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Oxidative stress bas been implicated in the
pathogenesis of several neurological disorders.
We examined the regional distribution of cop-
per/zinc superoxide dismutase (SOD-1), one of
the key antioxidant enzymes, in the buman cen-
tral nervous system using in situ bybridization.
Our results show that the enzyme is present at
bigh levels of constitutive expression in a-motor
neurons, oculomotor neurons, nucleus basalis,
substantia nigra, neocortex, and the bippocam-
pal sector resistant to bypoxia (H2). Relatively
lower levels were found in Sommer’s sector (H1)
and Purkinje cells. We conclude that a lower con-
stitutive level of SOD-1 expression may play a
role in the selective vulnerability of certain neu-
ronal populations to bypoxia but does not cor-
relate with the patterns of neurodegeneration
observed in amyotropbic lateral sclerosis, Par-
kinson’s disease, and Alzbeimer’s disease. (Am
J Patbol 1996, 148:273-279)

Oxidative stress has been implicated in the patho-
genesis of several neurological disorders such as
cerebral ischemia® and idiopathic Parkinson’s dis-
ease (PD).2 Copper/zinc superoxide dismutase
(SOD-1) mutations have been discovered in several
amyotrophic lateral sclerosis (ALS) families,3 '3
whereas SOD-1 induction,™® increased protein car-
bamylation,'® and upregulated glutathione recep-
tors'® suggest that oxidative stress may also be im-
plicated in the sporadic form of the disease.
Furthermore, Mitchell et al’” demonstrated a decline

in whole blood glutathione peroxidase activity in spo-
radic ALS, which they speculate may reflect in-
creased mobilization and transport of the enzyme as
a result of enhanced free radical activity. Finally,
B-amyloid'®2° and tau glycation?'?2 have been
postulated as possible sources of reactive oxygen
species in Alzheimer's disease (AD); increased pro-
tein carbamylation®® and lipid peroxidation®* as well
as heme oxygenase-1 induction®® are also observed
in AD, further supporting the role of oxidative stress
in this disease. Each of these disorders is character-
ized by the selective vulnerability of specific neuro-
nal subsets that display different metabolic profiles.
On this basis, one may speculate that certain neuro-
nal populations may be more vulnerable to oxidative
stress as a result of a greater oxidative burden or,
alternatively, lower antioxidant protection. To further
understand the possible role of oxidative stress and
the cellular basis of selective neuronal death, we
measured the expression of one of the key antioxi-
dant enzymes, the copper/zinc form of superoxide
dismutase (SOD-1), in several regions of the human
brain and spinal cord. We further correlated our
measurements with the metabolic characteristics of
each neuronal subset analyzed, as well as their in-
dividual disease vulnerability.

Materials and Methods

Patient Population

Seven subjects with no evidence of neurological dis-
ease or neuropathology on histological examination
were obtained for study. Details of the cases are
provided in Table 1.
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Table 1.  Characteristics of the Cases Used for the Study
Postmortem interval Formalin fixation time

Case no. Age (hours) (days) Cause of death
Co1 45 7 18 Respiratory failure
Co2 25 7 12 Strangulation
Co8 67 6 20 Myocardial Infarction
Cc11 72 9 17 Myocardial Infarction
C13 75 7 16 Sepsis
C14 73 10 22 Myocardial Infarction
C16 72 15 22 Myocardial Infarction

Selection of Brain Regions

The following blocks were selected for analysis: spi-
nal cord at the L4-5 level, cerebellum, midbrain at
the level of the third cranial nerve nucleus except for
one case at the level of the fourth, hippocampus and
middle temporal gyrus at the level of the lateral
geniculate body, and nucleus basalis at the level of
the posterior border of the anterior commissure. In
each case, the following neuronal populations were
studied: a-motor neurons, oculomotor nucleus motor
neurons (trochlear nucleus in one case), Purkinje
cells, pigmented dopaminergic neurons of the mid-
dle third of the substantia nigra pars compacta, py-
ramidal neurons of the hippocampus in both Som-
mer’s sector (H1) and the hypoxia resistant sector
(H2), pyramidal neurons of the fifth cortical layer, and
nucleus basalis of Meynert.

In Situ Hybridization

A human SOD-1 cDNA coding for the entire SOD-1
protein was generously given by Dr. Y. Groner.?®
This probe is well characterized and has been used
for in situ hybridization (ISH) studies of AD.2”-2® The
probe was provided in plasmid form and inserted in
the expression vector BRLpT3/T7 (Bethesda Re-
search Laboratories, Bethesda, MD). The plasmid
was linearized with Hindlll (sense mMRNA) and BamHI
(antisense mMRNA) and transcribed in vitro using T3
and T7 polymerases with tritiated nucleotides. Tran-
scripts were isolated by phenol extraction and re-
peated ethanol precipitations, and reduced to a
length of 50 to 150 bases by limited alkaline hydro-
lysis.2® Paraffin sections 5 um thick were cut and
mounted onto Denhardt's-treated slides under
RNAse-free conditions. The slides were deparaf-
finized, rehydrated in graded alcohols, and pre-
treated with 10 ug/ml proteinase K for 10 minutes at
37°C. ISH was performed as previously described,?®
with an exposure time of 56 days. Controls for probe
specificity included hybridization with the sense

strand and hybridization after RNAse treatment. All
slides from a given case were hybridized simulta-
neously to maintain constant experimental condi-
tions.

Semiquantitative Analysis

A total of 20 consecutive neurons were analyzed in
each region at a magnification of x630. A LECO
image analysis system (L2001, LECO Instruments,
Montreal, Quebec, Canada) was used to count
grains on the basis of color detection. Briefly, after a
neuron is identified and the color threshold opti-
mized for grain detection, it is manually outlined. The
computer then automatically counts the grains within
the outlined area. Further operations include a chord
sizing step to eliminate features smaller than two
pixels, and five erosion cycles to resolve individual
grains. Because of color overlap between melanin
and silver grains we have modified our image anal-
ysis routine for pigmented neurons. Briefly, after a
pigmented neuron is selected, the melanin content is
first outlined, as well as the cross-sectional area. The
color threshold is then optimized for grain detection
and, through a series of Boolean operations, the
grain count is performed on the melanin-free cyto-
plasm. Background determinations are performed
on 10 400 um? areas of neuropil. Grain counts are
expressed as grain density per um? after back-
ground correction.

Several factors may influence the postmortem de-
termination of mRNA levels in human brain using
ISH, including age, postmortem interval, tissue fixa-
tion, and agonal status.®° In our study, all regions
from a given case were subjected to similar condi-
tions and were hybridized simultaneously to maintain
uniform and constant experimental conditions. We
were therefore able to conduct a region-to-region
comparison using the pooled regional values for
each case using Student’'s unpaired two-tailed
t-tests.
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Figure 1. SOD-1 mRNA in situ bybridization grains in selected brain regions. (A) a-Motor neurons. (B) Oculomotor nucleus. (C) Nucleus basalis. (D)
Substantia nigra, pars compacta. (E) Temporal neocortex. fifth layer. (F) Purkinje cells. (G) Hippocampus, H2. (H) Hippocampus, H1. Case CO2,
Hematoxylin/eosin counterstain, original magnification X 100.
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Figure 2. SOD-1 mRNA levels are high in all neuronal populations
tested, but consistently lower in Sommer’s sector and Purkinje cells
(two tailed unpaired Student s t-test, *P < 0.03). Pooled mean regional
SOD-1 mRNA levels expressed in grains/um®. AH = a-motor neurons;
OM = oculomotor nucleus; SN = substantia nigra, pars compacta; NB
= nucleus basalis; CX = pyramidal neurons, fifth layer, neocortex,
temporal lobe; PK = Purkinje cells; H1 = bippocampus, H1 (Sommer’s
sector); H2 = hippocampus, H2 (hypoxia-resistant sector).

Results

SOD-1 mRNA hybridization grains were found in
high numbers in the cytoplasm and proximal pro-
cesses of all neurons examined; an axonal or den-
dritic localization could not be recognized (Figure 1).
Regional SOD-1 mRNA levels varied between cases
as anticipated from the difference in age, postmor-
tem interval, and agonal status in our cases (Table
1). As previously discussed, however, these varia-
tions would not affect our region-to-region compari-
sons (see Semiquantitative Analysis section). SOD-1
mRNA levels were highest in pyramidal neurons of
the neocortex and H2 sector of the hippocampus,
dopaminergic neurons of the substantia nigra pars
compacta, and nucleus basalis neurons. Intermedi-
ate levels were observed in motor neurons with the
lowest levels in Purkinje cells and Sommer’s sector of
the hippocampus (Figure 2). A significant difference
was seen in the neuronal SOD-1 mRNA levels be-
tween the cortex and Purkinje cells (P = 0.006) and
H1 (P = 0.013), as well as between H2 and Purkinje
cells (P = 0.013) and H1 (P = 0.023). There was no
correlation between the mean SOD-1 mRNA levels

and the profile of the neuronal populations studied,
including those factors that could increase the neu-
ronal oxidative burden such as the type of transmit-
ter, the metabolic rate, or N-methyl-p-aspartate
(NMDA) receptor density (Table 2). Likewise, mean
SOD-1 mRNA levels did not correlate with the pattern
of selective neuronal vulnerability for AD, ALS, or PD,
but the lowest SOD-1 levels were observed in two of
the brain regions most susceptible to hypoxia, Pur-
kinje cells and the H1 sector of the hippocampus
(Table 3). Few hybridization grains were observed
after hybridization with the sense strand, and the
hybridization signal was completely abolished after
RNAse treatment, as previously illustrated.?®

Discussion

The expression of antioxidative enzymes, including
SOD-1, shows marked variation between and within
organs.®"32 In an immunohistological study of anti-
oxidant enzymes in Syrian hamster kidney, marked
differences were present between cell types, with
high levels of expression in proximal and distal tu-
bules, collecting ducts of the tip of the papilla and
transitional epithelium; in this case, the antioxidant
enzyme levels, including SOD-1, correlated with the
metabolic profile, function, and disease vulnerability
of the different cell types.®? For example, the proxi-
mal and distal tubules display a high level of aerobic
metabolism, while the papillary ducts and transitional
epithelium are exposed to high concentrations of
xenobiotics. In contrast, low levels of antioxidant en-
zymes in the glomerulus may explain the sensitivity
of this structure to oxidative stress in the course of
inflammation, and the similarly low levels of these
enzymes in the renal papilla may predispose this
area to injury by reactive oxygen species and lead to
papillary necrosis.>2

The brain also shows a differential pattern of ex-
pression of antioxidant enzymes along cell types
with a predominant neuronal expression of SOD-
1.3334 |n contrast, glutathione peroxidase and gluta-

Table 2.  Profile of the Selected Neurons
Region SOD-1* Transmitter NMDA receptors Metabolic rate
Spinal cord 0.084 = 0.038 Acetylcholine Low High
Oculomotor 0.088 + 0.037  Acetylcholine Low High
Substantia nigra (pars compacta) 0.099 + 0.039 Dopamine Low Low
Nucleus basalis 0.094 £ 0.030 Acetylcholine N/A N/A
Cortex, fifth layer 0.106 = 0.021  Glutamate/Aspartate High High
Purkinje cells 0.073 £ 0.017 GABA Low High
Hippocampus, H1 0.076 + 0.017  Glutamate/Aspartate High Low
Hippocampus, H2 0.097 = 0.014  Glutamate/Aspartate Moderate High

*Pooled mean regional SOD-1 mRNA levels expressed in grains/um?.
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Table 3.  Disease Vulnerability of Selected Neuronal Areas

Region SOD-1* ALS AD PD Hypoxia
Spinal cord 0.084 + 0.038 High 0 0 +/-
Oculomotor 0.088 = 0.037 Low 0 +/- Low
Substantia nigra 0.099 + 0.039 +/- +/= High 0

(pars compacta)

Nucleus basalis 0.094 = 0.030 0 High High 0
Cortex, fifth layer 0.106 = 0.021 0 High 0 Moderate
Purkinje cells 0.073 = 0.017 0 0 0 High
Hippocampus, H1 0.076 = 0.014 0 High 0 High
Hippocampus, H2 0.097 = 0.014 0 Low 0 Moderate

*Pooled mean regional SOD-1 mRNA levels expressed in grains/um?.

thione are exclusively astrocytic,®4-38 while SOD-2 is
present in both neurons and astrocytes.®® Our re-
sults show, however, that neurons as a whole exhibit
high levels of SOD-1 with only minor regional varia-
tions, consistent with the recent immunohistochemi-
cal study of Pardo et al.*®

Unlike the situation observed in the kidney, meta-
bolic differences between neurons correlate poorly
with SOD-1 expression (Table 2). One may predict a
higher expression in dopaminergic neurons where
the auto-oxidation of dopamine and its metabolism
by monoamine oxidase produces free radicals,
therefore exposing the cells to a larger oxidative
burden.*' Neuronal population with a high density of
NMDA receptors*? may also be expected to display
higher constitutive SOD-1 levels in view of their pre-
disposition to excitotoxic damage and subsequent
free radical production. The relatively uniform ex-
pression of SOD-1 may result from the fact that all
neurons share a similarly high level of aerobic me-
tabolism*® and that, notwithstanding regional differ-
ences,** they perform a single function, that of sig-
naling.

Our results show clearly that the constitutive level
of SOD-1 expression does not underlie the pattern of
neuronal selectivity to neurodegeneration (Table 3).
In ALS, eg, a-motor neurons are most vulnerable to
degeneration, while motor neurons of the oculomotor
nucleus are relatively resistant and other cell types
are virtually unaffected.*® This pattern of vulnerability
is certainly not explained by the constitutive expres-
sion of SOD-1 and must therefore result from other,
as yet undefined factors. A similar lack of correlation
is also observed for AD*® and idiopathic PD*” (Table
3). In fact, neuronal populations exposed to an in-
creased oxidative burden appear able to compen-
sate for this insult by upregulating the expression of
antioxidant enzymes such as SOD-1 in sporadic
ALS," heme oxygenase-1 in AD,?® and SOD-1 and
SOD-2 in PD.“84% |n contrast, consistently lower
SOD-1 levels are observed in Sommer's sector (H1)

and Purkinje cells of the cerebellum, a finding that
may contribute to their marked sensitivity to acute
ischemic-hypoxic injury.%°

The selective vulnerability of neurons to hypoxia
and neurodegeneration is likely to result from the
interaction of several factors including the ability of
the neurons to cope with oxidant stresses. The latter
in turn depends on the interaction of several antiox-
idant enzymes and molecules including SOD-1. Fur-
ther studies are needed to determine the status of
other antioxidant molecules in the human brain in
health and disease, as well as other metabolic fac-
tors that may predispose selected neuronal popula-
tions to cellular dysfunction and death.
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