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GENERAL ABSTRACT
The ascending cholinergic and serotonergic projections are central to cortical activation
and normal behavior. The objective of this thesis was to determine whether unilaterally
damaging both of these systems would disrupt the production of skilled movements on
the contralateral side of the body. Rats received unilateral damage to either the ascending
cholinergic, or serotonergic, or both projections. The respective lesions reduced
neocortical levels of acetylcholine and serotonin as assessed by acetylcholinesterase
reactivity and immusiohistochemical staining for serotonin. Subjects were assessed on a
battery of sensorimolor tasks sensitive (o neocortical integrity. The cholinergic lesion
produced mild deficits on some tasks but damage to both together did not abolish skilled
movement. The impairments are decreased in relation to the severe effects of bilateral
lesions. The results show that the sensorimotor cortex remains functional following

deafferentation of both cholinergic and serotonergic afferents.
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CHAPTER ONE

General Introduction

Cholinérgic and serotonergic dfferents densely innervate the neocortex and have
been implicated in a variety of behavioral functions. The cholinergic and serotonergic
proj ections to the neocortex are associated with producing a low voltage fast activity
{(LVFA) pattern of the neocortical elecﬁoeﬁcephalogram (EEG) (Dringenberg,
Vanderwolf, 1998; Vanderwolf, Robinson, & Pappas, 1980; Vanderwolf & Baker, 1986;
Vanderwolf & Stewart, 1986). The ACh-related LVFA is associated with alert
immobility while the 5-HT-related LVFA is associated with overt movement of the body
and limbs. S_urprisingly, damage to either system has little, if any, effect on behavior.
Conjoint damage to both, however, produces severe impairments in learning and
memory. Such énimals have been described as displaying “no intelligent behavior”
(Vaﬁder‘wolf, 1987). Consequently, the combined blockade preparation has been
'propésed as a model of dementia.

One difficulty in studying animals with bilateral depletions of ACh and 5-HT is
that the preparaﬁon is not practical for chronic experiments because subjects are unable
to care for themselves. Unilateral lesions, however, have been used to study the effects
of condifions such as stroke and Parkinson’s disease, conditions in which combined
lesions would be incapacitating (Miklyvaeva, Castaneda, & Whishaw, 1994; Rose,
Whishaw, & van Hof, 1992; Whishaw, Gornty, & Sarna, 1998; Whishaw, O'Connor, &
Dunnett, 1986). Animals with unilateral damage have sensory and motor impairments

mainly to the contralateral side of the body. Their ipsilateral side of the body, controlled



by the intact hemisphere, is sufficient for self-maintenance. Surprisingly, there has been
no previous investigation of the role of these ascending systéms on sensorimotor behavior
in the rat, as studies have been limited to learning/memory function. There also has been
no previous examination of the effects of unilateral l_esions.

Thus, the principal concern in the present thesis was to assess the effects of
unilateral depletion and conjoint unilateral depletion of the neocortical ACh and 5-HT
projections on sensorimotor behavior.. In the introduction, neurotransmitters will be
briefly described. The organization of acetylcholine and serotonin in the brain will be
outlined as well. This will be followed by a description of studies that examined the
behavioral significance of acetylcholine and serotonin. The focus of this literature review
will be on the significance of the two systems with respect to learning and memory
because few studies have examined the two systems in light of motor behavior. Finally,

the interaction between acetylcholine and serotonin will be discussed.

Neurotransmitters

Four standard criteria are used to confirm that an agent is a neurotransmitter. (1}
The substance must be present within the presynaptic neuron where it is synthesized and
packaged into vesicles, (2) the substance must be released in response to presynaptic
electrical activity, (3) specific receptors for the substance must be present on the
postsynaptic cell, (4) exogenous application of the suspected substance should mimic the
effect of presynaptic stimulation on the postsynaptic cell. By the 1950’s, the list of

neurotransmitters had expanded substantially using the above criteria.



Neurotransmitters are chemical messengers that pass f;om one neuron o anofher
cell. Tf}js triggers a cascade of events in .the receptive neuron generating a post.synaptic
electrical signal. A neurotransmitter ;thﬁt did_ not bind toa postsynaptic receptor is rapidly
removed ﬁj‘orh the synaptic gap. '_Tlllis allows the postsjfnalﬁtic cell to_engage in another
cycle of néumtransmitter release or binding. The neurotransmitter is normally removc_:d
by w;fy of degradation by a specific enzyme; it may also be taken into nerve terminals or
surrounding glial cells. This mechanism of signaling bétween neurons is the most
comm.o.n system o_f com_munication in the central nervous system.

It is useful to sepafate neurotransmitters nto {wo categories based on size.
Neuropeptides are large transmitter molecules composed of chains of amino acids. Small
molecule neurotfanénﬂtters include indi.vi'dual amino acids, biogenic amines and
aéetylchol_ine. It is not uncommon for r;euroné to produce and release more than one type
of neurotransmitter. Acetylcholine and serotonin are considered small molecule
neurotransmitters.

Tﬁe discovery of acetylcholine: Imitially all synapses were thought to function
by électrical transmission. The idea of chemical signaling between neurons was
inﬁoduced through Otto Loe.\.;vi’s experiment in 1921. Loewi isolated and perfused the
hearts of two frogs. He then stimulated the vagus nerve of one heart, which slowed its
beating rate. The perfusate flowing through the heart was collected and introduced to the
second heart. This caused the second heart to slow down as effectively. Thus,
stimulating the vagus nerve released a chemical that slowed the heartbeat. The substance

was originally called “vagus substance,” but the active ingredient was later named



acetylcholine. Loewi’s e.xpe'riment demonstréted that neurons i_ndeed release chemicals
known as neurotransmitters to send signals to other cells.

Acetylcholine synthesis and distribution: Acetyléholine is synthesized in nerve
terminals. It is produced from acetyl coenzyme A and choline in a reaction catalyzed by
the enzyme choline acetyltranseferése._ Acetyicholine is broken down in the synaptic gép
by the enzyme acetylcholinesterase. Both choline acetyltransferase and
acetylcholinesterase are often used as biomarkers for the presence of acetylcholine.

The distribution of cholinergic némons throughout the cehtrak nervous system has
been thoroughly described in rats (Fibiger, 1982; Mesulam, Mufson, Wainer, & Levey,
1983; Rye, Wainer, Mesulam, Mufsbn, & Sapei', 1684; Wainer et ai., 1984; Wainer et a_l.,
1993; Woolf, 1991). The basﬁl forebrain is mainly composed of cho]iﬁergic-neurons.
These neurons encompass a number of anatomical regions: écptal nuclei, diagonal band
of Broca; and nucleus basalis magﬁ-ocellularis. The sef)tal nuclei provide cholinergic
input to the hippocampus. The horizontal and vertical limbs of the diagonal band send
projections to the hi'ppocémpus, olfactory bulbs and amygd.ala. In the ventromedial
comér of the rat globus pallidus is a group of large, cholinesterase reactiye neurons,
referred fo as the nucleus basalis or nucleus basalis magnocellularis. This anatomical
region is believed to be homologous to the nucleus basalis of Meynert in hﬁman and non-
hunian primates {Flicker, Dean, Watkins, Fisher, & Bartus, 1983; Johnston, McKir_mey,
& Coyle, 1979;'Johnsf0n, McKinney, & Coyle, 1981). | |

Neurons of fne nucleus basalis provide 80-90% of the cholinergic input of the |
ipsilateral neocortex (Mesulam.et al., 1983; Rye et al,, 1984). An acetylcholinesterase-

reactive pathway originating in this region and terminating in the cerebral cortex was first
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descri_bed bv Shufe and Lewis (1967). The .projections are topographi.cally. o.rganized; the
anterior areas of the nucleus project tﬁ the frontal and temporal neocortex and the
postérior regi'ons project to the parietal énd occipital neocortex. The nucleus basalis
sénds li_niited input to the olfaéfpry bulbs and amygdala as well (Rye et al., 1984, Wenk,
Bigl, & Mésref, 1980). The nucl_eu.s basalis has diffuse projections, has compact cells of
origin, and utilizes acetylcholine. It provides the oppdrtunity to study the relationship
between cbrtiéal Cholinergic p.rojections and behavior and is therefore the structure of
intereét for the present exlﬁeriments. '

The discovery of serotenin: S.e‘rotoﬁin has received attention since the mid-
nineteenth century (Cooper, Bloom, & Roth, 1991). The neurotransmitter was first
recognized as one that caused powerful contractions of smooth muscle organs and a
cause of hi gh blood pressure. 5-hydroxytryptamine (5-HT) was the active ingredient in
serotonin isolated from various areas of the peripheral nervous system.

Twérog and Page (1953) were among the earliest to demonstrate serotonin in
mamm’alian br'-ains; They isolated serotonin from various brain structures of rats, rabbits,
and dogs. The isolated substance was used in an experiment similar to that designed by
Loewi (1921). The heaﬁs of Venus mercenaria, which are also known as quahog or hard
shell clam, were suspended in artificial seawater. The isolated substance was added to

iﬁdividual baths and caused an increase in the amplitude of the heartbeat. This discovery
directed resecarch towards the role of serotonin in the central nervous system.

Serotonin synthesis and distribation: Serotonin is synthesized from the amino
acid tryptophan. This primary substrate is taken up into the neuron by a plasma

membrane transporter. It is then hydroxylated in a reaction that is catalyzed by the



Figure 1.1: Schematic representation in the sagiital plane of the major subdivisions of the
basal forebrain cholinergic system in the rat brain (modified from Leanza, 1996). AC,
anterior cingulate cortex; AMY, amygdala; hDBB, horizontal limb of the diagonal band
of Broca; vDBB, vertical limb of the diagonal band of Broca; ENT, entorhinal cortex; FF,
fimbria fornix; HPC, hippocampus; MS, medial septum; NBM, nucleus basalis
magnocellularis; OCC, occipital cortex; OLF, olfactory bulbs; PAR, parietal cortex; PF,

prefrontal cortex; retrosplenial cortex; SCS, supracallosal striae; TEMP, temporal cortex.






enzytﬁe tryptophan-s~hydr0§(ylasc. This step produces S-hydroxytryptophan, which is
then decarboxylated to yield s-hydroxyM’ptamine or serotonin. |
Raphe nuclei are a collection of predominantly midline neurons within the
mammalian brain stem (De Olmos & Heimer, 1980). Raphe neurons are rich with
serotonin (Palkovits, .Brownstein, & Saavedra, 1974) and are the main source of
serotonergic projections to most of the central nervous system (Azmitia & Segal, 1978;
Descarries, Beaudet, & Watkins, 1975; Moore, Halaris, & Jones, 1978; O'Hearn &
Molliver, 1984; Sakanaka et al., 1980; Takagi, Shiosaka, Tohyama, Senba, & Sakanaka,
1930) (Fig. 1.2). The cell bodies of the serotonergic neurons have been grouped and
labeled B;-Bg (Dahlstrom & Fuxe, 1964). The groups B-, Bs, and By are the most rostral
of these neurons and provide most of the ascending serotonergic afferents (De Olmos &
Heimer, 1980). Projections of these neurons converge in the ventral tegmental area.
They pass through the medial forebrain bundle and then diverge and terminate i.n the
hippoeampus, basal forebrain, thalamus and cortex. The raphe projections to the
neocortex are topographically organized. The laterality of the median (Bs) and dorsal
(B7) raphe nuclei is not certain. There are reports indicating that the projections from the
median raphe are ipsilateral (Porrino & Goldman-Rakic, 1982) and others in favor of a
contralateral projection (Jacobs, Foote, & Bloom, 1978). Maost reports on the dorsal
raphe, however, indicate that the projections are organized in a predominantly ipsilateral

fashion (Jacobs et al., 1978; van der Kooy & Hattori, 1980).


http://1xyptophan-5-hydroxyla.se

Figure 1.2: raphé nuclei neurons along the midline of the brain stem (Kandel, Schwartz,
& Jessell. 2000). CD, caudate nucleus; HF, hippocampal formation; H, hypothalamus;

Th, thalamus.
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Functions of Acetyichoiine

fhe functions of acetylcholine in the central nervous system have been debated.
A number of proposals have been suggested, h_dwever, iﬁ the last few decades. The
follow.ir'.lg sec'ti:on will describe: (1) ifs involvement in Alzheimer’s disease, (2) learming
and memory studies in aﬁimals, (3) 1ts influence on brain e_ie_ctrical activity.

Alzheimer’s diseasg: There are & number of abnonnalities in the brains of
Alzheimer’s disease (AD) paﬁents. Alzheimer, Stelzmann, Schnitzlein, and Murtagh
(1907) w:‘ere ﬁrst to describe post mortem braiﬁ tissue of an AD patient. The authors first
noted.sig.ns of atrophy or shrinkage of the tissue. This was obvious by the enlarged sulci
and shrunkén gyri. The brain was later sectioned and stained with the Bielschowsky
.;ilver method. I'_t"r.eve'aled changes in the cytoskeleton of neurons now known as
neumﬁ}.)rilia.ry' ﬁangles, which is an abnérmal form of tau protein (Wood, Mirra, Pollock,
& Bindef, 1986). In addition the neurons contained a deposition of a pathological
metabqlic Substance. These are beta-amyloid protein deposits outside the neurons now
known as neuritic plaques. Alzheimer suggested that the abnormalities were separate
- from the _brﬁin changes noted in any other psychiatric illness. A considerable correlation
bet_wee_n.the degree of dementia and the relative number of plaques and tangles was
documented in later specimens (Alzheimer et al., 1907). Alzheimer could not detect
other abnormalities in AD brains, however, because the neurochemical tools were not
- available at the time.

It was later discovered that acetylcholine is deficient in the brains of AD patients.
Whitehouse et al. (Whitehouse, Price, Clark, Coyle, & Delong, 1981; Whitehouse et al.,

1982) studied post mortem brain tissue of AD subjects and discovered that there was a
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significant decline in the levels of acetylcholine throughout the brain. They also report
that the basal forebrain was severely damaged. The findings suggested that the loss of
acetylcholine might be, in part, responsible for the learning and memory deficits seen in
AD patients. The discovery stimulated research on the possible relationship between
cholinergic mechanisms and cognitive processes. Bartus, Dean, Beer, and Lippa (Bartus,
Dean, Beer, & Lippa, 1982) proposed the cholinergic hypothesis in which they suggest
that acetylcholine is instrumental for memory processes. The suggestion was based on
evidence of cholinergic dysfunction in age-related memory disturbances. An extensive
body of animal studies later demonstrated that acetylcholine was also instrumental for
learning. Thus, Bartus, Dean, Pontecorvo, and Flicker (Bartus, Dean, Pontecorvo, & |
Flicker, 1985) revisited the cholinergic hypothesis and expanded it to include learning as
well as memory.

Animal studies: The interruption of acety}choline transmission has been
thoroughly tested in rats. This may be accomplishe.d in a variety of Ways.. An acute
method involves the administration of an agent, which blocks the éholinergic recepto_r.s.
Atropine sulphate and scopolamine, for example, are commonly uséd to block the
muscarinic receptors of acetylcholine. A chronic method requires damagﬁ to the
cholinergic neurons. Infusion of an excitotoxin or the passage of electrical current
through the neurons are the most common ways to produce such a lesion. Damaging the
basal forebrain allows the experimenter to produce structure specific depletions of |
acetylcholine. For example, producing a lesion in the nucleus basalis wﬂl deplete
cholinergic input to the neo_cortex,_ but damaging the septum or diagonal band will restrict

the depletion to the hippocampus. Infusing a selective immunotoxin, such as IgG 192
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Sapofin, into the ventricles of the brain produces global depletions of acetylcholine
(Wrenn & Wiley, 1998). |

Bilateral damage to the basal forebrain ﬁas been shown to cause impa,ii'ments in
learning and memory (Berger-Sweeney et al., 1994; Waite, Chen, Wardlow, & Thal,
1994). The septal nuclei, for example, provide cholinergic input to the hippocampus.
Damage in that region has been shown to i.mpair performance in the water maze. This
testing procedure involves placing an animal in.a swimming pool that has a hidden
refuge. Initially the animal ﬂndé the platform by chance. The subject learns the position
of the platform in relation to various cues around the robm in order to successfully locate
the platform in future trials. The ability to learn this place response is lost in ammals
with damage to the basal forebrain.

Damage to the nucleus basalis has been shown te cause learning impairments in
rats as well (Wenk, 1997). Bilateral damage of the region has been demonstrated to
impair acquisition of the water maze task (Berger-Sweeney et al., 1994). Furthermore,
bilateral damage to the nucleus basalis impairs subjects’ ability to make simple
associations. Ilicker et al. (Flicker et al., 1983) for example, demonstrated that rats with
a bilateral nucleus basalis lesion were impaired on the acquisition of a shock avoidance
task. The subjects could not learn the association between a conditioned stimulus such as
a tone or a light and an unconditioned stimulus such as a shock to the feet. Rats with
bilateral nucleus basalis damage are also impaired on conditioned taste aversion tests
(Gonzalez, Miranda, Gutierrez, Ormsby, & Bermudez-Rattoni, 2000; Lopez-Garcia,
Fernandez-Ruiz, Escobar, B.el.'mudez-Ratton.i, & Tapia, .1993). Lithium chioride solution

and saline are indistinguishable by rats. Lithium chloride, however, is aversive to rats,
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and they tiuickly jearn to consume less of any solution in case it is Jithium chloride.
Subjects with nucleus basalis damage did not show signs of leaning the aversive effects
of lithium chloride solation. F urthermore, Dubios, Mayo,. Agid, Le Moal, and Simon
(Dubois, Mayo, Agid, Le Moai, & Simon, 1985) demonstrated that bilatéral damage to
the nucleus basalis disturbéd species typical behavior as well as learning. In their study,
rats did not hoard food as they normally would after a nucieué basﬁlis lesion.

Blocking the transmission of acetylcholine also causes learning impairments.
Buresova, Bolhuis, and Bures (Buresova, Bolhuis, & Bu:rés; 1986) argue that the
administration of scopolamine interferes with working memory, it blocked the acquisition
of a place response in the water maze. The drug, however, did not impair animals that
were pre-trained on the task. In other words, retention was unaffected. A major
cholinergic pathway enters the hippocampal formation through the fimbria fornix.
Nilsson, Shapiro, Gage, Olton, and Bjorklund (Nilsson, Shapiro, Gage, Olton, &
Bjorklund, 1987) demonstrated that the bilateral transection of the fimbria fornix
impaired the acquisition of a place response in the water maze. In addition, introducing
grafts of cholinergic-rich fetal tissue into the fimbria fornix reversed the deficits, and
atropine sulphate abolished the recovered place navigation in the grafted rats.

The cholinergic hypothesis has been debated, however. There is evidence that the
selective disruption of cholinergic .transmission does not abolish learning. Whishaw
(Whishaw, 1985), for example, showed that some learning ability is preserved in rats
administered atropine sulphate. The author suggests two problem-solving systems to be
involved in the acqﬁisition and retention of a place response in the water maze. The

locale strategy, involves making rapid use of relational properties of distal cues and is
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inipaired in rats drugged with atropine sulphate. Taxon strﬁteg}f, however, involves cue
or position responses and is less dependent on cholinergic brain mechanisms. Séme
learning was, therefore, preserved in subjects drugged with atropine sulphate.

Selective lesions of cholinefgip Pathways do not impair learning and mcmbry.
processes. Baxter and col}.cagues (Baxter et al., 1996; Baxter & Gallagher, 1996), for
example, produced iesions of the medial septum and veﬁical limb of the diagenal band
using a selective immunotoxin (IgG 192-Saporin). They demonstrated that this selective
interruption of cholinergic input to the hippocampus did not impair the acquisition or
retention of a place response in the water maze. Furthermore, Baxter et al. (Baxter et al.,
1996) showed that the selective depletion of cholinergic input to both the hippocampus
and the cortex did not affect spatial learning. Thc; results seem to be species specific,
however. Bergef-Sweeney et al. (Berger-Sweeney et al., 2001) showed fhat the same
protoco!l produced severe deficits in mice. The above suggests that lesion selectivity and
specie are important factors in interpreting the significance of acetylcholine in learning
and memory.

The cholinergic hypothesis does not account fbr the deficits seen in aged animals.
The findings of Whishaw and colleé.gues (Whishaw, 1985; Whishaw & Petrie, 1988) in
two separate studies demonstrate that blocking cholinergic neurotransmission only
interrupts certain aspects of learning in spatial navigation. Gage, Bjorklund, Stenevi,
Dunnett, and Kelly (Gage, Bjorklund, Stenevi, Dﬁnnett, & Kelly, 1984a; Gage, Dunnett,
& Bjorklund, 1984b) studied aged rodents. Comparing the findings of Whishaw et al.
(1985, 1988) to those of Gage et al. (1984a,b) reveals differences between disturbing the

cholinergic neurotransmission and the effects of aging on behavior. First, animals
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drugged with atropine sulphate (Whishaw, 1985; Whishaw & Petrie, 1988) were much
less impaired in learning fhah. éged amimals (Gage et al., 1984a; Gage et al., 1984b).
Second, introducing cholinc_:rgic rich grafts into the hippocampal formation of aged
rodents only restored some learning abilities but did not reverse the deficits (Gage et al.,
1984a). This suggests additional deficits, possibly in another ﬁeurotransmitter system, in
aged animals. |

Electrical activity: Waves of electrical activity can be recorded from the brain of
a freely moving animal. Vanderwolf recorded electﬁéai activity or electrocorticogram
(EEG) from the hippocampus of raté enigag.ing in various behaviors (Vanderwolf, 1969).
The author uses the terms rhythmical slow wave activity (RSA) (Vanderwolf, 1969) and
low voltage fast wave activity (I.VFA) (Vanderwolf, 1975) to refer to hippocampal and
neocortical EEG recorded during voluntary behavior.

Vanderwolf demonstrated a correlation between electrical activity in the
hippocampus and the neocortex with behavior. Vanderwolf and Pappas (Vanderwolf &
Pappas, 19780) organized behavior into two main categories. Type 1 behavior involves
voluntary behaviors, such as head turning, postural adjustment and forepaw use; and
Type 2 behavior involves automatic behaviors such és immobility, whisker movements,
grooming, gnawing. Both types of behavior are known to generate RSA and LVFA of
different frequency ranges. Vanderwolf and Péppas (1980) discovered that the RSA and
LVFA associated with Type 2 behavior are sensitive to atropine. These frequency ranges
{(4-6 Hz) were termed atropiné-éenSiti\re. This suggests that Type 2 behavior is more

dependent on cholinergic brain mechanisms. Cholinergic blockers do not affect the RSA
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and LVFA associated with Type | behavior. This suggé‘sts fhat the EEG of Type 2
behavior is activated by a neurotﬁhsmitter other than axetylcholine_ |

Choline_rgic. neurons do nét work alone. E?idenée from selective lesions (Baxter
et _af., 1996; Baxter & Gailégher, 199¢; McMahan, Sobel, & Baxter, 1997), cholinergic
bl;)ﬁkade {Whishaw, 1985; Whishaw & Petrie, 1988), fetal grafting in aged animals
(Gage et a_l., 19843), and EEG (Stewart, MacFabe, & Vanderwolf, 1984; Vanderwolf &
Stewart, 1986), suggest thaf a different .neurotransmitter is able to behaviorally
compensate for the decreased neurotransmission of acetylcholine. This has been
demonstrated in humans as well. Attempts to treat AD patients using acetyicholine |
precursofs or acetylcholinesterase inhi:bitors,' which enhance cholinergic transmission,
have been associate'd.with modest success (Dé\’is & Mohs, 1982; Peters & Levin, 1979).
This supports Whitehoﬁée, Maurer, and Ballenger’s (Whitehouse, Maurer, & Ballenger,
2000) suggestion of damage to multipte neurotransmitter systems in AD. The cholinergic
hypo'th.esi.s may be considered too reductionistic. Others have suggested this criticism as

well (Cassel & Jeltsch, 1995).

Functions 6f serotonin

The functions of serotonin in the central nervous system are not well understood.
Evidence against the cholinergic hypothesis has suggested the involvement of another
© neurotransmitter in learning and memory. There is evidence that suggests that serotonin
may be complementing the functions of acetylcholine in the brain. The idea of an
interaction between acetylcholine and serotonin has received significant support recently

(Cassel & Jeltsch, 1995; Decker & McGaugh, 1991; Steckier & Sahgal, 1995). The
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following section will describe the interaction between the two neurotransmitters with
respect to: (1) Alzheimer’s disease, (2) learning and memory studies in animals, (3} its
influence on 5rain electrical activity,

Alzheimer’s disease: It is now well established that the serotonergic projections
are compromised in AD. Post mortem cxaminétion ot AD brains revealed a significant
decline in levels of serotonin as Well as acetylcholine (Bowen ct al., 1983; Haroutunian,
Santucci, &'Davis, 1990; Mann & Yates, 1986). The role of serotonin in the cognitive
decline, however, is not understood. |

Animal studies: The interruption of serotonin neurotransmission has been
thoroughly tested in rats using various methods. An acute method involves fhe
adminjstration of a serotonin receptor blocker such as methothepin mesylate. A variety
.of blockers ére now available; some can even selectively target a subset of the
serotonergic receplors. Another acute method involves disturbing the presynaptic
terminal. The administration of p-chlorophenylalanil;e, for example, inhibits the |
synthesis of serotonin in the presynaptic terminal. Mote chronic methods require damage
to the serotonergic neurons originating in the brain stem. This may be achieved by
infuéing a neurotoxin selective for serotonin sﬁch as 5,7-dihydr6xytryptamine.directly
into the raphe nuclei or in the ventricles. The neurotoxin destroys serotonergic nuclei in
the brain stem depleting its projections to the rest of tﬁe brain.

The functions of serotonin in the brafn have been debated. A number of studies |
report that the interruption of serotonin neurotransmission does not interfere with
learning -a.n.d memory processes (Altman, Ogren, Berman, & Normile, 1989; Asin,

Wirtshafter, & Fibiger, 1985; Dringenberg & Zalan, 1999; Nilsson, Strecker, Daszuta, &
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Bjorkiund, 1988; Richter-Levin & Segal, 1991). Dringenberg and Zalan {Dringenberg & |
_Zalan, | i 999)_, for example, showed that the administration of non-specific serotonin
receptof biockers or p~éhlq_rophenyialanine, which inhibits the synthesis of serotonin,
albne did not impair rats on the acquisition or retention of a pla;:e response in the water
maze. Furthermore, Altme_m, Normile, Galloway, Ra_mﬁez, and Azmitia (Altman,
Normile, .Galloway, Ramirez, & Azmitia, 1990) demonstrated that damaging the
serotonergic input to the hippocampus might improve learning. The number of trials to
learning critefibn in a T-maze was decreased following the infusions of 5,7-
dihyr.oxytrptamine into the fimbria fornix and cingulum bundle.

~ Most studies examining the role of seratonin in learning employ a classical
conditioning ;parad'igm using aversive stimuli. In passive avoidance, for example, the
subject learns an association between a tone or a light and an electric shock 1o the feet.
The subject can avoid the shock simply by standing still on a rescue platform. The
animal, thcrgfore., has to learn not to jump off the platform to avoid the shock.
Interpreting p.erformance on such a task while manipulating the levels of serotonin has
two predicaments. First, studies using this task often assess overall performance and do
not distinguish between neural efficiency and motivational or arousal state. This may be
misleading in interpreting results because it is not possible to attribute performance to
learning or anxiety. Second, performance on this task is likely to be influenced by
motivation and anxiety, and serotonin is known to have an effect on both. The role of
serotonin in learning processes remains unclear due to narrowly focused testing

procedures.
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There are two potential explanations for thé lack of understanding of serotonergic

function in learning. One possible explanation is that serotonin may not be central to
. 1earﬁing. This is unlikely, hoWever, given its wide distribution throughout the cortex and
its .rolc.: in plasticity. An alternate e_xplanatien is ;hat the serotonergic neurons do not |
work alone. This means that another netrotransmitter may behaviorally compensaté for
the interruption of serotonergic transmission. “In other words, the interruption of two
neurotransmitters would be necessary for deficits to reveal.

| Electrical activity: _:lfhe RSA and LVFA of Type 1 behavior are undisturbed by
atropine sulphate. This electrical activity is, therefore, referred to as atropine-resistant.
Vanderwolf, Robinson, and Pappas (Vanderwolf, Robinson, & Pappas, 1980) proposed
‘that this.typt_e of electrical activity was dependent on a monamine. Administration of p-
'chlorophenylalaxﬁne, has beeﬁ shoﬁvn to change the EEG normally recorded during Type
2 hehavior. Blockers of other neurotransnitters, however, did not have the same effect.

This suggested that Type 2 behavior is more dependent on serotonergic neurons.

Functional interaction between acetylcholine and serotonin

The interaction between acetylcholine and serotonin has received significant
attention over the past fifteen years. The interaction has been recognized as instrumental
for the organization of behavior. Understanding it has, therefore, become an important
endeavor in behavioral neuroscience. There are a number of factors that suggest an
interaction between acetylcholine and serotonin. The following section will focus on: (1)

anatomical, (2) behavioral, and (3) electrophysiological indications.
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Anafomical indications: The layout of the projections of the cholinergic and
serotonergic systems was described earlier. Thé'focus here is to.show that the anatomy is
optimal for an interaction between the fwo systems.

Projections of various ﬁeurotransmitters may be anatomically linked té the
cholinergic basal forebréin neurons. These include: the norepinephrine projections of the
locus coreleus, the dopamine projections of the ventral tegmental arca, and the GABA
projections of the nucleus accumbens and lateral septal area. These neurons project to
the cerebral cortex, which is, therefqre, a common target for the cholinergic projections
and the ones listed above. The serﬁtonefgic projections of the raphe nuclei hold a
stronger interest, however, because they innervate the basal forebrain as well as send
projections to the cortex.

The anatomical organization of the cholinergic and serotonergic neurons allows
for two possible avenues for an interaction between both systems. A direct avenue would
mvolve the serotonergic projections acting on the cholinergic neurons in the basal
forebrain. There are relatively fewer serotonin receptors in the basal forebrain. This
means that serotonin is not likely to act intrinsically on the cholinergic neurons of the
nucleus basalis but would modulate ongfiing synaptic activity in the region. In other
words, it would act as a neurcmodulator and control the amount of acetylcholine released
trom the basal forebrain. The indirect route iﬁxfol\’es the .cholinergic and serotonergic
projections converging onto a comuien target. The olfactory bulbs, the hippocampus, the
amygdala and the neocortex receive both cholinergic and serotonergic input. Layers

[I/111 of the cortex receive projections from the nucleus basalis and the dorsal raphe
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nuclei, Which make a potential site for the interaction between acetylcholine aﬁd _
serotoniﬁ (Fig. 1.3).

| .Behavioral in&_ic_ations: The conjo.in_t interrﬁption of cholinergic and serotonergic
neurotransmission has.been thoroughly tested in rats. The interruption is ofien achieved
using a combination of the methods described earlier. The administration of drugs that
target both systems is an acute method of blocking transmission. Producing lesions in the
basal forebrain and the raphe nuclei chronically depletes the cholinergic and serotonergic
pfoject_ions. Itis also possibie to deplete one sysiem and temporarily block the other. For
exampie, lesions may be produced in the brain stem, and atropine sulphate may be
administercd to. produce the combiﬁed- effect,

A number of repoﬁs have failed to demonstrate that the interaction between
acetylcholiné and serotonin is relevant to léaﬁling. The methods used for blockade of the
neurotransm_itters are questionable, however. Nakamura, Tani, Maezono, Ishihara, and

_ Ohﬁol(Nakamuré, Tani, Maezono, Ishihara, & Ohno, 1992), for example, demonstrated
negative results in the water maze task. The authors produced unilateral lesions to test
the interaction between acetylc_holine and serotonin (Hagan, Jansen, & Broekkamp, 1989;
Hagan_, Jansen, Nefkens, & de Boer, 1990). The intactness of the contralateral
hemisphere may have been sufficient to produce normal behavior.

Other studies have shown antagonism between the two systems when observing
behavior (Altman et al., 1990; Normile, Jenden, Kuhn, Wolf, & Altman, 1990). These
studies showed that the interruption of neurotransmission in either system facilitated
neurotransmisston in the other. Serotonergic lesions in the fimbria fornix, for example,

were shown to facilitate performance in maze learning. This was attributed to the
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Figure 1.3: Schematic diagram demonstrating the ascending cholinergic projections of
the nucleus basalis and the serotonergic projection of the raphe nuclei. The solid line
represents the cholinergic projection, and the dotted lines represent the serotonergic

projections.
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decreased inhibition normally caused by the serotonergic neurons on the basal forebrain.
The increase in cholinergic activity, therefore, facilitated learning (Normile et al., 1990).
The extensive body of evidence favors a synergistic interaction between
acetylcholine and serotonin that is central to learning and merr_lory (Lehmann et al., 2000;
Nilsson et al., 1988; Riekkinen, Sirvio, & Riekkinen, 1990; Vanderwolf, 1987).
Vanderwolf (Vanderwolf, 1987) was first to propose an interaction between the two
neurotransmitters. Vaﬁdenvolf drugged rats with atropine anﬂ/or p-cholorophenylalanine
ahd found that the administration of eifh.er agent alone had a mild effect on behavior.
The combined treatrﬁent, however, caused severe behavioral deficits in tasks of learning
and memory. Vanderwolf (1987) reports behavioral similariti¢s between the combined
treatment and the behavioral disorganization seen in decorticated animals (Kolb & Tees,
1990; Vanderwolf, Kolb, & Cooley, 1978; Whishaw, Nonneman, & Kolb, 1981).
Vanderwolf’s (1987) findings were replicated in a number of labs (Beiko,
Candusso, & Cain, 1997; Lehmann et al,, 2000; Nilsson et al., 1988; Riekkinen et al
1990). The results were consistent despite the use of different methodé for both
neurotransmission interruption and behavioral testing.  Animals sustaining the combined
depletion of acetylcholine and .serotonjn showed severe deficits on tests of leaming and
memory. In the water maze, for example, the combination of nucleus basalis and dorsal
raphe lesions impaifed acquisition more than either lesjon alone (Riekkinen et al., 1990).
Furthermore, medial -séptal lesions and intraventricular infusions of sero’toﬁin selective
neurotoxins impaired place navigation more than either lesion alone (Nilsson et al., 1988;

Richter-Levin, Greenberger, & Segal, 1993; Richter-Levin & Segal, 1991).
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The cholinergic and serotonergic systems work together. The decreased
neurotransmission of either agent is with little effect on type 1 behavior. This 1s likely
due to the other neurotransmitter behaviorally compensating for the deficit. The
blockade or depletion of both neurotransmitters, however, reveals the behavioral deficits.

Electrical activity indications: Vanderwolf (1987) demonstrated that animals
may still engage in “intelligent behavior™ if one type of RSA and LLVFA is maintained.
Multiple reports (Vanderwolf, 1987; Vanderwolf, 1988; Vanderwolf & Baker, 1986;
Vanderwolf & Stewart, 1986) suggest that both the cholinergic and serotonergic neurons
are active during Type 1 LVFA and RSA, and that damaging both the ascending
cholinergic and serotonergic projections causes severe deficits on tasks that involve Type
1 behavior. Vanderwolf (1987) suggests that damaging the ascending cholinergic and
serotonergic projections impairs the LVFA and behavior controlled by the neocortex.

Acetylcholine and serotonin are closely linked anatomically, behaviorally, and in
EEG. The close connection between the two systems suggests a functional interaction |
between the two. Despite the growing body of literature on the topic, the exp.erimet.ltal
design adopted thus far has been narrowly focused. Previous studies haiie focused on
testing the interaction in cognitive tasks such as maze }eafning. It remains unclear,
however, whether the interaction 1s important for _otper Behayidrs as well, such as motor
tasks and species typical behaviors. The structural speciﬁcify of the interaction remains
mysterious as well. Most studies addressing the interaction have relied on global
methods to interrupt the neurotransmission of acetylcholiﬁe and serotonin. It has not
been possible to determine whether the interaction is more relllevant to certain brain

structures more than others.
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Objectives of the present study

There are three main goals of this thesis: 1) to assess the effects of unilateral
depletion of ascending cholinergic projections and global cholinergic receptor blockade
on motor performance; 2) to assess the effects of unilateral depletion of ascending
serotonergic projections and global serotonergic receptor blockade on motor
performance; 3) determine whether a unilateral model of impairment may be produced
due to the necortical loss of acetylcholine and serotonin,

Three main experiments were conducted to address the issues above. In the first
experiment, rats were trained on a skilled reaching task for two weeks. A selective
neurotoxin was then used to produce unilateral depletions of the ascending cortical-
cholinergic projection. The objective was to determine whether depriving the neocortex
of cholinergic input would affect the performance of skilled movements. The behavioral
measures used are sensitive to neocortical intactness. The tests included: skilled
reaching, rung walking, cylinder test, swimming test and adhesive dot removal. These
tests have been used reliably to assess unilateral neurological models. They are described
in detail in the following chapters. In the same experiment, control subjecls were
administered various doseé of atropine sulphate to determine how the global blockade of
cholinergic neurotransmisston would affect performance on skilled motor tasks.

In the second experiment, rats were trained on a skilled reaching task for two
weeks. The ascending serotonergic projections were then damaged unilaterally by
infusing a selective neurotoxin into the medial forebrain bundle. The neurotoxin was
supposed to be retrogradely taken up to destroy the raphe nuclei. The objective was to

determine whether depriving the neocortex of serotonergic input would affect the
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performance of skilled movements. The subjects were assessed using the same battery of
_ tésts mentioned above. In the same éxp_eriment, control subjects were administered

va_r‘i_ous doses of methiothepin me.sy']ate to determine how the_ global blockade of

serotonergic néurotransmission would affect performance on skilled mbtor tasks.

In the third éxperiment, unilateral d.ep‘ietions' of the ascending cholinergic and
serotdnergicIpr(_)j.ections were. produé;:d. The lesions were produced in two different
mahners. Fifst, animals from the first two eXperiments received a second lesion to the
intact systém. In other .words the nucleus basalis lesion group received a medial
forebrain bundle le’sién. In addition, the medial forebrain bundle lesion group received a
nucleus basalis lesion. Second, the conjoint depletion was produced in a single operation,
Thjs_was achieved in uptréinéd subjects. The goal here is to determine whether the

' co-mbined depletion produces a synergistic effect that is larger than the sum of either
depletion a.Eon.e. This will veﬁfy ifVanderw&f’s two neurotransxmitter theory
(Va.ﬁderwolf, 1987) may be applied to a unilateral animal model. Furthermore, the study
will ciaﬁﬁf Whetﬁer the interaction between the two systems is instrumental for the
perfor_manée and/or leaminglof skilled motor tasks.

The results and implication of the three major experiments are discussed in the
final chapter. The unilateral combined depletion is discussed as a model of dementia as

well. |
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CHAPTER TWO
* Selective impairments in skilled reaching movements follow guisquilate neurotoxic

lesions of basal forebrain cholinergic neurons in the rat

ABSTRACT
The ch’olinergic projection of the nucieus basalis magnocelluiéris (nﬁm) to the neocortex
is proposed to be involved in synaptic .plaéticity, and thus should be central to skilled
motor behavior that depends upon plastic changes in the motor cortex. Despite the
possible importance of the nbm for skilled behavior, there has been no examination of the
changes. in skillcd _r_novemerits that follow cholinergic lesions ér muscarinic receptor
blockade. In the prescnt study, the use of tﬁé contralateral ﬁt‘nb_s in skilléd movements of
rats with unilateral nbm lestons (quisqualate, 0.5 pg/pl) was compared with the ipsilateral
limbs and with the ]imbg of control rats on tests of: limb use in reaching for food, limb
placing while walking a horizontal }a&de_r, limb use in support (cylinder test), limb use
during swimming, and sensory responsivencss to contact (dof removal test). Whereas
there were no quantitative impairments on any of the tests of eithef the forelimbs or
‘hindlimbs, aiming and rotatory movementé of pronation and supination when reaching
with the co.m:ral.atera_l. ﬁmb were impaired. Similar results.were obtained following the
administration of atropine sﬁ}phate. Thus, whefeas the neocortical cholinergic projection
is noi required for the more general use of the lirﬁbs in postural support, ;.valking,
swimming, tactile sensitivity, or in retrieving fo'o.d, it is required for producing the
rbtatatory mo-vemehts of the forelimb in reéchjng, The results suggest either that the nbm

cholinergic projection facilitates the cortical plasticity necessary for skilled reaching or it



plays a role in the actual production of a subset of the movements used in skilled

reaching.
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INTRODUCTION

The nucleus basalis magnocellularis, a group of cholinergic neurons in the
ventromedial corner of the globus pallidus of the rat, is believed to be homologous to the
nucleus basalis of Mevnert in primates (Flicker, Dean, Watkins, Fisher, & Bartus, 1983).
It is the primary source of cholinergic afferents to the neocortex, the olfactory buibs, and
the amygdala (Rye, Wainer, Mesulam, Mufson, & Saper, 1984; Wenk, Bigl, & Meyer,
1980). There is evidence that the cholinergic projection of the nucleus basalis plays a role
in activation of the cortical electroencephalogram (EEG) (Detari & Vanderwolf, 1987;
Stewart, MacFabe, & Vanderwolf, 1984), facilitates the learning of conditioned motor
responses (Richardson & DeLong, 1990). and enhances plastic processes such as those
involved in compensatory responses to brain damage (Mesulam, 1998; Miranda, Lopez-
Colome, & Bermudez-Rattoni, 1997; Russell, Escobar, Booth, & Bermudez-Rattoni,
1994). In addition, the ascending projection may also activate the cortical vasculature in
order to enhance cerebral blood flow (Biesold, Inanami, Sato, & Sato, 1989; Sato & Sato,
1990; Uchida, Suzuki, Kagitani, & Hotta, 2000).

Given the extensive projection of the nucleus basalis to the sensorimotor cortex in
the rat, and given the diverse functions of this projection, it might be expected that
sensorimotor behavior in the rat would be impaired by loss of the nucleus basalis
afterents. Surprisingly, there has been little methodical investigation of the role of this
system in sensorimotor behavior. In many studies in which the projection has been
damaged by selective neurotoxic lesions to the nucleus basalis cells, it has been observed
that many sensorimotor functions, including orienting to sensory stimulation, climbing,

swimming, and walking are seemingly unaffected by the lesicns (Dunnett, Whishaw,
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Jones, & Bunch, 1987; Jacobs & Juliano, 1995; Waite et al., 1995). In the main.
however, these behavioral assessments are not sensitive to cortical injury because even
animals with extensive neocortical ablations would perform such behaviors quite well.
Therefore, in order to evaluate whether the nucleus basalis .is important for normal
cortical function, 1t 1s necessary to use testing methods that are sensitive to cortical
integrity.

The cholinergic receptors are widely spread throughout the brain and are
categorized as either nicotinic or muscarinic (Siegel & Agranoff_, 1999). Several
subtypes exist within each category. Generally, muscarinic receplors are responsible for
post-ganglionic neurotransmission and their organization is well documented. The M1

| subtype of the muscarinic receptors ié of ﬁa:rticular interest here because of its abundance
in the neocortex as demonstrated using ijnmunohistochemicai_ tec'h_niques (Levey, Kitt,
Simonds, Price; & Brann, 1991). In vitro quantitative autoradiography studies have also
showh that the M1 receptor is d_iffuselgf observed in all the layers of the neocortex of the
rat (Miyoshi, .Kito, Shiniizu,'& Matsubayé.shi, 1987). Furthermore it is localized on the
horizontal connection of layers II/111 of the rat motor cortex (Hess & Krawczyk, 1996)
and located presjrﬁaptically on glutamatergic terminals. The receptors are therefore |
located such that they would be expected to be central to cortical functioning.

The role of the M1 receptors .in cdntrolliﬁg behavior is unclear. There is evidence
suggesting that the M1 receptors may contribute both to information processing and
synaptic plasticity within the motor cortex (Héss & Kr.awczyk, 1996), whicﬁ is
instrumental in controlling skilled movements of the forelimbs (Kieim et al., 2002;

Kleim, Barbay, & Nudo, 1998; Klintsova & Greenough, 1999).
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For the current experiment, the nucleus bésalis was damaged with the neurotoxin
quisqualli.c acid, which produces extensive depletion of neocortical acetylcholine as
assessed by acetylcholinesterase staining of pdstmortem tiSSue. Two weeks after surgery,
the .ra.ts: were given a series of sénsorimotor tests, all of Whi(:h have Been dgmonstrated o
be sensitive to sensorimotor cortex lesions. The assessment included tests of forelimb
support (cylinder test), anb-placing while traversing a horizontal ladder with variably
spaced rungs, sensory respo.nsivnes's. to Sensory contact (adhesive dot removal test),
fore.limb inhibition during swimming, and limb use in reaching for food. The
perfonnah_ce of the rats was videotaped to assess the quantitative and qualitative
performance of the animals. In addition to being compared to a control group,
.perfonnéncé' related to the limbs ipsilateral to the lesion was compared to performanée of
the limbs contralateral to the lesion with the eﬁpectation that the limbs contralateral té the
lesion should be mere affected, as typically occurs following frank cortical injury. A
follow-up experiment was conducted to test the animals’ ability to reach for food peilets
| (_Whishaw & Pellis, 1990) while drugged with a central muscarinic receptor blocker such
as atrop.ine sulphate. A quantitative analysis of the performance was compared to each

rat’s own performance undrugged.

METHODS
Subjects
The subjects were 22 Long-Evans hooded female-adult rats, 120 days old and

weighing 250-300g. They were born and raised in the University of Lethbridge
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Vivarium. The animals were assigned to three different groups, control (n=7), lesion
(n=6), atropine (n=9). The animals were housed in groups of three or four individuals in
hanging wire mesh cages. The colony room was maintained on a 12/12h light/dark cycle

(08:00-20:00 h).

Feeding
For the experiment, rats were food deprived but with ad /ib water access. Three
weeks prior to surgery, the rats were food deprived to 85% of their original body weight

by providing 15¢g of solid chow per rat/per day to maintain body weight.

Surg.ery.

Animals received an injection of atropine nitrate (0.1 mg/kg 1.p.) (Sigma-Aldrich,
St. Loius, MO} to f_aciiitate réépiratién throughout surgery. Under 0.5 ml/kg sodium
" pentobarbital anaesthesia, each rat received stereotaxic infusions of 0.12 M Quisqualic
Acid.(Sigma-Aldn'ch, St. Loius, MO) via a 30-gauge cannula connected to a micro drive
pump by a polythene tube. TWO 0.5ul infusions were made unilaterally in the nucleus
baéalis. Fach infﬁsion was delivered over three min and an additional five min allowed
for diffusion before the cannula was retracted. Stereotaxic coordinates anterior (A),
lateral (L) and ventral (V) for the two infusions were A=0.2 mm, L=3.4 mm, V=7.0 mm
(below dura) and; A=1.0 mm, L= 2.6 mm, V=7.3 mm (below dura), with the incisor bar
set 5.0 mm above the interaural line (see Fig. 2.1). The lesions were made in the

hemisphere contralateral to the subject’s dominant paw as determined during the
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Figure 2.1: Sections from Paxinos and Watson (1997) Rat Atlas; (A) coroﬁal; (B)
saggital. The c_li.agr.am is representative of the two quisqualic acid infusion sight.s, at
A=0.2 mm, I=3.4 mm, V=7.0 mm (below dura) and; A=1.0 mm, [.= 2.6 mm, V=7.3 mm
(below dura), with the incisor bar set 5.0 mm above the interaural line (modified from

Paxinos & Watson. 1997).
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~ pretraining phase of single pellet reaching. Animals were allowed two weeks to recover

before behavioral testing.

Atropine Sulphate

Thé drug atropine sulphate was administered to block the muscarinic receptors,
| thus interrupting the heurotransmission of acetylchoiine. Three doses of atropine
sulphate (Si gnia-Aldrich, St. Loius, MO): 5,10, and 25 mg/kg were prepared in 0.9%
sterile saline solution. A single dose was administered (1.p.) to the control group 20-30
min p.rior 0 teéting on the single pellet r.eaching task, each dose was only used once. The
drug doses were administered starting with the lowest dose to minimize tolerance effects.
Aftef each rat was injected with the drug, it was returned to its home cage until it was due

for testing on the reaching task.

Behaviﬁral Trainihg and Test Analysis

Reachihg’ boxes and training: All animals were pre-trained to reach through a.
slot for single pieces Qf food for two weeks pricr to surgery or drug administration
(_Whishaw, 2000). Reaching boxes were made of clear Plexiglas. Each box was
45}(14).(3:5 cm high. In the center of each front wall was a | cm-wide slit which extended
from 2 cm above the floor to a height of 15 cm. On the outside of the wall, in front of the
slit, mounted 3 em above the floor, was a 2 cm-wide shelf, Two indentations on the floor
of the shelf were located 2 cm from the inside of the wall and were centered on the edges
of the slit were rats could reach. Food pellets (45 mg Rodent Chow food pellets,

Bioserve Inc.) were placed in the indentation contralateral to the limb with which the rat
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reached (Whishaw & Pellis, 1990). Following each reach, a short pause preceded the
presentation of the next pellet and an additional pellet could be dropped in the back of the
box. This encouraged animals to return to the back of the box after each reach and so
forced them to reposition themselves and prepare for the next reach. The animals were
trained for ten minutes each day for the first week and were presented with 20 pellets
cach day for the second week. Reaching performance was assessed on two measures:
“reaching success” = number of pellets retrieved and “reaches/pellet retrieved” = number
of reaching attempts/successful retrieval. After the recovery period following surgery,
the animals were tested every day for two weeks. They were presented with 20 pellets in
each testing session.

For a qualitative analysis of reaching, a rcach was subdivided into ten components
(Whishaw, Pellis, Gorny, Kolb, & Tetzlaff, 1993). (1) Limb lift: the limb is lifted from
the floor with the upper arm and the digits adducted to the midline of the body. (2) Digits
close: as the limb is lifted, the digits are semiflexed and the paw is supinated so that the
palm faces the midline of the body. (3) Aim: using the upper arm, the elbow s adducted
so that the forearm is aligned along the midline of the body, with the paw locatéd just
under the mouth. This movement involves fixation of the distal portion of the limb, so
that digits remain aligned with the midline of the body. This is likely produced by a
movement around the elbow that reverses the direction of movement of the paw to
compensate for the adduction of the elbow. (4) Advance: the head is lifted and the limb
is advanced directly forward above and beyond the food pellet. (5) Digits open: as the
Jimb is advanced the digits are extended and opened. (6) Pronate: using a movement of

the upper arm, the elbow is abducted, pronating the paw over the food. Full pronation of
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the paw onto the food is aided by a movement of the paw around the wrist. {7) Grasp: as
the pads of the palm or the digits touch the food, the food is grasped by closure of the
digits. This can occur as an independent movement or the grasp can occur as the paw is
withdrawn. (8) Supination I: as the limb is withdrawn, the paw is dorsiflexed and is
supinated 90° by a movement around the wrist and by adduction of the elbow. These
movements can occur as soon as the food is grasped or can occur as the limb is
withdrawn. (9) Supination II: as the rat sits back with food held in the paw, the paw is
further supinated by 90° and ventroflexted to present the food 1o the mouth. (10) Release:
the digits are opened and the food transferred to the mouth.

Five successful reaches were analyzed frame-by-frame on the video tapes. Each -
movement was rated on a three-point scale. If the movement appeared normal, it was
given a score of “07, if it appeared slightly abnormal but recognizable it was given a
score of “17, and a score of “2” was assigned if the movement was absent or completely .

unrecognizable.

Rung Walking: The runway consisted of a straight section lm in length with
walls 19 ¢m high and a square goal box at one end in which food was located (Metz &
Whishaw, 2002). The width of the alley was adjusted to the s_izé of the animal allowing 1
c¢m on either side of the animal to prevent it from turning around. The floor of the
runway was made of a readily changeable arrangément of horizontél steel rods 3 mm in
diameter. An irregular but unchanged rung pattern was maintained throughout all trials,

gap sizes varied from 1 ¢m to 5 em.” A high-8mm camera was positioned at a slight
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ventral angle, so that the positions of all foﬁr limbs can be filmed simultaneously from a |
ventral view.

The novel foot-fault scoring system (M:tz & Whishaw, 2002) was modified and
used to assess forelimb and hindlim‘o- qualitative ?]acemem. Each step was rated on a
five~point scale: if the foot placement appeared normal where the midportion of the palm
was placed on the rung, it was given a score of “07; if i)lacement on the rung was done
using the wrist or digits of the forelimb or the heel or toes of the hindlimb, it was given a
score of “17; if a limb was placed on a rung and slipped off during weight shifting
without disturbing balance, it was given a score of “2”; if a limb was placed on a rung
and slipped off during wcight shifting causing a fall, it was given a score of “3”; and if a
limb miésed the targeted rung coﬁpletely and fell through the gap compromising body
posture and balance, it was given a score of “4”. Animals received three trials during
each testing day. The.asymmetry séore, which 1s a ratio of foot faults commmitted by both
sides of the body, was calculated for each group; this is: contralateral limb

faults/ipsilateral limb faults.

Cylinder test: Forelimb use for weight s.upport during explorative activity was
examined by placing rats in a transparent cylinder 20 ¢cm in diameter and 30 cm high for
four. minutes (Schallert, Kozlowski, Humm, & Cocke, 1997). A mirror was placed
underneath the cylinder at an angle to allow the experimenter fo videotape the animal’s
activity from a ventral view. The cylindrical shape encouraged vertical exploration of the
walls with the forelimbs. The cylinder was high enough so that animals could not reach

the top and was wide enough to allow 2 cm between either end of the animal and the
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walls. Forelimb use was measured during vertical exploiation following rearing.
Independent. use of each forelimb duting wall contact was scored during wet gflt shift
initiation or to regain center of gravity while fnoving laterally in a vertical posture. The
asymmetry score of forelimb use in ﬁali exploration was calculated for each group, this

is: contralateral forelimb wall contact/ipsilateral forelimb wall contact.

- Adhesive Dot Removal: Procedures for this task have been described previously
by Schaueﬁ et al. (1982). Animals were reméved from their home cages and their
forelimbs were wasﬁed with 50% ethanol solution, then wiped with cotton gauze and
allowed to dry. Two pafallel creases were formed i adhesive paper stimuli (113 mm’,
'manufactured by Avery International) to facilitate wrapping them around the forelimb.
The stimuli were attached to the distal-radial aspect of both forelimbs. Immediately after,
thé experimenter firmly touched both férelimbs simultaneously and placed the animal in
a clear 'Plexiglas tub (45x26x20 cm) without bedding for ease of recording. A stainless
steel lid was used to cover the tub and contain the rat. The fine forelimb hair was not
pulled. out in the process, however, the stimuli were sticky enough that they rarely fell off
when the animal moved around, grooméd or shook its forelimb. Trials in which either
stimulus fell off spontancously were disregarded and repeated. The order of stimulus
attachment to the contralateral and ipsilateral forelimbs was counterbalanced for all
animals. Subjects contacted and attempted to remove the adhesive paper. The order and
latency of removal was recorded for each forelimb for four trials. Each trial was ended

after both labels were removed or after three minutes. The asymmetry score of latency of
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dot.removal was calculated fdr each group contralateral forelimb latency/ipsilateral

forelimb.latency.

Swimming Test: Video .récordings were made in a large rectangular aquarium
(120x43x50 cm) as described by Whishaw, Nonneman, and Kolb (Whishaw, Nonneman,
& Kolb, 1981). Water was high enough to prevent animals .from touching the bottom of
the aquarium but at the same time low enough to prevent them from escaping to the edge
of the pool, temperature was maintained at 21°C. At one end of the pool was an escape
wire rnésh plétform onto which the animals could climb. The platform was visible to the
- animals at all times. During the training phase, animals were released close to the
platform, afier they learned to swim aﬁd climb onto the platform, they were released at
prbgressively longer distances until they swam directly from the opposite end of the tank.
Initially, most animals used all four limbs to stroke, rapidly changed direction, and
sometimes swam aimlessly. Once animals learned to swim directly to the platform and
were more familiar with the task, they held their forelimbs immobile under their chins
and only used their hindlimbs to propel through the water. Each animal performed four
trials during which they had to swim directly to the platform. Animals were dried and
réturné.d to their home cages after completing four trials. Disruption to the normal swim
pattern was quantified by counting the number of strokes by each forelimb. The
asymmetry score of forelimb inhibition was calculated for each group, this is:
contralateral forelimb strokes/ipsilateral forelimb wall strokes.

All subjects were tested on the rung walking, cylinder, swimming, and adhesive

dot removal tests once a week for four weeks after surgery.
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Histological procednres

| After six weeks of behavioral testing, lesion and control groups were sacrificed
using a lethal dose of sodium ﬁentoba_rbital. They were intracardially perfused, first with
saline in PBS followed by 4% paraformaldehyde in PBS. The brains were removed and
placed in a cryoprotectant solution of 30% sucrose in 4% paraformaldehyde for three
days. All brains were then cut into 40 pm sections using a cryostat (2800 Frigocut,
Reichert-Jung). Sections were mounted onto glass slides and stained for
acetylcholinesterase using a procedure modified from Karnovsky and Roots (1964}, to

assess the extent to which acetylcholine was depleted from the neocortex (Fig. 2.2).
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Figure 2.2: Representative photomicrographs from the nucleus basalis lesion group of
coronal sections of the motor cortex stained for acetylcholinesterase. The left hemisphere

is contralateral to the lesion and appears darker than the ipsilateral hemisphere indicating

the presence of more acetyicholinesterase.
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RESULTS
- Behavioral Observations
| S.ir.l_gle pellet reaching (nucleus basalis lesion): The ability of lesion and control

groﬁps to uée their forelimbs was assessed in a skilled-reaching task in which animals

reached through a narrow slot onto an elevated shelf to retrieve a food reward. The

lesion group reza_.ched for pellets with the same forelimb used prior to surgery, that is the

contralateral forelimb. "The control group coﬁtinued to use their contralateral forelimb as

well. A mean success score was caléulated for all animals and compared across all

groups. A simple ANOVA revealed no Signiﬁcant main effect of treatment on success

score (#(1,11) = 0.703; p=0.413) (Fig. 2.3A}. A mean reaches/pellet reirieved rate was
| c:alcuiated for all aﬁimal's as wéll and compared across all groups. A simple ANOVA -
revealed. ﬁo significant main effect of tréatmént on the number of reaches/pellet (F(1,11)
= 1.329.; p=0.273) (Fig. 2.3B). Thus, the lesions did not affect skilled reaching.

| To assess the extent to which reaching elements were changed in the lesion group,

relative 10 the control group, the ten-element reaching data were subjected to a repeated
measures ANOVA. The analysis revealed a significant main effect of treatment on
molvement component Scolre (Fl (1,1 1)= 138.709; p=0.0001) (Fig. 3C). The lesion group
had a significantly higher score, which meaﬁs that they had more movement
abnorn.la] ities than the control group. An interaction of movement x treatment showed
that the high impairment score for the cholinergic depleted group was significant for
certain components (£(1,9) = 32.298; p=0.0001). A follow up 1.SD post hoc analysis

{p<0.05) showed that the lesion group was impaired on the elbow aim, advance,
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Figure 2.,.3: Single.pellet feaching scores (mean and standard error) in control and
nucleus basalis lesion groups. (A) success, number of peilets retrieved out of 20; (B)
reaches/pellet, number of reaches performed for each successfully retrieved pellet; (C)
qiialitative movement €rTor scores of five representative reaches in control and lesioned

animals, #**p=0.001.
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pronation, supination I, supination I1, and release components of the reaching movement

(Fig. 2.4). This demonstrated qualitatively that the lesion affected skilled reaching.

Single pellet reaching (atropine sulphate administration): All animals

continued to use their contralateral forelimb to reach for food items following the
 administration of atropine sulphﬁle. The various doses caused different degrees of

reéching impairments, however (see Fig. 2.5). A repeated measures ANOVA showed

that t_he atropine sulphate treatment had a significant effect on the reaching success score

(F(3.8) = 32.549, p=0.0001). A fbllow up LSD post hoc analysis (p<0.03) showed that

the success rate at the highest dose was significantly different than the other doses. The

lowest dose (5 mg/kg) did not have any effect on reaching. The medium dose (10 mg'kg)
 did lnot have a significant quantitative effect on reaching success, but it did cause
qualitativé impairments on some of the movement components of reaching. Mévemems
éssociated with aiming such as the alignment of the elbow and the digits with the midline
of the body and the advancing of the paw through the slot, were the most affected by the
administration of atropine sulphate. The abnormalities in these movements ofien caused
the animals to produce a reach that was too short and on occasion was reason to knock
the pellet off the shelf instead of grasping it successfully. Most animals did not reach
under the high dose of atropine (25 mg/kg), the testing session was terminated after 15
minutes of being placed in the box. Animals drugged with the high dose of atropine
sulphate often appeared drowsy and did not show interest in reaching for the pellet and
were unsuccessful when they did. Their behavior did not seem to have the same

organization or goal orientation as under control conditions. A repeated measures
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Figure 2.4: Reaching movement components (mean and standard error) on the 10
movement components of reaching for control and nucleus basalis lesion groups. Each of
the movement components was rated on a 3-point scale, with O=normal and 2=absent.

*p<0.05
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| Figure 2.5: Single pellet reaching score (mean and standard etror) in control animéis and
following.thc administration (i.p.) of one of three doses of atropine sulphate: low =5
mg/kg.; medium = 10 mg/kg; high =25 mg/kg. (A) Success, number of pellets retrieved
out of 20; (B) reaches/pellet, number of reaches performed for each successfully retrieved

pellet
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ANOVA showed that the atropine sulphate treatment affected the reaches/pellet retrie\_fed.
significantly (F(3,8) = 18.980; p=0.0001). A follow up LSD post hoc analysis (p<0.05)
showed that the reaches/peilet retrieved score at the low and medium doses was not

different than control but was different at the highest dose.

Rung Walking: The ability of lesion and control groﬁps to cross a horizontal
ladder with randomly spaced bars was assessed by counting the number of foot faults.
Animéls from both groups walked across the horizontal ladder equally well. Both control
and lesion groups committed a number of foot faults with both forelimbs and both
hindlimbs. The scores on the five-point scale were summed for each group, and a total
numbser of foot faults (contraiateral+ipsilateral), including both forelimbs and hindlimbé,
was (_:aiculated for each group. ‘A simple ANOVA found no significant main effect of

: treatmcﬁt between groups (F(1,11) = 0.885# p=0.3617). The ratio of foot faults
committe& by both forelimbs and hindlimbs was calculated for the contralateral and
.ipsilateral sides of the body. A simple ANOVA found no significant main effect of

treatment on foot fault asymmetry (#(1,11) = 1.368; p=0.2605) (Fig. 2.6A).

‘Cylinder Test: The ability of lesion and control groups to use their forelimbs
during spontaneous exploration was assessed by comparing the number of wall contacts
in a cylinder using the ipsilateral and contralateral forelimbs. Animals from both groups
actively explored the cylinder; they reared and supported their body against the walls
with their forelimbs. The total number of wall contact (contralateral+ipsilateral) was

calculated for each group, and a simple ANOVA showed a significant effect of treatment
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Figure 2.6: Asymmetry score (mean and standard error) for control and nucleus basalis
lesion groups of contralateral/ipsilateral limbs on (A) rung walking, (B) cylinder test, (C)

adhesive dot removal, (D) swimming. Note, there are no group differences.
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(#(1,11) = 7.056; p= 0.0180). The control group was more active and contacted the
* walls of the cylinder more than the lesion group. The ratio of contralateral forelimb use
to ipsilaiefal forelimb use was caiculated for both gi‘oups,' and a simple ANOVA revealed

no significant main éffeét of treatment in forelimb use asymmetry (F(1,11) = 0.157; p= 0.

6977) (Fig. 2.6B).

Adhesive Dot'Removal: The ability of contro! and lesion groups to attend to
sensory stimuli was assessed by comparing the latency to remove adhesive paper from
their forelimbs. ”AH animals __successfully removed the adhesive paper from both paws
within the three-minute time limit. Animals often removed the stimulus from their -
contralateral forelimbs, then proceeded to remove the stimulus from their ipsilateral
forelimb. A simple ANOVA revealed no significant main effect of treatment on the
.overall laténcy (contralateraHipsilaterﬁl) to remove both stimuli (F(1,11)=3.387; p=
0.0856). A simple ANOVA revealed no significant main effect of treatment on

asyrﬁmétry of dot removal latency (#(1,11) = 0.009; p= 0.9255) (Fig. 2.6C).

Swimming Task: The ability of control and lesion groups to inhibit their
forelimbs while swimming was assessed by counting the number of strokes with each
forelimb in a straight swim to a visible platform. On testing days, all animals swam
directly to the platform and successfully climbed onto it. Animals from both groups
- showed no signs of swimming impairment by holding their forelimbs still under their
chins and only using the hindlimbs to propel through the water. A simple ANOVA

revealed no significant main effect of treatment on the overall (contralateral+ipsilateral)



number of strokes (F(1,11) = 0.356; p=0.5598) and no significant main effect of

treatment on asymmetry of forelimb inhibition (#(1,11) =0.245; p=0.6277) (Fig. 2.6D).

DISCUSSION

This study is the first detailed analysis of the effects of either selective
acetylcholine depletion in the neocortex or central muscarinic receptor blockade on motor
behévior. Interrupting the cholinergic neurotransmission only produced a mild deficit in
skilled reaching but did not affect performance on any of the other behavioral measures.
Nevertheless, an examination of high-speed video records of the rats’ performance with
nucleus. basalis lesions revealed impairments in the advancement of the elbow and
pronation and supination of the paw.

Among the movement components that were impaired by the lesion were
pronating the wrist onto the pellet, supinating the wrist after grasping the pellet and
supinating the wrist to bring the pellet to the mouth. These are movements that are
primarily subject to an ihtact motor cortex {Whishaw, Pellis, Gorny, & Pellis, 1991) and
involve significant cortical reorganization, .Which is dependent on synaptic plasticity in |
.t'he neoc_oﬁex {Kleim et al;, 2002; Kleim et al., 1998; Klintsova & Greenough, 1999).
Depleting the cholinergic neurons projectiﬁg to the cortex produced impairments in these
reachjng components similar te those seen following focal damage to the motor cortex.
~ The results suggest that the cho]iner'gic mnervation of the neocortex is central to the
neocdﬁical -plaéticity req'uirec_l for the production of normal réachjng patterns.

The neural basis of the movement deficits observed following damage to the

- nucleus basalis could be explained.in light of the significance of acetylcholine in the
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cortical network plasticity. Metherate, Tremblay, and Dykes (Metherate, Tremblay, &
Dyvkes, 1988), for example, demonstrated that iontophoretic administration of
acetylcholine facilitated responsiveness of somatosensory cortical neurons in cats by
enhancing their responsiveness to somatic stimuli, or increasing their firing rate, or
increasing their receptive field. In addition, Tremblay, Warren, and Dykes (Tremblay,
Warren, & Dykes, 1990) demonstrated that stimulation of the basal forebrain, which
increases the release of acetylcholine in the somatosensory cortex (Rasmusson, Clow, &
Szerb, 1992), produced similar facilitation of neuronal activity as iontophoretically
administered acetylcholine. The effect was diminished by atropine treatment. Both
studies (Metherate et al., 1988; Tremblay et al., 1990) demonstrated that acetylcholine
modifies the excitability of single neurons in the cortex. Webster, Hanisch, Dykes, énd
Biesold (Webster, Hanisch, Dykes, & Biesold, 1991) provided a good example that could
relate the cholinergic modulation of single-unit responses to long-term cortical plasticity.
They demonstrated that the reorganization of the somatosensory cortex is dependent on
neocortical acetylcholine in rats. Transection of the sciatic nerve caused a reorganization
of the hindlimb-map in the somatosensory cortex, but damaging the nucleus basalis with
a neurotoxin prevented such plasticity. This result was confirmed in a similar study in
which pairing a tonc with nucleus basalis stimulation.fes'ulted in an expansion of the
auditory cortical representation of the paired tone. Where as damaging the nuéleus
basalis prevented such reorganization in the auditory cortex (Kilgard & Merzenich,
1998). There is sufficient evidence implicating acetylcholine in ?:ortical plasticity; it

follows that acetylcholine may be involved in motor cortex plasticity as well. This may
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explain the deficits observed in skilled reaching following quisqualate 1esion$ of the
nueleus hasalis.

There afe two explanations for the lack of impai'rmeﬁt on any of the béhavioral
measures except skill'ed. reéching. First, the cortex fnay have been activated by other
means. Studies have indicated that low voltage fast activity (LVFA) in the neocortex and
rhythmical slow activity (RSA) in the hippocampus can reéult from activity in either (or
b(ﬁh) the cholinergic projections from the basal forebrain and the serotonergic projections
from the brainstem raphe (Dickson & Vanderwolf, 1990, Dringenberg & Vanderwolf,
1998; Vanderwolf & Stewart, 1986; Vanderwolf, 1987; Vanderwolf, Harvey, Leung, '
1987; Vanderwolf, 1988). These inputs appear to give rise to atropine-resistant LVFA
and RSA, which cortelate with Type 1 behavior. It is possible that the undisturbed
ascending serbtqnergic projections may have maintained proper cortical activation and
compensated for the functio.ns of the destroyed cholinergic neurons.

Another potential explanation for the intact behavior is that the depletion levels
were not large énough to produce impairments. Damage to the nucleus basalis using
quisqualic acid has be¢11 reported to reduce choline acetyltransferase levels in the
neocortex by 70-75% (Dunnett et al., 1987). Wenk, Stoehr, Quintana, Mobley, and
Wiley (Wénk, Stoehr, Quintana, Mobley, & Wiley, 1994) reported no deficits on

‘measures of learning and memory following a 50% destruction of the cholinergic neurons
~ of the nucleus basalis. Baxter, Bucci, Gorman, Wiley, and Gallagher (Baxter, Bucei,
Gorman, Wiley, & Gallagher, 1995) and Berger-Sweeney et al. (Berger-Sweeney et al.,
1994), achieved a decline of up to 63% and 88%, respectively, of cortical levels of

choline-acetyltransferase without behavioral impairment. In addition, Waite et al. {Waite
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et al.; 1995) reported thﬁt a reduction of 90% of cholinergic biomarkers is necessary for
behavioral impairments to mahifest. Although there was a reduction iﬁ
acetylcholinesterase levels in the present experiment (Fig. 2.2), traces of the enzyme were
still present in the neocortex, indicative of the presence of acetylcholine, which could
potentially be sufficient for proper functioning of the motor cortex.

- Previous investigations into the functional outcome of acetylcholine loss have
emphasized the effects of bilaterally depleting or blocking cholinergic cortical projections
on learning and memory. The present results are the first to describe the effects of
depleting cholinergic cortical input using a comprehensive battery of motor assessment
tests. The effects were isolated using a unilateral depletion model of the nucleus basalis,
The findings here demonstrate that a near loss of cholinergic input into the cortex only
: im.pair_ed Gertain qualitative aspects in skilled reaching. The rat retains a remarkable
ability to compensate for damage to major fibers. The importance of using detailed
behavioral analyses to accompany endpoint measurement is critical for detecting subtle
impairments in performance. These behavioral and high-speed filming methods can be
usefully applied to the study of functional recovery. The present model could provide a

useful tool in studies of motor behavior in neurodegenerative disorders.
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CHAPTER THREE
5,7-Dihydrexytryptamine neurotoxic lesions of médi_ai forebrain bundle do not

impair skilled movements in the rat

ABSTRACT
Thé serotonergic projections of raphe nuclei that tra;.fel through the medial forebrain
bundle to the cerebral cortex are thought to be involved in synaptic plasticity and thus
sho.uld be centrai to skilled motor behavior that depends on plastic changes in the motor
cortex. Despite the potential importance of these projections for skilled movements,
* there has been no systematic investigation of the changes in skilled motor behavior
following restricted serotonergic lesions. ln the preserﬁ study, the use of the contralateral
limbs in skilled movements of rats with unilateral medial foreb_rain' bﬁndle lesions (§,7-
' dihydroxtry.pt'amine, 5 pg/4 pl) were compared with ﬂle ips.ilateral' limbs and with the
limbs of control réts on tests of: limb use in support (cylinder test), limb placing while
walking a horizontal ladder, sensory responsiveness to contact (adhesive dot removal
test), forelimb inhibition during swimming, and limb use in reaching for food. There
Were no quantitati{/é or qualitative iinpairments on any of the tests following the lesion.
The results were further confirmed as animals were not inipaired on the skilled reaching
task after the admjnistraﬁon of_the serotonin receptor blocker. methiothepin mesylate. |
;i’he results suggest that either the serotonergic projection is not necessary for facilitating
cortical plasticity associated with skilled movement or a .compensatory mechanism exists
in the brain where ano{her nc_:urotransinitter may produce the corti_cal' changes for skilled

movements.
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INTRODUCTION

The principal ascending serotonergic fibers to the éortex arise from cell bodies
located .the brain stem. The major ascending pathway from the dorsal raphé nucleus
and the median raphe nucleus passes through the ventral tegmental area and joins the
medial forebrain bundle (Moore, Halaris, & Jones, 1978; O'Hearn & Molliver, 1984).
The most rostral of these projections terminate in the frontal lobes supplying the motor
cortex with dense serotonergtc input. Thus, the serotonergic fibers appear to be in a
position to exert an important influence on the activity of the neocortex. The function of
the ascending serotonergic input to the cortical neurons remains unclear, however.

There 1s evidence that serotonin is instrumental in certain aspects of plasticity in
the central nervous system. Osterheld-Haas, Van der Loos, and Hornung (1994), for
example, demonstrated that it is central to compensatory plastic responses after injury.
Depleting serotonin also retards neurogenisis in the adult brain following injury {Brezun
& Daszuta, 1999). Immunohistochemical studies demonstrated an increased sprouting of
serotonergic fibers following lesions of th¢ cingulate cortex and the hippocampus (Ueda,
Sano, & Kawata, 1991). Serotonin is also instrumental in regulating brain development;
it controls the release of astroglial proteins that are key to proper synapse formation
(Mazer et al., 1997). Furthermore, it is thought that serotonin is important for normal
EEG patterns and cortical activation (Vanderwolf, 1987a). A number of behavioral
abnormalities largely attributed to motor deficits have been demonstrated following the
near loss of serotonin (Vanderwolf, 1989). Type 1 behaviors such as walking, changing
posture, and turning or raising the head, for example, appear disorganized and erratic

(Vanderwolf, 1989; Vanderwolf, Kolb, & Cooley, 1978). Behavioral studies have also
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shown that the serotonergic pathway produces some of the inhibition necessary to
dampen behavioral responsivity, hyperactivity, and startle response (Geyer, Puerto,
Menkes, Segal, & Mandell, 1976). Nonetheless, despite the extensive serotonergic
projections to the neocortex, the role of serotonin in behavioral modulation has only been
described in general terms, and the details of its role remain unclear.

Serotonin receptors are widely spread throughout the brain. Seven serotonin
receptor families have so far been identified. Families 1,2,5 have subtypes within them.
The receptor of interest here is the 5-HT| receptor family, mainly because of its wide
distribution throughout the cerebral cortex and its high affinity for serotonin (Siegel &
Agranoff, 1999 for review). Dringenberg and Zalan (1999) have shown that an acute
blockade of serotonergic receptors produces the same behavioral effects as seen
following the gllobal depletion of serotonin. This suggestion was used in the current
experiment to confirm the effects of damaging the a,écending serotonergic projections.

For the curﬁ'ent experiment, the serotonin-selective neurotoxin 5,7-
dihydroxytryptamine was infused into the medial forebrain bundle in order to
retrogradely destroy the raphé nuclei of the brain stem (Giambalvo & Snodgrass, 1978).
This lesion method allowed the localization of damage to one hemisphere and left the
descending serotonergic projections intact. After two weeks of recovery, the rats were
given a series of sensorimotor tests, all of which bave been demonstrated to be sensitive
to sensorimotor lesions. The assessment included: tests of forelimb support {cylinder-
test), limb placing while traversing a horizontal ladder with variably spaced rungs,
sensory responsivness to sensory contact {adhesive dot removal test), forelimb inhibition

during swimming, and limb use in reaching for food. The performance of the rats was
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videotaped, and the tapes were écored in order to assess the quantitative and qualitative
performance of the animals. In addition to being compared to. a control group,
performance related to the limbs ipsilateral to the lesion was compared to performance of
the iimbs contralateral to the- lesion with the expectation that the limbs contralateral to the
lesién should be more affectcd as typically occurs fol.lowing frank cortical injury. A
different group of rats received an injection of‘methiothepin mesylate prior to reaching
for food peliets (Whishaw & Pellis, 1990). A quantitative and qualitative analysis of the

performance was compared to their own performance in the absence of the drug.

METHODS

Subjects

| The subjects were 19 Long-Evans hooded female-adult rats, 120 days old and
Weighing 250-300g. They were raised in the University of Lethbridge Vivartum. The
rats v;'ere divided into three groups, control (n=7), Jesion (n=6) and methiothepin (n=6).
The animals were housed in grdups of three or four individuals in hanging wire mesh

cages. The colony room was maintained on a 12/12h light/dark cycle (08:00-20:00 h).

Feeding
For the experiment, rats were food deprived but with ad /ib water access. Three
weeks prior to surgery, rats were food deprived to 85% of their original body weight by

providing 15g of solid chow per rat/per day to maintain body weight.
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Surgery
Each animal 1jeceived an injection of dcsipramihé HCI (25 mg/kg i.p.) (Sigma-
Aldrich, St. Lotus, MO}, a no;gpinephriné reuptake inhibitor 30 min prior to neurotoxin
infusions. Animals tﬁen recetved an injection of atropine nitrate (0.1 mg/kg i.p.) (Sigma-
Aldrich, St. Loius, MO) to faciiitate respiration throughout surgery. rUnder sodium
_peﬁtobarbital anaesthesia (0.5 ml/kg, i.p.) (Sigma-Aldrich, St. Loius, MO), each rat |
' recez_ived stereotaxic infusions of 5,7-dihydroxytrptamine (5 ug/4 ul, Sigma-Aldrich, St.
Loius, MO) via a 30-gauge cannula connected to a micro drive pump by a polythene
-~ tube. Two 2.0 ul infusions were made untlaterally in the medial forebrain bundle. Each
.inﬁlsion was delivered over five min and an additional five min allowed for diffusion
before the cannula was retracted. Stereotaxic coordinates anterior (A), lateral (1) and
ventral (V) for the two injections were A=-2.0 mm, L=1.5 mm, V=9.5 mm (below skull)
and; A=-1.5 mm, L=1.5 mm, V=9.5 mm (below skull) (see Fig. 3.1). The lesion group

was allowed two weeks to recover before behavioral testing.



Figure 3.1: Sections from Paxinos and Watson (1997) Rat Atlas; (A) coronal; (B)
saggital. The diagram is representative of the two 5,7-dihydroxytryptamine infusion
sights, at A= -2.0 mm, L=1.5 mm, V=9.5 mm (below skull) and; A= -1.5 mm, L= 1.5

mm, V=9.5 mm (below skull),
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* Methiothepin mesylate

This dfug blocks the five subtypes of the 5-HT1 receptor family. Five doses of
methiothepin mesylate (Sigma—'A]drich', Sf. Loius, MO) 0.1;_0.15, 0.2,.0.25, 0.3 mg'kg
were administéred to the control group once per testing sessidﬁ_andw_as anly tested once.
T_h& animals were injected (1.p.) with the drug 20-30 min prior to testing in the single
pellet reaching task. The drug doses were administered in systematic increments starting
Mth the ldwest dose to minimize tolerance effects. After each rat was injected with the

drug, it was returned to its home cage until it was due for testing.

Behavioral Training and Test Analysis

Reacbiﬁg boxes and training: All animals were pre-trained to reach through a
slot for single pieces of food for two weeks prior to surgery or drug administration
(Whishaw, 2000). Reaching boxes were made of clear Plexiglas. Each box was
45x14x35 cm high. In the center of each front wall was a 1 cm-wide slit which extended
from 2 ¢cm above the floor to a height of 15 ecm. On the outside of the wall, in front of the
slit, mounted 3 cm above the flecor, was a 2 cm-wide shelf. Two indentations on the ilqor
of the sh_elf were located 2 cm from the inside of the wall and were centered on the edges
of the slit were rats could reach. Food pellets (45 mg Rodent Chow food peliets,
Bioserve Inc.) were placed in the indentation contralateral to the limb with which the rat
reached (Whishaw & Pellis, 1990). Following each reach, a short pause preceded the
presentation of the next pellet and an additional pellet could be dropped in the back of the
box. This encouraged animals to return to the back of the box after each reach and so

forced them to reposition themselves and prepare for the next reach. The animals were
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trained for ten minutes each day for the first week and were presented with 20 pellets
each day for the second week. Reaching performance was assessed on two measures:
“reaching sﬁcccss” = 1i§1nber of pellets retrieved and “reaches/pellet retrieved” = number
of reaching attémpts/successihl retrieval. After the recovery period following surgery,
the. anirhals were tested every day for two weeks. They were presented with 20 pellets in
each test_ing SeSSIOMN.

Fora qualitative analysis of reaching, a reach was subdivided into ten components
. (Whi.shaw, Pellis, Gormny, Kolb, & Tetzlaff, 1993). (1) Limb lift: the limb is lifted from
the floor with the upper arm and the digits adducted to the midline of the body. (2) Digits
close: as the limb is lifted, the digits are semiflexed and the paw is supinated so that the
palm faces the midline of the body. (3) Aim: using the upper arm, the elbow is adducted
so that the forearm is aligned along the midline of the body, with the paw located just
under the mouth, This movement involves {ixation of the distal portion of the limb, so
that digits remain aligned with the midline of the body. This is ikely produced by a
movement around the elbow that reverses the direction of movement of the paw to
compensate for the adduction of the elbow. (4) Advance: the head is lifted and the limb
is advanced directly forward above and beyond the food pellet. (5) Digits open: as the
limb is advanced the digits are extended and opened. (6) Pronate: using a movement of
the upper arm, the elbow is abducted, pronating the paw over the food. Full pronation of
the paw onto the food is aided by a movement of the paw around the wrist. (7) Grasp: as
the pads of the palm or the digits touch the food, the food is grasped by closure of the
digits.  This can occur as an independent movement or the grasp can occur as the paw is

withdrawn. (8) Supination I: as the [imb is withdrawn, the paw is dorsiflexed and is
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supinated 90° by a movement around the wrist and by adduction of the elbow. These
movements can occur as soon as the food is grasped or can occur as the limb is
withdrawn. (9) Supination II: as the rat sits back with food held in the paw, the paw is
further supinated by 90° and ventroflexted to present the food to the mouth. (10) Release:
the digits are opened and the food transferred to the mouth.

Five successful reaches were analyzed frame-by-frame on the video tapes. Each
movement was rated on a three-point scale. If the movement appeared normal, it was
given a score of “07, if it appeared slightly abnormal but recognizable it was given a
score of “17, and a score of “2” was assigned if the movement was absent or completely

unrecognizable.

Rung Walking: The runway consisted of a straight section 1m in length with
walls 19 cm high and a square goal box at one end in which food was located (Metz &
Whishaw, 2002). The width of the alley was adjusted to ﬂ;e size of the animal allowing 1
cm on either side of the animal to prevent it from turning around. The floor of the
runway was made of a readily changeable arrangement of horizontal stee] rods 3 mm in
diameter. An irregular but unchanged rung pattern was fn‘air__ltained throughout all trials,
gap sizes varied from 1 cm to 5 cm. A high-8mm camera was positioned af a slight
ventral angle, so that the positions of all four limbs can be filmed simultaneously from a
ventral view.

The novel foot-fault scoring system (Metz & Whishaw, 2002) was modified and
used to assess forelimb and hindlimb qualitative piacement. Each step was rated on a

five-point scale: if the foot placement appeared normal where the midportion of the palm
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was placed on the rung, it was given a score of “0”; if placement on the rung was done
using the wrist or digits of the forelimb or the heel or toes of the hindlimb, it was given a
score of “1”; if a limb was placed on a rung and slipped off during weight shifting
without disturbing balance, it was given a score of “2”; if a limb was placed on a rung
and slipped off during weight shifting causing a fall, it was given a score of “3”; and if a
limb missed the targeted rung completely and fell through the gap compromising body
posture and balance, it was given a score of “4”. Animals received three trials during
each testing day. The asymmetry score, which is a ratio of foot faults committed by both
sides of the body, was calculated for each group; this is: contralateral limb

faults/ipsilateral limb faults.

Cylinder test: Forelimb use for weight support during explorative activity was
examined by placing rats in a transparent cylinder 20 ¢m in diameter and 30 cm hig.h for
four minutes (Schallert, Kozlowski, Humm, & Cocke, 1997). .A mirror was placed
underneath the cylinder at an angle to allow the experimenter to videotape the anifné]’s
activity from a ventral view. The cylindrical shape encoufaged vertical exploration of the
walls with the forelimbs. The cylinder was high enough so that animals could not reach
the top and was wide enough to allow 2 cm between eiﬁher end of thé animal and the
walls. Forelimb use was measured during vertical exploration following reafing.
Independent use of each forelimb during wall contact was scored during weight shift
initiation or to regain center of gravity while moving lateraily in a vertical posture. Tﬁj@'
asymmetry score of forelimb use in wall exploration was calculated for each group, this

is: contralateral forelimb wall contact/ipsilateral forelimb wall contact.



Adhesive Dot Removal: Procedures for this task have been described previously
by Schallert et al. (1982). Animals were removed from their hoﬁm cage_s and their
forelimbs were washed With 50% ethanol soluﬁon, then wiped with cotton géuze and
allowed.to dry. wa parallel creaseé were formed in adhesive paper stimuli (113 mm?®,
manufactured by Avery International} to facilitate wrapping them around the forelimb.
The stimuli were attached to the disfal—radial aspect of both forelimbs. Immediately after,
the expérimen‘ter firmly touched bqth forelimbs simultaneously and placed the animal in
a clear Plexiglas tub (45x26x20 c¢m) without bedding for ease of recording. A stainless
steel lid was used to cover the tub and contain the rat. The fine forelimb hair was not
pulled out in the process, however, the stimuli were sticky enough that they rarely fell off
when the animal moved around, groomed or shook its forelimb. Trials in which either
stimulﬁs fell off spontaneously were disregarded and repeated. The order of stimulus
attachment to the contralateral and ipsilateral forelimbs was counterbalanced for all
animals. Subjects contacted and attempted to remove the adhesive paper. The order and
latency of removal was recorded for each forelimb for four trials. Each trial was ended
after both labels were removed or after three minutes. The asymmetry score of latency of
dot removal was calculated for each group contralateral forelimb latency/ipsilateral

forelimb latency.

Swimming Test: Video recordings were made in a large rectangular aquarium
(120x43x50 ¢m) as described by Whishaw, Nonneman, and Kolb (Whishaw, Nonneman,

& Kolb, 19813, Water was high enough to prevent animals from touching the bottom of
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the équarium but at the same time low enough to prévent them from escaping to the edge
of the pdol, temperature was maintained at 21°C. At one end of the pool was an escape
wire mesh platform onto which the animals could climb. The platform was vistble to the
animals at all times. During the training phase, animéls were released close to the
platform, after they ieamed to swim and climb onto the platform, they ;»w’ere released at
progressively longer distances until the_:y swam directly from the opposite end of the tank.
Initially, most animals used all four limbs to stroke, répid]y changed direction, and
sometimes swam aimlessly. Once animals iearnéd to swim directly to the platform and
were more familiar with the task, they held their forelimbs immobile under their ¢hins
and only used their hindlimbs to propel through the water. Each animal performed four
trials during which they had to swim directly to the platform. Animals were drned and
returned to their home cages after completing four trials. Disruption to the normal swim
pattern was quantified by counting the number of strokes by each forelimb. The
asymmetry score of forelimb inhibition was calculated for each group, this is;
contralateral forelimb strokes/ipsilateral forelimb wall strokes.

All subjects were tested on the rung walking, cylinder, swimming, and adhesive

dot removal tests once a week for four weeks after surgery.

Histological procedures

After six weeks of behavioral testing, all animals were sacrificed using a lethal
dose of sodium pentobarbital. They were intracardially perfused, first with saline in 0.1
M PBS followed by 4% parafermaldehyde in 0.1 M PBS. The brains were removed,

postfixed and cryoprotected in a solution of 30% sucrose in 4% paraformaldehyde
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solution for three days in 4°C. All brains were then sectioned into 40 uin using a cryosfat
(2800 Frigocut, Reichert-lung) and stored _in 0.1 M PBS solution. The following day,
free-floating sections from conirol and lesion groups were incubated for 13 minin a
quench solution, 20 ml of 3% H20, in 180 ml 0.1 M PBS, to reduce background staining.
The sections were then washed three times with 0.1 M PBS. The tissuc was then
incubated in a primary antibody solution, 15 mi 0.1 M PBS, 3 .drops goat serum, 100 _1
3% Triton-X, 20 _1 of serotonin antibody (donated by Dr. Richard Dyck), bovine serum
albumin 150mg was added to reduce background staining. Six sections per centrifuge
tube were rotated at 40 rpm while refrigerated at 4°C for 20 hrs. All sections were
washed three times with 0.1 M PBS and incubated in a secondary antibody solution, 10
mi 0.1 M PBS, 3 drops goat serum and 1 drop anti-rabbit lgG (Vector Laboratories,
Burlingame, CA). The sections were rotated at 40 rpm at 4°C for 1 hr. The tissue was
washed three times with 0.1 M PBS and then incubated in an AB complex solution
(Vector Laboratories, Burlingame, CA), 5 ml 0.1 M PBS, 2 drops solution A, 2 drops
solution B and centrifuged at 40 rpm at 4°C for 30 min. The tissue was washed three
times with 0.1 M PBS and then dipped into a solution containing: 5 ml distilled H,O, 2
drops 7.5 M PBS, 4 drops D amino benzodine (DAB), 2 drops H,0, and 2 drops Ni**
(Vector Laboratories, Burlingame, CA). All sections were finally rinsed three times with

0.1 M PBS, mounted onto slides and cover slips were placed on top (see Fig. 3.2).
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Figure 3.2: Representative photographs from the medial forebrain bundie lesion group of
coronal sections of the motor cortex stained using an immunohistochemical technique for
serotonin. The left hemisphere is contralateral to the lesion and.appears darker than the

ipsilateral hemisphere indicating the presence of more serotonin.
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RESULTS

Beh;ivioral Observations

S.ingle bellet reaching (medial forebrain bundle lesion): The ability of lesion
and contrpl groups to use their forelimbs was assessed in a skilled reaching task Wheré
animals reached throﬁgh a hnarrow siot onto an elevated shelf to retrieve a food reward.
Both the lesion and the control groups continued to use their contralateral forelimbs for.
réaching as they did before sufgery. A fneari success score was calculated for all animals
and cqmpared_ across all groups. A simpl_e'AN OV A revealed no significant main effect
0f treatment on success score {F(1 ,.1 1) =0.073; p=0.7923) (Fig. 3.3A). A mean
ieaches/pe}let retrieved rat¢ was calculated'.for all animals as well and compared across
all groups. A simple ANOVA revéaled no significant main effect of treatment on the
number_of reaches/pellet (F(1,11) = 0.819; 'p:0.3 848) (Fig. 3.3B). The success score
and reaches/pellet refrieved score demonstrate quantitatively that the lesion did not affect
_skillé‘d reaching. To assess the extent to which the 10-elements of reaching were changed
in the lesion group relative to the control group, the overall component scores were
analyzed and showed no significant differenceé between the control and the lesion groups
(Fig. 3.3C). In addition there were no significant differences in the individual movement

components between groups (Fig. 3.4).
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.Figure 3.3: Single pellet reaching scores (mean and standard error) in control and me.dial
forebrain 'buﬁd]e lesion groups. (A) success, number of pellets retrieved ouf of 20; (B)
reaches/pellet, number of reaches performed for each sucgessfully retrieved pellet; (C)
The qﬁalitativé movement error scores of five representative reachés in control and

lesioned animals. Note, there are no group differences.
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Figure 3.4: Reaching movement components (mean and standard error) on the 10
movement components of reaching for control and medial forebrain bundle lesion groups.
Each of the movement components was rated on a 3-peint scale, with 0=normal and

2=absent.
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Skilled Reaching (methiothepin mesyl#te): All animals continued to use their
contrélatcral paw to reach for food items located on a shelf following the administration
of methiothepin mesylate, except at'_the highest dose (0.3 mg/kg) at which animals did not
attempt to reach and appeared droﬁsy' and immobile (Fig. 3.5). A simple ANOVA
revealed no significant main effect of treatment on reaching success score (F{(4,1) =4.339;
p=0.1057). A repeated m.easureé ANOVA revealed a significant difference in the
success rate between the various drug doses and control (F(4,4) =4.376; p= 0.014). A
post hoc Fisher LSD (p<0.5) analysis showed that animals had a higher success rate at
0.15 mg/kg than control and 0.1 mg/kg, and the 0.3 mg/kg dose produced the lowest

success rate.

Rung Walking: The ability of lesion and control groups to cross a horizontal
ladder with randomly spaced bars was assessed by counting the number of foot faults.
Animals from both groups walked across the horizontal ladder equally well. Both control
and lesion groups committed a few foot faults of both forelimbs and both hindlimbs. The
scores from the previously described five error categories were summed for each group
and a total number of foot faults (contralateral+ipsilateral) including forelimbs and
hindlimbs was calculated for each group. A simple ANOVA found no significant main
eftect of treatment on total number of foot faults (F(1,11) =0.561; p= 0.4694). The ratio
of foot faults committed by both forelimbs and hindlimbs was calculated for the
contralateral and ipsilateral sides of the body, and a simple ANOVA found no significant

main effect of treatment in foot fault asymmetry (#(1,11) =3.072; p=0.1074) (Fig. 3.6A).
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Figure 3.5: Single pellet reaching success score (mean and standard error) in contre} and
following the administration (i.p.) of one of five doses of methiothepin mesylate: 0.1,

0.15, 0.2, 0.25, 0.3 mg/kg.
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Figure 3.6: Asymmetry score (mean and standard error) of contralateral‘/ijasilate_ral‘ limbs

on (A) rung walking, (B) cylinder test, (C) adhesive dot removal, (D) swdmming for

control and medial forebrain bundle lesion groups. Note, there are no group differences.
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Cylinder Test: The ability of lesion énd control groups to use their forelimbs to
support their weight during spontaneous explorétion ?vas assessed by comparing the
number of wall contacts in a cylinder using the ipsilateral and contralateral forelimbs.
Animals from both groups actively explored the cylinder, and when they reared touched
and supported their body against the walls with their forelimbs. The total number of wall
contacts (contralateral+ipsilateral) was calculated for e_ach group and a simple ANOVA
showed no significant effeét of treatment (F (1,11} = 0.009; p=0.9249). The lesion group
eqﬁ.a]]y touched the walls of the cylindei as the control group. The ratio of contralateral
forelimb use to ipsilateral forelimb use wa.s calculated for both groups, and a simple
ANOVA revealed no significant main effect of treatment in forelimb use asymmetry

(F(1,11) = 2.187; p= 0.1673) (Fig. 3.6B).

Adhesive Dot Removal: The ability of control and lesion groups to attend to
sensory stimuli was assessed by comparing the latency to remove adhesive paper from
their forelimbs. All animals successfully removed the adhesive dots from forelimbs
Within the three-m.inu_te time imit. Animals often removed the stimulus from their
contralateral forelimbs then proceeded to remove the stimulus from their ipsilateral
forelimbs. A simple ANOVA showed that the overall latency (contralateral +ipsilateral)
to remove both stimuli was significantly higher in the lesion group than the contro! group
(F(1,11) = 19.643; p=0.001). A simple ANOVA revealed no significant main effect of
treatment in asymmetry of dot removal latency, however (F(1,11) = 0.067; p= 0.8007)

(Fig. 3.6C).
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Swimming Task: The ability of éontrol an_d lésion £roups to inhibit their
forelimbs was ass.essed by counting the number of forelimb strokes in a straight.swim to
a Visibie platform. On testiﬁg days all animals swam - directly to the pla:tform aﬁd
| succéssfuily qlimbed onto it. Both control and. lesion. groups showed no signs of
swifnming impairment by hblding their forelimbs still under their chins and only using
their hindlimbs to propel through the water. A_simple ANOVA revealed no signiﬁcant
main effect of treatment oﬁ the overall number of strokes (F{(1,11) = 0.768; p=0.3994). A
.simple ANOVA also revealed no significant main effect of treatment on asymmetry of

forelimb inhibition (¥(1,11) =0.579; p=0.4628) (Fig. 3.6D).

DISCUSSION

.Thisl is the first detailed analysis of the effects of either selective unilateral
serotonergic fiber depletion or serotonergic receptor blockade on skilled motor behavior.
Rats were trained to reach throughla slot for food pellets located on a shelf. The subjéots
continued to use their contralateral paw for reaching and with the same proficiency as -
conﬁrols following damage to the aéceﬁding serotonergic projection or blockade of the
serotonergic receptors. In addition, the lesion group did not show any signs of
.impairments on the other behavioral measures.

The intact performance of the lesion group on the behavioral measures is
consistent with previous work (Lawson & Bland, 1993; Vanderwolf, 1989; Vanderwolf
& Baker, 1986; Vanderwolf, Leung, Baker, & Stewart, 1989). It has been shown that the

low voltage fast activity (LVFA) of both the serotonergic and the cholinergic projections
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are intensely active during Type 1 behaviors (V énderwolf, 1987b). Vanderwolf and
Baker (1936) demonstrafed that rats treated with the serétonin synthesis inhibitor p-
chlorophenylalanine (PCPA) displayed normal LVFA and RSA; but the ad;ninistration of
the muscarinic receptor blocker étropine sUlﬁhatc to i’CPA-trééted animals, résulted in
severe abnormalities in brain waves and behavior. Walking, changing posture,
swimming and manipulating objects with the forelimbs are .examples of Type 1 behaviors
that may be maintained with either cholinergic or serotonergic input. Type 1 behaviors
are central to intact performance on the behavioral tests in the present experiment. The
lack of impairment following the depletion of the serctonergic neurons may, therefore, be
due to a compensatory mechanism assumed by the cholinergic projections'.. |

Another explanation for the intact behavior is that the serotonin depletion was not
large enough to produce impairment. Vanderwolf et al. (1989) reporf that following the
depletion of the B7 and B8 raphe cell groups, which Send serotonergic prejections to the
cortex, normal atropine-resistant cortical activation (ARCA) was still recorded despife
the severely reduced levels of serotonin in the cortex. They further report that a depletion
of the cell group B9, which also sends serotonergic projections to the cortex, in addition
to B7 and B8, is necessary to abolish ARCA. A 90% reduction in serotonin levels had to
be achieved for functional deficits to unveil. Similar results have been reported; for
example, an incomplete depletion of dopamine cells does not produce behavioral
impairments (Zigmond, Acheson, Stachowiak, & Stricker, 1984; Zigmond & Stricker,
1984). It must be noted, however, that the projections from the cell groups B7, B8, BY
pass though the medial forebrain bundle, which is the lesion site in present study. In

other words, all three cell groups were targeted using the current lesion method and thus
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Should have produced almost a complete loss of ascending serotonergic fibers in the
-ipsilateral hemisphére.

| Decrease in spontaneous explorative behavior following_the lesion is indicated by
the r'educed"Wéll contact seen in the cylinder test. This fesult is cénsistenf with other
studies that have produced seléctive depletion of ascending_ serotonergic fibers (File &
: Dieak_i_n,. 1980, Lorens,.Guldberg, Hole, Kohler, & Srebro, 1976). Although increased
locomotor activity has aﬂso been reported after serotoﬁergic fiber depletioh, non-specific
damage due to the use of electrolytic lesion methods may be the reason for the different
behavioral outcomes (Jacobs, Wise, & Taylor, 1974; Kam & Moberg, 1977; Lorens et al.,
1976).

; -Thé only tests of sensory responsiveness conducted in rats with serotonin
depletions are ones that involve starﬂe response, such as responsiveness to a loud
auditéry stimulus (Connor and Stalk, 1970} or an air puff stimulus (Geyer et al., 1976;
Geyer, Warbritton, Menkes, Zook, & Mandell, 1975). Such studies have consistently
reported .a'decrease in startle response following intraventricular injection of serotonin
and an increased response after the depletion of serotonin. Although there is no previous
work on forelimb sensitivity ﬁm respect to manipulations of serotonin in the brain, a
loss of inhibition, which means faster orientation to stimuli, was expected. The lesion
groﬁp did not show signs of asymmetry, however, on the adhesive dot removal task.

The intact performance of the lesion group on the swimming task is not consistent
with the results of Vanderwolf (1989). The author reports that following the central
depletion of serotonin, animals were severely impaired on a task where they had to swim

and climb onto a visible platform. Vanderwolf (1989) reported that following the lesion,
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swimming was erratic and aim_les.s, and animals experieniced.motor impairment .that..
reduced the_i.ir ability to swim and climb onto thé platform. It must be noted, however,
that the ;)b.servations made by Vanderwolf (1989) ;vere produced using PCPA, which
globally abolished the ARCA. f{e also reported that animals that sustained a lesion bﬁt_
did not éxperience a sigﬁiﬁcant reduction in ARCA, which is likely similar to the present
lesion group, behe}ved like contr'ols. in the swimming'tank (Vanderwolf, 1989).

Thé presenf ﬁndings indicate no impairment in the production of movements
follovﬁng damage té the ascending s’-erofonergic projections to the cortex. Serotonin has
been reported ﬁs critical for proper de\}elopme-nt and wiring of the central nervous systefn
in a number of studies {Benes, Taylor, & Cunningham, 2000; Lauder, 1990; Mazer et ;11.,
1997), but its role in ﬁeuronal plasticity and_ behavior modification in adults remains
controversial. One coﬁclusioﬁ that could be reached from this study is that serotonergic

projections are not instrumental for the production of skilled movements.



93

CHAPTER FOUR
Combined neurotoxin lesions of the nucleus basalis and the medial forebrain bundle

produce mild motor deficits in rats

ABSTRACT
The interaction between acetylcholine and serotonin in the rat’s brain has been reported
as instrumental for intelligent behavior. The conjoint depletion of both neurotransmitters
results in dementia like symptoms in rodents. The focus of this research however has
béeh directed towards understanding the interaction between the two systems with
respect to cognitive tasks while others such as skilled motor movements have been
neglected. The role of the interaction of cholinergic and serotonergic projections in the
‘production of skilled motor behavior was examined in the present experiment. Lesions of
the nucleus basalis (quisqualate, 0.5 pg/ul) and the medial forebrain bundle (5,7-
dihydroxtryptamine, 5 pg/4 ul) were produced unilaterally and in the same hemisphere
either with a recovery and behavioral testing period in between (two-stage lesion) or
conjointly (one-stage lesion). The use of the contralateral limbs in skilled movements of
rats with unilateral combined lesions was compared with the ipsilateral limbs and with
the limbs of control rats on tests of: limb use in support (cylinder test), limb placing while
walking a horizontal ladder, sensory responsiveness to contact (adhesive dot removal
test), forelimb inhibition during swimming, and limb use in reaching for food. The two-
stage lesion group did not show a decline in pellet retrieval success but did display signs

of qualitative impairments in certain aspects of the reaching movement. The one-stage
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lesion group showed impairments in the guantitative and qualitative aspects of skilled

reaching. In general, the combined lesion did not have a severe effect on motor behavior.
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INTRODUCTION

The idea of a functional interaction between the cholinergic and serotonergic
systems is not a novel one. Several lines of evidence suggest that these two systems
interact in various structures of the brain such as the neocortex and the hippocampus, to
modulate learning and memory (Nilsson, Strecker, Daszuta, & Bjorklund, 1988;
Riekkinen, Sirvio, & Riekkinen, 1990a; Vanderwolf, 1988; Vanderwolf & Baker, 1986).

The interaction between the two neurotransmitiers did not receive much attention,
however, until the Bartus, Dean, Pontecorvo, and Flicker (1985) “cholinergic hypothesis
of learning” was deemed too reductionistic. Studies done on aged rodents were among
the first to redirect the field; aged animals exhibited more severe deficits in spatial
navigation than animals sustaining a lesion to the nucleus basalis or blockade of the
muscarinic receptors {Fischer, Chen, Gage, & Bjorklund, 1992; Gage & Bjorklund, 1986;
Riekkinen, Sirvio, & Riekkinen, 1990b; Whishaw, 1985). Although a decline in the
cholinergic projections is still considered the primary cause for thé cognitive impairments
in aged animals, it is not the only cause. The degeneration of serotonergic projections to
the neocortex and the basal forebrain has been suggested as a contributing factor (Nilsson
et al., 1988; Vanderwolf, 1987; Vanderwolf, 1988; Vanderwolf & Baker, 1986).

Although the mechanism of the interaction between the two systems remains
unclear, a few lines of evidence support it. First, neuroanatomical approaches have
demonstrated that afferents of serotonergic fibers innervate dense cholinergic regions
such as the basal forebrain (Samanin, Quatirone, Peri, Ladinsky, & Consolo, 1978;
Vertes, 1988) and a dense distribution of 5-HT) receptors in areas that are largely

innervated by cholinergic neurons (Quirion & Richard, 1987). This is an avenue for
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direct interactive processes. In addition, there is evidence of indirect interactions at the
level of convergent projection areas of the two systems such as in the hippocampus, the
neocortex, and the amygdala (Steckier & Sahgal, 1995). Second, electrophysiological
studies have demonstrated that the cerebral activation, low voltage fast activity (LVFA)
in the neocortex and rhythmical slow activity (RSA) in the hippocampus are controlled
by the cholinergic and serotonergic projections (Vanderwolf, 1987; Vanderwolf, 1988;
Vanderwolf & Stewart, 1986). These two neurotransmitters may interact by altering the
activity of a common target such as the hippocampus or the cortex. Third, administering
a serotonergic agonist increases the levels of acetylcholine in the hippocampus and the
striatum (Samanin et al., 1978). Fourth, studies involving the depletion and or blockade
of both systems have shown that the disruption of both systems results in a generalized
behavioral disorganization similar to behavioral disorganization in decorticated animals,
but interference with either alone has little effect on behavior (Beiko, Candusso, & Cain,
1997; Dringenberg & Zalan, 1999; Vanderwolf, 1987; Vanderwelf, Baker, & Dickson,
1990). Potential interactions between the cholinergic and serotonergic systems raise the
possibility of one neurotransmitter modulating the efficacy of the other. Steckler and
Sahgal (1995) use the term additive synergism to refer to behavioral deficits that are at
least as large as the effect of the manipulation of either system individually. If the
combined efficacy is larger than the additive effect, it is referred to as potentiation.
Studies examining the interaction between the two neurotransmitters have used
models of global depletion or blockade of the neurotransmitters (Dringenberg & Zalan,
1999; Lehmann et al., 2000; Vanderwolf, 1987), which means that neuroanatomical

specificity was neglected. It remains unclear whether the interaction between the two
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systems is effective in specific structures such as the neocortex, for exampie.
Furthermore, the focus of these studies has been to understand the interaction with
respect to cognitive behaviors, and it is not clear whether the interaction is instrumental
for the production of other behaviors such as skilled movement.

The present study examined whether the interaction beiween cholinergic and
serotonergic systems is central to the production of skilled movements controlled by the
motor cortex. Nucleus basalis lesions (quisqualic acid) and medial forebrain bundle
lesions (5,7-dihydroxytryptamine) were produced unilaterally and in the same
hemispheres of rats. The animals were allowed two weeks to recover and were then
given a series of sensorimotor tests, all of which have been demonstrated o be sensitive
to sensorimotor lesions. The assessxﬁent included tests of forelimb support (cylinder test),
{imb placing while traversing a horizontal ladder with variably spaced rungs, sensbry |
responsiveness to sensory contact (adhesive dot removal test), forelimb inhibition duﬁng
swimming, and limb use in reaching for food. The performance of the r.ats v.va.s.
videotaped and the tapes were scored in order to assess the quantitative and qualitative
performance of the animals. In addition to being compared to a control group,
performance related to the limbs ipsilateral to the lesion was cbmpared to performance of
the limbs contralateral to the lesion with the expectation that the contralateral limbé

should be more affected as typically occurs following frank cortical injury.
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METHODS
The present experiment was conducted using two different lesion methods. (1)

Two-stage .Iesion: subjects received éiﬂler a unilateral nucleus basalis lesion (quisqualic
“acid, 0.5 pg/ul) or a unilateral medial forebrain bundle lesion (5',7-dif1ydroxytryptamine,
S pg/4 pl). After eight weeks, they received an additional unilateral leston to produce a
combined nucleus basalis énd medial forebrain bundlf; lesion in the same hemisphere. (2)
One-stage lesion: a separate group of rats received both pucleus basalis and medial
fcl)rcbirain.bundle lesions in one operaﬁon. The two experiments were conducted in
separate buildingé at the University of Lethbridge, and therefore, the results from the two

control groups were not pooled for consistency.

Subjects

Subjects were 33 Long-Evans hooded female-adult rats, 120 days old and
weighing 250-300g raised in the University of Lethbridge Vivarium. In the first
3 experiment; the animals were assigned to iwo different groups, control (n=7), two-stage
lesion (n=9). The animals were housed in groups of three or four individuals in hanging
wire mesh cages.. In the secohd experiment the animals were assigned to one of two
groﬁps, control (n=10), one-stage lesion (n=7). The animals were housed in groups of 2
or 3 in clear Plexiglass transport tubs. Both colony rooms were maintained on a 12/12h

light/dark cycle (08:00-20:00 h).
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Feeding
For the experiments, rats were food deprived but with ad /ib water access. One

week prior to surgery, rats were food deprived to 85% of their original body weight by

p.rloviciing 15g of solid chow per rat per day to maintain body weight.

Surgery

One-stage lesien: Each animal received an injection of desipramine HCI (25
mg/kg i.p.) (Sigma-Aldrich, St. Loius, MO), a norepinephrine reuptake inhibitor 30 min
prior to neurotoxin infusions. Animals then received an injection of atropine nitrate (0.1
mg/kg i.p.) (Sigma-Aldrich, St. Loius, MO) to facilitate respiration throughout surgery.
Under sodium pentobarbital anaesthesia (0.5 ml’kg, i.p.) (Sigma—Al.drich,. St. Loius, MO),
each rat received stereotaxic infusions of 0.12 M Quisqualic Acid (Sigma;Aldrich, St.
Loius, MO) via a 30-gauge cannula connected to 2 micro drive pump by a polythene
tube. Two 0.5 ul infusions were made uhilaterally in the nucleus basalis. Each infusion
was délivered over three min, and an additional ﬁve min allowed for diffusion before the
cannula was retracted. Stereotaxic coordinates anterior (A), lateral (L) and ventral (V)
for the two infusions were A=0.2 mm, L=3.4 mm, V=7.0 mm (below dura) and;: A=1.0
mm, L= 2.6 mm, V=7.3 mm (below dura), with the incisor bar set 5.0 mm above the
interaural line (see fig. 2.1). The skull was then flatiened, and each rat received
stereotaxic infusions of 5,7-dihydroxytrptamine (5 ug/4 ul, Sigma-Aldrich, St. Loius,
MO). Two 2.0 pl infusions were made unilateraily in the medial forebrain bundle in the
same hemisphere as the nucleus basalis lesion. Each infusion was delivered over five

min, and an additional five min allowed for diffusion before the cannula was retracted.
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Stereotaxic coordinates anterior (A), lateral (L) and ventral (V) for the two injections
were A=-2.0 mm, L=1.5 mm, V=9.5 mm (below skull) and; A=-1.5 mm, L=1.5 mm,
V=9.5 mm (below skull). The lesion group was allowed two weeks to recover before

behavioral testing.

Two-stage lesion: The nucleus basalis and the medial forebrain bundle lesions
were produced in separate surgeries but using the same methods described in the one-

stage lesion.

Atropine Sulphate

Three doses of atropine sulphate (Sigma-Aldrich, St. Loius, MO): 5,10, and 25
mg/kg were prepared in 0.9% sterile saline solution. A single dose was administered
(1.p.) to both control and lesion groups 20-30 min. prior to testing on the single pellet
reaching task, each dose was only used once. The drug doscs were administered starting
with the lowest dose to minimize tolerance effects. After each rat was injected with tﬁe

drug, it was returned to its home cage until it was due for testing on the reaching task.

Behavioral Training and Test Analysis

Tray reaching boxes and training: This task was only used in the one-stage
lesion experiment without any training prior to surgery. The training phase involved
placing each animal individually in a r_each_ing box 26 cm high, 28 ¢cm deep, and 19 om
wide, for 30-40 min each day for 14 days (Whishaw, O’Coﬁnor, & Dunnett, 1986). The
front of the boxes were consfruct'ed of 2mm bars separated from each other by a 9 mm

gap. Clear Plexiglass tops allowed access to the inside of the box. A 4 cm wide and 0.5
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cm deep tray was mounted in front of the bars. The tray contained food fragments
weighing approximately 30 mg each. Animals had to reach between the bars, grasp the
food and refract it where they were able to freely eat. The animals were free to use either
of their forelimbs. Following this training period, ammals were tested for 5 min on three
consecutive days. Each time the rat places its forelimb towards the tray, a “reach” was
scored. If the animal was successful in obtaining food, a “hit” was scored. The
percentage of reaches and hits was calculated and regarded as an indication of reaching
accuracy. Following this testing phase, the use of the preferred paw for reaching was
restricted by wrapping a bracelet made of Elastoplast fabric adhesive tape (Smith &
Nephew Inc.. Lachine, Quebec) as previously descnbed (Whishaw et al., 1986). The
bracelet prevented the animal from inserting its paw through the gap to reach the food,
thus forcing it to reach with its other paw. The bracelets did not impede the subject’s
movement and could be easily slipped off by the experimenter without damaging the
animal’s forelimb or ripping hair off. Once habituated 1o the bracelet, the anjﬁlals
ignored it and did not attempt to remove it, the rats learned to use the other limb and

could do so even without the bracelet.

Single pellet reaching boxes and training: All anmimals were pre-trained to reach
through a slot for single pieces of food for two weeks prior to surgery or drug
administration (Whishaw, 2000). Reaching bexes were made of clear Plexiglas. Each
box was 45x14x35 cm high. In the center of cach front wall was a | cm-wide slit which
extended from 2 cm above the floor to a height of 15 ¢m. On the outside of the wall, in

front of the slit, mounted 3 ¢cm above the floor, was a 2 cm-wide shelf. Two indentations
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on fhe floor of the shélf were located 2 cm from the inside of the w_aﬂ and Wéré centered
on the edges of the slit were rats could reach. Food peil_ej;s (45 mg Rodeﬁt Chow food
pellets, Biosche Inc.') were placed m the indentation ;:ontralaterjal tk_) the Himb with which
the rat reached (Whishaw & Pellis, 1990). Following eaich. reach, a short pause preceded
the presentation of the next pellet and an additional pellet could be dfopped in the back of
the boﬁ. This encouraged animals to return to the back of the box after each reach and so
- forced them to répqsition themselvés and prepare for the next reach. The animals were
~ trained for ten minutes ..each day for the ﬁrst. week and were presented with 20 pellcfs
each day for the second week. Reaching performance was assessed on two measures:
“_reaching success” = nﬁrﬁber of pellets retrieve.d and “reaches/pellet retrieved” = number
of reaching attempts/ success_fql retrieval. After the recovery period following surgery,
the animals were tested every day for two .Weeks. They were presented with 20 pellets in
cach testing session.

Eof a qualitative analysis of reaching, a reach was subdivided into ten components
(Whishawl, Pellis, Gorny, Kolb, & Tetzlaff, 1993). (1) Limb lift; the limb is lified from
the [loor with the upper arm and the digits adducted to the midline of the body. (2) Digits
close: as the limb is lifted, the digits are semiflexed and the paw is supinated so that the
palm faces the midline of the body. (3) Aim: using the upper arm, the elbow is adducted
50 that the forearm is aligned along the midline of the body, with the paw located just
uncief the mouth. This movement involves fixation of the distal portion of the limb, so
that digits remain aligned with the midline of the body. This is likely produced by a
movement around the elbow that reverses the direction of movement of the paw to

compensate for the adduction of the elbow. (4) Advance: the head is lifted and the limb
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is adyanc‘ed directly forward above and beyond the food pellet. (5) Digits open: as the
Timb is advanced the digité .ar.e extended and opened. (6) Pronate: using a movement of
the upper arm, the ethow is abductf_:d, pronating the paw over the food. Fﬁll pronation of
the paw onto the food IS aide& by a movement of the paw around the wrist. (7) Grasp: as
the ﬁads of the palm or the digits touch the food, the food is grasped by closure of the
digits. ThlS can occur as an independent movemeht or the grasp can occur as the paw is
withdrawn. (8) Supination I: as the limb is withdrawn, the paw is dorsiflexed and is
supina.ted 90° by a movement around the wrist and by adduction of the elbow. These
movements can occur as Sooﬁ as the fobd 18 .grasped or can occur as the limb is
Withdrawn. £ Supination. [f: as the rat sits back with food held in the paw, the paw is
further supinated by 90° and ventroflexted to present the food to the mouth. (10) Release:
the digits are opened and the food transferred to the mouth.

Five successful reaches were analyzed frame-by-frame on the video tapes. Each
movement wés rated on a three-point scale. If the movement appeared normal, it was
_given a score of “07, if it appeared slightly abnormal but recognizable it was given a
“score of “17, and a score of “2" was assigned if the movement was absent or completely

unrecognizable.

Rung Walking: The runway consisted of a straight section 1m in length with
walls 19 cm high and a square goal box at one end in which food was located (Metz &
Whishaw, 2002). The width of the alley was adjusted to the size of the animal allowing 1
cm on ¢ither side of the animal to prevent it from turning around. The floor of the

runway was made of a readily changeable arrangement of horizontal steel rods 3 mm in
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diameter. An irregular but un’changeci rung pattern was maintained throughout all trials,
gap sizes varied from T emto Sem. A high;Smm camera was positioned at a slight
ventral aﬁgleg so that the po'sitions of all four limbs can be filmed simultaneously from a
ventral view. |

The névcl foot-fault scoring system (Metz & Whishaw, 2002) was modified and
used to as3ess forelimb and hindlimb qualitati\}e placement. Each step was rated on a
- five-point .Scale: if the foot placément appeared normal where the midportion of the palm
was placed on the rung, it was given a score of “0”; if placement on the rung was done
using the wrist or digits of the forelimb or the heel or toes of the hindlimb, it was given a
score of “17; if'a limb was placed on .a rung and slipped off during weight shifting
w*itho’ut disturbing balance, it was given a score of “2”; if a limb was placed on a rung
and slipped off during weight shifting causing a fall, it was given a score of “3”; and if a
limb missed the targeted rung completely and fell through the gap compromising body
posture and balance, it was given a score of “4”. Animals received three trials during
each testing day. The asymmetry score, which is a ratio of foot faults committed by both
sides of the body, was calculated for each group; this is: contralateral limb

faults/ipsilateral limb faults.

Cylinder test: Forelimb use for weight support during explorative activity was
examined by placing rats in a transparent cylinder 20 cm in diameter and 30 c¢m high for
" four minutes (Schallert, Kozlowski, Humm, & Cocke, 1997). A mirror was placed
| underneath the cylinder at an angle to allow the experimenter to videotape the animal’s

activity from a ventral view. The cylindrical shape encouraged vertical exploration of the
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walls with the fOrelimbs. The cylinder was high enough so that animals could not reach
the top and was wide enough to allow 2 cm between either e_:ndlof the animal and the
walls. Forelimb use was measured during vertical exploration following rearing,
Independent use of each foreiimb. during wall contact was scored during weight shift
initiation or to regain center of gravity while moving laterally in a vertical posture. The
asymmetry score of forelimb ﬁse in wall exploration was calculated for each group, this

is: contralateral forelimb wall co.ntactfipsilateral forelimb wall contact.

Adbesive Dot Removal: Procedures for this task have been described previously
by Schallert et al. (1982). Animals were removéd from their home cages and their
forelimbs were washed _with. 50% ethanol solution, then wiped with cotton gauze and -
allowed to dry. Two parallel creases were formed in adhesive paper stimuli (113 mm?,

* manufactured by Avery International) to facilitate wrapping them around the forelimb.
The stimuli were attached to the distal-radial aspect of both forelimbs. Immediately after,
~ the experimenter firmly touched both forelimbs simultaneously and placed the animal in
a clear Plexiglas tub (45x26x20 cm) without bedding for ease of recording. A stainless
steel lid was used to cover the tub and contain the rat. The fine forelimb hair was not
pﬁlled out iﬁ the process, however, the stimuli were sticky enough that they rarely fell off
Wheﬁ the animal moved around, groomed or shook its forelimb. Trials in which either
stimulus fell off spontancously were disregarded and repeated. The order of stimulus
attachment to the contralateral and ipsilateral forelimbs was counterbalanced for all
animals. Subjects contacted and attempted to remove the adhesive paper. The order and

latency of removal was recorded for each forelimb for four trials. Each trial was ended
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after both labels were removed or after three minutes. The asymmetry score of latency of
dot removal was calculated for each group contralateral forelimb latency/ipsilateral

forelimb latency.

Swimmiﬁg Tesf:: Video recordings were made in a large rectanguiar aquarium
(120x43x50 cm) as described By Whishaw, Nonneman, and Kolb (Whishaw, Nonneman,
& 'Kolb, 1981). Water was high enough to prevent animals from touching the bottom of
-~ -the aquarium but at the same time low énough fo prevent them from escaping to the edge

pf the pool, temperature was maintained at 21°C. At one end of the pool was an escape
wire mesh platf_ofm onto Whjch.the. animals could climb. The platform was visible to the
janimalé at.all times. During the training phase, animals were released close to the
plaﬁférm, after they jleamed to swim and climb onto the platform, they were released at
pfogress_ively longer distances until they swam directly from the opposite end of the tank.

_ Initié.lly, mbst animals used all four limbs to stroke, rapidly changed direction, and
soni_ctimes swam aimlessly. Once animals learned to swim directly to the platform %md

Were more familiar with the task, they held their forelimbs immobile under their éhins
and only used their hiﬁdlimbs to propel through the water. Each animal performed four
trials_ during which they had to swim directly to the platform. Animals were dried and
retu:ﬁed to their home cages after completing four trials. Disruption to the normal swim
pattern was quantified by counting the number of strokes by each forelimb. The
asymmetry score of forelimb inhibition was calculated for each group, this is:

contralateral forelimb strokes/ipsilateral forclimb wall strokes.
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Al subjects were tested on the rung walking, cylinder, swimming, and adhesive

dot removal tests cnce a week for four weeks after surgery.

Histologjcal procedures

After six weeks of behavioral testing, all animdls were sacrificed using a lethal
dose of sod_ium pentobafbitaL They were intracardially perfused, first with saline in. 0.1
M PBS followed by 4% paraformaldehyde in 0.1 M PBS. The brains were removed,
post-fixed and cryoprotected iné solution of 30% sucrose in 4% paraformaldehyde
solution for three days in 4°C. All brains were then sectioned into 40 um using a cryostat
(2800 Frigocut, Re_ichert—Jungj. Sections from the nucleus basalis lesion and combined
lesion gfoﬁps were mounted onto glass stides and stained for acetylcholinesterase using a
procedure modiﬁed. from Karnovsky and Roots {1964) (Fig. 4.1A) . Sections from the
medial forebrain bundle lesion and combined lesion groups were stored in 0.1 M PBS
solution. .The following day, free-floating sections were incubated for 15 min in a quench
solution, 20 ml of 3% H20; in 180 ml 0.1 M PBS, to reduce background staining. The
sections were then washed three times with 0.1 M PBS. The tissue was then incubated in
a primary antibody solution, 15 ml 0.1 M PBS, 3 drops goat serum, 100 pl of 3% Triton-
X, 20 ul of serotonin antibody (donated by Dr. Richard Dyck); bovine serum albumin
150mg was added to reduce background staining. Six sections per centrifuge tube were
rotated at 40 rpm while refrigerated at 4°C for 20 hrs. All sections were washed three
times with 0.1 M PBS and incubated in a secondary antibody solution, 10 mi 0.1 M PBS,
3 drops goat serum and 1 drop anti-rabbit IgG (Vector Laboratories. Burlingame, CA).

The sections were rotated at 40 rpm at 4°C for 1 hr. The tissue was washed three times
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with 0.1 M PBS and then incubafed in an AB complex solution (Vector Laboratories,

| Burlingame, ‘CA), 5ml 0.1 M PBS, 2 drops solution A, 2 drops solﬁtioﬁ B and

' centriﬁuge& at 40 rpm at 4°C for 30 min. The tissue was Washed three times with 0.1 M
PBS and then dipped into a soluti_ori containing: 5 ml distiiled HgO, 2 drops 7.5 M PBS, 4
drops D amino benzodine (DAB), 2 drops H20,, and 2 dxﬁps Ni** (Vector Laboratories,
Burlingame, CA). All sections were finally rinsed three times with 0.1 M PBS, mounted

onto slides, and had cover slips placed on top (Fig. 4.1B).
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Figure 4.1: Representative photomicrographs of coronal sections of the motor cortex
stained for: (A) acetylcholinesterase; and (B) immunchistochemical staining for
serotonin. The left hemisphere is contralateral to the lesion and appears darker than the

ipsilateral hemisphere indicating the presence of more acetylcholinesterase and serotonin.
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RESULTS

Behavioral ObServations (two-stage lesibn) '

| Single pellet reaching: The ability of control and two-stage lesion groups to use
their forelimbs was assessed in a skilled reaching task in which animals reached through
a narrow slot onto an elevated shelf fo retrieve a food reward. Both the two-stage lesion
and the éontrol groups coﬁtinued to use their contralateral forelimb for reaching as they
did before surgery. A mcén SUCCESS SCore Waé calculated for all animals and comparea
across all groups. A sirﬁple ANOVA re\feaied no significant main effect of treatment on
success score (F(1,14) = 1.755; p=0.2065) (Fig. 4.2A). A mean reaches/pellet retrieved
rate was calculatéd for all animals as wdl and compared across all groups. A simple
ANOVA révealéd no signtficant main effect of.treatment on the number of reaches/pellet
(F(1,14) =0.042; p=0.9395) (Fig. 4.28). The two-stage lesion did not quantitatively
affect skilled reaching.

To assess the extent to which reaching elements were changed in the two-stage
l_esion group relative to the control group, the ten-element reaching data were subjected to
a repeated measures ANOVA. The analysis revealed a significant main effect of
treatment on movement component score (F{1,14)=158.709; p=0.0001). The lesion
group had a significantly higher score, meaning more movement abnormalities as
cdmpared to the control group (Fig. 4.2C). An interaction of movement x treatment
showed that the high impairment score for the two-stage lesion group may be attributed
to deficits in some movement components but not others (F(1,9) = 32.298; p=0.0001). A

follow up LSD post hoc (p<0.05) analysis showed that the lesion group was tmpaired on
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Figufe 4.2: Single pellet reaching scores {mean and standard error) in contfol and two-
| stage lesion grouﬁs. (A) success, number of pellets retrieved out of 20; (B)
reaches/pellet, number of re.;aches performed for each successfﬁll):"retrieved pellet; (C)
the qualitative movement error scores of five representative reaches in control and

lesioned animals, ***p=0.001.
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the advance, pronation, supination I, and supination Il components of the reaching

movement (Fig. 4.3). This showed gualitatively that the lesion affected skilled reaching.

Rung Walking: The ability of control and two-stage lesion groups to cross a
horizontal ladder with randomly spaced bars was assessed by counting the number of foot
faults. Animals from both groups traversed the length of the ladder on each trial. The
scores from the previously described five error categories were summed for each group,
and a total number of foot faults (contralateral+ipsilateral) including forelimbs and
hindlimbs was calculated for each group. A simple ANOVA found a signiﬁcént main
effect of treatment on total foot faults (F(1,14) = 7.953; p= 0.0136). The lesion group
commitied more overall foot faults than the control group. The ratio of foot faults
commi_tted by both forelimbs and hindlimbs was calculated for the contralateral and
ipsilateral sides of the body. A simple ANOVA found a significant effect of treaiment on
foot fault asymmetry (F(1,14) = 5.275; p=0.0376). The lesion group commiftted more
foot faults with their contralateral side of the body while the control group did not show

asymmetry (Fig. 4.4A).

Cylinder Test: The ability of control and two-stage lesion groups to use their
forelimbs during spontaneous vertical exploration was assessed by comparing the number
of wall contacts in a cylinder using the ipsilateral and the contralateral forelimbs. -

Animals from both groups actively explored the cylinder and when they reared touched
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Figure 4.3: Reaching movement components (imean and standard error) on the 10
movement components of reaching for_coﬁ_trol and two-stage lesion groups. Each of the
movement component was rated on a 3-point scale, with O=normal and 2=absent.

*n<0.05
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Figure 4.4: Asymmetry score (mean and standard error) for control and two-stage lesion
groups of contralateral/ipsilateral limbs on (A) rung walking, (B} cylinder test, (C)

adhesive dot removal, (D) swimming. *p<0.03
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and supported tﬁeir body agéinst the wai]s with their forélimbs. The total number of wélll
contacts (cQﬁtralateraHips_il_ateral) was calculated for each group and a simple AN O\}A
showed no significant effect of treatment (F(1,14) = 4.037; p= 0.0642). Thé ratio of
contralateral forelimb use to ipsilateral forelimb use was calculatea for both groups and a
simple ANOVA revealed no significant main effect of treatinent in forelimb use

asymmetry (£(1,14) = 0.834; p= 0.3765) (Fig. 4.4B).

Swimming Task:l The ability of control and two-stage lesion groups to inhibit
their forelimbs waé assessed by counting the number of forelimb strokes in a straight
sw.im to a visible platform. On testing days all animals swam directly to the platform and
successfully climbed onto it. Animals from bofh groups showed no signs of swimming
impairment by holding their forelimbs still under their chins and only using their
hindlimbs to propel through the water. A simple ANOVA revealed no signiﬁcam main
effect of treat'm.ént on the overall number of strokes (F(1,14)=1.814; p=0.9712). A
simple ANOVA revealed no significant main effect of treatment on asymmetry of

forelimb inhibition (F(1,14) = 2.394; p = 0.1458) (Fig. 4.4C).

Adhesive dot removal: The ability of control and two-stage lesion groups to
attend. to sensory stimuli was assessed by comparing the latency to remove adhesive
‘paper from their forelimbs. All animals successfully removed the adhesive dots from
both paws within the three-minute time limit. Animals ofien removed the stimulus from
their contralateral forelimbs then proceeded to remove the stimulus from their ipsilateral

forelimbs. A simple ANOVA revealed a significant main effect of treatment on the



120
ox}erali latency (cohtralateralﬂpSilateral.) to remove both stimuli (F(1,14) = 55.654; p =
0.0001). The lesion gfoup took more time than the control group to remove both stimuli.

A simple ANOVA revealed no significant main effect of treatment in asymmctry of dot

removal latency, however (F(1,14) = 3.757;, p=0.0730) (Fig. 4.4D).

Behavioral observations (onc-stage lesion)

T_ray reaching: The ability of control and oné-.stage lesion groups to use their
forelimbs was assessed in a skilled r_eac_hing task in which subjects feached between
adjacent bars to retrieve food peliets located in a tray. The animals were free 10 choose
either forelimb for reaching for the first two weeks. The lesion group reached with their
ipsilateral forelimbé. The co.ntro.l group selected one forelimb for reaching as well, which
will be referred to as the contralateral forelimb. Performance was assesscd after two
weeks of training. Elastoplast bracéle.ts were then used to force both leéion and control
g'r.oups to use their contralateral and ipsilateral forelimbs, respectively. A repeated
measures ANOVA revealed no significant effect of treatment on the overall hit score
(£(1.15) =2.207; p=0.1581). In addition, there was no significant difference between
forelimbs used on success rate (F(1,1) =2.247; p= 0.1546), or a treatment x paw
interaction (#(1,1) =0.324; p= 0.5775). Both lesion and control groups performed

equally as well with both their contralateral and ipsilateral forclimbs (Fig. 4.3A).

Single pellet reaching: Subjects were free to reach with either forelimb. Both the
control and lesion groups reached with their ipsilateral forelimbs. A mean success score

was calculated for all animals and compared across all groups. A simple ANOVA
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Figure 4.5: Skilled reaching scores (mean and standard error) in control and one-stage
lesion groups in (A} tray reaching, hit percehtage; (B) single pellet, success, number of
pellets retrieved out of 20; (C) single pellet, reaches/pellet, number of reaches performed

for each successfully retrieved pellet, **p<0.01
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revealed no significant méin effect of treatment on success rate (F(1,13) = 0.013;
p?0.9102). Elastoplast braéelets were then used to force both conirol and lesion groups
iouse théii contralateral forelimbs. A simple ANOVA revealed a signiﬁcént main effect
~of treatment on success score (F) (15,.13)' = 12.869; p:0.00SS_). The control group was
more. successful in retrieving food pellets théﬁ the lesion group. One rat from each group
failed to reach when the bracelet was on its ipsilateral paw. The asymmetry of success -
rate was also compared between groups. A simple ANOVA showed that the lesion group
had a significantly larger asymmetry than the control group (F(1.13) = 7.475; p:0.0171j
: (Fig 4.5B). This.means that the lesion group performed significantly better with their
ipstlateral paw than their contralateral paw, but such asymmetry was not present in the
control group. -

| A ﬁean reaches/peliet retrieved score was calculated for all animals as well and
‘compared across all groups. A simple ANOVA revealed a significant main effect of
treatment on the number of reaches/pellet (F(1,13) = 16.382; p=0.0014). The lesion
group used more reaches/pellet retrieved than the control group. A simple ANOVA
revealed an asymmetry in the lesion group but not in the control group in the number of
reaches/pellet retrieved (F(1,13) = 11.346; p=0.005) (Fig. 4.5C). The lesion group used
more reﬁches/pellet retrieved with their contralateral forelimbs than their ipsilateral
forei’ihibs, but the control group did not show such asymmetry.

To assess the extent to which reaching elements were changed in the one-stage

lesion group relative to the control group, the ten-element reaching data were subjected to
a repeated measures ANOVA. The analysis revealed a significant main effect of

treatment on movement component score (F(1,13)= 5.538; p=0.0350). The lesion group



124
had a significantly higher score, meaning more movemerit abnormalities as compared 10
animals in the control group '(Figu 4.6A). An interaction of movement x treatment

showed that the high impairment score for the two-stage lesion group may be due to

deficits in pronati.oﬁ and supination of the forelimb (Fig. 4.6B).

Single pellet reaching (atropiﬁe sulphéte): ‘Both control and lesion groups

| continued to use their contralateral forelimbs for reaching while drugged with atropine
sulphate. A répc_ated measures ANOVA was used to analyze the success score and |
shdwed an overall signiﬁcant effect of treatment (#(1,13)=51.272; p=0.001). The
control group had an overall higher success score than the control group. The low dose
of au'opine:fcducéd rééching success in the lesion group but had no effect in the control
group. The medium dose abolished féaching n the lesion group but only reduced
reaching slightly iﬁ the control group. 'Neither contro! nor lesion groups reached for

pellets when administered the high dose (Fig. 4.7).

Rung Walking: The ability of lesion and control groups to cross a horizontal
ladder with raﬁdonﬂy .spaced bars was assessed by counting the number of foot faultslof
each limb. Both control and lesion groups committed a number of foot faults of both
forelimbs and both hindlimbs. The scores from the previously described five error
cae gories were summed for each group and a total number of foot faults
(contralateral-+ipsilateral) including forelimbs and hindlimbs was calculated for each
group. A simple ANOVA found a significant main effect of treatment on overall foot
faults (F(1.17) = 27.213; p= 0.001). The lesion group committed more overall foot faults

than the control group. The ratio of foot faults committed by both forelimbs and
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Figure 4.6: Single pellet reaching scores (mean and standard error) in control and one-
stage lesion groups. (A) The qualitative movement etror scores of five fepresentative

reaches in control and lesioned animals, (B) reaching movement comﬁonents on the 10
movement components of réaching. Each of the movement components was rated on a

3-point scale, with 0=normal and 2=absent. *p<0.05
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Figure 4.7: Dose response curve of atropine sulphate on single pellet reaching success

scores (mean + standard error) in both control and one-stage lesion groups.
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hindlimbs was calculated for the contralateral and ipsilateral sides of the body. A simple
ANOVA found no significant main effect of treatment in foot fault asymmetry (F(1,17) =

2.617; p=0.1241) (Fig. 4.8A).

Cylinder Test: The ability of lesion and contrél groups to use their forelumbs
during spontaneous vertical exploration was assessed by comparing the number of wall
contacts in a cylinder using both the ipsilateral and the contralateral forelimbs. Animals
from both groups actively explored the cylinder and when they reared touched and
supported their body against the walls with their forelimbs. The total number of wall
contacts (contralateral+ipsilateral) was calculated for each group. A simple ANOVA
showed no significant effect of treatment on overall wall contact frequency (#(1,17) =
0.106; p=0.7489). The ratio of contralateral forelimb use to ipsilateral forelimb use was
calculated for both groups, and a simple ANOV A revealed no sighiﬁcant main effect of

treatment on forelimb use asymmetry (#(1,17) = 0.038; p= 0. 8473) (Fig. 4.8B).

Swimming Task: The ability of control and lesion groups to inhibit their
forelimbs was assessed by counting the number of forelimb strokes in a straight swim to
a visible platform. On testing days all animals swam directly to the platform and
successfully climbed onto it. Animals from both groups rarely stroked and showed no
- signs of swimming impairment by holding their forelimbs still under their chins and only
using the hindlimbs to propel through the water. A simple ANOVA revealed no

significant main effect of treatment on the overall number of strokes (#(1,17) =2.297;
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p=0.148). A simple ANOVA revealed no significant main effect of treatment on

asymmetry of forelimb inhibition (F(1,17) =0.001; p=0.9712) (Fig. 4.8C).
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Figure 4.8: Asymmetry score (inean and standard error) for control and one-stage lesion
groups of contralateral /ipsilateral limbs on (A) rung walking, (B) cylinder test, (C)

swimming,
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DISCUSSION
~ The interaction between acetylcholine and serotonin has been repoﬁed in
numerous studies as central to normal behavior (Lehmann.e_t al., 2000; Nilsson et al.,
1988;.Riekk'men et al., 1990a; VanderWol’f, 1987). These studieé propose that the
disruption of either system .alone has a mild effect on behavior, but the conjoint depletion
or blbckade of both neurotranémitters causés severe behax'ioral disorganization. The
| results obtained in the present.experiment demonstrafe that the two-stage lesion caused

mild deficits on the rung walking task, and the one-stage lesion produced mild deficits in
the single pellet reaching. In general, however, the combined lesion did not abolish the
production of movement. |

The present re.sults indicating mild impairments following the combined damage
to the cholinergic and the serotonergic prbjcctions are not consistent with the suggestion
of Vanderwolf (1987). He proposes that interrupting the neurotransmission of both
systéms abolishes the neocortical low voltage fast activation (LVFA) and causes severe
behavioral disorganization similar to that seen in decorticated animals (Vanderwolf,
Koib, & Cooley, 1978; Whishaw, Schallert, & Kolb, 19815. There are a number of’
potential explanations for the differences between the present results and previous Wbrk.

(1) The present lesions may not be complete. The nucleus basalis lesion depletes
70-75% of the choline acetyltransferase in the neocortex (Dunnett, Whishaw, Jones, &
Bunch, 1987), and the medial forebrain bundle lesion depletes 90% of the neocortical
serotonin (Frankfurt, Renner, Azmitia, & Luine, 1985). The remaining acetylcholine and
serotonin may have been sufficient to maintain LVFA and sustain normal behavior. (2)

The present lesions were produced unilateraily, yet colossal connections from the intact
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hemisphere may have compensated for the chol.inergic-and serotonergic dealferentation.
(3) The sensorimotor cortex receives afferents from elsewhere in the cortex. Such
connections may have maintained activation of the motor dortex. (4) Thalamic nuclei
send pfoj ections to the neocortex, which may have mainfained activation of the motor
cortex as well. (5) The motor cortex may be intrinsically different than the rest of the
neocortex and thus dépendent on ascending projections other than the cholinergic and
serotonergic afferents. {6) The current 1esions were reétricted to the ascending
choliﬁergic and serotonergic projections. Most studies examining the interaction between
the two systems however, produced either.depletions or blockade of both systems
throughout the brain (Cas:sel & Jeltséh, 1995; Steckler & Sahgal, 1995).

Déspﬁe the improved specificity and spafing of the descending serotonergic
projections, the serotonergic projections to the basal forebrain and the hippocampus were
not spared. Restricting the lesion to the serotonergic afferents of the neocortex is difficult
to achiéve dl;e to the dense organization of the various raphe nuclei in the brain stem.
Giv.en that the cholinergic depletion was achieved by means of damaging the nucleus
basalis, Which mainly sends projections to the neocortex, it is possible to assume that the
present results are due to the reduced levels of both neurotransmitters in the neocortex
and the basal forebrain.

The mild deficits produced by the combined lesion were comparable to ones
reported earlier on nucleus basalis damage alone. The present effects of atropine sulphate
on skilled reaching further support the hypothesis that the ascending cholinergic
projections are involved in the production of movement. Both the low and medium doses

of atropine sulphate reduced reaching success in the one stage lesion group but did not
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af‘feﬁt performance of the control group. This is indicative that f;hc drug blocked the
muscarinic receptors that Wére already eXperiencing a reduced neurotransmission of
acetylchéline in the lesion group. |

Previous work bas sﬁown that the depletion or blockade of both systems
iﬁterrupfcs learning processes (Cassel & Jeltsch, 1995; Steckler & Sahgal, 1995 for
‘réview). The effects of combined damage of béth systems on task retention have not
been .explored. The two experiments in this study were designed to examine the effects
of the depletion on learning novel motor tésks and to assess performance and to assess
retention of the same taské. following the depletion of both systems. The combined lesion
generally did not affect the acqﬁisitio_n of novel tasks or performance of movements
learned prior to surgery.'
The combined depletion of acetylcholine and serotonin in the neocortex and
nucleus basalis only produced mild motor déﬁcits. The results are not consistent with
_ Vandeﬁvo]? s (1987) suggestion that the combined depletion of acetylcholine and
“serotonin produces severe behavioral disorganization. The lesion methods adopted in the
present experiment are useful in restricting damage to the ascending cholinergic and

serotonergic projections and should be used to further explore the topic.
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CHAPTER FIVE
GENERAL DISCUSSION

This thesis examined the hypothesis that the conjoint action of acetylcholine and
serolonin that maintains the neocortical electroenc'ephalogram (EEG) is essential for
normal behavior. Groups of rats received unilateral cholinetgic, serotonergic or
combined neurotoxic lesions and were tested on a béttery of motor tests sensitive to
unilateral damage. Whereas slight impairments were obtained on skilled reaching and
rung walking in some test conditions, in gencral, neither single nor pombined lesions
disrupted performance.

Vanderwolf (1987) and others (Dringenberg & Zalan, 1999) have demonstrated
that combined but not single lesions of cholinergic and serotonergic cortical projections
abolish the active low voltage fast activity (LVFA) EEG of the neocortex.
Accompanying the loss of LVFA, animals, although still able to walk, are unable to
acquire maze tasks or perform simple motor behaviors. In summarizing these findings,
Vanderwolf (1987) proposed that the LVFA pattern is essential for intelligent behavior.
Thus, Vanderwolf proposes that the loss of appropriate neuronal excitability produced by
the cholinergic and the serotonergic projections disables the normal functions of the
neocortex.

Since the afferent and efferent projections of the rat brain are organized within
hemispheres, it might be expected that unilateral inactivation of the neocortex should
disrupt behaviors dependent upon that hemisphere. For example, unilateral decortication
disrupts a wide range of behaviors dependent on the cortex (Rose, Whishaw, & van Hof,

1992). In addition focal lesions to the neocortex (Whishaw, Gormny, & Sarna, 1998),
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unilat.er.al depletion of dopamine (Miklyaeva, Castaneda, & Whishaw, 1994), or damage
to cortical efferents including the pyramidal tract {Whishaw et al., 1998) also disrupts
behavior dependent on that coﬁex. Given that the integrity of the cortical hemisphere is
central forthe production of normai behavior especially on the contralateral side of the
body, it follows that the ioss of _its LVFA produced by depletions of acetylcholine and
serotonin should result in contralateral deficits similar to those produced using bilateral
lesions.

| Irt order to evaluate the unilateral contribution of the cholinergic and serotonergic
projections, six behavioral tests sensitive to unilateral damage of the neocortex were
used. (1) In the single pellet reaching task, the subject reached for single pieces of food
rewards located on a shelf (Whishaw & Pellis, 1990). Success rate was recorded during
each testing session, that is the number of pellets successfully retricved and eaten by the
subject out of 20 possible pellets. The reaching movement is made up of ten components
according to Whishaw and Pellis (1990); a video recording was used for frame-by-frame
analysis to detect any postural or forelimb deficits. (2) In the tray reaching task, the rat
reaches in between bars for food pellets located in a tray (Whishaw, O'Connor, &
Dunnett, 1986). Successful reaches involve the animal retrieving food and transferring to
Jits mouth. (3) In the rung walking task, the animal traversed randomly spaced rungs to
reach a goal box (Metz & Whishaw, 2002). Foot faults of the forelimbs and hindlimbs
were recorded. (4) In the cylinder test, the rat reared and used its forelimbs to support its
weight on the walls (Schallert, Fleming, [ easure, Tillerson, & Bland. 2000). Contact
with the walls \%fas recorded for each forelimb. (5) In the swimming task, forelimb

inhibition was recorded in a straight swim towards a platform (Whishaw, Nonneman, &
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Kolb, 1-981). (6) In the 'somatosensory detection task, small adhesive stimuli were
attached to the radial surface of each forelimb simultaneously, and the latencies to
remove each stimulus were recorded (Schallert & Whishaw, 1984). All of the tests

described involve both learning and performance components.

Cholinergic depletion or blo;:kade

For the experiments, cholinergic depletions were produced by unilaterally
infusing quisquéiic acid into the nucleus basalis. Based on previous work comparing
various neﬁrotoxin fesions of the nucleus basalis, quisqualic acid produces the most
selective lesion With the fewest side effects (Dunnett, Whishaw, Jones, & Bunch, 1987).
Damagé.in the preseht experiment was restricted to the ipsilateral cortical cholinergic
péthway as assessed by acetylcholinesterase reactivity in the neocortex. Previous work
suggests that such a lesion p.roduces a 70-75% depletion of neocortical choline
acetyltransferase (Dunnett et al., 1987). The lesion did not affect performance in the rung
wélking, cylinder, swimming, adhesive dot removal, or success rate in single pellet
reaching. Deép_ite the umimpaired performance on these tests, qualitative deficits in
skilled reaching were obsérveci in forelimb advancement and supination of the paw.
Similar qualitative impairments are observed after unilateral motor cortex lesions, but the
movement impairment 1s usually accompanied by reduced success (Whishaw, Pellis,
Gorny, & Pellis, 1991). Thus, the qualitative deficit without a quantitative deficit
suggests that the cortical cholinergic innervation has only a small, although interesting,

effect on skilled reaching.
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Atropine sujphate was administer.ed to bloék the central muséariﬁic receptors,
which reduc.e.:.s the neufotranSmis_si’on of acetylcholine. A dose réspons_e-éurve
demonétrated that performance was unaffected by the low dosé, thé_ medium dose
reduced readhing success slightly and caused fnild movement deﬁcits. similar to the ones
produced by thé nucleus basalis lesion, and most subjects appeared drowsy and immobile
under the high dose. The mild movement deficits observed in skilled reaching following
the nucleus basalis lesion or central muscarinic receptor blockade suggest'thgt
acetylcholine does play a role in movement control. This is consistent With evidence
showing that the iontophoretic administration of acetylcholine or stimulation of the
nucleus basalis enhances the excitability of single-cells in the somatosensory cortex
(Metherate, Tremblay, & Dykes, 1988; Tremblay, Warren, & Dykes, 1990).
Acetylcholine is also central for the reorganization of cortical maps in the somatosensory
and auditory cortex (Kilgard & Merzenich, 1998; Webster, Hanisch, Dykes, & Biesold,
1991). Acetylcholine may be involved in motor cortex function as revealed by
qualitative analysis of movement and warrants further investigation.

The present findings indicating little, i’ any, permanent movement deficits
following nucleus basalis lesions are consistent with previous studies. Dunnett et al.

(1 9875 assessed animals W]th bilaters! nucleus basﬁlis lesions produced by various
neurotoﬁins on a battery of sensorimotor tasks. The authors reported initial inﬁpairments
that disappeared with recovery time. Other studies confirmed that lesions restricted to the
nucleus basalis do not affect the organization of behavior, such as learning and memory
in maze tasks (Baxter et al., 1996; Baxter & Gallagher, 1996; Be:rger-Sweeney et al.,

1994). Abdulla, Calaminici, Stepheﬁson, and Sinden (1994), on the other hand, described
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sensérimotor deficits following unilateral AMPA neurotoxic lesions of the nuéleus
basalis. Furthermore, Dubois,-Mayo, Agid, Le Moal, and Simon (1985) used
radiofrequency current and ibotenic acid to bilaterally damage the nucleus basalis and
reported profound disturbances in spontaneous behavidrs. Both findings of Abdulla et al.
(1994) and Dubois et al. (1985) should be interpreted with.. caution because the-lesions
produced were not selective. Thus, with the exception of the qualitative impairments
observed in reaching, the main result that motor behavior is spared by cholinergic

depletion was confirmed.

Serotonergic depletion or blockade

To produce serotonin depletions in the neocortex, the neurotoxin 5,7~
dihydroxytryptamine was unilaterally infused into the medial forebrain bundle. Based on
Giambalvo and Snodgrass (1978), this method produces chronic damage restricted to the
ipsilateral ascending serotonergic projections. The lesion was assessed using
immunohistochemical staining for serotonin and revealed decreased levels of
serotonergic innervation in the ipsilateral hemisphere several weeks after the surgery.
The lesion did not affect performance on any of the behavioral measures.

Methiothepin mesylate was administered to control rats to block the central
serotonergic receptors (Jacoby, Shabshelowitz, Fernstrom, & Wurtman, 1975).
Performance was unaffected by the drug, except the high dose under which subjects
appeared drowsy, immobile and did not attempt to reach. The results suggest that
serotonin does play a role in the production of movement but not by inactivating the

neocortical serotonin.
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The present findings indicating no movement deficits following serotonergic
depletion or receptor blockade are consistent with the findings of Dringenberg and
Vanderwolf (1995). They administered the serotonin synthesis inhibitor para-
chlorophenylalanine (PCPA, 1000 mg/kg, i.p.), which depieted 90% of the serotonin in
the rat’s brain as detected using biochemical assays, and found no deficits on a battery
sensorimotor tests. This lesion does not affect maze learning either (Altman, Ogren,
Berman, & Normile, 1989). Beiko, Candusso, and Cain (1997), on the other hand, used
the same lesion and demonstrated increased foot faults and slips on the beam walking
task. Lehmann et al. (2000) infused 5,7-dihydroxtryptamine into the lateral ventnicles of
rats, which caused a permanent impairment in beam walking as well. Both studies by
Beiko et al. (1997) and Lehmann et al. (2000) attributed the deficits to decreased
serotonin in the frontoparietal cortex. This interpretation is questionable, however,
because serotonin levels were reduced throughout the brain. Furthermore, the lesion
likely damaged the descending serotonergic projections that synchronize patiern
generators in the spinal cord (Baumgarten & Grozdanovic, 1995). In addition, the PCPA
dose (1000 mg/kg) used by Beiko el al. (1997) has been shown to cause a reduction in
locomotor activity (Dringenberg & Vanderwolf, 1995), which may be a factor in the poor
performance on the beam walking task. The depletion of serotonin from the brain has
been reported to increase (Blokland, Lieben, & Deutz, 2002) and decrease (Stein, Wise,
& Belluzzi, 1975) anxiety. This debate is beyond the scope of this thesis but should not
be neglected when comparing the present findings to Beiko et al. (1997) and Lehmann et

al. (2000). Thus, the main finding was that damage (o the ascending serotonergic
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neurons alone does not affect skilled movements, and this result is generally consistent

with other investigations.

The conjoint cholinergic and serotonergic depletions
| Depleting the neocortex of both acetylcholine and serotonin was achieved using
two different methods. (1) Two-stage lesion: subjects received either a nucleus basalis
lesion or a medial forebrain buildle lesion. After eight weeks, they received the second
lesion in.the same hemisphere. (2) Onenstage _1esion: a separate group of rats received
both nucleus basalis and medial forebrain bundle lesions in one operation. Acetylcholine
and serotonin icvels were reduced in the ipsilateral hemispheres of both the one-stage and
the two-stage lesion groups as assessed by acetylcholinesterase reactivity and
immunohistochemical staining for serotonin.

Th¢ lesions in both experiments had no effect on the cylinder, swimming, or
adhesive dot remo;.fal tasks. The two-stage lesion group exhibited more foot faults in the
rung walking task than controls. The impairment was mild, however, when compared to
the severe d.eﬁCits. exhibited following unilateral focal motor cortex stroke or unilateral
dopamine depletion (Metz & Whishaw, 2002). In addition, this group demonstrated
qualitative movement impairments in the single pellet reaching task similar to those
observed in the nucleus basalis lesion group but had normal success scores.

The one-stage lesion group performed equally as well as controls in the rung
walking task. The one-stage lesion group was tested in both the tray and the single pellet
reaching tasks with both ipsilateral and contralateral forelimbs. The control group was

equally successful with both ipsilateral and contralateral forelimbs on both the tray and
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the single pellet reaching tasks. The lesion group was equally successful with both paws
on the tray reaching task but had léss success and more movement abnormali.ties with the
coﬁtralateral paw on the 'single pellet reaching task. Despite the deficits revealed, the
impmrments of the one- stage lesion group were still milder than the ones reported
_followmg focal motor cortex stroke {Whishaw, 2000) The results from both experiments
indicate mild impairments in the rung wa]km.g task and the single pellet reaching task but
otherwise intact sensérimotor abilities following the conjoint depletion of neocortical
acetylcholihe and sérotoniﬁ.

Atropine sulphate given in a low dose to the one-stage lesion and control groﬁps
reduced redch:ing success in the lesion group but had no effect on the control group. The
medium dose produced mild deficits in the control group, but prevented the lesion group
- from reaching. Both control and lesion groups did not attempt to reach at the high dose.

In general the combine& lesion did not abolish skilled movements on any tasks,
which coﬁﬁnns the results of Lehmann et al. (2000). They demonstrated that the
_ depletién'.of.' acetylcholine using 192 IgG-saporin increased foot faults in the beam
‘walking task .b.ut that the deficits were unchanged following intraventricular
administration of 5,7-dihydr0xytryptaminé. The results are not consistent, however, with
Betko et al. (1997). They argue that scopolamine, a cholinergic blocker, potentiates the
effects of PCPA treatment causing more foot faults in the beam walking than the
administration of either agent alone. Thus, with the exception of mild impairments in the
rung walking and single pellet reaching tasks. the results suggest that motor behavior is

spared following the conjoint depletion of acetylcholine and serotonin.
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Conclusions

The conjoint depletion of acetylcholine and serotonin only caused some mild
deficits in single pellet reaching and rung walking but generally behavior was intact,
which is not consistent with Vanderwolf’s (1987) suggestion for all intelligent behavior
to be abolished by combined lesions. There are a number of potential explanations for
the different results. First, the present lesions may not have been complete. The nucleus
basalis lesion only depletes 70-75% of the acetylcholine in the neocortex (Dunnett et al.,
1987), and the medial forebrain bundle lesion depletes 90% of the serotonin in the
neocortex (Frankfurt, Renner, Aznitia, & Luine, 1985). The remaining acetylcholine and
serotonin in the neocortex may have been sufficicnt to produce normal behavior. Second,
most input to the motor cortex arises from other cortical areas (Kolb & Tecs, 1990, chap.
10) allowing for the possibility that the motor cortex may be activated by afferents from
elsewherc in the cortex. Third, the use of a unilateral model restricted damage to the
ascending ipsilateral projections; colossal connections, however, arise in one hemisphere
and terminate in contralateral cortical areas and may have compensated for the
dennervation. Fourth, the thalamus sends afferents 1o all cortical areas, which 1s
generally sensory, topographically ordered and specific to certain cortical arcas
(Shepherd, 1998, p.466). Cortical activation may have been achieved via the thalamic
nuclei afferents. Fifth, Vanderwolf’s (1987) suggestion was based on observations in
animals drugged with cholinergic and serotonergic blockers, and the results from the
present experiments are mainly based on unilateral lesions. Furthermore, Vanderwolf
{1987) used high doses of atropine sulphate; however, in the present experiments, high

doses of either atropine sulphate or methiothepin mesylate alone were sufficient to
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produée an immobile state. It is, therefore, not surprising that subjects appeared impaired |
on behavioral tests under the combined drug treatment {Dringenberg & Zalan, 1999;
Vanderwolf, 1987). This imﬁairment is likely due to the Sidé effects of the drugs and not
the cortical inactivation. Sixfh., it is possible that the chaliﬁergic and scrotonergic
projections may not be instrumental in the functioning of the motor cortex. Vanderwolf
(1987) generalized his conclusion about the role of acetylcholine and serotonin for the |
activation of the neocortex, but his hypothesis does not account for potential intrinsic
difference in the motor cortex. Other non-specific projections from subcortical structures
may be more central to the integrity of the motor cortex. It is well known, for example,
that the dopaminergic projections of the substantia nigra are instrumental for intact motor

behavior (Ungerstedt, 1968).
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