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The cerebrospinal fluid (CSF) gangliosides GM1, GDla, GD1b, GT1b and GQlb
were measured using a highly sensitive enzyme-immunostaining technique, in 12
patients with Rett syndrome (RS) ranging in age from 2y to 10y, in age-matched
patients with various neurologic diseases (n=19) and in normal control subjects (n=
7). The method used proved to be highly sensitive; a standard curve was established
and we were able to obtain reliable assay results. Total CSF gangliosides varied
widely among normal controls (100~900 ng/ml CSF) as well as in those with
neurologic diseases (25 to 5,000 ng/ml CSF). No specific ganglioside pattern was
found in any of the disease groups, including RS. Although previous reports have
shown reductions in the levels of gangliosides in the RS brain, we found no evidence
of a predictable and constant pattern of reduced levels of any of the five major CSF
gangliotetraose series gangliosides in this syndrome; however, the amount of GDla
was reduced in five of the 12 RS patients, and the amount of GQlb+GT1b was
reduced in four as compared with the minimum value obtained in the control group.
Analysis of CSF ganglioside levels in RS patients revealed no differences between
ambulant and non-ambulant patients, nor were there any differences among patients
in different clinical stages. There was, however, a positive correlation between CSF
ganglioside levels, mainly the b-pathway gangliosides, and the presence and fre-
quency of seizures in some patients, including the one with febrile convulsion, those
in the acute stage of meningitis, two of the RS patients and some of those with
epileptic syndromes.

brain primarily in the ganglio family form. The

Introduction .
three major cell types, namely neurons,
Gangliosides are sialic acid-containing oligodendrocytes and astrocytes, contain gang-
glycosphingolipids found in virtually all verte- liosides and their concentrations are highest in
brate tissues?, which are concentrated in the mammalian neurons. These gangliosides play
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important roles in differentiation, syn-
aptogenesis, neurotransmission, regeneration of
neurons and bioelectrogenesis?.

Rett syndrome (RS) is a neurocdevelopmental
disorder of unknown etiology and pathogenesis
which has been observed almost exclusively in
girls, with a prevalence of 1:22,800 females®. An
X-linked dominant inheritance has been
suggested® but studies of the X-chromosome
have failed, to date, to show any common
abnormality. The mechanism of inheritance
involved remains unknown. No biological
marker is availabe and the diagnosis is made
based on established clinical criteria®.

The morphological changes in the central
nervous system (CNS) are relatively mild con-
sidering the severity of the clinical picture, the
main findings being a reduction in brain weight
without a marked decrease in the number of
neurons. This weight reduction might be due to
decreased dendritic branching of the neurons®.
Belichenko et al” recently reported their find-
ings showing a reduction in the number of
dendritic spines along with “naked spaces”
(dendritic lengths without dendritic spines),
asymmetrical reduction of oblique apical den-
drites and lack of an area specific dendritic
architecture in the pyramidal neurons. They
concluded that there is an interruption of spe-
cific cortical afferent pathways in RS. These
morphological changes may be related to the
known functions of gangliosides.

Previous findings in the RS cerebrum® and
cerebellum® have included reduced levels of the
ganglioseries gangliosides, (abbreviations for
gangliosides follow Svennerholm’s
nomenclature!®) GDla, a marker of dendritic
arborization, and GTlb, an important gang-
lioside functioning in neuronal maturation and
synaptogenesis in early life!V. Some gang-
liosides are secreted into the cerebrospinal fluid
(CSF) and, in the present study, we developed a
sensitive immunostaining method for detection
and quantification of individual gangliosides in
CSF. We measured the five major gang-
liotetraose series gangliosides in the CSF of RS
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patients, and compared the results with those of
normal and neurologic disease controls, in
order to identify possible correlations with
cerebral and cerebellar findings. We have also
sought possible specific ganglioside changes
that could serve as biochemical markers spe-
cific for RS. ‘

Materials and Methods

1. Subjects

All CSF samples were obtained, with the
informed consent of patients or their parents,
by lumbar puncture. Eleven of the RS patient
samples (#1 to 11) and one of the disease-control
samples (#39) were sent from Brazil, frozen and
kept in dry ice, without mishap. All twelve RS
patients were being followed by child neurolo-
gists and filled the clinical criteria for the
classical form of RS, and in five, clinical stag-
ing information (based on the criteria shown in
Table 1) was available. Twenty-six samples
obtained for differential diagnosis purposes
served as our normal and disease age-matched
controls.

Patients were classified into the following
five disease categories: Rett syndrome (12
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Fig. % Gang}iosides éMl, GI?la, GDl?), GT1b+GQ1lb and total gangliosides in relation to the
presence and absence of seizures
Replotted from Tables 2 and 3; 1. RS patients with seizures, 2. patients with epileptic
syndromes (other than West syndrome and lissencephaly cases), 3. control subjects, 4. RS
patients without seizures.

Horizontal lines represent mean values. Vertical lines represent SE.
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Table 1 Rett syndrome staging adapted from
Witt Engerstrom (1990)®

Stage I: Early onset stagnation
Onset age : 5 months to 1.5 years
Developmental progress delayed/early postural
delay
Dissociated development
“Bottom-shufflers”
Duration : weeks to months
Stage II: Rapid developmental regression
Onset age: 1—4 years
Loss of acquired skills: fine finger, babble/words,
active playing
Occasionally “in another world”
Eye contact preserved
Breathing problems yet modest
Seizures only in 15%
Mental deficiency appears
Duration : weeks to months, possibly 1 year
Stage III: Pseudostationary period
Onset : after passing stage II
“Wake up” period, some communicative restitution
apparently preserved ambulant ability
Inapparent, slow neuromotor regression
prominent hand apraxia/dyspraxia
Duration : years to decades
Stage III/IV : non-ambulant patients
Stage IV : Late motor deterioration
IV-A : previous walkers, now non-ambulant
IV-B : never ambulant
Complete wheelchair dependency
Severe disability : wasting and distal distorsions
Duration : decades

patients) convulsive disorders (11 patients),
CNS infectious diseases (3 patients, 4 CSF sam-
ples), other neurologic diseases (5 patients) and
control subjects (7 patients). Diagnosis and
some clinical data are summarized in Tables 2
and 3).

Differences among various diseases, clinical
pictures and stages were evaluated taking gang-
lioside levels into consideration. The method
developed as described below, was first applied
to normal control samples, and tested for its
reliability.

2. Methods
1) Ganglioside extraction

One ml of each CSF sample was thawed, and

gangliosides were then extracted three times

directly without lyophilization with a chloro-
form/methanol mixture. In the first step of the
extraction procedure, 4 ml chloroform/meth-
anol (2:1, v/v) were added to 1 ml of CSF and
the upper phase (A) obtained, which contained
gangliosides, was set aside. In the second step, 3
ml of methanol were mixed with the remaining
solution for the second extraction, and the
supernatant (B) obtained was combined with
the upper phase (A) obtained in the first step.
Finally, the third step consisted of adding 4 ml
of a chloroform/methanol mixture (1:2, v/v) to
the rest of the non-extracted solution and then
combining the supernatant obtained (C) with
the previously extracted material (A-+B)'?.
The extract obtained (A+B+C) was then
evaporated to dryness under a stream of N, gas
followed by alkaline hydrolysis with 0.5 M
methanol-KOH at 37°C for 1 h. After neutraliza-
tion with acetic acid, the sample was evaporat-
ed in a vacuum and the residue was dissolved in
500 xl of methanol, sonicated and centrifuged.
The clear supernatant was then applied to an
LH20 column twice and eluted with methanol.
The collected material was evaporated under a
stream of N, gas and redissolved in 1 ml of
chloroform/methanol (1:1, v/v). This method
yielded a ganglioside recovery rate of approxi-
mately 869 as assessed by orcinol staining.
2) Determination of gangliotetraose series
gangliosides by TLC-immunostaining
Thin-layer chromatography (TLC) plates
(HPTLC aluminum sheets with silica gel 60, #
5547, Merck) were activated at 90°C for 30 min,
and 5 ul of both the standard ganglioside
(Biosynth AG, Ganglioside Mix B, #14122
Staad/Switzerland) at eight different concen-
trations (from 7.8 ng/ml to 2 xg/ml), and sam-
ples dissolved in chloroform/methanol, as des-
cribed above, were applied on a 7 mm line.
Samples, diluted ten fold, were also applied,
such that all samples were assayed twice, to
confirm the technique’s reproducibility. After
being dried, the plates were developed with a
solvent system of CHCl;/MeOH/0.22% CaCl,
(55:45:10, v/v) for 20 min. The dried plates were
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Table 3 CSF gangliosides in RS

Patient [ Clal | e | Ambul GM1 GDla GD1b GT1b+GQlb Total
ng/ml CSF (%)

12 2y 1 - - 7.75(2.9) 71.27(26.5) 27.57(10.3) 163.94(61.1) 268.53
1 3y 10m | II.II/IV + - 3.91(3.9) 12.52(12.4) 14.1 (14.0) 70.26(69.7) 100.79
2 4y n.a. - - 6.54(3.8) 31.8 (18.5) 20.2 (11.7) 113.72(66.0) 172.26
3 4y 7m n.a. - + 2.5 (2.9 11.16(13.1) 12.69(14.9) 58.79(69.1) 85.14
4 5V n.a. — - 6.73(1.4) 45.5 ( 9.2) 73.89(14.9) 369.99(74.6) 496.11
5 6y 1I1/1V + - 6.42(0.3) 44.8 (1.8) 105.28( 4.3) 112,286.14(93.6) 1 2,442.64 1
6 6y n.a. ++ + 14.03(0.4) 41.07( 1.1) 129.05( 3.5) 1(3,494.11(95.0) * 3,678.26 1
7 6y n.a. + - 9.74(8.3) 37.21(31.6) 22.46(19.1) 48.31(41.0) 117.72
8 7y n.a. - - 3.98(4.6) 16.37(19.1) 13.27(15.5) 52.01(60.7) 85.63
9 8y IV-B + - 23.26(4.5)| 180.89(35.2) 1 143.35(27.9) 1 166.56(32.4) 514.06
10 8y na. - 6.72(7.3) 20.59(23.8) 16.88(19.5) 42.19(48.8) 86.38
11 10y IV-B + - 9.4 (1.6) 17.61( 3.0) 38.53( 6.7) 513.1(88.7) 578.64

Arrows show values above the maximum ganglioside levels obtained in the control group.
+ : Patient 6 has intractable seizures, n.a.: data not available.

then dipped in 0.1% poly (isobutyl metha-
crylate) in cyclohexane for 75 sec, completely
dried in a vacuum and treated with 0.1 units/ml
of neuraminidase from Clostridium perfringens
(Neuraminidase from C. perfringens type VI,
Sigma, N-3001) in 50 mM acetate buffer, pH
5.0, containing 0.15 M NaCl, for 90 min at 37°C.
The plates were then washed in phosphate-
buffered saline (PBS) (0.15 M sodium chloride,
0.01 M sodium phosphate, pH 7.4) and blocked
with 1% bovine serum albumin (BSA) (A-6793, #
42HO0146, Sigma) in PBS for 30 min. Each plate
was placed in a plastic bag containing cholera
toxin B subunit (choleragenoid 0.5 mg, #103A,
List Biol, Lab.) diluted in 1% BSA in PBS (1/
1,000) for 30 min, then washed with PBS and
soaked in 19 BSA in PBS. This step was
followed by the reaction with anticholera (goat
anti-choleragenoid, 11,6000 AU/ml, #703, List
Biol. Lab.) diluted in 1% BSA in PBS (1/300)
for 1 h, after which the plates were washed with
PBS. The plates were then overlaid with
biotinylated anti-goat IgG (BA 5000, Vector)

diluted in 19 BSA in PBS (1/300) for 1 h, -

washed with PBS and reacted for 1 h with the
avidin/biotin system kit (PK-4,000, Vectastatin
® ABC Kits, Vector) diluted in 195 BSA (1/100).
Coloring was obtained with 40 mg of O-
phenylenediamine and 400 gl of H,O, in 100 ml
of citrate-phosphate buffer, at pH 5.0 for 3 min,

followed by washing with PBS and drying of
the plates.

Individual ganglioside quantification was
achieved by densitometric scanning of the
plates.

Results

1. Detection and quantitation of individual
gangliosides on the TLC plates

Five gangliotetraose series gangliosides,
GM1, GD1a, GD1b, GT1b and GQ1b, were clear-
ly detected by this method (Fig. 3 and 4).
Although all five bands were clearly visible on
TLC plates, GT1b and GQ1b were often diffi-
cult to separate by densitometric scanning due
to their proximity. Thus the amounts presented
here represent the sum of these two gang-
liosides. Compared to the results described in
other studies!?*®, we obtained noticeably higher
levels of all five major CSF gangliosides, due to
the enhanced sensitivity of cholera toxin when
used with the avidin/biotin complex.

Three assays were done for each ganglioside,
but the quantification was based on the GM1
standard curve since it is the most reliable.
Quantification was possible in the range of 7.8
ng/ml to 125 ng/ml, and the minimal amount
detected with this method was 2 pg/ml for
GM1. Inter-assay variation was approximately
139, thus confirming reproducibility.
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Fig. 3 TLC immunostaining

1. Bacterial meningitis (#13), 2. Symptomatic localiz.-related epilepsy (#26), 3.
Rett syndrome (#5), 4. Control (#22), 5. West syndrome (#16), 6. Rett syndrome
(#3), 7. Lissencephaly (#28).

Samples 4, 5, 6 and 7 were assayed on a different day from samples 1, 2 and 3,
resulting in different migration, but the order of the five clearly visualized
gangliosides on the plate is identical.

5 6 7

GM1 »
GD1a>

Sk
b

Origin »

1 2

Fig. 4 Samples 1 (#13) and 2 (#14), obtained from
the patient with meningitis, in the acute (left) and
recovery (right) phases.

2. CSF gangliosides in control subjects

In most cases, GT1b+GQ1b constituted more
than half of the total gangliosides, and the
amounts of the remaining three gangliosides
were variable, although GM1 levels were gener-
ally lower than those of GDla and GD1b. No
age or sex-dependent variations were observed
in the total amount of gangliosides or the TLC
pattern. Total gangliosides ranged roughly
from 100 to 900 ng/ml CSF. Ganglioside levels
(in ng/ml CSF) as well as the mean+SE values
(Table 2) in this group were used to establish
the normal ranges for comparison with the
disease groups.

3. CSF gangliosides in children with neuro-
logic diseases

The total amounts and individual ganglioside
patterns varied widely from patient to patient,
even within the same disease category, indepen-
dently of age, and we observed no specific
abnormality in any of the groups in this study.
In the RS group, some patients showed values
outside, either above or below, the normal
range. In general, however, an increase exceed-
ing the maximum value of normal controls, was
observed in the disease groups, particularly in
patients with convulsive disorders or acute
infection of the CNS; two (#5 and 6) out of six
RS patients with convulsive disorders, five (#20,
25, 26, 27 and 36) out of 11 patients with epilep-
tic syndromes and all three (#13, 19 and 33)
patients with bacterial or aseptic meningitis in
the acute stage. This increase was attributable
mainly to the GQlb+GT1b fraction, which
accounted for 80~959% of total gangliosides.
The other gangliosides were within normal
limits or mildly increased in these cases.

Total gangliosides were lower than control
minimum levels in some patients: three (#3, 8
and 10) out of 12 RS patients, the patient with
West syndrome (#16), the patient with lissence-
phaly (#28) and the patient in the recovery stage
of aseptic meningitis (#14), who had showed a
marked increase in the acute stage of the dis-
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ease. The fractional distribution of gangliosides
was nearly normal in most of these patients,
except for GD1b and GQ1b+GT1b, which were
markedly decreased while GM1 and GDla were
relatively preserved. There was no specific
increase or decrease in a single ganglioside in
any patient in this study. GDla was reduced in
five (#1, 3, 8, 10 and 11) of the 12 RS patients,
and GQ1b+GT1b was reduced in four (#4, 5, 6
and 11) as compared with the minimum value
obtained in the control group.

Among the RS patients, the changes in CSF
gangliosides did not correlate with the stage or
severity of the disease, although the presence of
convulsive seizures seems to be related to
increases in GD1b #6 and 9) and GQ1b+GT1b
#5 and 6). The amount of GMI, the major
ganglioside in the human brain, was relatively
low in the CSF and showed no marked changes
in any of the RS patients, even in the presence
of intractable seizures. The same observation
was made in the majority of the patients in this
study. Increased GM1 levels were observed only
in the patient with papilledema due to pseudo-
tumor (#35) and in one of the patients in the
acute stage of meningitis (#33). Decreased GM1
levels were found only in the patient with lissen-
cephaly (#28).

Discussion

The presence of gangliosides in CSF is
believed to result from neuronal cell shedding
into the intercellular space and then to the CSF,
as part of a normal biological process'”. CSF
gangliosides are thus considered a reliable
reflection of the brain ganglioside composition,
and are much more easily obtained than brain
tissue.

There have been numerous reports on
intracellular gangliosides, but only a few on
CSF gangliosides'?'®'®® under physiological
and pathological conditions. However, there
are many difficulties in assaying gangliosides in
the CSF due to their low levels. Several differ-
ent methods have been attempted, and although
the detection sensitivity of new techniques has

increased steadily, the major problem has been
the reliability of these techniques as to gang-
lioside quantitative analysis. In this study, we
established a simple, sensitive and reproducible
method of detecting and quantitating individual
gangliosides utilizing immunostaining and TLC
separation. The present method allowed us to
assay amounts of CSF as small as 1 ml, with
good visualization of the five major CSF gang-
liosides on TLC plates. Standard curves made it
possible to quantitate the amounts of gang-
liosides present in the samples. We obtained
relatively high levels of total gangliosides with
the aforementioned technique, as compared to
other authors'?*® which we believe is due to its
greater sensitivity. As compared with other
ganglioside fractions studied with our new
method, GM1 seems to comprise a nearly con-
stant fraction of CSF gangliosides, although its
content varied to some extent in patients with
marked changes in other gangliosides. GM1 is
the major intracellular ganglioside in the
human nervous system, and there appears to be
a strong tendency to maintain a constant level,
even under pathological conditions causing
neuronal damage in neurologic patients.

RS is characterized by morphological
changes that reflect abnormalities in dendritic
formation and architecture. Thus, it is reason-
able to speculate that ganglioside abnormalities
may be present in the nervous system. Lekman
et al® mentioned some unpublished data which
showed low levels of GT1b and GDla in the
CSF of RS patients, In their studies, they also
found abnormal GT1b and GDla ganglioside
patterns in frontal, temporal and cerebellar
regions, patterns that were not present uniform-
ly in other parts of the brain. In our study, five
(#1, 3, 8, 10 and 11) of 12 RS patients showed
reductions in the levels of GDla as compared
with the minimum values of the control sub-
jects, whereas four (#3, 7, 8 and 10) had slightly
decreased levels of GQ1b -+ GTI1b. The three
patients (#3, 8 and 10) in which both fractions,
GDl1a and GQ1b + GT1b, were reduced had no
history of convulsive disorder. The CSF gang-
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lioside concentration is about 1/1000 that of the
brain, and a reduction in tissue gangliosides in
small areas of the brain, may not be accurately
reflected in CSF ganglioside levels. Further-
more an overall increase in CSF ganglioside
levels resulting from neuronal damage due to
convulsive disorders in RS, could contribute to
masking the possible CSF reflection of gang-
lioside reductions in some brain areas.

We studied CSF from patients with various
neurologic diseases. No disease-specific abnor-
mality has been found, to date, for any of the
pathological conditions studied here. Neverthe-
less, remarkable changes were detected in some
patients.

It is noteworthy that previous data on low
levels of CSF gangliosides in West syndrome
patients'® were confirmed in this study. The
West syndrome patient in our study, also
showed an abnormal ganglioside pattern: low
GD1b and GQ1b+GT1b, with preservation and
a relative increase in GDla. This finding may
not reflect the severity of convulsive seizures or
brain dysfunction, as many other patients with
severe and intractable epileptic syndromes
showed rather high CSF ganglioside concentra-
tions. Another patient with lissencephaly as-
sociated with symptomatic generalized epilepsy
also had a low CSF gantlioside content. The
increase in CSF ganglioside levels may result
from excessive shedding of damaged neuronal
cells. In some congenital dysgnetic disorders, a
previously established maturational distur-
bance may be related to decreased ganglioside
release from these cells.

An adult patient with aseptic meningitis was
studied in the acute and convalescent stages of
the disease (Fig. 4). It is noteworthy that
despite a marked increase in CSF gangliosides
due to the initial inflammatory process during
the active phase of meningitis, ganglioside
levels were markedly reduced during the recov-
ery phase (16 days after the onset of the dis-
ease). This change is probably explained by
acute neuronal damage followed by a transient
exhaustion resulting from excessive shedding
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and also from a subsequent redirection of gang-
lioside functions, which include maintaining
neuronal membranes and their biological func-
tions.

In conclusion, despite the many difficulties of
quantifying CSF gangliosides, we were able to
use a sensitive and reliable technique and found
that patients with convulsive disorders, in gen-
eral, showed increased ganglioside levels, main-
ly the b-pathway fractions. A marked increase
was also observed in patients in the acute phase
of meningitis with a subsequent decrease in the
recovery phase. This finding, to our knowledge,
has not been reported to date. We found no
evidence of a specific ganglioside pattern in RS
which could be used as a marker for the dis-
ease, except for the changes associated with the
presence of seizures, suggesting that gang-
liosides represent good markers for neuronal
damage.
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