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In 1976 it was reported that the brains of pa-
tients dying of Alzheimer’s disease are charac-
terized by a marked loss of cholinergic markers
in the cortex and hippocampus (cf. [1]). Sub-
sequently, proponents of the cholinergic hypo-
thesis of dementia suggested that the changes
which reflect damage to afferent pathways pro-
jecting from the basal forebrain make an im-
portant contribution to the intelectual decline
that is typical of Alzheimer’s disease (cf. [1 - 3]).
Moreover, changes in cholinergic neurons of
the forebrain nuclei have been described in
aging (cf. [4]), more subtle in comparison to
those in senile dementia of Alzheimer’s type,
but nevertheless relevant.

Although it is now well known that several
neurotransmitter systems are impaired in Alz-
heimer’s disease as well as in aging, the cho-
linergic deficits are the most clearly defined
neurochemical abnormalities. Consequently,
great attention has been drawn to the search for
effective "cholinergic therapies”. Drawing
upon the analogy with Parkinson’s disease, in
which replacement therapy was strikingly suc-

cessful, the cholinomimetic therapies were first
proposed. Basically, four strategies were used
to correct the cholinergic deficits in patients.
These strategies are: precursor loading, the use
of cholinesterase inhibitors, the combination of
precursor loading and cholinesterase inhibi-
tion, and the administration of cholinergic
muscarinic agonists {5]. However, none of
these strategies seems to produce appreciable
clinical change in the cognitive function or cor-
rect the functional and behavioral deficits in
demented patients. In addition, the use of cho-
linergic drugs has been limited because of their
short duration of action and the occurrence of
disabling side effects. Thus, there is an urgent
need for an effective treatment which would
not only ameliorate the symptoms of dementia,
but prevent or at least slow down the progres-
sion of the disease.

There is increasing evidence that survival and
maintenance of function of chohnerglc neurons
in the central nervous system (CNS)! depends
on the presence of nerve growth factor (NGF)
(cf. [6, 7]). Thus, pharmacological intervention
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aimed at enhancing or mimicking the action of
neuronotrophic factors, including NGF, could
prevent the progression of degeneration.

The interest in studying potential reparative
effects of gangliosides on brain cholinergic
neurons was prompted by the observations
made in early 1980’ies that ganglioside mixture
(GM1, GD1a, GD1b, GT1b ) facilitated the re-
covery of cholinergic parameters in the hippo-
campus of rats with septal nucleus lesions [8,
9]. This interest has been further highlighted by
the findings indicating the responsiveness of
cholinergic neurons to exogenous NGF, and
also by evidence from in vitro studies, pointing
to the cooperation between these two groups of

substances (cf. [6, 7, 10]). These findings sug- -

gested that administration of neurotrophic
agents like gangliosides, may be an alternative
to other, so far unsuccessful strategies to correct
the cholinergic deficiencies of the brain.

This short review deals with the action of
gangliosides on impaired magnocellular cho-
linergic neurons in some experimental lesion
model systems. Special emphasis is placed on
the evidence for synergistic effects of ganglio-
sides and NGF. Some of the proposed mechan-
isms by which gangliosides are effective in pro-
tecting cholinergic neurons against damage are
also explored.

Gangliosides: biology and general CNS pharma-
cology

Gangliosides are normal components of cellu-
lar membranes and are particularly abundant
in the CNS. Their hydrophobic tails (composed
of an amino-alcohol, sphingosine, and a fatty
acid) are incorporated into the neuronal mem-
brane while its glucidic parts, including one or
more sialic acids, protrude on the outside of the
cell (see Fig. 1, showing the structure of gan-
glioside GM1, with one sialic acid group).

Due to their location and orientation on the
cellular membranes gangliosides play an im-
portant part in modulation of receptor-medi-
ated signal transduction including the second
messenger systems, membrane enzyme activ-
ity and membrane permeability to ions, and
adhesion processes, e.g. cell-cell and cell-sub-
strate [10, 11].

For the first time, the neurotrophic activity of
gangliosides in vivo has been described in the
second half of the seventies, and concerned
their beneficial effects upon the injured periph-
eral nervous system (cf. [10]). These initial find-
ings were subsequently confirmed and ex-
tended by many neurobiologists, most of
whom used in their studies the mixture of four
main brain gangliosides (GM1, GD1a, GD1b,
GT1b).
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Fig. 1. The GM1 ganglioside with the hydrophobic ceramide moiety and the hydrophilic oligosaccharide
moiety containing neuraminic acid attached to the internal galactose residue.
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In the early 1980’s was began a detailed study
on the effects of systemically applied ganglio-
sides in the CNS following damage (8, 9]. Sub-
sequently, the single ganglioside, GM1 (Fig. 1),
was chosen for detailed study after the demon-
stration of: a) specific role played by endogen-
ous GM1 in various neuroplastic phenomena
during growth and in adult animals, b) the
ability of exogenous GM1 to facilitate the action
of neuronotrophic factors while antagonizing
neurotoxic effects in vitro (cf. [10, 12]), and ©)
ability of GM1 when given systemically, to
penetrate the CNS and reach there concentra-
tion comparable with those effective in vitro
[13, 14, 15]. In addition, an important role has
been attributed to GM1 in the regulation of the
neuritogenic processes of CNS neuronal devel-
opment and regeneration in the mature animal.
In adult animals, neuritic elongation has been
postulated to correlate with GM1 concentra-
tion on the cell mnembrane, suggesting that such
a compound may regulate reparative phe-
nomena.

From all these observations it has been con-
cluded that GM1 in the CNS is fundamental in
modulating neuronal responses to the extracel-
lular signals involved in the regulation of the
expression of neuronal plasticity phenomena,
of which neuritic growth is an example.

A large number of publications have ap-
peared over the last decade describing the ef-
fects of GM1 in different brain lesion models,
including traumatic, toxic or ischemic damage,

involving different neuronal types [10, 12, 16,
17]. The beneficial effects of GM1 treatment
were reflected in the recovery of a variety of
morphological, biochemical, functional and
behavioral parameters.

Both from the historical and practical point of
view the effects of gangliosides upon the dam-
aged cholinergic brain neurons attract major
attention.

Ganglioside GM1 in rescuing damaged choliner-
gic basal forebrain neurons

Because of the evidence implicating the basal
forebrain cholinergic system in the pathology
of Alzheimer’s disease (cf. [1 - 3]) and other
dementias, as well as in normal aging (cf. (2, 4]),
this system, in laboratory animals, may serve
as a model for the diseased state in humans.
Figure 2 shows a schematic representation of
the cholinergic basal forebrain (magnocellular)
system in rat.

The damage and destruction of cholinergic
neurons or the pathways in basal-cortical sys-
tem projecting from nucleus basalis magnocel-
lularis (NBM) to the cortex, or in septo-hippo-
campal system projecting from the septum to
the hippocampus, brought about by electro-
lytic, mechanical or neurotoxic lesions, give
rise to the conditions which mimick the cho-
linergic deficits in dementia and some of its
cognitive alterations. Although the neurode-
generative processes occurring in cholinergic
neurons in dementia and aging seem to be pro-

Fig. 2. Schematic repre-
sentation of the sagittal
section of the rat brain,
showing the pathways of -
the magnocellular cho-
linergic system origina-
ting from the basal fore-
brain nuclei.

. Ventricular space is shown
in black. Abbreviations: Cb,
cerebellum; Co, neocortex;
DB, diagonal band of Broca;
HB, hindbrain; Hi, hippo-
campus; Hy, hypothalamus;
MO, medulla oblongata;
NBM, nucleus basalis ma-
gnocellularis (of Meynert);
OB, olfactory bulb; Sp, sep-
tum; St, corpus striatum; Te,
‘optic tectum.
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gressing slowly, the end results are comparable
to those occurring in the more rapidly pro-
gressing neurodegenerative events in lesioned
experimental animals.

It was demonstrated for the first time in early
1980’s that ganglioside mixture prompted the
recovery of cholinergic fiber parameters, im-
paired due to anterograde degeneration of
these fibers in consequence of septal nucleus
lesions [8, 9]. A similar effect was observed
further in the same experimental paradigm,
when using a pure GM1 preparation [18]. Sub-
sequently, a similar effect was observed in a
septohippocampal pathway lesion model [19,
20, 21]. In these studies the effective dose of
GML1 has been established for intraperitoneal
or intramuscular injection, which, similarly as
it was found for other experimental paradigms,
was found to be between 20 and 30 mg/kg per
day.

Several other conditions for effective treat-
ment with gangliosides were established too,
for example the structural requirements con-
cerning the ganglioside molecule. On checking
the effect of various GM1 derivatives (e.g.

methyl ester or methyl-alcohol of GM1) it was
found that, in contrast to the situation in vitro,
the presence of a negative charge in the mole-
cule of ganglioside (cf. Fig. 1) is a prerequisite
of the in vivo effects [22, 23]. This fact may have
something to do with as yet unidentified re-
quirement for the penetration of the agent
through the blood-brain barrier.

It has also been found that the effect of GM1
at the target level is related to the magnitude of
the target’s denervation, although this was ob-
served only when the lesion spared a part of
connections [18].

In a model, in which various degrees of fiber
degeneration along the septotemporal axis of
hippocampus were produced by different le-
sions, the maximal effect of GM1 counteracting
impairment of cholinergic nerve fiber markers
was seen in the parts maximally denervated
[19,21] and Fig. 3. Asitis discussed further, this
result suggests the dependence of GM1 action
upon the level of injury-evoked endogenous
neurotrophic factors.

Other models in which anterograde degener-
ation of cortically projecting fibers with a con-
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Fig. 3. Effect of GM1 (30 mg/kg per day, i.p.) treatment upon choline acetyltransferase activity (ChAT) in
three consecutive hippocampal parts (HP 1, II, I11) along their septotemporal axis, 6 days after partial lesions
of the dorsal hippocampal afferents: left — after electrolytic lesion in supracallosal area, right — after knife

lesion of lateral fimbria.

As shown, the two lesions evoke a differential, mirror like, degree of degeneration of cholinergic fibers in particular parts
of the hippocampus, expressed in changes of ChAT activity. The effect of GM1 is seen in all hippocampal parts, but is
most pronounced in the most degenerated parts. Open bars, untreated; hatched, GM1 treated; * P < 0.05 and **P < 0.01

versus untreated (calculated from [22] and {20]).
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comitant loss of cholinergic markers and beha-
vioral deficits takes place, consisted in cyto-
toxic or electrolytic stereotaxic lesions of NBM.
In such models, similarly as in the described
above septo-hippocampal one, GM1 effects at
the target level (cortex) were demonstrated [24
- 29] including prevention of the decline in the
number of cholinergic parameters: ChAT activ-
ity (cf. Fig. 6), high affinity choline uptake and
ACh release. In addition, this treatment also
restored impaired behavioral performance
[29].

The lesions of the pathways and/or target
structures bring about profound retrograde de-
generative changes in the respective source of
innervation. It is to be kept in mind that the
involvement of cholinergic neurons in the nu-
cleus of Meynert in Alzheimer’s disease, could
be either a primary factor in the pathology, or
alternatively, a factor secondary to a primary
cortical lesion (cf. [1 - 3)). Thus, it is interesting
to observe retrograde changes in cholinergic
neurons occurring in such circumstances in
model conditions, and see whether GM1 could
prevent them. The lesions of septo-hippocam-
pal projections and, even more, a drastic inter-
vention such as the ablation of the whole target
(hippocampus) lead to retrograde changes in
the septum expressed by several manifesta-
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tions, as evidenced by morphometric and im-
munocytochemical studies, including the ap-
parent loss of the immunostaining for ChAT in
medial septal nuclei (Fig. 4) [30, 31]. These
changes are perhaps partly due to the actual
cell death and partly are a reflection of the
drastic cell shrinkage with diminished express-
ion of ChAT antigenic sites. GM1 administered
in such a model [30] (Fig. 4) attenuates the
changes and results in a considerable protec-
tion of cholinergic neurons.

An interesting model has been elaborated to
study the retrograde degenerative involve-
ment of cholinergic neurons in nucleus basalis
magnocellularis and their modulations by
pharmacological manipulation (cf. [10]). It has
been, namely, demonstrated that extensive de-
vascularizing (thus ischemic) neocortical le-
sions lead to retrograde damage of this nu-
cleus. Like in the septum, the retrograde
changes are expressed by several manifesta-
tions, including shrinkage in the cholinergic
neurons, loss of the neurites. In the NBM these
changes become apparent later than those ob-
served in the septum [32, 33]. Also functionally
the animals display behavioral abnormalities
[34]. These biochemical and anatomical de-
generative changes and their behavioral conse-
quences can be completely prevented in corti-
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Fig. 4. Photomicrograph of the rat medial septal nucleus stained for the immunohistochemical detection of

ChAT.

A, normal animal; B, following removal of the left hippocampus; note the marked loss of cholinergic cells from the left
medial septum; C, following removal of the left hippocampus in an animal receiving GM1; the majority of the cholinergic
cells in the left medial septum are preserved; x 35; L, left; (from {30], with permission).
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cally lesioned rats by administration intraperi-
toneally of 30 mg/kg per day of GM1 for 30
days beginning immediately postlesion [32 -
35], (cf. also [10]). Using this model, other ways
of GM1 administration were also applied. GM1
given i.c.v. in a dose of 5 mg/kg per day for 7
days resulted in significant improvement of
impaired cholinergic parameters [33]. Even
more spectacular improvement was obtained
with the use of microencapsulated GM1 [36],
(cf. Fig. 5). The decrease in ChAT activity, ChAT
immunoreactivity and cell shrinkage was
prevented. A vast amount of data was obtained
on rats, which by obvious reasons remain the
most common model for different manipula-
tions involving drug effects. It has to be
stressed, however, that very recently [37] it was
demonstrated that as in rodent NBM, magno-
cellular ChAT and the p75 NGF receptor — im-
munoreactive neurons of nonhuman primate
NBM, undergo degeneration after neocortical
ischemic injury, and that complete protection
against these changes has been achieved by
GM]1 treatment. Moreover, it has been found
that GM1 treatment is able to avert degenera-
tive changes in these NBM neurons for an ex-
tended time, at least six months after neocorti-
cal lesioning.

It has to be mentioned that GM1 is not always
protective against the lesion-induced impair-
ments. This holds for some kinds of neurotoxic
damage, although GM1 exerted positive effects
in cases of ibotenic acid [29], colchicine [38] or
vincristine [27] neurotoxicity. For example, it
has been demonstrated that GM1, at the same
doses which protected against the effect of de-
vascularization was inactive against the retro-
grade degeneration of the basal forebrain cho-
linergic neurons induced by cortical applica-
tion of kainic acid [39]. This lack of effeci
indicated that GM1 requires "permissive con-
ditions" in order to exert its reparative function
(see discussion in the next section). GM1 also
failed to prevent NBM degeneration in corti-
cally [40] and NBM [29] lesioned aged rats; this
could result from the diminished production of
endogenous neurotrophic factors in these con-
ditions, thus on the lack of sufficient "per-
missive conditions". On the other hand, it has
been recently described [41] that GM1 treat-
ment significantly enhanced the declined high
affinity choline uptake in the hippocampusand
striatum, but not in the cortex in senescent rats.

Fig. 5. The effect of microencapsulated GM1 treat-
ment on the morphology of cholinergic neurons in

the NBM.

Photomicrographs of representative fields of the NBM
ChAT immunoreactive neurons from the control (A),
lesioned (B), and lesioned, GM1 treated (C). Bars =20 um.
Animals were perfused with 4% paraformaldehyde 30
days postoperatively (from [36], with permission).

In general, it seems that GM1 is usually effec-
tive only when there is an injury or an ongoing
degenerative, or progressing (as in develop-
ment) process, provided that the "permissive
conditions" are maintained (see further).
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Cooperative effects of GM1 and NGF in res-
cuing magnocellular cholinergic neurons: con-
siderations on the mechanisms

The results obtained with GM1 are com-
parable to those ensuing from the i.c.v. admin-
istration of NGF in analogous situations [42 -
44), (cf. also [6, 7]) ,(cf. Fig. 6 and Table 1).

sioned place have been recapitulated in the
non-human primate [45].

Although there is still no definite information
on the nature of the synergistic effects of NGF
and GM1, several mechanisms may be postu-
lated [28, 29, 33, 45], (cf. also [ 10]). The interac-
tion of the ganglioside with endogenous tro-

Table 1
Effect of various doses of GM1 administered in combination with NGF on ChAT activity in the NBM of
rats 30 days after unilateral decortication

Experiment with effective’ dose of | Experiment with ineffective” dose of
Group GM1 GM1
ChAT activity (% of control) ChAT activity (% of control)
Lesion + vehicle 54* 65*
Lesion + GM1 107* 68*
Lesion + NGF** 88 109
Lesion + GM1 + NGF 120* 121*

*Effective dose of GM1: 5 mg/kg per day and ineffective dose: 0.5 mg/kg per day —i.c.v. for 7 days

* NGF dose: 12 pg per day — i.c.v. for 7 days

*Significantly different from control at P < 0.01 (from [33] modified)

In the series of experiments carried out on the
NBM lesioned model [26, 28, 29] and on the
model with cortical devascularization [33, 45],
(cf. also [10]) a cooperative effect of GM1 and
NGF in conditions of combined administration
of the two agents, was observed (cf. Fig. 6 and
Table 1). Not only a full protection of the cho-
linergic neurons from retrograde cell shrinkage
and loss of neuritic extensions, but also an ap-
parent increase in the number of ChAT immu-
noreactive processes in the neuropil was found
in these conditions [33]. The cooperative effect
of GM1 and NGF on ChAT activity (see Table
1) occurs both when an effective and ineffective
dose of GM1 were used. These results fit with
those obtained on an NBM lesioned model [28,
29], (Fig. 6) where the combined effect of NGF
and GM1 at high and low (ineffective) dose of
the latter was also found.

Interestingly, after decortication, treatment
with either NGF or GM1 increased significant-
ly, over control levels, ChAT activity in the
remainder of the ipsilateral cortex, and com-
bined administration of both agents resulted in
a 100% increase of the enzyme activity in the
same region [33]. Very recently combined ef-
fects of GM1 with NGF in the ipsilateral NBM
and in the cortical area surrounding the le-

phic factors, in particular with NGF, also with
exogenously administered one, could take
place at any level. It is likely that this interac-
tion occurs at the level of the cell membrane
where GM1 is incorporated. Gangliosides
could provide additional binding sites for NGF
or other growth factors, or, on the other hand,
could modify the existing growth factor recep-
tors themselves.

Certain conditions are required for ganglio-
sides to show a trophic effect both in vive and
in vitro. These are referred to as "permissive
conditions" for the effects in vivo or a "window
of opportunity" for the effects in vitro (cf. {10,
23]). The availability of endogenous trophic
factors may be affected, and consequently the
ability of cells to respond to these factors is
influenced (see [21]). It is known that injury
raises the amount of endogenous trophic fac-
tors: it is possible that the administration of
gangliosides prevents anterograde and retro-
grade neuronal degeneration by potentiating
the action of still insufficient quantity of these
factors.

The concept that GM1 ganglioside potentiates
NGF-mediated effects on cholinergic neurons
is supported by studies in vitro (cf. [10]) in
which the exogenous concentrations of the two
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Fig. 6. Effect of various doses of GM1 administered
in combination with NGF on ChAT activity in the

cortex of rats 21 days after unilateral lesion of NBM.
Doses of GM1: 10 or 30 mg/kg per day (as indicated) for
21 days, i.p.; dose of NGF: 10 pg, twice a week, for 21 days,
icv,; *P < 0.05; **P < (.01 versus sham — operated ***P <
0.01 versus saline-treated (from [29], with permission).

factors could be accurately controlled. Interes-
tingly, in a situation in vivo, during postlesion
gliosis, the interaction of GM1 with glia ele-
ments has been recently described [46]; this
could be of significance for the regulation of the
glia produced neurotrophic factors, especially
NGE Validation of the ganglioside-trophic fac-
tor cooperativity hypothesis will require fur-
ther investigations of the molecular mechan-
isms underlying their interactions.

Final remarks

The data reviewed here showing beneficial
effects of gangliosides in rescuing the choliner-
gic neurons of experimentally damaged brain
seem to provide an encouraging element in
expectations for future potential therapeutical
importance of gangliosides in treating some
degenerative human pathologies. The more so
as some positive trials concerning these and
other noxa already exist (e.g. [47, 48]). How-
ever, the mechanism of ganglioside action still
remains elusive. Whether GM1 alone or in

combination with NGF will truly serve as a
useful clinical therapy rests in the further de-
velopment of basic research.
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