observation that pre- 
treatment with PDGFs was required for protection against FeSO, 
toxicity, and that protective efficacy against glucose deprivation 
rapidly declined when addition of PDGFs was delayed following 
the onset of glucose deprivation. 

Metabolic impairment, oxidative processes and excitotoxicity 
are believed to contribute to the pathogenesis of both acute neu- 
rodegenerative conditions such as stroke and traumatic brain in- 
jury, and chronic age-related disorders including Alzheimer’s 
disease, Parkinson’s disease, and amyotrophic lateral sclerosis 
(see Beal, 1992; Mattson, 1994, for review). The glucose depri- 
vation cell culture paradigm of energy failure employed in the 
present study has been extensively characterized in previous 
studies (Cheng and Mattson, 1991; Mattson et al., 1993~). The 
latter studies showed that glucose deprivation results in a de- 
layed elevation of [Ca2+], which resulted, in part, from activation 
of NMDA receptors by endogenous glutamate. Prolonged ele- 
vation of [Ca2+], resulting from NMDA receptor activation pro- 
motes generation of reactive oxygen species including super- 
oxide (Lafon-Cazal et al., 1993) and hydrogen peroxide (Matt- 
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Figure 8. PDGFs induce tyrosine phosphorylation of a 180 kDa pro- 
tein. A, Cell homogenates (50 pg protein/lane) were separated by SDS- 
PAGE, transferred to a nitrocellulose sheet, and immunoreacted with 
antiphosphotyrosine antibody (clone 4GlO). Homogenates were from 
control cultures (0 time point) and cultures exposed to either PDGF- 
AA (100 rig/ml) or PDGF-BB (100 rig/ml) for 1, 2, 5, or 10 min. Each 
PDGF induced a rapid increase in phosphotyrosine immunoreactivity in 
a 180 kDa band (upper *). Reactivity of two bands at approximately 
42 and 44 kDa also appeared to increase following exposure to PDGFs 
(lower *). B, Densitometric analysis of phosphotyrosine immunoreac- 
tivity of the 180 kDa band following exposure to 100 rig/ml of either 
PDGF-AA or PDGF-BB. Similar results were obtained in two additional 
experiments. 

son et al., 1995b). Antioxidants can attenuate excitotoxic insults 
(Dykens et al., 1987; Mattson et al., 1995b) indicating that ox- 
yradicals play a major role in glutamate toxicity. A surprisingly 
broad array of neurotrophic factors have been shown to protect 
neurons against metabolic, excitotoxic and oxidative insults (see 
Mattson et al., 1993a, for review). For example, in the glucose 
deprivation paradigm in hippocampal cell cultures we found that 
bFGE NGF, BDNF, NT-3, NT-4/5, and IGFs all reduced neuronal 
injury and death. Although the mechanism(s) whereby these 
neurotrophic factors protect neurons have not been elucidated, 
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Figure 9. PDGFs increase antioxidant enzyme activities. Cultures 
were exposed for 24 hr to vehicle (Control), PDGF-AA (100 rig/ml), or 
PDGF-BB (100 @ml). Antioxidant enzyme activities were determined 
in cell homogenates as described in Materials and Methods. Values are 
expressed as a percentage of activity in control cultures and represent 
the mean and SEM (n = 3 separate sets of cultures). Enzyme activities 
in control cultures were (units/mg protein): Cu/Zn-SOD, 2.26 t 0.4; 
Mn-SOD, 0.4 ? 0.1; catalase, 0.6 -C 0.1; GSH-Px, 10.4 2 1.4. *, p < 
0.05 compared to control. **, p < 0.01 compared to control. 

each of them stabilizes cellular calcium homeostasis. In addition, 
bFGF, NGF, and BDNF were shown to suppress glutamate and 
iron-induced accumulation of peroxides (Mattson et al., 1995b). 
The present findings indicate that PDGFs represent another type 
of neurotrophic factor that can increase neuronal resistance to a 
variety of insults. 
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