EFFECT OF INTRACEREBROVENTRICULAR
NGF INFUSION
ON SPATIAL MEMORY IN ADULT RATS

A THESIS SUBMITTED TO
THE GRADUATE SCHOOL OF NATURAL AND APPLIED SCIENCES
OF
THE MIDDLE EAST TECHNICAL UNIVERSITY

BY

ORCUN GUZER

o5

IN PARTIAL FULLFILLMENT OF THE REQUIREMENTS FOR THE DEGREE OF
MASTER OF SCIENCE
IN
THE DEPARTMENT OF BIOLOGY

JUNE 2000

YOKSEKOGRETIM KURULU
Tif‘oxi’rmmsvou MERKEZI



Approval of the Graduate School of Natural and Applied Sciences

I certify that this thesis satisfies all the requirements as a thesis for the degree of

A,

Master of Science.

Prof. Dr. Tayfur Oztiirk

Director

Prof. Dr. Giirdal Alaeddinoglu
Head of Department

This is to certify that we have read this thesis and that in our opinion it is fully

adequate, in scope and quality, as a thesis for the degree Master of Science.

Assist. Prof. Dr.

Examining Committee Members

Prof. Dr. Hiiseyin Avni Oktem
Assoc. Prof. Dr. Eytip Akarsu
Assist. Prof. Dr. Aysegiil Ozan
Assist. Prof. Dr. Belgin Ayvasik
Assist. Prof. Dr. Ewa Dogru

Supervisor

 Dogru

P, WS GG I L T

IDQKIN

A, h@uu L

R



ABSTRACT

EFFECT OF INTRACEREBROVENTRICULAR
NGF INFUSION
ON SPATIAL MEMORY IN ADULT RATS

Giizer, Orgun
M. Sc., Department of Biology
Supervisor: Assist. Prof. Dr. Ewa Dogru
June 2000 , 73 pages

In the present study, effects of intracerebroventricular infusion of human
recombinant nerve growth factor (NGF) on spatial learning and memory in adult
memory-deficient rats was investigated. Memory-deficient rats were selected on the
basis of their preoperative performance in 12-arm radial maze with 6 quasi-randomly
chosen arms baited and remaining 6 arms empty. The selected rats classified as “poor
learners” were semi-randomly assigned to either experimental or control group, and
treated with either human NGF (at the total dose of 12 ug/rat) or vehicle solution
(artificial cerebrospinal fluid). Drug infusions were made continuously over the 16
days at the rate of 0.5 ul/hr through a metal cannulae attached to Alzet osmotic
minipump and implanted to cerebral ventricle. The postoperative training included the
same stages as the preoperative training , namely, acquisition learning to criterion,
retention test (retraining), and the conditioned place preference test. Lowe dose NGF
infusion to adult rats did not produce anorexia, and did not show a detrimental effect
on the spatial learning and memory retention, as it had earlier reported for the higher

doses of this neurotrophin.The only positive effect of the NGF administration in the
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present study was a decrease in the frequency of reference memory errors on the first
retention trial, with no effect on working memory. The results were discussed in the

light of our current knowledge concerning NGF functions.

Keywords : Basal Forebrain Cholinergic System, NGF, spatial memory
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INTRASEREBROVENTRIKULER NGF iINFUZYONUNUN
YETKIiSKiN SICANLARIN MEKANSAL BELLEK YETILERI
UZERINDEKI ETKISI

Gilizer,Orgun
Yiiksek Lisans, Biyoloji Boliimii
Tez Damigmam: Y. Dog. Dr. Ewa Dogru
Haziran 2000, 73 sayfa

Bu ¢ahigmada, kronik intraventrikiller NGF infiizyonunun, bellek kapasitesi
normalin altinda olan yetigkin siganlarin mekansal ogrenme ve bellek yetileri
iizerindeki etkisi aragtinldi. Deneklerin bellek diizeyi, operasyon oncesinde yapilan
radyal labirent testlerindeki performanslarina gére belirlendi. Bu testlerde, 6 yemli ve
6 yemsiz koldan olusan 12 kollu radyal labirent kullanildi Bellek kapasitesi diigiik olan
denekler segilerek operasyona alindilar ve yari-segkisiz olarak deney ya da kontrol
grubuna atandilar. Deney grubundakilere insan rekombinant NGF’si (denek bagina
digen toplam doz: 12ug) , kontrol grubundakilere yapay beyin-omurilik sivisi verildi.
ilag uygulamasi, ozmotik mini-pompaya baglanmig ve serebral ventrikiile yerletirilmis
metal kaniiller aracilifiyla, 16 giin boyunca araliksiz devam etti (infiizyon hizi: saatte
0.5 ul). Operasyon sonrasi egitim, operasyon Oncesi testlerinin tekrarlanmasindan
olusuyordu (edinim egitimi, yeniden-egitim testi, kogullu yer tercihi testi). Uygulanan
diisitk NGF dozu anoreksiye yol agmadi. Diger yandan, yiiksek doz kullanilan daha
onceki galigmalarda gosterilmig olan NGF’in yetigkin deneklerin mekansal 6grenme ve

bellek kapasiteleri iizerindeki bozucu etkisi de gozlenmedi. Bu caligmada, NGF
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uygulamasinin tek olumlu etkisi, yeniden-egitim testinin ilk giiniinde olgiilen referans
bellegi hatasindaki digiis olarak ortaya ¢ikti. Kisa-siireli bellek iizerinde herhangi bir
etki saptanmadi. Sonuglar, NGF fizyolojisi hakkindaki dier ¢aligmalarin sonuglariyla
kargilagtirilda.

Anahtar Kelimeler : Bazal Onbeyin Kolinerjik Sistemi, NGF, mekansal bellek
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CHAPTER 1

INTRODUCTION

1.1. The Role of Basal Forebrain Cholinergic System in Memory

1.1.1. Anatomy of Basal Forebrain Cholinergic System

Cholinergic structures of basal forebrain, referred to as basal forebrain
cholinergic system (BFCS) , include medial septal nuclei (MS) , vertical (vdB) and
horizontal (hdB) limb nuclei of the diagonal band of Broca , and nucleus basalis
magnocellularis (NBM), also called nucleus basalis of Meynert in human (Everitt &
Robbins 1997).

BFC structures innervate neocortical (prefrontal and sensory), juxtallocortical
(cingulate gyrus), and allocortical (hippocampus, baso-lateral amygdala and olfactory
bulb) areas. Most of the cholinergic septal projection goes through fornix and partially
through fimbria to hippocampus to terminate on the pyramidal cells and interneurons
of hippocampus proper, and granular cells of gyrus dentatus. Some cholinergic septal
fibers project to gyrus cinguli, entorhinal cortex and amygdala. Nuclei of diagonal
band of Broca mainly innervate cingulate cortex, while NBM constitutes the major

source of ACh (acetylcholine) for the neocortical areas.



1.1.2, Human Studies

Postmortem examination of human brains belonging to people who died with
Alzheimer’s disease or senile dementia revealed significant decrease in cholinergic
markers in the cerebral cortex (Bowen et al 1976, Hardy et al 1985). At the same
time, it was shown that basal forebrain cholinergic structures and related areas appear
to be the main target of the neurodegenerative processes arising from aging and those
present in Alzheimer’s disease (Coleman 1988, Coyle et al 1983, Decker 1985, Flood
1988, Geula 1989, Hamill 1993).

1.1.3. Animal Studies

The findings from human postmortem studies were confirmed by experimental
studies on rats and monkeys that have long been succesfully used as animal models of
human amnesia. Experimental animals with electrolytic or neurotoxic lesions of
central cholinergic neurons within BFCS or brain areas innervated by this system
generally demonstrated severe cognitive impairments. Similar impairments were
reported in animals receiving pharmacological anticholinergic treatment. All these

findings gave rise to the cholinergic hypothesis of memory dysfunction.

On the other hand, the results of behavioral studies combined with lesion and
pharmacological techniques indicated that in the mammalian brain, there are more or
less independent circuits that acquire and store different types of information to
influence behavior, thus, represent different kinds of memory (Alkon et al 1991 ,
Granon et al 1994, Mc Donald et al 1993 , Mishkin 1992 | Packard et al 1989 , Sherry
& Schacter 1987 , Shuterland et al 1988, Thompson & Krupa 1994, Weiskrantz
1990, Zola-Morgan & Squire 1993). Different classifications of memory have been
proposed. Most commonly, memory is classified as declarative and non-declarative.
So-called declarative memory allows acquisition and recognition of perceived, and

recall of unperceived sensory characteristics of an object ; also its spatial location and



emotional significance. Non-declarative memory refers to the habit learning: the
learning of automatic actions based on stimulus-response repetition. Memory
impairment, independently of what has been learned, can be selective over a wide
range of time gaps indicating that different structures are involved in storage of
information that has continued value across a long time period (long-term, reference
or catalog memory), and different structures are involved in holding information that
is useful over only a short time interval (short-term or working memory). Memory
impairment can be retrograde when old memories are “erased” but the subject does
not lose his ability to learn new things, and anterograde when old memories are

preserved but the subject can not form new ones (Squire & Alvarez 1998).

There is a handful evidence that BFC structures affect performance in a great
variety of learning tasks (Aggleton 1986, 1992 , Connor & Thal 1989 , Dunnet 1985 ,
Etherington 1987, Hagan et al 1988 , Markowska et al 1989, Mc Namara & Skelton
1993 , Mishkin & Murray 1994 | Olton & Papas 1979 , Shuterland et al 1988).
Experimental paradigms used to assess the role of BFCS in mnemonic processes
include working memory tasks such as Olton’s radial maze, delayed alternation or
delayed matching/non-matching-to-sample in both spatial and non-spatial versions, as
well as reference memory tasks measuring conditional sensory discrimination and
spatial learning. The spatial learning is commonly tested in Olton’s radial maze,

Morris’ water maze and Bures’ place avoidance test.

The effects of lesions were mimicked by administration of cholinergic
antagonists, i.e. scopolamine. Administration of anticholinergic drugs was shown to
augment lesion- and age-induced memory deficits. On the other hand, memory deficits
due to lesion or aging were ameliorated by pro-cholinergic treatment, i.e.
administration of physostigmine, a cholinesterase inhibitor, or receptor agonists such
as carbachol or nicotine (Mandel & Thal 1988, Markowska et al 1995 , Mohammed
1993 , Terry et al 1993 , Aigner et al 1987). The latter findings strengthened the
notion of cholinergic involvement in the studied mnemonic processes. However, the
studies attempting to relate a particular memory impairment with the damage to a
particular structure within BFCS often brought conflicting results. These

discrepancies in the experimental results could have been caused by the differences in



experimental paradigms, response measures, lesion techniques (electrolytic versus
excitotoxic produced by a variety of neurotoxic agents), extent of the lesion, etc. The
greatest consensus among researchers concerns the functions of septo-hippocampal
system as being involved in spatial working memory.There are, however, reports that
hippocampal damage in rats also impairs spatial reference memory as assessed by the
radial maze and the Morris’ water maze (Leis et al 1984, Morris et al 1981). After the
analysis of experimental data, it has been also suggested that the nucleus basalis-
neocortical cholinergic system contributes more to the attentional functions than to
the mnemonic processes per se, and diagonal band-cingulate cortex system mediates

non-spatial learning such as conditional discrimination (Everitt & Robbins 1997).

Memory deficits similar to those reported in animals with damage to the BFCS
were also observed in aged subjects (Bowen et al 1990 , Frick et al 1995). Alike in
humans, age-related amnesic symptoms in animals were also shown to largely
correlate with degeneration of BFC structures (Altavista et al 1990 , Deckker 1985).
As mentioned earlier, memory dysfunction which is either due to surgical damage to
the BFC structures or resulting from age-related neurodegeneration were shown to be
ameliorated by administration of cholinergic agonists. Same ameliorative effects were

also achieved by administration of growth factors, especially NGF.

1.2. Physiology of Neurotrophins

1.2.1. NGF Discovery and First Observations on Its Physiology

In 1953, the first neurotrophin NGF (nerve growth factor) was discovered by
Rita Levi-Montalcini, Victor Hamburger and Stanley Cohen. Levi-Montalcini and her
colleagues showed that in chick embryos, cell death of outgrowing motor neurons
was regulated by the number of available target muscle cells in the limb bud, in other
words, the size of the target field of innervation to which the outgrowing nerves were

directed. Later, they discovered that implantation of a mouse sarcoma into a 3-day



chick embryo resulted in a significant innervation of the sarcoma by the cells of the
sympathetic ganglia. This increased growth apparently was promoted by a diffusible
substance produced by the target cells. They isolated it and called Nerve Growth

Factor.

The earliest experiments have shown that both sympathetic and sensory
neurons depend on NGF for survival (Koester & Siegelbaum 1995). In one set of
experiments, injections of antibodies against NGF into newborn mice and rats caused
the sympathetic ganglia to disappear almost completely. The same antibodies
administered at earlier stages of development also reduced the number of dorsal root
ganglion. Moreover, administrating large amounts of NGF to embryonic or newborn
animals prevents the programmed death (called apoptosis) of many sensory and
sympathetic neurons. Apart from its function as a survival factor, NGF is also known
to influence differentiation as an environmental inducer. For example, NGF induces
sympathoadrenal precursor cells to differentiate into sympathetic neurons in culture.
Also, availability of NGF dramatically regulates levels of some neuropeptides which
are used by mature sensory neurons as neurotransmitters and neuromodulators
(Lindsay & Harmar 1989 , Otten 1984). Thus, phenotypic aspects of mature sensory
neurons can be regulated by NGF. Scwab and co-workers (1979) found for the first
time that NGF is also present in the brain (specifically, cholinergic neurons of the

basal forebrain structures and their targets).

These and similar observations indicated that during embryonic development,
NGF may act both as tropic and trophic factor effecting survival, growth and
differentiation of some types of the cells. NGF’s effects are included in mainly four
developmental phenomena: Proliferation, differentiation (phenotype expression), fiber
outgrowth, synaptogenesis and maintenance of formed synapses. In mature neurons, it

is responsible for neuron’s survival, regeneration and maintenance of its phenotype.



1.2.2. Diversity and Structure of Neurotrophins

Neurotrophins (or neurotrophic factors) are a small group of dimeric proteins
whose specificity is that they exert their biological actions primarily on the cells of the
nervous system. These actions include a wide range of functions varying according to
many parameters: Certain type of a neurotrophic factor may have different functions
in different parts of nervous system , in different organisms and at different stages of
the organism’s life period. In a simplified view, we can say that functional variability
of neurotrophins is determined by three main parameters: Biochemical structure of the
molecule and that of its receptors ; anatomical and physiological properties of neurons
secreting the molecule (that is, in which topographical location of the neural network
and under what conditions it is secreted) ; and stage of the individual’s life cycle that
the molecule functions (whether during embryonic development, postnatal period, or
in adulthood). The main effect of neurotrophins is, as their name implies, trophic
influences on nerve cells. Eccles (1973) defined trophic influences as the factors
involved in the growth, maintenance and regeneration of either a nerve cell as a
whole, or an extrasomatic element, such as the dependence of the axon on trophic
influences from soma. Trophic influences largely take place in the prenatal
establishment and postnatal stability of appropriate synaptic contacts at precise
locations, constituting the main anatomical framework of neural network. During
development, migration of immature neurons from germinal zones to their final
location is guided by neurotrophic factors. The ability of an axon to reach its
appropriate target is essential for the survival of the neuron ; if the target is absent, the
neuron is likely to atrophy and die. There is considerable evidence that target cells
supply neurotrophic factors that nurture presynaptic neurons during the formation of

functional synaptic connections (synaptogenesis).

The most advancedly studied neurotrophic factors are nerve growth factor
(NGF), brain-derived neurotrophic factor (BDNF) and neurotrophin-3 (NT-3). These
are encoded by three distinct genes and have been identified in all higher vertebrates,
including teleost fishes. Other three types of neurotrophic factors have become focus

of research only in recent years: Neurotrophin-4 (NT-4) was first discovered in
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Xenopus laevis (Halbook et al 1991) and supports the survival of chick neurons,
whereas NT-5 (Berkemeier et al 1991), which is thought to be mammalian equivalent
of NT-4, does not (Davies et al 1993) . Lately, NT-6 has been identified in the teleost
fish Xiphophorus (Gotz et al 1994). Common feature of all neurotrophic factors is
that they are secretory proteins which are synthesized as precursors having the
potency to provide appropriate environment for the formation of disulfide bridges in
mature neurotrophins. These bridges link six cysteine residues (1-4 , 2-5 , 3-6) in
NGF & BDNF (Acklin et al 1993) and are found at identical positions in all
neurotrophic factors. Altough the precursor sequences of neurotrophins diverge
significantly more than the mature part, they do not seem to be specific and can be
exchanged with no measurable consequences on the formation of homo- or
heterodimers, as examined for BDNF & NT-3 (Jungbluth et al 1994). In NGF, only
limited segments of the prosequence seem to be essential for biosynthesis (Suter et al
1991). NGF precursor molecule is a large molecular weight complex consisting of
alpha, beta and gamma subunits. Biological activity of NGF resides in its beta subunit
that is a dimer of two identical 118-residue chains. The mature (or processed) part of
six neurotrophins show a high degree of sequence similarity and approximately %350
of aminoacids are common to all of neurotrophic factors. The active forms of NGF
and BDNF in mouse, rat, pig and human are identical. Sequence comparisons as well
as consideration of the evolution of peripheral nervous system suggest that BDNF &
NT-3 might have evolved before NGF (Barde 1994). It has been argued that NT-3
may have been neurotrophin ancestor gene because replacement of only seven
aminoacids at strategic locations of NT-3 leads to a neurotrophic factor that displays

the full biological activity of all of NT-3, BDNF & NGF (Utfer et al 1994).

1.2.3. Neurotrophin Receptors and Mode of Action

Neurotrophins exert their effects by binding to mainly two types of receptor
molecules: Low affinity p75 receptors and neurotrophin trk (tyrosine kinase)
receptors. p75 is the low affinity-slow dissociating neurotrophin receptor which binds

to all different types of neurotrophic factors without any selectivity for one molecule.



Receptors belonging to trk family are the high affinity-fast dissociating ones and they
show preference for mainly one specific type of neurotrophic factors. In mammals,
three different tyrosine kinase receptors have been identified: trkA, trkB and trkC.
These receptors primarily bind to NGF, BDNF & NT-4/5, and NT-3, respectively
(Barbacid 1994). After mutations were introduced in tyrosine kinase domains of each
trk receptor gene, it was observed that phenotypes of mutant animals resemble
phenotypes of animals whose NGF', BDNF and NT-3 genes have been deleted (Snider
1994). Thus, it has been argued that trk receptors have the major role in mediating
effects of neurotrophins. Although it is largely accepted that the enzymatic function
(ability to phosphorylate tyrosine residues) of trk receptors is the central triggering
event in signal transduction following the neurotrophin binding, it is not almost clear
what type of relationship exits between trk and p75 receptors. Kinetic and equilibrium
studies comparing NGF, BDNF, and NT-3 reveal that binding characteristics of these
neurotrophins to the negatively charged p75 differ in terms of rate constants and co-
operativity, while dissociation constants are roughly similar (Rodriguéz-Tébar et al
1990, 1992). The fact that all neurotrophins can bind to p75 brings that question to
mind: For neurotrophic influence to appear with a full biological efficiency, do they
have to bind to both p75 & trk at the same time? The phenotype of p75 -/- mice is
somewhat reminiscent of a partial NGF deprivation (Lee et al 1992, 1994). Biological
responses can be elicited at lower concentrations of NGF when p75 is present in
addition to trkA (Chao 1994). So, one function of p75 receptor might be acceleration
of rate of binding to tyrosine kinase receptors. In contrast, a BDNF mutant that does
not bind to p75 shows no difference in its ability to activate trkB when compared with
wild-type BDNF (Ryden et al 1995). On the other hand, trkA has been shown to be
more readily activated by NT-3 when binding to p75 is prevented or p75 is absent
(Benedetti et al 1993). This result suggests that another role of p75 might be to assist
the trk receptors in discriminating their ligands. Another suggestion takes into
account a probable receptor complex consisting of both components. At least for
NGF, we can say that a receptor complex including both trk & p75 can not be the
prevalent mechanism for signal transduction, since trkA binding has been shown to be
sufficient for NGF to exert its neurotrophic effects (Lucidi-Phillipi et al 1996).
Despite all these results, it is still not safe enough to assume that all biological

resposes to a neurotrophin imply the presence of a trk molecule on responsive cells.



For example, the migration of Schwann cells on sciatic explants seems to be mediated
by activation of p75 and the effects elicited by NGF can be blocked by application of
antibodies to p75 rather than to trkA (Anton et al 1994).

Neurotrophins are said to be “target-derived”, meaning that they are
synthesized in and released from postsynaptic neuron, while exerting their effects on
presynaptic neuron. Since they are released from postsynaptic cell, neurotrophin
receptors are located on the presynaptic nerve terminal. Neurotrophin release occurs
in response to depolarization and is presumably dependent on Na', rarher than Ca™.
Binding of neurotrophins to their receptors appears to be the essential step in
initiating their physiological action. Hosang & Shooter (1987) demonstrated that,
when injected directly into the cytoplasm or nucleus of PC12 cells, thus bypassing the
interaction with membrane-bound receptors, NGF fails to induce neurite outgrowth or
enzyme activity. Binding of NGF to high affinity receptors is followed by
internalization and retrograde transport of the receptor-ligand complex from the axon
end to the cell body (Thoenen & Barde 1980). In other words, receptor-mediated
endocytosis and retrograde axonal transport are two main steps in the process
through which NGF (or another neurotrophin) is taken up by presynaptic nerve
terminals. In the perikaryon, neurotrophin dissociates from the complex it formed

with the receptor and initiates a second messenger cascade.

Activation of neurotrophin receptors leads to a variety of responses that
mostly consist of morphological changes including axonal sprouting, modification of
dendritic arborizations, synaptogenesis and hypertrophy of cell bodies. In addition to
these structural alterations, neurotrophins are also known to induce certain changes in
the function of neurons, such as expression of certain neuropeptides or
neurotransmitters, and increases in their release. Neurotrophin effects seem to depend
on the neuron’s location in the nervous system (whether central or peripheral nervous
system) and its actual physiological state (whether still dividing, just exiting mitosis,
long postmiotic, or damaged). Lewin & Barde (1996) state that functional variability
of neurotrophins arises from activation of distinct second-messenger pathways in
different cellular environments. Knipper et al (1993) demonstrated that NGF and
BDNF increase the levels of cAMP and IP; in rat hippocampal synaptosomes. In
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another study, BDNF & NT-3 rapidly induced intracellular Ca' elevation in
hippocampal neurons having trkB & trkC (Berninger et al 1993). These results give
clues about possible secondary messenger cascades that might be used by
neurotrophins, at least in hippocampal neurons. Other than these, changes in ionic
condutances of the plasma membrane, increased phosphorylation of specific proteins
and activation of early-immediate genes from c-fos and c-jun families are other

reported responses that can be elicited by neurotrophin receptor activation.

1.3. Evidence for a Role of NGF in the Central Nervous System

1.3.1. Distribution of NGF, NGF mRNA, and NGF Receptors in the

Mammalian Brain

Effects of neurotrophins were demonstrated in both central nervous system
(CNS) and peripheral nervous system (PNS). NGF has long been known to promote
differentiation, expression of the neurotransmitter phenotype, and survival of
sympathetic and sensory neurons in the PNS (Levi-Montalcini 1982). In contrast to its
pronounced effects on cathecholaminergic neurons in PNS, NGF and antibodies to
NGF do not affect central dopaminergic and noradrenergic neurons (Dreyfus et al
1980, Konkol et al 1978). However, it has important effects on cholinergic cells in the
CNS (Hefti et al 1989, Whittemore & Seiger 1987). In 1979, Schwab and co-workers
found that NGF injected into rat hippocampus is specifically taken up by nerve
terminals and transported retrogradely to the cholinergic neurons of the medial septal
nucleus and the nucleus of the diagonal band of Broca. This observation has strongly
suggested that NGF receptors are present on cell membranes of cholinergic neurons.
Afterwards, several studies have been made in order to determine synthesis or action
sites of NGF in adult, neonatal or prenatal animal brain. In these studies, distribution
of either NGF mRNA and protein, or NGF receptor (NGF-R) mRNA and protein
were investigated. For this purpose, two methods were commonly used:

Hybridization in situ for mRNA detection and immunohistochemistry for protein
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detection. Since receptor-mediated uptake is a prerequisite for retrograde transport of
NGF, determining the distribution of NGF-R mRNA and protein may provide clues
about anatomical areas where NGF exerts its effects. On the other hand, localization
of NGF mRNA and protein may be used as a marker of sites where NGF is
synthesized and present in abundant amounts.

During development, NGF-R mRNA and NGF-R immunoreactivity are
transiently expressed in many CNS sensory structures as well as in motoneurons and
nonneuronal tissues (Large et al 1989, Yan et al 1988,). Several studies have shown
that in the brain, NGF-R mRNA and NGF itself are most abundantly found in basal
forebrain cholinergic nuclei (Buck et al 1988, Ernfors et al 1988, Kiss et al 1988, Koh
& Loy 1989). As mentioned earlier, BFCS consists of medial septum, diagonal band
of Broca, nucleus basalis magnocellularis (of Meynert) and additionally, substantia
innominata ; while hippocampus, amygdala, cerebral cortex and olfactory bulb
constitutes the target areas of BFCS. Target regions of forebrain cholinergic nuclei
contain the highest levels of NGF mRNA and high densities of NGF-R (Korshing et al
1985, Large et al 1986, Shelton et al 1986). Localization studies suggest that
cholinergic neurons of the basal forebrain show the highest sensitivity to NGF in the
brain and these neurons retrogradely take up NGF from their target structures where
it is synthesized and released.In one of these studies, Koh et al (1989a) mapped
cellular localization of NGF-R mRNA and protein in adult rat brain by using in situ
hybridization and immunocytochemistry. One of the important observations of the
study was that altough receptor protein is generally present within the neuronal
populations which also contain NGF-R transcripts, there are many regions which stain
intensely for NGF-R protein, but fail to show NGF-R message hybridization. This
finding was interpreted as the presence of NGF-R immunoreactivity in fibers, but not
within cell bodies and brought forth the possibility that immunoreactivity in these cells
may result from a sequestration of a circulating truncated form of NGF-R (Koh et al
1989a). Therefore, there is a distinction between the sites of NGF-R biosynthesis and
the areas which contain only NGF-R-immunoreactive fibers that are possibly arising
from the transport of receptor protein from other areas. In consistency with other
studies, they found that NGF-R mRNA is distributed throughout the rostro-caudal
extent of the basal forebrain complex, including MS, vdB, hdB and NBM. During
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development, however, many NGF-R immunoreactive neurons can also be detected in
striatum (Gage et al 1989, Koh & Loy 1989). It was observed that NGF infused into
adult rat brain locally induces a ninefold increase in the number of striatal neurons
containing NGF-R mRNA (Gage et al 1989). These findings have been interpreted as
an evidence for a stress-responsive and/or growth-related gene expression mechanism

in which NGF present within the striatum induces its own receptor (Koh et al 1989a).

1.3.2. Methods of NGF Delivery to the CNS

After the NGF distribution in the brain has been established and it has been
revealed that NGF exerts its action primarily throughout the BFCS, the interest in
NGF biology grew even more, since it has been already known that selective damage
to the forebrain cholinergic structures in experimental animals, as well as their age-
induced degeneration in both animals and man results in deterioration of cognitive
functions and memory disorders. These memory losses belong to typical syndromes of
debilitating neurodegenerative diseases such as Alzheimer’s disease, some forms of
Parkinson’s disease, and senile dementia. To determine the role of defected trophic
support in memory disorders, or to evaluate NGF’s effects on such cognitive
impairments as a therapeutic agent, many experiments using animal models have been
carried out. Commonly, NGF was delivered by intraventricular infusions in such
experiments. Intraventricular administration of NGF is necessary because NGF does
not cross the BBB (blood-brain-barrier). Novel ways of NGF delivery include grafts
of genetically modified cells that produce and release NGF (Martinez-Serrano et al
1995) , gene transfer (Barthe-Castel et al 1996, Chen & Gage 1995, Martinez-
Serrano et al 1996) , or peripheral administration of NGF in conjugation with a carrier
protein (i.e. anti-transferrin receptor antibody) that transports it through the BBB
(Backman et al 1996).
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1.3.3. Effects of NGF on Animals with Damaged BFCS

In the earliest lesion experiments concerning with forebrain projections to
hippocampus, it had been observed that destruction of cholinergic input to
hippocampus resulted in an ingrowth of peripheral sympathetic neurons which
matches the previous distribution of cholinergic terminals in the hippocampus (Loy &
Moore 1977, Stenevi & Bjoérklund 1978). These results have firstly indicated that
peripheral sympathetic neurons and central cholinergic neurons might respond to the
same neurotrophic signal produced by hippocampus. After the study of Schwab et al
(1979), studies have focused on NGF’s function in the basal forebrain, as a new way
of interaction between forebrain cholinergic nuclei and its targets. In most of these
studies two cholinergic marker enzymes have been commonly used as indexes of
responsiveness to the infusion of NGF: Cholineacetyltransferase (ChAT) which is
responsible for synthesis of ACh (acetylcholine), and acetylcholineesterase (AChE)
which is responsible for cleavage of ACh. In addition, ACh synthesis, release and
choline uptake rates have also been measured in some studies. Generally, septo-
hippocampal system was focus of research, since it is one of the important systems

that is claimed to take place in cognition.

In one of the earliest studies, Hefti et al (1984) demonstrated that chronic
intraventricular NGF infusion elevates hippocampal ChAT levels in adult rats with
lesioned septo-hippocampal pathway. In another study, increase in hippocampal
ChAT activity in response to NGF treatment was found to be transitory (Will & Hefti
1985) whereas that observed in septum was still present several weeks after
termination of NGF application (Hefti et al 1984, Will & Hefti 1985). On the basis of
these findings, it was hypothesized that NGF might affect survival of septal
cholinergic neurons. In support of this hypothesis, NGF was shown to promote
survival of lesioned septal cholinergic neurons in adult rats (Hefti 1986). After septo-
hippocampal fibers were transected by cutting the fimbria unilaterally, the number of
AChE-positive cell bodies in MS and vdB of control animals was reduced to %50 of
the number counted on the unlesioned side, whereas the number of AChE-positive

cell bodies was reduced only by %12 on the lesioned side of NGF-treated animals,
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even if it did not reach the control levels. These results were interpreted by Hefti
(1986) as that NGF treatment counteracts the lesion-induced degeneration of septo-
hippocampal neurons, but only cholinergic ones, not other types of septal neurons
contributing to this pathway. On the other hand, increase in NGF protein levels in the
hippocampus of adult rats were observed after fimbria-fornix lesions (Larkfors et al
1987). NGF amounts in the hippocampus returned to its normal levels after 30 days,
coincident with the complete reappearence of degenerated AChE-positive presynaptic
terminals (90 days after operation). Other groups have also reported hippocampal
NGF accumulation in adult rats after cholinergic denervation (Gasser et al 1986,
Korsching et al 1986). This accumulation may be due to increased expression of the
protein in the hippocampal tissue and newly synthesized hippocampal NGF may have

been used by lesioned cholinergic terminals for the purpose of regeneration.

In another extensive study in which again NGF’s effect on fimbrial transection
was tested, Montero & Hefti (1988) demonstrated that lesioned septal neurons can be
rescued by NGF application and infused NGF directly acts on NGF-R , since lost cells
that are positive for both ChAT and NGF-R reappeared in the septum after the
treatment. Failure of delayed treatment pointed out the fact that fimbrial transection
really causes degeneration (rather than resulting in only a down-regulation of
cholinergic markers) and exogenous NGF really promotes the survival (rather than
leading to only up-regulation of markers). Furthermore, GABAergic neurons (which
are a part of noncholinergic septo-hippocampal projection) were also lost after
fimbrial transection, but they were not affected by NGF treatment, indicating that

effect of NGF is specific for cholinergic neurons in septo-hippocampal projection.

These findings are consistent with more recent observations confirming that
post-operatively administered NGF protects axotomized cholinergic neurons from
death (Hefti et al 1993 , Koliatsos et al 1991,1994), and also, helps to maintain their
cholinergic phenotype by increasing ChAT levels, ACh release and NGF-R density
(Dekker et al 1991 , Haag et al 1989). Among these studies, that of the Dekker et al
(1991) demonstrated that NGF administration is not only effective on regeneration of
axotomized septo-hippocampal fibers, but also influences cholinergic transmission in

basalo-cortical projections after lesions of NBM. Some other lesion studies revealed
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that impairment in spatial learning caused by damage to BFCS structures can be
improved by chronic NGF treatment, in correlation with the morphological recovery
of the damage (Dekker et al 1990, Mandel et al 1989).

In any lesion study related to basal forebrain projections, recovery of
transected cholinergic fibers by NGF application shows that adult forebrain
cholinergic neurons depend on continuous supply of NGF which is provided by target
areas. In the basal forebrain, NGF seems to play a role of a maintenance factor that is

responsible for the stability of cholinergic phenotype as well as the terminal field size.

1.3.4. Effects of NGF on Aged Animals

Age-dependent changes in rodent forebrain regions include decline in ACh
synthesis (Gibson & Peterson 1981, Sims et al 1982, Springer et al 1987) , ACh
release (Gilad et al 1987, Rama et al 1983, Rylett et al 1993, Tanaka et al 1996) and
high-affinity choline uptake (Gilad et al 1987, Sherman et al 1981). Also, there is
evidence of cholinergic neuron atrophy, in some cases accompanied by cell loss, in the
septal-diagonal band area, nucleus basalis and striatum (Fischer et al 1987, 1991a,
Hornberger et al 1985). Generally, these morphological changes were found to be
correlated with memory deficits (Fischer et al 1989, 1991a , Koh et al 1989b). Hence,
it was hypothesized that age-related impairments in learning and memory is the result
of age-related impairments in BFCS. Related to this proposal, another hypothesis was
that some reduction in neurotrophin support or response of presynaptic cells to this
support may be the cause (or one of the causes) of atrophy in the aged neurons. Since
target-derived trophic factors are important for the maintenance of basal forebrain
structures, it is possible that age-dependent structural and functional deterioration of
the forebrain cholinergic neurons may be due to a progressive failure of this
retrograde trophic system. So, defects in neurotrophin functioning may be the reason
of, or at least, can aid to age-related cognitive dysfunction and in this case,
reestablishment of trophic support may improve memory deficits resulting from the

senescence, by reversing age-related degeneration in the forebrain (as it has prevented
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retrograde degeneration of transected fibers in several lesion studies). In many studies
adressing these questions, water maze (Morris et al 1981) or radial-arm maze (Olton
et al 1979) were used to evaluate the levels of spatial learning and memory in rats.
Two main measurements were acquisition and retention (or retraining) performances,
which determine the learning and the preservation of long-term memories,
correspondingly. Acquisition performance in water maze was measured as swim time
until reaching the hidden platform and named as escape latency, while retention
performance was measured as number of times the rat passes through the previous
location of platform after it has been removed. In radial-arm maze, the acquisition was
measured by a choice accuracy and/or length of training to an arbitrary criterion,
while the retention was measured by a choice accuracy on a retraining to same
criterion after a break in experiments. For both mazes, reversal learning means making
same measurements after the platform has located to the opposite quadrant of pool or

baits have placed to the unbaited arms of the first procedure.

Fischer et al (1987) showéd that NGF can improve retention performance of
aged impaired rats in the water maze while those that are not treated with NGF will
still show a significant retention deficit. Histochemical analyzes of MS, vdB, NBM
and striatum revealed that size of the AChE-positive cell bodies was significantly
reduced in control rats, while significantly increased larger on the side of infusion in
NGF-treated ones. NGF treatment did not make any difference in the number of
AChE-positive cell bodies per unit area between two groups of aged rats.
Amelioration on the side of infusion actually shows that NGF can exert its trophic
effects on the atrophic forebrain cholinergic system of aged rats. In another study by
Fischer et al (1991a), correlations between age, spatial memory impairments and
atrophic changes were demonstrated. For this purpose, they used five age groups of
rats, made ChAT & NGF-R histochemistry in four brain regions previously
investigated, and observed that aged rats with poorer maze performances than young
ones also show neuronal atrophy and loss for ChAT/NGF-R -positive cells in their
forebrain. In all four nuclei, cell counts were correlated with both escape latency and
platform crossing measures as well as with age. These results suggested that age-
induced cognitive dysfunction may be caused by, or at least, is related with age-

induced morphological changes in BFCS neurons. The question is the place of NGF in
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this picture. There are four main possible mechanisms of age-related degeneration in
basal forebrain with regards to NGF transmission: a)Lack of target-derived NGF ;
b)Reduced responsiveness to NGF due to NGF-R loss ; c)Reduced NGF transport ;
d)Failure of coupling to second messenger system. Hellweg et al (1990) used two
groups of aged rats which are classified as impaired or severely impaired according to
their performance in the water maze task, and observed that NGF levels of impaired
and severely impaired rats were approximately equal in hippocampus, while severely
impaired ones have had higher levels in the cortex and olfactory bulb. According to
authors of this study, elevated cortical NGF could be resulted from a reduction in the
capacity of cholinergic projections to bind NGF and/or transport it from their targets.
In other words, NGF-R deficiency may have been the reason of cholinergic neuronal
atrophy, and receptor-deficient cholinergic neurons may have undergone atrophic
changes in the presence of maintained tissue levels of NGF. This interpretation
remains in line with the reported loss of NGF-R immunoreactivity and this decrease in
NGF-R immunoreactivity was shown to correlate with spatial learning and memory
impairments (Koh et al 1989b). However, Henriksson et al (1992) demonstrated that
among aged rats, good performers (of the water maze task) had significantly higher
NGF levels in their hippocampus, while no differences were detected in cortex,
septum and cerebellum. They interpreted this correlation as that either loss of
hippocampal NGF-synthesizing neurons, or diminished capacity of these neurons to

synthesize NGF may have a role in age-related learning and memory deficits in rats.

Another important question is whether age-related impairments in spatial
learning and memory is due to degeneration observed in the hippocampus or in the
septum. Within the hippocampal formation, NGF mRNA is predominantly expressed
in hilar region of dentate gyrus as well as CA1, CA2 and CA3 regions (Ernfors et al
1990). This is important, because both the dentate gyrus and the CA1 & CA3 regions
are critically involved in age-related cognitive impairments (Geinisman et al 1986, de
Toledo Morrell et al 1988) and reduced synaptic plasticity observed in the
hippocampus of aged rats with learning deficits (Landfield 1988, de Toledo-Morell et
al 1988) may result from reduced capacity of hippocampal neurons to synthesize or
release NGF. In a recent study, Bergado et al (1997) revealed a correlation between

poor performance in water maze and decreased ability to potentiate the synaptic
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efficacy of perforant path-dentate gyrus synapses after tetanic stimulation. It is not
surprising since long-term potentiation (LTP) is considered to be a long-lasting form
of synaptic plasticity which correlates with long-term memory. Intracranial infusions
of NGF to aged memory-deficient rats improved their capacity to develop a long-term
synaptic enhancement to the level shown in aged rats with no behavioral impairment.
Electrophysiological improvement mediated by NGF suggests the possibility that the
defect in hippocampal LTP and the cognitive dysfunction observed in aged individuals
may be due to a defect in trophic signalling provided by NGF. There are also studies
which emphasize that learning and memory deficits may be related to declines in
cholinergic marker activity in projection areas of the basal forebrain. For example,
Ingram et al (1981) found a positive correlation between hippocampal ChAT levels
and the performance in radial-arm maze. This finding was supported by the study of
Dunbar et al (1993) in which decreased hippocampal ChAT activity in a
subpopulation of aged rats was found to be correlated with impaired performance in
water maze task. Same correlation was not observed for ChAT activities in frontal
cortex and striatum, emphasizing the specificity of hippocampus. These results
apparently contrasted with the study of Fischer et al (1989) who didn’t find any
association between performance of aged rats and ChAT activity in the cortex or

hippocampus.

Perhaps, the best approach is to view the septo-hippocampal system as a
whole in which two structures modulate each other reciprocally and take part in
mnemonic functions simultaneously. This approach may be generalized to other basal
forebrain cholinergic neurons and their targets: A defect in target structures may
cause degeneration in BFCS and in turn, degeneration of cholinergic projections may
result in impairment of the cognitive function carried out by their targets. For this
reason, any impairment in trophic support provided by NGF can affect both basal
forebrain structures and their targets, resulting in deficits in learning and memory. It is
possible that deteriorations in trophic support system may have a role in memory
problems arising from senescence, especially in those of Alzheimer’s disease in which
severe cognitive dysfunction is accompanied by extensive degenerations in the basal
forebrain nuclei. Even if this is not the case, potency of NGF as a therapeutic agent

for patients of Alzheimer’s disease still exist (Scott & Crutcher 1994). Many studies
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reported that administration of exogenous NGF reduces cholinergic atrophy and loss
of BFC neurons, promotes upregulation of cholinergic parameters, as well as
ameliorates cognitive deficits in aged rats (Backman et al 1996 , Frick et al 1997 ,
Markowska et al 1994,1996 , Martinez-Serrano et al 1995,1996). Fischer et al
(1991b) detected cell loss and shrinkage in septal-diagonal band area, striatum and
NBM of aged (30-months-old) rats. Moreover, these rats were impaired in retention
performance in the water maze. By NGF treatment, increase in size but not in number
of cells was observed on the side of infusion and 30-months-old treatment group
exhibited a stable retention performance in the maze while that of control group
progressively declined. Although results of this study implies that age-induced
cognitive dysfunction appears to be an impairment in reference memory (assessed by
retention of previously acquired performance in the water maze) and thus main target
of NGF treatment is that type of memory, Markowska et al (1994) reported that
effect of NGF treatment in aged rats was greater on the spatial working memory
(assessed by delayed alternation test in T-maze) than on the spatial reference memory
(measured by place discrimination in water maze). Another study of Markowska et al
(1996) provided further evidence for the notion that NGF primarily improves working
spatial memory (measured by spatial delayed nonmatching-to-position task in the

water maze) in aged rats.

1.4. The Role of NGF in the Adult Intact Mammalian Brain

1.4.1. Possible Role of NGF and Other Neurotrophins in the Adult Synaptic
Plasticity

By the most general definition, synaptic plasticity refers to the functional
modification of connections within the developing or mature nervous system, often
accompanied by anatomical changes in the wiring of such connections. Synaptic
plasticity is a natural phenomenon in the developmental stages of nervous system,

since this development actually includes establishment of synapses. The maturity of
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contacts in the neural network is reached by activity-dependent interactions between
presynaptic terminals and their targets. The role of neurotrophins in the synaptic
plasticity arises from their potential influence over the anatomical modifications by
which connectivity with the presynaptic terminal changes. Classically, neurotrophins
affect synaptic connections by influencing growth of neuronal processes and these
long-term morphological changes are of obvious importance for synaptic
neurotransmission (Garofalo et al 1992, Ruit et al 1990). In addition, neurotrophins
can also lead to modifications other than changes in morphology of synaptic elements.
One of the examples is that application of neurotrophins in the intact brain of adult
animals produces powerful, acute, and coordinated effects on the activity of whole
neuronal ensembles, manifested as seizure activity in some cases (Berzaghi et al
1995). This result and other data suggest that neurotrophins can have effects on the
activity of neurons in the intact adult brain, presumably by changing the synaptic
efficacy. In the study of Lohof et al (1993), NT-3 and BDNF enhanced synaptic
transmission after application in cultures containing amphibian spinal cord
motoneurons and muscle cells, as indicated by increase of the spontaneous and the
impulse-invoked synaptic activity recorded from muscle cells. Subsequent analyzes
revealed that this effect was a result of an enhancement of transmitter release, most
likely caused by increased calcium concentrations at the nerve terminal. Moreover,
nerve cell innervation and membrane depolarization have been found to regulate NT-3
expression in the postsynaptic cell (Xie et al 1997). This activity-dependent
expression of NT-3 may serve as a retrograde signal for modulating synaptic efficacy
and/or stabilizing the neuromuscular synapses. Apart from their effects on
neuromuscular synapses, BDNF and NT-3 also seem to be able to rapidly increase
intracellular calcium in cultured hippocampal neurons (Berninger et al 1993), which is
an obvious way of increasing transmitter release. Similar potentiation events have
been observed in slices of rat visual cortex by NGF & BDNF application (Carmignoto
et al 1993) and modulatory effects of NGF on glutamatergic synapses in adult rat
hippocampus (Knipper et al 1994) has been reported.

All these results offer a possible role to neurotrophins in adult synaptic
plasticity, since they actually seem to increase the efficacy of neurotransmission.

Synaptic plasticity is known as the neurophysiological correlate of learning and
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memory, or in other words, learning and memory are examples of postnatal synaptic
plasticity. Thus, neurotrophic influence may be a part of the physiological mechanisms
underlying cognitive functions in adults. The studies concerned with hippocampus are
particularly important, since hippocampus is believed to be one of the principal brain
regions taking part in learning and memory, though there is a continuous debate over
its role and over the type of cognitive function it carries out. Current opinion favors
the idea that hippocampal LTP is functionally related to memory (Krug et al 1990,
Matthies et al 1986, Moser et al 1995). LTP (long-term potentiation) is a long-lasting
form of synaptic plasticity including the process of potentiation in response to tetanic
or coincident stimuli. There is a growing body of evidence that neurotrophins may
influence or may be influenced by this process. The electrical stimulation leading to
LTP in CA1l region of the hippocampus has been reported to result in increased
neurotrophin expression (Patterson et al 1992). It has been shown that limbic seizures
induced by focal electrolytic lesions to dentate gyrus hilus causes a dramatic increase
in NGF mRNA synthesis by neurons in hippocampus and cortex (Gall & Isackson
1989). Another study demonstrated that hilar lesion-induced limbic seizures also
causes an increase in the expression of BDNF mRNA by many populations of neurons
in the adult forebrain (Isackson et al 1991). From these results, it was hypothesized
that activity-dependent regulation may be an inherent property of these neurotrophic
factors and may be related to their role in maintaining neuronal viability and circuitry
in the brain (Isackson et al 1991). In these studies, seizure activity was evaluated as
an analogue of high-frequency stimulation leading to plastic changes in the brain.
According to this scenario, an event leading to plasticity also leads to elevation in
neurotrophin levels and in turn, elevation of neurotrophin levels further strengthen
neuronal connections. This may be a general mechanism by which regional differences
in activity can influence the structural stability. Kang & Schuman (1995)
extracellularly applied different neurotrophins to hippocampal slices from young adult
rats and examined their effects on synaptic transmission at the Schaffer collateral-CAl
neuron synapses. They observed that BDNF and NT-3 caused a rapid enhancement
of the initial slope of the field EPSP (excitatory postsynaptic potential) whereas NGF
had no effect on synaptic transmission. The effects of these two neurotrophins were
clearly mediated by their trk receptors, since tyrosine kinase inhibitors blocked the
enhancement that was induced by either BDNF or NT-3. It was also found that prior
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potentiation induced by NT-3 and BDNF did not inhibit LTP and in turn, AP5 (a
NMDA receptor antagonist known to block LTP) did not block enhancement effects
of these neurotrophins. Finally, authors concluded that the potentiation achieved by
neurotrophic influence must be distinguished from LTP , and in this case, there exist
at least two independent mechanisms by which synaptic strength can be enhanced at
these synapses. This interpretation does not necessarily exclude a possible role of
neurotrophins in the LTP phenomenon. Evidence from other studies favor the
presence of a trophic influence in LTP, especially in relation to BDNF. Korte et al
(1995) detected a severe defect of CAl synapses in BDNF -/~ mice. In the
hippocampus of these mutant mice, tetanus-induced LTP was severely defected
despite their normal brain morphology, basal synaptic transmission and behavior. This
defect has been shown to be rescued after prolonged incubation with BDNF (Korte et
al 1996), indicating that only the absence of BDNF, by itself , is responsible for the
impairment of hippocampal LTP in BDNF'-/- mice. Effect of BDNF on LTP appears
to be presynaptic in origin and is possibly mediated by regulation of neurotransmitter
release, which leads to enhanced ability of hippocampal synapses to follow high-
frequency afferent stimulation (Gottschalk et al 1998, Zucker et al 1989). When two
pathways in the same slice were monitored simultaneously, BDNF treatment
potentiated the tetanized pathway without affecting the synaptic efficacy of the
untetanized pathway (Gottschalk et al 1998). This finding is particularly important
because it implicates neurotrophic influence in the Hebbian-type synaptic plasticity.
Selective pairing of high-frequency neuronal activity and elevation of BDNF
concentration may be evaluated as a coincidence detection signal, in which BDNF
potentiates transmitter release only at more active synapses (analogous to coincidence
of presynaptic activity and postsynaptic membrane depolarization leading to NMDA

receptor activation in LTP induction).

Evidences for activity-dependent retrograde trophic signalling (including both
regulation and release of neurotrophins in response to intense stimulation) suggests a
model in which neurotrophins have the function of a retrograde factor affecting the
synaptic plasticity by causing changes in both morphological and physiological

properties of the synapses where they are released.
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1.4.2. The Role Of NGF in the Intact BFCS and in the Adult Cognitive

Functions

As mentioned earlier, in the adult basal forebrain nuclei, NGF has a function of
target-derived survival or maintenance factor, meaning that it supports the survival of
forebrain neurons and maintenance of their cholinergic phenotype. Besides its
apparent regenerative effects on lesioned cholinergic fibers, NGF has also shown to
influence neurotransmission and activity of cholinergic marker enzymes in the
uninjured basal forebrain. In one of the earliest studies, Gnahn et al (1983)
demonstrated that intraventricular injections of NGF in intact brains of neonatal rats
elevated ChAT activity in septal area, hippocampus, and cortex. In cholinergic
neurons in culture, both increased ACh content and release have been measured
following incubation of basal forebrain neurons with NGF (Takei et al 1988, 1989).
Williams and Rylett (1990) showed that cholinergic neurons in unlesioned brains of
both adult and aged rats respond to chronic administration of exogenous NGF with
increases in high-affinity choline transport (the presumed rate -limiting step for ACh
synthesis), as well as with increased ChAT activity. It was also reported that in young
adult rats, increased ChAT and choline uptake activities observed after
intraventricular NGF administration were accompanied by enhanced ACh synthesis
and enhancement in basal & depolarization-induced release of both endogenous and
newly synthesized transmitter in hippocampus, striatum and frontal cortex (Rylett et al
1993). Another finding is that infusions of BDNF and NGF into adult rat forebrain
caused elevations in levels of certain neuropeptides and their mRNAs (Croll et al
1994). All these results suggest that NGF has the potency to alter physiological
activity of cholinergic neurons also in young/adult uninjured brains. The potential
influence of NGF on cholinergic neuronal functioning may take part in synaptic
plasticity. Especially, enhancement of cholinergic neurotransmission in the septo-
hippocampal pathway may be a part of mechanisms underlying synaptic plasticity
mediating mnemonic functions. This enhancement may occur in response to NGF
release from hippocampus and in turn, may provide maintenance of cholinergic
innervation of hippocampus by septum. The study of Knipper et al (1994) revealed

such an activity-dependent reciprocal interaction. In vitro applications NGF and
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BDNF enhanced the depolarization-induced release of ACh from septal cholinergic
neurons while cholinergic agonists increased levels of BDNF mRNA and NGF protein
in the hippocampus. In addition, NGF increased the rate of choline accumulation via
high-affinity transport system, while antibodies to NGF blocked this response.
Reciprocal regulation of NGF & BDNF in hippocampal neurons by ACh and the
release of ACh from presynaptic terminal represents a novel mechanism for
controlling synaptic efficiency in the cholinergic system. In this model, neurotrophins
released from hippocampal neurons results in strengthening or maintenance of their
synapses with septum and in turn, stronger or maintained stimulation from septum
modulates hippocampal potentiation. It was further suggested that this specific
interplay may be an example of a more generalized principle by which neurotrophins

increase the efficiency and/or stability of both peripheral and central synapses
(Knipper et al 1994).

Thus, neurotrophins must be viewed as a target cell’s way of influencing the
function and/or structure of presynaptic neuron projecting to it. This mechanism
seems to be included in plasticity that is responsible for physiological processes
underlying learning & memory. Simultaneously detected impairments of both the LTP
and maze performance in aged rats (Bergado et al 1997) suggest that spatial memory
may be directly mediated by LTP in the hippocampus and ameliorative effects of NGF
on LTP may be linked to its ameolirative effects on basal forebrain nuclei. In this case,
role of NGF in hippocampal LTP appears to be mediated by its effects on forebrain
cholinergic system. It is clear that integrity of neurotrophic interactions is essential for
mnemonic functions in an intact adult brain, since neurotrophin deprivation has been
shown to result in mnemonic dysfunction (Van der Zee et al 1995, Mu et al 1999).
The unclear point is the effect of exogenous NGF administration on cognitive ability
of adult rats with intact BFCS. Previous studies have yielded conflicting results. In
one of the studies by Fischer et al (1991b), cell loss and shrinkage were detected in
septal-diagonal band area, striatum and NBM of aged rats (30-months-old) which
were impaired in retention performance in the water maze. However, same spatial
memory deficit was also detected 18-monts-old rats which were not different from
young ones (3-months-old) in cell size and number. NGF administration also

improved maze performance of 18-monts-old rats, with marked hypertrophy of
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ChAT-positive neurons in their basal forebrain and striatum. This result was
interpreted as that a morphological response to NGF can be obtained not only in
brains of aged animals where cholinergic neuronal shrinkage occurs, but also in brains
where cholinergic cellular atrophy has not yet evolved. Markowska et al (1994)
demonstrated that NGF does not improve spatial working memory in young rats, on
the contrary, it impaired the performance. Furthermore, it was suggested that neural
systems contributing to different behaviors may have different sensitivities to NGF,
since NGF infusion to young rats altered only the working memory, but did not make
any impact on reference memory performance. Another interesting finding was that
aged but cognitively unimpaired rats performed worsely after the treatment with a
NGF conjugate (Backman et al 1996). Thus, a mnemonic impairment may be an
essential prerequisite for NGF treatment to be beneficial. Whether beneficial effects of
NGF treatment is exerted only on age-related cognitive deficits, or also reverses

deficits seen among young adult rats remains to be determined.

1.5. The Aim of the Present Study

The experimental results indicating detrimental effects of NGF administration
in adult rats and in those of old animals that did not show memory deficits raise
questions such as whether behavioral impairment is a precondition for the positive
effects of NGF therapy and what may be the reason for deteriorating effects of NGF
on adult animals. The present study adresses this issue in the experiment by examining
behavioral effects of NGF in adult rats that were classified as poor learners in a task
that was shown to be sensitive to hippocampal damage and impaired in aged rats. The
task was spatial learning in the radial maze carried out under the procedure requiring
both working and reference memory. One possible reason of reported behavioral
impairment in the NGF-treated adult rats could be too high dose of neurotrophin
used, leading to an excessive, undesired sprouting of intact cholinergic neurons and in
effect, distortion of function. Therefore, in our experiments we applied lower dose of
NGF which, however, was shown by other authors to produce upregulation of

cholinergic parameters and behavioral improvement in aged rats.
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CHAPTER 2

MATERIALS AND METHODS

2.1. Subjects

Twenty-four, naive, male Wistar rats were used. They were 3-months-old at
the beginning of experiments. Rats were obtained from the Rat Breeding Station of
Hacettepe University Medical School. They were kept in home cages in groups of
three or four under natural day/night cycle. In the home cages, rats had free access to
water but were subjected to 23-hr food deprivation schedule with daily food portions
given 30 min after the completion of behavioral tests. Prior to the experiments all rats
were food deprived to 85% of their free feeding body weights. Body weight was
recorded every second day. Subjects were trained once a day in the same order and at

about the same time everyday.

2.2. Apparatus

The apparatus was a twelve-arm maze made of plywood, painted flat gray, and
elevated 80 cm above the floor of a large room containing variety of distinct distal
cues. The maze had a central platform that measured 40 cm in diameter, end each arm
was 60 cm long and 9 cm wide. Each arm was framed by 10 cm high side walls made
of clear plexiglass preventing rats from directly crossing from one arm to the other
but allowing them to see the cues in the room. A guillotine door was placed at the

entrance to each arm. The guillotine doors could be moved separately one by one, or
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in concert. A hole, 2 cm wide and 2 cm deep, was drilled at the end of each arm to
serve as a food cup. To unify throughout the maze the food odor traces, in all food
cups, 1 cm from the bottom a perforated partition was inserted beneath which two
food pellets (2 g chocolate flavored rice puffs) were placed. The same pellets were

used as a bait in the course of the training.

2.3. Procedure

2.3.1. Habituation and Shaping

Prior to the experiments, for six consecutive days, rats were daily handled, five
minutes each. At the beginning of the experiments, rats were given five days of
habituation and shaping trials in which they were allowed to explore the maze for 10
min period each day, and eat all the food pellets. During the first day food pellets
were scattered throughout the maze. During each successive day the number of
pellets was reduced, and they were placed closer to the ends of the arms. At the end

of the shaping food was present only in the food cups.

2.3.2. Experimental Design and Behavioral Training

Semi-randomly chosen six out of the total twelve arms were baited with 3
chocolate pellets each. The location of the six baited arms is shown on the Figure 2.1.
It remained constant throughout the preoperative training. On ¢ach daily trial, rats
were placed on the central platform facing different direction.The guillotine doors
were raised, and rats were allowed to do their first choice by entering one of the arms.
Each time the rat returned to the central platform after making a choice, the guillotine
doors were shut for 5 sec., and only then the animal was allowed to make the next

choice. Rats were permitted to choose among the arms until they completed the trial
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by either eating all pellets or making twelve choices, or when 10 min has passed.The
entry into an arm was counted only when the rat had crossed the midpoint of the alley
with its two forepaws. Within any daily trial, entry into an unbaited arm or re-entry
into a baited arm was scored as, respectively, reference or working memory error.
The duration of the trial, the sequence of visited arms, number of correct choices,
number of reference memory errors (RME), and the number of working memory
errors (WME) were recorded for each rat. All rats were given one trial per day until
five out of their first six choices were to the baited arms on the three consecutive
trials. During the acquisition training, rats were learning the rules of the maze and the
spatial locations of the baited arms. After reaching the acquisition criterion , each of
the rats was given 10 days rest in its home cage. During this time they were not
subjected to any behavioral tests. After the break in the experiments, rats were given
retention test including a retraining to the same criterion of five correct responses in
the first six choices over three consecutive trials. The retention test measured the rat’s
ability to retain and retrieve the learned knowledge, in other words, to measure the
persistence of its long-term spatial memory over the 10 days period. After reaching
the second criterion, rats were given the conditioned place preference (CPP) test
carried out under the extinction conditions. In this test, all baits were removed from
the maze, all doors were kept open, and the rat’s choices were recorded over the
period of 10 minutes. CPP test aimed to determine whether entries to baited arms
really reflected a conditioned place preference, or they were simply a result of random
choices without any spatial awareness. In order to examine the possible impact of the
odor traces left by the rats themselves on their performance in the maze, before each
CPP session, the maze was cleaned with a wet rag. Under these conditions, still
significantly higher preference for the previously baited arms would indicate the

involvement of spatial memory in solving the task.

The pre-operative training aimed the selection of “good” and “poor” learners
among the rats. Rats were classified as “poor” learners (memory deficient) when the
performance measures during preoperative training (i.e. total number of choices to
reach the acquisition criterion) were at least 2 SEM above the group mean. Rats

classified as “good” learners were excluded from further experiments.
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After preoperative training, twelve memory-deficient rats underwent surgery
for osmotic minipump implantation and chronic NGF or vehicle infusion. Rats were

randomly assigned to either experimental or control group.

After three weeks beginning from the pump/cannula implantation, rats were
subjected to the postoperative testing that included the same stages as the
preoperative training. It began with the reversal learning and was followed by a ten
days break, retention test (retraining to criterion), and CPP test. Throughout the
reversal learning, the locations of baited and unbaited arms were reversed comparing

to preoperative conditions (see Figure 2.2.).
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FIGURE 2.1. Simple schema of twelve-arm radial maze with arms pamted
black representng the bated arms used i preoperative tests
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FIGURE 2.2. 3mple schema of terclre-arm radial maze wath arms pamted
black representng the baited arms used in postoperative tests
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Table 2.1. presents the experimental schedule. In this table, durations for each
part of the experiment are given as mean number of days for all subjects. Individual
variation in completing one test is shown in the brackets as a range between

performance of the first and the last rat reaching the criterion in that test.

TABLE 2.1. Schedule Of The Experiment

PREOPERATIVE TESTS OPERATION POSTOPERATIVE TESTS
Handling Acquisition  [Break [Pre- CPP  [Broak [Surgery [Break ersal  [Break [Post- CPP
& [Training Openative 1 caming Operative
ion [Retraning [Retrsning
# of Days 5 11 10 5 1|14 4 {20 11 10 5 1
427 (4-31) (8-16) (5-15)

2.4. Surgery

Rats were anesthetized with 80 mg/kg IP ketamine hydrochloride and 10
mg/kg IP rompun (Xylazin). 0.7 mm posterior to bregma and 1.2 mm lateral to the
midline, a 28 gauge stainless steel cannula was lowered stereotaxically to the right or
left ventricle. The cannula was connected to an Alzet 2002 osmotic minipump (Alza
Corporation, Palo Alto, CA) via plastic catheder. The pump was filled with human
recombinant NGF (12 pg/pump) (Sigma) or vehicle solution (210 pl/pump), and was

placed in subcutaneous pocket in the neck region. The vehicle was cerebrospinal fluid
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(122.5 mM NaCl, 25.2 mM NaHCO; , 54 mM KCI, 2.0 mM MgSO, , 1.2 mM
NaH2PO,, 2.0 mM CaCl,, 10 nM glucose, pH 7.4) containing 100ug/ml rat serum

albumin. Human NGF was resuspended in 10 ul of 0.5% acetic acid and then buffered
with 200 pl of vehicle solution. The infusion rate of NGF was 0.7 pg/day, with all
NGF in the pump delivered.

2.5, Histology

Under ether anesthesia, the plastic tubing connecting Alzet mimnipump and
the brain cannula was cut and tiny amount of diluted writing ink was injected to the
brain to mark the location of the cannula tip. Rats were decapitated, cannulas
removed, brains dissected and cut in the coronal plane at the site of cannula

implantation. The brain cross-sections were then examined.

2.6. Data Analysis

A nonparametric Mann-Whitney U test (Siegel 1987) was used to compare the
experimental and control groups for different performance measures during
preoperative and postoperative testing independently. Within-subject analysis of
animal performance at corresponding stages of pre- and postoperative testing was
done by Wilcoxon rank sum test (Siegel 1987). In addition, pre-and postoperative
performance was assessed by two way ANOVA.

To see better whether there were any between-group differences in the course
of pre- and postoperative learning to criterion, Vincent learning curves (Kimble 1961)
were prepared and analyzed with repeated-measures ANOVA. To prepare learning
curves, the whole training to the acquisition criterion (measured by a total number of

choices done until the criterion has been reached) was divided into five equal stages
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for each rat, and the choice accuracy (measured by the error frequency) was
calculated for each stage independently. The group means were calculated for each of

the stages, and plotted against time.

Chi-square test was applied to assess the results of CPP test. In this test the
frequency of correct choices (choices to previously baited arms) was compared with
chance level ( in our paradigm 50%, since 6 out of total 12 arms were baited). Prior
to statistical analysis, the CPP data was cleaned of the response chains representing
sequences of entries to the adjacent arms done in clockwise or counter clockwise
direction. The reason was that the sequential responding did not reflect a spatial
strategy and such choices could not be evaluated as arising from spatial learning and

memory.
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CHAPTER 3

RESULTS

3.1. Histological Verification

Examination of the brain cross-sections confirmed that the tips of brain

cannulas were located in the lumen of the lateral veniricle.

3.2. Body Weight

The groups’ mean body weights & SEM were calculated for the four week
period preceding and for the four week period following intracerebral NGF/vehicle
infusions. They are shown in the Table 3.1. Two-way ANOVA (treatment x time) did

not revealed any significant effect, that could have indicated NGF-induced anorexia.
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TABLE 3.1. Comparison Between Preoperative and Postoperative Average Weights
of NGF-treated and Control Rats

W PREOPERATIVE AVERAGE POSTOPERATIVE AVERAGE
Groups WEIGHT (gn) WEIGHT (gr)
Experimental 234.451+7.19 267.62 +13.64

Group

Control 217.08 £ 9.0 259.3+4.26

Group

3.3. Preoperative Performance

In the course of preoperative acquisition training, rats in both groups showed
steady improvement of their performance. The overall choice accuracy measured by
the frequency of correct responses in the first 6 choices changed from 50.7% (chance
level) on the first acquisition trial to 83.0% on the criterion trial, the latter level
significantly higher than that of expected by chance. On the first retraining trial,
choice accuracy remained at the high level of 79.2% indicating good memory
retention over the 10 days period. Interestingly, there was a negative correlation
between the rate of learning to criterion during initial acquisition and during retraining

after the ten days break.

The “poor” learners were selected on the basis of individual differences in the
rate of learning during initial acquisition training. In the rats classified as “poor”
learners, the total number of choices until the acquisition criterion has been reached,
was at least 2 SEM above the group mean. Table 3.2. presents different measures of
preoperative performance calculated separately for experimental and control groups,
with the animals in both groups classified as “poor” learners. As seen from the table,
in all preoperative measures of performance except one, namely number of choices to

criterion during retraining, there was no significant between-group difference, as



36

assessed by Mann-Whitney U test. The rate of retraining to criterion was on the
average 2,5 times shorter comparing to the original acquisition training, and it was

still faster in the experimental group than in the control group (p< 0.05).

It is striking that, in both groups, the frequency of RMEs was on the average
2.5 higher than the frequency of WMESs. This highly significant (Mann-Whitney U
test) difference was observed from early stages of training. When looking at Figure
3.1. and 3.2. showing the changes in the frequency of two types of errors (RMEs and
WMESs) across five arbitrary stages of acquisition learning to criterion, it is seen that,
in the course of training there was a significant decrease in the percentage of RMEs (
F [4,50] = 20.65, p< 0.001) as well as WMEs ( F [4,50] = 2.78, p< 0.05). In both
groups, however, by the middle of the training there was observed a transient increase

in the frequency of WMEs.

In the CPP test, frequencies of choices to the previously baited arms, in both
groups, were significantly higher than the chance level, as assessed by Chi-square test
(see Table 3.3. and 3.4.).
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TABLE 3.2. Between Group Comparison Of Different Performance Measures

During Preoperative Training

Perfomtar:j Number of choices Frequency of RME in Frequency of WME in Number of choices
Measu to reach criterion in acquisition acquisition to reach criterion in
acquisition retraining
Groups (retention test)
Experimental 120,86+ 12,14 2029+ 1,72 13,46+ 1,26 3686502 *
Group
Control 107,33+ 16,25 274+1,14 11,4+205 551412
Group
Pelformal:j Frequency of correct | Frequency of RME in Frequency of WME in Frequency of correct
Measu choices in the first the first retraining the first retraining choices in place
refraining session session session preference test
Groups
3
Experimental 82821493 098+476 72+347 60,36+ 3,85
Group
Control 64,17+ 10,68 21,38+ 6,69 14,44+ 433 64,66 3,21
Group

Data represent means + SEM for different performance measures. Statistical significance

was assesed by Mann-Whitney U Test with * representing p < 0.05 compared to control .

T, YOKSEKOGRETIM KURTLE
DOKUMANTASYON MERKFTE
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TABLE 3.3. Evaluation Of Preoperative Place Preference Results For Experimental

Group
TEST df Xz
Pooled 1 12.32%
Heterogeneity 4 14.74%%
Total 5 27.06*

Statistical significance was assessed by Chi-Square test with * representing p < 0.001 and **

representing  p <0.025

TABLE 3.4. Evaluation Of Preoperative Place Preference Results For Control

Group
TEST df X2
Pooled 1 20.2*
Heterogeneity 4 6.05
Total 5 26.07*

Statistical significance was assessed by Chi-Square test with * representing p <0.001
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FIGURE 3.1. Comparison between performance of Experimental Group and Control
Group in Vincent learning curves showing five consecutive stages of preoperative

acquisition training. Each point represents the mean percentage of RME.
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FIGURE 3.2. Comparison between performance of NGF Group and Control Group in
Vincent learning curves showing five consecutive stages of preoperative acquisition

training. Each point represents the mean percentage of WME .
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3.4. Postoperative Performance

Tables 3.5. and 3.6. are presenting within-subject comparison of different
performance measures between pre- and postoperative testing, for each of the groups
independently. As seen from the Tables, in both groups, there was no significant
difference between the length of the preoperative and postoperative learning to
criterion (which was 5 correct responses in the 6 first choices on the three consecutive
trials). Neither there were any significant difference between the performances in the
preoperative and postoperative retention tests (retrainings). In both groups, however,
in the postoperative reversal learning there was a significant increase in the frequency
of RMEs, and a significant decrease in the frequency of WMEs. The significance of
these differences was revealed by both Wilcoxon rank sum test (p < 0.01), and two-
way ANOVA (treatment x stages of training), with respectively, F [1,20] = 18.48, p<
0.001 (for RME) and F [1,20] = 19.36, p< 0.001 (for WME). In addition, the
performance in the postoperative CPP test, as assessed by Chi-square test, occurred

to be at the chance level but only in the control group (see Tables 3.7. and 3.8.).

As it is seen from the Figures 3.3. and 3.4., the course of the postoperative
reversal learning was similar to the original acquisition of the task prior to the

surgery, with, however, overall higher levels of RMEs and lower levels of WMEs..

Between-group comparison of rats’ performance in postoperative testing (see
Table 3.9.) revealed significant difference for only two parameters: number of choices
to reach criterion during retraining (p< 0.05, Mann-Whitney U test), and frequency of
RMEs on the first retention trial (F [1,20] = 8.01, p < 0.05) . NGF-treated rats was

better than the control rats on both of these measures.
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TABLE 3.5. Comparison Of Performance Between Pre- And Postoperative Tests

In Experimental Group

Performar:j Number of choices | Frequency of RME in Frequency of WME in Number of choices
Measures| to reach criterion in | acquisition / reversal acquisition / reversal to reach criterion in
acquisition/reversal learning learning retraining
Period fearning (retention fest)
Preoperative 12086+ 12,14 2929+1,72 1346+ 1,26 36,86+502
Postoperative 116+12,37 36,71 £2,02 * 687112 * 31,33+585
Performancel Frequency of correct | Frequency of RME in Frequency of WME in Frequency of correct
choices in the first the first retraining the first retraining choices in place
retraining session session session preference test
Preoperative 82,82+493 9,981+ 476 723,47 60,36+£3,85
Postoperative 80,32+6,84 16,08 +587 341212 64,08 £501

Data represent means = SEM for different performance measures. Statistical significance

was assesed by Wilcoxon Rank Sum Test with * representing p < 0.01 compared to preoperative

measurements.
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TABLE 3.6. Comparison Of Performance Between Pre- And Postoperative Tests

In Control Group
Performal Number of choices | Frequency of RME in Frequency of WME in Number of choices
Measures] to reach criterionin | acquisition / reversal acquisition / reversal to reach criterion in
acquisition/reversal learning learning retraining
Period learning {retention test)
Preaperative 10733+ 16,25 27,4+£1,14 11,4+205 551412
Postoperative ©9,17+£6,39 3575+1,34 * 528+£0,76 * 42,67 +£392
Performance] Frequency of correct | Frequency of RME in Frequency of WME in Frequency of correct
Measu choices in the first the first retraining the first retraining choices in place
retraining session session session preference test
Period
Preoperative 64,17 £ 10,68 21,38 £6,69 14,44+ 433 64,66 £ 3,21
Postaperative 6543+ 7,14 30,27 + 5,51 420+1,75 5452+282 *

Data represent means = SEM for different performance measures. Statistical significance

was assesed by Wilcoxon Rank Sum Test with * representing p < 0.01 compared to preoperative

measurements.
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TABLE 3.7. Evaluation Of Postoperative Place Preference Results For

Experimental Group
TEST df X2
Pooled 1 16.47*
Heterogeneity 4 25.38*
Total 5 41.85%*

Statistical significance was assessed by Chi-Square test with * representing p < 0.001

TABLE 3.8. Evaluation Of Postoperative Place Preference Results For Control

Group
TEST df X2
Pooled 1 3.63
Heterogeneity 4 4.47
Total 5 8.1

Statistical significance was assessed by Chi-Square test with * representing p < 0.001




TABLE 3.9. Between Group Comparison Of Different Performance Measures

During Postoperative Training

Performance|

Measures

Number of choices
to reach criterion in

Frequency of RME in
reversal learning

Frequency of WME in
reversal learning

Number of choices
{o reach criterion in

reversal learning retraining
(retention test)
Experimental 116+ 1237 36,71 £2,02 687+£1,12 31,33+585 *
Group
Control 99,17 +£6,39 35,75+1,34 5281076 42,67 +3,92
Group
Perfomzal:j Frequency of correct | Frequency of RME in Frequency of WME in Frequency of correct
Measu choices in the first the first retraining the first retraining choices in place
retraining session session session preference test

Groups
Experimental 80,32+ 6,84 1608587 * 34x£2,12 64,08 £ 5,01
Group
iControl 6543+7,14 30,27 £551 429+1,75 54,52+2.82
iGroup

Data represent means + SEM for different performance measures. Statistical significance

was assesed by Mann-Whitney U Test with * representing p < 0.05 compared to control .
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FIGURE 3.3. Comparison between performance of Experimental Group and Control

Group in Vincent learning curves showing five consecutive stages of postoperative

reversal learning . Each point represents the mean percentage of RME .
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FIGURE 3.4. Comparison between performance of Experimental Group and Control
Group in Vincent learning curves showing five consecutive stages of postoperative

reversal learning . Each point represents the mean percentage of WME .
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CHAPTER 4

DISCUSSION

The results of the present study indicated that human NGF, when applied
intracerebrally to young rats at a low total dose of approximately 12 pug per rat over
the period of 16 days, did not show any effect on the most of the tested behavioral
parameters. We did not observe NGF-induced impairment of performance similar to
that reported in young or aged but cognitively unimpaired NGF-treated rats in earlier
studies (Backman et al 1996, Markowska et al 1994). However, there was not much
improvement either. In addition, the low dose of NGF applied in the present study
prevented possible postoperative weight loss and thus was shown to have no anorexic
effect that could negatively influence the rats’ performance in the following behavioral

tests based on food reinforcement.

In general, frequency of WMEs were significantly lower than frequency of
RMEs. This observation is consistent with earlier reports of other authors that rats
are predisposed not to repeat their previous choices. It may reflect a tendency
towards spontaneous alternation commonly observed in the two-choice paradigm

such as T-maze and may indicate an efficient working memory.

In both preoperative and postoperative learning (acquisition training and
reversal learning), no significant difference was detected between groups in any of the
behavioral parameters (length of the training, frequency of RME, or frequency of
WME). According to within group comparisons, in both groups, frequency of RMEs
made in reversal learning was significantly higher than that were made in acquisition

training. On the other hand,
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frequency of WMEs made in the reversal learning was significantly lower than that
made in acquisition training. In other words, all rats made more RMEs and less
WMEs in the training after the operation than that they had made in the training
before the operation. These performance changes are not related with any influence of
NGF treatment since they were detected for both groups, as revealed by between
group comparisons. They may be interpreted as a result of the normal process of
learning which was progressing along with the experimental schedule: Increase in
RMEs is a manifestation of conditioned place preference acquired during preoperative
training, and reflects a difficulty of rats to learn the alternated task, that is, learning
new positions of baited arms which were opposite of those that have been used
throughout the preoperative tests. On the other hand, decrease in WMEs indicates
that all animals retained good memory of the task rules (such that once baits have

been eaten, baited arms are never rebaited again).

The only significant differences between the NGF-treated and control goups
during the postoperative period were observed in the retraining (retention test).
Length of postoperative retraining (number of choices until reaching the criterion)
was significantly lower for NGF-treated subjects than that for control subjects, but
this difference can not be evaluated as resulting from NGF treatment, because in
terms of the same measure, experimental group has been revealed to perform better
than control group also in the preoperative retraining. The fact that NGF-treated rats
executed less RMEs during postoperative retraining could be in line with previous
reports of positive effects of NGF administration on the spatial reference memory in
the cognitively impaired aged rats (Backman et al 1996 , Fischer et al 1987,1991b).
However, this change can not be safely attributed to ameliorative effects of NGF
treatment on the experimental group, since within group analysis did not indicate any
difference between postoperative and preoperative performances of the NGF group
for this measure. The lack of NGF-induced improvement of spatial working memory
is in contrast with the studies reporting greater NGF effect on spatial working
memory than on spatial reference memory (Markowska et al 1994,1996). In these
studies, spatial working memory was tested in delayed alternation task in T-maze and
delayed nonmatching-to-position task in Morris water maze, both of which were

employing long delays between sample and test choices, and thus, were quite different
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from the radial maze paradigm used in the present study. This difference in
methodology may explain the discrepancy between the results of this study and those

of Markowska et al.

In previous studies, NGF treatment was shown to improve cholinergic
parameters in the adult basal forebrain cholinergic neurons both in vitro and in vivo
studies (Gnahn et al 1983, Takei et al 1988,1989, Rylett et al 1993, Koliatsos et al
1994). Furthermore, NGF has shown to induce growth and sprouting of uninjured
adult rat axon collaterals in the hippocampus (Saffran & Crutcher 1990). At first look,
these morphological and biochemical modifications can be thought as resulting in
cognitive improvement by mediating mechanisms of neural plasticity in the septo-
hippocampal system or in any other basal forebrain projecting pathway. However,
there is experimental evidence that physiological modifications caused by exogenous
NGF treatment in adult or young rats are not accompanied by improved cognition, in
contrast, impairment in cognitive performance. In the study of Backman et al (1996),
NGF treatment resulted in increased cholinergic cell body size and improved
performance in Morris’ water maze in aged rats with initial memory deficits while
NGF-treated rats that were unimpaired before treatment occured to be significantly
worse in the retest. It has been suggested that NGF administration to young adult
animals may trigger sprouting of intact cholinergic fibers, which lead to undesirable
modification of BFCS function and results in behavioral impairment. Markowska et al
(1994) demonstrated that in the majority of young rats, NGF impaired choice
accuracy in the recent memory task and showed no effect on the reference memory
task. Results of this experiment can be interpreted as that NGF in excessive amounts
may have impaired the integrity of BFCS, but only certain types of memory may be
open to this degenerative influence since neural systems contributing to different
behaviors may have different sensitivities to NGF. In contrast, it had been found
earlier that other than 30-months-old rats showing memory deficits accompanied by
cholinergic atrophy, NGF also improved place navigation performance (in water
maze) of 18-months-old rats which were behaviorally impaired but without marked
morphological changes in the BFCS (Fischer et al 1991b). The discrepancy between
results of Fischer et al (1991b) and Markowska et al (1994) may have arised from
very high doses used by latter (40-160 pg). If cognitive impairments emerging in
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response to NGF treatment of young adult rats is actually a result of undesirable
sprouting of intact cholinergic neurons, then this influence can be expected to be
dose-dependent. Thus, dose of NGF is an important parameter when adult subjects
are used. By choosing a small dose (total dose of 12ug/rat throughout 16 days), this
study aimed to eliminate undesirable effects of NGF infusion on morphology of adult
intact brain and cognitive functions, as well as other reported side-effects on rats
(anorexia, hyperalgesia, etc.). We observed neither an improvement nor a regression
in cognitive performance of subjects. Possibly, the dose that we used was small
enough not to cause memory impairment, but not adequate for performance
improvement to occur. Alternatively, two weeks may be too short for NGF to exert
its ameliorative effects on memory, and longer treatment would have improved the
performance. Neurotrophic influences are exerted through cellular processes such as
gene activation, neurite growth and remodelling of synapses. All of these processes
require time to be fully expressed, therefore duration of NGF treatment as well as the
period over which its effects are tested are also very important. The studies on the
effects of NGF applied in different doses and over different periods of time show
conflicting results. NGF doses lower than ours (such as 1.1-2.1 pg/week) when
delivered over a period of four weeks were reported to partially reverse the age-
related deficits in reference memory as assessed by a place discrimination task in the
water maze (Chen et al 1995 , Fischer et al 1987,1991b). At the same time, 2-week
NGF microinfusions were shown by some authors (Fischer et al 1987, Markowska et
al 1996) to have no substantial effect on behavior in either aged or young rats in both
spatial reference and spatial working memory tasks. However, 2-week intraventricular
infusion of a dose (1.2-1.5 pg/day) slightly higher than the present study was shown
to increase ACh synthesis and release in the basal forebrain of adult rats. Another
NGF dose (4.4 pg) lower than ours was administered for two weeks only and
reported to improve the development of hippocampal LTP in aged rats showing poor

performance in the Morris water maze (Bergado et al 1997).

In this study, we discriminated poor learners from normal adults according to
the criterion that those which are 2SEM above the mean number of choices of all rats

were accepted as cognitively impaired. This criterion may not be sufficient to make
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such a discrimination. According to notion of Backman et al (1996), severe mnemonic
impairment is a prerequisite for behavioral improvement to occur in young/adult rats
by NGF treatment. Another possibility is that radial maze task may be too easy to
measure any improvement of performance resulting from treatment. If the task was
not difficult enough, control rats would have reached the the criterion for completing
tests as easily as NGF-terated ones and it could not have been possible to distinguish
any treatment effect. Finally, human recombinant NGF may be less effective on adult

rats than 2.5S mouse NGF which have been used in most of the previous studies.

Besides methodological factors, another reason of failure to obtain expected
improvement in spatial cognitive abilities may be the possible involvement of
noncholinergic transmission in mnemonic processes of adult individuals. Previous
studies have shown that increase in cholinergic neurotransmission does not always
correlate with behavioral improvement, and vice versa, decrease in cholinergic
functions with behavioral impairment. Markowska et al (1995) reported that
intraseptal infusions of oxotremorine, a muscarinic agonist, had no effect on the T-
maze spatial alternation in young rats, but improved behavior of aged rats.
Furthermore, it was shown that NBM lesions produced by neurotoxin quisqualic acid
reduced cholinergic input to cortex much more than NBM lesions produced by
ibotenic acid, yet quisqualate lesions resulted in significantly smaller memory defict
than ibotenate lesions (Dunnet et al 1987, Markowska et al 1990). Studies showing
that aged rats without any significant defect in morphology of BFCS can also be
behaviorally impaired (Fischer et al 1991b, Markowska et al 1994) provide further
evidences for the possibility that deficiencies in cholinergic parameters are not always
a prerequisite of memory deficiencies. On the basis of these data, it can be speculated
that noncholinergic component of the brain memory system can be responsible for the
individual variation in mnemonic capacity among the adult rats. In this case, NGF-
induced changes in cholinergic system would not be sufficient to reverse cognitive
impairments in adult rats, since these impairments can be due to deficiencies in

noncholinergic systems.
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CHAPTER 5

CONCLUSIONS

All subjects learned maze tasks and completed tests successfully, as declared
by a progressive improvement in their performance. Because of conditioned place
preference for baited arms, all rats made significantly more reference memory errors
in the postoperative reversal learning than those that they have made in the
preoperative acquisition training. For both experimental and control groups,
frequency of working memory errors made in the postoperative reversal learning was
significantly lower than those made in the preoperative acquisition training, since

subjects learned task rules better as the experiment proceeds.

Only performance improvement that can be attributed to NGF treatment
obtained from the results of retention test. During the first postoperative retraining
trial, experimental group executed significantly less reference memory errors
compared to control group. This difference may have been resulted from positive
effects of NGF treatment on spatial memory, indicating an improvement of memory
retention. Other than this, no significant difference was observed between
experimental and control groups. On the other hand, we did not observe any negative
effect of NGF treatment on performance of memory-deficient adult rats, possibly
because of the low dose of NGF that was used in our experiments. Thus, dose that is
used is an important parameter and must be seriously ‘taken into account in the NGF

studies, especially in those using young or adult rats as subjects.

In sum, the role of neurotrophins in adult animals and effects of their

exogenous administration on adult brain require further investigations.
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Figure 3. Photograph of the maze used in experiments (During experiments, all arms
were framed by plexiglass side walls)
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