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BDNF and NT-3 widen the scope
of neurotrophin activity:
pharmacological implications
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Abstract. The neurotrophin gene family comprises four structurally
related basic proteins, NGF, BDNF, NT-3 and NT-4/5. Despite high
structural homology, these neurotrophins operate via different
high-affinity membrane receptors, differ in target specificity, patterns
of spatial and temporal distribution and responses to injury of the
neuronal tissue. Based on the recent data, some aspects of BDNF and
NT-3 neurotrophin activity and their possible role in normal and
damaged nervous system are presented. Different effectiveness of
exogenously applied neurotrophins in the injured brain as a
consequence of responsiveness of particular neuronal populations to
these factors, dose requirements, route of delivery, parenchymal
penetration and target availability is discussed.

Key words: nerve growth factor, NGF, bram derived neurotrophlc
factor, BDNF neurotrophin-3, NT-3, p75 FR, gp140 ,gp140
gp140™*



82 M.H. Skup
INTRODUCTION

Substantial progress has been recently made in
research on nerve growth factor (NGF), a prototypic
neurotrophic molecule discovered over 40 years
ago (Levi-Montalcini 1987), and other members of
the gene family of neurotrophic factors. In addition
to laying a molecular framework for the neurotro-
phic hypothesis, the very restricted neuronal spe-
cificity of NGF has for many years stimulated the
search for related or dissimilar factors that might
have specificities for the neuronal types that are not re-
sponsive to NGF. A hope to discover the factors
which would be used in a potential therapy of
neurodegenerative diseases such as Alzheimer’s
disease (AD), Parkinson’s disease (PD) and
amyotropic lateral sclerosis (ALS) was also a driv-
ing force for this search. As a result, numerous tro-
phic molecules were identified and a family of
NGF-related molecules named neurotrophins
emerged. Since the NGF discovery several decades
of extensive studies had to pass until the next neu-
rotrophin, brain derived neurotrophic factor
(BDNF), was identified and characterized (Barde et
al. 1982, Leibrock et al. 1989). Shortly afterwards
other three family members, namely neurotrophin-
3 (NT-3) (Maisonpierre et al. 1990, Rosenthal et al.
1990), neurotrophin-4 (NT-4), and neurotrophin-5
(NT-5) were described; NT-4 is now considered to
be a Xenopus homologue to the mammalian NT-5
(Hallbook et al. 1991, Ip et al. 1992). Almost sim-
ultaneously tyrosine protein kinase (Trk) family
members as high-affinity receptors to these neuro-
trophins were identified (Martin-Zanca et al. 1989,
Squinto et al. 1991, Merlio et al. 1992).

Multiple studies on the role of the NGF, which
was discovered as a molecule exerting a trophic in-
fluence on the peripheral sensory and sympathetic
neurones, revealed its trophic function also in the
adult central nervous system (CNS) mainly di-
rected to cholinergic neurones (for reviews see
Levi-Montalcini 1987, Whittemore and Seiger
1987, Hefti et al. 1989). Thus, the distribution of
this protein and the pattern of its mRNA expression
in the brain have been shown to match the topo-

graphy of target fields for brain cholinergic path-
ways (Korsching et al. 1985, Ayer-LeLievre et al.
1988). Furthermore, forebrain cholinergic neurones
prominently display both low- and high-affinity
binding sites to NGF (for review see Chao 1992),
observations which are consistent with its postu-
lated trophic and proven reparative effects on these
neurones (Hefti et al. 1989, Cuello 1993). Recent
studies brought evidence for NGF constitutive and
inducible expression in new groups of neurones
(Carswell et al. 1993) and also non-neuronal, astro-
cytic cells (see Oderfeld-Nowak and Bacia, this
issue) disclosing its potential in the injured nervous
system and changing the view on its function as
typical target-derived molecule only.

The picture of recently described BDNF, NT-3
and NT-4/5 neurotrophins, their distribution, mech-
anism of action and pharmacological potential in
experimental therapy is only emerging. In the two
years following the identification of their Trk recep-
tors a significant contribution to the understanding
of some of the mechanisms of their action has been
made and hypotheses were shaped. The paper re-
views briefly the attempts to characterize the
aforementioned aspects of BDNF and NT-3 in the
CNS.

BDNF AND NT-3
NEUROTROPHINS

The data on the regional BDNF and NT-3 dis-
tribution within the brain are based mainly on the in
situ hybridization studies of neurotrophin mRNA
expression patterns. In the brain, distinct spatial and
temporal patterns of expression of NGF, BDNF and
NT-3 mRNAs have been reported. Although all
these factors are highly expressed in olfactory bulb
and the hippocampal neurones, BDNF mRNA has
the most widespread distribution and is very con-
spicuous in many areas of the cortex as well as in
septum, amygdala and the ependymal lining of the
lateral ventricles (Phillips et al. 1990, Wetmore et
al. 1990), while the expression of NT-3 transcripts
in these regions is undetectable (Phillips et al.
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1990). Neurones within substantia nigra express
both BDNF and NT-3. Curiously, the striatum is
among those brain areas where neurotrophin ex-
pression is least evident. While it is detectable when
monitored by Northern blot analysis (Maison-
pierre et al. 1990), to date BDNF, NT-3 and NGF
transcripts have not been demonstrated in striatal
neurones by in situ hybridization. Interestingly,
while BDNF and NT-3 appear to be essentially ab-
sent from the adult striatum, transient, high levels of
expression are apparent for both neurotrophins dur-
ing the first two weeks of postnatal development.
Because this period corresponds to the maturation
of the dopaminergic innervation of striatum, it is hy-
pothesized that BDNF and NT-3 may function as
classically defined target-derived neurotrophic fac-
tors during a critical period of dopamine neurone
development, later switching to a paracrine or auto-
crine mode of support as the system matures (Lindsay
et al. 1993). This mode of action has been also sug-
gested by colocalisation studies of both neurotro-
phins and their receptors. Characterization of the
patterns of neurotrophin distribution became
possible only recently due to the availability of spe-
cific antibodies against BDNF and NT-3. Immuno-
cytochemical localisation of BDNF and NT-3
proteins confirms the pattern of their mRNA ex-
pression (Feinstein et al. 1993, Morse et al. 1993).

The restricted number of data available indicates
that both neurotrophins are under control of gluta-
matergic and cholinergic innervation, at least in the
hippocampus where their expression is the most
abundant. Following nonselective brain injury
caused by cerebral ischemia or hypoglycaemic
coma, the expression of BDNF mRNA in the hippo-
campus increases, while that of NT-3 decreases
(Lindvall et al. 1992). Similarly, opposite BDNF
and NT-3 mRNA responses were reported after in-
duction of long term potentiation (Castrén et al.
1993); in both experiments the response seemed to
depend on the enhanced activity of excitatory glu-
tamatergic pathways, up-regulating BDNF and
down-regulating NT-3 mRNA levels. Disruption of
the main glutamatergic hippocampal input by the
entorhinal cortex lesion which leads to a decrease of

glutamatergic activity, doesn’t influence BDNF
and NT-3 mRNA levels (Lapchak et al. 1993a). Re-
cent in situ hybridization studies on the BDNF and
NT-3 mRNA expression in the hippocampus after
experimental removal of the cholinergic input re-
vealed the decrease in mRNA for both neurotro-
phins in hippocampal granule cells (Lapchak et
al. 1993b). Interestingly, in the hippocampus of
Alzheimer patients a significant decrease of BDNF
and NT-3 mRNA levels in comparison to those in
control patients has also been detected (Olson
1993). These data indicate that both factors may be
under control of the cholinergic system and that the
observed decreases might be a consequence, rather
than the cause, of cholinergic degeneration.

The action of neurotrophins is mediated by spe-
cific neurotrophin receptors. Despite high structural
homology with NGF and similar affinity to the low-
affinity NGF receptor (p75"C' X, NGFR) (for re-
view see Chao 1992), BDNF and NT-3 seemingly
operate via different high-affinity neurotrophin re-
ceptors (see Fig.1). Thus, BDNF acts predominant-
ly on TrkB (designated as gp14OTrkB) (Soppetetal.
1991, Squinto et al. 1991, Chao 1992) while NT-3
acts ]%referentially on TrkC (designated as
gpl140 tkC ) (Chao 1992). It has to be stated here
that qualifying Trk molecules as autonomous high-
-affinity binding sites for neurotrophins - as done
above - may be premature in light of data which
suggest that Trks may be rather the specific compo-
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Fig.1. Promiscuity of neurotrophins. Multiple interactions be-
tween neurotrophins and their receptor tyrosine kinases are
shown. The principal ligand-receptor interactions are denoted
by heavy arrows and weaker interactions are shown with
dashed arrows.
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nents of high-affinity receptors (Hempstead et al.
1991). The distribution of BDNF and TrkB recep-
tors (Phillips et al. 1990, Wetmore et al. 1990,
Merlio et al. 1992, Feinstein et al. 1993) suggests
that this peptide might exert widespread actions
within the CNS, in contrast to the apparently more
restricted actions of the NGF and NT-3 molecules.
The partial overlap of expression patterns of trkB
and trkC transcripts and their ligands reported ear-
lier for substantia nigra, has been also found - with
some exceptions, like striatum - in other structures
of the adult brain supporting the view of a possible
auto- or paracrine function rather than the target-de-
pendent action of NGF.

NEUROTROPHIN RECEPTORS

The p75 neurotrophin receptor

The p75 NGF receptor (p75NGFR , NGFR) was
originally defined by monoclonal antibodies that in-
terfered with NGF binding and by affinity cross-
linking experiments with 251 labelled NGF. First
radioautographic studies with 125 NGF (Richardson
et al. 1986) failed to demonstrate low affinity bind-
ing sites over neuronal somata. The production of a
monoclonal antibody, 192-IgG, which recognizes
the low affinity form of the rat NGFR (Chandler et al.
1984, Taniuchi and Johnson, Jr. 1985) - although its
interference both with the low and high affinity
forms was also considered (Green and Greene
1986) - brought the tool which allowed to study the
detailed distribution of NGFR - immunoreactive
(NGFR - IR) cells. Since then numerous labora-
tories have reported the widespread distribution of
NGFR immunoreactivity in the CNS of developing
and adult rats using radioimmunoassay (Taniuchi et
al. 1986) and immunocytochemical (Dawbarn et al.
1988, Kiss et al. 1988, Yan and Johnson, Jr. 1988,
Batchelor et al. 1989, Pioro and Cuello 1990, Pioro
et al. 1990, Ferguson et al. 1991, Thomas et al.
1991) techniques. NGFR transcripts (Buck et al.
1988) and NGFR protein are expressed in all NGF-
responsive cells, including sympathetic, sensory,
and basal forebrain cholinergic neurones (Pioro and

Cuello 1990, Pioro et al. 1990) supporting the view
of its physiological function in mediating NGF - in-
duced response. However, the data on the lack of the
functional responses following ligand binding in
the cells expressing solely the low - affinity receptor
prompt the hypothesis that NGFR may be arequired
but not the only condition to elicit signal transduc-
tion. Gene transfer and molecular cloning revealed
that the p75NGFR gene encodes a transmembrane
protein that does not possess a cytoplasmatic tyro-
sine kinase domain (Chao et al. 1986, Johnson et al.
1986, Radeke et al. 1987) which is an integral con-
stituent of the full lenght Trk proteins described
below. The discovery and further characterization
of other members of neurotrophin family and their
specific binding proteins within last four years led
to a change of the view on the p75N R specificity and
possible role. Recent studies by Rodriguez-Tébar et
al. (Rodriguez-Tébar et al. 1990, Rodriﬁuez—Tébar
et al. 1992) have revealed that p75NGF binds not
only NGF but also other neurotroghins, namely
BDNF and NT-3. Therefore, p75N FR should be
considered more appropriately as a neurotrophin re-
ceptor, and not merely an NGF receptor. Binding
experiments with NGF, BDNF and NT-3 have dem-
onstrated that each neurotrophin binds to p75 with
a low affinity but the rates of association and disso-
ciation vary markedly with NGF having the fastest
and BDNF the slowest off rate (Rodriguez-Tébar et
al. 1992). These binding variations are believed to re-
flect differences in the binding between p75 and each
neurotrophic factor.

Several functions have been suggested for
p75NGFR. It may serve as a presentation receptor to
concentrate neurotrophins, as it has been proposed
for NGF in Schwann cells (Johnson Jr. et al. 1988,
Taniuchi et al. 1988). It may be associated with
molecules capable of signalling (Ohmichi et al.
1991) or providin%ls(l}lllalgtrates for high affinity bind-
ing sites. The p75 internalization (Pioro et al.
1990) and involvement in retrograde transport of
NGF has been strongly postulated (Johnson Jr. et al.
1988). The striking suggestion has been recently
made on the association of p75 with apoptosis,
based on the experimental data on the correlation of
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p75NGFR occupancy and increased cell death
(Rabizadeh et al. 1993). The role of p75NGFR in the
formation of high-affinity NGF-binding sites with
gp140TrkA glycoprotein (Green and Greene 1986,
Hempstead et al. 1989, Hempstead et al. 1991) and
possibly also high-affinity binding sites for other
neurotrophins with gp140TrkB and gp14OTrkC, re-
spectively, is strongly supported by recent ex-
perimental data. The common coexpression of low-
and high- affinity NGF binding sites in NGF-re-
sponsive sensory and sympathetic neurones,
pheochromocytoma (PC12) cells (Sutteretal. 1979,
Schechter and Bothwell 1981, Godfrey and Shooter
1986) as well as more recently described coexpres-
sion of mRNA for p75 and gp140 in various cho-
linergic neuronal nuclei of the rat brain (Vazquez
and Ebendal 1991, Figueiredo et al. 1993b) promote
the model proposing that coexpression of both p75
and gpl40 is required for high affinity binding
which determines physiological responsiveness of
the cells to neurotrophins. The gene transfer studies
performed on cell lines of neuronal origin lacking
p75 receptors have indicated, that transfection of
the cells with cDNA encoding p75 leads to express-
ion of both low- and high- affinity sites and to re-
sponsiveness of transfectants to NGF. Also
transient gene transfection of p75 and trk to the cells
that normally express neither (like COS cells or
human melanoma cells) revealed, that while single
transfection with one type of gene leads to low - af-
finity binding only, introduction of both to the same
cell line results in their coexpression and the recon-
stitution of both high- and low- affinity sites. Other
reconstitution studies applying membrane fusion
techniques with the use of fibroblast transformant
cell lines (rtrk-3T3 expressing gp140 only and PA
317 expressing p75, both binding NGF with low -
affinity) indicated that only membrane fusion pro-
ducts bind NGF with high-affinity (Hempstead et
al. 1991). High affinity binding appears to require
a ratio of p75 to p140 of approximately 10:1, in
keeping with the in vivo levels of the two receptors
in target cells. Interestingly, kinetic measurements
of '?’Llabelled NGF binding to cells expressing
only gp140 have indicated that the on and off rates

are both slow (t1/2 10 min), accounting for the
lower affinity interaction of NGF with gp140
(Meakin et al. 1992). A second model proposes that
high affinity binding sites can be formed in the ab-
sence of p75. This hypothesis is supported by ex-
periments performed with fibroblasts expressing
only the gp140 receptor, which are responsive to
NGF. Furthermore, Barbacid’s group reported that
high-affinity binding sites can be generated by
gp140Trk homodimer formation only (Klein et al.
1990), an additional possibility to that one of hete-
rodimer formation described by Parada’s group
(Hempstead et al. 1991). Several experimental re-
sults have indicated that gp140 can function inde-
pendently of p75 (Loeb et al. 1991). The use of
blocking antibodies directed against p75 (Weskamp
and Reichardt 1991) and the biological effects of
mutant recombinant NGFs (Loebetal. 1991, Ibdfiez
etal. 1992) have supported the conclusion that NGF
binding to p140, and not to p75, appears to be suf-
ficient to elicit biological responses. Which model
is correct? How much universal it is, in reference to
BDNF and NT-3 binding? For now, the role of both
types of receptors in the formation of high - affinity
binding sites and signal transduction remains con-
troversial.

One of the approaches used to study a role of
neurotrophins in vivo is the application of the neu-
tralizing antibodies raised against neurotrophins or
their receptors. However, limited penetration of the
proteins within brain parenchyma restricts the
possibility to obtain conclusive data. Until now this
method was used only to study the effects of NGF
deficiency only; there is no parallel data with the ap-
plication of anti-BDNF or anti-NT-3 antibodies.

A new approach to address the question about
the physiological role of neurotrophin receptors has
been to create null mutations b1¥ gene targeting.
Genetic disruption of the p75NGF gene in mice has
revealed that the p75 molecule plays an essential
role in neuronal development (Lee et al. 1992)
but the described alterations concerned the pe-
ripheral organs only. Homozygous animals lacking
p75NGFR are viable but show a pronounced deficit
in thermal sensitivity due to a loss of sensory fibres
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in the periphery. Dorsal root ganglia (DRG) are
smaller than in wild-type mice suggesting that
neuronal cell death may have occurred. Surprising-
ly, most non - neuronal tissues in the null mutant ap-
pear normal during development which may
indicate that gp140 receptors substitute partially
p75 function at this stage. It is of interest to note that
severe skin ulcerations and hair loss on distal ex-
tremities are prominent in p75NGFR mutant mice.
Since this tool became available only recently, there
are only preliminary data on mice can%/ing the "knock
- outs" of the genes coding for gp140 % molecules.

Trk receptors

The relative abundance of p75 and low levels of
high affinity receptors had obscured the identity of
the latter except with photoaffinity reagents (Sutter
et al. 1979, Massague et al. 1981, Hosang and
Shooter 1985). First radioautographic studies with
1251 NGF allowed for visualisation of the high af-
finity NGF receptors over neuronal somata
(Richardson et al. 1986, Raivich and Kreutzberg
1987). The early investigations characterised low-
and high- affinity binding biochemically revealing
that the low-affinity binding (Kd = nM) has a fast
dissociation rate while the high-affinity receptors
are characterized by a slow rate of dissociation.
These studies brought the data suggesting that the
major physiological effects of NGF are mediated
via the high affinity receptors (Sutter et al. 1979,
Hosang and Shooter 1985), however the identity of
these receptors has been unknown until recently
(Martin-Zanca et al. 1989).

In 1991, to the surprise of many neurobiologists,
a flurry of papers were published demonstrating
that the tyrosine protein kinase (trk) proto-on-
cogene encodes a receptor for NGF, while trkB and
trkC encode receptors for BDNF and NT-3, namely
TrkB and TrkC, respectively (Klein et al. 1991a,
Klein et al. 1991b, Lamballe et al. 1991). The trk
gene was originally detected as an oncogene iso-
lated from human colon carcinoma biopsy (Martin-
-Zanca et al. 1986) whose oncogenic activity
resulted from genomic rearrangement in which

nonmuscle tropomyosine sequences were abetrant-
ly fused onto the transmembrane and cytoplasmic
domains of trk (hence, the name "tropomyosin re-
ceptor kinase"). In situ hybridization revealed that
the highest levels of trk expression were confined to
embryonic DRG and to other sensory ganglia. This
observation promoted the hypothesis that trk may
be related to neurotrophin function. In the normal
adult brain, the trk transcripts are expressed almost
exclusively by neurones, with the exception of trun-
cated forms of trkB which are abundantly expressed
by the nonneuronal cells, especially astrocytes and
ependyma (Klein et al. 1990). With reference to the
postulated role of truncated forms of TrkB receptor
(p95TrkB) lacking the cytoplasmic tyrosine kinase
domain the view of its function as a presentation re-
ceptor to concentrate neurotrophins, originally pro-
posed for p75NGFR - NGF interaction, was repeated
more recently (see Chao, 1992). Again, the func-
tion of Trk receptors is extensively investigated
by the analysis of the animals carrying targeted
deletions of the gene(s) encoding these proteins.
Although teoretically ideal, this approach
showed already several limitations. The first data
on some functional aspects of these mutations
were reported few months ago. It appeared that
the viability of the mutated mice lacking intracellu-
lar receptor domain is significantly decreased: ho-
mozygous trkB (-/-) mice die within the first 48
hours, apparently from starvation and dehydrata-
tion (Fagan et al. 1993). Examination of neuronal
pathways involved in feeding showed significant
defects in trigeminal ganglion and facial motor nu-
cleus. Deficits are also present in DRG and mo-
toneurons of spinal cord, two targets that have
been shown to be responsive to BDNF, where 40
-60% of neurones is lost (Fagan et al. 1993, Silos-
-Santiago et al. 1993). Interestingly, severe skin ul-
cerations and hair loss, comparable to those ones
reported for mice carrying p75NGFR null muta-
tions are reported. Lack of data on the morpho-
logical and anatomical abnormalities in the
mutant brain, doesn’t allow to speculate on the
possible role of the deficiency of BDNF and NT-3
Trk receptors in the brain.
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THERAPEUTIC POTENTIAL OF
BDNF AND NT-3

Effects in vitro

BDNF was initially identified as a neurotrophic
activity with distinct as well as overlapping actions
with NGF toward sensory neurones. Following iso-
lation and purification from the pig brain (Barde et
al. 1982), and - several years later - molecular clon-
ing (Leibrock etal. 1989), BDNF is now recognized
as a member of the neurotrophin family with over
55% primary sequence homology to NGF. Investi-
gations of its biological activity monitored in vitro,
followed by extensive studies of its effects in nor-
mal and damaged brain, revealed that BDNF acts on
abroader spectrum of PNS and CNS neurones than
NGF. Apart from the neurones whose survival in
primary culture is easily monitored, like neurones
of peripheral ganglia, the neurones whose de-
generation is characteristic of a particular human
neurodegenerative disease, as basal cholinergic
neurones in AD, nigral dopaminergic neurones in
PD, and motor neurones in ALS are the main sub-
jectof the invitro studies. These studies have shown
that BDNF promotes the survival and/or differen-
tiation of several classes of neurones responsive
also to NGF, like DRG and, less potently, basal
forebrain cholinergic neurones. In particular BDNF
promotes survival of septal cholinergic cells, up-
regulates the expression of p75N R (Alderson et
al. 1990), and elevates choline acetyltransferase
(ChAT) activity of developing septal cholinergic
neurons (Kniisel et al. 1991). Additionally to com-
mon actions with NGF, in vitro BDNF acts on many
classes of neurones non-responsive to NGF, includ-
ing neural placode-derived sensory neurones (no-
dose ganglia neurones, NG) (Lindsay et al. 1985,
Maisonpierre et al. 1990), retinal ganglion neurones
(Johnson et al. 1986), motor neurones (Henderson
et al. 1993, Wong et al. 1993), cerebellar granule
neurones (Segal et al. 1992), hippocampal neurones
(Ip et al. 1993), and ventral mesencephalic dopa-
minergic neurones (Hymanetal. 1991, Hymanetal.
1993). In contrast to NGF, BDNF cannot support

the survival and growth of neurones of the paraver-
tebral chick sympathetic ganglia (SG) (Barde et al.
1982).

The use of cloning strategy led to the description
of a gene encoding the third member of neurotro-
phin family, sharing over 50% homology with NGF
and BDNF, designated neurotrophin-3 (Maisonpierre
etal. 1990, Rosenthal et al. 1990). This protein dis-
plays different specificity of biological activity
from those of NGF and BDNF. In vitro NT-3 in-
duces profuse neurite outgrowth from the DRG,
NG and SG explants, causing maximal response in
NG cultures greater than that evoked by BDNF
(Maisonpierre et al. 1990). NT-3 has similar to
BDNEF effects on survival and differentiation of hippo-
campal neurones (Ip et al. 1993), dopaminergic
neurones, and motoneurones (Henderson et al.
1993, Wong et al. 1993), up-regulating cholinergic
phenotype in the latters but does not support the
survival of basal forebrain cholinergic neurones
(Alderson et al. 1990).

Although in vitro studies may be indicative of
the potential target cell types for neurotrophins, the
final proof may be obtained only in the in vivo in-
vestigations. The neuronal cells in culture are of
embryonic origin and therefore their responsive-
ness is more characteristic for the developmental
than adult neurones.

Effects in vivo

In the search for effective and selective factors in
the experimental therapeutics of degenerative
neuronal processes in the CNS the biological activ-
ity of BDNF and NT-3 neurotrophins is investi-
gated in various brain injury models. The in vitro
responsiveness of dopaminergic and cholinergic
cells to these neurotrophins focused the studies
on these two types of neurones due to the invol-
vement of dopaminergic and cholinergic systems
in neurodegenerative disorders, PD and AD, re-
spectively. '

Dopamine neurones appear to be activated when
exogenous BDNF, and to a lesser extent, NT-3 are
provided to the substantia nigra of both intact and
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dopamine-denervated animals by supranigral infu-
sion but not intracortical one (Altar et al. 1992). In
intact rats BDNF and NT-3 infusion elevates do-
pamine metabolism in the ipsilateral neostriatum
causing various behavioural responses (Lindsay et
al. 1993) but remains without influence on striatal
cholinergic interneurones (Altar et al. 1992). The
investigations of trophic activity on injured dopa-
minergic system carried out on the model of striatal
injury caused by chronic delivery of 6-OHDA neuro-
toxin revealed that BDNF and, to a lesser extent
again, NT-3 can ameliorate behavioural and neuro-
chemical deficits (Lindsay etal. 1993). The positive
effects reported here stand in contrast to studies
wherein BDNF induced a "hypofunction" of intact
dopamine neurones and failed to attenuate reduc-
tion in cell numbers, neurochemistry, or beha-
vioural output after disruption of nigro-striatal
pathways involving medial forebrain bundle tran-
section (Kniisel et al. 1992, Lapchak et al. 1993c).
This negative result has been discussed in terms of
insufficient BDNF dose which can be an important
limitation in a treatment due to already known re-
stricted ability of BDNF and NT-3 to penetrate
brain tissue.

FF lesion

The most common models of injury for studying
trophic effects on brain cholinergic systems are: the
disruption of cholinergic septo-hippocampal pro-
jections (see Oderfeld-Nowak and Bacia, this issue)
and basalo-cortical model of retrograde degener-
ation of cholinergic neurones of the nucleus basalis
magnocellularis (nbm) after partial, cortical devas-
cularization (Fig.2). In the former, the changes are
caused by electrocoagulative or mechanical (tissue
aspiration or transection) lesion which results in
degeneration and death of part of the cholinergic
neurones. In the latter, obliteration of superficial
pial vessels supplying the selected area of the cere-
bral cortex causes a gradual infarction resulting in
cortical necrosis which affects the terminal network
of nbm cholinergic neurones (Cuello 1993), causes
their shrinkage but does not result in a cell death.
Several studies showed BDNF potency in protect-
ing cholinergic neurones of the septo-hippocampal
system against lesion-induced degeneration, al-
though its effectiveness was weaker than that found
for NGF in several previous investigations (Kniisel
et al. 1992, Morse et al. 1993). We aimed to char-
acterize the effects of exogenously administered
BDNF and NT-3 on the basalo-cortical pathway of
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Fig. 2. Schematic representation of two models of injury to the brain cholinergic system: (a) disruption of the septo-hippocampal
cholinergic pathway by partial transection of the fimbria-fornix projection (b) partial, unilateral devascularisation of the cerebral

cortex.
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the forebrain cholinergic system (Skup et al. 1993,
Skupetal. 1994). The lesions of the target tissue and
nerve terminal network cause well-characterized
retrograde changes in the nucleus basalis magnocel-
lularis, where the actions of these two novel neuro-
trophins can be accurately assessed in relation to
the prototypical actions. Previous studies demon-
strated that the intracerebroventricular infusion of
NGF (Cuello 1993) or aFGF (Figueiredo et al.
1993a) to the lesioned animals provided protection
of nbm cholinergic cell bodies and their neuritic net-
work when observed one month after lesioning and
3 weeks after cessation of treatment. In our mor-
phometric studies the cholinergic cell bodies were
immunostained with monoclonal antibodies against
NGFR and choline acetyltransferase (ChAT), ace-
tylcholine synthesizing enzyme, as cholinergic
markers (Fig. 3). The cell size was measured and the
density of neuritic network within nbm was ana-
lysed. We demonstrated that BDNF and NT-3,
when administered in the same experimental para-
digm at doses previously found to be effective for
NGF or aFGF, failed to prevent forebrain nbm cho-
linergic neurones from undergoing cell body
shrinkage and retraction of neuritic networks (Skup
et al. 1993, Skup et al. 1994).

Lack of effect of either of the neurotrophins used
in that study should be considered in terms of re-
sponsiveness of nbm cholinergic neurones to these
factors but also in terms of dose requirements and
parenchymal penetration. Lack of data on the post-
lesion regulation of trkB and trkC mRNA express-
ion in nbm cholinergic neurons restricts the
possibility to address confidently the issue of ex-
pected cellular responsiveness. Although both trkB
and trkC transcripts are detectable in the nbm re-
gion, their levels appear to be much lower than that
of trkA (Merlio et al. 1992). It can be speculated
only, that if their postlesion levels are up-regulated
by the exogenously applied ligands, as it transiently
occurs for p75 and trkA after NGF administration
(Figueiredo et al. 1993b), they increase following
BDNF or NT-3 administration. If it results in an in-
crease in the levels of their translation products re-
mains an opened question. Evidence of the presence

of functional BDNF receptors on nbm cholinergic
cells comes from studies demonstrating TrkB im-
munopositivity (Feinstein et al. 1993) and BDNF
retrograde transport to the nbm after intracortical or
amygdalar administration of that factor (Kroin et al.
1993). However, it has been shown only recently
that intraventricular BDNF (Morse et al. 1993) ad-
ministration results in very limited diffusion from the
ventricles into the adjacent neural tissue, thus seri-
ously limiting its availability to the nbm neurones.
Highly abundant TrkB truncated receptor in the
brain, and in particular in the paraventricular area,
is probably the cause of this limitation; it was sug-
gested that this molecule acts as a scavenger for
BDNEF, thus regulating its availability in the paren-
chyma. Thus, if experimental therapy is to be fur-
ther considered with respect to the application of
BDNF and NT-3 neurotrophins, the obstacle of
their limited distribution within the brain has to be
overcome.

The absence of a demonstrable effect of BDNF
on cholinergic nbm neurones may be compared to
the other negative data. The apparent lack of
BDNF-mediated effects on lesion size or choliner-
gic cell sparing in the striatum following excito-
toxic injury has been reported (Frim et al. 1993).
Continuous intrastriatal BDNF administration in
doses equivalent to those applied by us, also failed
to modify striatal ChAT activity and high-affinity
choline uptake (HAChU) (Altar et al. 1992). Al-
though cell culture studies on embryonic basal fore-
brain neurones revealed their responsiveness to
porcine and thBDNF (Alderson et al. 1990, Kniisel
et al. 1991, Kniisel et al. 1992), they showed that
rhBDNF is 90 times less potent than NGF in affect-
ing cell survival and elevation of ChAT activity
(Kniisel et al. 1992) and that NT-3 was ineffective
in that assay (Kniisel et al. 1991). Recent in vivo
morphological studies revealed some protection
from atrophy of axotomized septal cholinergic
neurones with BDNF treatment (Kniisel et al. 1992,
Morse et al. 1993). Up to the present moment there
have been no in vivo studies in the cholinergic sys-
tem reporting NT-3 effectiveness in neural repair.
As already mentioned, data obtained in cell culture




] g, #
-~ .
e 2 ~ K
i /
:  \~ 6 i
% v -~ "
e !
g ¥ . \
A 4 ! e <e i 3
:,’,; e ,_' - N -
wa g z ) ! ; A
\ . . P h
T e .oy
= - 4 . ¥ v
Y A '
S - i
e 1o i A -
¥ »
SHAM LESION-VEHICLE

~

Fig. 3. Morphological appearance of ChAT - immunoreactive neurones in the intermediate nucleus basalis magnocellularis.
The bottom panel represents the areas chosen from the respective top photomicrographs at higher magnification. High - power
photomicrographs show cell shrinkage and the loss of neuritic processes in all lesioned groups.

studies can be roughly extrapolated to in vivo sys-
tems but they imply much lower potency of BDNF
and NT-3 than of NGF on cholinergic cells. In our
study we used a dose (12 pg/day) of BDNF and NT-
3 equal to the maximal dose of NGF and aFGF ap-
plied in our previous studies (Cuello 1993,
Figueiredo et al. 1993). This dose was 120 times
higher than the NGF ED50 established for the main-
tenance of control nbm ChAT activity in devascu-
larized rats and supramaximal to the NGF dose
causing full protection of nbm cholinergic neurones
from retrograde shrinkage (Cuello 1993). It was
also approximately 3 times higher than the BDNF
dose previously shown to protect axotomized septal
neurones from degeneration after a 3-week admin-
istration period (Kniisel et al. 1992, Widmer et al.
1993). The latter treatment resulted in the protection

of a limited number of cholinergic neurones, which
contrasts to the more complete response to NGF,
and showed that the reaction of ChAT-immuno-
positive cells was weaker than p75NGFR—immu-
noreactive cells. Based on this observation a
speculation could be made that BDNF up-regulates
p75NSFR MRNA but not ChAT mRNA in septal
cholinergic neurones. Furthermore, the BDNF-
induced rescue of a part of the septal cholinergic
neurones from axotomy-caused cell loss is not par-
alleled by its effects on biochemical correlates of
functional recovery (Hefti et al. 1993, Lapchak et al.
1993b ). BDNF treatment does not affect the dim-
inished ChAT activity and HAChU levels in synap-
tosomal preparations from the septal area ipsilateral
to the lesion (Hefti et al. 1993), nor does it attenuate
postlesion decrease of ACh synaptosomal content
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(Heftietal. 1993) and ACh release from hippocam-
pal slices (Lapchak et al. 1993b).

The findings summarized here suggest a lower
potency of BDNF and NT-3 in comparison to NGF
towards brain cholinergic systems, however further
studies applying other administration routes and
doses of novel neurotrophins may disclose their ef-
fectiveness for protection of nbm and other cho-
linergic neurones after injury and prove their
potency toward other neurotransmitter systems.
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