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Abstract

Parkinson’s disease (PD) is a neurodegenerative movement disorder involving the selective loss of dopamine-producing neurons
in the substantia nigra (SN). Differences in disease presentation, prevalence, and age of onset have been reported between males
and females with PD. The content and composition of the major glycosphingolipids, phospholipids, and cholesterol were
evaluated in the SN from 12 PD subjects and in 18 age-matched, neurologically normal controls. Total SN ganglioside sialic
acid content and water content (%) were significantly lower in the male PD subjects than in the male controls. The content of all
major gangliosides were reduced in the male PD subjects to some degree, but the neuronal-enriched gangliosides, GDla and
GTI1b, were most significantly reduced. The distribution of phosphatidylethanolamine, phosphatidylcholine, and phosphatidyli-
nositol was also significantly lower in the male PD subjects than in the male controls. However, the distribution of myelin-
enriched cerebrosides and sulfatides was significantly higher in the male PD subjects than in the male controls suggesting myelin
sparing in the male PD subjects. No elevation was detected for astrocytosis-linked GD3. These neurochemical changes provide
evidence of selective neuronal loss in SN of the males with PD without robust astrocytosis. In contrast to the SN lipid
abnormalities found in the male PD subjects, no significant abnormalities were found in the female PD subjects for SN water
content or for any major SN lipids. These data indicate sex-related differences in SN lipid abnormalities in PD.
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Intr ion . - .
troductio females: Male sex is a significant risk factor for PD

Parkinson’s disease (PD) is a progressive neurodegenera-
tive disorder characterized primarily by a loss of substan-
tia nigra pars compacta (SNc¢) dopamine-producing
neurons and a significant loss of dopamine in the primary
target structures of the SNc, the caudate nucleus, and the
putamen (Waters et al., 1988; Jellinger, 1991). The etiology
and pathogenesis of PD is complex and not completely
known; however, dysfunction of mitochondria, increased
oxidative stress resulting in multiple forms of oxidative
damage, and defects in the ubiquitin-proteasome system
(leading to an increase in misfolded proteins) are often
discussed as significant factors contributing to damage of
SN neurons in PD patients (Doria et al., 2016). Most
likely, a combination of these and other factors contribute
to the development of PD.

A significant sex effect has been reported for PD. The
incidence and prevalence of PD differ between males and

(Baldereschi et al., 2000; Van Den Eeden et al., 2003;
Shulman and Bhat, 2006), with estimates that up to
1.5 to 2 times as many males than females develop PD
(Elbaz et al., 2002; Wooten et al., 2004). Sex differences
in the clinical manifestations of PD have also been
reported and may influence disease course, response to
medications, and quality of life (Baba et al., 2005; Behari
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et al., 2005; Hristova et al., 2009). In a study of 1,264
patients with PD, men had worse rigidity scores on the
Unified Parkinson’s Disease Rating Scale while women
had worse postural instability scores (Baba et al., 2005).
Other studies have shown that women are more likely
than men to present with tremor at PD onset, which
may be associated with a more benign disease phenotype
(Haaxma et al., 2007; Gillies et al., 2014). However,
several studies have reported that female sex is an inde-
pendent risk factor for the development of levodopa-
induced dyskinesias (Warren Olanow et al., 2013;
Scott et al., 2016). Thus, although sex differences in PD
phenotype exist, they are complex and not entirely con-
sistent across studies.

Substantia nigra cell loss in PD appears to be corre-
lated with disease duration and severity regardless of sex
(Fearnley and Lees, 1991; Hughes et al., 1993; Braak
et al., 2003). While studies in animals suggest that there
may be more dopamine neurons in female SN than in
male SN (Cantuti-Castelvetri et al., 2007), this has
not been demonstrated in humans. In a study of dopa-
mine neurons microdissected from the SN from male
and female PD subjects, sex-related differences in gene
expression patterns in residual dopamine neurons were
reported (Cantuti-Castelvetri et al., 2007). Although fac-
tors underlying the sex differences in dopamine neuron
gene expression patterns are unclear, both hormonal and
nonhormonal factors have been suggested as possible
contributors (Cantuti-Castelvetri et al., 2007).

Abnormalities in the content and composition of var-
ious lipids have been reported in subjects with PD.
Gangliosides are a family of sialic-acid-containing
glycosphingolipids that are enriched in neuronal mem-
branes of the central nervous system (CNS; Derry and
Wolfe, 1967; Ledeen, 1985; Svennerholm et al., 1989).
Gangliosides are excellent biochemical markers for
assessing changes in neural composition. Reductions in
ganglioside GM 1, using a cholera toxin immunostaining
procedure, have been reported in the SN in PD subjects,
potentially involving dopamine and non-dopamine cells
(Wu et al., 2012; Hadaczek et al., 2015). Ganglioside
GD3 is enriched in reactive astrocytes and is indicative
of reactive astrocytosis in association with neuronal
degeneration in the mature CNS (Seyfried et al., 1984;
Seyfried and Yu, 1985). Alterations in the content and
composition of gangliosides can provide insight on the
structural integrity of synaptic, axonal, and glial cell
membranes (Seyfried et al., 1982; Seyfried and Yu,
1985; Benjamins et al., 2012). Reductions in gangliosides
GM1 and GDla were found in occipital lobe of PD
subjects using a cholera toxin immunostaining procedure
(Hadaczek et al., 2015). In addition to changes in
gangliosides, elevations of sphingomyelin, linked to its
presence in Lewy bodies, and reductions in phosphatidyl-
ethanolamine (PE) and phosphatidylcholine (PC), linked

to abnormalities in dopaminergic neurons, were reported
previously in SN of PD subjects (den Jager, 1969;
Riekkinen et al., 1975). Our study presents the first neu-
rochemical analysis on the content and composition of
glycolipids, phospholipids, and cholesterol in SN from a
cohort of male and female PD subjects. The lipid abnor-
malities found in the male PD subjects were not found in
the female PD subjects.

Materials and Methods

Brain Tissues

Coded or anonymous biological specimens were obtained
through the NIH NeuroBioBank and sourced from the
NICHD Brain and Tissue Bank for Developmental
Disorders at the University of Maryland, Baltimore,
MD, and from the Human Brain and Spinal Fluid
Resource Center, VA, West Los Angeles Healthcare
Center, 11301 Wilshire Blvd., Los Angeles, CA, which
is sponsored by NINDS/NIMH, the National Multiple
Sclerosis Society, and the Department of Veterans
Affairs, and the Harvard Brain Tissue Resource Center,
which is supported in part by HHSN-271-2013-00030C.
The clinical diagnosis of Parkinson’s disease was con-
firmed at autopsy by presence of gross depigmentation
of the SN and microscopic confirmation of SN cell loss
and presence of Lewy bodies in the SN and normal find-
ings in other brain regions sampled. Frozen tissue blocks
containing the SN were stored at —80°C and warmed to
—20°C, and samples containing the SNc were dissected
from the blocks, placed in sterile Eppendorf tubes, and
then rapidly refrozen in powdered dry ice. Standard BL2
procedures for handling human tissues were observed.

Lipid Isolation and Purification

Total lipids were isolated and purified from lyophilized SN
samples by using modifications of previously described
procedures (Seyfried et al., 1978; Hauser et al., 2004;
Denny et al., 2006). Lyophilized tissues were transferred
into 50 mL glass screw capped test tubes and rehydrated
with 0.5 mL of dH,O. Lipids were extracted from the
tissue by adding 5 mL CHCI3;:CH;OH (1:1, v/v) and sam-
ples were placed on a magnetic stirrer at room tempera-
ture overnight (Hauser et al.,, 2004). Samples were
centrifuged at 2500 r/min for 20 min, and the supernatant
was collected. The pellet and stirring bar were washed in
2.0 mL CHCI;:CHsOH (1:1, v/v), centrifuged again, and
the second supernatant was added to the first. The super-
natant was brought up to 19.6 mL at a ratio of 30:60:8
CHCl;3:CH30H:dH,0 (v/v/v).

Neutral lipids were separated from acidic lipids and
gangliosides using DEAE Sephadex (A-25, GE
Healthcare, Uppsala, Sweden) column chromatography
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as described previously (Denny et al., 2006). The total
lipid mixture was applied to a DEAE-Sephadex column
with a bed volume of 1.2 mL. Neutral lipids were eluted
from the column with 20 mL of Solvent A, as previously
described (Seyfried et al., 1978). This fraction contained
cholesterol, phosphatidylcholine (PC), phosphatidyletha-
nolamine (PE), ceramide, sphingomyelin, and cerebro-
sides. Acidic lipids and gangliosides were then eluted
from the column with 30 mL of Solvent B. Neutral
lipids were dried by rotary evaporation and resuspended
in 10 mL CHCI;:CH;OH 2:1 (v/v). The acidic lipid frac-
tion containing gangliosides was dried and separated into
acidic lipids and gangliosides by Folch partitioning
(Folch et al., 1957; Kasperzyk et al., 2005; Akgoc et al.,
2015). Once separated, the upper phase containing the
gangliosides (GM3, GM2, GM1, GD3, GDla, GTla,
GD1b, GT1b, and GQ1b) and the lower phase contain-
ing the acidic phospholipids lipids and sulfatides were
dried under nitrogen and resuspended in 10 mL CHCl;:
CH;O0H 2:1 (v/v).

The resorcinol assay was used to analyze sialic acid con-
tent in the ganglioside fraction as previously described
(Svennerholm, 1957, Miettinen and Takki-Luukkainen,
1959; Hauser et al., 2004). Dried gangliosides were base
treated with 1.0 mL of 0.15 N NaOH at 37°C for 90
min. Salts were removed from the samples using C18
reverse-phase Bond Elute column as previously described
(Williams and McCluer, 1980; Hauser et al., 2004).
Gangliosides were resuspended in 5.0 mL CHCIl;:CH;0OH
1:1 (v/v) and an aliquot was analyzed for sialic acid content.

High-Performance Thin-Layer Chromatography

All lipids were evaluated qualitatively with high-
performance thin-layer chromatography (HPTLC) as
previously described (Ando et al., 1978; Macala et al.,
1983; Kasperzyk et al., 2005; Denny et al., 2006). These
are highly sensitive procedures for the quantitative and
quantitative analysis of all major brain lipids. Each lane
was spotted with 1.5 pg sialic acid for gangliosides, 35 ug
of dry weight for neutral lipids, and 100 pg of dry weight
for acidic lipids. Purified lipid standards were purchased
from Matreya Inc. (Pleasant Gap, PA, USA) or Sigma
(St Louis, MO, USA) or were a gift from Dr. Robert Yu
(Medical College of Georgia, Augusta, GA, USA).
To enhance precision, oleyl alcohol was added as an
internal standard to the neutral and acidic lipid standards
and samples. Lipids were spotted on 10 x 20 cm Silica gel
HPTLC plates (E. Merck, Darmstadt, Germany) using a
Camag Linomat V semiautomatic TLC spotter (Camag
Scientific Inc., Wilmington, NC). Plates were developed
as previously described (Hauser et al., 2004). The quan-
tification of individual lipids was performed as previously
described (Arthur et al., 2013). Total brain ganglioside
distribution was normalized to 100%, and the percentage

distribution was used to calculate sialic acid concentra-
tion of each ganglioside. Neutral and acidic lipid density
values were normalized to the internal standard to calcu-
late individual lipid concentration.

Statistical Analysis

Two-tailed Student’s #-test was used to calculate statisti-
cal significance between controls and PD subjects within
each sex and to compare controls and PD subjects across
sex. Pearson’s product-moment correlations were also
used to evaluate relationships between ganglioside con-
tent, brain water content, disecase duration, patient age,
and postmortem interval (PMI).

Results

This study is the first to present neurochemical data on
the content and composition of glycolipids, phospholi-
pids, and cholesterol in SN tissue from male and female
PD subjects and age-matched controls. There were no
significant differences between the ages or PMI for the
controls and PD subjects, but disease duration before
death was noticeably less for the female PD patients
than for the male PD patients (Table 1). A highly signif-
icant reduction in SN water content was observed
between the control males and the PD males (Table 1).
No difference in SN water content was observed between
the control females and the PD females. Total ganglioside
content was significantly lower by 23% in the PD males
than in the control males (Table 1). No significant differ-
ence for total ganglioside content was found between the
control females and the PD females (Table 1).
Gangliosides GD1a, GD1b, and GT1b were significantly
lower by 33%, 20%, and 32%, respectively, in the PD
males than in the control males (Table 2 and Figure 1).
None of the other differences in ganglioside distribution
reached statistical significance. A slight, but nonsignificant
elevation was seen for GD3 distribution in the PD males.
In the control subjects, only GD1a levels were significantly
different between males and females, with levels in control
males approximately 52% higher than in control females
(p=.0496). It is important to mention that a similar
amount of total gangliosides was spotted (1.5 pg) for
each sample on the HPTLC shown in Figure 1(a). This
is done to reveal qualitative differences in distribution and
not quantitative differences, which are determined from
the density of each ganglioside band relative to the total
amount of gangliosides in the tissue. No significant qual-
itative or quantitative differences were found between the
control females and PD females for the distribution of any
ganglioside species (Table 2). A highly significant correla-
tion was found between total SN ganglioside content
(1g/100 mg dry weight) and SN water content both
within sexes and across sexes (r=0.78, p<.00001). No
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Table |. Total SN Ganglioside Concentration, Water Content, and Disease Duration in Male and Female Control and

PD Subjects.
Disease Total ganglioside
Age duration PMI Wet Water sialic acid
Subjects (years) (years) (hr) Wt (mg) content (%) (1g/100 mg dry wt)
Male control
| 57 NA 24 439 76.0 245
2 76 NA 16 68.8 77.0 265
3 80 NA 14 38.2 77.9 275
4 76 NA I 35.7 77.6 220
5 79 NA 10 44.0 82.1 345
6 76 NA 16 30.6 77.5 268
7 80 NA 14 314 77.7 272
8 84 NA 12 18.1 78.5 246
9 70 NA 12 42.6 76.1 204
10 78 NA 5 61.8 78.6 188
Mean 75.6+2.4 1342 415447 779405 25284 14.0
Male PD
| 75 UK 6 774 72.2 180
2 71 16 22 115.9 73.0 173
3 67 10 10 63.6 75.0 222
4 82 13 13 47.7 74.8 190
5 95 13 10 106.1 76.1 203
6 83 29 7 60.8 75.5 170
7 76 UK 16 339 76.4 227
Mean 784+35 16.2+3.3 12+2 722+11.3 74.7 £ 0.6%* 195.0 £ 8.7+
Female control
| 74 NA 12 58.6 75.3 207
2 75 NA 15 86.8 76.8 161
3 80 NA 10 65.8 78.6 273
4 64 NA 20 51.9 79.8 286
5 74 NA 12 30.5 74.1 149
6 71 NA 24 79.5 74.8 161
7 69 NA 25 56.4 77.8 243
8 74 NA 12 98.2 76.3 190
Mean 726+ 1.7 16+2 66.0+7.6 76.7 £0.7 208.8+18.8
Female PD
| 72 6 15 44.0 75.2 200
2 65 3 15 51.5 79.2 237
3 76 13 14 65.5 78.6 246
4 85 UK I 825 74.1 133
5 8l 5 27 63.0 79.2 228
Mean 75.8+35 68+22 16 +3 61.3+6.6 773+ 1.1 208.8+20.5

Note. Values represent the mean + SEM. Asterisks indicate significant difference from same sex controls at *p < .01 as determined by

the two-tailed t test.

SN = substantia nigra; PMI = postmortem interval; NA= not applicable, UK= unknown.

significant correlations were found either within sexes or
across sexes for ganglioside content, PMI, disease dura-
tion, or age. Also, either no correlation or only marginal
correlations were found between age and disease duration
or between PMI and disease duration.

The distribution of the individual SN neutral lipids
and acidic lipids is shown in Figure 1(b) and (c) and in
Table 3. The levels of PC, sulfatides, and PS were signif-
icantly higher in male controls than in female controls
(p=.0294, .0292, and .0017, respectively) and the levels

of PE and PA trended lower in male controls than in
females (p=.0522, .0545, respectively). The levels of
PE, PC, and phosphatidylinositol (PI) were significantly
lower, whereas the level of sphingomyelin was significant-
ly higher in male PD subjects than in the control males
(Table 3). The relative levels of the myelin-enriched cer-
ebrosides and sulfatides were significantly higher in the
PD males than in the control males (Table 3). No other
statistically significant lipid abnormalities were found in
distribution of neutral lipids or acidic lipids in the male
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Table 2. Distribution of SN Gangliosides in Male and Female Control and PD Subjects.

Males Females
Gangliosides Ctl, n=10 PD, n=7 Ctl, n=8 PD, n=5
GM3 32+0.3 32+0.3 1.8+0.6 1.7+ 1.1
GM2 5.7+0.5 49+03 37+1.5 20+1.3
GMI 41.7+22 374+ 1.8 37.1+£3.6 36.9+4.2
GD3 1944+ 1.7 184+ 1.5 188+24 19.24+2.1
GDIla 78.1 £6.7 52.2 £ 3.6%* 513+11.4 505+ 11.3
GTla 79+0.6 72+0.6 7.1 04 7.7+0.5
GDIb 423+2.6 33.74+2.1* 399+1.5 423 +3.0
GTIb 443 +3.3 30.3 4 |.9%* 38.5+ 1.54 379+3.0
GQIb 1024 1.1 784+0.6 10.5+0.6 10.6 +-0.5

Note. All values are expressed as 11ig/100 mg dry weight sialic acid/mg dry weight and represent the mean 4= SEM. The
asterisks indicate significant difference from controls of the same sex at *p < .05 and at **p < .0l as determined by the

two-tailed t test. SN = substantia nigra.

PD subjects. No significant abnormalities were found for
the distribution for any major neutral lipid or acidic lipid
in the female PD subjects. Cholesterol content was sim-
ilar in PD males and females and not different from the
controls. No significant correlation was found between
age and the content of any lipid in either control or PD
subjects of either gender (data not shown).

Discussion

Gangliosides are sensitive biochemical indicators of the
functional integrity of neuronal plasma membranes
(Seyfried et al., 1982; Seyfried et al., 1984; Ledeen,
1985; Seyfried and Yu, 1985; Schnaar, 2016). The total
ganglioside content found in the SN of the combined
male and female controls is in general agreement with
that reported previously in this brain region in humans
(Kracun et al., 1992). The significant reduction in total
ganglioside content in the PD males coupled with the
significant reductions in the neuronal- or synaptic-
enriched gangliosides GDla and GTl1b are consistent
with significant neuronal loss in the SN of these subjects.
Loss of dopaminergic neurons in the SN is the hallmark
pathological feature of PD, regardless of sex (Braak
et al., 2003). Thus, considering the significant changes
in ganglioside expression in male PD subjects compared
with male controls, the lack of change in ganglioside
expression in PD females was surprising.

Significant reductions of GM1 in PD SN have been
observed in tissue sections from subjects of both sexes,
with no mention of any possible differences in the
number of cells expressing GM1 between males and
females (Wu et al., 2012; Hadaczek et al., 2015).
Significant reductions in GM1 and GDIla in PD subjects
of both sexes (again with no mention of any sex-related
differences in ganglioside expression) were also observed
in occipital cortex, a brain region not known to show any

significant neurodegeneration in PD (Hadaczek et al.,
2015). In the current study, we observed a significant
decrease in GD1la and GT1b and a smaller decrease in
GM1 in males with PD. The lack of change in ganglio-
side levels in female PD subjects is surprising and difficult
to explain at this point. It is interesting, however, that
disease duration before death was noticeably less in the
female patients than in the male patients. It is unclear if
the shortened disease duration could explain in part the
failure to detect significant changes in SN lipids of the
female PD patients whom we evaluated. Although previ-
ous studies suggested that substantia nigra cell loss in PD
appeared to be correlated with disease duration and
severity regardless of sex (Fearnley and Lees, 1991;
Hughes et al., 1993; Braak et al., 2003), no significant
correlation was found between SN ganglioside content
and disease duration either within or between sexes in
our study. Future studies will be needed to determine if
lipid abnormalities differ between early- and late-stage
PD males, and whether early stage males might also
differ from early stage females.

No significant change in GD3 distribution was seen in
the SN in male or female PD subjects studied. In normal
adult human brain, GM1 and GDIb, and to a lesser
extent GM2 and GD3, are expressed on astrocytes
(Marconi et al., 2005). Ganglioside GD3 becomes elevat-
ed in association with the reactive astrocytosis and the
neurodegeneration seen in Alzheimer’s disease, in
Huntington’s disease, and in murine cerebellar mutants
(Seyfried and Yu, 1985; Goldman and Reynolds, 1996;
Desplats et al., 2007). In many, but not all cases of PD,
there is a mild increase in the number of astrocytes with a
relative lack of reactive astrocytosis in PD SN (Forno
et al., 1992). Astrocytes have been suggested to have a
potential neuroprotective role in PD, with density of
GFAP-positive astrocytes inversely related to the magni-
tude of SN dopamine cell loss (Teismann and Schulz,
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Figure I. (a) HPTLC of gangliosides in substantia nigra (SN) samples from male control and PD subjects. The amount of ganglioside
sialic acid spotted per lane was equivalent to approximately 1.5 pg. The plate was developed by a single ascending run with CHCI3:CH;OH:
dH,O (55:45:10 by vol) containing 0.02% CaCl,-2H,0O. The bands were visualized with the resorcinol-HCI spray, as described
previously (Hauser et al., 2004). HPTLC of SN neutral lipids (b) and acidic lipids (c) in male control and PD subjects. The amount of
neutral lipids and acidic lipids spotted per lane was equivalent to approximately 35 pg and 100 pg tissue dry weight, respectively. The
plates were developed as we described previously (Baek et al., 2009). The second PD sample in (c) was moved to its position from
another region on the same HPTLC, which explains the merge line seen on the plate. Neutral lipids include: CE = cholesteryl esters;
TG =triglycerides; IS = internal standard; C = cholesterol; Cer = ceramide; CB = cerebrosides (doublet); PE = phosphatidylethanolamine;
PC = phosphatidylcholine; SM = sphingomyelin. As the zwitterionic lipids (PC, PE, and SM) elute with the neutral lipids, they are included in
this group. Acidic lipids include: FA = fatty acids; IS = internal standard; CL = cardiolipin; PA = phosphatidic acid; SULF = sulfatides (dou-

blet); PS = phosphatidylserine; Pl = phosphatidylinositol.

2004). The absence of significant changes in GD3 is con-
sistent with the absence of reactive astrocytosis, as previ-
ously reported in the SN of PD subjects and animal
models (Mirza et al., 2000; Song et al., 2009).

The reductions that we observed for the levels of phos-
phatidylethanolamine and phosphatidylcholine in the
male PD subjects are consistent with findings previously
reported for these lipids in the SN of PD subjects

(Riekkinen et al., 1975). The reductions in these phos-
pholipids were considered reflections of the deficiency
of dopamine and loss of dopaminergic neurons in the
SN of subjects with PD (Riekkinen et al., 1975). The
elevation we observed for the distribution of sphingo-
myelin in the male PD subjects is also consistent with
data previously reported for this lipid in the SN of PD
subjects. The elevation of sphingomyelin in the SN of PD
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Table 3. Distribution of SN Neutral and Acidic Lipids in Male and Female Control and PD Subjects.

Males Females
Lipids® Ctl, =10 PD, n=7 Ctl, n=8 PD, n=5
Neutral
Cholesterol 23.3+0.3 23.6 £0.3 23.7+0.7 242 +04
Ceramides 8.1 +0.3 7.7+02 7.3+£03 7.1 £0.5
Cerebrosides 256405 27.6 +0.5%* 27.04+0.7 27.1 0.4
Phosphatidylethanolamine 148 £0.1 13.9 +£0.2%F 155+£0.3 157 £0.7
Phosphatidylcholine 17.6 +0.3 15.3 +0.6%* 149+1.2 142 4+0.7
Sphingomyelin 1.1 +0.2 12.0 +0.3* 11.2+0.5 11.74+0.6
Acidic
Cardiolipin 55407 5.8+0.9 6.3+0.6 64+12
Phosphatidic Acid 1.0+0.3 1.2+04 28+09 344 1.1
Sulfatides 383+09 41.7 +1.0*% 326+24 27.3+5.0
Phosphatidylserine 40.5+0.5 39.8+0.8 37.5+£0.6 38.7+0.7
Phosphatidylinositol 148 +0.6 I1.5+0.8% 132+ 1.6 99+ 1.4

?Determined from densitometric scanning of HPTLC plates, as shown in Figure |. All values are expressed as percents
and represent the mean & SEM. The asterisks indicate significant difference from controls of the same sex at *p <.05

and at *p <.0| as determined by the two-tailed t test.

subjects has been attributed to its enrichment in Lewy
bodies and potentially to a-synuclein production
(den Jager, 1969; Kim and Halliday, 2012). The reason
for the lack of increase in sphingomyelin in female PD
subjects remains unclear.

We also found that SN water content was significantly
lower in the PD males than in the control males. Water
content is tightly regulated in the brain, is critical for
brain function, and is higher in neuron-rich gray matter
than in neuron-poor white matter, which contains the
relatively dehydrated myelin (Seyfried et al.,, 1979;
Seyfried and Yu, 1980; Benjamins et al., 2012). We also
found that SN ganglioside content was highly correlated
with SN water content both within and across sexes.
The higher is the water content, the higher is the gangli-
oside content. Dopaminergic neuron loss, without myelin
loss, will reduce gray matter thus altering the ratio of
gray matter to white matter in the SN. Consequently,
lipids enriched in myelin (cerebrosides and sulfatides)
will become differentially elevated in tissue samples con-
taining neuronal loss (Baek et al., 2009). This is consis-
tent with elevated levels of cerebrosides and sulfatides
seen in the SN of the PD males. The sparing of myelin
in the SN of PD males could also explain in part
the failure to see a significant loss of ganglioside GM1
in these subjects, as GM1 ganglioside is also enriched in
myelin (Seyfried and Yu, 1980). The enrichment of GM 1
in myelin could mask the reduction of GM1 that would
be present in dopaminergic neurons.

In contrast to the abnormalities that we found in SN
water content and lipids in the male PD subjects, no sig-
nificant abnormalities were found in the female PD sub-
jects for SN water content or for any major SN lipid.

Although no differences were found between control
females and PD females for SN gangliosides and water
content, ganglioside content was correlated with SN
water content across all females. Neuronal loss, however,
is not uniform throughout the SN of PD subjects and
neuronal loss is greater in posterior and ventrolateral
regions of the SNc, with the medially adjacent ventral
tegmental area relatively intact (Fearnley and Lees,
1991; Gibb and Lees, 1991; Braak et al., 2003). As we
were working with postmortem samples received from
brain banks, there was no control over the nature of
samples received, and the samples were not uniform in
regard to SN anatomy. However, that alone cannot
explain the differences in results obtained from male
and female PD samples, as it is unlikely that all of the
female PD samples were obtained from parts of the SN
that are less vulnerable to the PD disease process.
Although we do not have details of the clinical presenta-
tions of the disease in the cases we have examined, it is
possible that the female PD cases had significantly less
severe disease than the male cases. Considering the
absence of reductions in SN water content and in the
content of the neuronal- or synaptic-enriched ganglio-
sides GM1, GD1a, and GT1b in the female PD patients,
we cannot rule out the possibility that neuronal loss, of
an extent similar to that occurring in the male patients
and of an extent sufficient to produce the observed
changes in tissue water content and gangliosides, did
not occur in the five female PD patients that we studied.
Further studies will be needed to correlate severity of
clinical disease and numbers of residual neurons and
glial cell expression with lipid composition in male and
female PD SNc samples.
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Numerous studies have shown a strong sex effect on
PD. The higher level of estrogen expression in females
than in males and the potential neuroprotective effects of
estrogen are thought to at least partly underlie the differ-
ences in disease prevalence in males and females.
Although the female samples were obtained from
women several years past the age of menopause, a neuro-
protective effect of estrogen could have occurred at an
earlier age. Previous studies have shown that estrogen
can influence the content and composition of ganglio-
sides and other lipids in various tissues (Islam et al.,
1986; Dahiya et al., 1988). Estrogen administration
increased the levels of gangliosides in rat kidney and in
rabbit hippocampus, amygdala, and olfactory bulbs
(Islam et al., 1986; Dahiya et al., 1988). As at least
some gangliosides are neuroprotective and may be upre-
gulated in neurons in response to injury (Park et al.,
2016), it is possible that estrogen effects may at least
partially underlie the expression of normal ganglioside
levels in residual neurons in the female SN despite the
loss of dopaminergic neurons. Further studies will be
needed to determine the effects of estrogen on ganglio-
sides, phospholipids, and dopaminergic neurons in the
SN of PD males and females and in animal models
with PD. In summary, we present evidence showing sig-
nificant abnormalities in gangliosides, phospholipids,
and water content in the SN of male but not female
subjects with PD. Our conclusions must be tempered
somewhat due to the small sample sizes, especially for
the females. Additional research and larger sample sizes
will be necessary in order to confirm the findings.
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