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Abstract.

By means of an.in vitro labelling teéhnique and methods of light microscope
autoradiography the distribution O£/muscarinic'cholinergiC‘receptor,,labelled
: A (\—’//ﬂ‘ : L
by the tritiated antagonists I=Quinuclidinyl benzilate or Propylbenzilylcholine
mustard, and the distribution of the nicotinic cholinergic receptoi, labelled
by u-Bungarotoxin, was shown in thin tissue sections of the young post hatch
chick brain. The distribution of muscarinic cholinergic receptor in the chick
brain was found to be widespread. The highest density concepﬁrati@ns of;’_ 
muscarinic receptors, for example in the péleOStriatuﬁ“éugmentatﬁmwn
and hy§etstfiatum venéraie 6f théVforébfain,.thalamic and mesencephalic
relay~nuciei, optic tecfuﬁ and brain stem nuclei, were found to-be highly
regionally localised. In contrast, niCQtipic receptois were
found to be conecentrated to mesencephalic and diencephalic regioﬁé of the
brain, in particular to colliculi and the principal o?tic relay nuclei of the

diencephalon. The density of nicotinic receptor in the forebrain, apart from

the olfactory lobe, was found to be very low.

The concentration of muscarinic receptor throughout the brain was found to be
at least onetorder of maghitude greater thanbthe concentration of nicotinic

cholinergic receptor. Without exception, all regions populated by substantial
concentrations:of"nicotinic receptor were also populated by substantial con-

centrations of muscarinic receptor. On the other hand, a number of brain

regions populated by high densities of muscarinic receptor were found to be
almost devoid of specific a—bungarotoxin labelled nicotinic cholinergic recep-

tor, eg. the hyperstriatum ventrale.

%ﬂ antagonist. labelled muscarinic and nicotinic cholinergic receptors



in chiok brain tissua slices were shown to be similar to values

given by other reports for alternative tissue preparationa. The great majority
of Qﬁ]muscarinic antagonist binding sites were shown to be specific, ie.
atgopiné ‘sensitive'»or displaced. .. Evidence has been given which sﬁggésts
that musoarinic antagonists are labelling a heterogeneous population of
receptor. Questions conceraing the.identity«of muscarihio}antagonist labelled

receptor are discussed.

The distribution of antagonist labelled muscaiinic receptot in the chick
brain was,comparodhwith in . vitro iabelled autoradiographed brain sections of
the 50 day post natal rat- brain, with the cbjective of'discoVering ahéther'
homologous neurons of the rat and chick.brain showed similar patterns of
distribution aad concentrations ofﬂmuscarinic receptor. For the great majority
of establishod and assumed homologous neuronal populations between these
species of vertebrate brain, ¢ correspondence of distribution and density=
of receptor‘was:shown.u RIS ‘Where differences were apparent, eg.
cellvlayerS‘of'the‘olfactory,bulb,.these differences have been suggested to
reflect the inctease, or alternatiﬁely decrease, otﬂéarticular
cholinocegtive.cell.typesy.possibly micro circuit interﬁeurons; subserving
the greater or lesser empﬁaSiS'of particular sensory.modalities between

these species oflvertebrate.

The distribution of antagonist labelled muscarinic receptor, again using

in vitro labelling autoradiographic localisation proceedures,'was measured in
'the in ovo -and aarly post hatch chick brain. High densities of muscarinic
receptor were shown in those regions of 10 days in ovo brains which, post
hatch, are populated by(reglonally comparatlvebhlgh densities of receptor.

In addition almost all regions of the post hatch chick bralnlshown to be



populated by low densities of muscarinic receptor, were shown during the
latter stages of. in ovo development to be populated by transient moderate

to high densitieé of muscarinic receptor, eg. ectostriatum, hyperstriétum and
intercalatus superior. Between 12 and 19 days in ovo, all regions of the
developing chick brain,. but in particular regions of the mid- and forebrain,
ﬁere characterisedéby éatterns of muséarinic receptor disfribution which

* were found to'gccur,qnlyrduring in ovo brainvdevélopment;  . Antagonist
labelled muscarinic binding sités,:apparently localised to parallel arrays

of cells , di'sappeared around 19 days in ovo for reaspné which may reflec£

a change in muscarinic ligand bindingwproperties 6r a chéngeain access of the
radiolabelled ligand to receptor.binding siteé, restricted afound this age

by oligodendrogliogenesis and :subsequent neuronal process myelination.



1. Introduction

1.1. A perspective.

The brain is essentialy composed of two cell types,neurons and glia.
Neurons,discrete functional units,transmit their information at
specialised points of contact,the synapse,by means of chemical or
electrical signals.The synépse is probably the main site of decision
and modulation behind the transmission of signal infprmation in the

brain ( Sherrington 1906 ).

The number of different chemical substances released by neuronal and
non neuronal cells which have been shown to excite,inhibit or modulate
the electrical conductance or resistance properties of brain cell
membranes is growing rapidly (see Hotzfeld et al., 1980 ). Many.of

the more recently discovered neurologically aciive endogenous molecules
have been grouped under a general heading of neuromodulators,The
distinction between neuromodulators (eg. amino acid and peptide
hormones ) and neurotransmitters (eg. acetylcholine,adrenaline etc.)

is becoming harder to define (see Dismukes, 1979 ).

Neurotransmitters produce a physiological response in brain cells through



changes brought about by binding to’receptor It is thought
that for each neurotransmitter there is a unique receptor recognition site
and that in the binding of transmitter some second portion of the receptor

complex 'translates' transmitter recognition into changes in cell ion per-

meability ( 2obmson e/ﬂ/., 177/; §JK§W7QVQ/, /?75).

The}phaimacological‘identity of receptors,for exampl¢ cholinergic as oppoged to
adrenergic, or muscarinic as opposed to nicotinic, is based upon ligand
recognition specificity ( although the physiological response of cells to

the action of each_neurotransmittér is also distinct in character (see Krnjevic,
1974) ).. The assumption is that there exists a definable relationshib between
the structure of the ligand and the site to which it binds, such that, by a
correlation of the changes in biological activity with molecular changes

in the ligand, some structural definition of the binding site on the macro-
molecular surface may be achieved. With almost no exception, it has.béen

found necessary to propose more than one recognition site for each endogenous
neurotransmitter. This study in reporting the distribution of cholinergic
receptof ( both muscarinic and nicotinié ). in the early post hatch and in ovo

chick brain employs receptor labels whose selectivity is based upon pharma-



cological criteria of receptor identity.

It is a commonly held wview that feceptors and neurotransmitters are"geneti;
cally prespecified'. For example, the early appearance of cholinergic molécules
during vertebrate muscle and brain development ( apparently largely neuronal
interaction independent-) is suggested by Fambrough and Rash (1971), amongst
others, to be a ‘'gene expression'. The commitment of.cells to differentiate
activates the ‘'set of genés’ énéoding all special protein characteristics of
the differentiated state: Dufing the course of this report, two analytical
quWIﬂdﬁ&icéncerning choliﬁérgic receptor distribution in the brain contribute
to the above view and to. the ongoing nature-nurture debate, namely a comparison
of receptor distribﬁtion'betweén species of vertebrate brain and the regional
and whole brain development of tritiated éntééonist labelled muséarinic recep-
tors during chick brain ontogenesis. Certain schools of thought have based their
experimental approéches on the belief that the presence of a giyven receptor
presupposes that the adequate transmitter ( hormone ) is present as well
(Snyder and Matthysse, 1975, Goldstein, 1976). However,in all probability

the hormoﬁe—transmitter and receptor have not arisen sﬂnm#aW8005€/ - during

the course of evolution ( see Sakﬁarov, 1974; Csaba, 1980 ) and

that thése influénces éérving to specify the character of particular

receptors during evolution rhagxbe c%s&m@v/aQUW%7 c%%é%@pﬂ%ﬂﬂ% .

An opinion with which many are in accord fs Haf te 5996%%7ﬁtcy%%3ﬁﬁ%ﬁ Letwean!
loxpevievice’ 0”*’76/45’ prCV//Q/f&W aof /{)VMIQ/&% 70f hold up under élose exami-
nation of the biological processes occuring during neurogenesis ( Changeux

and Danchin, 1976 ). For example, a neural organisation of performance at birth,

prior to 'actual' experience with the outside world, is often referred



to as genetically determined ( see above ).

+ Moreover, the cerebral cortex of the mammal is electri-
cally active days or even weeks before birth aﬂol 40//20 /ﬂt/blt GIM/DM/'CJI//y
difoventialed syropses can be yecognioed ( Comer and lavee, 1976 ; Advian, 1976)

- Accordingly, Changeux and Danchin (1976) suggest fhat the acivity
‘evoked by the interaction of’the newborn/newly hatched with its environment
may be viewed more as a modulation of this spontaneous activity than as an
entirely~debnovo procéss. Receptors aré ideal points of experimental focus with
regard to the nature of influences upon brain development and functional
capabilities. For example, it has been proposed that receptors may be 'speci-
fied' in ovo/utero by factoré ielatéd tb the 'activity' of the developing
nervous system (. see Csaba, 1980 ), how these'-infl-uencesJ are possibly relafed
to the 'selecti&e stabilisaﬁioﬁ' hypotheéis of Changeux and Danchin (1976)

will be returned to during the course of this report.

What remains of this introduction will be directed to discussing the nature

and identity of ligand labelled receptors, the brain distribution and func-
tional relationship of other cholinergiq molecules, their time of appearance
and rate of increase during the course of brain a@Mﬁb0”%W¢; and the anatomical
and functional organisation of the avian brain, with particular consideration
given to the equivalence of chick forebrain neuronal populations with those

of the forebrain of other vertebrate species.



1.2 Cholinergic receptor identity.

TN 2 ~
B

The identity of receptors>rémains»a.pfoﬁiemzéfxseman;igs ‘becauseﬁhs
term 'receptor' ( 'receptive substance' } was introduced by Langley (1907)
to account for a phenomenon rather than to name a specific physiological

entity.

The muscarinic-nicotinic distiﬁction'fgr;chélinéfgig fécegtors Waé claséiqally
demonstrated by Dale (1914) who in examining a series of choline dérivati&es
noted that two types of activity could be observed — a muscarinic action

which tended to bé slow in onset and prolonged, essentially mimicking the
effects of parasympathetic stimglation and the alkaloid muscérine, and a
nicotinic action possessed by nicotine and many quaternary ammonium ions
.which tended to be fast in onset and short lasting and exerted at skeletal
muscle and autonomic ganglia. Examination of the activities of a series of
choline'deriyatiyeS'revealed'them to be a spectrum of these two actions

with the extremes:irepresenting purely muscarinic or nicotinic action. Furthers
more, atropine could abolish the muscarinic actions of a given derivative

leaving the nicotinic action largely unaffected.

Dale declined to explain these differences in terms of two different receptors
ocelylcholine N

fo%“?Ch} but his study does indicate the criteria most commonly employed

in receptor classification, namely the selective action of agonists and in

particular antagonists. .. .Agonists*can induce maximal response, ie. they

possess a high;"efficégy“ which is unrelated to affinity ( Stephenson, 1956 ).

Antagonists prevent the stimulatory. action of agonists through occupancy of

the receptor, with minimal efficacy.



Tﬁe brimafy divisibnmof»cholinergic.receptonsﬁﬁ? muscariniqrahd ﬁicbtinic canfl
Be broken down further, since the latter category consists of recepfors sénsif
tive to the antagonist d-tubocurarine as in skeletal muscle and receptors qui£e7
insensitive to d-tubocurarine, bﬁt sensitive to hexamethonium as in the auto-
nomic ganglia ( see Triggle and Triggle, 1976; and ref. therein } . Further-
more, Keho_é. (1972). has shownkutfhe visceral ganglion cell of Aplysia has three.
distinct cholinergic receptors.on a singlé_cell.Thesé receptors_médiaﬁe a

fast depolarisation and a fast and Slow hyperpolarisation. The two fast res-
ponses appear to begmediated through nicotinic receptor, since they are stimu-
lated by nicotine and nicotinewlike‘agentsg blocked by d-tubocurarine and
unaffected by muscarine. The’rQCeptor‘mediating the excitatory depolérising
response is blocked,byahexamethqnium. Gnly~this.receptor resembles that of
autonomic ganglia,whereas the receptor mediating tﬁe fast inhibiféty response
more closely resembles: that of skeletal muscle. The third choliﬁergic receptor
mediating the slow hyperpolarisation response'( in CNS, in particular cortical
cells, typicallyxmuscaiinic ) is apparently quite insensitive to a variety

of classic muscarinic and nicotinic.agents,.tentatively identified by XKehoe

(1972) as neither typically muscarinic nor nicotinic.

In the last decade evidence has highlighted different muscarinic reéeptor
binding charécteristics .0of agonists compared to antagonists ( see Hulme et al.,
1978 ). The binding of ﬁransmitter or analogues to :ece?tors'is usually taken 7
to be desgribed by the Langmuir absorption isothefm, formally equivalent to
the Michaelis-Menten equation ( eg. see Karlin, 1974 ). The binding of

agonist to CNS‘has:beén.suggested to best fit a model of two major agonist
affinity sites, termed 'high' and 'low', with a third minor 'super high'
affinity site (. Birdsall and Hulme, 1976 ). Antagonists, on the other hand,

have been suggested to bind to all three agonist sites with one affinity



( Birdsall et al., 1978 ). Other reports, however, suggest that antagonist
binding is not to a singlé,class of muscarinic receptor in the periphery of
CNS ( Paton and Rang, 1965; Szerb, 1977; Gupta et al., 19763 Hammer et al.;
1981 ). The different agonist affinity forms of muscarinic receptor have

been suggested to reflect induced changes in the coupling of receptor with

a guaniﬁe.nucleotide regulatory protein. ( see Rodbell, 1980; Hulme et al.,
1981 ). accompanjing chagges in receptor 'efficacy'. Hanley and Iveréén (1978)
suggeéghﬁﬁat,c GM? iés§oﬁse a¢com§éﬁiééf#§ %niihgr;éée'in:;%AMé‘inﬁféfmgféin
.;t;ssue sliéés, appearsrfd be liﬂéé;iylieiétéd to ﬁusééfihié reéeptop'ecqu-“
pa@@y; Cﬁriously,.muscariﬁic‘énﬁagoﬁfsts were shown Ey,Haﬁlei and Iyérgan

to be one order of:magnitude-moré potent in blocking c GMP respoﬁge‘tﬁan in
displacing the potent tritiated muscarinic éntagonist %ﬁ]Quinﬁclidinyl benzi-
late Cqﬁ]QNBia The importance of agonist affinity heterogeneity and of c GMP
change in determining overall physiological response of tissue to muscarinic
agonist remains unclear. However, the apparent strong generic similarity
between heart muscarinic receptor (ﬂwherg antagonist binding is-pofentiated by
guanine nhucleotides’.], opiate and o adreﬁergic receptor in the brain, in that
all inhibit the activity~of'adenylate cyclase and that all three receptor
systems are inhibited by guanine nucleotides with similar nucleotide specifici-
ties ( see Hulme et al;' 1981; and ref. therein L,supports the suggestion of
Greengard (1978) that c GMP and c AMP are common membrane metabolic 'effectors'

for a wide range of neurotransmitter types.

The differences between heterogenous: binding sites for agonists: and homogenous
sites for antagonists (see above) have been suggested to be compatible with the
existence of 'spare receptor' ( Birdsall and Hulme, 1976 ) invoked to explain
the discrepancy between drug potencies 'in binding'assays and.biblggical test

systems ( see Stephenson, 1956; Kebabian: et. al,1975; but in»aa&itiog Albuquerque
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et al., 1973; Snyder, 1975; Hanley and Iversén, 1978 ). For example, it has
been calculated that when present in concentrations at which they produce

half maximal ileal muscle contrations, strong agonists occupy only between

0.5 and 5.3% the number of qH]QNB.binding sites. (. Aronstam et al., 1979 ).
Snyder (1975) has suégested that the above phenomenon and théfobservationsv

of agonist-antagonist binding heterogeneity are cémpatiblé,with a model where-
by antagonist have high and low affinities respectively for the antagonisﬁ

and agonist form of receptor with the reverse true for agonist ( see figure 1 ).
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The importance of a lack ofiéorréspoﬁdehce BéEWeeﬁ“Ehé<€§fiéaéy‘df potent agonists

and the percentage of receptor sites-labelled byxantagonists and élébv£§%:§éssie.
biliégﬁof énfagdﬁist binding'héﬁerogeneity cannot be ﬁn&éréétima£ed:With rggpect
to the observations of this study in reporting the distribution and develop-
ment of cholinergic receptor in the chick brain. For example, the antimusca-
rinic 1igands phencyélidiné(PCPl and phencyclidine methiodide (PCP-MeI)
exhibit moderate antagonism of ACh induced contractions of smooth muscle

( Maayani et al., 1974 ) and inhibit binding of the potent muscarinic antagon-
nist JH] N-methyl-4-piperidyl benzilate ( Kloog et al., 1977 ) and JH) L oNB

to muscarinic receptor in mammalian brain ( Vincent et al., 1978; Jim et al.,

1979 ). However, according to evidence given by Aronstam et al. (1981), PCP

and PCP-MeIl exhibit "properties associated with muscarinic antagonists but



not agonists", or in other words 'muscarinic receptoré‘ are not thé.only

sites of interaction of these ligands ( see Albuquerque et al., 1980 ).

1.3 Cholinergic molecules - functional relationships and

distribution.

In spite of the wealth of published evidence pertaining té thé,distributianqﬁ
various cholinergic functional molecules and markers in the vertebrate and

in particular mammalian brain ( see Butcher, 1977; Lewis and Shute, 1978;.
Kuhar. and Atweh, 1978; McGeer and McGeer, 1979 ), our understanding of the
organisation of cholinergic systems in the brain remains unclear. According
to some ( see McGeer et al., 1974; Rossier, 1975 ) the reason is that mapping
of cholinergic structures has been handicapped by the lack of specific and
routinely workable histochemical methods by which to localise functional
cholinergic molecules. Histochemical methods,in preserving the intercellular
geometry of the braiﬁ in relation to the neurochemicals,under study are a
necessary méthodological constraint, if we are to understand the ‘chemical

coding' of brain neuronal circuits.

The uncertainty of brain.cholinergic 'pathways' stems: from repeated discre—.
pancies in distribution and regional céncentratiOn between different choliner-
gic markers and molécules. Thesevdiscrepancies do not correspond with esta-
blished criteria for proof of chemiéal neurotransmission, namelyi 1) the
presence of a presynaptic biosynthetifc pathway for:the transmitter, eg.
acetylcholine (ACh) is formed by.cholihe'acetyltiansferase (CAT) catalyzing

the alcolysis of acetyl CoA; 2) the presence of presynaptic transmitter, eg.



aCh; 3) the presence of postsynaptic receptor, egi muscarinic or nicotinic
or both and 4) the.presence of a specific mechanism functioﬁihgw~to terminate
transmitter action, eg. ACh is hydrolysed by acetylcholinesterase . (AChE);
An underlying assumption is that evidence for the regional preponderence of
cholinergic-cholinoceptive cells requires that the ' functionally operative'

concentrations of all cholinergic molecules should show a close correlation.

Choline uptaké;‘CAT and AChE'ac#ivity for the whole brain apparently{sho% a good
correlation ( see Hebb and Silvér, 1956; McGeer and ﬁcGéer, 1979 ). However,
studies employing microdissection biochemical assay techniques or alternatively
histochemical methods of localisation cénsistently report a laék of correlation
between concentration of cholinergic molecules (. markers 6r ligands ). Curiously,
these discrepancies are frequently reported for the same regions of the brain,
eg. cerebellar and cerebral cortex, globﬁs-pallidus and hippocampus. For
example, data shown by table I,recalculated from Yamamura et al. (1974) and
taken from Lewis and Shute‘(l9781, show-that the number of antagoqis£ labelled
nmscariniﬁ gholinefgickreceptors are cqnsiderably in. excess of éhoiiﬁe'uptake
CAT and AChE actiyity in the frontal and pyriform cortex, hippocampus and

cervical chord, as a percentage of mean values for the caudate'putamen.

Many cells in the cortex are responsive to the iontophoretic application of
ACh ( Legge et al., 1966 ) and the response is typically muscarinic ( Krnjevic.
and Phillis, 1963 ). Cortical cell layers I, II, III .and V have been shown to
be populated by high densities of antagonist iabelledvmuscérinic receptor

( Rotter et al., 1979; Walmsley e; al., 1980 ). Despite the observations of
Krnjevic (1965) and'Krnjevié and:SilVef‘(l965) for a good correlation between

AChE staining cells and ACh responsive cells, many other reports have shown
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that AChE stain in cortical layers is very light ( see figure=2, taken from
Lewis and Shute, 1978; also Parent and Oliver, 1969; Cotman and Nadler, 1978;
Pakipos et al., 1980; Johnston et al., 198l; Arimatsu et al., 1981 ). The
density of antagonist labelled muscarinic receptor in the cortex is identical
to that observed in the basal ganglia ( Yamamura et al., 1974; Hiley and

Burgen, 1974; Rotter et al., 1979a).

Thé only cortical layer to stain moderately for AChE is layer IV

the only cortical layer populated by lbw*densities of anta-
gonist labelled muscarinic receptor ( Walmsley et al., 1980 ) and populated
by a substantially higher percentage of high muscarinic agonist affinity
binding sites compared to other cortical layers. Kloog and Sokolo?sky (1979)
have shown that cortical muscarinic receptors have an affinity for/aptagohists
which is twice that. of the medulla éons.and cerebellum with the reverse true
for agonists. Dawson and Jarrot (1980) reported that the Igg of acetylcholine
is I/Gch\ of that‘of the hippocampus and cortex ét’approximately the same
concentration of %EIQNB; Walmsley et al. (1980) have suggested that the diffe=.
rent‘ratios.of high and low agonist affinity‘sitesifor muscarinic recgptors may
be interpreted as indicative of ‘subclasses of muscarinic receptor distributed
to different regions of the brain. This would not present a problem to the
present study, if antagonists labelled all agonist forms of rgceptor with
one'affinity~C_see'Birdsalllét al., 1976; and section 1.2 ). However, Szerb
(1977). has suggested that while the affinity of pre and post synaptic musca-
rinic receptor . for agonists is identical, the affinity of presynaptic musca-
rinic receptor for antagonists is 10-20 times less than for postsynapticl}j
receptor, and he further suggests that presynaptic ﬁuscarinic receptor
in the forebrain, in particﬁlar in the absence of nicotinic receptor, have a

physiological role in the autoregulation of ACh release, ie. autoreceptors



Figure 2. Frontal section of the rat forebrain ( adult ) stained

for acetylcholinesterase ( after the method of Shute and
Lewis , ]963 ). The caudate putamen ( C and Pu ), globus pallidus
'( GP ), and anterior thalamic nucleus ( AT ) and olfactory nucleus
( ON ) are shown to stain intensely for acetylcholinesterase . The
cortex (C) and hippocampas (HC ) are shown to be almost completely
devoid of acetylcholinesterase activity. ( Taken from Lewis et.al.,
1967 ).

Figure 3,/A to ¢./ A parasagittal (7A°) and frontal ( B ) section

. through the brain of Uroloncha domestica, stained for
acetylcholinesterase after the method of Koelle ( ]954 ) and taken

. from Kusunoki , ( 197] '); C is a frontal section through the forebrain
of Colubia stained for acetylcholinesterase. ( Taken from Karten and

Dubbeldam, ]973 ).

ha = hyperstriatum; hd = hyperstriatum dorsale; hv = hyperstriatum
ventrale; es = ectostriatum; psa = paleostriatum augmentatum; psp =
paleostriatum primitivum; rt = nucleus rotundus; dg = diagonal band;

in = interpeduncular nucleus; and nX = nervi vagi .
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Figure 2. Acetylcholinesterase in the rat forebrain
HC
RF
ot
. Acetylcholinesterase in the duck brain
Figure 3
C Acetylcholinesterase in the
pigeon forebro-in.
p
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(see also Langer, 1978). Presynaptic‘muscarinic receptors have been‘%eportéd
on cholinergic terminals in the rat hippocampus, striatum, and cortex

( Giorguiff et al., 1977, Hadhazy and Szerb, 1977 ). Hiley and Burgen (1974)

reported substantial concentrations of muscarinic receptor to callosal fibres
of mammals and suggested that muscarinic redeptors are distfibuted along the
fibres and are not necessarily confined to cell soma,dendritic regions or

synaptic terminals.

A lack of coireiation between AChE distribution and antagonist labelled
receptor is more curious for the observation that in muscle the.number of
catalytic AChE centres per endplate is almost l:1 with the number of q:hyp:
garotoxin labelled nicotinic receptor (. Barnard et al., 1971 ). And although
the d BTX_‘ lébelled cholineigic receptor and AChE molécules have been shown
to‘have a different amino acidvprofile (. Eldefrawi and Eldefrawi, 1971 )

and to hayve been extracted separately ( Miledi, 1971 ), these two.molecules

are very closely associated at the synaptic membrarne ( Changeux et.al., 1976 ).

The ﬁumber of muscarinic receptorg in tﬁe'v)ﬁf“¥  ;.byéin.has.bggg~Sthg B
be at least"annorder of magnitude greater than the number of nicotinic anta-
gonist labelled receptors ( Poltz-Tejera et al., 1975, Francis et al., 1981l ).
Nicotinic receptors havé beén‘sﬁbwn,to.be principally localised to midbrain
colliculi of mammalé‘(;Poltz—Tejera et al., 1975; Arimatsu et al., 1981 ).
While pharmacologists' continue to reinforce the distinction between muscarinic |
and nicotinic‘receptors,physiologistS‘are less than convinced. For example,
the characteristic nicotinic response, a fast excitatory depolarisation, has
aS'é.rule'not been easily reproduced in the central nervous system ( see
Krnjevic, 1974 ). Bird and Aghajanian (1975) have shown that ACh excited -
pyramidal cells of the mammalian hippocampus are completely and apparently

specifically inhibited to ACh excitation by either muscarinic (eg. QNB) or



Table 1. Regional concentration of %@JOuinuclidinyl benzilate
Jabelled muscarinic binding sites a, high-affinity choline

‘uptake and choline acetyltransferase and acetylcholinesterase activity
in the monkey brain. ( Taken from Lewis and Shute, ]1978; a, data

fécalculated from Yamamura et.al.,( ]974 ) and expressed as percentages

of the mean values for the caudate-putamen.

Table 2. Presumed ( and suggested ) cholinergic pathways in the
vertebrate, but in particular,mammalian brain. ( Taken from

McGeer and McGeer, 1979 ).

Table 3. Withdvawn
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Concentration of cholinergic markers in the monkey brain.

Muscarinic Choline . ;

Region sites uptake ChAT AChE 5
Frontal cortex 42 4 5 6
Pyriform cortex 45 15 20 11
Caudate-putamen 100 100 100 100
Globus pallidus 16 6 10 27

Hippocampus 48 16 14 17 ;

Superior colliculus 36 26 37 45 ‘
Inferior colliculus 26 : 12 11 17

| Cerebellar cortex 12 4 1 20 |
} Inferior olive 45 10 -8 25
| Medulla oblongata 11 11 11 14
Cervical cord 45 8 9 8

| —

Presumed ( and suggested ) cholinergic pathways

Table 2.
' R |

Anterior horn cells to all voluntary muscles and to Renshaw cells
Lateral horn cells to all autonomic ganglia

Nuclei of cranial nerves llI-VII, IX=XII

Postganglionic parasympathetic fibers

Occasional postganglionic sympathetic fibers
Septo-hippocampal tract

Septo-cingulate cortex

Habenulo-interpeduncular tract

(Diagonal band of Broca to interpeduncular nucleus)
Striatal interneurons ’
Interneurons in nucleus accumbens

(Interneurons in olfactory tubercle) -

Some mossy fibers of the cerebellum

(Some retinal amacrine cells)

(Tuberoinfundibular fibers)

(Pallido-cortical fibers)

(Thalamo-head of caudate)

Table 3 , - s e

PO S,

- NV



-]15~

nicotinic ( eg. dihydro-B-erithroidine ) antagonists, and they suggest that,
unlike autonomic ganglia and Renshaw cells, pyramidal cells do not possess
two separate and independent cholinergic receptor ( see Kehoe, 1972; section

.2 ).

In reporting the distribution of nicotinic cholinergic receptcr in the chick
brain, this study has used as a tritiated label the snake venom polypeptide

6 bungarotoxin (d BTX). which, tﬁqugh structurally completely unrelated to the
transmitter acetylcholine (. Changeux et al., 1970 ), has been reported to

bind specifically and essentially»irreverSiblyﬁto peripheral nicotinic choli-
nergic receptor (. Chang and Lee, 1963; Changeux et al., 1970; Miledi et al.,
1971; Fambrough and Hartzell, 1972 ). Table 2. taken form McGeer and McGeer
(1979). summarises the established , presumed and suggested cholinergic path-
ways in the vertebrate, but in particularﬂp ~ mammalian brain. Of particular
interest is the number of cholinergic systems which are thought to be regionally

intrinsic.

1.4 Cholinergic systems in the avian brain,

Aprison et al. (1964) and Aprison and Takahashi (1965) have shown that the
concentrations of ACh,CAT and AChE in the pigf0r brain are considerably higher
than those of serotonin, dopamine and noradfénalih_, and they suggest after
Whittaker (l953)'that cholinergic systems in the avian brain are predominant
iand of singular importance. The concentrations of ACh,CAT and AChE are

high »in'the/ﬁyﬂwv diencephalon, mesencephalon and medulla pons in comparison

to concentrétions in the telencephalon ( o Aprison et al., 1964 ).

This observation was confirmed by Wichtler (1979) for the pigeon brain. Wichtler
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(1979) in comparing AChE activity across a range of vertebrate species from
amphibians to mammals noted that cholinerqu: activity in pallial regions

of the forebrain was low in all species studied.

Perhaps as a consegquence oflthe earlyfjindﬁng Qf‘high;cholinergic activity in
the mesencephalon, the majority of Studiesrinvestigating cholinergic path-
ways in birds: have concentrated on visual systems. Thevoptic tectum of birds,
for example, has been shown to be rich in all cholinergic molecules, including
antagonist labelled muscarinic and nicotinic cholinergic feéeptor ( Poltz-
Tejera et al., 1975; Henke and Fonnum, 1976; Woolston et al., 1§80 ) . Mono-
cular deprivation and/or retinal afférént ablation studies have proved incon-
clusive in determining whethef.retinal ganglion cell input is cholinergic

or not (_see Brecha et al, .1979; Oswald and Freeman, 1980 ). It would seem
unlikely, since the concentration of CAT in the optic nerve is very low

( Hebb, 1963 ). The distribution of o toxin labelled nicotinic cholinergic
receptor in the chick tectum. ( Poltz-Tejera et al., 1975 ) does not corres-
pond with regional distribution of AChE o6r CAT in the pigeon tectum ( Palkovits
and Jakoﬁbwiﬁz l974;AHenke.énd Fonnum, 1976 ). According to Poltz-Tejera

et al; (1975)., the.ﬂighest densities of ¢ BTX  nicotinic receptpf arer
localised to layer 7 of the tectum which.épparently contains no neurons, but
radial dendrites; suggested by ‘Hunt and Kunzle (1979) to be gabaergic.

Tectal circuitry may exhibit ceértain similaritieS’Qith that of the mammalian
hippocampus; where hippocampal input is muscarinic on pyramidalbcells, and
nicotinic on golgi ( gabaergic ) inhibitory interneurons, afferent to pyra-

midal cells (- Kuhar and Yamamura, 1976; Lewis and Shute, 1978 ).

A recent study by Ryan and Arnold (198l) suggests that the efferent projections

of most vocal controlc areas of the zebra finch brain may be cholinergic.
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That study reported high densities of muscarinic receptor and AChE stain to
the lobus parolfactorius magnocellular nucleus of the anterior neostriatum,
caudal nucleus of the hyperstriatﬁm ventrale (HVc), intercollicular nucleus,
archistriatum and hypoglbssal nerve nucleus (XII) { see section 1.5 ). It
should be stressed, however, that Ryan and Arnold (1981) presented evidence
for muscarinicvreceptor distribution and AChE‘stéin to selected ( auditory )
regions of the brain, and the presence ofrbhoiinergic molecules in itself

is insufficient evidence to suggest, for example, that auditory systems per

se, are cholinergic-cholinoceptive.

By far and away the mostvdetailed>and comprehensive study of cholinergic
distribution in the avian brain is that by Kusiinoki (1964) in reporting,
histochemically, the distribution'of‘AChE in the brains of Uroloncha domestica
énd Anas platyryncha v domestica. Kusunoki (1970) showed, as do ?thgf”
reports . ( eg. Karten and Dubbeldam, 1973 ), that the basal ganglia of birds
stain intensely for AChE, in addition to.many.midbrain relay nuclei, the
optic tectum.and cranial nerve nuclei of the hindbrain ( see figure 3 ).
Apart.f;ém ?he tecentﬂstudy'of Rainbow et:al.,(l982), reporting autoradio—: -
~graphically the distribution of 1ﬁ]QNB labelled.muscé¥ini¢ receptor across
one ‘level of the zebra finch brain, the oniy direétly comparable studies to

the present report for muscarinic receptor distribution in the chick are

those reporting, histochemically, the distribution of acetylcholinesterase.

1.5 Ontogeny of brain cholinergic systems,

A major problem in neurobiology is the way in which genetic and environmental

factors interact to form the intricate pattern of neurons that comprise the
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mature nervous system. Young (1957) proposed that the mature synapse represents
the endproduct of a continuous process of growth and degeneration of the
terminal part of nerve fibres and further suggested that the "modification

of such daily growth by functional activity would provide the basis of plasti—

city of the nervous system".

A ffequent comment accompanying observations on development of cholinergic
systems is that cholinergic molécules may serve a function distinct from

théir role in chemical neurotransmission. This 'extra' to transmission func-
tion is rarely speculated on ( but see Changeux and Danchin, 1976; Freeman,
1977; Giacobini, 1979 ). For example,_evidence showing temporal, spatial or

rate chénges:fqr cholinergic molécules out of 'synchronisation' with the onset
of functional cheﬁical transmission,orvmdrphological evidence for the appearance
of anatomical synapses has on occasions been somewhat dismissively labelled
aS"extrasynaptic',_'hon,functionél"or yvet another expression of histogenetic
memory (eg. see Silver,l974;Rotter et{al.!1979)-‘And yetﬂit is quite proﬁéble that
the informatibn heid by these apparent ambiguities ih cholinérgicrmolecule‘deﬁe-
Jlopment aﬁd brain diétribution ma& provide vital clues aSeto'thékmafuratiQnal

processes which.underly the correct ordering and patterning of neuronal systems.

As with other aspects of this study, evidence for the ontogény of cholinergic
systems: in the brain is taken fr&m reports for a number of different verte-
brate.specieSTand in particular mammals; With regard to brain development

and early experience in particular, one fact cannot be overemphasised. Develop-
ment of behaviour in the chick, ie. movement, is precocial. Spontaneous motility
has been reported in all vertebrate embryos, but for the chick, beginning from
day 17 in ovo (_Hamburger, 1968 ), complex coordinated movements are rehearsed

in preparation for hatching, the process of bréaking out of the shell requiring
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coordination of all parts of the body. According to Hamburger (1968) these
coordinated patterns of activity are fundamentally different from the random

movements seen up to day 16 and 17 in ovo.

In the developing nervous system of the chick the greatest weight of evidence
is for a close correlation between the increase in concentration/activity

of cholinergic molécules and the onset of neural function ( Nachmansohn, 1939;
Rogers et al., 1960; Birdick and Strittmatter, 1965; Marchand et al., 1977;
Enna et‘al., 1976; Leah et al., 1980 ).. However, a number of reports contra-
dict suchba correlation. For instance, Burt tl968) reported that maximal

AChE activity in the spinal chordbprecededv ﬁhe commencenent of synaptogenesis
and in addition preceded maximum CAT activity in ovo by 11 days; a similar

observation was made by Turbow and Burthalter (1968).

In the chick ciliary ganglion it has been shown that the highest rate of
appearance of d~BTX labelled nicotinic receptor occurs later than the onsef
of ganglion transmission, but simultaneouély with the rise in both AChE and -
CAT activity in cell,boaies,( see figure 4c taken from Giacobihi, 1979 ).
Howeyver, in thist:egional examplevﬁhe.picture is a liﬁtle more complex. When
values: for d~BTX ‘labelled receptor,AChE and:CAT are'expresséd;réléﬁiye to those
‘recorded at 7 days post hatch ( see figure 4 €7, taken ffom Chiappinelli and
Gidcobini, 1978v1, AéhE'and d BTX _binding sites reach approximately 100% of
7 day post hatch,values at 14 days in ovo, while CAT activity is mﬁch lower
and increases slowly over this period. In the chick iris,between 7 days in
ovo and 7 days: post hatch, d BTX Dbinding increases 70 fold, ACEE activity

60 fold and CAT activity 825 fold ( Giacobini, 1979 ).

In contrast to the above observations, Enna et al. (1976) report a very close



Figure 4, a and b. Development of acetylcholinesterase ( AChE )

' v cholineacetyltransferase ( ChaAc ), andk3[lg] Quin-
nuclidinyl benzilate %QTQNB ) labelled muscarinic receptor in the
chick brain, expressed per whole brain (A ) and as a function of
protein ( B ). ( Taken from Enna et. al., ]976 ). Per whole brain,
muscarinic receptor are not detected until ]O days in ovo, but
substantial concéntrations are evident at 6 days in ovo when the

same data is recalculated as a function of protein ( b ).

c¢,d-and e. Developmental relationship between choline
acetgltransferaseA('ChAc )., acetylcholin—?rcfﬁr“v

esterase ( AChE ) activity,»t Bungarotoxin labelled nlCOtlnlC
receptor and percentage transmission in ciliary gangllon of the: chlckf

cC and D y.( Taken from Chiapinelli et. al., j978 ), and biochemical
developmentrof c111aryagangllon ( E ) where values for-a toxin
labelled receptor , AChE and ChAc activity are expressed relative

to values recerded at 7 days post hatch ( Taken from Giacobini ;

1979 ).
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correlation between the appearance and rate increase of CAT, AChE and qﬁ}QNB

" labelled iﬁuscarinic receptor for the whole chick brain ( see figure 4A and B) .
The observations of Chiappinelli and Giacobini (1978) and Enna et al. (1976)
highlight a number of analytic and méthodological considerations in reporting
transmitter-enzyme-receptor development in the nervous system. In the first
place, figure 4 8 and B, taken from Enna et al. (1976) reveal considerable.
aiffeiences.in the time of appearénce and rate of development of cholinergic
molecules*between values expressed per mg brain protein or for the whole

brain. This is not surprising because the neonatal/in ovo brain has a consi-
derably higher  water content than the adult brain. ( Vernadakis and Woodbury,
1965 ). In addition it is clear that-at a regional level in the central nervous
system, the ontogeny of cholinergic functional molécules can differ sub-
stantially: from that shown for the whole brain. This is further demonstrated
by the observations of Kouvelas and Greene (1976) for’u'toxin labelled nico-
~tinic-receptor-and-by Jerusalinsky et al. (1981). for qﬁ]QNB labelled muscarinic
receptor and ACHE concentrations during chick brain ontogenesis ( see figure 5

AtoC ).

Jerusalinsky et al. (1981) report that the rate of increase in muscarinic
receptor and AChE activity show, in general, a good correlation, apart from
the cerebellum. It is also interesting to note that Jerusalinsky et al. report
equivalent concentrations of AChE activity between the paleoétriatum augmen=
tatum and hyperstriatum of the chick brain, an observation which contradicts’
répbrtskfor the histoéhemicalalocalisation,of>AChE in adult forebrain of birds
( see section 1.4 ).

Comparatively recent evidence has demonstrated AChE molécular forms, specifi-

caliy associated with cholinergic¢:postsynaptic membraries ( Courand et al., 1979;



Figure 5. Development of acetylcholinesterase ( AChE ) and
3ﬁ-l] Quinuclidinyl benzilate ( 3[H] ONB ) labelled musc-

arinic receptor in the chick hyperstriatum ( A ), cerebellum ( B ),
and palebstriatum ( C ) in the in ovo ( -10 days in ovo k11 days
post fertilisation and 0 = 21 days post fertilisation, the day of
hatch ) ( Taken from Jerusalinsky et. al., 1981 ).
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Rotundo and Fambrough, 1979; Scarsella et al., 1978 ). During development,

for example in the chick optic tectum, the combined specific éctivities of

two slow sedimentation forms of AChE ( 6 and 4 S ) reach maximum activity
prior to 8 days in ovo and thereafter remain constant, while therecis a sharp
increase in the 11 .S AChE molécular species, indentified as mainly axonal, from
day 16 in ovovonwards ( Courand et ai., 1979; villafruela et al., 1981 ). In
addition different regions of the brain show different rate increases in

these AChE sedimentation forms during chick brain ontogenésis ( Marchand et al.,

1977; Villafruela.et al., 1981 ).

Curiously similar to the number and temporal pattern of developmental forms

of AChE, recen£ evidence for the ontogeny of muscarinic receptor in the rat
brain has revealed several different_agoniSt affinity binding forms of
muscarinic recéptor which differ substantially in\order §f appearance duf;pg
development (_Aronstam et al.,l979b} Walmsley et al, 1981 ). Walmsley et al.
(1981) report a six to seven day lag in the appearance of high affinity sites
following the appearance of low affinity muscarinic receptor sites in the
neonate rat. The affinity of muscarinic receptor for antagonists on the other =
hand does not change during brain ontogenesis (Aronstam et al.,1979b). The
functional significance of different rates of appearance of muscarinic receptor
_agonist~affinity forms: is not known, but it is curious that it is the
appearance of high affinity agonist receptor which corresponds more closely
with‘thg,major period of synaptogenesis (Walmsley et al., 1981 ). And yet it

is the 1ow~affinity agonist form of muscarinic receptor which is thought to be
important for neufotransmission (,Birdéall et al., 1978 ). Walmsley et al.
(1981) have suggested that the more rapid maturation of muscarinic receptor
densities in caudal regions of the rat brain compared to COrticéifregions;

is compatible with the observation that cell division ceases and synaptogenesis



24—

begins in the hindbrain in advance of cortical areas ( Altman, 1969 ).

It has been known for some time that experimental conditions which 'cause'
mature muscle cells to develop extrajunctional receptor also makes them recep-
tive for further innervation. Incidentally, junctional and extrajunctional
receptor apparently exhibit slight but reproducévle differences‘in ligand
recognition properties ( see Triggle and Tﬁiggle, 1976; and ref. therein’).
Freeman and Liitin (1975) and Freeman (1977] have proposed that receptor for-
mation in the’brain, like peripheral muscle ( Sytkowski et al., 1973 ), not
only»pﬁeceedé:synaptogenesis,:but<may,playlavcritical role in guiding in-
coming fibres and in the maintenance of neuronal contacts. Such a role for
receptor is particularly attractive in wview of the observation that most
neuronal cell death occurs: around the time when most brain cells are esta-
blishing their synaptic connections. Cell death is apparently related in
some critical way to the magnitude of the available innervation field from
which it has been postiuilated that outgrowing cells compete with each other
for a limited number of synaptic (or receptor) sites or a diffusable "trophic

factor" essential for their maintenance ( see Cowah, 1978 ).
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1.6 Avian brain, anatomical and functional organisation.

According to Herrick (1948) the cortical evolution of birds occupies

"an anomalous position. They are much more highly differentiated
than reptiles, (...), but with novmammalian affinities. In most
of them the olfactory system is greatly enlarged. There is ex-
teﬂsivé local differentiation of the thalamic nuclei, but not

in the mammalian pattern. The system of ascending thalamic pro-
jectioh fibres is largér than in reptiles, and mbst of ﬁhese
fibres end in the enormously enlarged and complicated corpus
stiiatum;‘Correlated with the latter point is the fact that, des-
pite the great increase in thalamic projection fibres, the cér—
tex of<méﬁy birds is scarcely more extensive than ih reptiles

and in some species is lesé well differentiated. Birds are more
highly specialised in both structure and behaviour_than'are thev
lower mammals, and yet theip cerebral cortex is rudimentary in -
comparison with even the'mqstuprimiﬁive‘mammalSu The explanation
for this~is-tha£ the bird's most inersified behaviour is largely
stereotyped in instinctiée Qa@pe;ng~ade§uate1y served by subcorti-
cal apparatus, while thg'p;ttg;nsloffmammalian behaviour, even in
‘the 1owes£?m¢mberé~gﬁ the class, are in larger measure individu-

ally. learned. And enhancgmgnt qfwieamning ability. goes hand in

¥

hand with cortical differentiation.™

‘This view of avian behaviours and forebrain capabilities has changed dramati-

—

cally in the last twenty years. The evolutionary principle of corticalisa-
tion of function, unless a vaguely teleological definition of 'function' is
accepted, is certainly incorrect ( Jensen, 1976 ). The behavioural capabili-
ties of’the brain are distributive, emerging from complex interactions of the

universal metazoan information processing unit, the neuron and more .



Figure 6.

Fibrous regions of the chick brain

\v FT



-27-

particularly local populations of neuronal circuits capable of simple
learning ( eg. habituation ) ( see Bullock, 1967 ), upon which more complex
and elaborate neural systems are constructed. Any misconceptions in Herrick's
synopsis ( see above ) of the functional capabilitiés of the avian forebrain
probably stem from the dogma that the telencephalon of birds is andenormously

enlarged mammalian basal ganglden with a thin overlying cortex.

In (apparent) contrast to the laminér organisation of the mammalian cortical
~mantle, the avian telencephalon is characterised by broad fields of cells,
some nuclear clusters and a thin overlying laminated zone. Yet, despite the
morphological dissimilarities, comparative embryological, anatomical and
histochemical studies all suggest that most of the bird's telencephalon is
comparable“with;eiements.in the mammalian cortex ( see Cohen and Karten, 1974;
Benowitz, 1980 ). Cross sections through the telencephalon of the develqping
chick (;see figure 7 . redrawn form:Kuhlenbeck‘Cl9381'and,Kéllen (1962) )
showjessentiallixtwo zones, dorsal and ventral to the sulcus (s), giving .
rise to pallial (D). and basal (B). telencephalic structures. In mammals all tis-
sue arising from the zone dorsal to this sulcus becomes part of the cortical
mantle (;Kallen;,l951 ). The .ayian structures which have a comparable embryo-
logical origin include nét only the dorsalmoét portions of the telencephalon
which are laminar in appearance ( ie. the corticoid, parahippocampal and wulst
regions )., but also the,cell,masses:of‘theghyperstriatum ventrale (HV), neo-
striatum (N)., ectostriatum (E) and portions of the archistriaﬁum (B) which
suggests that they may haye a common phyletic origin and therefore may be
homologous: with portions of the mammalian cortex. ( see Karten and Dubbeldém,
'1973; Northcutt, 1978 ). The observations of ‘the present study for cholinergic
receptor distribution in the post hatch and developing chick brain contribute

to the above view.l:
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Based primarily on morphological considerations, Kappers et él. (1936)
regarded non laminar regions of the telencephalon to be elaborations of -
the basal ganglia and thus their use of the suffix "striatum". Although
this nomenclature is still used, it should be emphasised that it is only
the paleostriatal complex that is probably comparable with the mammalian

striatum ( Karten, 1969; Karten & Dubbelbam, 19733 Brauth et al., 1978 ).

Figure 6i & B (page 26) show some of the anatomical features of the

chick brain in parasagittal section.The first point to notice is the
continuous mass of gray,undifferentiated by fibre tracts,dorsal tovthe
striatal regions. The dorsal pallium originating from D2 zone shown in
figure 7 includes the hyperstriatum dorsale (HD), hyperstriatum intercal-
atus (HIS) and hyperstriatﬁm accessorium (HA), collectively known as the
wulst. A major portion of the wulst is a visual projection area,comparable
with the visual cortex of mammals ( Cuenod, 1974; Karten et al;, 197 33
Pettigrew and Konishi, 1976 ). Ascending projections to this area arise from
a nuclear complex of the anterior dorsolateral thalamus, the principal

optic nucleus ( Karten & Nauta, 1968; Hunt & Webster, 1972; Miceli et al.,

1979; see figure 9 ).

Projections from the visual wulst descend down the medial hemispheric.

wall as a component of the tractus septomesencephalicus (TSM) projecting

to several thalamic nuclei in receipt of retinal and optic tectum afferents
as well asto the brain stem and cervical spinal cord., Similarities

between these efferents of the HA and visual & somatosensory cortices of



Figure 7 a to e. Development of regions of the Avian forebrain. Cross
sections through th telecephalon of the developing"

chick ( a-c ), showing the origin of the pallial (D) and basal (B) telen-

cephalic structures seperated by the sulcus ( S ). The right hénd side

of ( @ ) shows the same regions drawn according to the system of Kallen

( 1962 ). Cross sections through the adult pigeon brain ( dand e ).

indicating some major structures and their embryological origin ( in

parentheses ). ( Taken from Benowitz , ]980 ).

Figure 8. Diagramatic representation of origins of somatomotor
efferents in birds and mammals ( a and b ). In birdsV
the hyperstriatum ventrale ( HV ) and neostriatum ( N ) project on two
efferent zones: the paleostfiatum augmentatum ( PA ) and the archistri-
atum ( anterior diVision; Aa shown in figure ). Paiprojects on ther-paleo-
striatum prim;tinﬁ ( PP ) and intrapeduncular nucléus ( INP ), a pro-
jection equivalent to the projection in‘mammals ( b ) from the caudate
putamen ( Pu.) to the globus pallidus ( GP ).‘Birds PP-INP and mammals
GP give rise to the descending "extrapyramidal” pathway, the ansa lent-
iéularis. Pyramidal tract efferehts.in mammals ( b ) arise from layer
V cells in the neocortex;the comparable efferent pathway in birds arises
from two sources: the hyperstriatum accesorium ( HA ), which projects out
by way of the tractus septomesencephalicus ( TSM ) ,and the archistriatum
which sends its efferents out by way of the occipitomesencephalic tract .
( OM ) (from Karten and Duddeldam, ]973 ).

Subdivisions of the archistriatum ( ¢ )}, mediale ( Am ),
posterior ( Ap ) and nucleus taeniae ([ Tn ) project to the hypothalamus
by way of the tr.‘occipitomesencephalicuS‘(pafsﬁhypothalamié{ HOM ); these
regions~appear to be equivalent to the mammalian amygdala. The division
infevimediym ( aid ) and anterior ( Aa ) are the somatosensory portions of
the archistriatum. Their input comes from the contralateral archistriatum
via the the anterior commissure ( CA ), from the medial hemispheric wall,
and from the overlying N and HV via the tractus qbﬁﬂ%m%%ﬂﬁh&ﬁ@ (DA ).
OM, the lateral portion of the birds pyramidal tract, originates only in
somatomotor portions- of the archistriatum ( Zeir and Karten, ]97] ).

( Figure and legend taken from Benowitz , 1980 ).
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mammals have been noted (Zeier and Karten, 1971 ). The accessorium possibly
recgjves 'limbic' and somato-motor inputs arising from caudal nuclei of the
dorsal thalamus ( Hunt and Webster, 1972 ). A'descending projection from

the nonviisual wulst down the medial hemisphere wall in the brain stem

a medial division of the bird's “pyramidal tract" ( Karten, 1973; see figure

8 ).

Pallial structures below the wulst,derived from Dl zone of figure 7 ,

recieve sensory specific projectionscf;om the thalamus, ie. ectostriatumv(E)
and field 'L' (Rose), while the archistriatum (A) préjects out of the telen-
cephalon. Interposed between the sensory and motor areas of the forebrain is
the hyperstriatum véntrale and neostriatum whose connections are all intrinsic
to the telencephalon (..Benowitz, 1980, ‘but See below ).. The ectostriatum (E),
the core of which iIs composed of heavily myelinated:fibres( see figure é'),

is . the téléncephélic projection zone of an elaborate visual pathway
arising from the tectum ( Karten and Hodes, 1970 ). (,seevfigure 9 ).
Visual info;mation fromvthe deep tectal neurons project onto the nucleus
rotundﬁsrthélamil(Rtl.(qsee figure 9 ). which in tﬁrn projects ipsilate-
rally to theﬁuﬁZeostriatum and ectostriatum ( Karten and Revzin, 1966; Karten
and Hodos; 1970 ). The.E; unlike.the-visual.wulst, does not possess long
‘efferents leaving theftelencephalén,but‘projects.to the periéctostriatal belt
which in . turn pxojects~tp parts: of the neostriatum, hyperstriatum ventrale

and archistriatum. ( Ritchie and Cohen, 1977 ). Efferents from the N and HV go:
to two regions, the}aneostriatum and archistriatum, which give rise to two
major extratelénCephalin pathways.iﬂuapahﬁostriatal complex of birds is
organised much -like the mammalian basal ganglia ( see figure 6 and 8 ). Effe=~:
rents from this region form the "extrapyramidal" pathway projecting to a

yariety of thalamic and subthalamic nucléi(Karﬁen and Dubbeldam, 1973;
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Brauth and Kitt, 1978 ) . Thevﬁathway‘arising from the4ar¢histfiatﬁm}mlk

the occipitomesenéepﬁalic traét (OM),'projects to a - variety of di?k.“

and meséncephalic centres, motor nuclei and the medial reticular

formation down to spinal leveis, Based on these projections, Zeier and Karten
(1971) have suggested that the caudal and medial archistriatum is homologous
to the mammaiian_amygdala, the anterior and intermediate archistriatum are
hamologouSttoAparts:of the mammalian cortex, and the main porfion_of the‘QM

hofologous to the mammalian pyramidal system ( see figure 8 ).

An additioﬁal subpallial telencephalic nucleus (. nucleus basalis ) occurs
rostral to the Paleostriatum in birds. (. see figure 6 ). This ngcleué
recieves a direct bilateral input from the principal sensory trigeminal nucleus
(PrV) wvia a quintofrontal tract,(QFll(_Qallenberg, 1903, Zeigler et al., 1969;
Dubbeldam et ai.;-198l‘i; It,ié‘not clear whether the nucleus basalis (BAS)
should be considered a thalamic, telencephalic or even a pallial structure.
Electrophysiological analysis of the BAS reyveals the existence of a distinct
somatotopic representation of areas of the bill and tongue ( Berkhoudt.et al.,

1981 ).

Avian auditory pathways are organised in a similar manner to the visual ecto-
striatal system. The pars dorsalis of the lateral mesencephalic nucleus (MLD),
( see figure 6 )., situated dorsal and central in the optic lobe, re-
cieves auditory‘input from a number:6f medullary auditory_nuclei.(;Boord,
1968 ) and projects bilaterally to the thalamic nucleus ovoidalis ( Karten,
1967 ). which in turn projects:ipsilaterally to the paleostriatum and a caudal
portion of the neostriatum termed field L (. Karten, 1967; Nottebohm et al.,
1976; Bonke et al.; 1979 )situated immediatély beneath the medial hyperstria-

~

tum ventrale (. see figure 10 ). The)avian field L exhibits tonotopic organi-



Figure 9 a and b. Schematic summary of two major recogniSed ascending

‘ visual projection~pathways in bir&é; the thalamofugal
pathway ( retino—thalamo—hyperétriatal system in figure A ) and tecté—
fugal ( B ). These terms refer to pathways ariseing from regions in i
direct receipt of petinal efferent connections. The tectofugal pathway
projects: upon thé nucle&s;rotunduS‘('Rt ) thalami which/in turn projects
upon the core regibnw’of the ectostriatum ( E ). The thalamofugal pathway
projects upon the core regions of the ectostriatufi E ). The thalamofugal
pathwayvariSes from the principle optic nucleus of the thalamus, which
includes the nucléus dorsolateralis anterior thalami ( DLAmC )and nucleus
lateralis anterior thalami (LA ), which projects upon the visual Wulst,
ie. the hyperstriatum intercalatus superior ( HIS ) and the hyperstriatum
accessorium ((HA ). ( Taken from Cuenod , ]974 ).
1lis; DSO: decussatio supra optica; CO: optic chiasma and tract; TeO :

optic tectum.

Figure 10. Schematic summary of the ascending auditory system
‘  [— g descending pathways and regions

concerned with vocalisation in birds [(B—_wm—w=>>| rThe principle ascen-

pathway arises from the nucleus magnocellularié lateralis pars dorsalis

( ML ) which projects ‘via the nucleus ovoidalis ( Ov ) upon "L" an
auditoiy area of the neostriatum. The hyperstriatum ventrale p. caudale

( HVc ), the 'highest structure whose destruction in the canary results
in a loss of song, projects on two other telencephalic centres: nuleus
‘robustus archistrialis ( RA ) and area X in the lobus parolfactorious

( LPO ). RA projects‘to the nucleus intercol-icularis ( ICo ), a region
implicated in vocalisation, and to the motor nucleus innervateing the
syrinx , n X11 ts. ( modified from Boord , ]969; Cohen and Karten, 1974;

and Benowitz , 1980 ).
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Figure 9. Visual pathways in birds
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sation ( Zaretsky aﬁd Konishi, 1976; Scheich etoal., 1979 ) with close simi-
larities to higher~order auditory cortices in mammals ( Karten, 1969; Scheich
et al., 1979 ). Field L in turn projects to the hyperstriatum véntrale and
part of the archistriatum ( Nottebohm et al., 1976; Bonke et al, 1979 ). Field

L and the hyperstriatum both project to the paleostriatum and magnocellular

nucleus of the neostriatum ( see figure 10, and section 1.4 ).

The hippocampal and parahippocampal cortices recieve afferents from the
hypothalamus, the diagonal band,_and séptal nuclei ( Benowitz and Karten, 1976;
Kraniak and Siegel, 1978 a ) and prqjectgback to septal nuclei and the nucleus
of the diagonal band via a précommissural fornik'system(,Kraniak and Siegel,
1978 b ).. The septal nuclei are characterised by\éxtensive descending pro-
jections: to the hypothalamus,.ventrolateral and dorsomedial thalamic nuclei,

lateral habenular nucleus and midbrain tegmentum ( Kraniak and Siegel, 1978 a ).

Much of avian behaviour isfvisually-dominated, and the central pathways
associated with. visual function are elaborate. The retina projects to many
portions of the di- and mesencephalon, including the nucleus geniculatis
lateralis: ventralis:parsrventralis:(GLVL, ﬁucleuS"lentiformis:mesencephali,
the pxetectél region, nucleus ectomammilaris, hypothalamus, principle optic

complex of the anterior dorsolateral thalamus and the optic tectum.

From the preceeding description it is clear that the avian telencephalon
reciéVes sensorial representation essential for asstciative processes. Inter-
posed between‘senéory and motér regions of the forebrain is the cbmplex,
nonlemﬁiscalvnetwork of the neostriatum and hyperstriatum ventrale. The neural
organisation of .these regions suggeéts that they may be sites of polysensoxry

integration and associative plasticity ( Benowitz, 1980 ). L@§$//1  of the
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hyperstriatum ventrale severely disrupts learned associations (. Zeigler, 1967;
Benowitz, 1972;)Greif, 1976 ). This region apparently recieves neither direct
ascending sensory information from the brain stem nor projects out of the
telencephalon (. Zeier and Karten, 1971; Katrten,~1969 ). Hoﬁever, recent
studies suggest that medial regions of the hyperstiatum ventrale are in
recéipt of afferents from the optic tectum as well as from the visﬁaltwulst,
neostriatum, hippocampus;, septal nuclei, paleostriatum augmentatum and inter-
mediodorsal part of the archistriatum (. Bradley and Horn, 1978; Davies and

Bradley, 1981; Bradleyiet al., 1982 ).

Studies. involving decefebration in birds indicate that, while many behavioural
capacities are organised at subtelencephalic levels, coordinétion and elici-
tation by appropriate environmental stimuli, and perhaps the ability to form
associations, requires the.cerebral hemispheres. Curiously, in'neonataf‘chihks
decortication does not have so nearly a devastating effect on behaviour as

in adu;ts:'more sPOntaneous,actiyity~iSrseen and reactivity levels are less
impaired(AMartin and Rich, .1918 ), classical conditioning still takes place,
a capacity\losf following comparable surgery in the adult (. Tuge and Yueh,
1962 ). The parallel between the above cbservations and those, for example,
of Goldman-Bakic (1982) in showing that deficit learning in the rhesus
,monkey\dependS‘Qn?subcortical‘functioné.(ie. basal ganglia) in the infant,
Whiéh.becdme.:!more essentially' cortical in the adult, should not be under-
estimated with. respect to how we view the functional capabilities and organi-

sation of the chiCk_bxain;

1.7 Aims and objectives of this thesis.

The principal objective of this thesis is to report as accurateéely as possible
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the distribution of tritiated antagonist labelled cholinergic receptor in
the young post hatch and in ovo chick brain. As with any experimental study,

the observations, inferences and conclusions rest upon the validi ty of approach

and technique by which the objective is achieved. With regard to the obser-
vations and conclusions of thi& report the balance between validity and

inference is a particulafly delicate one.

In selecting to study the whole brain, correspondences of functional moleculgw
distribution with principles of brain organisation must be more concerned

with general features of brain morphology and topography than with detailed
regional examples of cell circuitry. Nevertheless, an objective of this study
is to search for the linké betweén tﬁe distribution of a particular functional
molecule and the morphological , anatemical and physiological properties of
"the brain. And,by comparing\betwéen hrainsfof*different-?ertebrate épecies

and by studying the development of tﬁat pértiéular'functioﬁél molecule, it is
hoped that something can be discerned of the influences serving to specify

brain organisation and function.
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2. Methods; Light microscope autoradiographic proceedure for the
localisation of tritiated antagonist®labelled chick brain

cholinergic receptor,
2.1 Preparation & sectioning of the chick brain,

At the same time each day, chicks ( type Ross Chunky ) of various ages
were taken from a communal incubator or pen and with the minimum of
handling decapitated. The brain was immediately dissected free hand from
the skull and placed ventral surface down on dry ice., A small concave
glass bowl was placed over the exposed dorsal surface of the brain to
prevent dessication and to accelerate the time taken for the brain to

freeze.

ane frozen, individual brains were mounted on cryostaf sectioning
chucks (see figure 11) using Tissue-Tek II 0.C.T. (Miles Laboratories)
mounting medium, in quantities sufficient to adhere the brain firmly

to the cryostat chuck, but not to enclose that part of the train to be
sectioned, 0.C.T. mountant has a different viscosity to brain tissue
and, if sectioned with the brain results in tissue folding and tearing.
In order to prevent dessicatiom, the chuck mounted brain was wrapped in
parafilm and immediately placed into the body of the cryostat in order
to equilibrate the temperature of the brain to that of the sectioning

temperature.,

Consecutive parasagittal or frontal plane sections of the brain ( 8-20
microns thick ) were cut at varios knife/brain temperatures (-1500 to
-BOOC ) using a Slee ( South London Electrical & Engineering Co. )

cryostat operated manually. The reason for this variation
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in sectioning temperature is that the brains of younger chicks have a
higher fluid-to-tissue content,and to prevent the tissue slice from
fractunhq » the brain section must be cut at a warmer temperature than
that of older brains. The brain sections were immediately freeze-thaw
mounted. (. see Rogersr 1967 and figure 11) on cool, clean micros-

cope slides which had been precoated withra solution containing 5%
gelatin and 0.5% chrome alum  hardener. The slide mounted sections
were placed inaa slide rack in groups of 25 and stored for periods up
to six hoﬁrs in a liquid nitrogen freezer. The total number bf sections
cut, their relative sequence, the number discardeé, as well as the

sectioning temperature were recorded.

In the case of chick embryos ( 8 to 17 days in ovo ), it was found to

be necessary to section the brain without removing it from the chick head.
To prevent tissue fractaﬂhg problems, cartilage and bone were cut

away from the brain while the head was mounted on the cryostat chuck

set in the clamps of the advance arm of the cryostat. Whole brain
dissection of the younger embryos proved to be difficult without damaging

brain structure.

2.2 In vitro labelling of muscarinic cholinergic receptor in chick

brain tissue slices: receptor ligand B;H] Propylbenzilycholine mustard.

The following proceedure for the in vitro labelling of muscarinic
cholinefgic receptor of brain tissue slices is a modified version of
that described by A. Rotter ( Ph.D Thesis 1977, National Institute
of Medical Research, Mill Hill, London ). The muscarinic receptor

ligand N=2%- chloroethyl-N (2", 3", ﬁﬁb )propyl—Z-aminoethyl benzilate



Figure 11, Diagramatic representation of the apparatus and proceedures
of chick brain sectioning and in vitro receptor labelling

of cryostat sectioned tissue slices. Whole brains,mounted on cryostat
chucks (]) were sectioned and freeze thaw mounted on acid clean slides
(2)., then stored in slide racks (3) in a liquid nitrogen freezer (4) to
awalt in v1tro labelllng by ﬁﬂantagonlsts in 300 ml volumes of incu~
bathny.medla , contained in slide rack dishes (5) held at a constant

temperature and rate of agitation in a water bath (6).
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( %ﬁlPrBCM ) was synthesized by Dr. N.J.M. Birdsall ( MIMR, Mill Hill,

London ) according to the method described by Young et al. (1972).

The pharmacologically active species of ﬁﬂiPrBCM is the aziridium

ion formed in aqueous solution at a pH such that the parent compound

is largely in the free base form. Prior to each MAChR %ﬁ]PrBCM labelling
experiment, %ﬁ}PrBCM was routinely cyclized at a concentration of

106 M in 50ml 10mm Phosphate buffer ( pH 7.4 ) for one hour at room
temperature ( 22° ¢ ) and the reaction stopped by placing on ice. For
convenience in describing assay additions, the solution added, tefmed
%ﬁ}PIBCM; is the cyclized reaction mixture, and the concentration
quotedvis that of the aziridium derivative calculated on the basis

of a 91% yield ( Burgen et al. 1974 ).

Slide niounted thin sections of the chick brain, held in slide racks
in groups of 25 ( see figure 11 ), were removed from a liquid nitrogen
freezer and ;mmediately prefixed in 300 ml Krebs Henseleit solution
’ 1.2mM, NaHCO 0.9mM,

( NaCl, 118.6mMy; KCl, 4.7mM, Mg SO4, 37 25mM, CaClz,

KH,PO, , 1.2mM, pH 7.4 after equilibration with 5% CO, / 95% 0, ),
containing 0.125% gluteraldehyde (see results) for 15 minutes at

0 to 5°C. The slide mounted sections were then briefly rinsed in ice

cold Krebs Henseleit buffer.

Following prefixing, one third (1/3)»of the slide mopnted sections

were preincubated in 300 ml Krebs Henseleit buffer containing 125nM
atropine sulphate for 15 minutes at 25°%¢ (sée results). These sections
were then transferred to a further 300 ml Krebs Henseleit buffer solution

containing 3.18 nM ﬁﬁLPrBCM ( 55 ci/m mol ) and 125 nM atroping sulphate
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A anfin excess concentrdtion, bindihg to all évailabié’MAChR

ligand binding sites ) for 15 mihutes at 25°C (see results).
The remaining two thirds of the slide mounted sections were incubated
in 300 ml Krebs Henseleit solution, containing 3,18 nM %ﬁ]PrBCM alone,

for 15 minutes at 250C.

In earlier studies, binding by ﬁﬁ}PrBCM to chick brain tissue slice
MAChR was terminated by postfixing in 300 ml of Carnoy‘S_f}uid( ethanol
30%, chloroform 30%, acetic acid 10% ) followed by washing in 5 changes
of absolute alcohol. Postfixing was abandoned in later autoradiographic
experiments, having discovered that this proceedure resulted in a sub-
stantial reduction in the number of %ﬂIPrBCM binding sites ( 9‘10% )
andbfurther that the tissue section became brittle, resulting in tissue
fractl ing and causing unnecessary prpgedural difficulties in direct
count measurements ( see section 3-lQ);Consequently %ﬁ]PrBCM binding
was éimply terminated by washing in 5 changes of ice cold Krebs Henseleit
buffer over a period of 90 minutes. Preincubation, incubation and
washes were all performed under light but constant agitation. The

slide mounted ﬁﬁ]antagonist labelled tissue sections were covered and
left to dry at room temperature, in preparation for either emulsion

coating or apposition autoradiography.

2.3.In vitro labelling of muscarinic cholinergic receptor in chick

brain tissue slices: receptor ligand EfH] Quinuclidinyl benzilate.

The following proceedure is:a modification of that first described by
Yamamura and Snyder (1974) for labelling muscarinic cholinergic receptor

of vertebrate brain homogenates using the ligand iﬁ]B—Qﬂinuclidinyl
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benzilate.

3-Quinuclidinyl benzilate or benzeneacetic acid, o -hydroxy - o phenyl

1 azabicyclo (2.2.2 ) oct- 3-yl ester ( Chem Abstr. listing ) also
known as BZ ( Edgewood Arsenal designation ) was first synthesized by
Steinbach and Kaiser (1951,@1952) as an atropine analogue. I - Quinu-
clidinyl ( phenyl - 4 (n) - %) benzilate ( I QNB ) ( 30 - 60 Ci/mmol,
Radiochemiqgiéﬂééﬁptgg AﬁEréhémrj Was uSg@rhéfe ﬁp?’autéraﬁiogréphickl

studies.

slide mounted sgctiqhé>§ﬁ éhi¢k;braih (io—ép microns thick Y, racked

in groﬁps of 25,were removed from a liquid nitrogen freezér and immedia-
tely prefixed in 300 ml 0.05 M Na K phosphate buffer ( pH 7.4 ) con-
taining 0.125% glutdraldehyde for 15 minutes at 0 to 56C (see results).
One third (1/3) of these slide mounted sections were then incubated in
300 ml Na K phosphate buffer containing 1.6 nM %Hll ONB ' { 43 Ci / mmole
Radiochemical centre, Amersham ) and 120 nM atropine suléhate for 30
minutes at 250C. The remaining two thirdv(2/3) slide mounted sections
were incubated in 300 ml Na K phosphate buffer ( pH 7.4) containing 1.6
nM;AF%ﬂl QNB,alone.:%ﬂl ONB binding was terminated for both atropine
exposed and non exposed sections by 5 washes in ice coid Na K phosphate
buffef for a period of 90 minutes. The slide mounted sections were

covered and left to dry at room temperature.

2.4.In vitro labelling of putative nicotinic cholinergic receptor in

chick brain tissue slices: receptor ligand 3{3{] ég Bungarotoxin.

Cryostat cut sections of chick brain , mounted on slides in groups of 25,
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were removed from a liquid nitrogen freezer and immediately prefixed
in 300 ml 0.05 M Na K phosphate buffer ( pH 7.4 ) containing 0.125%
gluta raldehyde and img/iml bovine serum albumin (BSA) for 15 minutes at

0 to 5°C.

One third (}/3) of these slide mounted sections were then preincubated
in 33 ml 0.5 M Na K phosphate buffer ( pH 7.4 ) ,containing 1nM d-tubo-
curarine and lmg/iml BSA,for 15 minutes at 25% ( after the method of
Greene, 1976, for 12%ﬂ«u“bungarotoxin binding to chick brain putative
nicotinic receptor ). These sections were then transfered to a further
volume of 300 ml buffer, containing 1lmM d-tubocurarine, 1mg/lml BSA and
8nM %ﬁ]a bungarotoxin (58 Ci/mmol, Radiochemical centre, Amersham),for two
hours at 259C. The remaining two third (2/3) sections wereiincubated in
00 n1 Na K phosphate buffer, containing 8nM ﬁﬁ]a bungarotoxin and
img/1ml BSA, for 2 hours at 250C. %ﬂ 0 BTX binding was terminated in
all sections by four washes in ice cold buffer over a period‘éf 15
minutes. Preincubation, incubation and washes were all carried out under
light, constant agitation. The slide mounted sections were left to dry

at room temperature.

2.5 Time course and equilibrium binding studies: ligands %—I} PrBCM

and 311-1}1 QNB.

Methods are the same. as described in sections 2.1 to 2.3, but with the
following mddification: 1) To ensure equivalence of sampled brain regions,
consecutively cut slide mounted tissue sections (12 microns thick) were
separated and placed in slide racks in numbers equal to the treatment

variables., 2) %ﬁIMAChR ligands were added in discrete concentration
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increments to one 300ml volume of Na K phosphate buffer ( pH 7.4 ) or Krebs-
Henseleit buffer (pH 7.4) to give a sampled concentration range between 108 M

to 1079 M.

2.6 Competitiye cholinergic antagonist binding studies: ligands
$ 1 B and T« BIX.

Methods&are the same as described in sections 2.1 - 2.4, but with the
following modifications. For competitive antagonist studies of %ﬂ.l ONB
binding, the concentration of 1ﬁ]1 ONB wasbkept constant at 1.47*3nM

in one 300ml yolume of Na K phosphate buffer ( pH 7.4 ), to which were
added discrete concentration increments of competing antagonist over
the range 10_13M to 1Of10M. For competitive antagonist studies of

3[H] o bungarotoxin binding, the concentration of 3[H] o BTX was kept
constant at 8nM in one 300ml volume of Na K phosphate buffer containing
Img/iml BSA, to which was added discrete concentration increments of

3M to 10—10M. Prior to incubation

competing antagonist over the range 10
with ih]u BTX and competing 'cold' antagonists, chick brain tissue

sections were preincubated with exactly the same concentration of com-

peting antagonists, but in the absence of ] o BTX {

2.7 Direct count quantitation of :?H) antagonist binding to chick brain

tissue slice cholinergic receptor.

The concentration of specifically bound cholinergic receptor antagonist
to chick brain tissue slices was determined by scintillation counting.
For kinetic analysis and determination of anatomical regional receptor

concentration, tissue sections were scraped off a microscope slide with
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a single edged razor and placed into scintillation vials. To each vial

were added 1 ml "of distilled water to aid solubilization and, some

time later, 8ml of Cocktail T ( Hopkin and Williams ) liquid scintillant
containing 5% Protosol (New England). Sealed vials were left to stand for
24 hours in the dark at room temperature in order to reduce chemilumi-
nescence, The number of counts per minute (CPM) were recorded on a Phillips
PW 4540 liquid scintillation counter and converted to disintegrations

per minute (DPM) on an interfaced Hewlett Packard computer ( 9815 A ).

DPMs were converted to pmole concentrations of specifically bound anta-

gonist per tissue slice or brain region.

Microdissections of selected brain regions of tissue slices were made
after the aﬁ]antagonist labelled tissue sections had been subjected to
light microscope autoradiograph?. The silver grain patterns of autoradio-
grams were used to guide brain region dissection, carried out under a

binocular microscope at x 4 magnification.

2.8 Protein estimation of chick brain tissue sections,

A proportion of brain sections to be subjected to autoradiographic
proceedure, following iﬁ)antagonist in vitro labelling, were put aside

in order to determine protein concentration. The totalbarea of the tissue
section or of regions to be microdissected were measured, using a Video
Image Analyser ( Kontron, West Germany ). This involved tracing the
section circumferance using a magnetic pen. The data was then fed into
a‘Videoplan cdmputer ( 64K working memory ) which gave the surface area
of the tissue section. The brain sections were scraped from the slide

with a razor blade and placed in test tubes. Each section was homogenized
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using a Polytron tissue grinder in a 3ml of copper tartrate and alkaline
carbonate in a ratio of 1:50 ( after Lowry et al. 1951 ), Following
homogenization, the homogenized tissue sections were left for 24 hours

before completing Lowry's assay for protein.

A calibration curve of tissue section v protein concentration for each
age of chick was used to estimate the protein concentration of auto-

radipgraphed tissue sections.

2.9 Nuclear emulsion coating proceedures for Light Microscope

Autoradiography.

Selection of autoradiographic method depends on: 1) the required degree
of silver grain image resolution, 2) the time of iﬁ]ligand exposure to
nuclear emulsion and 3) the properties of the radiolabellea receptor
antagonist. With these points in mind, two methods of light microscope
autoradiography were used. The first, wet emulsion coating, gives the
greatest‘silVer grain imagevresolution, but was found to be unsuitable
for ﬁﬁ]reversibly bound receptor ligands, eg. ﬁﬁ]l ONB. The second, appo-
sition autoradiography, gives,poorer silver grain image resolution, but
does,notfaffect the distribution of specifically bound ligand during

the period of emulsion exposure.

Wet emulsion coating autoradiography.
The following proceedure was carried out in a photographic dark room in
complete darkness, or, on occasions, under a 40 W red safelight masked by

a Kodak series II filter.
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Either Ilford L4 ( fine grain emulsion ) or G5 (coarser grain ) nuclear
emulsion, stored at 5% for periods not in excess of 3 months, was ladelled
with a plastic spbon into a Coplan jar containing 35 ml distilled water.
sufficient emulsion was added to the distilled water to raise the level
to a mark indicating 50 ml of emulsion/water mix ( an approximate 3:1
dilution ).. The Coplan jar was placed into a water bath of 50°C for 30
minutes, and the emulsion was mixed thoroughly with the distilled water
using a Parafilm covered glass rod. It is important that,at all times,
electrical static discharge is kept to a minimum, as this may increase
background exposure. Surface air bubbles were removed by dipping several
test slides into the dilﬁted warm emulsion. At the same time, the flow

and thickness of the emulsion was checked.

Slide mounted %ﬂ antagonist labelled brain tissue sections were slowly
dipped 3/4 way into the emulsion and slowly withdrawn. Fast dipping results
in pressure emulsion artifacts. Each emulsion coated slide was then sus-
pended from a dog clip attached to a line and left to dry thoroughly at

room  temperature.

With each series of emulsion coating, two blank slides, without tissue
sections, were coated with emul$ion.One was used as a control for back-
ground exposure, the other was fully exposed to white light and used as

an absoluté.positive and to check the properties of the photographic
emulsion, All emulsion coated slides, after drying, were stored in a light
tight slide box with silica gel crystals and, as aﬁ‘addioﬁalssafeguard,
wrapped. in several photographic plastié bags. Exposure times varied from
10 to 130 dé&s, In most experiments the slides were stored at room-tem—

perature.
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Apposition autoradiography.
. This autoradiographic method was applied to all iﬁ]receptor antagonist
‘labelled tissué sections, but was used in particular to show the distri-

bution of specifically bound ﬁﬁ}l—QNB.

Clean slides were precoated with either Ilford L4 or G5 nuclear emulsion,
as described in the previous section. ﬁﬁ]antagonist labelled slide mounted
tissue sections were aligned with thoroughly dried emulsion coated slides,
pressed firmly together and forced into single slots of light tight slide

boxes. The time of exposure ranged from 100 to 300 days.

An alternative apposition method used LKB ultfa sensitive tritium film.
Sheets of this film were laid, emulsion side up, in a specially constructed
light tight box. iﬁ]antagonist labelled slide mounted secﬁions, section face
down, were laid on top of the tritium sensitive film, This proceedure
requires that the section comes in contact with the film only once, and
precaution should be taken not to allow the slide to move against the

film at any time during exposure. The light<tight box was filled with
alternatively laid emulsion sheets and slides. Exposure times were in%tially
calculated té be 1/6 of that required for Ilford‘L4 o? G5 emulsion (see

above), i.e. 3 to 40 days exposure. In fact, exposure times were. extended

in some instances to 100 to 150 days.(’[H]J Bunqarolax’ﬂ /ﬂbe’/k/ ;:c/léns)
2.10 Development of autoradiograms.
In a dark room, emulsion coated slides were removed from their storage

slide box and placed in slide racks in groups of 25. The racked slides

were placed in 300 ml Kodak D19 developer for 6 minutes at 18 - 20°C.
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The developed autoradiograms were then fixed in either 300 ml 24% sodium
thiosulphate or 300 ml Hypam ( Ilford ) rapid fixer for 15 minutes. The
slide autoradiograms were then washed for several hours in cold running

water before eprsure to white light.

Development of LKB tritium film was in Kodak D19 developer for 2 to 4
minutes at 20°C. It was found that the manufacturer's recommended de-
veloping time resulted, on occasion, in a high background exposure level.

The LKB autoradiograms were fixed in Ilford Hypam fixer for 4 minutes.

2.11 Densitbmetric analysis of qh]receptor antagonist labelled

autoradiograms.

Manual counting of silver grains using a specially constructed grid was
considered, but rejected as an inappropriate means of silver grain quan-
titation in this study for the following reasons. Even over éhort periods
of nﬁclear emulsion exposure ( 20 days ) to qﬁ]antagonist labelled auto-
radiograms, silver grains were frequently grouped together which made ob-
jective counting difficult if not impossible. Secondly, such a method of
analysis would have involved selective sampling which, if randomised, may
have missed a particularly significant population of grains and, if not,
would be open to criticism on the grounds of subjective representation.
Finaily, the aim of this study is to show whole brain photomicrographs

of qﬁlantagonist labelled cholinergic receptor which necessitated extensive
exposure times, known to invalidate any direct correlation between the
number of silver grains and concentration of tritium sources ( see Rogers
1967 ). Consequently, optical density trabeé of qﬁlmuscarinic antagonist

labelled autoradiograms were made, using a Joyce Loebl chromoscan system
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(200/201) with an optimum optical density range of 0-3D betwéen 405-610
nanometers. The light source was modified to give a scanning light beam
of 0.14 mm in diameter, permitting 9-15 discreet scans of each brain
tissue section autoradiogram at different levels across the brain with a
high degree of reSolﬁtion. At the start and end of each trace, a small
ink spot marked the frace angle and level. The trace spots and autoradio-
~gram were photographed and the density trace overlaid on the photomicro-
- graph in order to assign brain regions to the peaks and troughs of the

density trace.
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3. Results:'Light~microscépe éutoradiogfaphic localisation of chick

‘brain cholinergic receptor.

3.1 Experimental design and preliminary studies.

To identify neurotransmitter receptor, one must first have an analogue

or labéel which binds specifically to that receptor. This study may have

been possible some 30 years: ago, if the specific muscarinic cholinergic
antagonist, ‘Quinuclidinyl benzilate (QONB) (. otherwise known as BZ ) had

not been placed on a military classified materials list ( Edgewood Arsenal ).
In 1974, Yamamura and Shyder publishedﬂeyidence‘reporting on‘the selectivity
of this muscarinic ligand, and a little time later, QNB became available
commercially, radiolabelled to a high specific activity (. 15 Ci/mmole ),

(The Radiochemicals: Centre, Amersham ).

In the design of method for this:study,‘a‘qgestipn was, whether to label
chick brain cholinergic receptor in vivo or in witro, in preparation for
light microscope autoradiographic localisation. Yamamura and Snyder (1974)
had shown that it was possible to label rat brain MAChR iIn vivo, using qﬁIQNB.
However, it was clear from that study that these authors experienced a number
of methodological probléms in proving‘ receptor ligand binding specifieity.
Similar difficulties were repofted by Dr. A. Rotter ( PhD. Thesis -1977, NiMR,
Mill Hill, London ) in attempting to label, in vivo, rat brain MAChR, using
the alternative muscarinic receptor antagonist qﬁ]Propylbenzilycholine mustard.
This cholinergic'receptor ligand waS"used at a.later date in the present
study. In view of these past apparenttdifficulties, it was decided to design

an in yitro receptor labelling protocol.
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It was recognized at an early stage in this study that the greatest tech-
nical problem was to maintain brain anatomical structure and tissue inte-
grity ( Dr. M. Stewart, pers. comm., The Open University ), without alte=
ring the ligand binding properties of the cholinergic receptor(s). The
choice of thin whole brain tissue sections, cut from fast frozen brains
using a cryostat, seemed the most valid approach to the considered aim

of this study  ( see Introduction ).

Early in vitro labelling.methods, such as'freeée thaw mounting of brain
sections on PolylLysine coated coverslips, incubated with muscarinic an-
tagonist(s) in micro wells of fissue culture”dishes, prerd to be un-
successful. The problem was tissue damage, resulting from excessive hand-

ling and/or poor tissue sliceiadhesion to the coverslip. Excessive hand—

ling was reduced by freeze thaw mounting brain sections on microscope

slides which could be stored and incubated with the receptor ligand in

slide racks. The problem of poor adhesion was dimin ished by precoating slides
with-a gelatin chrome alum hardener solution. However, even with these mo-
difications, the number.of damaged sections was still found to be unaccep-

tably high.

This problem waé eventually resolved by prefixing slide mounted tissue
sections with glutaraldehyde ( Dr. N.J.M. Birdsall, pers. comm. after

Dr A.Rotter, PhD. Thesis 1977, 5oth of NIMR, Mill Hill, London ). The
quality of tissue integrity following prefixing, ieceptor ligana incuba-
tion and washing, was subsequently found to be excellent. However, it was
not known wﬁéthe:”gluﬁaraldehyde orefixing affected cholinergic receptor
antagonist binding and what prefixing concentration of glutaraldehyde
would maintain tissue structure without alteriné receptor antagonist bin-

ding character.
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3.2 Effects of prefixing concentrations of glutaraldehyde on muscarinic

receptor-%ﬁ]antagonist binding.

Figure 12 shows the effect of increasing concentrations of glutaraldehyde
on:%ﬂnmgcarinic antagonist binding to 12 micron thick chick brain tissue
slices over a glutaraldehyde conéentration range of 0:01% to 1.3%. Specific
maximal binding bynﬁﬁ]QNB at a free ligand concentration of 6nM and %ﬂ
PrBCM at a free ligand concentration of 3nM,was observed at a glutaral-
dehyde éonéentration of between 0.05 and 0-25%. Maximal receptor binding
capaci;y'for ﬁﬁ]QNB at 6nM free ligand was determined to be 520 p ﬁoles/g
at a prefixing gluteraldehyde concentration of 0:16%. Maximal receptor
capacity for %ﬁlPrBCM binding was lower, at a free ligand concentration

of 3nM (505 p moles/g) and, in addition, occured at slightly lower con-

centrations of glutaraldehyde, eg. 0-1%.

It is likely that the reduced receptor binding capacities of both mus-
carinic receptor antagonists between 0.0 and 0.1% glutaraldehyde prefixing
concentrations. reflects a loss of brain tissue and, therefore, the number
of available receptor ligand binding sites during in vitro receptor
labelling proceedure, rather than an effect of glutaraldehyde on recep-
tor/membrane charécter. On the othér hand tissue preservation between

0.1 and 1.3% glutaraldehyde prefixing concentrations was excellent, and
therefore the observed reduced maximal binding by both antagonists over
this concentration range does probably reflect some aspect of receptor/
protein/membrane denaturing. It is also apparant from figurel2 that
maximal binding by~iﬁlPrBCM at a free ligand concentration of 3nM is

less affected by higher glutaraldehyde prefixing concentrations, than

is maximal binding by ﬁﬁ]QNB. In addition, the rate of decrease in the



Figure 12. The concentration of specifically bound (atropine sensitive)
%H] Quinuclidinyl benzilate ( 3[&‘] ONB ) [ —g—o—o0—o-) and
'?H] Propylbezilylcholine mustard. (3[1-.17 PrBcM ) |“e—e—o @ |to muscarinic

chqlinergic receptor bf chick brain tissue slices at free ligand concen-
trations of ].6 +0.2 nM and 3.0 *0.2 nM respectively over increasing
preincubating concentrations of glutaraldehyde. Chick age 5 weeks post
hatch. The results are expressed as the mean of 6 determinations ( ie.
the concentration of bound 3[’{] antagonist in 6 tissue slices of ] brain),
and the standard error of the mean was found‘ to be no greater than 4:% .
for any data point. Binding expressed as noles 3[H] ligand bound per g

tissue slive protein.

Figure 13. The concentration of specifically bound ( atropine sensi=i--
tive ) JioNB —=—=—a— and 3y precu —e—e—e— , and
the concentration of non specific ( ie. non atropine sensitive ) binding
by'%ﬂi ONB —o—0—O— and‘%ﬂf&BCM —0—0—0— in the presence of
excess and saturating concentrations ( ]25 nM ) of atropine sulphate ,
to chick brain tissue slices ( N= 12, ie. 12 determinants from 3 brains ),
at different times past the start of receotor labelling incubation. Chick
age , 5 weeks post hatch. The standard error of the mean ( SEM ) was found
to be no greater than)#@Gfor any data point. Binding expressed as n-moles

%H] ligand bound per g tissue slice protein.



Figures 12 and 13.
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number of antagonist binding sites with increasing conceptrations of
glutaraldehyde is less for 3[H] PrBCM binding than for :tH] ‘ONB,., These slight
differences‘of receptor binding between these two antagonists are probably
related to the observation that 3[H] PrBCM binds irreversibiy to MAChR

and most probably partitions into the receptor site membrane (N.J.M.

- Birdsall, pers. comm. ), while 3[H] 1 ONB bindé reversibly to CNS MAChR.

In view of thé evidence shown in figure:12, a glutaraldehyde prefixing
concentration of '0.-125.% was used for all in vitro labelling studies in

preparation for autoradiographic receptor localisation.

3.3 Muscarinic cholinergic %ﬁ]antagonist binding to chick brain tissue

slice receptor.

‘There is a substantial body of evidencerdemonstrating that the antagonists
3[H] PrBCM and %H]l ONB bind specifically to muscarinic cholinergic receptor
Qf brain homogenate and neuronal membrane enriched preparations (see
Introduyction). However, a number of studies have reported that these two
muscarinic ligands bind in different ways to MAChR. 3(1-1] PrBCM apparently
irreversibly alkylates muscarinic receptor { Hulme et al. 1975“ ),

while iH]l ONB binds reversibly ( Yamamura and Snyder, 1974 ). Specific
binding by ?tH] PrBCM and 3IH]1 ONB has not been previously demonstrated for
chick brain tissue slice preparations, nor has the receptor binding cha-
racter of these antagonists been compared under identical conditions of
brain tissue preparation, ébecies of animal and receptor labelling procee-—
dure. Therefore, the time course of binding, maximal receptor capacity,
equilibrium dissociation constant, and competitive antagonist/agonist
inhibition-of muscarinic receptor 3[H] ligand binding were determined prior

to in yitro receptor labelling for autoradiographic localisation of chick
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brain muscarinic receptor.

3.4 Time course of muscarinic %H] antagonist binding.

'F‘J':gure>13 showé the time course of specific and non specific binding by

the muscarinic antagonists 3[1-1] PrBCM and 3[H] 1l ONB to 12 micron thick sections
of the adult chick brain at free ligand concentrations of 3-18-10_9M and
1-6~10H9M respectively. Specific muscarinic 3[H'] antagonist binding was
determined by subtracting from total 3[?-1] antagonist binding values (recor-
ded in the absence of competing 'cold' antagonist, atropine sulphate )

those 3[H] antagonist binding values recorded in the presence of excess

and saturating concentrations of atropine.

Specific binding by %H] PrBCM and 3tH] 1l QONB rose steeply until 20 minutes
after the start of incubation, from which time the rate of increase in
antagonist binding decreased to a plateau to give maximal recorded receptor
bound antagonist concentrations of 630 pmoles/g protein for B(H]l ONB

and 485 pmoles/g protein for 3[H] PrBCM. In contrast to specific binding,

non specifi.c binding by 3[H] 1 ONB increased slowly and proportionately

with time and did not saturate up to 120 minutes after the start of in-
cubation. Non specific binding by 3[H] PrBCM increased slowly and linearly
with time until 12 minutes after the start &f incubation, from which time
the rate of non specific ‘bindivng increased substantially. From Table 4

it may be seen that the percent%ge‘Of nonrl?iép:elcir‘fi‘c to specific binding sifes
by 3[H] PrBCM increases from 8-3% at 15 minutes to 83.3% at 120 minutes

after the start of incubation. On the other hand, the ratio of non specific
to specific bindi_ng by 3[H]l ONB increases from 2+9% at 15 minutes to

14°9% at 120 minutes.



Table 4. Concentration of specifically and non specifically bound
351] PrBcM and JH] 1 ONB to chick brain tissue slices at varioi
times post start of incubation. Results are expressed as the mean of 12

determinations. The standard error of each mean value is given.

Table 5.  Regional concentration of Ji prBcM and JH o BTX binding site
Results are expressed as the mean of 6 determinations. The

standard error of each mean is given.



-56-

TABLE 4 Time course of binding-of‘varying»ccncentrations.of‘QH]PrBCM

& 3H 1 QNB.to-chick -brain tissue slices.

Non specific Specific

, total ;
°H ligand binding ' binding(NS)- ~binding(S).
PrBCM 0.010#0.00 0.008%0.00 0.00210.00
ONB 0.006+0.00 . 0.002#0.00 0.004+0.00
PrBCM 0.480+0.06 0.037x0.00 0.443%0.07 8.3
ONB » 0.56210.05vA0.016iO.007 0.547+0.04 2.9
30 PrBCM 0.613+0.08 0.124%0.02 0.489+0.07 25.3
ONB 0.660%0.05 0.025+0.00 0.633+0.09 3.9
60 PrBCM 0.692+0.10 0.210+0.02 0.491+0.08 42.7
ONB 0.710+0.03 0.046%0.03 0.650+0.08 8.0
120 PrBCM 0.855+0.09 0.400%0.05
ONB 0.764%0.08 0.098+0.00

TABLE 5 Regional concentrations of 3’[H] ligand labelled muscarinic and

nicotinic cholinergic receptor in chick brain.

mAChR

3 1igand PrBCM

(Chicks 4 weeks PH)

0. BTX nAChR
3[H] 1igand o'BTX
(chicks 2 weeks BH

- M/N

Whole brain 36432 (6) 26+2 (6) 14
Forebrain 339£75 (6) 1552 (6) 22
Optic Lobe 398£137 (6) 40%3 (6) . 10
Optic tectum 8504284 (6) 92418 (6) 9
Midh £ 310486 (6) Ant 16025 (6) o
: post 35%15 9
HindBrain 205%96 (6) 22401 9
Cerebellum 139155 (6)° 1943 7
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The reason for the rate increase in non specific binding by 3‘[H] PrBCM to
chick brain tissue section, 10 minutes: after the start of incubation, is
not clear. It is possible that from this time point specifically bound
atropine begi_‘ns to dissociate from:.the cholinergic receptor site leaving
the vacated receptor open to irreversible alkylation by 3[H] PrBCM. ( but
séé discussion ). In any case, it was apparent that 75% of receptor sites
bound by atropine at 10 minutes after the start of incubation had, by

120 minutes; been j::c_reverSibly alkylated by %ﬂ.PrBCM.

In order to reduce the apparent non specific to specific 3H PrBCM musca-
rinic receptor binding ratioy the time of incubation of thick brain tissue

slices was kept to 15 minutes.

3.5 Equilibrium binding o0f muscarinic receptor 3[1{] antagonists.

Equilibrium binding studies were carried out at 259C. The concentration
dependence for specific binding of 3&1] PrBCM and 3[[{] 1 QONB .to 12 m thick
sections of the adult chick brain over a ligand concentration range of
5.5710 M t0 9.10"2 M is shown in figures 14 and 15. Specific binding by
both 3fH] antagonists: iﬂncreased' rapidly until 1nM concentration of free
ligand from which time the rate of binding decreased to plateau between
4.107% M and 6.1072 free qH] ligand, giving ja typical saﬁuration curve.
Maximal receptor binding capacity by ] 1 ONB was found to be 695 pﬁlol’es/g
protein and for 1[1] PrBCM 585 pmoles/g ~prote:i?n. The reduced maximal receptor
binding capacity by :{H'] PrBCM compared to 3[H] 1 ONB may be accounted for by
reduced incubation times and higher non specific binding values. Half mazimal
saturation values for 3[H] PrBCM. and qH] .1 ONB were determined to be %.3. 10-%M

and 1.1.107 %M respectively.
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Figure 14.  Specific binding*of %ﬁTPrBCM at 25°C" to chick brain

tissue slices, incubated with varying concentrations of
free %H]ligand for ]5'minutes in Krebs-Henseleit Ringer ( pH 7.4 ).
Inset: a Scatchard plot of eqﬁilﬁbrium-binding data. The results are
expressed as the mean of 24;de£érminations ( ie. 6 determinants from
4 brains ). The SEM for each data point was found not to exceed'5% .
The lines to the data points of the Scatchérd»pdot are fitted by eye.
The regression coefficient r = 0.318. Binding is expressed as n moles
‘%ﬂPQBCM bound per g brain tissue slice protein and in the Scatchard
plot as specifically bound (B) over free (F) %ﬁﬂligand.

Figure 15. Specific binding of‘%ﬂl ONB at 25 %c to chick brain
tissue slices, incubated with varying concentrations of
freé 3&ﬂligand for 30 minutes in Na-K phosphate buffer ( pH 7.4 ).
Inset: a Scatchard plot of equilibrium binding &ata. The results are
expressed as the mean of 24 determinations, and the SEMwwas found not
to exceedl2 % for each data point .The lines to the data points of the

Scatchard plot are fitted by eye. The regression coefficient r = 0.509.



N 54

Figures 14 and 15.
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The data of figures 15;316 , when replotted according to Scatchard (see
figures 15a, l6a¥), can be seen to deviate clearly from linearity. Re-
~gression analysis gave a sample correlation coefficien£ of 0.509 for

3[1-1] 1 QNB binding and 0318 for 3[1—1] PrBCM,These data therefore, suggest that
bothwmuscarinfc receptgr ligand antagonists are possibly not binding to

a single population of equivalent non interacting binding sites, but,
alternatiyely, muscarinic antagonist binding could be accomodated by a
two-nonrinteractiﬁg binding site model, characterised by a high affinity
site K, ( 0.64+0.14 1+10°M and low affinity site K (4+70£0.20) -10™M
for JH 1 QNB and K, Of (0.37 % 0a08)-10"§M and K_ (4.0 £ 0+36)+10"°M for
~v%ﬂiPrBCM ( see i&scussion ). The apparent affinity, determined at the
point of half maximal saturation, is (1.1 # 0-06)-10—9M and (1.3 + 0+08)
.-10P9M for qm.l ONB and %m:PrBCM respectively. The equivalence of maxi-
mum receptor binding capacity between %m 1 QNB and %ﬂIPrBCM taken to-
gether with the equivalence of:ireceptor affinity parameters‘confirms that
%ﬂ.l ONB and %miPrBCM are probably competing for the same receptor bin-
ding sites, and, considering the sensitivity ofv%H]antagonist binding

to atropine sulphate competition, these receptor then are probably the

muscarinic acetylcholine receptor (see Discussion).

3.6 Competitive inhibition of 3H\1 QNB binding to chick brain muscarinic

receptor.,

Figure 17 shows the % inhibition of %m.l QNB binding at an incubating
concentration of 1+6-10 oM and N-methyl scopolamine (NMS) together with
the nicotinic receptor antagonist D-tubocarine. The inhibition curve (or,
alternatiyely, competition curve) for atropine is steep and is complete:

within 1.5 orders of magnitude, exhibiting an IDggy (point of 50% inhibition



Figure 16. Competitive inhibition of %ﬁ?a Bungarotoxin binding

- (8 nM free ligand concentration ) at 25’OC for 2 hours in
Na-K phosphate buffer ( pH 7.4 ) containing ] mg ml BSA, to chick brain
tissue slice recepﬁor by varying concentrations of d-tubocurarine
—A———l——A——-‘—-—— and atropine sulphate -@—@—@— . Each data point is
the mean of 6 determinations from 2 brains. The results are expressed as
a percentage of the concentration of %H?d toxin binding in the absence
of competing antagonist. The SEM was found to be no greater than 12% -

for each data point.

Figure 17. Competitive inhibition of”%ﬁ]l ONB binding (. ].6 nM free
‘%ﬁ?liéand concentration ) at 25 °C for 30 minutes in Na-K
phosphate buffer ((pH 7.4 ) to chick brain tissue slice receptor by
Varging concentrations on N-methy scopolamine ( NMS ) A —A—bh—A—
atropine\sulphate~(fAtr.Xf-‘——C*—O—4F— and d-tubocurarine TI—Ll—{— ,
' Each data point repesents the mean of 6 determinations from 2 brains. The
results are expressed as a percentage ofithe cqncentration of'ﬁﬂl QNB
binding in the absénce of competing antagonist. Inset: Hill plot of the
competitvevihhiﬁitibn data of figure 17. The Hill coefficient Nh was found
to be 1.27+0.0] and 0.55%0.7 for atropine sulphate and N-methyl scopol-
.amine fespectiVely. The SEM was found to be no greater than 6%for each

data point.



Figures 16 and 17 .
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of %ﬁrl ONB binding) of 6+10 10 M, The inhibition curve“for NMS on the
other hand, occurs over a wider range of concentrations and is a little
more flattened than that shown by atropine. The IDgy for NMS in compe-
tition with Qﬁ]l ONB binding is 3:1078M, The maximum percentage inhibition
of total %ﬂ,l ONB binding was 99% and 97% for atropine and NMS respéctively,
. on the other hand, even at concentrétions that might be expected to sa-
turate MAChR 1-10F3M, D~tubocarine displaced only 19% of %ﬁ]l ONB binding

sites.,

When the data of figurel?7 .are replotted according to Hill (see figure 1l7a):
the calculated Hill coefficients for atropine’and NMS’weré déterﬁinedfté‘be
127 and 0+55 respectively. The discrepancy between these two values is
difficult to explain. The Hill value for Nﬂs differs sufficiently from
1 to suggest, as elsewhere in this report, that muscarinic antagonist:

binding distinguishes more than one binding site (see discussion).

3.7 Protein calibration of chick brain tissue slices.

In order to determine the protein content of adult chick brain (4 weeks
post hatch) tissue slices of light microscope autoradiograms and tissue
sections used for qﬁIMAChR ligand binding kinetic studies, a protein
section area calibration curve was constructed ( see figure 19 ). cChick
brain section areas of a known and constant section thickness (20 pm)

were measured with the aid of a Videoplan Image Analyser ( Kontron, West
Germany ). The brain tissue slice circumferance was traced using a

light‘ pen; and the data was fed to the Videoplan computer which cal;u}gted

the surface area.



Figufe 18. ' Concentration of specifically bound %@7PrBCM to micro-
dissected regions of autoradiographed 5 week post hatch
chick brain tissue sections versus the optical deﬁsity ( OD ) of silver
grains overlying those same regions of the receptor labelled autoradio-
graphed tissue section. Each data point is the mean of a variable
number of determinations ( from 3 to 12 ) from 1 brain, the SEM was ==

found to be no greater than 18%for each data point.

Figure 19. Protein concentration ( determined after Lowry et. al.,
1951 ) versus the section area of chick brain tissue slices.

. Section ares were measured using a Video Image Analyser ( Kontron, West

Germany ). Each data point is 1 determination. The results are expressed

as mg protein versuspm2 of the regional area dissected . The sample

correlation coefficient r = 0.973.
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Figures 18 and 19.

18 Regional concentration of bound ?[H] ligand v optical
density of autoradidéram silver grain density.
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The sections were fhen assayed for protein content (see methods) and the
data points plotted against section area., The sample correlation coefficient
was calculated to be 0973, indicating a near perfect linearkrelationship
between the sample values, protein and tissue area. Estimates of pfotein
content of micro-dissected brain regions of qH]PrBCM labelled chick brain
autoradiograms, shown below, were calculated from this calibration curve

by measuring the area of the brain region to be dissected and reading pro-

3.8 Calibration of tissue slice area and concentration of bound %H]

antagonist, -

Figure 19 shows the binding of ¥ PrBCM at a free ligand concentration
of 2+5nM to crybspgt'cutftissue géctionS~ofvchick'braindés é.fﬁﬁéﬁiﬁn beééc—
tion thickness at a sectioning temperature ( closed circles) of -20°C.
These data demonstrate that ﬁﬁ]PrBCM bindiﬂg (DPM) is proportional to
2ﬁm increments in tissue section thickness, assuming that the area of the
tissue section remains constant . Fufthermorep the data 6f
figure 19 demonstrate that 34} prBCM gﬁins access to MAChR below the sur-'
face of the tissue section and is not simply binding to receptor sites on
~ the surface. The proportional increase in %ﬂImBCM binding shows that the
incréments suggested by the cryostat thickness gauge are linear, although
it is not possible to say whether each section is précisely of the thick-
ness indicated.
‘Thékvafiatiﬁn (S;E.M;Y“in'fiésﬁé slicé sectién thiCkness.waé found not to
gxceed‘i1.4%: as given by the.cdﬁééntrétion of boundﬂ%ﬂ liganddv It

may be seen that a number of open circle data points showing DPM values
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of far greater variance, are included in figurel9 for a given tissue
section thickness, cut immediately after warm air had been blown onto the
surface of the brain, and after the brain had been sprayéd with coolant.
These data show that section thickness is temperature sensitive and
suggest a possible cause for any variance in receptor ligahd binding
values of later studies. For kinetic.ranalysis each section was cut at a
precise time interval' to allow warm air moving into the body of the
cryostat at the time of removing the previous section to dissipate and

for the temperature of the cryostat and brain to equalise.

3.9 Quantitation of qﬁ!antagonist labelled autoradiograms
and comparison of optical density versus direct count

measurements.

Figures 21 and 22 show optical density traces recorded from several dif-
ferent levels in a rostrocaudal plane of an qﬂ'PrBCM labelled parasa-:.
gittal autoradiogram tissue section of lateral aspects of a 4 week post
hatch chick brain. The traces show that there is a marked difference in
régiohal silver gréin density across the brain. The highest specific op-
tical density recorded over the mesencephalic lentiform nucleus (LM) is
28.4 times greater than the density of non specific silver grains.The
lowest specific to non specific ratio,vapart‘from that recorded over fibre
tracts, is that shown here for the ectostriatal core of the chick fore-
brain, where specific silve: grain densities‘are just 2.3 times that of

non specific values.

Figure 20 shows aligned and composite density traces from a parasagittal

autoradiogram of a 48 hour post hatch chick brain labelled by %mZPrBCM.



~ Figure 20. A series of overlaid optical density tiaces of regionai

, ' silver grain densities‘bf an"%ﬂf&BCM labelled auto-
radiograpbéd tissue section of a 48 hour post hatch chick brain. The traces
on the left of»the f@gure_ are from ventral aspects of thé parasagittal
brain section (cut at approx. the stereotaxic coordinate Lateral 4.00 ),

and on the right dorsal aspects.

Figure 21 and 22. A series of.ﬁan« optical density traces of regional
silver grain &;;sities of 2 autoradiographed ! tissue
sectibns~of.the 4 week post hatch chick brain. Optical density units are
arbitrary ( cm's ). Along the abscissa are given stereotaxic section area
coordinates. ‘The traces taken from a tissue section lateral to that

represented by the optical density traces of figure 22.
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The difference in arbitrary density units between the optical density
traces of the 48 hour old chick brain and those: of the 4 wéeék post hatcﬁ
brain  does not necessarily féfléct an?freal'difference'iﬁ %H]éntagoﬁisﬁi
binding, but a aiffefencé in'eprsure times to the overlying nuclear .

photographic emulsion.

In addition to photomicrographic and densitometric analysis of regional
MAChR concentration, autoradiographic tissue sections, labelled by %m
PrBCM for the adult chick, were microdissected into specific brain fegions
and the concentration of bound %ﬂjigand determined by scintillation coun-

ting ( see methods ).

Figure 18 shows the concentration of specifically bound %mZPrBCM ( p moles/
mg brain protein‘) plotted against optical densities for the same brain
regions. The two methods of quantitationlshow a very good correlation with
a coefficient r of 0.704. It is only over regions showing the highest con-
centrations of bound %ﬂ ligand, eg. GLV and PPC, that the correlation
between density and direct counts of specifically bound %ﬁlPrBCM deviates
substantially from linearity. It.is possible that such deviations are the

result of technical limitations in sensitivity of the densitometer.

3.10 Direct count quantitation of ﬁﬁ]PrBCM'and %m a BTX bin-

ding in select areas of the chick brain.

The figure photomicrographs of this study, showing autoradiographic loca-
lisation of QH]antagonist labelled cholinergic receptor, suggest that
there are marked differences in the concentrations of MAChR between the

major subdivisions of the chick brain, ie. telencephalon, diencephalon,
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mesencephalon etc. However, the data of Table'4»show that the concentra-
tion of %ﬂIPrBCM binding sites at all of these major subdivisions'is apprdxiF
mately equivalent. Only the cerebellum and to a lesser extent the medulla
oblongata show below average concentrations of muscarinic receptor. The
ratios of 3H PrBCM binding concentrations for the chick forebrain, optic
lobe, midbrain, hindbrain and cerebellum comparéd to whole brain values

were calculated to be 1.07, 0.91, 1.17, 1.77 and 2.6 respectively.

However, the concentration of.specifically bound muscarinic ligand within
these major subdivisions was found to vary markedly. For example, the
ratio of qﬁlPrBCM concentrations in the hyperstriatum ventrale (HV) and
paleostriatum augmentatum (PA) of the chick forebrain with respect to
binding in the ectostriatum were found to be 6.5 and 8.6 respectivély.

In the midbrain variation between regions was even greater; the ratio .of
binding between the geniculate (GLv) and optic tract (TrO) for_example was

calculated to be 62.7.

In contrast, the concentration of qm 0. BTX binding sites between the fore-
brain, optic lobe and midbrain was found to vary substantially; the highest
concentrations recorded from the optic lobe ( 40+13 pmoles/g ) and anterioxr
midbrain ( 160+25 pmoles/g ), and lowest in the forebrain ( 15%2 pmoles/g )
and cerebellum ( 19+3 pmoles/g ). The concentration of 34} o BTX binding
sites throughout the chick brain was found to be at least an order of mag-
nitude lower‘than that observed for %ﬁ]PrBCM Binding concentrations ( see
Table 4 ). However,it must be'bdrne in mind that 38 o BTX binding was de-
termined from the brains of chicks aged two Weeks post hatch, while the

data forﬁH]PrBCM binding is taken from 4 weeks post hatch chick brains.
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3.11 Antagonist binding properties and autoradiographic

procedure. .

Two autoradiographic  procedures have been used in the 'visualization' of
ﬁﬂ receptor ligand distribution in this report; wet emulsion coating and

apposition autoradiography ( see Methods and Rogers 1967 for review ).

Preliminary studies estéblished that chick brain tissue sections labelled
for MAChR in vitro by ¥ 1 ONB could not be wet emulsion coated (WEC) or
subjeéted to post labelling fixing schedules. Following development of

WEC - %H]QNBAlabelled autofadiogramdchick brain tissue sections, it was
found that %ﬂ,vaNB dissociated from the receptor binding site and diffused
through the emulsion to abcumulaté in high concentrations around the cir-
cumference of the tissue secfion ( 'halo' artifact ). Silver grains with-
in theAphgtographic.emulsion‘over the tissue section itself were uniformly

and Lightly\distributed across the whole section.

In order to try and prevent this diffusion artifact, tissue sections were
poétfixed in Carnoy's fluid following in vitro receptor labelling by %m.l
QNB¢>9n‘devé;Qbﬁen£ éf‘autbradiograﬁg ﬁﬁéré>Waé a complete abseﬁce of SilYé?i
graiﬁs. However, concentrations of specifically bound qﬁ]l ONB to chick
brain slices prior to fixing in’Carnoy&%were'fQund,to be high,‘and it was
only after fixing that these concentrations of bound 3H] 1 ONB were lost
from the tissue section with a concomitant increase in the number of counts
in the washing buffer. SE]l ONB is a reversibly binding antagonist, and
Cafndys fixing probably causes considerable. conformational changes in the
synaptic membrane proteins, in any case sufficient to cause dissociation

of qH]l ONB from the receptor. Taking the above factors into consideration,

36 1 ONB distribution was eventually demonstrated free of diffusion or
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dissociation artifacts by apposition autoradiography which does not require

post fixing or coating of the tissue section with wet, warm emulsion.

Apposition autoradiographic methods;, patticularly when using ultra sensi-
tive tritium film, resulted in silver grain patterns of specifically bound
qm.l ONB to chick brain tissue sections which were of exceptionally high
contrast and consequently easily photographed ( see figures 39, 41 to

;0 ).« However, the form and density of silver grains were found not
to accurately reflect the known concentration differences in specifically
bound #] ligand between brain regions following optical density recordings,
and although the pattern of silver grain distribution gave a very clear
idea of the regions most dense in MAChR, the resolution of the silver grain
image was poor. Thé reason for this lies in the properties of the photo-
graphic emulsion. Exposure of LKB tritium film to B particle emissions re-
sults in a'Stellar like system' of silver grains which cover an area well

in excess of the silver grains in Ilford G5 and L4 nuclear emulsions follo-

wing tritium exposure.

The procedural problems encountered in the visualization of Tﬂ.l ONB bin-
ding in the chick brain were not encountered in the irreversibly boﬁnd an-
tagonist QH]PrBCM. Tissue sections labelled by %ﬁlPrBCM could be both post
fixed in Carnoy®s and wet emulsion coated. The developed autoradiogramsv
showed silver grain patterns of exceptionally high resolution and markedly
different densities between brain regions ( see figure 29). On the other

hand, there was some evidence for silver grain image artifacts.
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3.12 Artifacts of autoradiographic proceedure.

Obviously, artifactual silver grain patterns must be recognised before any
meaningful interpretation of autoradiograms can be made in terms of déscri-

bing receptor distribution and density.

A number of artifacts resulting from wet coating autoradibgraphic procee-
dure have been observed in'qﬁlPrBCM and %ﬁ]d BTX labelled tissue sections.
With respect to qH]PrBCM binding, wet emulsion coating resulted in pressure
and diffusion artifacts. Pressure artifacts afe'easily recognised as streams
of silver grains extending away from the tissue sections. The properties

of the nuclear emulsion ( L4 and G5 ) are such that tension and torsion of
‘the emulsion,-as:it flows along the‘éurface edge of the tissue section, re-
sults in silver grain patterns. Diffusion artifacts are not élways so easily

recognised.

in this report a very good example of a diffusion artifact is apparent over
dorsal anterior regions of paxasaggital sections of the chick forebrain,
labelled by qH]PrBCM and wet emulsion coatéd. There is a loss ofvspecifi—
cally bound JH] PrBCM, particularly over the hyperstriatum accessqrium (HA)
which, if it had not been for the comparative results of apposition auto-
radiography,would have been interpreted as a region devoid of muscarinic
receptor ( see figure 24 ). In point of fact as consequence of the viscosity
or temperature of the photographic emulsion as it flowed over the tissue
section, during wet emulsion coating, particularly ovér regions most exposed
to the full flow of the emulsion, specifically bound molecules of %H]PrBCM
probably dissociated and diffused away from their original (specific) re-

ceptor binding sites.



I, at one time, interpreted another ligand dissociatioﬁ artifact as a
specific pattern of MAChR arranged as columns of receptor over dorsal as-
pects of the forebrain roof ( see figure 24 ). I now know that such an iptér—
pretation was totally erroneous, but this example illustrates the impor-
tance of confirming an autoradiographic observation by an alternative metho=
dology. This particular artifact was patterned because of differential

drying of the tissue section from most dorsal aspects first, during freeze
thawrmounting of the section ( see methods ), Since it was always dorsal
aspects of both.parasagit?@l and frontal sections which first came ih con-
tact with the glass slide. Compare for instance the pattern of éilver grain
shown in figures 24A,B of an earlier autoradiogram series of a 48 hour old
chick,brain with autoradiograms of a later date, showing qH}PrBCM distribution

in the adilt chick brain ( see figureS'32l34,)

3.13 Exposure periods for light microscop'e autoradiography.

All the photomicrographs of this report showing aH]PrBCM and %ﬂ o BTX bin-
ding to chick brain tissue slices are taken from autoradiograms, the photo-

~ graphic emulsion of which has been exposed to tritium B particle emissions
for periods-up to iOS;QQWS . For light microscope autoradiography such
extensive exposure times are unusual (‘see Rogers 1967.). The reason was to
blacken the overlying photographic emulsion sufficiently heavily to permit
iight field photomicrographs of silver grain patterns and density of high-
resolution and strong contrast. Quite surprisingly, there was no loss of
resolution over régions of high silver grain density, aﬁd, in addition, op-—
tical density measurements suggest no differences in the ratio of high to low

silver grain densities between autoradiograms exposed for 30 days and those
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exposed for 100 days.

3.14 Muscarinic receptor distribution in the post hatch chick

brain.

Chick brain anatomy and morphology is, in general, well characterised

( see Introduction, section 1.6 ). However, during the course of this
study, it became equally apparenﬁ that established anatomical description
for certain regions of the cﬁick brain, for example the hyperstriatum,
basal ventral forebrain wall , medial and ventral midbrain and medulla,
vremain pocrly defined. During the fcllcﬁing description of muscarinic

receptor distribution, it will be shown that in most instances the

localisation of receptor fields conforms with established anatomical
~and morphoiogical description of the chick brain. However, in some
cases receptor field localisation and morphological division do not
match. It could be the case that, in some instances, established ana-
tomical description may be incorrect, and that muscarinic receptor dis-
tribution may reveal anatomical divisions and boundaries hitherto un-

.recognised by pést studies employing more established histochemical
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stains. I have indicated some of these anatomically—mismatbﬁed'"

muscarinic receptor fields as numbered MRF's. I do not mean to suggest
that these receptor fields denote morphologically and functionally distinct
brain localities, but merely for the moment, to draw the reader's attention

to their presence.’

The following description of muscarinic receptor distribution is for
the 5 week post hatch chick brain. MAChR distribution is sﬁoWn by in
vitro %ﬂ antagonist labelling ( see section 2.2 ) of over‘2000 tissue
sections, cut from four 5 week post hatch chick brains, and subjected to
light microscope autoradiography. While the following description is of
silyer grain distribution and density, I have shown elsewhere in this
study ( see section 2.11) that silver grain density of 3H] antagonist
labelled autoradiograms corresponds closely with the concentration of

specifically bound receptor antagonist.

Identification of chick brain cholinergic receptor locations in this
study is largely based on the collated descriptive anatomical studies

of Ariens Kappers (1967) and the stereotaxic atlases of Tienﬁoven and
‘Juhasz (1962) for the chick brain and Karten and Hodos (1967) for the
pigeon brain. Identification of chick brain anatomy was also made by
reference to the finding of numerous anatomical, morphological and topo-
_graphi§ studies of selected regions of the chick and other avian brain.
In particular the studies of Cajal (1911), Lé Vail and Cowan (1971),
‘Hunt and Webster (1975X, and Angaut and Reperant (1976) for the optic
tectum, Meier et al. (1974) for the dorsal thalamus, Cowen et al.(l961),
Benowitz and Karten (1976), Crossland and Uchwat (1979) for visual path-

ways, Karten and Dubbeldam (1973) for the paleostriatum, Krayniak and

Siegel (1978) for septal structures and Zeier and Karten (1971) for the
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archistriatum, amongst others. In addition, anatomical structures were
identified in my own series of histologically stained chick brain sec-
tions,using ¢resyl . echt violet, Toluidine blue, Pyronine Y and Silver

albumose staining techniques .

3.14.1 Telencephalon.
Olfactérg»lobe and Tuberculum olfactorium.

The olfactory lobe of tile chick brain is characterised by generally low
densities of muscarinic cholinergic receptor (MAChR), (low density >

100 pmoles/g proteivn and < 400 pmoles/g protein). The glomerular

cell layer (GLomL) is very low in MAChR ( i 100 pmoles/g protein ).

The external granule cell: layer (EGrL) and mitral cell layer
(MitL) are populated by marginally higher than low muscarinic receptor
densities ( see figures 37 and 38 at the intercept of coordinates Anterior
(A) 14-16 and the Horizontal (H) 6 ). Only the inner granule cell |
layer (IGrL) has densities of muscarinic receptor which are bordering

on 'moderate' (ie. 400 pmoles/g protein).

At the point of entry of the olfactory nerve to the olfactory bulb, there
is a moderately dense but poorly defined muscarinic receptor field |

( moderate density }»400 pmoles/g protein and < 750 pmoles/g proﬁein)
which does not correspond with any previously described morphological
structure of the chick olfactory bulb. Caudally, the low to moderate den-
sity receptor field of the IGrL is continuous with the moderate musca-
rinic receptor densities of the area praepyriformis (Rose, 1914)

which is probably homologous, at least in part, with the tuberculum
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olfactorium (TO). The adjective 'continuous' is used in the present
context to distinguish between two adjacent silver grain ( muscarinic
receptor ) fields which obviously correspond to ,tv;ro morphologically dis-
tinct localities, but which are hot sharply delineated at their juncture

by silver grain distribution or density.

MAChR density in the TO steadily increases. caudally to reach high (>750
pmoles/g" protein and < 1100 pmoles/g protein) to very high muscarinic
receptor density ( 2> 1100 pmoles/g protein), particularly where the TO
adjoins the paleostriatum augmentatum (PA) and lobus parolfac-
torius (LPO). ( see f'igures‘ 37 and 38, A 12-15, H 6 and figures 44 -50,
Lateral (L) 0-3, H 6 ). On a basis of silver grain distribution, it is
very difficult to discern the limits of the,TO MAChR field. Rostrally,
for example, the TO MAChR field is céntinuous with a moderate to dense
muscarinic receptor field, designated in figures 44 and 45, L 1-5, H 6,

as muscarinic receptor field 15 (MRF 15),,which underlies a region iden-
tified as the nucleus basalis (BAS). Similar to MRF 15, the TO MAChR
field is continuous with three other receptor fields, MRF 5 and MRF 6

- ( see figures 43-45, coordinates L O-1, H 6-7 ) and anteroventromedially
with. MRF 4 ( see figure 49, L O, H 5-6 ). MRF 4 1lies within the area
of the nucleus accumbens .(AC) which according to Ari&ns Kappers (1967)
is an extension of the paleostriatum around the ventral wall of the

ventricle ( see below ).
bPaleostriatum.
The paleostriatal complex (PC) of the chick telencephalon consists

of four major subdivisions, the paleostriatum augmentatum (PA),

situated dorsally and ventrally to the paleostriatum primitivum (PP)
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which largely encloses the nucleus interpeduncularis (INP),. There

is some question as to whether the fourth division, the lobus parolfacto-

Trius -(LPQ) ; is a morphologically/anatomically distinct region from the

PA as suggested, amongst others, by Karten and Dubbeldam (1970). Thée

LPO is situated mediaily and anteriorly to the PA and PP, The PA, LPO

and INP are dense to very dense in muscarinic cholinergic receptor.

The PP on the other hand is low to very low in MAChR density ( see figures
23-33 and 40-48 )., All established anatomical subdivisions of the

PC  in addition to others which, to my kndwledge, have not been described

before, are distinguishable solely on the basis of silver grain density‘

and distribution.(ie. MAChR density and distribution).

Dorsally and anterodorsally, the high. density MAChR field of the PA and
LPO ends abruptly along the lamina medullaris dorsalis (LMD)

( see figures 26-38, 43-53 and 72A ). The LMD is the most dense MAChR
field of the chick telencephalon. The LMD MAChR field does not interxface
all dorsal, anterior and lateral aspects of the PC from the adjoining
and overlying neos‘tri.atum, but is seen to be a thin sheet ( lamina ) of
'ir:c_egular thickness which. is punétured to a greater or lesser extent,
depending on the region , by numercus. fibre bundles recegnised through
‘th«eir absence of silver grains ( ie. MAChR ) and éeen as striations across
and through dorsoanterior aspects of the PA MAChR field ( see figures
30-32: AlO-12, H 8-10 and figure 45: L 4-6, H 8-10 ). Dorsally, dorso-
medially and anteromedially, the MAChR field of the LMD , where enclo-
sing the LPO, is continuous and rarély punctured by traversing fibres
(see figures 35-38: A 10-13, H 8-10 and figures 50-53: L 1-5, H 8-11 ).
However dorsoanteriorly, where the PA adjoins the ectostriatum (E),

. the LMDv is absent or at least unlabelled at this juncture for muscarinic

receptor ( see figures 29-31: A 10-12, H 8-10 and figures 45: L 3-5, H 7-10).



The density of fibre bundles of the Tractus fronto-thalamicus et
thalamo frontalis (FT) and, if distinct, Tractus thalamostria-
ticus (TTS) is the greatest at the juncture between the PA and E

than for any other between the PC . and overlying neostriatum.

" Anteroventrally, the LMD MAChR field projects rostrally beneath the
ectostriatum (E) as an upﬁard projecting horn of ’}eceptor { see figure
28: A 11, H 5-6 and .f_igureé 27-29: A 11, H 7), and ﬁ'yur&: 45, /./-5',?/-/7—8) 7

.« More medially, the LMD MAChR field broadens and is seen to lie al-
most perpendicular to the basal wall of the chick telencephalon ( see
figures 29-31: A 11-12, H 6-8 ). At this point the LMD is separating the
anteroventral limits of the PC from the Tractus fronto archistria-
lis (FA) and more medially from the nucleus basalis (BAS) (see
Zeier and Karten, 1980) The LMD MAChR field limits most posterolateral
aspects of the PC ( see figures 27: A 8, H 6-9 ), but not posteromedially,
where the LMD is conspicuously absent from the juncture between the dorso-

posteromedial PC and dorsal archistriatum (Ad).

Muscarinic receptor density in the PA is not uniform., This is particular-
ly evident from the silver grain patterns of 3[1—1] PrBCM labelled parasagittal
autoradiogram chick brain sections ( see figures 23, 72A  and figures
27-36 ). In the PA, as elsewhere in the chick brain, MAChR distribution
and density seem to be iﬁtimately related to the form and number of per—
vading fibres. In ‘the dorsoposteromedial PA there are distinctly lighter
patches of muscarinic receptor densit_:y which appear to correspond with
areas of convergence and/or divergence of fibre bundles between which
MAChR density is uniformly high ( see figure 72 a ). However, the dorso-
anterior PA is also heavily pervaded by fibre bundles and yvet, unlike the

dorsopostercmedial MAChR field of the PA, the density of receptor is



greatest over regions in immediate contact with these pervading fibres.
The difference between the two regions is that in’the. former the fibres
are probably not converging/diverging as described fer the dorsopostere—
medial PA. The reason for higher MAChR densities along the fibre i'r'aG{'
margins ( see figure 23 A and B and figures 72 A and 74 B ) may be re-
flecting a greater number of collateral and axonal varicosity synaptic

contacts with dendrites or neurons intrinsic to the PA ( see Discussion ).

The ventromedial MAChR field of the PA is also differentiated by higher
density patches of receptor ( see figure 72 a. .) but, unlike dorsal and
dorsoposterior regions of the PA, there are very few pervading fibre
#“Cfé . The variation in muscarinic receptor density in the ventromedial
PA is perhaps related to the di.stributi’.on-of olfactory inputs to the PA/

LPO via the TO ( see earlier ).

There is some evidence from the present findings to suggest that MAChR
distribution distinguishes an interfacing lamina, similar to the LMD, be-
tween the anteroventral PA and paleostriatum primitivum (PP). The
dense MAChR field of the PA ends abruptly at the PP juncture, but most
often the line of demarcation is jagged because ef traversing fibres.
However occasionally, particularly more medially, the demarcation zone
becomes smoother and, at points between traversing fibres, receptor density
isj noticeably higher than for the adjoining PP or PA ( see figures 34 and
35; A 9-11, H 8-10 and figure 51 ). This proposed PA/PP interfacing
lamina is most clearly seen between the ventral PA MAChR field and the

overlying PP

The paleostriatum primitivum (PP) is very low in MAChR density, mainly

because of the presence of numerous closely packed fibre bundles which



-82~- .

are unlabelled for receptor. Areas between these fibre bundles are popu-
lated by low and low to moderate densities of MAChR ( see figures 29-36

and 72 A ). There clearly is a close.association between the PP and the
Fasciculus prosencephali lateralis (FPL) ( see figure 34: A 9-10,

H 7 )}, the fibre bundles of which converge from or diverge into the PP

on route to or from other regions of the telencephalon., Centrally placed
between the PP and FPL is the nucleus interpeduncularis (INP)
which is populated by very high densities of MAChR ( see figures 29-35:

A 910, H 6-9, figures 49-51: L 3-5, H 6-9 and figure 72 A ). The muscari-
nic receptor field of the INP is continuous with that of the PA laterally
and LPO medially. Similar to the dorsoanterior receptor field of the PA
and PP the INP is heavily pervaded by fibre bundles and, again similar
to the PA, the density of silver grains is highest over regions in imme-
diate contact with these fibres. As described for the PA interface with

the neostriatum and that between the PP and PA, there is a band of very
high density MAChR enclosing the INP dorsally and dorsoanteriorly from the

PP ( see figure =24'a-andb %.

The MAChR field of the LPO, unlike that of the PA, is uniformly very dense
in muscarinic receptor ( see figures 37f40: A 11-14, H 5-9, and figures
47-53, I, 1-4, H 6-11 ). Further, it is not differentiated by unlabelled
pervading fibre bundles. Anteriorly, the LPO MAChR field appears to extend
along the ventral margin of the chick telencephalon beyond the LPO's
hitherto recognised limits ( see MRF 5, 6 and 15 of figures 42—45: L 0-5,
H 6.). These MAChR fields do not, to my knowledge, correspond to any es-
tablished anatomical or morphological division described for this region

of the chick forebrain. Anteromedially, the LPO MAChR field is also con-
tinuous beneath. the most ventralwardvextension of the forebrain ventricle.

with an equally dense receptor field corresponding in position to the
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accumbens (AC) ( see figures 43-50: L O-1, H 6 ).
Archistriatum.,

The archistriatum is a large heterogeneous nuclear mass in the caudal
vventrolateral portion of the chick fovrebrain. In parasagittal plane, over
posterolateral aspects of the chick forebrain, the archistriatum is charac-
‘;eri.‘sed by a moderate to high density MAChR field which corresponds to

thé, archistriatum intermedium dorsale (Aid) of Zeier and Karten
(1980). ( see figures 22, 26-28: A 6-9, H 8-10 ). The Aid MAChR field is
sickle shaped in parasagittal plane. In a caudal to rostral direction

the Aid begins as a relatively deep receptor field which narrows antero-
ventrally to end alo_né the most lateral and dorsal aspects of the PC

( see figure 26: A 6-9, H 6-9 and figure 48: L 7, H 7-8 ). At this junc-
ture between the Aid and dorsolateral PC (LPO), the two high density mus—‘
carinic receptor fields are continuous. Anteriorly, ﬁhe Aid MAChR field
is not sharply demarcated. from the overlying and adjoining neostriatum,

but continues anteriorly as a diffuse, mobderately dense receptor field,
shown by figure 26 as MRF 5, which probably corresponds to the archis-
striatum anterior (Aa). Dorsoposteriorly, the Aid is sharply demar-
cated from the overlying neostriatum caudale (Nc) by the lamina
archistrialis dorsalis (LAD) which, similar to the LMD of the PC,
is populate.d by high densities of muscarinic receptor ( see figure 26:

A 6-7, H 8-9 and figures 54-57:; L 6-9, H 6-9').

MAChR density and distribution posteroventrally to the Aid is extremely
complex and difficult to decipher, mainly because of the numerous pervading
fibres of:the:anterior.commissure(CA), tractus occipitomesence-

phalicus (OM), and tractus fronto-archistrialis (FA) ( see figures
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54-59: L 4-9, H 5-9 ). Ventromediolaterally, the archistriatum is charac-
terised by two areas of low MAChR density which are surroﬁnded on all
sides by very high densities of recéptor ( see figure 51: L 4-8, H 5-7 ).
The division of the archistriatum, as distinguished by MAChR distribution
and density,. do not correspond with those described by Zeier and Karten

(1980) for the pigeon archistriatum.,

Neostriatum.

The neostriatum is the largest of all basal telencephalic nuclei. It begins
slightly caudal to the frontal pole of the chick hemisphere, designatéd
here the neostriatum frontale (NF), and extends to the caudal pole

of the basal part of this teiencephalic division, the neostriatum
caudale (NC) .. The NF. is in general populated by uniformly low densities
of muscarinic .ieceptor. However, differentiated against the low MAChR
densities of the NF is a 'V;Tisp";iv.like, moderately dense receptor field
emanating from yentral aspects of the LMD 'and_ gradually fading into the
lower receptor densities of dorsal aspects of the NF.( see figures 23-34,

A 13-16, H 6-9 and MBF 13 in figures 27 and 28 ). The neostriétum inter-
medium (NI), situated between the dorsal PC and lamina hyperstria-
tica (LH) of the hyperstriatum is also populated by low densities of
muscarinic receptor (. see figures 22,23 and 45-47: L 4-9, H 8-12 ). How-
ever more medially, in particular where the NI adjoins the telencephalic
ventricle, muscarinic receptor density is moderate ( see figures 48-50:

L 1-2, H 10-12 ), Posteromedially, there is a discrete high density receptor
field corresponding in position to the capsule interna occipitatis

(CIO), designated MRF 8 in figures 49-53: L 3-5, H 1l.

The NC, similar to other aspects of the neostriatum, is largely populated
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by low and low to moderate densities of MAChR with little differentiation
of receptor denéity pattern. Caudally however, the NC is characterised
by an extensive, moderate muscarinic receptor field ( MRF 32 ) which lies
dorsocaudally to the LPO and extends in a dorsolateral direction to fade
into the lower receptor density field of the surrounding neostriatum

( see figure 54-58: L 2-6, H 9-12 ), MRF 32 of the chick neostriatum
<may~correspopd to. the magnocellular nucleus of the anterior neostriatum,
as described recently for the zebra finch brain ( Ryan and Arnold, 1981 ).
Situated dorsomedially to MRF 32 of the NC and lying ventraily to the
medial hyperstriatum ventrale is a well defined region of the NC which is
‘populated by very low densities of muscarinic receptor, a region which
corresponds, to Field L ( Rose 1914 ) ( see figures 54-58: L 0-5, H 10-

13).
Hyperstriatum.

The ﬁyperstriatum begins very near to the frontal pole of the hemisphere
and extends caudally over the tractus occipitalis and neostriatum.
The subdivisions of the hyperstriatum have always proved difficult to
distinguish using more classic histochemical stains :.but fortunately for
ﬁgi§‘étud%;rMAghB;§istxibqtioﬁ,appearéwto:'dg}iﬁgaﬁe‘;‘}unambiguoﬁéiy

féi; majorﬁhypersﬁiiétél subdiVisionsl

The hyperstriatum accessorium (HA), situated immediately beneath
the dorsocaudal roof of the chick hemisphere, is moderately dense in
MAChR. ( see figures 41-48: L 0-3, H 10-15 ) in those sections 1abélled

. for receptor by the antagonist %ﬂzl ONB, However, those chick brain sec—
tions labelled by qﬁ]PrﬁCM show the HA to be low to very low in MAChR ( see

figures 23-25, 32-37; A 10-15, H 10-14,)and 4| to 50: L 0-3, H i0-1%) . .
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The hyperstriatum of the chick is the only brain region to show different
relative densities of muscarinic receptor, depending upon the receptor
label used, eg. %]1 QNB. or 3[I—l]PrBCM. In 3{[&]1 ONB labelled autoradiogram

sections MAChR density is not uniform in the HA, but is more dense over

extreme mediodorsal limits of the hemisphere roof ( see figure 42-45: L

0-2, H 11-14 ). MAChR density gradually falls, ventrolaterally, to reach
very low densities at the juncture of the HA to the hyperstriatum

. 4intercal'atu‘s (HIS) which may alternatively be the “hyperstriatum
dorsale (HD), or both. The HIS/HD is very low in muscarinic recreptor,
and, ‘on the basis of MACHR distribution, there is no evidence for an inter-

vening lamina between the HA and - HIS ( see figures 42-45: L 1-4, H 11~

213 ). The HD/HIS does not extend to the most medial limits of the hemis-

‘Y

phere, but is separated from the medial hemi“spﬁere wall by a high dengity
'Iﬁuscarinic receptor field ( MRF 2. Lwhich projects dorsally from medial
aspects of either the hy'_pe.’rstr;tatmn dors:&le (HD ) ox vhyperstriatum
ventrale ventrodorsale '(—_HVvd) to ventromedial aspects of the HA
MAChR field ( see figures 42—48: L 0-1, H 9-10 ). The MAChR field of the
HA is also differentiated, posteromedially, by a complex _patter‘n of high
muscarinic density CMRF 1) , 'thé, complexity reflécting the convergence
-or divergence of flbres of the tractus septomesencephalicus (TSM).
In fact, MRF 1 may correspond to an aspect of i_:hévi area entorhinalis
(Rose, 1914), alterﬁatively the hippocampus pars dorsalis ( see

figures 47-49: L 0-2, H 14-15 ).

The HD/HVvd is populated throughout by uniformly very high densities
of ‘muscarinic cholinergic receptor in those sections labelled by :'IH] 1l ONB
( see figures 41-50: L 1-6, H 9-15 ). Rostrally, the HD/HVvd MAChR field

exﬁends across the forebrain as a lamina of uni‘form thickness from the



-87-

extreme dorsolateral margin of the hemisphere to thé medial ventricle.

At the juncture of the HD/HVvd to the HD/HIS, there is no sharply
delineated boundary. However, between the HD/HVvd and hyperstriatum
ventrale (HV) or hyperstriatﬁfm ventrale Ventroﬁentrale
(HVvv), there is a well defined demarcatijng lamina of very high mus-
carinic receptor ‘den_si,ty ( see figures 42-48: L 1-6, H 9-14 } . However,
in th,oAse se'ctiio'nsvlabelled by 3(H] PrBCM ( see figures 37 and 38: A 12-15,
H 7-12 ). this dividing layer i‘,s’se.en to be very: iow in myscarinic re.cép—
tor density. Tﬁi’s. di‘;fference is not a reflection of section plane, since
the Y6 1 ONB labelled parasagittal section of figure 72 similarly reveals

a very high density MAChR lamina between the HD/HVyd and HV/HVyv.

Identification of hyperstriatal divisions is based on the pigeon brain
stefeoj:axic atlas of Karten and Hodos (1967). Ze.ier and Karten
(1971) have published evidence which shows the HIS (. figure 2 of that
repoft‘ ) to lie lateroventrally to the HD at stereotaxic planes anterior
to 10.00 and.11.00 and to partly-enclose the HD at anterior 1200
However (in the atlas of Karteh and Hodos ( 1967 ). the HIS is shown 7

to lie dqrsémeidi’j.aliy to the HD. If the HIS lies laterc-ventrally

to the HD, then lateral aspects of the region identified as HD/HVvd
may correspond to the H_IS‘, in which case the 'HIS' is dense in muscarinic
're‘ci:eptor. On the other hand, the complexity of dO];:Sﬁl hyperstriatal sub-
divisions, as shown by Zeier and Karten (197}), is not reflé;_ctied!by mus-
carinic receptér distribution as shown here for the chick brain. Youngren
and Phillips (1978). in their 3 day post hatch chick brain atlas do not '
‘show the HIS at all, and‘.(aTr:'i_enhoven and Juhusz (1962). suggest that the

HD and HIS are one and the same region in the chick. It is my ‘imp¥ession
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that the low density receptor field between the HA and- HV/HVvvd may

represent both the HIS and HD.

The hyperstriatum {Ientrale is the largest hyperstriatal diviéion

and is populated by very high densities of MAChR. In frontal plane, the
HY is 'wedge' shaped, being broadest along the dorsolateral margin of the
forebrain hemisphere. Anterolaterally the HV MAChR field extends to the
dorsolateral limits of the hemisphere ( see figures 41-47: L 1-9, H iO—

14 ). More caudally however, the most lateroventral é.spects of the HV

are separated from the hemisphere roof by the area corticoidea ( see
below ). Ventrally, the very dense HV MAChR field is separated from the

- underlying ne.ostri‘étum by the lamina hyperstriatica (LH). Depending
upon the plane and level of tissue section, the LH is sometimes seen to
be even Iﬁore dense in MAChR than adjoining regions of the HV ( see figure

24 A: A 8-13, H 9-13 and figures 26-34: A 9-14, H 9-13 ).

Posteromedially, the HV MAChR field contracts to occupy a position along
the medial hemisphere ventricle, where the HV dips ventrally ﬁowards the
septum ( see figures 50-57: L 1-3, H 9-13 ). This aspect of the HV has
been designated the medial hyperstriatum ventrale (MHV) ( Batesonefd/./
1978 Y. The MHV is popuiated by even higher densities of MAChR than
other aspects: of the HV. Ventromedialiy, the very dense MAChR of the
MHV apparently ends at the juncture to the medial hemisphere ventricle.
It is curious. that the equally high MAChR densities of the dorsal septum,
on the ventral side of the hemisphere ventricle from the MHV, gives thé
impression of morphological continuity between the MHV and septum

( see figures 52 and 83;: L 0-1, H 9-10 ). A very similar trans,véntricle

juxtaposition of very high MAChR densities is found between the ventro-
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dorsal limits of the MHV-HV and a discrete receptor field situated
within the area corticoidea dorsolateralis/medialis (CDL/M) (see
- figures 48-51; L 3~6, H 13-15).. This HV-CDL apposition is even more cu-
rious when viewed in parasagittal plane ’L see figures 24,  and 32-38 .
: A 8-11, H 12-15 ), where the xﬁain body of the HV MAChR field may
be seen to end dorsomedially,fwéll short of dorsal aspects of the hemis-
phere ventricle. .H.owever , extending from the dorsal aspects of the HV
is a 'whisp' like, moderate to dense MAChR field (MRF 21, in figﬁres
©7 32 and 33; A-9-10 ,‘.H 13-15 ) which extends té that point of the forebrain
ventricle :which is immediate opposite the .very dense MAChR field described
above for the CDL, Althpﬁgh in parasagittal plane the hemisphere ventricle
is seen to yvery clearly separate MRF 21 from the CDL, the hemisphere
ventricle does not separate dorsolateral aspects of the MHV-HV from all
'cortical' areas. of the chick forebrain. Between levels, anterior 7.5
and 9, the jrery‘\ dense MAChR field of the HV fades into a subcortical
ar‘ea which. is moaerately dense in muscérini.c receptor ( see figures 45-
48; L, 4-7, H 12-14 ). This region corresponds to the dorsolateral sur-
face area component to ectostriatum (,Kappcmcfa/,1967 ), but in
addition,to dorsal aspects of the area tempero-parieto-occipitalis
and the region of divergence or convergence
of fibres of the tractus archistriatalis dorsalis (DA). More
caudally, the chick cortex becomes thinner and is once more separated from
the moderately dense muscarinic receptor field of the laterai' forebrain

by the hemisphere ventricle ( see figures 49-54: L 4-9, H 7-13 ).
Area corticoidea and hippocampus.

Uncertainty as to the subdivision of the avian dorsal hyperstriatum

(see hyperstriatum) is carried over to that region of the forebrain
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hemisphere which lies dorsal and medial to the hemisphere ventricle, a
region corresponding to the area entorhinalis ( Rose 1914; van Tien-
hoyven and Juhdsz, 1962 ), subiculum ( craigie, 1930; 1932 ), hippo-
campus pars dorsalis - ., and hippocampus

( Karten and Hodos, 1967; amongst others ). Areas of the chic¢k hippo-
campus (Hp) are not.only difficult to distivngui.sh‘from dorsomedial
aspects of the HA, but and in addition, both the Hp and HA are diffi-
cult to distinguish, dorsally and dorsolaterally, from the area corti-
- coidea (C). Here I will describe MAChR distribution in those areas of

the HP and C which lie caudal .to the plane of section, anterior 12.00.

At the point where the fibres of the tractus septomesencephalicus
(TSM) converge to or diverge from the main body of the TSM,,there are

two very high density MAChR fields, described and designated earlier as
MBF!'s 1 and 2 j(, see figures 45-50: L 0-3, H 11-15 ). Both of these
MRF's: appear to be intimately.related to f.he separating fibres of the

TSM and are clearly distinct from other aspects of the HA, which are only
moderately dense in cholinergic receptor ( see above ). However, both

MRF land MRF 2 are continuous with a generally moderately dense receptor
field which extends as av thin lamina aléng most of the dorsal and lateral
circumference.of the chick forebrain, A lamina which corresponds to the-
hemi'sphere. cortical.layer,vdescribed in the chick stereotaxic atlas

of van Tienhoven and Juhdsz (1962). In fact, MRF 1 is seen to take up

a position which is dorsomedial, anteriorly, but lateral caudally. During
this positional transition, the discreet character of this very high den-
sity receptor field remains unchanged. ( see figures 49-54: L 0-7, H

10-15 }. MRF 2 on the other hand becomes intermingled and indistinguishable

from the now high muscarinic receptor densities of the HA ( see figure

48:; L 0-3, H 13-15 ).



It is of intereét to
note that in frontal sections, caudal to anterior 8.5, muscarinic recep-
tor distribution does not distinguish any region corresponding to the
HIS, Laterally to the high MAChR densities of the HA, muscarinic receptor
den’sij:y decreases, but still differentiates a region which is best described
as ‘'subcortical', lying between the moderately dense circumventing
cortical layer, and medially, the very high densities of the HV. This
subcortical region, similar to the HA, appears to be differentiated
by columns of higher receptor density .which, more caudolaterally, fade
into the low to moderate cholinergic receptor densities of the neostria-

tum ( but see section 3-12)

As. MBF 1 takes up a position more lateral "to the hippocampus,
dorsomedial aspects of the Hp, which at this level is generally very low
in muscarinic receptor density ( see .frigures 48-52: L 0-2, H 12-15 ), are
differentiated by a further moderately dense receptor field, designated
MRF 9 in figures 50-54, which probably corresponds to thé nucleus para-
hippocampalis pars linearis (PHL) ( Benowitz and Karten, 1976 ).
Ventromedially, between the hemisphere medial wall and the hemisphere
ventricle, the hippocampus .'LS populated by moderate to low receptor
densities. However, it is 'significant' to note that MAChR distribution
in this region differentiates a laminated structure to the HP, which
appears tok be the result of the moderately denée receptor field, reported
‘aboye to lie along the extremeb medial and dorsal hemisphere margin, fol-
ding in upon itself along the wall of the hemisphere ventricle ( see
figures 57-60: L 0-3, H 12-15 ). The area parahippocampus (APH),
lying between MRF 1 of the chick cortex and the hippoéampus, is

~generally very low in muscarinic receptor density.
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Septum,

" Frontal g 1 QNB labelled. autoradiogram sections of the chick ' hemisphere,
at a section level anterior 12°¢5, dis,tingui.sﬁ. a very high density musca-
rinic receptor field, designated MRF 4 in figures 44-48: L 0-3, H 6-7.
MRF 4 corresponds to the most rostral limits of the chick septum and is
seen to extend dorsally along the medial hemisphere wall towards the
hippocampus. More caudally, MRF 4 is restricted to ventromedial aspects
of the forebrain hemisphere; at this level, ie, anterior 11.00 to 12.00,
MRF 4 corr'és.ponds: in position to the nucleus of the diagonal band
of Broca (NB) ( see figures 47-49: L 0-3, H 6-7 and figures 38-40: A

11-22, H 6 ).

The septum, dorsal to the NB, is differentiated into a very high densi-
ty receptor field, dorsally, and a generally low to moderate, heterbge—
neous field of muscarinic receptor over ventral aspects. Rostrally, the
very dense MAChR field of the dorsal septum runs ventrally along.the
edge of the hemisphere ventricle ( see figure 49: L 1-2, YH -6-10 ). More
caudally, the very high receptor densities of the dorsal septal field
‘run * down the medial hemisphere wall towards the NB and nucleus preopti-
cus dorsolateralis ( Kuhlenbeck, 1937'). It may be that this field

of dense muscarinic receptor in the dorsal septum corresponds to both
the lateral and medial. septal nuclei ( Karten and Hodos, 1967, amongst
éthers ), although there is no evidence oﬁ the basis of receptor density
‘or dis.tribution to indicate a point of demarcation between latéral and
medial aspects: of this nucleus. The low to moderate mﬁscarinic receptor
densities in ventral aspects of the Sseptum correspond to aspects of the
nucleus commissuralis septi (CoS), commissura pallii (CPa) and

tractus bortico—habenularis et cortico-septalis (CHCS), although
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none of these morphological features are distinguished by MAChR distri-
bution. The main body of the TSM, on the other hand, is clearly visible
running along the medial edge of septal nuclei ( see figures 48-52; L O-1,

H6-9 ).

3.14.2 Diencephalon and Mesencephalon.
Thalamus.

The nuclear and interstiﬁial cell massés of the thalamué are in general
populated by high densities of muscarinic receptor. One nucleus in par-
ticular, the nucleus rotundus (Rt), dominates the anterior midbrain

by its éize,.but,in addition and as an exception to the above generali-
sation, by.its almost complete absence of muscarinic receptor ( see figures
23;24 and 72:; A 6=7, H 6-9, and figures,25,58—63 and 72: L 2-3, H 6-9 ).
The marked difference in muscarinic receptor density between the Rt and
adjoining thalamic regions highlights the discrete character of this

' nucleus, particularly laterally

In sharp
contrast to the near absence of receptor over most of éhe Rt, there is
an extreme, veryvhigh density receptor field over dorsolateral aspeéts of
the Rt. This very dense MAChﬁAreceptof field ciearly lies within the main
. body of the Rt ( see figures 32-34: A 5, H 7-8 and, invparticular, figure
72 B ), but, more medially, is continuous with high.MAChR densities corres-
;pondi»ng<to the nucleus triangularis (T) ( see figures 60-62: L 2,

H8 ). &s observed for other chick brain regions of exceptionally high
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MAChR density, the densely populated MAChR field of the ’dorSal Rt is
reticulate in pattern, punctured 'by areas devoid . of receptor whiéh corrés—

pond to large calibre fibres or bundles.

Dorsolateral to the Fasiculus' prosencephali lateralis (FPL)and

" rostral to the Rt, is a heterogeneous MAChR population corresponding to
the hucleus dorsolateralis anterior tha-laini, pars lateralis
(DLL) and pars magnocellularis (DLAmc) ( see figures 32-34: A 6-7,
- H 7-9, énd'figures 55-58: L. 2-4, H 6-9 ). The density of MAChR in the

DLL is. generally high, but the DLAmC is populated by even higher muscarinic

" . receptor densities, in particular where adjoining: the main body of the

FPL and rostral Rt. The very high MAChR densities of the DLAmc are
differentiated.as a network of dense recepto‘r. which continues ventrally,
to pervade, in a similarly intricabte pattern, the fibre bundles of the
FPL . This FPL invaginating MAChR field corresponds to the nucleus
reticularis thalami, pars dorsalis (RSd) and is seen to be con-
tinuous, ventral to the FPL;  with another dense network of MAChR corres-
_ponding to the véntral cbmponent of the reticularis thalami (RSV)

( see figures 34, 35: A 8, H 6-8; figures 55-59: L 2-3, H 6-7, but parti-

cularly see figure 25, L 2-3, H 6-7 ).

‘Muscarinic receptor distribution in the dorsomedial thalamus is generally
moderate to high in density but, compared to ventral thalamic regions,
is re.lative.iy undifferentiated. The nucleus dorsolateralis anterior
thalami (DLA), which lies medial to the DLL, is populated by high den-
sities of MAChR, particularly where adjoining the main body ofr the Trac-
tus fronfo-.-,thalamicus et thalamo frontalis ( see figures 34-37:
A:7-9, H. 9-10; and figures 57—5>9: L 2-3, H 7-9 ) . More medially still,

the high MACHR densities of the DLA are continuous with a moderate den-



sity muscarinic receptor field corresponding to the nucleus dorsola-
teralis posterior thalami (DLP)and nucleus dorsomedialis pos-
‘terior thalami (DMP) ,which together are seen as a diffuse MAChR field
enclosing the nucleus dorsointermedius posterior thalami (DIP)
which is low j.n muscarinic receptor density ( see figures 60-61l: L 0-2,

H 9-10 ). Dorsal to the DLI.,, DLA and DLM,, is the nucleus superficia-
lis parvoéellulari_s .(SPC) ,alternatively the nucleus tractus septo-
mesencephali, Which lies immediately beneath the dorsal roof of the tha-
lamus and is populated by high densities of MAChR ( .see figures 33 and 34:
A 7-9, H 8—'9 and figures 57-61: L 0-4, H 8-10 ). Dérsolaterally, the
MAChR field of the SPC encloses the main body ovathe TSM, which is devoid
of MAChR.,. Immedi.ately\ dorsal to the TSM is an extremeiy high density

spot of MAChR which lies at the interface of the SPC to the dorsal exten-
sion of the lemniscal nuclei (LM); this receptor field has been
-des_ign&ted in figure 32: A 5, H 9 and figure 60: L 3-4, H 9 as MRF 21.

A similarly very high. density spot of MAChR is seen within, theA SPC, but
more dorsomedially to MRF .21, which has been designated MRF 26 ( see
figure 36; A 8, H 9.). Dorsomedial to the SPC,the nucleus habenularis
lateralis (HL) anci subhabenular nucleus (SHM) are popuvlated by mo-
derate to" h_i‘glh;‘densi.ti.es of muscarinic cholinergic receptor. The stria
medullaris (.,SMe); enclosed by the HL and SHM, is seen to be devéid:of
-receptor. ( see figures 57-60: L 0-2, H 10-11 ), Immediately dorsal to the
SMe 1is anrextreme high density MAChR field, MRF 32 in figuré 60: L O-1

H 11, which corresponds to the nucleus habenularis medialis (HM).

Immediately ventral and extending slightly rostral to the Rt is a hetero-
geneous field of moderate to high density MAChR corresponding to the nucle-
us ventrolateralis thalami (VLT). Receptor density in the VLT is

highest in regions. immediately adjoining the main body of the FPL ( see



-96-

figures 34 and 35: A 6-9, H 6-7 ). Anteriorly, the MAChR field of the

VLT is continuous along the extreme ventral margin of the FPL;, with the
equally high densities of receptor reported earlier to populate extreme
ventrocaudal aspects of the telencephalic basal ganglia, a region corres-
ponding to the .tuberculum olfactorium (TO). Mediodorsally, the
h_igher densities of MAChR over dorsal aspects of the VLT, similar to the
DLAmc, are continuous with the very high density network of MAChR repor-
ted earlier to éorfespond to the RSv..( see figures 34 and 35: A 7-8, H
6+7 and figures 55-=57: L 2-3, H 5-6 ) ‘7 More caudome;iially, the MAChR field
of the VLT extends dorsally. between medial aspects of the Rt and lateral
aspects of the tracts ansa lenticularis (AL), occipitomesencepha-
licus (OM)and .quintofrontalis (QF), to occupy a position which
corresponds to the nucleus . intercalat_us thalami (ICT)and nucleus
posteroyventralis thalamiw(f._PX'/') (- Kuhlenbeck )., MAChR density in the
ICT .is moderate, but similar to the PV , 1s not homogeneous. Aspects of
the ICT, which are juxtaposed to the AL,QF and OM, are populated by
" extremely high densities of_. muscarinic receptor, é region which is heavily
pervaded by fi‘brés éf every. calibre and which more correctly corresponds
to the nucleus subrotundus (SRt) ( see figure 60: L 1-2, H 6-9 ).

The yery high density SRt MAChR field extends dorsomedially to take up

a position ventral to the nucleus ovoidalis (OV); but it is separated
from the OV by a thin band, which is free of MAChR, identified as the
travct_us‘.‘ovoi.dalis., (TV).. Some of the fibré-bundles pervading dorsal
aspects of the SRt MAChR field are probably constituents of the TV, in
addition to fibre bundles .of the OM ( see figure 37: A 6-7, H 8-9 and

figures 60-62: L 0-2, H 7-9 ).

The nucleus ovoidalis (OV) is highly characteristically labelled

for MAChR, in that, similar to a number of other relay nuclei of the chick
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midbrain, the OV is populated by very high densities of muscarinic re-
ceptor around the circumference of the nucleus, particularly dorsome-
dially, while central aspects are almost completely devoid of muscarinic

cholinergic receptor ( see figure 60; L 1, H 8-9 ).
Pretectal nuclear masses.

on the line between the mesencephalon and diencephalon (ie. sulcus
limitans ) are a gfbup.of nuclei. which, are generally considered pre-
tectal, since they: appear to be concerned, to a very considerable extent,
"in the interrelation-of tecﬁal with diencephalic and other centres of the
.;vian brain (cf..Kappers, 1967). These nuélei. are the hucleus pretec-
talis (PT),the nucleus priﬁcipalis precommissuralis (PPC), the
nucleus spiriformis pars lateralis (SpL)and pars medialis (SpM)
and the nuecleus subprétectali_s (SP). With these nﬁclei belong the
lenticular mass of gray, consisting of thenucleus lentiformis
mesencephali;, pars magnocellularis (LMmc)and pars parvocellu-
laris (LMpC) ", which are thought to be continuous ‘with the gray of the

tectum (cf. Kappers, 1967).

The nucleus principalis precommissuralis (PPC) (see below) lies
between the Rt and the tectal gray;, and throughout its area is one of the
most dense muscarinic receptor fields. of the chick brain ( see figure

-~ 31; A 4-7, H 6-8 and figure 60: L 4, H 6-8 ). The limits of the PPC
nuclear mass have never been fully explained; for exa.mpie ; the stexeo-
"taxic atlas. of Karten and Hodos (1967) draws no line of demarcation between
~dorsocaudal aspects 6f the PPC and the nucleus DLA, However, the present
findings reveal that the very high muscarinic receptor densities

of the PPC. end as a bulbous projection centred within fibre tracts of the
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tractus septomesencephalicus pars dorsalis, tractus septo-
mesencephalicus pars tectalis and tractus thalamo-frontalis
‘lateralis; this.dorsoanterior PPC projection is shown in figures 60-
62; L 3~4, H 8-9 as MRF 24, At this level, PPC-MRF 24 is compara-
tively undifferentiated by pervading fibre bundleé. However, as the MAChR
field of the PPC moves ventrocaudally around .the lateral circumference
of the Rt, the number of pervading fibres, recognised by their ‘absence
of silver grains, increases to reach a maximum, where the PPC takes up
a position dorsocaudal to the Rt ( see figures 31-37: A 4-6, H 6-8 and
figures 60-64: L 1-4, H 5-9 ). In general, dorsal aspects of the PPC are
less heavily pervaded by fibre bundles and are more dense in muscarinic
receptor than ventrolateral aspects.,. Laterocaudoventrally, the MAChR field
of the PPC. is pervaded by fibres of the tractus tectothalamicus (TT),
which runs between the nucleus subpretectalis (SP)and Rt. Dorso-
caudal, areas of the PPC MAChR field, on the other hand, are pervaded by
- fibres of the tractus occipitomeéencephalicus (OM) and tractus
“ habenulo-interpeduncularis (HIP) ( see figures 35 and 36: A 5, H
:7-8 and figure 75: L 1-2, H 7-9 ). Ventrolaterally, the MAChR field of the
PPC is continuous with one of three very high density muscarinic recep-
tor fields along the diencephalon-ventromedial tectal margin,the nucleus
superficia113uor,alﬂuhathmly,the nucleus geniculatis lateralis,
pars dérs‘ali,s‘ principalis .(,GLdI-)) ( see figures 31 and 32: A 5-6,

H 6-7 and figures 62-64; L 4, H6 ).

Dorsocaudal to dorsal aspects of the PPC is the nucleus spiriformis
lateralis (SpL), which is populated by moderate densities of MAChR (see
figure 32: A 3-5, H 7-8 ). The SpL appears to be intimately associated

with the PPC, and the interface between the SpL and PPC is populated



by very high densities of cholinergic muscarinic receptor. The nucleus
spiriformis medialis (SpM) is low to moderately dense in MAChR ( see
figures 33 and 34; A'4-5, H 8-9 ). Situated dorsal to the PPC, T, and
‘SPIJand'enclosed by diffuse.and ﬁodérately dense muscarinic receptorl
fields of the area pretectalis (AP) and pretectalis diffusus (PD),
is the nucleus pretectalis (PT) which is circular in shape and highly
characteristically labelled for MAChR. Similar to MAChR distribution in
the OV ( see earli.e,r.. Y, the PT is populated by moderate to high densi-
ties of reéeptor arbund its’ circumference, with a slightly broader re-
ceptor field.rQs.trally. However, central aspects of the PT are very low

» in MAChR . (. see figures .23, 31-33: A 4-5, H 8-9 and figures 63 and 64:

L4, H7-9 ).

Geniculate, lemniscal (syncephalic), ectomamillary nuclei

and tectal gray..

Lying along the ventral margin of the midbrain to the optic lobe are

three very high density muscarinic receptor fields, corresponding to the
nucleus lentiformis mesencephalicus (LM), the nucleus genicula-
tis lateralis Ventralis, pars dorsalis principalis (GLdp)and
nucleus_geniculatis lateralis ventralis, pars ventralis (GLv)

( nomenclature of Karten and Hodos, 1967). The LM may be better known by
the nomenclafure of Rendaj,; (1924) as the nucleus superficialis synen-
cephali, or as described by Cowan, Adamson and Powell (1961) as either

tectal gray or the nucleus externus.

Rostrally, the LM MAChR field lies alongside the lateral edge of the Rt
( see figure 59: L 4-5, H 6 ). More caudally, ie. anterior 5.00, the LM

MAChR field extends from the edge of the tractus isthmo opticus (TIO),



dorsally, to theoptic tract (TrO), ventrally ( see figures 60-62 and
figure 76: L 4-5, H 6~9 ). At this level, the LM. is not unifbrmly popu-
lated by very high densities of muscarinic receptor, but is differentiated
into medial and:lateral high density receptor fields, which may correspond
to the LM divisions pars magnocellularis (LMmc) and pars parvo-
cellularis (LMpc) and which are separated by a central area populated
by lower densities of receptor, pervaded by fibres arising from the main
body of the TrO (.see figure 76: L 4-5, H 6-9 ).. Laterally, the very high
MAChR densities of the LM are coﬁtinu'ous‘ with and arise within the tec-
tal lamina, stratum grisea et fibrosum: (SGF) ( see figures 17, 29:

A 4-6, H 6-8 and figures 59-62 ). Rostrally, ie. anterior 5.00, the LM
MAChR field completely interfaces the tectal laminae from other dieﬁce—
phalic nuclei. At this level, the LM is separated.from the PPC/GLdp
MAChR field by a:fibre trxact which éxtends; from the» TrO, ventrally, to the
TIQ, dorsally.‘ Caudal to anterior 5+00, the LM MAChR field rapidly con-
tracts to a circular and still very dense MAChR field, lying lateral to
the -GLdp and adjoining ventromedial limits of optic tectum ( see figures
© 30-34:; A 4-5, H.5-6 and compare with figures 62-66: L 4~5, H 5 ). In this
stitj:on the LM MAChR field correspénds- to the nucleus ectomamillaris (EM)
u(nomenclature Karten and Hodos, 1962 ) or nucleus externus ( Cowan,
Adamson and Powell, 1962 ), The present <findi_ngs suggest that on a basis
of MAChR. di.s.tfibution , the LMand EM are the same nucleus. The very dense
‘ ﬁAChR field of the EM .gradually declines in size, until its lateroventral
positipﬁ between’the ventromedial tectum and more medial aspects of the
midbrain is.-tak_envup by the branchium colliculi superioris(BCS),
which is completely devoid of muscarinic receptox q_H] antagonist binding
sites ( see figures 32-35; A 3-4, H 6 and figures 64-69: L 3-4, H 6-7 ).
It is of interest to note that the EM is completely distinct from the

nucleus of the basal optic root (BOR) (see figures 35 and 36: A 4, H5
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and see below ).

Situated medial to the LM-EM MAChR field, but separated from by an area
devoid of receptor, is the GLdp. The GLdp is differentiated into a ventral
component whichi.is populated by extreme,fi.yery high densities of muscarinic
receptor; and a dorsal component which is moderat‘ely. dense in MAChR ( see
figure 32, '33_; 72 and 74 B: A 4-5, H 6, and figures 61-65:L 3, H 5;-6 )e

The moderate -to high density MAChR field of the dorsal component of the
'GLd_p is -continuous with the very hi'gh density of muscarinic receptor in
the PPC ( see above and figure 72 B.). Similar to other high density
cholinergic receptor fieldé ; reported here for the chick brain, the GLdp,

‘particularly dorsal.aspects, are heavily populated by fibres.

Situated medial to the GLdp and extending beyond this nucleus, both ros-
trally and caudally, is the nucleus geniculatis lateralis ventralis
(GLv) which, similar to the GLdp, is characterised by extreme very high
densities of muscarinic receptor, ventrally, while dorsal aspects of the
GLv are populated by slightly lower densities of receptor. Rostromedially,
dorsal aspects of the GLV extend to the nucleus preopticus anterior
' (POA) ( see figures : 37: A 8-9, H 5-6 ), where the receptor field
of the GLv is seen to be con%:inuous vand indistinguishable from that of
the VLT and ICT, Caudomedially, ie. anterior 60, lateral 2.5, dorsal as-
pects of the GLvV are massively invaded by fibres of the basal optic
root (TrEM) ( see figures 35 and 36: A 5-6, H 5-6 ). The TrEM, at this
level, is split into three or four fibre tracts between which are bands
of very high muscarinic receptér density ' extendiﬁg from the VLT to most

caudal aspects of the GLv ( see figure 35 ).
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Central nucleli and fibre tracts of the optic lobe,

Areas central to the optic lobe and immediately medial to the optic ven-
tricle are dominated be thenucleus mesencephalicus lateralis, pars
dorsalis (MLd) ( see figures 22, 23, 27-33,71,72 and particularl§\75:

A 5-7, H 10-12, and figures 65-68: L '4-6, H 9-12 ). Muscarinic receptor
density in the MLd is not uniform and distinguishes an underlying mor-
Ehobagical»complexity which, hitherto, has not been fully recognised. The
circumfereﬁée ofifhe MLd, apart from a small bréak caudoventrally, is po-
‘pulated by extreme, very high densities ;f MAChR ( see figures 29-30 agd
65 ).. However, towards the centre of this nucleus, muscarinic receptor
density rapidly declines. The MLd‘core is completely devoid of cholinergic
receptor. The eneloseing  MAChR field (MLd ex cap) is broadest and
most dense over‘AOrsél and .ventral aspects of this nucleus ( see figures
»29—30: A 3-5, H 11 ). The caudoventral gap in the MLd ex cap is 'guarded',
so to speak,'by.two very high density circles of MAChR. The MAChR field
of the MLd ex.cap., at a section level lateral 5.0, is continuous with
the equally high muscarinic receptof densities populating the substantia
grisea ef periventricularis (SGP). The SGP,‘ lateral to lateral 5.0,
completely gncloses.and adjoiné the oétic ventricle ( see figures 27-28

and 66-68; L 4-7, H 6-12 ).

Medially, the MLd is enélosed by the nucleus. intercollicularis (ICo)
which is populated by a comparatively homogeneous, moderate to high density
muscarinic receptor field ( see figures 29-34, 65-66 and figuré 75 ). The
TCo is continuous and, on a basis of MAChR density and distribution, in-
distinguishable, medially, from moderate to high densities of MAChR po-
pulating the substantia grisea centralis (GCt).The ICo is shown

by the atlas of Tienhoven and Juh8sz (1962) to be part of the tractus
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cerebellaris (Groebbels) of the chick brain. Within the ICO, situated
medioventrally and ventrally to the MLd, are two discreet, very high

~ density MAChR fields, shown in figure 65 as MRF 25 and MRF 14 respectively.
: MRF 14 extends along the ventral margin of the ICO to an area immediately
beneath the tractus isthmo ‘opticus (TIO) to form a complex MAChR field
of veiy high density which corfesponds infposit-:i.on to the radix mésen—
cephalicus : nervi trigemini (RXVM) ( see figures 65-68: L 1-5, H

8-9 ). ‘MRF. 14 corresponds to no 'previouély recognised morphological di-

" . vision of th.e.iCo. Immediately caudoventromedial to, and extending along
the entire 'caudomedial_.limits of the ICo is an area completely deQOid of
‘muscarinic ,receptor‘ which corresponds to the tractus tectospinalis of

Tienhoven and-Juhdsz (1962), after Papez (1929).

Situated caudoventromedially to the tractus tectospinalisand MLd, is
‘the’ nucleus;-».mesencephalilcus lateralis, pars véntralis (MLv), |
also known as the formatio reticularis laterali.s mesencephali.
Figures 27-31; A 2-4, H 6-12 show the MLV to be populated by modera£e
denvsiities of MAChR. Over lateral aspects of the optic lobe,the MLv
MAChR field completely encloses the optic ventricle and, over caudal as-
pects, is seen to be continuoué with the extreme, very high demnsity MAChR
field of the substantia grisea et fibrosa periventricularis (SGP).
©  More medially, ie. lateral 4o60 , the moderate density MAChR field of the
MLV sweeps:ventrally towards the very high MAChR field of the LM ( see
figure 29; A 2-3, H 6-12 ). More medial to lateral 4.0, the MLv is charac-
terised by a moderate to high denSi.ty MAChR field, situated dorsocaudal to
the MLd and shown in figure 31: A 2-3, H 11 as MBRF 20.This MLv musca-
rinic receptor .field sweeps ventrocaudally towards a complex of very high

density muscarinic receptor fields which coxrespond to the lemniscus
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lateralis (LL), nucleus lemnisci lateralis, pars dorsalis
(Groebbels) (LLd) and: nucleus isthmo opticus (IO) ( see figures 23

and 30-33: A 1-3, H 8-9, and figure 70: L .3, H-8-10 ).

Caudal to the MLV, the nuclei isthmi, pars parvocellularis (Ipc)
and pars magnocellularis (Imc) are populated by very low densities of
muscarinic receptor ( see figures 22,27,28, and 71: A 3-4, H 7-11, and

figures 69-70: L 4-7, H 6-9 ).
Laminae of the optic tectumn.

The optic tectum of the chick is, by and large, populated by high densities
of MAChR (. see f._i'gures 75 and 88 ). The most extefnal layer, the stratum
opticum (SOp).or sublayer I ( nomenclature of Cajal, 1891 ) is a con~
tinua£ion of the optic tract (TrO) which, in the post hatch chick brain,
is completely devoid of muscarinic receptor antagonist binding sites, Sub-
layers II_a and- II b cﬁfthe stratum grisea et fibrosum (SGF) or
sublayers -2 and 3 ( nomenclature of Cowan et al., 1961 ) are populated
by: uniformly high densities of MAChR. Occasionally, running through all the
laminae of the SGF, there are fibz.;es of large calibre which are visible
by their abs.ex;.cé of vM.AChR. Sublayers II e and II d are low to moderately
dense in MAChR, Sublé,yer I1 f, alternatively sublayer 7, is populated
by extreme, very high densities of muscarinic receptor and, in contrast to
MAChR .distribution between other laminae éf the optic tectum, the MAChR
densities of IT f are sharply demarcated. Sublayer II eand II g are
moderately dense in mﬁscarinic cholinergic receptor. Sublayer II b and
IT of the SGF arz; very dense in MAChR, Dorsocaudally, the very high MAChR
densities of LI. h and II 1 are clearly distinguishable from the lower

moderate muscarinic receptor densities populating the stratum grisea
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centrale (SGC) ( see figure 7} ). However, ventrocaudally, the high
receptor densities of IIh and IIi are ,indi.s.t;nguishable and continuous
with the MAChR of the SGC. Muscarinic receptor in the caudal SGC are
low to moderate in density and heavily pervaded by large calibre fibre
bundles. The stratum album centrale (SAC) is almost completely de-
void of muscarinic receptor. It should be noted that the MAChR fields of -
all‘ tectal laminae are continuous, ventrally, with the veﬁctreme,very high

density muscarinic receptor field of the LM~-EM ( see figure 72 B ).

Tegmental areas of the mesencephalon.

The mediocaudal mesencephalon of the chick brain is populated by low to
low to moderate densities. of muscarinic}: receptor. The distribution of MAChR
in these regions is diffuse and, compared to rostral mesencephalic struc-
tures, undifferentiated. Throughout this region, the low to moderate den-
sity MAChR fields are heavily pervaded by fibre bundles (> see figures
+ 35-40: A 1-5, H 4-9, and figures 65-70: L 1-4, H 6-9 ). The distribution
of MAChR. in tegmental aspects of the mesencephaiic reticular nucleus
(MLv)  has already been touched upon. More medially, the moderate MAChR
densities of the MLV are continuous with slightly higher than moderate '
MAChR derisiti’.eks corresponding to the formatio reticularis mediaiis
mesencephali ,(FRM)l..The FRM, in turn, is indistinguishable on a basis
‘of MAChR distribution and density from the locus ceruleus (LoC) ( see
figures 37 and 38: A 4-6, H 7-9 ). Thev moderate to high-MAChR densities
of the FRM and LoC are not sharply delineated from adjoining caudomedial
MAChR fields of the mesencephalon. The nucleus ruber (Ru), in contrast
to the diffuse MAChR. fields of the mediocaudal mesencephalon, is populated
by very high MAChR densities over dorsomedial aspects, but low muscarinic

receptor densities, ventrolaterally ( see figures 66: L 1-2, H 8 ).
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 Situated along the dorsomedial roof of the caudal midbrain and seen as a
clear extension of the moderate to high density MAChR field of the ICo,

is the substantia grisea centralis (GCt) ( see figure 36: A 1-6, H 6-8 ).
The high MAChR densities of the GCt continue in a caudal direction as far
as the nucleus vestibularis medialis (VeM) and includes the nucleus
immediately adjoining the VeM vrostrally; the nucleus tegmenti dorsalis
(TD) (Gudden). Caudally, the GCt runs into the fasiculus longtitudina-
lis medialis (FLM). During the transission of the GCt into the . FLM,
MAChR density rapidly declines, parficularly over central aspects of the
GCt, until central aspecﬁs of the FLM are completely devoid of MAChR ( see
figure:38: A 0-3, H 4-5 and f_igufe 72 C ). Rostral to the FML, the MAChR
field of the GCt completely encloses the nucleus of Edinger-Westphal (EW)
which is also devoid of receptor( see figure 37: A 3-4, H 8-9 and figures
67-68: L ),-lv, H 9-10 ). Immediately ventral aﬁd slightly éaudal to the EW,
there is an extremely complex field of very high density MAChR which corres-
ponds to the nuclei nervi occulomotori, pars dorsalis (OMd), pars
- ventralis (Oﬂv), nucleus nervi trochlearis (nIV) and mediocaudal
aspects of the locus ceruleus (LoC) ( see figures 37-40: A 2-4, H 7-9,
but particularly figure 72 C ). The OMv éppears to be populated by lower
densities of MAChR than the OMd, but this is probably a reflection of a

~ greater number of unlabelled fibre bundlés pervading the OMv. Ventral to
 the occulomotor complex and sharply distinguished against the low to mode-
rate dens:‘i.tie.s‘ of adjoining posterior mesencephalic regions, there is an
area almost completely devoid of‘MAChR, cofresponaing to the axons of the
-nervus occulomotorius -(N. III)and decussatio brachiorum conjunc-
tivorum (DBC). Immediately lateral to the N III is a population of mode-
‘rate to high density MAChR, roughly circular in outline and relat:;Lve‘ly un-
differentiated by fibre bundles, Which corresponds in form and position to

‘the nucleus tegmenti pedunculo-pontinus, pars compacta (TPc)
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( see figﬁres 35 and 36: A 2-3, H 6-8 ). The nucleus sensorius princi-
palis nervi trigemini (PrV), situated caudomedial to the IO- LLD com-
plex (see above), is populated by high densities of muscarinic receptor

( see figures 32-33: AO - P 1, H 7-8 ).

Hypothalamus.

The lateral hypothalamus (LHy) is populated by uniformly moderate
densities of muscarinic receptor ( see figure 37: A 4-7, H 5-6 ). More me=
dial and posterior aspects of the‘ hypothalamus (PLH) are low to moderately
dense in MAChR, as is the area hypothalami postefius v (AHP) which is
differentiated only by the fibres of the infundibulum (IN). The area
ventralis (Tsai) (AVT), which lies immediately caudal to the IN, is
populated by moderate to high densities of muscarinic receptor ( see figures

39-40: A 4.0, H 5-6 ).

Medulla oblongata or hindbrain.

Medial aspects of.the hindbrain, situated ventral to the FLM, are taken up,
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almost exclusively, by the nuclei of the reticular system, ie. the
nucleus reticularis,pontis oralis (RPO), nucleus reticularis
pontis caudalis, pars gigantocellularis (RPgc)and nucleus reti-
cularis pontis caudalis (RP) ( see figures 33-38: P 0-4 and A 0-3, H
' 3-6 ). The reticular system (RT) of the chick is in general populated by
moderate densities of MAChR. The RPO is populated by moderate to high den-
sities of receptor and largely encloses the lower MAChR field of the Rng‘c
and RT . More medially, fhe RT is populated by patches of high receptor
density ( s.ee figure 38, MRF 30 ) which, however may be an artifact of
autoradiographic proceedure. Caudoventral to the RP,he nucleus paragi-
gantocellularis 1aterélis (PCL)and clivary nucleus (OI) are popu-
lated by moderate to high densities of muscarinic cholinergic receptor

7  . Dorsal and medial to the PCL, the nucleus
‘et tractus descendens nervi trigemini (TTD) is almost devoid of

MAChR ( see figures 35-38 ), as is the funiculus ventralis (FV).

Situated dor.sal to the TTD and FV is a generally very high density complex
of MAChR corresponding to the doiwnn nuclei, nucleus vestibularis me-
dialis (VeM), nucleus intermediusv(IM), nucleus solitarius (S),
nucleus,motorius dorsalis nervi vagi (nX)and nucleus nervi hypo-
glossi (nXII) ( see figures 3%- 38: P 2-5, H 6—8;) . The complexity of
patterning and distribution of MAChR over these nervi-nuclei is such as to
prohibit a detailed description here; suffice to say thét very f;igh densi-
ties of muscarinic receptor are patterned as a network, the MAChR densities
interWinding between areas devoid of receptor which probably correspond

to bundles of descending fibres.



Figures 26 to 38 . A series of light field photomicrogréphé of
parasagittal autoradiographed brain sections
( 70 um thick ) of the 5 week post hatch chick brain, showing the

distribution and density‘of‘silver grains reflecting the distrib-

ution and_gegiOnal>relative concentrations of %H]PrBCM labelled
MUSCARINIC CHOLINERGIC RECEPTOR. Ordinate and abscissa are
approximate stereotaxic coordinates. All the sections shown are
ffom one brain, and each section from 26 to 38 is medial to the
preceeding section. Some of the sections appear generally darker
or lighter than others, as-a result of a combination of factors
including differences: in autoradiogram development times ( not
e%posure ), changes: in the 'strength of photographic developer
during development, and differences in photographic reproduction
of these figure photomicrographs. As for figures 23 to0:25, the
sections: shown in figure5526’to 38 have not been counter stained,
the ima§e‘is*Of silver grain distribution and regional density only.

These sections- have been 'wet emulsion coated ( see methods ).
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Figure 41 to 70. A series of photomicfbgraphs of the pattern
of silver grainsdistribution and density in

LKB tritium film exposed and apposed to frontal brain sections of the

5 week post hatch chick brain labelled by ﬁﬂl Qulnuclldlnyl benzilate

to MUSCARINIC CHOLINERGIC RECEPTOR. As in figures 39 A and B, figures

4] to 70 are photographs of silver grain density alone,with no
undelying tissue section. The contrast of these sections is considerably
more marked than those labelled byiﬁﬂIuBCM and 'wet  emulsion coated';,
This is primarily the result of the greater 'sensitivity' of LKB
tritium film. However it should be noted that silver grain density in
the hyperstriatum ventrale ( HV ) is considerably greater ( apparently )
in %HTI ONB- labelled LKB tritium film exposed sections than for 3H

PrBCM. labelled and 'wet emulsion 'coated autoradiograms.

Figure 71 A and B. Light field photomicrographs of parasagittal

_ autoradiographed sections across the optic
lobe of the 5.week post hatch chick brain showing the diastribution
of‘%ﬂEuBCMﬂlabelled MUSCARINIC RECEPTOR. Figure 7] B is medial to
7] A.The lighter densities of silver grains towards dorsal aspects
of the optic lobe is prbbably an artifact of proceedure. Wet emulsion

coated. Scale bar = 1 mm .
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Figure 72 A to C. Light field photomicrographs of regional
details of the pattern of silver grains in

parasagittal- section across the paleostriatal complex ( A ), the.
antero-ventrolateral thalamus ( B ) and occulomotor nuclei ( OM ) and
fasiculus‘longtitudinalis medialis ( FLM ) [ C ) of the 5 week post hatch
chick brain, reflecting the pattern and cocentrations of MUSCARINIC
CHOLINERGIC RECEPTOR. The arrows of figure B point to a dense dorsal
MAChR field of the nucleus rotundus  ( Rt ) which may correspond to
the nucleus-.triangularis ( T ) but which quite clearly lies within

the main body. of the Rt. Scale bar = 1 mm.
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Cerebellum, central nuclei and cortex.

The nucleus vestibularis (VS) is very low in MAChR ( see figure 36:

P 0-1, H 7-8 ). Areas immediately caudal to VS, through which traverse the
fibres of the bra,nchium conjunctivum (BS) are low to moderately dense
in muscarinic receptor. The central cerebellar nuclei, cerebellaris la-
teralis (CbL) and medialis (CbM) are low in muscarinic receptor den-
sity. The central cerebellar white matter is completely devoid of muscari-
nic receptor in the 5 week post hatch‘chick brain ( compare with MAChR dis-

tribution in the developing cerebellum, section 3:.:1:6)

Of the cerebellar cortical cell layers only the external aspects of the mo-
lecular cell layer (MCL) are populated throughout by moderate densities
of MAChR ( see figures 34-38 and 66 ). Inner aspects of the MCL are low in
MAChR, although the inner aspects of MI.Cof folia I, X, and XI are
clearly populated by higher densities of MAChR, ie. between ‘low and moderate
receptor densities. However, this folia difference in MAChR density may be
an artifact of autoradiographic emulsion cbating proceedure. The granula
cell layer (GCL) is populated by very low densities of muscarinic recep-
tor. However, there are very small and scattered moderate density patches
of muscarinic receptor throughout the GCL, particularly along the pur-

kinjie cell interface between the MCL and GCL.
3.15 Nicotinic receptor distribution in the post hatch chick
brain.

The following is a comparatively brief description of the distribution and

density of nicotinic cholinergic receptor (NAChR) in the two (2) week post
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hatch chick brain (N=4), as labelled by the partial irreversibly bound -
'specific' nicotinic cholinergic antagonist qﬁla bungarotoxin (a BTX). The
method used for the autoradiographic mapping of chick brain NAChR is the
same as that used to map MAChR distribution. However, thefmrﬂan irrever-
sible binding character of qﬁ]u BTX for NAChR increases the probability of
artifactual labelling, resulting from diffusion of QHlu BTX away from ori-
ginal and 'specific’ binding sites. For this reason, and others discussed
elsewhere ( see section 1.2) concerning the 'specificity' of the ligand

d BTX for cholinergic receptor, the present findings for NAChR distribution
should be seen as highly tentative, stressing the putative nature of nico-

tinic receptor as labelled by %ﬁ)a BTX.

There are very few regions of the chick brain which are populated by “vefy
high densities" of NAChR_( ie. 150 pmoles/g protein ), and these regions
are mostly localised to midbrain structures. For thisAreason, and because
the desciptive terms high density, moderate density and low density etc.
are very limited, the following description of NAChR distribution in the
telencephalon should be viewed independently of that for the midbrain.
Table 6 gives a good idea of the marked difference in NAChR concentrations
between the forebrain and midbrain of the post hatch chick. Where possible,
I will try to indicate thebapproximate corresponding concentrations of nico-

tinic cholinergic receptor with the descriptive density term Mﬂ%f

3.15.1  Telencephalon.

The post hatch chick forebrain is in general populated by very low to low
densities of NAChR ( ie. 30 pmoles/g protein ) ) see figures 78-81l: A 7-

15, H 6-15 _ . However, there are very few regions of
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the telencephalon which are not populated by densities of oBTX labeiled
nicotinic cholinergic redeptor in excess of non specific, ie. d tubocura-
rine displaced, oBTX binding densities. The distribution 6f nicotinic recep-
tor is diffuse and, unlike MAChR distribution, comparatively undifferentia-

ted by the underlying morphology of the forebrain.
Olfactory lobe and Tuberculum olfactorium.

The highest densities of NAChR .in the chick forebrain are iocalised to the
- glomerular cell layer (GLomL) and external granular cell layer
(OGrL)of the olfactory lobe ( NAChR densities corresponding to >80 p
moles/g but < 130 pmoles/g protein ) ( see figures74 . and 75 ) . The nicoti-
nic receptor field of the OGrL is continuous with equally high NAChR po-
pulating the olfactory tuberculum (TO) ( see figure 75 ). The mitral
cell layer (Mit L) and inner granular cell layer (IGrL) are very
low inc_;g BTX nicotinic cholinergic receptor binding sites ( ie. 10 pmoles/

g protein ).

Caudal to the olfactory lobe, the moderate to high densities ( for the
telencephalon ) of putative nicotinic receptor populating the TO are con-
tinuous with moderate NAChR densities populating ventral ‘aspects of the
lobus parol;ﬁactoribus (LPO), paleostriatum augmentatum (PA) and .

"nucleus accumbens (Ac) ( see figures76 ,77 -and 81 ).
Paleostriatum.

The PA, LPO-and nucleus interpeduncularis (INP) are populated by

higher densities. of NAChR than most other regions of the telencephalon, apart
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from that is the BO, TO and hyperstriatum‘.dorsale (HD) ( see figures
73-8l: 8-12, 6-10 ). The moderate densities of putative NAChR populating
dorsomedial aspects of the PA fall away abruptly at the juncture of the
PA to the Ectostriatum (E) ( see figuré 8l ). However, betwéen the PA
and E,and in particular between the PA and neostriatum frontalis (NF),
there are numerous fine 'streams' of silver grains,

which correspond in direction with fibres entering and/or
leaving the paleostriatum. Between the E and PA, these filamentous streams
of NAChR correqund to an area maésively pervaded by fib:;es of the tractus
fronto-thalamicus (FT) and, betweeﬁ the PA and NF, to fibres of the

tractus fronto-archistrialis (FA) ( see figure 81 ).

Nicotinic receptor d‘ensity‘ >:i.n the PA is not unifofmly moderateliz dense.
For example, the juncture of»the DA with the PP, over lateral aspects of
the basal ganglia, is populated by very much higher NAChR densities than
other aspects of the PA, a nicotinic receptor field Which continues ven-
trally with the high NAChR densities populating theTO ( see figures 77 and

8l ).

‘The LPO, in general, is populated by higher densities of NAChR than the
PA. Again these higher densities of nicotinic receptor are differentiatéd
as 'streamS' ,orientated parallel to the basal ventral wall of the forebrain.
Rostroventromedially, the LPO NAChR field continues beneéth the forebrain
ventricle to run, wifhout any sign of a line of demarcation, into the equal-
ly high densities of NAChR populating the area accymbens (Ac) ( see figure
8L ).
The paleostriatum primitivum (PP) is generally very low in ‘o BTX la-

belled nicotinic receptor ( see figures 73, 78,79v and 81 ). However, similar



Figure 73. , Projected ( camera lucida. ) drawing of the
patterns and distribution of silver grains
reflecting the distribution and regional concentration of o BIX
labelled NICOTINIC CHOLINERGIC RECEPTOR.in. a parasaglttal autoradlog-
raphed brain section of the 2 week post hatch chick brain. Wet

emulsion coated. Compare with figure 78.

Figures 74 to 77.. ' A series of projected drawings, reproduced
diagramatically, showing the distribution

of o BTX - labelled NICOTINIC CHOLINERGIC RECEPTOR.in frontal auto-

radiographed brain sections of the telencephalon of the 2 week post ol

hatch chick brain. These figures show only the regional distribution

of o BTX labelled receptor , the apparent densities shown are neither

proportional nor accurate representations of regional concentrations.
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Figure 73 to 77 NICOTINIC RECEPTOR DISTRIBUTION ; 2 WEEKS mST HATCH;
LIGAND 3H a Bungarotoxin
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to muscarinic recepto.r distributionv, rostfoventral aspects of the PP are
populated by slightly higher densitiés of NAChR thal;l dorsal aspects. The
INP is populated by moderate densities of NAChR, except along the INP
interface to the PP, where NAChR distribution is once more differentiated
as‘ 'streams' of comparatively very high density nicotinic cholinergic

receptor ( see figure 77 ).
Hyperstriatum.

The hyperstriatum dorsale (HD)_ / hyperstriatum intercalatis
superior (HIS) is populated by E_igher densities of NAChR than the ad-
joining hyperstriatum accessorium (HA) and hyperstriatum ventra-
le (_HVv) (. see figures 74—77,ahd 81 ). Medial aspects of the HD/HIS,
particularly where adjoining the forebrain ventricl'e,» are more dense in NAChR
than lateral aspects. Im addition, the form of the medial HD/HIS NAChR field
is 'bulbous' in outline, whereas, laterally, it is more laminated (see figure
75 and 76 ). The HA is populated by uniformly low densities of nicotinic
recéptor. The HV J-:s;a’lmost devoid of specific o BTX nicotinic densities

(. campare with MAChR densities ).

Neostriatum and Ectostriatum.

The neostriatum frontale (NF)and neostriatum intermedium (NI),
apart from more medial and caudal aspects ( see below ], are populated by
uniformly low densities of nicotinic cholinergic¢ f‘:.ceceptor ( see figures

73— 77 and 81 ). Medial aspects of the NI are characterised by a rela-
tively discrete higher density NAChR field which, ventrally, is continuous
with NAChR densities populating dorsal aspects of the PA ( see figures 76

and 77 ). More laterally, the higher NAChR densities of the medial NI



FigU?e' 78 to 80. 4 series of light field photOmicrograpHs of
parasag1ttal autoradiographed brain sections

of the 2 week post hatch chick brain showing the distribution and re-

" gional concent:atibn of silver grains reflecting the distribution and .
regional concentration of o BTX labelled NICOTINIC CHOLINERGIC RECEPTOR.
Figure 80 is medial to figure 79 which is medial to figure 78. All
three sectionS’are.from the same brain. The circumference of the
telecephalon of all three sections is charaterised by a pand of quite
high density silver grains,.which are probably én artifact of diffusion

of'non spec1flcallu ' bound %H]a BTX ( "halo effect " ). These auto-

radlogram sections have been 'wet emulsion coated '.



Figures 78 to 80. NICOTINIC RECEPTOR DISTRIBUTION : 2 WEEKS POST HATCH
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gradually decrease to eventually 'meld' into the lower NAChR densities of

lateral aspects: of the NI.

The ectostriatum (E) is completely devoid of specific. oBTX labelled

NAChR ( see figures 79, 76 and 8l ). However, towards peripheral aspects of
the E, a region known as the periectostriatal belt, there is a marked
increase in NAChR density to levels equivalent to most other aspects of the

neqstriatum.

The area corticoidea or'éortex‘ of the chick forebrain is populated
by substantially higher densities of NAChR th%n underlying regions of the
neostriatum and hyperstriatum ( see figures 73,and 75-81 ), However, it
is. possible that: the apparent higher densities of 3{H] OBTX labelled NAChR in
the 'cortex' is an artifact of receptor label ( GBTX ) diffusion ( see
Vf(ig_ures 78-80 ).

The area parahippocampus (APH) is in general populated by very low
densities of NAChR ( see figures 77, 78, and 81- 82 "). However, the
nucleus parahippocampus pars linearis (PHL) ( Benowitz and Karten,
1976 )., situated along the‘most mediodorsal wall of the forebrain sulcus,
is populated by moderate densities of NAChR. More caudally, the NAChR popu-
lation of the PHL takes up a position along the dorsomedial margin of the

APH ( see figures 77-82 1y,
3.15.2 Mesencephalon and Diencephalon.
Thalamus and primary optic nucleus. (OPT).

The dorsal thalamus of the chick mesencephalbn is dominated by a very high
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density NAChR field which largely corresponds to the nucleus dorsola-
teralis anterior thalami (DLA), but, in addition and without any break
in'continuity of nicotinic receptor ‘density, to the dbrsolateralis an-
. terior thalami, pars lateralis (DLL), dorsolateralis anterior
thalami, pars magnocellularis '(_DLAmc) , lateral aspects of the nu-
cleus dorsolateralis posterior thalami (DLP)and area pretec-
talis (AP) ( see figures 78-80, 82 and 84 ). This group Vof dorsal thalamic
nuclei, together with the nuéleus lateralis anterior thalami (LA),
has been functionally grouped and designated the primary optic nucleus

.COPT) ( Karten et al., 1968 ).

The NAChR field of the OPT is limited, ventrolaterally, by the nucleus
Ventrolatefalis thalami (VLT), more ‘medially by the main body of the
fasiculus prosencephali lateralis (FPL),caudally by the nucleus

rotundus (Rt) and dorsomedially by the nucleus dorsomedialis ante-

rior thalami (DMA).

The limits of the OPT NAChR field are not, for most adjoining brain regionms,
sharply defined. Ventromedial aspects of the OPT high density NAChR field
are heavily pervaded by :fibres which, on first leaving or entering the main
body of the FPL, are unlabelled for nicotinic cholinergic receptor ( see
figure80 ). Dorsomedially, the very high densities of NAChR in the OPT
extend towards and are continuous with nicotinic receptor densities popu-
lating medi‘ai' aspects of the optic tectum ( see figures78 and79 ).
Dorséanteriorly, the NAChR field of the‘ OPT is heavily pervaded by un-
labelled fibre tracts of the septomesencephalicus (TSM) ( see figures
80: A 7-8, H 9-11, and figure 841 . Dorsal to the TSM,the nucleus super-
ficialis parvocellularis-tractus septomesencephéliéus (SPC) is

also populated by very high densities of nicotinic receptor, which, over



Figures 81 to 83. A series of dark field photomicrographs of
frontal autoradiographed brain sections of the
2 week post hatch chick brain, showing the distribution and regional
concentrations of .o BTX labelied NICOTINIC RECEPTOR;across the fore-
_brain ; médial ( 8] ) and caudal ( 82 ), diencephalon ( 82 ), and optic
.lobe, mesencephalon, hypothalamus and cerebellum ( 83 ). The concent- o
ration of silver grains ( seen in the figures as 'degrees of whiteness')
rare qomparable'between sections as shown, but to the cost of resolution

of the regional detail of the optic tectum ( 83 ).
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Figures 81 to 83. NICOTINIC RECEPTOR DISTRIBUTION: 2 WEEKS POST HATCH.
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more lateral aspects, are continuous with the very high nicotinic receptor
densities of the OPT ( see figure 82 ). The nucleus habenularis (Hb),
situated at the most extreme dorsomedial margin of the anterior midbrain,

is populated by high densities of nicotinic receptor ( see figure 82 ).

The nucleus rotundus (Rt) is populated by low densities of aBTX la-
belled nicotinic cholinergic receptor ( see figure 79, 80, 82 and 8410) .
However, dorsolateral -aspects of this nucleus are populated by slightly
higher NAChR densities than other aspects of the Rt ( see figures 79 and
82 ), and throughout the Rt, there are very small patches of NAChR of
higher receptor density, but which are not sufficiently concentrated as a
_ group to comstitute a 'recepfor field'. Situated dorsoanteriorly to the
Rt, there is a very high density NAChR field which corresponds to the ten-
tatively identified nucleus triangularis (T). If this very dense NAChR
field does correspond to the T, and not to some aspect of the DLA, then
it is very closely associated and continuous with the very high density

NAChR field of the OPT ( see figure 82 ).

-Of other thalamic nuclei, only the nucléus ovoidalis (Ov) is popula-
ted by high densities of NAChR ( see figure 82 ), and, similar to MAChR
densities in the Ov, it is the dorsal and médial aspeéts to this nucleus
which aré most dense in nicotinic receptor. The nucleus subrotundus
(SRt), situated ventral to the Ov, is populated by generally very low
densities of NAChR.. Interestingly, there is a definite tail of high density
NAChR extending .from medial aspects of the Ov ventralward, which may cor-

respond to tractus nuclei ovoidalis (TOv) ( see figure 82 ).

The nucleus principalis precommisuralis (PPC)and nucleus spiri-

formis lateralis (SPL) are almost completely devoid of o BTX labelled
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NAChR ( see figures 77 +79, and figure 83 ). This is a particularly signi-
ficant finding, since the PPC has been shown earlier to be one of the most
dense MAChR fields of the chick brain ( see section3.14.2, The nucleus
spiriformis medialis (SPM) is completely devqid of nicotinic choli-

nergic receptor ( see figure 80 ).
Geniculate, lemniscal and ectomamillary nuclei.

The complex of nuclei lyi_ngk along the ventrolateral margin of the mid-
brain tq ventromedial aspects of the optic lobe has already been exten-
sively described in céntext with muscarinic receptor distribution. These
nuclei, ie. the nucleué lentiformis mesencephali (LM), nucleus
geniculatis lateralis, pars dorsalis (GLdp), nucieus genicu-
latis lateralis, pars ventralis (GLv) and nucleus ectomamilla-
ris (EM), are populated by regipnalljidi_sc‘r‘e'té, very high ‘densities of ni-
cotinic cholinergic receptor ( see figures 78-80, 82,83 and 84 b'). The
very high density NAChR field of the LM arises in the rostrolateral mesen-
cephalon, but more caudally, comes to occupy a position between the GLdp
and tectal laminae, a region corresponding to:the nucleus ectomamil-
laris (EM) . During the course of transistion of this deﬁse NAChR fieldr
from a position clearly identifiable és LM to one corresponding tosithe

EM, there is no point of demarcétion such as to suggest that the LM and

. EM; are morphologically distinct nuclei. A. similar continuity in the LM-EM
NAChR field was observed for muscarinic receptor distribution. The LM/EM,
GLdp -and GLv NAChR fields are disﬁinct and separated from one another by
areas largely devoid of nicotinic receptor, which are probably inwardly
projecting fibres arising from the main body of the optic tract (TrO)

( see figures 79-80, 82, 83 and 84b).
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Within the main body of the TrO and particularly the optic chiasma,
there are widely spsced, full and half circle patterns of moderately dense
silver grains, which obviously suggest that nicotinic receptors.are loca-
lised to regions between fibres of the TrO ( see figure 73 ). Such sil-
ver grain patterns and densities are not apparent over consecutively cut
brain sections,treated.to show the distribution and density of non-specifi-
cally bound, ie. d-tubocurarine displaced, o BTX NAChR binding sites. How-
ever, these patterns of silver grains are very unusual and may result from
the artifaetual accumulation of unbound a BTX molecules between TrO fibre
fasicles. Throughout all d BTX labelled autoradiograms of the chick brain,
there is evidence for post emulsion coating diffusion of qﬁla BTX, seen
most cleaily«as a 'halo! ef silver grains around the circumference tissue
sections ( see figures 78f80, particularly the forebrain ). It is probable
that, during emulsion coating, lightly bound or unbound o BTX molecules be-
comerentrapped” between the spaces of TrO fibres resulting from shrinkage

during diying.

Similar patterns of silver grains of moderate density are localised to

central aspects of the FPL, tractus tectothalamicus (TT), tractus
septomesencephalicus (TSM) and central white matter of the cerebel-
lum ( see figure 80 ). The decussatio supraoptica (DS) is populated

by. uniform, moderate densities of nicotinic cholinergic receptor.
Preoptic, central nuclei and tracts of the optic lobe.

‘The circumference of the nucleus mesencephalicus lateralis, pars
dorsalis (MLd) is populated by moderate densities of NAChR, while cen-
- tral aspects of this nucleus are completely devoid of nicotinic receptor

( see figures 78-80 and 83 ). The circumventing moderate NAChR densities
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of the MLd are not sharply demarcated from adjoining regions of the optic

lobe.

It is of particular interest to note that a small, circular and discrete
area within the nucleus intercollicularis (ICo), immediately wventral
to the MLd, is completely devoid of NAChR, a region shown to be populated
by very high densities of muscarinic receptor ( see figure 83 and compare

with figures 65-66, region designated MRF 14 ).

The nucleus subpretectalis (SP) is populated by very low densities

of NAChR ( see figure 8;3, ) . Situated dorsally to the SP, there is a very
high density nicotinic receptor field localised. to the nucleus intersti-
tio-pretecto-subpretectalis (IPS)and tractus pretecto-subpre-
tectalis (PST). The IPS/PST NAChR field is continuous, dorsally, with
very high densities of nicotinic feceptor populating t‘;he circumference of
the nucleus pretectalis (PT) ( see figure 84b). Central aspects of
the PT, on the other hand, are completely devoid of a BTX binding sites.
Dorsal to the PT‘ and SPM is a further high density field of NAChR which

corresponds to the nucleus pretectalis diffusus (PD) and TSM.

The nucleus lemnisci lateralis, pars dorsalis (LLd) is populated
by very high densities of nicotinic receptor ( see figures 78-80 and 84 b ).
The LLd NAChR field continues dorsolaterally to adjoin equally high den-
sities of nicotinic receptor localised to the nucleus isthmi, pars par-
vocellularis (Ipc). NAChR densities in the Ipc continue, in a caudal
direction, from a point adjoining the ventral margin of the LLd to an

area immediately dorsal to the SP ( see figures 78-80 ). The nucleus
isthmi, pars magnocellularis (Imc) is also populated by high den-

sities of nicotinic receptor, patterned as a reticulate network consistant



Figure 84 ' A and B. Two light field photomicrographs of para-
>sagfttai segfions across the optic lobe

of the 48 hour post hatch (A ') and 2 week post hatch ( B ) chick

brain-, showing the distribution of o BTX labelled NICOTINIC CHOL

INERGIC RECEPTOR. Figure A ( Lateral 5.75 ) is lateral to figure

B (L. 3.75 ) Compare with figure: 7] ., Scale bar = 7m,:’



00

y %>

%

o
'A\\Ah'y /
oA x| 34iy H c‘z
%“#t & :;
=5 .



\ -137-

~with the cellular morphology of this nucleus. Streaming from ventral as-
pects of the Ipc/LLd in a rostral direction, there is a 'wisp'-like
high dénsity NAChR field corresponding to the lemniscus lateralis (LL)

and/or the nucleus semilunaris (SLu) ( see figures 79 and “84 b).
Laminae of the optic tectum.

Very high dénsities of NAChR are localised to laminae of the stratum
grisea et fibrosum (SGF) and stratum grisea centrale (SGC) ( see
figures 78-80, 7837and 84a) . Sublayer IIf of theSGF is the most dense
NAChR populated lamina of the optic tectum (OT), similar to muscarinic
receptor densities in the OT. Very high densities of NAChR are located

to sublayer IIa and IIbof the SGF ( see figure84 ). .However:," between
the very high NAChR fields of IIa and IIb is a region of lower receptor
density. It is possible, although I think unlike_ly , that this region of
lower receptor demsity corresponds to sublayer 1Ib, ‘in which case the
second of two high density NAChR fields of the peripheral SGF would corres-
pond to sublayer IIc. However, it is my opinion that the thin band of
lower receptor density merely marks a brief transition point between sub-
layer IIa and IIb and that the second of these NAChR fields does corres-
- pond to IIb and not to IIc, in which case sublayer IIc is populated
by low to moderate densities of nicotinic cholinergic‘ receptor, similar to
Subiay‘er IId. Sublayer IIg is low in nicotinic receptor and sub-
layers IIh and IIi of the SGF are populated by moderate to high densi-

" ties of NAChR ( see figure 84 ). The SGC is differentiated by NAChR den-
sity in two laminae; the uppermost, adjoining the SGF, is low to moderately
dense in NAChR, while the more medial lamina, adjoining the stratum al-
bum centrale (SAC), is populated by moderate to -high-densities of ni-

cotinic receptor. The SAC is largely devoid of o BTX labelled NAChR.
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In general, nicotinic receptor distribution and density in the optic
tectum is not as sharply localised to particular laminae as ha§ already
been described for MAChR distribution. Nicotinic receptors are also

much less homogeneous, and the silver grain patterns, particularly under
higher magnification, are much more 'patchy" than observed for muscarinic
receptor distribution. The very high densities of NAChR localised to the
subl}ayers of the SGF, similar to MAChR distribution, are continuous with
the equally very high density receptor field of the lemniscal and ecto-

mamillary nucleus complex.
Hypothalamus.

Lateral and caudal aspects of th’e chick hypothalamus are populated by mo-
derate to high densities of nicotinic receptor ( see figure 83 ). A par-
ticularly high. density NAChR field is localis.ed to a discreet area of the
hypothalamus which corresponds to the nucleus lateralis hypothalami
(LHy). This rece?tor field, howéver, is not diffuse and does not corres-
pond to all aspects of the LHy as shown by the stereotaxic atlas of Kar-
teﬂ and Hodos (1967). for the pigeon brain. Medial to the high NAChR densi-
ties of the LHy is an area populated by substantially lower densities of
nicotinic receptor, corresponding to the nucleus lateralis hypothala—
mi posteriu‘s‘ (PLH)and nucleus medialis hypothalami posterius =
(PMH). Dorsal to the PLH and PMH,the stratum cellulare internum
(SCI) is populated by moderate to high densities of NAChR; more caudally,
the h:.gh density NAChR field of the SGI is continuous with a similarly high
.densi,ty'.;v,NZ.kChR field localised to the area hypothalami posteriusv
(APH) ( see figure 83 ). The' stratum cellulare externum, lying la-
teral to the SCI, is very low in NAChR. Moderate densities of o BTX la;-

belled NAChR are localised to the area ventralis (Tsai) (AVT) which



-139-

adjoins and partly encloses the occulomotor nerve (NIII).
Cerebellum.

The grahular cell layer (GCL) of the cerebellar cortex is populated
by uniformly moderate densities of NAChR. The molecular cell layer is

populated by low densities of receptor.

The fibrous central white of the cerebellum is very low in nicotinic re-
ceptor, as are the nucleus cerebellarisri'nternus (Cbl) and commis-

sura cerebellaris ventralis (CCV).
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3.16 Ontogeny of muscarinic receptor distribution in the chick

brain in ovo. -,

Because of the high percentage water content of the chick embryo brain,
sectioning, in preparation for light microscope autoradiographic 1ocalisationb
of muscarinic receptor, proved to be very difficult.To resolve . this problem
the whole chick embryo head was sectioned which; in addition to maintaining

tissue integrity, maintained the orientation of the brain as if in-vivo.

The following is a provisional and general description of muscarinic receptor
distribution in the in ovo-chick brain from 10 days in ovo (10 DIO) to 1

day post hatch. Brain sections have been labelled by the irreversible anta-
gonist %ﬂImBCM.>Frontal and parasagittal sections were cut from at least
three brains for each developmental day between 10 DIO and 1 day post.hatch,
composingjin totaljseveral thousand receptor labelled autoradiographed brain

sections.

Patterns of muscarinic receptor distribution in the chick brain

in ovo.

Between 10 DIO and 19 DIO all regions of the brain, whether broad fields of
cells, laminated regions, relay nuclei and interstitial cell populations,
expanses of white matter, fibre tracts, ventricular or subventricular proli-
ferative zones are populated, at one time or another between these ages, by
densities of specifically bound muscarinic antagonist whiich are considerably
in excess of non specific binding densities ( ie. those-not displaced by nM

concentrations of atropine ). For many regions of the brain, the appearance of
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moderate to high densities of redeptor'is a transienﬁ'phenomenon of in oﬁb‘
develqpment. Densities of receptor appear and then'largeiy disappear kif
within °~one or two develépmental days. In addition, all regions of the
chick brain, including those destined to be the main fibre bundles of the
brain, for example the medial and lateral forebrain bundles, are populated
by highly characteristic and‘unique‘in ovo patterns of muscarinic receptor

densities ( see figures 87, 89 and 96 ).

These patterns are concehtrations of %ﬁ]antagohist labelled réceptor which,
quite unlike receptor distribution. in the post hatch chick brain, are not
contained within and defined by morphological anatomical boundaries of par-
ticular brain regions, at 1east as discerned in the pbst hatch brain, but
traverse wide expanses of the brain ( eg. see figure 95 ). For midbrain
regions in particular, these patterned réceptofAdénsities are indistinguishably
intermingled‘betWeenﬂbrain regions; There are in éSsence two types of regional
receptor density~pattern, 1) homogeneoﬂé, wheie.receptor density is distri-
buted uniformly throughout any\particulaf brain region, a pattern of receptor
characteristic of poét hatch muscarinic receptor distribution, and 2) hetefc4’
geneous whiéh cén be further divided into 'sheets' or 'patches' and 'parallel
arrays'.'Sheets and patches'tend to be of higher muscarinic receptor density
which may traverse wide areas of ﬁhe brain, for example caudal forebrain

( see figure'97 ) or be morelpegionally localised, whilée 'parallel arrays'
tend to be of lower muscarinic receptor density amd similar to 'sheeﬁs'

can traverse large areas of the brain, but are c&ncentrated in tightly'éacked

parallel lines ( see figure 95 and 96 ).

Although these heterogeneous patterns of muscarinic receptor density are

characteristic of the embryo brain between 11 to 19.days in ovoj the appearance,



Figures 85vt0 87. Dark field photomicrographs of parasagittal

autoradiographed brain sections showing the
distribution of silver grains ("whiteness") reflecting the pattern
-and comparative regional concentrations of 3H PrBCM labelled

MUSCARINIC CHOLINERGIC RECEPTOR in the 12 days in ovo ¢ 85 ), 14

days in ovo ( 86 ), and 16 days in ovo ( 87 ) chick EMBRYO brain.

Although from‘different‘ages.figure>87 is medial to 86 which is medial
85. The brain has not been dissected from the head for these auto-
radigraphed sections, consequently muscarinic antagonist labelled
receptor are also evident in the Pia and Dura Mater, the retina (86)
and ossifying bone of the cranium. Note the relative size of the
olfactory lobe in comparison to the forebrain of the 16 days in

ovo eé%yo ( 87 ). These autoradiograms have been 'wet emulsion

coated’. Scale bar = 1 mm/!



Figures 85 to 87. MT8CARINIC RECEPTOR DISTRIRTITTON IN THE IN OVO CHICK BRAIN
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change in form, density or distribution of receptor exhibit af

regionally distinct temporal and spétial order of devéiopméﬁt: It

is qﬁite impossible to de;cribe the regional order of change in pattern-and
density 6f receptor, since considerable changes may occur on a highly regio-
nally localised basis within one de&elopméntal day. Hoﬁever, between 17 and
19 pIO, fo? the vast majority of brain regions, there is a dramatic change
from heterpgeneous to hgmogeneous'pétferns;of receptor distribution which

is accompanied by post hatch distributibn anavdénSities of muscarinic recep-
.tor._The;é is qﬁiﬁgré'disﬁipct cépaél to. rostrai gradient,o£ change'from
heterogeneouS‘tb homogeneous patternS'of‘receétor distribution. For example}
the dorsal anterior thalamis and habenular of the diencephalon are the

last midbrain regions to show this transformation ( see figures 97 and 98 ).

There appears to be some sort of interactive relationship between 'patches'
or 'sheets' and the 'parallel arrays' bf receptor density. For example, in
the chick embryo forébrain the lower density parallel lines of receptoxr may
at one point bé 'disrupted' by a highly localised 'patch' of high density
receptor ( see figure 89 @ and b ). Between one developmental day and the
next, the first 'patch' has éither moved or disappeared and is displaced
by another similar 'patch' of receptor interrupting thé same field of |

parallel lines of lower density receptor, but at a different regional level.

If figures 99 and 100 to ld?fare compared, it can be seen that the distri-
bution and form of muscarinic receptor distribution appears to cdrrespond
quite closgly>with.the'morphological differentiation of the brain, as stained
by cryselecht violet and shown in figure 102 in light field and figure 99;\*
in dark field. Figures 99 and 1Ol are consecutively cut sections to,thaﬁ

shown in figure 100 which have not been labelled for receptor or subjected



Figure 88. Dark field photomicrograph of a frontal auto-
radiographed section across the forebrain of the

14 days in ovo chick brain, showing the distribution of %H?PrBCM

labelled MUSCARINIC CHOLINERGIC RECEPTOR. Note the moderate to high
’don51t1es of MACHR to the hyperstriatum intercalatus superior ( HIS )

Scale bar =1 mm:

Figure 89 A dark field photomicrograph
. of a frontal autoradiographed section

across: the forebrain of the 15 days 1n ovo chick embryo brain, show-

ing the patterns and concentration of 51lver grains reflecting ﬁﬂ
PrBCM labelled MUSCARINIC CHOLINERGIC RECEPTOR distribution. This
figure demonstrates quite clearly some of the developmental unique
patterns of %ﬁﬂantagonist labelled receptor observed in the in ovo
chick brain, but,inparticﬁlar, shows- the relationship ( topographic )
between "pétch" like fields of higher density receptor and the near
linear "pargliel arrays" of lower receptor density. None of these
patterns\of-Silver grains are in any way artifacts of sectioning,

receptor labelling or ‘autoradiographic proceedures.



Figure 88 and 89. MUSCARINIC RECEPTOR: IN OVO CHICK BRAIN
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to'autoradiographic procedures. Figure 101, a dark field photomicrograph

of a consecutively cut section to that shown in figure 100,shows the den-
sity.end distribution of silver érains in a %ﬂIPrBCM labelled tissue section pre
incubated with -atropine ( ie. non specific binding by ‘%ﬁlPrBCM ), subjected
to the same autoradiographic proce dure as the section shown in figure }Ol.
Non specific binding by 3] PrBCM in the in ovo chick brain was much

less than that determined in the post hatch,CEick.bréin, as shown By silver
~grain densities. It is worth pointing out that in printing figure 105, the
time of exposure of photographic paper to'thetnegative image was -

reduced to_show the outline of the brain section.

Thistdemonstrates thét the unique trausient in ovo patterue of mueearinie,
receptor den31ty observed 1n the chick embryo bralnware not arti- |

facts of tissue sectioning, receptor labelling or :an arlzfacf qLaV/omc//aq/ap‘lq

Consecutlvely cut brain sectlons showed exactly the ‘same patterns of

51lver grains and morphologlcalvdlfferenttetlon, but 1f these had
been artifacts due to tearing or some othexAproce‘dural factor, they would
" not be faithfully\reproduced. Tissue sections,,whether subjected to auto-
radiogfaphic’ procedure or not, showed patterns of silyer grains or mor-
phological differentiation which were Similar In form. And finally, these
specific silver grain,patternS‘wefe.th reproduced in sections treated to
shOW‘theileyel of nen specific binding by\%ﬁ]PrBCM. One other point: the
brain section shown in figure 99 in dark\field;has\not.been immersed in
mountant and  Of - covered with a coverslip. The dark field image of the,

patterns of cellular structure are not seen in sections’immersed in

mountant.
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Regional receptor density and distribution between 10 DIO and

2 day post hatch.

10 days in ovb; Low densities, but substantiélly higher than non specific
%] prBCM binding sites, of antagonist specifically labelled muscarinic re-
ceptor are distributed to all regions of therlO DIO brain. In addition, high
densities‘of'muscérinic receptor are localiged to motor column nuclei of

the brainstem C.probaﬁly\hypogidssal and solitary‘nucléué 1, to two bands

in the optic tectum corresponding to the SGF and SGC, and diffgsg;y.
distribgted7£9 ¢eﬁFral and Véhﬁrai as?ecté of the éiégdephélon,
correqunding Fékthé PPC, LA{ V;TlanerLv‘”(Vsee figuren85 df fhéhli

DIO brain, and figure 93 of the J0 DIO brain ). -

The cerebellﬁm;cbnsisting of little more than'an‘ovaliswelling either side
of the rhombencephalon at this age,is characterised by a small dense muscarinic

receptor field localised to cell populations'immediately beneath the external

matrix cell layer.

In the forebrain, high densities of MAChR'are :brééént in'most areas of

the PA. The LPO is:populated by lower densities of receptor, as is also the
PP, Very high densities of muscarinic receptor appear in the region of the
LMD between 10 aﬁd.lZ DIO ( see figure 85 ). Dorsal pallial regions of the
forebrain are populated by generally low densities of receptor, although
1ateral aspects, particularly of the 1léft hemisphere::are populated by a

higher density receptor field bending in towards the forebrain hemisphere

midline.

The pattern of muscarinic receptor densities in the 10 DIO embryo brain are



Figures 90 to 92. 2 series of light field photomicrographs of
autoradiographed frontal sections of the 16

days in ovo ( 90 ), 17 days in ovo ( 92 ) and 2 days post hakh ( 92 )

chick embryo brain , showing the distribution and regional concent-
ration of silver grains reflecting the distribution of 3H PrBCM

labelléd MUSCARINIC CHOLINERGIC RECEPTOR.



Figures 90 to 92,

90.

91.
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1

generally not characterised by the heterogeneous patterns of receptor ob-
served over later stages of development, although there is evidence for the

parallel arrays of lower receptor density described above.

14 days in ovo. By 14 DIO mesencephalic nuclei have begun to differentiate
towards adult patterns ( see figure 86 and 94 ). The GLv and VLT are popu-
lated by high densities of muscarinic receptor, as is the PPC

'nucleus. triéngul’aris' (T) Nﬂtl&(/j Doﬁa/d/ﬂ"d//S ﬂ”/&f/m’ /ﬁﬂh’ﬂ/ ( DZA) P Svb
ﬁo/U”&/V} ( Sﬂf)l ﬂg/}(y/aylja/om//s (/254) -+ and the mucleus ovoidalis- ©ov)
is populated by high densities of receptor over central aspects and encloéed
dorsoventrally by an undivided muscarinic receptor field ( see figure 94 ).
High densities of receptor are alsc localised to the MLd and IO ( see figure
85 of the 12 DIC embryo brain ). Moderate densities of receptor are present
in hypothalamic areas and significantly jn the optic nerve and chiasma

(. see figures 94 and 95 ).

In the cerebellum, now expanded greatly in volume, the molecular cell layer
(MCL) of medial aspects of folium II, IV, V, VI, VIi and in particular IX

is characterised by a thin and dense bapd of MAChR. This MCL band of recep-
tor is 0?360”}977”0“0. Over more lateral aspects

of the cerebellum only the MCL of dorsal aspects of the declive are populated
by a high_density-bénd of receptor ( see figure 102 ). The granular cell
layer of all folia is moderately dense in MAChR. The central cerebellar
nuclei CbL and CbM and processus lateralis cerebello-vestibularis are criss-
crossed by complex patterns of moderate to high density receptor in 'sheet'
and 'parallel array'vpatterns ( see above and figure 104 ). Regions immedia-
tely dorsal to the véntricular surface of the cerebellar plate are populated

by moderate to high densities of receptor as is also the choroid plexus.



Figures 93 to 98, A series of dark field photomicrographs of

autoradiographed frontal sections of the

10 days in ovo { 94 ) , 15 days in ovo ( 95 ), 16 days in ovo ( 96 )

17 days in ovo ( 97 ) , and 19 days in ovo ( 98 ) chick embryo brain;

showing the distribution and regional concentration of silver grains

reflecting the distribution of %H]PrBCM labelled muscarinic.receptor.



Figures 93 to 98. A series of dark field photomicrographs of
autoradiographed frontal sections of the

10 days in ovo ( 94 ) , 15 days in ovo ( 95 ), 16 days in ovo ( 96 )

17 days in ovo ( 97 ) , and 19 days in ovo ( 98 ) chick embryo brain;

showing the distribution and regional concentration of silver grains

reflecting the distribution of iH]PrBCM labelled muscarinic receptor.



Figures 93 to 98. MUSCARINIC RECEPTOR DISTRIBUTION IN YHE IN OVO CHICK BRAIN
LIGAND PrBCM.
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In the forebrain the high density receptor field of the PA and slightly

lower densities of the PP are criss-crossed in linear patterns of receptor

( see figure86 ). The LMD is distinguished.by very high receptor densities.
The ectostriatum (E), completely devoid of receptor in“the post‘hatch.chick
brain, is populated by moderate © .. densities of MAChR ( see figure
86).’Immédiately dorsal to the E is a slightly higher density field of
receptor ( MRF 8 in the post hatch chick forebrain ). from which extends a

low to moderate density'fiéld extending up towards a region-which, post hatch,
corresponds to HVc. Immediately opposite this region, across the forebrain
ventricle, is a further small low density receptor field identified post

hatch as MBF 1 of the CDL ( see figure 86 ).

Curiously, another forebrain visual projection fiéld, HIS, derid of MAChR
post hatch, is populated by comparatively high‘densities of muscarinic re-
ceptor at 14 DIO ( see figureéé'), From this figure it should also be noted
that very high densities of receptor are 1ocaliSed‘to the retina ( see also
figure 89a ) with moderate. to high_den&ities of %H]éntagonist labelled re-
ceptor localised to pia and dqura mater and in addition cartilage and bone of

the skull.v

16 days in ovo. Muscarinic regepﬁor,fieldsﬁgﬁ all regions of the brain

between 15 and .17 DIO exhibit the most !chaoﬁicl and elaboratély patterned
fields of receptorathan at any other time‘duxiﬁg development ( see figures
87,90 ,92 , 95-97 ). At 16 DIO all regions of the.brain_yentral and caudal
to the forebrain paleostriatum are populated by densities of muscarinic

receptor equivalent to post hatch densities. Central and medial aspecté of
the optic lobe, in particular fhe straﬁum album centrale (SAC), which post

hatch is devoid of MAChR, s populated by radially»projedting high density
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Figure 95. 15 DAYS IN OVO.

Figure 96. 16 DAYS IN OVO.



-1E52-

'sheets' of receptor extending towards tectal laminae from equally high
densities of receptor localised to nuclei lentiformis mesencephali (LM).

( see figure ,95 ).. Regions corresponding to the medial and lateral fore-
brain bundles, the ansa lenticularis (ACl, the tractus frontoarchistriaiis
(FA) and even the tractus quintofrontalis (QF) are all similarly populated

by high density and‘intriCAtely patterned fields of receptor (. see figure

87, 90,.95 and 96 ). .

At 16 DIO the SP has lost its earlier moderate to high;densities of MAChR.
High muscarinic receptor densities appear for the first time in thé iﬁter—
peduncular nucleus (INPf.‘MAChR densities in the E have largely disappéared
by 17‘DIO ( see figure 91 ).. The neostriatum s populated by moderate to
high_denéities~of Ieééptor and lateral aspects of the right hemisphere

are disrupted by«a‘veryjhigh\density\patterned receptor field ( see figure
91'). The:hyperstriatum ventrale and wuylst remain populated by low densities
of MAChR. Howeyer, thin bands of moderate to high\dehsity»receptor within
the.HV.méy\correspond to the lamina frontalis suprema (LFS). The HIS at 16
DIO iS‘still'populated by~low~t0‘moderate_receptor densities which are. lost

around day 18 in ovo.

The olfactory lobe is characterised by two moderate density bands of receptor,
and the cortex prepiriformis by moderate to high density sheets “of MAChR
( see figure 87 ). Between 16 and.18 DIO moderate densities of ‘muscarinic
receptor are localised to the nucleus basalis (BAS) which is devoid of recep-

tor in the post hatch brain.

In the cerebellum, the MCL of all folia is populated by very high densities

of MAChR, the highest for any stage during development (. see figure 87 ).



Figure 97. 17 DAYS IN OVO.

Figure

98. 19 DAYS IN OVO.
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The granular cell layer is populated by moderate to high>receptor densities.
The purkinje cell layer is very low.in MAChR; Central cerebellar nuclei are
still characterised by high density lines and sheets of reeeptor( see figure
87 ). |
18 - 21 days in ovo. From 15 DIO in the hindbrain, from 17 DIO in the ventral
midbrain and from 18-19 DIO in theée aorsal anterior midbrain and forebrain, |
a dramatic change in the pattern of muscarinic distribution takes place.

On a regional basis within periods of one day the ‘'chaotic' heterogeneous

high density patterns of receptor become ﬁomqeeneousr'regib— )
nally well defined popﬁlatione of receptorv(,see figure 92 for the 21 DIO
embryo, and compare figure 97 (18 DIO) withifigure 98 (19 DIO) ). By 19

DIO fhe post hatch distribution and comparative regional densities of anta-
gonist labelled receptor are present to all brain regions, with the most

notable exception of the hyperstriatum ventrale (HV).

Moderate densities of muecarinic receptor appear in most aspects of the HV
between day 20 and 21 in ovo ( day 21 is the day of hatch ) ( see figure

92 ), medial aspects of the HV are populated by moderate densities lof
receptor a little earlier, but not caudomedial aspects ( see figure 98 ).
High densities of muscarinic receptor do not appear in the HV until well past

48 hours post hatch.

In the cerebellum, by 18’DIO, the MCL -has increased considerably in thické
ness and is populated throughout by moderate to high densities of receptor.
The GCL is now populated by even increasingly lower densities of receptor.
Between 16 and 18 DIO the criss-cross moderate to high densities of MAChR

disappear from the central cerebellar nuclei. and medulla.



Figures 99 to 102. A series of consecufively cut frontal sections
o of the .15 days in ovo chick- embryo brain, show-

ing in dark field ( 99 ) and light f1eld ( 702 ) the cellular morph-

ology of the brain; and the distribution of SPECIFIC ﬁﬂETBCM labelled

MUSCARINIC RECEPTOR { 100 ) and NON SPECIFIC 3&1] PrBCH v»labelled Musc-
ARINIC RECEPTOR ( 707 ) in dark field photomlcrographs of autoradio-
graphed sections. Figures 99 and 102 are stained with creysel—echt
violet, neither section of which have been overlaid with a coverslip.
The points to notice in this series of photographs include the
tequivalence' of morphological dfferentiation and silver grain patter-
ning, that the optic tract ( TeO ) is intensely refraetive in figure
99, whereas in figure 700 ,showing muscérinic receptor distribution,
the TeO is not refractive ( ie. black not white ). The reverse is true, .
for example , in the hypothalamus between figures 99 and 700 Note
also the lack of refraction of the pia and dura mater in figure 99,

shown to be quite dense in silver grains (= MACHR ) in flgure 700.

Phe Section.shown in figure 101 has been preincubated with 125 nM
atropine sulphate before incubation with %H?BrBCM ( see methods ).
Note the complete absence of patterning of silver grains and in point
of fact the almost complete:absence of silver grains over the TISSUE
SECTION. This photémicrograph has been under exposed ( ie. photo-
graphically, not autoradiographic exposure ) compared with that
shown by figure 100. Note the high densities of silver grains around
the véntral- margln of the tissue section of figure 101, reflecting
the diffusion of w non specifically " bound ﬁﬂE&BCM apparentlg not
removed from the tissue section durlng washlngu Surpr1s1ngly, 51m11ar_
diffusion patterns are not seen dround the'circﬁmfereéce,of”the
tissue section shown by fgure 100, although this section has' been
treated the same way. as that in figure 101 but without preincubation

with excess and saturating concentrations of atropine sulphate.



Figure 99.

15 Davs In ovo

Figure 100

Figure 101.
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At 21 DIO, higher densities of muscarinic receptor are localised to peripheral
rather
aspects of MCLAthan to deeper layers. Muscarinic receptor density in the GCL

is now low with occasional moderate density patches of receptor.

At two weeks post hatch - peripheral aspects of MCL are moderately dense in
receptor while deeper layers afe populated by low densities of receptor,
and by 5 weeks post hatch only the most peripheral aspects of the MCL are
populated by low to moderate densities of ﬁﬁ]antagonist labelled muscarinic

receptor and deeper aspects of MCL by low densities of receptor.

Not at any time during chick cerebellar cortical development was there evi-

dence for a 'migration' of qﬁ]antagonist labelled MAChR from one cortical

layer to another (. see figure 106 a and b ).
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Figure 102.

15 Days in ovo.
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Figure 104.

Figure 103. 16 Days in ovo.

14 Days in ovo.
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4, Discussion.

4.1. An overview.

For the most part the following discussion will be directed towards compa-
ring the results of this report for the distribution of %ﬁ]antagonist
labélled cholinergic receptor with other evidence for cholinergic distri-
bution in the vertebrate brain and, furthermére, how the distribution and
development of %ﬁ}antagonist labelled receptor corresponds with current
concepts of the 'identity' of cholinergic reéeptor. However, I feel that
it is important not to lose touch with one of the more general aims of

- this study which is to contribute to our understanding of the role of cho-
linergic moelecules in brain functions. Hopefully, the sections discussing
antagonist labelled MAChR distribution in terms of vertebrate brain region
homology and antagonist labelled muscarinic cholinergic development in

ovo and early post hatch chick brain contribute to this aim.

Here, however, I wish to discuss an earlier objective of this study, the
results of which are not included;, but which substantially influenced the
contexts and content of this report, namely to replicate the obsérvation'
of a transient change in the number of qH]antagonist labelled muscarinic
receptor (MAChR). in the forebrain of young chicks ﬁrained to a behaviﬁural
learning discrimination task ( see Rose et al., 1981 ). With a successful
replication in mind, the second objective was to develop a procedure for
in vitro labelling light microscope autoradiography by which to

localise with greater preéision than that afforded by homogenate studies,

the precise regional. locus of 3#) muscarinic antagonist binding changes
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following learning. In the event the replication of the observations of
Rose ‘et al., (1980) proved negétive for reasonS'which remain:unclear. How-
'eVer,-the”observatibns‘difeéted towards the second,ijective, to show the
distribution of %ﬂ antagonist labelled MAChR, in conjunction with the obser-
vationS’pn the developmental distribufion of muscarinic receptor in the in
ovo and early post hatch. chick brain are relevant to the findings of Rose

et al., (1980).

The hyperstriatum venfrale (Horn eﬁ al., 1979; Bradley and.Horn, 1979) and
basal ganglia (paleostriatum) (Goodman, 1970; Saltzéﬂ and Parker, 1975;
Collias, 1979) have been strongly implicated as . sites for pfécesses_ -
_céncerned with leafning in youngrghicks,’while apparently the

basal ganglia alone suffices for éarly»socialisation in birds (see Coliias,
1979; and see,beiow1¢ These :egidns-of tﬁe chick forebrain are populated

by very high. densities of %ﬁlantagonist,labelled muscarinic receptor in the 5
weeks: post hatch. chick brain (see results). However, during development (see’
section 4.6] 3H] antagonist labelled MACHR of the basal ganglia, .

tectal layeis,and thalamic relay~nﬁclei, maintain a constant density from
many days before hatch (from approx. 16 days in ovo onwards),MoreOVe?) withan
increase in regional volume .over this period, there is undoubtedly én over-
all increase in regional concentration of 3H] antagonist binding sites (see
section'4;21.>ln‘secti6n 4.5 of this discussion I have suggested the pos—
sible homology between cell populations of the avian HV with certain cell
populations of the mammalian cortex (Benowitz, 1980) on the basis of equi-

. valent high densities of %ﬂ antagonist labelled MAChR, low AChE stain and

CAT activity, very low o BTX labelled nicotinic cholinergic receptor and

an equivalent late developmental expression of post hatch, or late post natal

densities of antagonist labelled muscarinic receptor.
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Learning in the chick, in particular filial imprinting, is thought to occur
during a well defiﬁed early post hatch sensitive period (Bateson et al.,(1973)
It is a phenomenon not confined to,birds, for the maturation of cognitive
functions in primates also occurs over a very protractedb period of deve-
lopment (Goldman-Rakic, 1982). There is some debate as to whether the HV
is required for early social behaviour in chicks or not; according to Collias
(1979) early socialisation in birds depends only upon the integrity of the
basal ganglia (paleostriatum). However Bateson et al. (1978) have shown
that after bilateral destxuction of the inher medialvhyperstriatum ventrale,
a region in tight appésition to the septum and the tractiis septomesencepha-
licus, chicks failed to acquire an impiinted preference. Stettner and Schultz
(1966) suggested that lesioning of the hyperstriatum did not affect aqui-
sition §f discrimination,. but the ability to reverse a learned discrimination.
The HV is thnghﬁ‘to be a polysensory associative centre (see Benowitz, 1980),
while the basal ganglia .of birds, éimilar»to mammals., is:cdncérned‘with motor
coordinated behaviours with respect tb externally viewed objeéts (saltzen
and Parker, 1975). AS'already~mentioned, the high densities of 3m antagonist
labellediMAChR'in the HY are not obser&ed until several days after hatch
b(at least 4) (see Jerusalinsky et al.,198l) which might.suggestkthat functiqha]
poupiing of cell populations in the HV.during this period %s!lesé than
complete . {(but seelBradléY'etaal.,‘l932). On the bfher>hané, MACﬁé'qgﬁsities
_in'ali other regions oflthe.Chick brain, including the basal ganglia,>havé’ .

attained a cohstant:highjdensityrbefore hatch.

The recently hatched chick will form an éttachment to any conspicuous object
as a result of being exposed to it (Bateson, 1966) and will approach for
h§urs on end without additional reward (see Horn et al., 1979), a behaviour
which probably does not involve associative or cognitive procééses, but one

entirely consistent with circuits 'pretuned' to respond to a conspicuous ex-
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ternal object with the correct motor response. This might involve tectal, thala-
mic and basal ganglia circuits,without perhaps the need for reference to'higher'
brain centres, eg. the HV. In this context it is of considerable interest

to note that deficit learning in the Rhesus monkey depends only on subcor-
ti¢a1 functions in the infant (ie, basaliganglia), and it is only in the adult
that this function becomes more essentially-cértical ( Goldman and ‘Galkin,1978;
Goldman-Rakic, 1982 ). |

If mechanisms underlying learnihg and memoiy involve alterations in the

pattern -of neuronal éonnections, ér their efficacy, the experiences (and -
associated neural activity)Amust somehow govern their appropriateness. Of

tWo possibilities, 1) activity directed growth and 2) selective preservation
(stabilisation) from a continuously forming population of franéient synapses
(see Changeux, 1977; Greenough, 1982), the latter seems more likely. Later

in this discussion (see section 4.3 and 4.6) I have discussed the possibility
that the ligand binding properties:of MAChR change during development and

that the change may be brqughtkabbut by the eleétrig;l activity |

of developing brain circuits.

Rose et al. (1980) sudgested-that the increase inhbinding of %ﬁjantagonist

to MAChR in the forebrain of chicks subjected to:a learning discrimi-~
nation task (see earlier) may represent either de novo synthesis of receptor,
unmasking or activation of preexisting receptor. The transience of that change,
beginning at 30'minuteS‘stt training and lasting 3 hours, is critical. The
present findings show that the rate of appearance of %ﬁIMAChR binding sitesc
in the HV of the chick is probably maximum between hatch and at least 48

hours post hatch, which suggests that functional synaptic transmission,at
least muscarinic cholinergicJtranémiééién,ibétweeh cell éontaéts §f the HV

is very recent and perhaps incomplete at 24 hours. post-hatch.



-162-.

According to Csaba (1980)membrane receptors may be 'pliable” ‘during matu-
ration and consequently alter their structure to an extent that accounts for
a changed responsiveness of cells to a given transmitter. A number of authors
( see Giacobini, 1970; Le Douarin et al.). 1975; Paterson, 1978 ) have empha-
sised the critical nature of environmental factors. in determining whether
neurons’become cholinergic or adrenergic, in particular the influence of
electrical actiyity. Recently, Bateson (1982) ( after Kasamatsu and Pettigrew,
1979 ), in‘adressing the '‘question of how: a '"stable behaviour' can be changéd,
suggested that the'releéSe and modulatory action. (_ for distinction see
Dismukes:, 1979 ). 'of - noradrenalin accompanying behavioural stress, may reintro-
duce plasticity. The modulatory actions of noradrenalin and dopamine -~on
choliﬁergic neuronal response is:well established ( see Vizi et al., 1977;

Iversen, 1979 ).

With the above points in mind it is quite probable that any differences
during the course of a paradigﬁ between the levels of stress experienced by
trained as opposed to untrained birds with an appropriate‘increase in the
concentrations: of stress related neuromodulators, might alter the ligand
binding properties of ﬁ@ antagonist labelled MAChR according to the difference
in stress levels. In attempting. to distiﬁguish‘between chemical/morphological
correspondents of learning, independent of stress ( for example see aversant
taste COntrol'iﬁ the study of Rose et al;, 1981 ), if is impdrtant that
attention/orientation/motor behayiours are as similar as:possibie between
'streés:control' birds and,birdS'subjected,to the behavioural paradigm,
because the difference in neuronal activity of circuits subserving these
behaviours: is likely to be critical in any ‘activity' induced change in

%ﬂ antagonist binding MAChR properties.
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4.2 Antagonist muscarinic receptor capacity.

A fundamental criterion for proof of receptor ligand specificity is that
ligand binding should saturate over increasing concentrations of free radio-
labelled ligand. Apparently, for many reports of receptor ligand binding
studiesvtodayy thi's criterion has been modified to read that a component of
binding should show saturation (. see Burt, 1978 ). That component is the
specific binding component, or as in the present study, the component of

%ﬂ 1 ONB and %@ PrBCM binding to tissue slices of the chick brain whiéh is
displacedkbyy blocked. by, or sensitive to excess and saturating concentrations
of the established muscarinic receptor antagonist, atropine sulphate (Dale,

1914).

As anticipated, specific binding by IH PrBCM and ] 1 QNB to chick brain
tissue slices increases rapidly over low concentration increments of free
ligand, but over increasingly higher concentrations the xate‘of incréase in
thernumbér of additional binding sites declines to reach a constant number
between 4 and 6 nM freé %ﬂ ligand concentration. The resulting cléssic equi-
librium hyperbola is taken to indicate that ﬂﬂ.l QNB and ﬁﬁ]PrBCM are binding
to a finite;population of receptors with logand Capacities of 695 pmgles/g
and 585 pmoles/g protein respectively; The close equivalence between chick
brain tissue slice receptor capacity for both ﬁﬁlantagonists is good evidence
that both ligands are biﬁding to a single finite population of receptor. The
iecépéor cépacities for ﬁﬁ]muséarinic antagqnists féported here are siightly
higher than those reported for other tissue preparations of the chick brain:
265 pmoles/g protein (Francis et al., 1980), 300 pmoles/g pfotéin (Longstaff
and Rose, 1981) and 300-600 pmoles/g protein (Jerusalinsky et-al., 1981).

These latter studies used the mixed stereo-optical isomer 3DL (+) ONB, while
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the present study used the L (-) isomer of QNB known to exhibit a higher
selectivity and affinity for muscarinic receptor ( eg. see Gilbert et al.,
1979; Aronstam et él., 1979 ). It might be expected that total binding
between these stereo-optical forms of ONB should not differ, only the apparent
affinity. However, the concentration of non specific binding is likely to

be considerably higher for 3] pL (i)'QNB.thanv%E]l QONB, and therefore, re-
ported values for specific receptor antagonist capacity correspondingly

lower in the former compared with the latter.

The qﬁlhuscarinic anFagonist capgcities»for chickAbfaiﬁ'fis§p§ §ii§é receptori
reported heféVCOrrespondsLWeil With values repp;ted:ip homogenaté>§repara£ions
of goldfish.brain, 685 pmoles/f protein ( Francis et al., l986>), frog; 670
pmoles/g protein ( Birdsall et al.,198p) and rat brdin, max. 600 pmoles/g
protein ( Kobayashi et al., 1978)). The present vaiues, hqwever, do not corres-
pond closely WithAqﬁLmuSCarinic antagonist binding capacities reported for

rat brain tissue slices, 2,130 pmoles/g protein ( Rotter et al., 1979 ) and
150 pmolésfg protein ( Gilbert et al., 1979 ). The differences between the
present values and those given by Rotter et al. (1979) and Gilbert et al.
(1979). are unlikely to be attributable to ionic media ( see Birdsall et al.,
1979;>Aronstam et al., 1979; Gilbert et al., 1979 ), becaise all three studies
used a similar complex Krebs-Henseleit ringer. The only difference between
these studies, apart from species, is in the methcd of proteih estimation.
Rotter‘et al. (1979) assumed a proteih concentration of 75% that of tissue
slicejdrtheight; Gilbert et al. (1979) used wet weight és_an estimate of
ﬁrdtein, and in this report protein was calometrically assayed and determined

from a protein versus tissue slice calibration curye (see results).

In contrast to specific binding, non specific binding by qﬁ]l QNB and qE]PrBCM

to chick brain tissue slices ( ie. that component not displaced or blocked by
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atropine ) is shown to increase slowly and as.a linear fundtion of free

ligand concentration increments. In accordance With other reports}

( see Birdsall and Hulme, 1976; Hulme et al., 1978; Yamamura and Snyder, 1974 ),
the present findingS’éuggest that,both qﬁll ONB and %m PrBCM are binding to

a similar finife population of chick brain tissue slice receptor, the vast
majority of which 1S atropine displaced or sensitive and, therefore, probably

muscarinic cholinergic receptor.

A second criterion of receptor ligand specificity is that ligand binding
should be shown to be inhibited by pharmacologically active concentrations

of muscarinic d:ugs,'whereas there is no such inhibition by drugs whose
pharmacological_properties suggest a different primary site of actioﬁ, at
least at those concentrations at which they exert their predominant pharma-
coloéical effects ( see Birdsall et al., 1976 ). A comprehensive treatment

of this criterion is beyond the scope and aims of this reportvaévertheless,
data included show-that the potency of the established muscafinic antagonists
N-methyl scopolamine (NMS) and atropine, determined from the concentration

at which 50% of qﬁlantagonist binding is inhibited (I5g), are considerably
~greater than that of thebestablished peripheral nicotinic cholinergic receptor
antagbnist; d tubocurarine, namely 300 and O.6nM for NMS and atropine respec-
tively and l3mM‘for d tubocurarine. This is evidence in support of the view
that 4 1 ONB does not bind, at least to any great extent, to the same bin-

ding sites as d.tubocurarine.

Neither atropine nor NMS inhibition of %ﬂ.l ONB. binding to muscarinic receptor
of chick brain tissue slices appear to correspond to a simple Langmuir iso-
therm ( see Hulme et al., 1981 ). The Hill coeficient (Ny) for Atropine, 1.27,

suggests that either binding is to a heterogeneous population of antagonist
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binding sites or that binding is cooperative. The Hill coeficient for NMS
inhibition deviates even further from unity, Ng 0.5, but in contrast to
atropine inhibition, suggests negative cooperativity amongst NMS binding

sites.

4.3 The pharmacological identity of muscarinic receptor.

In direct contrast to the above observations indicating heterogeneity or
cooperativity amongst muscarinic antagohist binding éites, receﬁt evidence

has stressed that the binding ofv%ﬁ]antagonists in general ana the binding

of atropine in partiCular is to a homogeneous:pépulation of receptor which
bind antagonists with one affinity ( Berrie‘et ai., 1973; Birdsall and

Hulme, 1976; Gulper et al., 1977; Birdéall et al., 1978 ). On the other hand
muscarinic4agonists:a§pqrently bind to at lgast two Sitesrtermed 'high' and
‘low' with a third, but minor, ‘super high' affiﬁity site ( Birdsall et'al.,
1978; Hammer et al.,l980).Thé hqmogeneity of antagoniSt bihding largely qontra_
dicts the observations of Patén énd»Rang (1966) in showing that atropine
biﬁding to cholinergic.receptor of ileal smooth muscle was not a clearly
saturable process and could not be described in terms of a single binding site
b@t ‘of . three, two of which showed limited bindigg'capaéities forratropine,

while the third component represented simple menbrane partition.

Scatchard analysis. of the equilibrium curve for %ﬁ]l ONB' and TﬂlPrBCM binding
to chick brain tissue slice receptor revealed, like the Hill plotrofr
atropine and NMS inhibition of’%ﬁ]l ONB binding (see above); a'substantial
non linear component to ﬁ@ antagonist binding which could be accomodated by

two sites of limited antagonist capacity and, of course, a third minor site’
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not included in the Scatchard analysis, corresponding to the 'non specific'

(non atropine displaced) binding by these ?ﬂ]éntagonists.

Antagonist binding heterogeneity has also been shown for a number of struc-
tural analogues of N-2-chloroethyl derivatives of benzilycholine, such as ben-
zilycholine_‘mustard (BCM) (Fewtrell and Rang,1973; Burgen et al.,1974) and
benhydryl mustard (BHM) ( Gill and Rang, 1966; Moran and Triggle, 1970;
Gupta, 1973 ). BCM binding.to cholinergic receptor of‘ileal smooth muscle,
similar to BHM and atropine, was. shown to be a non saturable process, but
described in terms of two binding sites, one the acetylcholine (muscarinic)
receptor proper, the other én allosteric or regulatory siﬁe ( Gupta et al.,
1976 ), after Monod et ai. (1965) . Of perhaps even greater significance to
the present observations is the suggestion made by Gupta et al. (1976) that
alkylation of the ACh‘recéptor site only occurs over higher concentrations
of BCM C}SnM'X,,belowiwhich;binaing‘is:confined to the regulatory site

( the concentrations of %ﬁjl»QNB:and %ﬁ]PrBCM used in this study to show
the distribution of muscarinic cholingrgic»receptor in the chick brain are

1.6 and 3.0 nM respectivelyj).

According to Bﬁrgen et al. (1974) and Rotter et al. (1979), propylbenzily-
choline mustard (PrBCM),»also a closé structural analogue of benzilycholine ,
in contrast to BCM, BHM and atropine, binds to a single finite population of
receptor in rat brain homogenates aﬁd tissue slices. However, this is not
strictly true, since the above reports, similar té obsgrvationsiﬁl‘this
study, show that %E}PrBCM binding is distinguishable into two éomponents,
one atropine sensitive and one insensitive. Rotter et al. (1979) reported
that the atropine insensitive component of %H]PrBCM binding was in excess

of 30% that of specific binding; significantly, over low %ﬁ]PrBCM concentra-
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tions (»5nM) atropine inhibition deﬁiated'substantially\from linearity

( see above ref. Gupta et al., 1976 Ilwhich‘was.explained by Rotter et al.

(1979) in terms of disérepancies in-initial‘uptake and binding by»%ﬁ]PrBCM

to rat brain tissue slices. The high level of non specific binding reported
by Rotter et al. (1979) was not obsefved in the present study for eithér

'%ﬁ]PrBCM or %ﬁ]l.QNB binding to chick brain tissue slice receptor.

The full significance of 3ﬁlantagonist binding heterogeneity to CNS MAChR

is difficult to ascertain at the present time ( see Haﬁmer et al., 1980 ).
This phenomenoﬂ may prove to have considerable’ bearihg on how we

view receptorsin genefalp For example heterogeneity of antagonist binding
‘undermines the,Critica14pharmacological‘criterion of a strict, mutual com-
plimentarity of'antagonistfagonist binding sites and hence the established
view that the sites of action of different chemical transmitter-modulators

on the meﬁbrane.receptor surface are entirely discrete ( see Triggle and
Triggle, 1976 and ref. therein;and introduction).Moreover,other,Obseryations
suggest. that heterogeneity of antagénist binding may be reflecting different
cellular sites of location of muscarinic receptor. For example, according to
Szerb (1977) the affinity of the muscarinic antagonist %ﬁ](i)'QNB for 'pre-
synaptic' receptor is 10-20 times lesé than for postsynaptic receptor’. This
observation appears to be related to the findings of Walmsley et al. (1980
and 1981) in showing that %ﬁ]antagonist labelled MAChR .are transported along
the axon of'the sciatic and vagus nerve of the rat to presynaptic sites,

in additon to the observation that MAChR, ASSOciated with central white
matter tracts of the mammalian brain, eg. corpus callosum, are of the agonist
high_affihity type. According to Snyder (1975), heterogeneity of muscarinic
antagonist binding is a consequence of antagonist binding with high affinity

to the antagonist form of receptor, but lower affinity to the agonist form,
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with the reverse true for agonists. .Heterogeneity of muscarinic ligand
binding is discussed. further in section 4.6 with respect to apparent develop-
mentally transient %ﬁ]antagonist binding sites associated with white matter

tracts.

4.4 Receptor versus other cholinergic marker distribution

in. the avian brain.

In conjunction with‘pharmacological criteria for receptor ligand specificity
( see sections 4.2 and 4.3 ), an additional and pertinent criterion is that
the location and distribution of antagonist labelled receptor should

correspond with other evidence for neurotransmitter-receptor distribution.

It has been suggested (_Aprisbn and Takahashi, 1965 ) that cholinergic sys-
tems in the avian brain are in excess of other transmitters. The ext:emely
wide and concentrated populations of muscarinic receptor (MAChR) shown here
for the chick brain might be seen to support this view. However, as has
already been discussed (see section 4.2), the qverall concentration of MAChR
corregpohds:closely with values reported for the brains of other vertebrates,
including the chick ( Jerusalinsky;et al., 1981 1; for which the consensus
of opinion is that cho;inergic systems are less prolific than, for example,
catecholaminergic (,Jurio‘and Végt, 1965; Shute, 1975; but see also McGeer

and McGeer, 1979 ).

The concentration of acetylcholine (ACh) and its synthetic and degradative
enzymes CAT and AChE have been shown to be highest in the mesencephalon of

the pigeon brain ( Aprison et al., 1964; Aprison and Takahashi, 1965 ). This
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observation does not correspond with the results of the present study in
showing that MAChR are present in approximately equivalent concentratipns

in the forebrain: 339 * 75, midbrain: 398 * 137, and hindbrain: 205 * 96
pmoles/g protein. But ‘the report of a greater concentration. - B

of AChE and CAT to the pigeon midbrain ( Aprison and Takahashi, 1965 ) does
correspond with considerably higher concentrations of o BTX labelled nico-
tinic cholinergic receptot in the chick midbrain, 160 #* 55, compared to the
forebrain, 15 * 2 pmoles/g protein (this report). This is a particularly.
curious correspondence, sinqe, as will be discussed more extensively below,
one of the - dghSef; ~NmChR fields of the chick brain, the hyperstriatum
veﬁtrale, has been shown by other studies to be devoid of AChE ( Kusﬁnoki,
1947 ; Karten and Dubbeldam, 1976 ) ( see figures 3 a-c )} and by the
present finding to be similarly devoid of nicotinic o BTX labelled receptor,

a result also observed by Bradley and Horn (198l1) in the chick brain.

On the basis of these 6bservations, therefore, there appears to be a close
corréspondence.between AChE and nicotinic receptor concentration,but not
necessarily muscarinic receptor. On the other hand, comparison of MAChR
dilstribution shown here for the chick brain with one of the very few
detailed histochemical studies of AChE staining in brain tissue sections

of other avian species, Uroloncha ﬁQMéstica_and An§S Platyrynbha v domeSticav
(,Kusunoki,,lQEQ ) reveals a remarkably close correspondence between. the
regional distribution and concentration of these two markers, particularly
considering the extensive criticism of the use of AChE as a specific choli-

nergic/cholinoceptive marker (. see introduction,)and Silver, 1974 ).

It cannot be overemphasized that it is not only the precise regional loca-

lisation of AChE to the brain regions of these different avian species which
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éorresponds exactly with MAChR localisation in the chick, but the near
identical correspondence of intensity of AChE stain and MAChR density, as
for example to all regions of the archistriatum, paleostriatum, in pérti—
cular, the lamina medullaris dorsalis and nucleus interpeduncularis, and,
curiously, MRF 9 and the dense, discrete MAChR field of the area corticoidea
dorsolatéralis ( see figures 3 a - ¢ and section 4.5 ). As mentioned
earlierx, the HV has been shown to be devoid of AChE ( Kusﬁnoki, 1969 ; Karten
and Dubbeldam, 1976 ). However, in Kusunoki's study caudal aspects of the
medial hyperstriatum ventrale ( see Bradley and Horn, 1981 ) are shown to
Stain moderately for cholinergic enzyme. Apart fxbm the HV, there are only
two other regionsrbetweén these avian species which do not show corresponding
denéitiﬁs:of MAChR and AChE stain) the nucleus isthmi, shown in Kuspnoki's
study to stain intensely for AChE, but in the chick to be devoid of MAChR

( this report ), and the nucleus rotundus, shown fo stain moderately for
AChE, but again in the chick to be.lérgély devoid of MAChR. However, the
nucleus isthmi and lemniscal complex of the chick are dense in %ﬁla BTX
labelled nicotinic cholinergic receptor ( this report ), and even the rotund

nucleus is: populated by low densities of nicotinic receptor.

While AChE distribution and intensity of stain corresponds very closely

with cholinergic receptor distribution at a regional level, it is apparent
that, over laminated regions of thé avian brain, the optic tectum and cere-
bellar cortex, the éorrespondence is far less convincing. The distribution
of CAT and AChE activity/stain in the pigedén optic tectum ( Henke and
Fonnum, 1976;vKusunbki, 1947 ; Shaerer and Sinden, 1949 ), compared with
MAChR distribution ( this report ) and %Eld BTX nicotinic cholinergic recep-
tor distrihufion (,Poltz—Teﬁera et al., 1975; and this report ), is shown

in figure 105. ' . Neither CAT nor AChE correspond with muscarinic or nico-
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tinic distribitition. . Surprisingly, MAChR and nicotinic receptor show quite

a close éorrespondenCe,'aS'also do AChE and CAT (.Henke and Fonnum, 1976 ).
The present findinés-show'high_denSities*of nicotinic cholinergic receptor
localised to tectal'éublayersC,II a and 6, or 2 and 3 ).of the stratum
griséa et fibrosum (SGF) which differ from the findingS"of Poltz—Tejera

et al. (1975). in showing high d BTX binding to sublayers IT b and ¢ ( 3 and
4 in their report ). However,'the_results:qf this study and that of Poltz-
Tejeré ettal. (1975) agree in showing that sublayer II f is the most densely
populated nicotinic receptor lamina of the chick and pigeon:.tectum, in
addifion‘to‘sublayer II f being ﬁhe most dense MAChR lamina of the chick

tectum (this report).

The cerebellar cell'iéyers.of;many;yertebrates stain intensely for.AChE (

( see Silver, 1974 ), and it was largely the observation of Curtis and
Craﬁford (1965) and Crawford et al;4(1966), showing the unresponsiveness

of cerebellar célls to the iontophoretic applicafion of ACh , together
with the observation of low CAT levels ( see Hebb and Silver, 1967 ), that
led to the widely held view that AChE is an imperfect marker for cholihergic
systems. Friede and Fleming (1964). revealed that almost all AChE staining
of the pigeon, canary and parakeet cerebellar cortex is localised to

‘the MCL, but, in pa#ticulé:) to tegidns adjoining the Purkinjg

cell layer. The granular cell layer (GCL). of the chick ( Phillis, 1965))
also stains for.AChE,.but the intensity of stain was still only shown to be
half that observed in the MCL. The fesuits of the present study in showing
moderate densities of MAChR lbcalised to most peripheral aspects of the MCL;
clearly does. not correspond well with the above reports fqr the distrihution
and intenéity of AChE stain, although moderate AChE stain in the GCL (Phillis,
1965) might be seen to correspond with the low deﬁsities of nicotinic recep-

tor localised to the GCL (,this report ).
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Figure 105. Diagramatic representaion ofv?HTPrBCM and %ﬁ]l ONB

labelled muscarinic receptor ( MAChR ) ( this report),
d BTX labelled nicotinic receptor ( NAChR ) ( Poltz-Tejera et.al.,
1975 ), acetylcholinesterase ( AChE ) and choline acetyltransferase
( ChAT ) activity ( Henke and Fonnum , 1976 ) and gamma amino butyric
acid ( GABA ) ( Hunt and Kunzle, 1979 ) distribution in layers of
the optic tectum of the chick and pigeon brain. To the left of this
figure is a diagramatic representation of three proposed inhibitory
networks of the tectal cortex ( 1,2 and 3 ) ( after Hunt and Kunzle,
1979 ), in additién to retinal afferents ( R ).Other afferents shown:
W ¢ visual wulst; SpL : nucleus spiriformis lateralis; Ipc ; nucleus
isthmi; CF : commisural fibres. Note that sublayer IIf is the most
dense MAChR, NAChR and GABA populated lamina of the tectum, a lamina

in receipt of axonal arborisations from IIi ( I ) inhibitory system.

-SOp : stratum opticum; SGF : stratum grisea et fibrosum; SGC : stratum
grisea centralis; SAC : stratum album centrale; SGP : stratum grisea

et periventricularis.
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While MAChR dietribution and density in the chick'cerebellaf-cortex, appa-
rently does not correspond with AChE distribution in the adnlt'avian cere-
bellum ( adult here is taken to be represented'by the 5 weeks post hatch
chick brain ), dlstrlbutlon of MAChR durlng in ovo development is substan-
tially different from adult patterns in the chick - (this study) and
" corresponds much meterclpsely witnvthe’petterns of AChE steining

in the eerebellum of adult birds (see above). In aadition, the density of
MAChR is‘higher in the in ovo‘chick‘cerebellum than in the post hatch chick
brain, an observation which corresponds with that of Elkes and Todrick
(1955) - and Hamwhich. and Aprison (1955) for higher concentrations of cholin-
esterase in the developing‘cerebellum than those observed in the adult. How-
ever, perhaps of even‘greater significance is the observation fron'this
study that the 14 day .in ovo chick cerebellum is characterised bf high~den-
sities of MAChR to the MCL of follum IX (uvula), follum‘VI and follum VII
(tuber vermls) (see flgures87 103), a pattern of MAChR den51ty and dlStrl-
bution whlch»corresponds,p;eciselylwith_that of AChE distribution shown in

the adult Uroieneha brain ( Kusunoki, 196, see figure 3 a - c ).

Exactly why the pattern and density of MAChR in the chick cerebellum should
correspond more closely~with;AChE'steining in the adult avian cerébellum,
only during a critical stage in development, is not clear. But it has been
suggested, in oxder to'explein low CAT levels in the adult, that, during
development, cerebellar cholinergic neurons, speculated to be 'non functional',
lose their enzyme complement ( Hebb and Ratkovic, 1964; see section 4.6 ).
On the other hand, as will be discussed later, it is as likely that the
ligand recognition properties of cholinergic receptor alter during develop-
ment, a change which may be coincidental to that shown for substrate prefe-

rence andvinhibitors-ofeaeetchholinesterase in the developingf'
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chick brain ( Kasa and Csillik, 1968; Krnjevic and Siegel, 1965 ). The
axonal specific 11 § form of AChE has been shown to develop around day 16
in ovo ( Courand et al., 1979; Villafruela et al., 198 ), 8 days after
the 4 and 6 S molecular species. Curiously, the high affinity agonist form
of muscarinic receptor, reported to be in nerve axons, also appears some
seven days after the appearence of the low affinity forms of receptor

( Walmsley et.al., 1980; 1981 ).

No attempt will be madé in this report to relate the distribution of ﬁﬂ
antagonist labelled cholinergic receptor with possible cholinergic pathwayé.
Itvmight be possible to associate regional density of %ﬁ]antagonisﬁ receptor
with the size of a particular afferent input or efferent output. However,

the observationskof this report give.no‘indication of whether %H]antagonist
labelled MAChR are localised to pre afferent contacts or post afferent sites.
In addition, the assumption that %ﬁ]ahtagoniéts are labelling synaptic
receptoxr isrbyfno means proven (. éeevintrodﬁction, section 1.2 ). For example,
a substantial number of %ﬁ]muscarinic antagonist receptor may be 'acceptors',

or binding to non neuronal cells, in particular glia (Repke and Maderspeck,1982)

In the following section evidence is given which suggests that cholinergic

pathways of the mammalian brain ( see Lewis and Shute, 1978; McGeer and

McGeer, 1979 ] are to a large extent préseht in the chick.
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4.5 Muscarinic receptor distribution between brains of

vertebrate species.

Recent decades have seen a greater emphasis placed on common patterns of
neurotransmitter ﬁype and brain distribution asbadditional, but strong
supportive evidence for ?ertebrate brain region homclogy ( Koelle, 1954;
Dahlstrtme and Fuxe, 1965; Jurio and Vogt, 1967; Parent and Oliver, 1970;
Karten and Dubbeldam,71973; Wdchtler, 1979; Ellison, 1979 ). By homology I
mean equivalent characters_havihg a common phylogenetic origin ( see Ho@os,
1967 ). According to Sakharov (1974) the presence of several neurotransmitter
substances in the vertebrate nervous system is a relic of primitive neuronal
organisation and that those neurons which share a common and distinct set

of specific chemical characteristics are of common ancestry. In other words,
similarity_ ,betﬁeen neurons with,respectvto their transmission chemistry
is-. a good indication that these neurons are homologous. This may not, how-
ever, be true for .receptors which,it has been suggested, evclved indepen-
dently of transmitters and,during development, may be'imprinted'according to
the transmitter released from the inner&ating presynaptic terminal ( see
Csaba, 1980 ) The pattern and density of receptdr rmay be considerably
modified as a consequence of environmental sehsory influencé. Nevertheless,
recepto£ develppment is probébly an integral part of phylogenesis and common
patterns of réceptor distributien are probably as valid a criterion as com-
paring morphology and topography, criteria most commonly employed in deno-

ting homology.

On the other hand, it should be stressed that the concentration of neuro-
transmitter, enzyme or receptor has been shown to change substantially as

the result of experience ( Rose and Stewart, 1978; Rose et al., 1981 ) or
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seasonal variation ( Dryer and Peper, 1974 ) or postmortem changes (Stavinhoe
and Weintraube, 1974). In addition, in comparing highly divergent species of
vertebrate brain, it is possible, as shoﬁn for catecholamines ( see
-Burnstock, 1979 ; ang section 4.1 ), that there.may be a change in.the pre-
dominence of 6ne neurotransmitter-receptor type over another. However, the
case for using 3H;ant_agonist' labelled muscarinic receptor distribution in
particular for comparative study is perhaps strengthened by the observation
of Birdsall et al. (1980) that the ligand binding properties of MAChR have
probably‘changed very little during thé course of vertebrate evolution ( but
see section 4.3 and 4.6 ). WithAthgse points in mind, the following discussion
will be restricted to comparatively well established homologues of vertebrate
brain with respect to distribution and density of 3 antagonist labelled

cholinergic receptor.

‘Kappers (1936) suggested that the basal ganglia of mammals are rela-
tively unmodified representatives of one of the most ancient features of
the vextebrate brain. Kallen (1953; 1962);, in comparing reptilian, avian and
mammalian forebrain development, proposed that the paleostriatum augmentatum
(PA) and paleostriatum primitiyum XPP) of birds are homologues of the mamma-
lian  caudate nucleus and pﬁtamen (CP) and globus pallidus (GP) respectively.
The résults ofvthe present study have shown that,while the PA is populated
by very high deﬂsities of muscarinic receptor and differentiated by numerous
unlabelléd fibequ.striations, the PP is largely devoid of receptor. This
observation corresponds with evidence for MAChR distribution and density in
the mammalian basal ganglia where the CP has been shown to be very dense in
MAChR but not tﬁe GP (. Kuhar and Yamamura, 1976; Kobayashi et al., 1978;
Rotter et al., 1979; and this report see figures 105,106) . The above evidence

adds further support to the CP-PA, GP-PP homology and in addition complements



Figure 106. ( A series of light field photomicrographs of the

’ pattern and regional density of silver grains in
LKB tritium fiim exposed and apposed to parasagittal tissue sections
of the 50 day post hatal rat brain labelled by 3H 1 ONB for MUSCARINIC
CHOLINERGIC RECEPTOR. (. Coulter, unpublished observations ). The
section shown in C is medial to B which is medial to A.( For a

comparison with the chick see text of discussion ).

Abbreviations;



-179-

1 e . :
Fi'gure 106 PIUSCAPINIC RECEPTOR DISTRIBUTION IN TEIE 50 DAYS POST NATAL RAT
LIGAND %11 QqUINUCLIDINYL BENZILATE.
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other histochemica; evidence for their equivalence. For example,v

high concentrations of catacholamines are shown to be localised to the
mammalian striatum ( Fuxe, 1964; Jakabowitz and Palkovits, 1974 ) and the
avian'PA ( Jurio and Vogt, 1967 ) in addition to the equivalence of intense
AChE staining and localisation to the PA ( Jurio and Vogt, 1967; Karten and
Dubbeldam, 1973 ) and mammalian CP ( Lewis and Shute, 1978 ). High concen-
trations of monoamineé:and intense AChE staining have also been shown in

the basal ganglia ( ventro-lateral area ) of Caimen crocodilis ( Brauth and .

Kitt, 1980 }.

Parent and Oliver (1970) specifically proposed that the PP of birds corres-
ponds to the external segment of the mammalian giobus.pallidus, and Karten
and Hodos (1967) suggested that the nucleus interpeduncularis (INP) of birds
corresponds to the internal'segment of the globus pailidus. While, in the
chick btain,the INP is extremely dense in muscarinic receptor, MAChR density
over all regions of the raﬁ globus pallidus has been reported to be very
low ( Rotter et al., 1979, see figure 2 ). The entopeduncular nucleus
of the rat has been shown to stain intensely for AChE ( see Websfer, 1973 ).
The inner segment of the globus pallidus is sometimes referred to as the
entopeduncular nucleus. Lewis and Shute (1976) have shown intense AChE
vstaining to the inner segment of the GP, staining pervaded inbsimilar manner
to MAChR densities in the chick INP (this report) by unstained/unlabelled

large diameter fibre bundles.

The dense MAChR field of the chick PA has been emphasised as equivalent to
the mammalian CP. The PA however ig a small MAChR field compared with the
extensive and equally dense MAChR field localised to ".the Lobus parolfac-—

torius (LPO) of the chick, a region lying medial and rostral to the PA, PP
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and INP. Although muscarinic receptor density at the: PA-LPO juncture does
not distinguish a sharp dividing line between these regions, Karten and
Dubbeldam (1973) sﬁress‘the importance of distinguishing the LPO from the

PA on the basis that the two regions possess a different cytology and hodo=
logic relationship. of particuiar significance is the difference in efferent
projections. between the LPO and PA, the former contributing almost exclusivly
to the¢medial forebrain bundle, while the latter projéctA massively upon the
PP and INP, points of Qriginvof the ansa lenticularis (AL) ( Karten and
Dubbeldam, 1973 .). On the basis of this and other evidence, Karten and
Dubbeldam have proposed that the LPO corresponds only to the head of the
caudate of mammals in contrast. to the view ovaohnston(1926) and Kappers

et al. (1936) who proposed that the PA contained the equivalent of the head
of the caudate putamen and bed nucleus of the stria terminalis. The bed
nucleus of the stria texminalié‘isAsuggested to lie medial to the LPO

(. Zeier and Karten,. 1971 ). Rotter et al. (1979) report moderate densities
of MAChR to the bed nucleus, and my;own resulté have shown the bed nucleus

to be almost devoid of MAChR in the rat.

Nauta>(l979) has suggested that the nucleus accumbens Septikdf‘mammals may
only be artificially separated from the caudate putamen complex by the frontal
horn of the lateral ventriclé.TthéccumbenS of Caimen ( Brauth and Kitt, 1980 )
and of Cheloneak (_ Kustinoki, 1971 )-ﬁave been shown to stain intensely for
AChE. In the rat brain the accubenSisepfi.has been shown to be very dense

in muscarinic receptor ( Rotter et al., 1979 ). The present study, like =
thaﬁv  for . AChE distribution in the turtle brain ( Kusunoki, 1971 ), shows
thatf rostrally, the dense MAChR ‘field of fhe LPO continues beneath:the
forebraih*ventricle to occupy a position eguivalent to ahterior limits of

the acqumbens septi.It is possible that the LPO of the chick does not corres-



Figure 106. A seriesbof light field photomicrographs of the

pattern and regional density of silver grains in
IKB tritium film exposed and apposed to parasagittal tissue sections
of the 50 day post natal rat brain labelled by qﬁjl QNB for MUSCARINIC
CHOLINERGIC RECEPTOR. ( Coulter, unpublished observations ). The
section shown in C is medial to B which is medial to A, ( For a

comparison with the chick see text of discussion ).
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pond to either segment of the caudate putamen but to the accumbens.Howéver,
the form and density of MAChR in the LPO is equally supportive of the
suggestion of Karten and Dubbeldam (1973) that the LPO corresponds only to

the head of the mammalian caudate.

A further observation fromkthe results of this study is that the Lamina
médullaris dorsalis (LMD), adjoining and limiting the PA dorsally from the
overlying ecto- and neostiatum, is populated by substantially higher densities
of MAChR than the PA itself. Similarly, the external capsule of the rat is
also more dense in muscarinic receptor than underlying aspects of the PC

( see figure 106 a,b ), Both the LMD of birds ( Kusunoki, 196¢; Karten and
Dubbeldam, 1973 ) andvtheAexternal capsule of the rat (Paxincs»et al., 1980;
and see figure 2 ) have been shoﬁn to stain more intensely for AChE

than adjoining regions of the PA.or CP respectively.

To my knowledge no study has advanced the suggestion that the avian LMD

and mammalian external capsule might be homologous; It is interesting to
note here that the ascending éholinergic reticular system is thought to
project to cortical regions via the external capsule and cingulum of mammals
( Shute and Lewis, 1967 ). If the LMD and external capsule are homologous,
the observation that the only two regions of the chick and rat forebrain
aboye the LMD and external capsule which are devoid of muscarinic receptor
are the ectostriatal core of the chick and corpus callosum of the :at]
which might réise.some.interesting questions concerning the phylogeny of the

ectoStriatum of birds shown to stain heavily for myelinated fibres.

Neuroanatomical ( Raisman et al., 1965; and Raisman, 1966 ) and electro-

physiological evidence (. Anderson et al., 1961 ) have demonstrated a septo-
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hippocampal pathway in mammals originating in the mediél’septal nucleus

and nucleus of the diagonal band ( Raisman, 1966 ) which is cholinergic

( Lewis and Shute, 1978 ). It is of considerable interest therefore to note
that, similar‘to muscarinic receptor distribution in the rat ( Rotter et al.,
1979 ), the diagonal band nucleus ( Broca-. ) (NDB) and medial septal nucleus
of the chick are populated by»highAdensities of‘MAChR . The NDB of the

pigeon has been shown to be the’site of afferents and efferents to and

from the paréhippocampalis linearis (PHL) in particular ( Benowitz and Karten,
1976 ) and adjacent areas iofbthe parahippocampus ( Kraniak and Siegel, 1978 ).
Both Benowitz and Karten (1976) and Kraniak and Siegel (1978) came to the
same conclusion that the parahippocampal»aréa of birds is ﬁore likely a
homologue of the_mammalian,subicular cortex-.whi§hﬂin ?ﬁe rat is
populated by comparatively low densities of MAChR ( see this report, figure
105 ). compared to other regions of the mammalian hippocampus. The
mammalian hippocampus: is one of the few regions of the forebrain to be
populated by boﬁhumuscarinic and nicotinic receptor ( Kuhar and Yamamura,
1975, Arimatsu et al., 1981 ) and it is therfore perhaps significant that the
only region dorsal and medial to the chick forebrain ventricle to possess

both muscarinic and nicotinic receptor is the PHL ( this report ).

On the other hand, the hippocampus of mammals is;very~dense,in'MAChR (. Rotter
et al., 1979; and this report ), while the parahippocampus and hippocampus

of the chick are generally populated by low densities‘of muscarinic receptor

( this report ). This is a result which might be seen to underminex,any direct
equivalence between the hippocampus of the chick and hippocampus of mammals,
but which is entirely consistant with the proposed PHL-subiculum homology

( Benowitz and Karten, 1976; Kraniak and Siegel, 1976 ). This correspondence

raises interesting possibilities for comparison of the very high density
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MAChR field shown to be localised to the area entorhinalis (MRF 1) of the
chick forebrain with the mammalian hippocampus, particularly in view of the
close association of this MAChR field with both septal and hyperstriatal

regions of the chick fiorebrain.

Despite morphological dissimiiarities between the broad cell masses of the
avian telencephalon and the laminar organisation of the mammalian cortex,
comparative embryological, anatomical and histochemical studies all suggest
that most of bird ﬁélencephalon is comparable with elements of the mammalian
cortex‘( see Benowitz, 1980 ). Nauta and Karten (1970) have suggested that
the embryological zone designated D 1 by Kuhlenbeck (1938),from which arises
the hyperstriatum ventrale (HV) , neostriatum (N), ectostriatum (E) and

area corticoidea, may, ‘during evolution, also have given rise to certain

layers of the mammalian cortex :( see figure 7, section 1.6 ).

The ce;ebfal coftical layers of mammals have been shown towbe populated by high
densities of MAChR‘(_Hiley and Burgen, 1971; Kuhar andeamamura, 1976; Rotter
et al., 1979 ) and the majority of cortical cells responsive to acetylcholine
are muscarinic cholinergic ( Xrnjevic and Phillis, 1963 ). Many studies in
comparing cholinergic distribution in vertebrate brains have remarked upon

an apparent shift in relative;cohcentrations of éholinergic systems from

the hindbrain of lower vertebrates to the forebrain of‘mammals ( eg. Widchtler,
1980 ), corresponding with a similar shift in‘location and elaboration of
integrative and associative systems of the vertebrate brain, culminating in
the primate cortex ( see Hebb and Ratkovic, 1964 ). Apart from the basal
ganglia ( see above.) and archistriatum of the avian brain suggested to be
homologous with the mammalian amygdala ( Haefelfinger, 1968; Zeier and Karten,

1971 ), the only other regions in the chick forebrain which are both derived
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ffom Kuhlenbeck's D 1 ( see earlier ) and populated by equally high den-
sities of MAChR as the mammalian cortex, ére the hyperstiatum ventrale (HV),
and cortiqoidea dor;olateralis { CDL ). I have already indicated

that the dense MAChR field of the CDL - (MRF 1) may.be equivalent to some
component of the mammalian hippocampal complex other than the subiculum.

The neostriatum of the chick iStpopulated by low to moderate densities of
MAChR, and the ectostriatum is almost devoid of muscarinic receptor. The
ectostriatum, on the basis.of an apparent equivalent visual afferent thalamic
input, has: been suggested to be haomologoilis with cells in iayer IV of the
mammalian cortex (. see Benowitz, 1980 ). In addition,‘thé auditqry prdjéctibn
field L of thé\avian nepspriatum shown'to be very low in muséérinic receptor
( this report ) has been suggested to be equivalent to the thalamorecipient
cells in layer IV of the auditory mammalian cortex ( Karten, 1969 ). Layer
IV of the rat cortex is populated by substantially lower densities of MAChR
than other cortical layers ( Rotter et al., 1979; and this report ). This
leaves the more densely populated MAChR layers of the mammalian cortex and
the.very»high;density MAChR field of the hyperstriatum of the chick as

possibly»homologousd(;see.belOW‘l.

There are several other points which indicate that the cell populations of

the chick hyperstriatum may be homologous with those Qf the mammalian cortex.
Wichtler (1980) in adressing the "cholinergic shift" described above concluded
from a comparison of AChE distribution in the vertebrate brain that the main
increase,in ACHE neurons in mammals is not to the cortex but the basal ganglia.
This is a conclusion which is ovbviously not donsistent with the reports of very
high densitiesbof MAChR ”shoWn to the mammalian cortical layers ( see above ).
However, as discussed earlier, there appears to be a consistent discepancy

between AChE staining in cortical layers and MAChR distribution and density
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which is not seen in the basal ganglia of mammals ( see figure 2 , taken from
Lewis and Shute, 1978; see also Parent and Oliver, 1969; Cotman and Nadler,
1978; Paxinos et al., 1980 .). This discrepancy is matched by a lack of AChE
staining in the HY of birds ( see figures 3b - ¢ } taken from Kusunoki, l9§9;
Karten and Dubbeldam, 1973 ) shown by the. present study to be dense in musca-:
rinic réceptor. This observation iS‘diffiéult to explain, but it may suggest
that the properties of cortical cholinergic systems are different from those
of the hasal'ganglia ( see section 4.3 )}, a difference reflected it seems
between épecies of vertebrate brains. McCamin and Aprison (. 1964) in shoWing
that cholinergic systems in tﬁe rabbit telencephalon develop later than the
rest'df the brain commented that this phenomenon may be seen to indicate a
parallelism between phy;ggenyrahd ontdgeny.In the chick brain it is only

the MAChR densities of the hyperstriatum which are expressed late in

chick brain development'not those of the :basal ganglia ( see section 4.6 ).

There are many other examples of proposed homologous regions between the chick
and rat brain which show equivalent densities and distribution of cholinergic
receptor, each as pertinent to questions of ontogeny, phylogeny and function
as the’examples already discusséd. These include the optic teétum (chick)
andlsuperior colliculus (rat), the mesencephalic nucleus (chick) and infefior
colliculus: (rat), the nucleus rotundus (chick) and the LP pulvinar (rat),

the principle optic nucleus (QPTI and perhaps the nucleus geniculatis latera-
lis: ventralis (GLV). . (chick) and corpus geniculatis lateralis ventralis fLGN)
(rat), aﬁd for both. species, the lateral lemniscus, the interpeduncular
nucleus, the habenular, the pons, the principle trigeminal nucleus, and the

solitary‘nucleus.

In contrast to the above correspondencesothe density of ﬂﬁ]antagonist labelled



muscarinic receptox between the chick and rat olfactofy bulb is large, the
lattér populated by the highest densities of MAChR in this vertebrate brain (
( Rotter et al., 1979 ), while in the chick the olfactory lobe is very low in
receptox. In contrast, the olfactory lobe of the chick (this report) and
mouse ( Arimatsu et al., 1980 ) are both populated by high (,in the chick
comparatively ). densities of o BTX labelled nicotinic cﬁolinergic receptor.
The difference in MAChR density between the rat and chick olfactory lobe may
be seen to undermine the use of MAChR distribution as an indication of
homology. However, it is the density of receptor which differs, not the dis-
tribution, which may more correctly be interpreted as a reflection of the
difference in functional emphasis upon olfaction between these vertebrate
species. This, if correct,; suggests that the elaboration of neuronal systems
in the rat olfactory lobe, functioning to integrate olfactory input, corres-

ponds more closely with the number of muscarinic than nicotinic receptors.

To conc}ude this section, muscarinic receptor distribution probably does
reflect upon vertebrate brain phylogeny and this is most clearly seen where
the functional emphasis of these brain regions has in essence remained
unchanged. But where there has been a substantial change in functional em-
phasis, then there may be a marked difference in receptor density, but not

necessarily distribution.of recepfor;
4.6 Muscarinic antagonist receptor development in the in ovo
and early post hatch chick brain.

The observations and comments of this study in reporting the development

of qﬁ]antagonist labelled muscarinic cholinexgic receptor in the chick brain
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are both preliminary and tentative for the following reasons:

l)vrécognition of thé changes in patterns and densitﬁ of %ﬁ]sntagonist
labelled muscarinic»receptor for each region of the chick brain between 10
days in ovo ( 10 DIO ) and 5 weeks post hstch is far from complete;

2) while the distributicn'and comparative regioﬁal densities of ﬁﬁ]antagonist
labelled receptcr sre clearly described by the figure photomicrographs of this
report, the regional concentrations of %ﬁ]antagonist binding sites during
chick brain ontogenesis have fet to be determined;

3) while there is a wealth of evidence fof all aspects of avian brain deve-
lopment,'the given form of that evidencs for brain maturational processes is
not easily related to the detail of evidence from this reporﬁ:concerning

the extremely localised patterns and changes of antagonist labelled MAChR

distribution and density observed during chick brain ontogenesis.

The following discussion fherefore is directed towards certain generalised
observations on %ﬁ]muscarinic antagonist labelled receptcr development which
with ongoing analysis may require modification,if hitherto unrecognised
highly localised events in chick MAChR development subsequently prove to

run contrary ﬁo the obsérvations discussed here. Only a few regional examples
of MAChR ontogeny are includsd in order to illustrate the following summary
observations: |

1) many regions shown to be populated by coﬁparative hich dépsitiesrk‘

of %ﬁ]antagonist labelled muscarinic receptor in the post hatch chick brain
ars also populated by comparativé high densities oﬁ MAChR in the

10 DIO chick embryo brain, a developmentai tims point which is well in advance
of the main period of synaptogenesis;

"~ 2) at different stages curing development and almost without exceptioh, all

regions of the chick embryo brain are populated by denéitiésVof specifically
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bound qﬁIPrBCM which are markedly higher than nonrspeoitiofbinding densities
(- ie. non atropine displaced }, and for a number of regions these antagonist
MAChR densities-are developmentally transient;

3) all populations of antagonist MAChR, whether developmentally transient
or not, exhibit unique developmental patterns of muscarinic receptor distri-
bution which appear in oertain instances to correspond spatially and tempo-
rally with growing afferent or efferent cell processes, while in other in-
stances these antagonist labelled receptor densities appear to correspond
with the changing patterns of regionally localised cell bodies;

4) while there in- no eVidence from this study in support of an obVious_
caudal-rostral gradient of antagonist labelled MACHR durlng development the
appearance of ﬁﬁ]antagonist binding SlteS in the hyperstriatum Ventrale(
derived from Kuhlenbeck S (1978) embt;olojical zone -D1, is\much later than?

in other regions of the forebrain.

Opinion is divided as to whether there is a close correlation between the
appearance and increase in-the concentration of cholinéréic mOleoules (eq;ech
CAT etc) in the developing chick brain with the onset or major period of synapto-

geneSis There 1s ev1dence both - for (Nachmansohn 1939 Roqers et al 1960 Birdick

and Strittmatter, 1965 Marchand et al., 1977; Enna et al., 1976; Haywood,
1978 ) and against (-Fiiogamo, 1960; Bonichon, 1960; Marchisio, 1967; Turbow
and Burthalter, 1968; Burt et al., 1968; Enna et al., 1976; Leah et al., 1980 )
such a correlation. Opinion is also divided as to whether»choiinergic mole-
cules develop at the same time. or increase at the same rate. For example,

Enna et al. (1976) report a near identical parallel increase in:the number

of 1ﬁ](i) ONB labelled muscarinicAreceptoxs;in the chick: embryo brain

with the time and rate of increase in both AChE and CAT. On the other hand,
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Burt et al. (1968) reported that maximal AChE activity recorded at 8 days

in ovo (8 DIO) preceeds maximal CAT activity by 1l days.

The present autoradiographic study for antagonist 1ébelled MAChR development
is not easy to relate to the above and other reports for concentrations

of receptor and other functionalvcholinergic molecules. The major difficulty
is that any small change in silver grain density represents a much larger
increaseAiﬁ the total number of receptoré,since'the brain regions incquestion
are greatly increasing 'in volumé between .10 DIO and 5 weeks post hatch.
Nevertheless; the present results show regionally comparative ﬁigh,concen—
trations: of antagonist labelled:muscarinic Ieceptqr to the paleostriatum
augmentatum, anterior and ventral thalamus, and nucleus principalis pre-
commiséuralis:in_the 10 DIO chick embryo brain, .a developméntal time point
well in advance of the major period of synaptogenesis in the chick brain
(_see]Corner'et'al.} 1967 ), but not necessarily the onset of neural function
( see Burt, 1968; Hamburger, 1970 ). The present findings are in accord with
those of Sugiyama et al. (1977) and Enna et al. (1976). in showing substantial
concentrations: of %ﬂACtX ONB labelled MAChR as early as 5 DIO in the chick
retina and brain respectively. It is interesting to note here that Enna et al.
(1976). reported no “quantitatively detectable" concentration of ﬁﬁ](i) QONB
bindipg in the 10 DIQ embryo brain, when binding was expressed per brain

and not as a function of protein content (. see figure 4 ). As Enna et al.
(19761 and Marchisio and Giacobini (1969). have pointed out,homogenate studies
of transmittervreceptor development cannot'easily‘distinguish.xegionally
localised deyelopmental changes in cholinergic molecules, the major adyantage

of the present autoradiographic study.

The present observations suggest that MAChR development largely precedbé
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anatomical synaptogenesis which is in agreement with the findings of Rotter

et al. (1979) for the rat brain ( but see below ).

The relative constant density ( but not necessarily regional concentration )
of %ﬁ]antagonist lébelled MAChR in the basal ganglia, thalamus and tectum
during the latter stages of in ovo chick brain development contrasts sharply
with the marked loss of QEIantagonist labelled MAChR in the chick cerebellar
cortex on the one hand, and the very late appearance of higﬁ densities of
MAChR in the forebrain hyperstriatum ventrale (HV). on the other. These two
regional examples of 3[H]antagonis.t.labelled,MAChR developmént are of parti:~
cular interest, because the marked loss and dramatic late increase in anta-
gonist binding sites to the cerebellar cortex and HV respectively contrasts
with reports for AChE activity and stain in the adult brain. The adult
cerebellar cortex of all.vertebrate‘specﬂes:has‘been shéwn to stain intensely
for AChE (LBurgen and Chapman, 1951, Cavanagh and 'Holland, 1961; Friede and
Fleming, 1964; Shute and Lewis, 1965; Kasa and Silver, 1968; Altman, 1970;
Kusﬁnoki, 1969 ), while the HY of birds has been consistently shown to be

low in AChE activity and intensity of stain ( Kusunoki, 1949 ; Karten and
Dubbeldam, 1976; Haywood, 1978 ). . Earlier in this discussion it was suggested
that the chick HY may be hombiogous with certain cell populations in the
mammalian cortex (. see section 4.5 ) and,as Obsefvéd here iﬂ the HV,MAChR in most
cerebellar cortical cell layers appear late in development ( Rotter et al.,
1979 ), are dense in the adult, and, again similar té the HV, cortical cell
layers haye consistently been shown to be comparatively low in AChE activity
and stain (.Lewis et al., 1967; Parent and Oliyer, 1969; Cotman and Nadler,

1978; Lewis and Shute, 1978; Johnston et al., 1981 ).

This remafkable correspondence in the concentration of cholinergic molecules
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continues with CAT which, . like. AChE activity but in contrast to MAChR
density, has been shown to be low in the mammalian cortex ( Lewis et al.,
1967; Goldberg and McCaman, 1969; Palkgvits et al., 1974; Yamamura et al.,
1974; Kobayashi et al., 1975; McGeer and McGeer, 1976 ) and similarly low in
the anterior roof of the chick forebrain (. Haywood et al., 1978 ), a division
made up almost entirely by the hyperstriatum. How the late development of
MAChR in mammalian cortical cell layers and the HV of birds is related

to the clear discrepancey-betﬁeen the high.concentfatiéns of MAChR and low
concentration and activity of cholingergic enzymes is unclear ( but see

section 4.5 and below..).

The apparent marked les in the number of %ﬁ]aﬁtagonist labelled muscarinic ie-
CePtors ‘'in the granular cell layer of the chick cerebellar cortex during deve-
lopment (thistrepoft) corresponds with the reported loss of ﬁﬁ)antagonist la-
belleé‘muscarinié receptqrs in the granular cell layer of the rat during post
natal development (Rotter et al., 1979). Rotter et al. also reported that with
the loss of MACHR .in the granular cell layer there was a concomitant increase
in the number of %ﬁlmuscarinic aﬁtagonist binding sites in the molecular

cell layer (. see figures 108 a,b). This finding is in contrast to those of

the present study, where the mplecular cell layer of the qhipk is shown to

be populated by high densities of MAChR from very early stages of cerebellar
cortical ontogeny ( ie. from 10 DIO onwards }. In addition, bf 5 weeks post
hatch, antagonist labeliéd MAChR in the chick are localised only to most
external aspectS\of.thegﬁolecuiar cell layer. Rotter et al. (1979) reported
that in the adult rat MACHR are localised (( In low densities ) to all aspects
of the molécular cell layer and in particular to the vestibulocerebellum.
Rotter et‘él. could find no cholinergic afferent input whether extrinsic,

eg. axons of the primary vestibular.afferents ( mossy fibres ) ( Kun et al.,
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The development of 3ﬁﬂ PrBCM labelled muscarinic receptor

EEENY, acetylcholinesterase containing mossy fibres
, acetylcholinesterase Purkinje cells[Z%%%%Cd],

and synapses;in the various layers of the vestibulo cerebellum of the rat

during the first 3 postnatal weeks after birth. (. taken from Rotter et.al. 1979)

B) The development and distribution of ETH] PrBEM-labelled muscarinic receptor

XY, in the various layers- of the in ovo and post hatch chick

cerebellum.
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1978 ) or intrinsic, eg. Golgi cells ( Shute and Lewis, 1965 ) which corres-
ponds to the localisation and developmentally transient patterns of rat
cerebellar cortical MAChR, and he concluded that MAChR localised to the
molecular cell layer mayvbe associated with Purkinje cell dendrites as
another expression of histogénetic memory ( see Silver, 1967 ). The evidence
for this suggestion is that Purkinje  cells display a pharmacologically mus-—
carinic sensitivity to iontophorésis of ACh ( Crawford et al., 1966 ) and
that AChE reappears in Purkinje cells when the cerebellum is undercut ( Kasa

et al., 1968 ).

The cell types, organisation and majority of afferent and efferent . pathways
of the rat cerebellum are similarly iepresented inthe chick ( Fujita, 1969;
Mugnaini, 1969 ) and yet it is clear that there are considerable develop-
mental differences in the pattern of cortical MAChR distribution, which

are not so marked.in the adult. The present findings undermine the histo-
genetic memory hypothesis foi the presence of cholinergic molecules to appa-
iently'non cholinergic/cholinoéeptive cerebellar cortical cells ( see Rotter
et al., 1979,)lafter Silver, 1967 ). Since, if such.akhypothesis were correct,
a similar pattern of MAChR distribution and.density as that observed in the
rat should be reproduced,if only transiently,at some point during the deve-
lopment of MAChR . in the chick cerebellar cortical cell layers. I suggest

that the differences in MAChR development in the cortex of these two verte-
brate species is related to the 'altricial' as opposed to the-precocial
development of the rat and chick respectively, and reflects markedly different
environmental influences upon cerebellar cortical cell maturation and patterns
of connectivity (. transient ? ) between these two vertebrate species ( see

below ).

Kuhar et al. (1980) ( after Hebb and Rakovic, (1964 ) suggest: that the more
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rapid maturation of MAChR in caudal as o?poééﬁﬁto rostral regions

of the rat brain during development corresponas with evidence suggesting
that cell division ceases and synaptogenesis,begins in the hindbrain well
in advance of cortical layers( see Altman, 1969 ). The observations of the
present study do not indicate any obvious caudal rostral progression of
MAChR antagonist binding sites, apart from the very late development of
311 antagonist labelled receptor already referréd to ihvth§>h§§erstriatum
ventrale (HV).FThe HY is also distinguished by being the only region of the
chick brain which is: dense ih.mﬁscarinic receptor in the post hatch brain
( at 5 weeks post hatch ), but whose population of %ﬁ]antagonist 1abelled
MAChR is“noti unlike all other dehsevMAChR fields of the in ovo brain,
disrupted by‘developmentally.tranéient patterns, shown té;occur ‘
between 12 aﬁdle Dio, since MAChR in the HYV iéi largely expressed after
this time point. In fact these transient patterns, recognised by changes
in the distributfon of silyer grain densities ( ie. JH antagonist binding
sites ) occur in all regions of the~ chick brain, whether dense in MAChR

or not, including the HV.

The 'significance' of these patterns will be discussed further bélow, but
for the moment they»éppear to Indicate the passage of afferent or efferent
cell processes which course through the HV to or from dorsal regions of

the forebrain roof, prior to the appearance of the vast majority of post
hatch‘%ﬁ]muscarinic antagonist. binding sites. As pointed out earlier ( see
section 4.1 ), the HV is thought to be a polysensory, non lemniscal inte—
~gratiyve and association centre, interposed between sensory and motor regions
of the chick. ‘forebrain( see Benowitz, 1980 ). The HV recieves neither direct
sensory input from the brainstem nor projects out of the telencephalon

( Zeier and Karten, 1971; Karten, 1969 ) . and, like mammalian cortical

layers, is composed mostly of Golgi type II interneurons ( Kappers et;él,) 1936
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but see Bradley and Horn, 1982 ).

It might be anticipated therefore that the oxganisation and functional coup-
ling of cells and their processes in the HV would await’the passage of |
afferents-and possibly efferents to and from other regions of the..chick
fofebrain, but in particular the dorsal hyperstriatum ( visual Wulst ) and
Lcortex' in order to prevent disruption. However, it is more probable that
the necessary inductive influences serving to specify the pattern of HV
neuronal connections with accompanying appearance of the majority of 3@ﬂ
muscarinic antagonist labelled receptor are not present until the arrival

of the.qorrect intracortical afferents to thg HY. The microcircuit inter-
neuron of the mammalian cortex is one of the last cell types to differentiate

during brain ontogenesis .( Rakic, 1978; Cowan, 1979 ).

The transient patterns of qﬁlmuscarinic antagonist binding sites, described
here during chick brain development, were appafently not observed by Rotter
et al. (1979) in showing autoradiographically the developmental distribution
of %ﬁ]PrBCM Binding sites in the post natal rat brain. A plausible explanation
for this discrepancy of observations between these two vertebrate species

is not immediatelyaevident, but then neither is the exp}anation for these
extraordinary developmental patterns in the chick in the first place. It is
possible that the failure:of Rotter et al. (1979) to obsérve similar events
during post natal development in the rat is related to pioceedural difference
between these studies with respect to antagonist labelled tissue slice ex-
posure timés:to the overlying nuclear emulsion. Thé exposure times of Rotter
et al. were peihaps of insufficient duration for these patterns, some of
which in the chick are of comparatively low density, to be discerned. Of

course, it is Jjust possible, similar to the differences in MAChR development
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in the cerebellar cortex between the chick and rat ( see above ), that the
present differences again reflect the altricial as opposed to precocial
development of the rat and chick respectively. I believe this to be highly
unlikely, since these patterns appear to be reflecting some very fundamental

property of brain neurogenesis ( see below ).

At this stage in analysis it is not clear whether the transient patterns of
qH]muscarinic antagonist binding sites are reflecting the same phenomena

as those underlying the transient lbss of %ﬁ]antagonist binding sites from
certain brain regions, eg. neostriatum, fibre tracts, white‘matter of the
étratum album centrale, central white of the cerebellum and_as described
‘above the cerebellar cortex. The majority of dense MAChR fields appear to
maintain their density of antagonist bindihg sites throughout development;
although similarly ‘disruptéd' by these transient developmenfal patterns.
One explanationkfor these developmental patterns of qﬁ]antagonist binding
sites is that between 12 and 18 DIO the distribution of MAChR is passively,
ie. without any ‘purposeful' active functional role, reflecting the
movements; of cell populationS“or their extending cell processes.as the cell
populations of the brain move into a predetermined order. Furthermore, the
change from heterogeneously patterned. to homogenebuély patterned regionally
localised fields. of ﬁﬁ]antagonist lébelled receptor,voccuring between 17

and 19 DIO for the-majority;df midbrain and forebrain regions,,may~refleCtrthe
moment of completion of gross cellular order. The evidence for such a view
is'inconclusive, for, as far as I am aware, no morphological or anatomical
study has described or commented on a migration, grouping or organisatidn of
cells or their processes in the avian brain which in any way resembles the
patterns of qH]antagonist labelled MAChR observed here for the developing chick

brain. On the other hand, this study has given evidence to show that certain
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of the 'patch-like' fields of receptor do appear to correspond closely in
form with the pattern of grouped cell bodies, as stained for Nissl sub-
stance, but not so obviously with the near linear, often multiple parallel

arrays of comparativley low density antagonist labelled MAChR fields.

A hypothefiéal 'passive' role for the early appearance of post hatch den-
sities and distribution of qﬁ]antagonist labelled MAChR ( apart from ante-
rior-dorsal forebrain } might be seen to be consistent with the view ex-
pressed among others by ‘Faﬁb;bugh and Rash (1971) that the commitment

of cells to differentiate activates the 'set of genes' that encode for all
special proteih characteristics?of.thejdifferentiated state. While the pre-
sent evidence does not discount such ' a hypothesis, it should be noted
that.the temporal order of MAChR appearance and distribution,in-the chick
forebrain in particular,doés not correspond well with regional neuronél
fbirthdates‘_or isochrome maps of regional cellular differentiation in the
developing chick forebrain ( see Jones and Levi-Montalcini, 1958; Tsai et)al.,
1980;11981 a,b ). On the other hand, lateral aspects of the chick forebrain
ére populated by transiently high densities of antagonist labelled MAChR
between 12 and 15 DIO whicﬁ, at the same time, exhibit the almost global
chick brain developmental phenomenon of apparent 'disruption' of regional
cellular homogeneity, an observation consistent with evidence suggesting
that lateral-éspectsrof.chick forebrain develop and differentiate in advance

of more medial regions. ( see Tsai et al., 1981 b ).

Recently a number of studies have reported the localisation of qﬁ]muscarinic
antagonist binding sites to splenic ( Laduron, 1980 ), sciatic and vagus
nerves ( Walmsley et al., 1981 ), antagonist labelled receptor which appa-

rently are transported distally from the neuronal cell body to presynaptic
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terminals. This observation might be seen to account for the linear patterns
of %ﬁ[antagonist MAChR observed in the developing chick brain between 15

and 18 DIO ( this report ), in particular the observation of moderate to
high densities of Qﬁ]antagonist labelled receptor to fibre tracts of theé::l:
chick brain, eg. medial and lateial forebrain bundles, tractus occipito-
mesencephalicusy.ansa lenticularis, cereﬁellar white matter and even the
optic tract. Particularly, sinceFWaimsley et al. (1981) suggestbthat MAChR
localised to the sciatic and vagus nerve axons are of the high affinity
agonist type . ( see section 4.3 )., similar to MAChR reported to be associated
with white matter tracts of mammals, eg. the corpus collosum of the adult

rat ( Walmsley et al., 1980)).

The significance of the.high‘affinity_agonist sites associated with axons
and fibre tracts is that,during development,the appearance of high affinity
agonist binding sites occurs six to seven days after the appearance of low
agonist affinity forms of muscarinic receptor during post natal development
in the rat brain ( Walmsley et al, 198l ) ,at around thg same developmental
time point when certain regions in the rat brain lose %ﬁlantagonist binding
sites (. see Rotter et al., 1979 ). If the view is held that receptors have
atlleast two’ligand recognition sites ( see section 1.2 and 4.3 ), the high
affinity agonist binding site reqoghised with low affinity by antagonists
and a high.affinity-aﬁtagonist binding site.reéognised with low affinity

by agonists (. see Snyder,.1975 ), it is possible that prior to synaptogenesis,
and perhaps more correctly the onset of functional chemical transmission,
vﬁﬁ]antagonists are binding fo both. 'agonist' and 'antagonist' binding sites
with one affinity. Following functional coupling however, during which an
'inductive' influence, perhaps the transmitter, a 'second messenger', or

electrical activity (. see Cuatrecasas, 1974; Henderson, 1976; Patterson et
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al., 1978; Csaba, 1980 ) ,altexrs the ligand recognition properties of recep-
tor, %ﬁ]antagonist binding is subsequently restricted to the antagonist
binding site.alone, at least with high affinity. This might be seen to
explain why during development and prior to 'functional transmission' ﬁﬂ
muscarinic antagonists are binding to sites in the developing chick brain,
in particular fibre tracts which, in the post hatch chick brain, are devoid

of antagonist labelled receptor.

An 'inductive' change in MAChR ligand binding properties during brain onto-
genesis is one of a number of speculative explanations put forward by
Walmsley et al. (198l) to account for the lag in appearance of high affinity
agonist forms of MACHR in the developing rat brain. As plausible as this
explanation appears;, there are problems with regard to this interpretation.
For example, it is the appearance of high affinity agonist binding sites,

not low affinity agonist sites, which apparently correspond with the major
period of synaptogenesis in the rat brain ( Walmsley et al., 1981 ) and yet
it is thdught that. it is the low agonist affinity form of MAChR which is
indicative of. functional cholinergic transmission ( see Birdsall et al., 1978 ).
For example, Rodbell (1980) has. proposed that in the absenqe of nucleotides,
bimolecular complexeS'of?mﬁscarinic receptor' and a guanine nucleotide

( G-protein ) associate to form oligomers which have high affinity for
agonists;vln the presence of both agonist and nucleotide ( c GMP )., the
oligomeric complex‘isApostulatéd to dissociate, yielding the free receptor
G-protein which has low affinity for agonists ( see Hulme et al., 1981 ).

In this case.%ﬁ}muscarinic antagonists are binding to the 'functionally
coupling"or,more 'recently. functivnally coupled' ( desensitised ? ) receptor
and in particular to the guanine nucleotide regulatory protein, irrespective

of whether the view is taken that muscarinic antagonists bind with one
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affinity to all muscarinic.agonist sites (. see Birdsall et al., 1978; Hulme

et al., 1981 ), or with high affinity only to the agonist form of receptor

( Sayder, 1975; see also Hanley and Iversen, 1977; Gupta et al., 1976;

Aronstam et al., l981;.Bﬁrguiser et al., 1982 ). In other words, it is possible
that,during development and in the post hatch chick brain, %ﬁ]muscarinic
antagonists are identifying receptors Wh;Ch are functioning in the process

of chemical transmission, but hiﬁding with high affinity to a guanine nucleo-

tide regulatory protein.

This might be seen to explain whY‘qﬁ}muscarinic antagonist binding maintains
a constant density in fegionS'known to be cholinergic, eg. basal ganglia,
thalamic relay nuclei etc., but is lost from non cholinergic regions, eg.
cerebellar cortex and fibre bundles in the developing chick brain. However,
it does not explain why¥%ﬁ]antagonistS\regogniSe these receptors during earlY'
development when they could not be functibhing in tfansmission;r"

unless, of. course, these transient %@ antagonist .labelled recéptors are loca-
lised to the surface of growing cell proceéses in receipt of transient
contacts during development. Silver (1971). hypothesised that an immature
neuron might develop a sensitivity to ACh, if it was located in or migrated

through an area in Which,AChAWaS‘found ( see also Csaba, 1980 ).

The"functioning'receptor'— high antagoniét'affinity correspondence might
also be seen to explain why the high affinity agonist forms of receptor
transported in the vagus: and sciatic nerve ( Walmsley et al., 1981 ), which
according to Rodbell (1980) are functionally inactive, possess a low affinity
for antagonists. Presuming that the low density antagonist labelled receptors,
observed in this study to be localised to neuronal processes,are internal

and not on the surface ( see above ), why is it that antagonistsilabel these
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receptors onlyiduring a critical period in in ovo develqpment, since pre
muscarinic receptor proteins are being synthesized in neuronal soma and
trahsported along nerve processes in the post hatch brain as well. The

answer may be a question of access,antagonists binding ( albeit with low
affinity ) to internalised receétor protein only before oligodendrogliagenesis

and myelination, after which time access to the receptor for antagonists is

3

restricted.It is Quite possible that agonist binding is achieved by reuptake
b : _ ’

mechanisms at dendritic and axonal nerve endings: to diffuse down nexrve

processes to bind with receptor being transported up the nerve.

Earlier ( see Sectipnb4.5v), the lack of correlation between AChE staining
in the HV and high density of muscarinic receptor was discussed. In contrast
to the observation of Kusunoki (1970) and Karten aﬁd Dubbeldam (1976), a
recent study by McCabe et al. (1982) has shown the HV of the 24 hour post
hatch chick brain to stain quite intenséLyforiAghE.This may be seen to
confirm the observations of Jerusalinsky et al. (19811 in showing that

AChE activity and MAChR antagonist labelled concentrations correlate well
during chick brain in oyvo development ( see Introduction ). However, the
study by\qerusalinsky~used a very‘crudé.microsome enriched preparation and
antagonist binding access would not have been restricted by factors such as

myelination. On the other hand, tissue slice staining techniques would be.
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Conclusions.

This study has shown very clearly where in the young post hatch chick brain
muscarinic and nicotinic cholinergic receptors are concentrated. The problems
encountered in achieving this primary objective were relatively straight-
forward and necessitated perfecting.technicalﬂSkills and ensuring clarity

in the presentation of data. In.contrast, questions directed towards asking
why cholinergic receptofé are concentrated to particular regiqns of the brain

proved to be extremely difficult to frame, let alone attempt to answer.

In showing that muscarinic antagonist labelled receptors are dis;ributgd~
_thrggghout :§h¢ Qértebrate bréin,'the obsgrya#ionsréf this study may

be seen to be cbnsistent with psychophérmaco;ogical ;Qidence suggesting that
cholinergic responsive neurons afe part of brain systéms subserving a wide
variety of behaviours and homeostatic mechanisms. There is no evidence by
which to suggest that muscarinic cholinoceptive cells are in receipt of inputs
functioning to transﬁit signals of one particular sensory modality. Muscarinic
receptor are localised to regions shown to be particularly rich in golgi

type II interneurons. This apparenﬁ correspondence and the failure to asso-
ciate the regional concentratiéns and distribution of muscarinic receptor

with major efferent pathways of those regioné, suggest that a considerable
percentage of muscarinic receptors~isilocalised tb :egionalij intrinsic neuronal
vpopulations,‘lf any- functional correspondence were to be made with regard

to muscarinic recepter distribution in the yertebrate brain, it.might be to
suggest that MAChR is most concentrated to‘regions sexrving to integrate and
associate sensory input and, in addition, to regions in receipt of descending

extrapyramidal motor afferents.
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In contrast, antagonist labelled nicotinic cholinergic receptors' are .con-
centrated to régionskof the brain primarily concerned with the relay 6f

one particular sensory modality, vision. On the other haﬁd,comparativé:ﬁigh;\
~densities of nicotiﬁic chplinergic receptor in the fofebrain are idcaiised

to cell layers of . the olfactory bulb of the chick, = like other verte-
brate species. .Nicotihiéréhéiiheréicrreceptoxs may be localised to
cholinchptive gtﬁgyénts;:tut prebatly nhot, as for muscarinic receptors

to :;ggiptally;k 1ocalised cholinoceptivevcircuits serving to integrate
certain classes of senéory input.ﬁThe continuing debate as to whether muscari-
ﬁic and nicotinip xecéptérs shquld or. should not be regarded as quite dis-
tinct mol?cular entitiés has been largely avoided in the Introduction and
biscussion of this report. Frbm.the distribution éf antagonist labelled
muscarinic and-nicotinic receptors, it is,only poséibie tb cdﬁcludé ‘ ’~i¥,
that, while’nicotinic antégdnist‘binding_Sitgs a:érnthtrcontentrétéd 7

ié regions populated by low densities of muscarinic antagonist labelled recep-
torsyhigh densities of muscarinic antagonist bindiﬁg sites are present ipf

many regions of the brain populated by very low densities of a-bungarotoxin

labelled binding sites.

Two analytical approachés have been emphasised in this study in attempting

to disqover the causal influences specifying muscarinic distribution in the
post hatch/post natal vertebrate brain, one a compérative approach between
species of vertebrate, the other a study of the distribution of muscarinic =zc
receptor during the latter stages of in ovo chick brain ontogenesis. The

view is taken that influences.operative during phylogeny, ontogeny and expe--
iience are cloéely and perhaps inseparably related in serving to specify

the regional distribution of muscarinic cholinergic receptor in the brain.

With Fegard to species comparison, a conclusion is that homologous neurons
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in, for example, the rat and chick brain,as indicated by common patterns of
afferent-:and efferentation, most often aléq cprrespbndVWithrgéépe¢t #p .
whether they are muscarinic chdiinoéeptive.wnere there are differeﬁces, eg.
olfactory lobe, it is receptor density which differs, which is probably a
reflection of differences. in the‘concéntrations of a particular cell type
and its function is that region or, alternatively, a differénée in environ-
mental experience gerving to 'induce' or 'stabilise' a partiélular ligand

identified class of receptor . .to these regional afferent receptive cells.

A similar cenclﬂsiqn may be drawn from the deVelopmeht of muScarinic receptor
distribution. This is particularl? well illustrated.by~the patterns and
densify'of‘muscérinic receptor.in. the cerebellar and éerebral cortex~

and dorsal pallial forebrain of.the rat and chick during brain ontogenesis.
The developnment of, for egample, stereotyped motor patterns in the chick

is precocial, but.not in the rat, perhaps_accounting'fbr the differences in
the distribution of muscarinic receptor between the rat (.ﬁotter et. al.,
1979]) and chick cérebellum during development. On the other hand, the
development of systems serving to integrate and associate post hatch/post
natai experience, egf.the cerebral cortex and perhaps.hyperstriatum venfrale
of the rat and chick respectively, exhibit.a.véry-similar temporal order of
development with respect to thé appearahcé ofmmuscafinié antagonist binding
sites. This not only speaks for the possibility of homdlogy of certain cor-
tical neuronal populatipns,with,those of. the hyﬁérstriatum Véﬁtraie; 5ﬁ£

in addition suggests that the cell4prgcesses:and,onset-of 'function' under-
lying adapfiﬁe behaviour between these two spedies of vertebrate; in prepa-

ration for and as a consequence of actual experience, are possibly very similar.

In agreement with the view expressed amongst others by Changeux, the obser-
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vations of the piesent study suggest that the distribution of muscarinic
cholinergic receptor, localised perhaps to all cells of the brain during
critical stages of development ( eg. arrival of afferents ), is 'stabilised' as
an adult pattern és a result of afferent neuronal activity. In particular,
/ﬁhe release of neurotransmitter, the cell synthesis or availability of

release are very p;obably largely a gene expression. The resulﬁs of this
report only describe MAChR antagonist binding sites from 10 days in ovo on-
wards, but I would. suggest, és,shownwin other vertebrate species, that
hindbrain regions.are populated by.éntagonist;binding sites before other
regiOns,of,theAbrain. The resultingkmodification of ﬁhe neuronal activity

of the cellsiinvreceipt.of.afferent contacts (perhaps transient) serves to
modify the distribution and perhaps class of receptor ( see Csaba,.1986 ) to
later'forming neuronal contacts of higher brain centres. Of course, the 'stabiéf
‘lisation' of teceptbr class and perhaps subsequent stabilisation of synaptic

contacts is one means of specifying the cellular eircuit logic of the brain.

No éonclusion'can be made with regard to the in ovo transient and developmen-
tally unique patterns of muscarinic antagonist bihding sites observed during

the lattef half of in ovo chick brain ontogenesis.Béfore'understanding whaﬁ-these
patterns signify,it is first necessary to know more of the mérphogenesis of

cell typesvduringvchick brain. development. In addition,'further clarification“
is required,with‘reépect to our cuireht understahding,k'of the 'nature'

of ligand labelled muscarinic cholinergic receptor.
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