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The complexity of the central nervous syste* of higher animals 

has never been in doubt, but it has perhaps been brought hoae more 

f orelbly in recent years by virtue of the extremely detailed 

that has been obtained by electron microscopic studies o» many 

of the asnoalian brain j ultrastructural studies se«B to provide 

information that is closer than any previous aorpholagioal investi­ 

gations to the basic function of neurons in information processing. 

This is due, as much as anything, to the fact that the resolution, of 

this type of microscope is sufficient to show what appears to be the 

Borphologioal equivalent of Sherrington's functional conce; t: the 

"synapse"; indeed, this ultrastruetufml entity Is now so accepted as 

being identical with the physiological synaps** that the sauta name is 

used for both* Moreover, recent electron microscopy haa shown that 

several ultrastruotur&l subtypes of synapse may be discerned. and these 

have been tentatively related by scae authors to the functional pro­ 

perties cf excitation and inhibition* The inevitable corollaiy of the 

high magnification provided by the electron microscope is that only 

Itoited areas of brain tissue may be examined and this makes the use 

of light microscopic information and material taperative to provide 

the context for assessing and interpreting ultrastruetural findings*

Several approaches are currently being used to determine the 

principles of information processing in the central nervwa system, 

and in many parts of the brain} electron microscopy is a relatively 

recent technique for study of this kind, and it has so far only been
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ayatematloaUy applied to a fen aitea auoh &a the retina, lateral 

paniculate body and cerebellum in an attempt to understand theae 

principle*. The olfactory bulb ia a nighty suitable site for these 

studies, for many reasons, some of which it aharea with the afore* 

mentioned, aitea* It ia a olearly laminated and quite diaorete 

structure; the few basic neuron types hare processes whose distri­ 

bution la well known from classical histology. It has a few well* 

defined afferent and efferent pathways, and no fibres pass through it 

to or fron unrelated nuclei j both the bulb and ita pathways are 

easily accessible for anatomioal and physiological approaches in 

several apeoiea including the macrosmatio rat and rabbit* The olfactory 

bulb ia probably the most accessible first relay in any aensory path* 

way and may serve as a model for other sensory relays. It ia essen­ 

tially a aimple structure, haying the aame fundamental architecture 

throughout, and has been considered as a simple cortical structure 

(Shepherd, 1!?65b)j through an understanding of ita function, it may 

thus be possible to comprehend the basio coding principles of neuron&l 

organisation. Finally, since the physiology of olfaotion la still an 

Obscure subject, more precise anatomical knowledge of the neuronal 

organisation of ita pathway oould help to clarify concepts regarding 

ita function.

The hiatology of the olfactory bulb at tha light microscopic level 

has been known in considerable detail for ra««y yeara, and particularly



since the studies by Colgi (1875), Cajal (1890,1911,1955) «nd their 

contemporaries '*an Gtehuchten a Martin, 1891J Blanes, 18^S). un the 

basis of previous studies on the layering of the bulb as seen with 

the Nissl staining procedures (e.g. Schwalbe, 1881), these authors 

used the (Jolgi method and its modifications to analyse the neurons, 

their processes and the glia of the bulb in the great detail that this 

new technique then offered thosu Several suiaaarie* of the overall 

picture of the bulb that emerged from these early studies are available 

(e*g. Cajal, 1955) *• (Figure A)J to further clarify the present study 

on the glomerular layer it may be useful first to outline in sos» 

detail the concept of this layer held by the classical histolegists, 

particularly the Madrid group. This is not to replace the reading of 

the valuable and highly detailed original descriptions, notably those 

by Cajal (1890,1911,1955) and Blanes (1B98), which provide authoritative 

•aft careful light microscopic descriptions, but rather to link these 

with our own Solgi material, which has been studied with & view to 

correlation with electron microscopic data.

The olfactory receptor axons, after passing through the cribriform 

plate of the ethmoid bone, fona a layer on the surface of the olfactory 

bulb fro® which they penetrate into the subjacent layer of glooeruli; 

their ramifications within the gloceruli are precisely delineated by 

the boundaries of these structures and never extend bftvond then* Each 

nerve fibre "breaks up successively into short, flexuose, relatively 

stout and extremely varicose secondary brunches, and always terminates 

freely with an olive-shaped or rounded knot" (Cajal, 18$0). The same
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gltinaruli also contain the thick expansions of the mitral and tufted 

cell primary dendrites, which break up on entering the glosieruli 

into a dense tuft or tree-like arborisation? the branches w> ioh Bake 

up this tuft are Tarioose and are distributed solely within the 

gloaeruli. There also arborise within these structures the dendrites 

of the periglomerular cells, i*doh were studied in gr©at detail by 

Blanes (1898), who described their branches as "fine and varicose, but 

not spiny. Some nevertheless exhibit hair-like expansions, that is to 

any, coverings of relatively long appendages sprouting at a sharp 

angle** The glomeruli are surrounded by the cell bodies of the 

external tufted and peri&Lomerular neurons and of glia* and it Is in 

the interglooterular spaces that the axon terminals and collaterals, 

other than those of olfactory nerves, terminate| these spaces are 

now termed the periglomerular region (Chapters 4 & 5) or "stratum 

granule aura exteraum" (Androa, 19&5}« Th« small periglomorular cell 

bodies are the conmonest type, some appearing to lie on the very edges 

of the glomeruli, and others deep in the interglooerular spaces, and 

they give dendritic arborisations to one or more gloaerullj some lie 

very close to the external tufted ©ells, which are alao found in this 

region, particularly in the deeper parts of it* The axoas of the 

external tufted cells distribute collaterals to the neighbouring parts 

of the glomerular layer, generally terminating in the perlglomerular 

region, and send their main axon deep into the bulb and towards the 

oerebral hemispheres; the periglooorular cells and all their axonal 

branches to the perigloraerular region around several adjaoaat glomeruli.



**

The collaterals of the mitral and deep tufted cells do not appear to 

reach the glomerular layer,

The more recent studies of falverde (1965) have largely confirmed 

and extended these earlier studies, but he introduced the concept that 

the tufted oells were perlglomerular cells, displaced inwards, rather 

than outwardly displaced mitral oellsI this view ha* not been con- 

fiimed in this study (Chapter 3)» but his excellent drawing* showing 

individual neurons in the bulb are a splendid addition to the drawings 

of the classical histologists*

The nomenclature of the cells of the olfactory bulb baa somewhat 

altered with the passage of time and it may be useful to clarify the 

terms at this juncture* Cajal (although his praetioe varied from time 

to time) used the designation external tufted oell for those tufted 

sells lying Just deep to or within the glomerular layer, middle tufted 

for those in the superficial two-thirds of the external plexiform 

layer and internal tufted for those just superficial to the mitral oells, 

External or superficial granule oells have mor@ roceatj../ oacoiae Known 

as periglomerular oella; to avoid oonfusion with the granule oells of 

the deeper layers, only this latter term will be used here, despite 

its looseness* To the third type of cell discovered in the glomerular 

layer we have assigned the term * stiperfiojal short-axon cells*; in 

addition to its descriptive value, this brings them into lino with the 

third type of the deeper layers described by G-olgi, Oajal, Blanes and 

Tan Sehuohten* with which they appear to be analogous*

It is against this background of light microscopic knowledge



7.

that studies have been *ade on the olfactory bulb using the electron 

microscope; the highly oomprehenaive nature of the data on the 

different cell typea were particularly valuable in determining acre 

precisely the synaptic connections established by the vari us neuronal 

process«s in the bulb. A functional analysis of any neuronal relay 

can only be achieved in full with a suitably detailed map of the 

anatomical oonneotiona in the region, both intr'nsio and eartrinaief 

by defining the principal oonneotiona, it ahould be possible to make 

certain suggestions about function and to exclude seme cf the possible 

interpretationa of electrophyaiological recordinge. It ia ^Lth theae 

aias in view that the present studies have been made*

Electron microscopy

Apart from the study by Andrea (1965) on the structure of the 

whole olfactory bulb, uaing the electron microscope, other workera 

hare tended to concentrate on certain partioular featured auoh aa the 

reciprocal synapses characteristic of this site (Hirata, 1964! Hall, 

afeepherd, Reese & Brightaan, 1966 f Price, 1968f Hinda, 1970) wr on 

details of partioular cell* (Price A Powell, 1970a, b,c»d). Vb* latter 

authors have investigated the oonneotiona of the mitral, granule and 

deep ahort-axon colls of the rat olfactory bulb, aa well a>s demon­ 

strating the node of termination of the centrifugal path^aya to the 

deep layers of the bulb* The preaent study, primarily on the rat, covers 

the glonerular layer, the site of aynaptio contact between the olfactory 

nerves and the mitral cell and other dendritea* The recent electron
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Microscopic research oa the olfactory bulb In this laboratory has 

separated into studies on two sets of layers - deep and superficial ~ 

a division that appears to have sooe functional significance ana whleh 

is discussed in this thesis* 3$T colleague, Dr J.L. Price, has in 

effect concentrated upon the granule cell, mitral cell and external 

plexifarm layers and these findings are presented In his thesis and 

publication* (Prioe and Powell, 19?Qa«"d5*

~JEP«riraental light micro a copy

ilxparimontal anatomical studies on the glotterular layer are 

relatively few at light mloroaoopio levels the termination of the 

centrifugal fibres In the perifloaerul&r region has been described 

by several authors (Cragg, 19&2| Powell A Cowan, 19&3f 1 o-^il# Cowan

* ?»ai*man, 1965; Helper, 19^8; Price » ^ow«ll, 1970®) and It appear* 

from these that the centrifugal fibres from the nucleus of the hori*

•ontal limb of the diagonal band 'Prioe & Powell, 1970e) axe the only 

axons that reach the glomerular layer from the cerebral hemispherea, 

Estperimental anatomical studies on the olfactory nerve projection to 

the bulb are fewer still, but show a broad area to area distribution 

from wucosa to bulb (L* Sros Okirk, 19511 L« Oros Clark, 1957)$ 

recently, silver degeneration techniques have shown a well circumscribed 

distribution of termination from individual nerve fascicles rumuag from 

the unloose, to the bulb, and suggest a degree of intraglcsierul&r 

specificity as well (Land, laager and Shepherd, 1970;.
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•Ptysiology

From the physiological point of view, studies on tht 

of the olfactory bulb hi ve been limited by a lack of specific kno*ledge 

of the intrinsic neuroanatomy of the site (for example, the early 

studies of Baumgarton, Green & Manoia, 1962; fcreen, Kanoia - 

Baamgerten, 1962; Yaaamoto, Tsmsmeto & Iimma d%3' J Phillips, 

FoweU % Shepherd (1963); Shepherd (I963a,b)); as information has 

become available, considerable advances have been made in our under- 

Standing of bulbar organisation and funoticn (e.g. Hall, Shepherd, 

Reeae a- Brigtetman, 1966). The eejrOy studies did, however, define the 

basic parameters of function - the olfactory nerve input, the mitral 

cell responses and factors affecting these, as well as indicating the 

possible pathways for extrinsic effects (Temamoto et al, 1963}* ?he 

combined anatomical, physiological sad mathematical approach of Rail, 

Shepherd, Reese and Brightman (1966), and Ball and Shepherd (1968)

•oggested a basis for understanding the function of the reciprocal 

synapses found in large numbers in this site (Hirata, 1964; Andres, 

1965; *eese and Brightman, 1965). Nieoll (I969,1970b) has ooafirmed 

end extended these findings* Naturally, studies have tended to eon* 

oentrate on the deeper layers of the bulb on account of the better 

segregation of different oell types end their processes as compared 

with the glomerular layer, and the greater ease of recording in these 

sites* Shepherd (1971) has briefly reported some findings in studies 

on the glomerular layer, and these are encouraging in thsir relationship 

to the findings to be described in this thosis, to which the author has
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been able to relate them* Interpretation of results is neoes«ari3y 

difficult in this part of the bulb and it is evident that a detailed 

knowledge of anatomical connections will greatly facilitate the 

interpretation of eleetrophysiological obserrations; it is hoped that 

the work presented here nay contribute at least some of this necessary 

knowledge* As an Illustration of the importance of anatomical and 

physiological correlations In th® olfactory ay a tern, tba reomt findings 

of Lohiaan and Mentinek (1969) «nd of Hiooll (1970&) on the tufted cell 

projection in the lateral olfaotory tract hare clarified an important 

issue that has been uncertain since the time of Cajal. Cajal (1911, 

1955) tentative^ suggested that the fibres of the tufted ceils passed 

in the anterior ooaalssure and this concept was given further support 

by Allison (1953)) thus the central projections of the aitral cells 

(>y the lateral olfaotory tract to the pyriform cortex ste.) and the 

tufted cells appeared to be distinct, However, with more direct methods 

Man 11 and Mentinok (1969) (silver degeneration methods), and Uiooll 

(1970a) (eleotrophysiology) haTe demonstrated that the oourse and 

termination of the mitral and tufted cell axons outside the bulb are 

the same.

The work of MeoLeod and his ooworkers fLeveteau and MaoLeod, 1966, 

19691 Leveteau, Daval and Mac!*eod, 1972), HAS helped to elucidate the 

nature of glooerular function in terns of the olfaotory stimuli, 

although auch remains obscure in this Important field. Although nany 

workers have attenpted to define the sttauli giving rise to patterns 

of activity in the olfaotory nerves, these have been largely unsuccessful
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and an account of thea -would not be relevant here In view of this 

unfortunate difficulty*

Of the physiological data that is available, the nature of 

aynaptic influences upon given cells are of the greatest importance 

in the anatomical correlations and those will be suataarised briefly 

here, while receiving mere detailed attention elsewherei Olfactory 

nerves are clearly excitatory (Taro&moto et al 1963$ Shepherd, 1963*, 

1971). Mitral cell Aendrites (Hall and Shepherd, 1968} and their 

axona (Niooll, 1970bj Beidenbach and Stevens, 1968) are excitatory, 

as are those of the tufted cells (Niooll, 1970a). Periglomerular 

cells (Shepherd, 1971) and granule cells (Rail and Shepherd, 1968) 

appear to be inhibitory. Yamamoto et al (1963) end Gallons (1965) 

proposed an additional inhibitory inter-neuron acting through the 

granule cells in the deeper layers, and this could correspond ana- 

tomically with the deep short-axon cells 5 the superficial short^axon 

cells have net as yet been studied* Centrifugal fibres appear to be 

excitatory to granule cells (Dennis and Kerr, 1968); Fibre* from tfie 

oontralateral anterior olfactory nucleus, running in the anterior 

QQanissure also appear, by an interpretation of the results of Lsveteau 

*t al (1972), to be ejooitatory to granule cells (see Discussion).

Presentation of lesultit

The Material and Methods used for all the studies will be described 

in some detail in Chapter 2. The succeeding three chapters 3-5) 

describe the light microscopy and electron microscopy of tb© normal
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atructura of glooerular layer in the nat olfactory bulb, dealing 

respectively with the neuron types, and the gloaerul&r anti ^eri* 

glonerular neuropil* Theae are followed by a short ohajptar on an 

unusual finding in the soekey olfaotory bulb and ita relation to the 

findinga in the rat* The subsequent four chaptera are concerned with 

experimental observations after section of the olfactory nerva and 

ths lateral olfactory tract and after making aasall lesions id thin the 

aubstance of the olfactory bulb; 1&e studiea after olfaotory nerve 

damage are divided into two - the flrat relates tc the degeneration of 

the preaynaptio terainal and the fat© of the poat-aynaptic thickening 

in the rat, and the second la a atudy (almost entirely in t&« rabbit) 

of the ultrastructural features of trananeuronal degeneration after 

the same leaion* The experimental f ludinga are correlated with the 

observations on normal material, with a view to determining the synaptio 

characteristics of all the processes in the glomerular layer* The last 

chapter of results is a presentation of the use of G-olgi-ispragnated 

Material for electron saicroaoopy in the olfaotory bulb* Since thia 

thosia is principally concerned with the anatomical organisation of 

the bulb, the general discussion will concentrate specifioftlly on points 

ariaing from the theais in thia particular contort. Points of sig­ 

nificance to degeneration studies are discussed in the speoifio chapters* 

Saoh chapter has ita own diaeussion »o that the reaulta are brought 

together and considered in stages, whereas the gea&ral discussion gives 

broader consideration to certain aapeota of the atudy* Physiological 

correlation ia emphasised throughout, and attempts have been na&* to
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fir* sora* functional meaning to the anatonical results; thaft* 

oonai»t«t with physiology as far as it id knoim, th€H$* ther§ i» 

natural3jr a degree of spwulation beyond thia.
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Electron microscopy has become such a widely used technique that 

it la felt unnecessary to give in detail all the chemical solutions 

and method*, when these are standard practice in any electron microscope 

laboratory. In the following sections, attention is paid to special 

features of methodology used in this study. The animals used were 

predominantly rats, but rabbits and monkeys were also used (Chapters 

6 and 8)« Eats were operated on, or perfused for normal material, at 

a relatively young age (l*/-8 weeks), so as to avoid the complication of 

spontaneous degeneration that is a well-known hasard of working with 

older animals. Rabbits were aged between 5 and 7 weeks at the time of 

operation, and the monkeys used were young adults*

t« PREPARATIVE PR(XaSPIgUS3

a) Normal Light microscopy (Chapter 3.)

Several sets of sections of paraffin embedded, Hisal stained 

material were available for study; these were stained with thlonin 

and out at 25pm. For Golgi impregnations, normal rats, aged between 

four and seven weeks, were used; the basic (k>lgi-Kopsch technique 

(Coloxmier, 19645) was used principally, with slight modifications.

?jjEation. Kither the standard method for electron adores copy 

was used (see later section) or a fixative solution containing 5/ 

glutaraldehyde and 2,4r potaasiuia diohromate in phosphate buffer, was 

given by perfusion,

Staining* a) material is stained for 5 days in the glutaraldehyde-
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dlohronate mixture above*

b) the blooks are washed mil In several changes of distilled 

water, rinsed with a liver nitrate (Q.75FO and then left for a further 

five days in the silver nitrate solution. They are then mashed again 

in distilled water* Repeated impregnation nay then be carried out by 

repeating a) end b) twice in the same order, washing carefully with 

distilled water between eaoh fresh solution giving blooks two to three 

days in eaoh stain* All solutions should be aade up freshly and the 

pots kept in the dark during staining! about 50nl of eaoh solution 

is used for a pair of olfactory bulbs, which are put throu^i as single 

blooks for light microscopy.

Embedding is with Low-viscosity Nitrocellulose and mounting with 

XAH mountant and a cover slip* Sections were out in the sagittal and 

coronal planes at 75-1 OOum, The method eaployed here appears to avoid 

fading of sections, over long periods of time.

b) Golgi-Cox (Chapter 8)

The brain was exposed under anaesthesia, the animal decapitated 

and its skull plaoed in the Golgi-Cox fixative; after an hour the 

brain was removed from the skull, cut into blocks and placed in fresh 

Golgi-Cox fixative. These were left for 8 weeks, then en&edded in 

L.V.N. and out at 150u; these sections were processed according to the 

method given by Shell (1953).

o) Experimental Light Microscopy (Chapter 10)

Perfusion for experimental light microscopy was carried out after
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Intrinsic lesions of the bulb fa or 5 day* after the operation) with 

normal saline and 1Q formaldehyd«; after further fixation, the 

olfactory bulb a were out at 23pm on a freeaing aiorotcme in sagittal 

or coronal planes » A 1 in 10 series was stained by the method of 

Wiitanen (1969) to locate the lesion and determine the approximate 

extent of the degeneration at the glomerulnr level; all sections of 

the part of the bulb aff eoted were then stained by the mot hod a of Pink 

and Heiaer (1967) and of Hauta and (tygax (1954)* to determine more 

exactly the extent and nature of the degeneration*

d) Electron aiorosoopy (Chapters ^

For perfuaion, it has been the practice to cool the animal under 

lembutal anaesthesia to 15-20°C before perfusing it with fixative 

solution at about the sea* temperature; although this procedure may 

have little effect on the quality of the fixation, it allows time in 

oase of any mishaps during preparation, tending to avoid the complication 

of aephyxio change. A very short preliminary wash with buffered saline 

(White's) is followed by a brisk perfusion with 150-20QH1 of fixative 

(1> glutareldehyde with & formaldehyde in 0.1M phosphate buffer) after 

which a very slow perfusion rate is used for a further 200al of fixative ; 

the formaldehyde is made up from paraformaldehyde with heating to 60- 

70°C t A prior injection of \% sodium nitrite (0.1 ml) and heparin 

( 0.2ml) oauses dilatation of cerebral blood vessels and prevents 

clotting* Perfusion is via the left ventricle and aorta, using a wide- 

bore glass oannula with bulb, and at a hydrostatic pressure at or just
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above the animal* a normal blood pressure* The brain is left in the 

Skull for acme hours before being removed; oare must be taken In 

removing the olfactory bulbs, as the olfactory nerves attach themselves 

firmly to the underlying bone - it is usually possible to sorer the 

serves close to the cribriform plate with fine watchmakers* forceps* 

The brain is immersed in fresh fixative solution for at least six hours.

Blocks of olfactory bulb are then out (a minimum of six blocks 

from each bulb for the rat), given a very brief rinse with 1Q$C sucrose 

in phosphate buffer and post-fixed with 2^ osmium tetroxide, also in 

phosphate buffer; dehydration is in ascending alcohols, with block 

staining (1>C ttranyl acetate in 70^ ethanol) at the 70; stage* After 

immersion in epoxypropana, follewed by a 50150 mixture of epoxypropane 

and embedding mixture, the blocks are embedded individually in plastie 

capsules using Araldite or Spon/araldite mixture* The blocks are allowed 

to polymerise in 40 C (24 hours) and 60°C (48 hours) ovens. 2um sec­ 

tions are then out off the trissned block, mounted and stained with the 

method of Richardson, Jarett and Finks (19&>) » 50:50, 1, aethylone 

blue in 1;' borax and \/' aqueous Asure II - for the orientation of the 

block; in some oases, these 2ua sections were left unstained for phase 

contrast microscopy. An area or *mesav for study is marked out and 

trimmed; this should have a maximum siie of 0.5 by 1mm, but for routine 

work, 0«5mm by 100jum is a good sise; with smaller mesas, material is 

improved in reproduoibility, and longer series of sections may be cut 

without interruption*

For ultrathin sectioning, the knife scoring angle use* is 45° and
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tib* clearance angle of the miorotoae 1-2°j cutting speed rang* la 

1.6-2.0n« par aeo* for aaallar blocks and slower speeds for largo? 

0001. Section staining la in #' uranyl acetate in 50, othanol at 40 C 

In a wet ohanber, for 30 oinsj the grids are then waahod in warm 

•Uianol and dried, Reynold* (196*3) l«ad aitrate ia ua«*d for further 

Motion staining; it ia iaportant after glutaraldehyde fixation, to 

dilute tkia atain 1 in 5 with 0,Q1N lla OH to prevent t3» granular 

appearance caused by heavy lead deposition. Staining ia at rooa 

teaporature in a chamber containing N NaOH, to ayoid precipitation with

C0.« The gridi ax* rinaad in diatillod ^at«r and dried,

For aarial aeotiona, amall regular mcaaa must be uaod in order to 

obtain long series, and these are mounted on formvar-ooated slit grids 

(slit - 1m by 2can). A stook solution of polyrinyl formol foroTar

ia Bade up in ethylene di chloride and stored in a flask at 0 C* The 

ooncentration detenaines tha thioknesa of the film and It ia

naoesaary to achieve a balance between strength of the film and a 

minlaal losa of resolving power; a 0.2,' solution in et^ylame diohloride 

ia optimal. A 3" by 1* elide is cleaned in acid alcohol and Teepol 

and ia then dipped into a ooplin jar containing the forravar solution 

(at room temperature) for 3-4 seoonda* The excess is drained and one 

side wiped oleanf the film ia allowed to dry and ia then scored with 

a rasor blade, just inside the edgea and about £" inside the liaits of 

tha coating. The slide ia breathed on, and inserted at about 45°, coated 

aide up, into a dish of clean distilled water. The fjJUa ia thus released 

to float on the aurf&oe of the water; slit grids are ear&fulty placed
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on the central portion of the fila and pressed down lightly to ensure 

adhesion; a wire fraae is brought under the film, so as to support it 

on all sides and the whole is removed from the water at an angle! it 

is allowed to dry und@r cover. The grids nay be picked off with forceps, 

as needed. This technique has been discussed at some length since its 

correct use is an absolute essential for good, repeatable serial sec­ 

tions .

The soallness of many of the profiles in the glorserular layer made 

such serial sections a significant and imperative part of this study, 

easA large numb era of series were used for the greater part of the 

routine analysis of aaterial* Two major classes of serial sections were 

used: the first had average diaensions of 5®0uta by 50um and each un­ 

interrupted series consisted of 50*120 sections; the second type were 

about lOOusj and series of between 100 and 200 sections were obtained, 

uninterrupted.

«) Intrinsic Lesion Material for electron mioroaoopy (Chapter 10)

Blocks of this material were taken so that the centre part of the 

dorsal surface, containing the lesion, was included in a single block; 

this block was out en the ultraaierotoae after embedding, until the 

lesion could be seen in a 2um section, stained by the aiethod of 

Richardson, Jarett and Finke (19&?)« Ultratnin sections including part 

of the lesion and the adjacent glomerular layer were then out and serial 

sections mounted. After study of these serial sections, the next 5Ou« 

of the block was discarded before a further series of sections was taken
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for electron microscopy; different areas in relation to the lesion 

were alto taken at the different levels* This procedure was followed 

until the end of the lesion was reached; the distribution of tenainal 

degeneration in the gloserular layer in the region of the lesion could 

thus be determined.

f) Combined fol^jH5»*u Material (Chapter 111

£©lgi-impregnated material, preferably perfused with the primary 

staining fluid of the Golgi-Kopsoh technique described above* and in 

blocks of typical electron aicroseopio dimensions (see above), Is 

stained in 2f osmium tetroxide and embedded in Aralditej this is 

allowed to polymerise slowly at rooa temperature, or after 1 day in a 

40 C oven only. When the blocks are hard enough to be gripped for 

cutting on a sledge aiorotoae (several days), sections are cut at 20-2 5us> 

with the knife edge steeply angled to the axis of travel. These sections 

are mounted in castor oil and a coverslip placed over thas* They aay 

then be examined and appropriate cells for stu^y found. The distensions 

of Hie sections are such that ouch of the dandritlc fields of cells at 

the gloaerul&r level is included, but not such extra stained material 

in the vicinity of the cell, which may confuse study with the electron 

fflieroaoope. The cells chosen are then photographed and/or drawn under 

high power, and their site in the section noted. The cover slip is 

then removed and the castor oil washed off with epoxypropanej the 

section may new be r©-«abedded by iaraersion in a drop of fresh Araldite 

in the lid of a Bee* capsule; it is then firmly pressed down by a flat-
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surfaced, preformed and already polymerised Araldite block, which is 

in the remainder of the capsule. The whole is then polymerised at 60 C. 

The composite block may then be examined under a dissecting micro­ 

scope and a normal electron microscopic 'mesa1 made around the cell, 

avoiding as much other stained material as possible. This facilitates 

stu$y and prevents excessive blunting of the microtome knife, allowing 

loagish series of sections to be out at a time. After cutting down 

the mesa with 2um sections to remove the fine surface layer of Araldite, 

ultra-thin sections are out throu^i the mesa and collected j these are 

examined so as to ascertain whether or not the cell has been reached, 

and mere sections out in serial order, until the cell or its processes 

appear. All sections are mounted on single-slit foxovar-ooatad grids 

whioh allow easy aerial study (see above) J the sections are stsdned 

with uranyl acetate and lead oitrate on the grid.

2.
a) fllfaotory z^oosa removal/Chapter 7 ,"

This relatively crude but selective operation 1ms the advantage 

that a large number of fibres nwgr be destroyed without opening the 

cranial cavityj its principal disadvantage is the relatively high 

mortality, due to the nature of the lesion and the young animals (V-8 

weeks) that have to be used to reduce the likelihood of 'atrophio 

rhinitis 4 * Anaesthetics with minimal or short-lasting respiratory 

depression are essential, and A vert in (t rib romoet Hanoi with amylene 

hydrate) gives good results; 0.5ml Avert in is mixed with 25ml normal
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saline and 2nl 9^ ethanol. A 200gn. animal is given 1ml mixture 

intraperitona&lly and a further 0» -0.5ol after 5 miw< ©s if neoessary. 

The skin over the naaal bones ia divided anteropoateriorly and the 

perioraniuB separated; the dividing line between naaal and frontal 

tones ia noted and the naaal bone of one aide removed with aaall bone 

foroepa (a drill auat not be used* aa it drive* spioules of bone Into 

the respiratory traot}* The doraal ouoosa ia removed with watoh- 

ttekers* forceps and the whole area of olfaotory epithelium ia stripped 

off, especially on the septua and the undarsurfaee of the cribrifom 

plate* Cotton wool wrapped around foreepa ia a convenient tool* In 

thia way aoat of the aedial aapeot of the olfaotory bulb and the anterior 

part n«y be denervated* It ia difficult to effect a complete posterior 

denervatioaf and aoae of the eonohae may alao eaoape damage* There ia 

oonaiderable bleeding and measures should be taken to remove blood as 

quickly aa poaaible until it abates* PeniciXUn powder Bay be sprayed 

into the wound and the akin inoiaion closed; the aiuaal ia then 

allowed to survive for a variable period of tL*a«

b) Lesions of oentral pathways (Chapter 9)

For Xssions of the eentrifugal pathways, the temporal approach of 

Powell* Cow&n and Kaisaaa (1965) should be uaed, auking the lesion far 

back in the white lateral olfaotory traot, to avoid dai&age to the anterior 

olfaotory nucleus. More anterior lesions involve this nucleus and oay 

be used to study the distribution of its fibres in the bulb, but it must 

be borne in Bind that the centrifugal pathway has also been involved: 

to the anterior olfaotory nucleus gives riae to degeneration in
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the fibre* passing in the anterior commissure to the opposite bulb 

(see Lehman * Heimer). In all eases it is advisable to use young 

animals (4-6 weeks) to avoid the complication of degenerative changes 

that occur in older animals. *?&* rostral ends of ths cerebral 

hemispheres were embedded in paraffin, sectioned in the coronal plane 

and stained with thionin to determine the axact site and aaeteet of 

1&* lesion.

o) Intrinsic lesions {Chapter 10jn

The limits of the frontal bones covering the olfactory bulbs are 

noted after an incision has been Bade in the overlying skin. Th* bone 

covering one bulb is removed using a drill until a thin translucent 

layer is left, which may b» removed carefully using watetoJcors* forceps 

under a dissecting micro scope; this avoids surface damage by the drill. 

The dura over the midpoint of the dorsal surface is carefully divided 

and a smell hole Bade in the pia-asmchnoid over the intesidad site of 

the lesion* A fine needle is than manipulated so as to make a small 

lesion in the underlying bulbar tissue, of appropriate depths this 

aay be a point lesion or a short line running in coronal or sagittal 

planes. It should be emphasised that the lesion must be plaood in such 

a way that its site can be located after fixation in th© cas« of 

electron microscopic material, as the small aise of the lesion may mean 

that it is not evident on the bulbar surface. The wound is sprayed 

with penicillin and the skin incision closed; the animal is allowed to 

survive for a variable length of time. In the present axperljDMBts the



leaiona were placed In the dorsal, dorso-lataral and dorao-iaedial 

ftHpeets of the bulb for lirht microscopy, and at the oentre and top- 

aoat point of the dorsal surface for electron microscopy.
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" " r TTPKS 0? THE GLOBULAR 

LATBR OF THE OLPACTCEY

"Obeerration and Kxperiment are essential ways of 
testing our theories* They may thus be regarded 
as belonging to the critical di*mission of our
theories*"

Karl Popper.



The work of Cajal and his group showed the existence of two 

neuron types intrinsic to the gloeerular layer - the extemal tufted 

cells and the superficial granule cells* The electron microscopic 

study described here confirms the existence of the eacternal tufted 

cells, cells analogous to mitral cells , as well as that of oany 

saaller granule-like* or perigloaerular cells, lying in between the 

gleaeruli; in addition, a third type of neuron intrinsic to the

layer has been distinguished, vhich has features distinct

the other two f?ig. 7). The ability to differentiate a third 

neuron type with the electron microscope nade it necessary to Identify 

such a oell in Solgi-impregnated notarialj a third type has indeed

characterised (Fig* 4) and its light Microscopic features haire

confirmed in turn by further electron microscopic avidenae.

This Chapter is concerned with the morphological and synaptio 

features of the cell somata of the cells lying in the perigloaerular 

region and of the large mitral cell primary dendrites, us well as those 

parts of the dendrlte* and axons of these oells that stay be seen in 

continuity with the cell sosata (or priaary dendrite) «ith the electron 

micro scope j the li*jht aioroscopio features of these cells are also 

deigned* In the following Chapters (Chapters 4 & 5) the anoropil of 

the gloaeruli and the periglooerular regions is described and the 

rarious profiles in these regions identified according to their cells 

of origin, on the basis of criteria established here*
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TUFTBD CBLLS

micros coi

As f ar as oan be determined, the internal tuned sells entirely 

correspond with the mitral cells, apart froa their more superficial 

positions and smaller sis* (I8»25vaa), and they will not be further

•GBSidered here. The aid die and external L fofted eella show a further 

gradation of sise and position, becoming smaller the closer they are 

to the surface of the bulb; the external tufted cell bodies have a 

mean dlaaeter of 1Q-15um while the middle tufted are intermediate 

between these and the mitral and internal tufted colls, according to 

position. The external tufted calls, which are fusifona or ovoid, lie 

in the periglonerular region, most oonKaonly in its deeper parts; the 

middle tufted cells, lying in the external plaxifona layer, t«nd not 

to be as elongated as the external tufted oells, but still retain an

•ssentially oral fora. In If is si-stained sections, the sonata of these 

acre superficial tufted oells ( external and middle) appear similar to 

the mitral and internal tufted oells showing marked Miaal substance, 

which is particularly noticeable in the apices of these cells, although 

the amount varies according to sise. Their nuclei are gesarally pale 

and have a thin fringe of ehromatin material and a smallish nucleolusj 

their perikarya are relatively large.

In fcolgi-Kopseh preparations (Pig. 1) t the external tufted cells 

toe* seen to have a large primary dandrita vfriitih may enter the glomerulu*



Cajaera luoida drawings of neurons impregnated with the 

Golgi-Kopsch uethcu. „* At B. n&l tufted cells with 

^locerular arborisations wiiich are more liiaiteci o 

those oi' aitTctl oexib, uu» ao suov. vui-a.uua-.^^cs 

<u-u utui'^ww,. \.v»; ...^u cell . also shows the beginrd.^'/; of a 

second stem dendrite.
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i'ig, 2 Camera lucida drawings of neurons impregnated with the 

Golgi-Kopsch method* A* doawrular arborisation of a 

mitral cell primary dendrite showing extensive ratifica­ 

tion and varicosity or terminal aenurites• B, 

Feriglooerular cell with spiiiy glomerular arborisation 

and only partially impregnated axon (a).
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from my ancle, depending on the situation of the call body in relation 

to its glomerulus, and which branches repeatedly within it. Only 

rarely do the external tufted cells show seoondary dandrites, which, 

if present, lie In the supej-fioial part of the •sternal plexiform layer 

or tfoe deep part of the perislomerular region* the adddli tufted cell* 

haire seoondary dendrites arranged in a similar laanner to thos$ of the 

mitral and Internal tufted calls. The arborisations of the priimry 

dendrites of the external tufted cells are generally simpler and less 

tortuous than those of the mitral or deep tufted c«U* and ttoe branoha* 

arise at a »ore acute angle than those of the latter} in thia way 

they tend to fill a triangular sapMHit of the glomerulua, situated 

opposite the site of entrance of the primary dendrite (compare ?lgs. 

1 and 2A), In ooat other respects they are siailar to the raltral cell 

arborisations (see below^ s the dendritos become increasingly rarioose 

as they branch and decrease in sisej they do not show typioal spines, 

although some of the terminal branches may at times take on a spine- 

like morpholofsr ^Fig* IA), The axons of the external tuftad cells are 

fine, emerging f*om the soaa cr initial part of a dendritft* and after 

ptirsuing a tortuous course in &» peri^loaerular regiom and fiving off 

sereral collaterals to this layer, they pass into the eaefcernal plexlfom 

layer; they may show a few beading* at irregular intervals«

The glfleerular arborisations of the »itral and deep tuftod cells 

are very characteristic (Fig, 2A). Studlei at high Magnification show 

that their branches are more profuse and hare a greater tendency to be 

rariooae, particularly the terminal branches, than thota of the external



tufted cells j therefore the arborisations of these deep cells fora 

a dense network which ©attends OTer almost the whole glcwerulus. 

This a ©ems to be also partly due to the wider an£le of branching; of 

their dendrites so that, instead of the rather fan-shaped arborisation 

of the external tufted oells (Fig. 1), thsse take on ft more tphariaal 

outline (Fig. 2A).

micro soos

The tufted cells are characterised by their large sise relative 

to other scciata at the ii»e depth, the oytoplasmic e1 a evident 

at their apices, and marked granular andoplasmic retioultaa (Figs* 

7*8,9), In Tiew of the uneven distribution of the cytoplasm around 

the nucleus, identification on the oasis of oytoplasmic volume alone 

is insufficient, since several oells are cut through their centres, 

at right angles to the axis of the oval; also there may be little 

eadoplasmic reticulua in the thin portions of the cytoplasm (Fig* 3} . 

The tufted cells swy be readily distinguished with the ©l©otron 

microscope, however, by virtue of the reciprocal syr*. 3 ooaaouly 

found on their cell sonata and dandrites (Figs* 9,18,19), silailar to 

those en satral cells (Hirata, t964j Andres, 1965j Rail at al, 1966; 

Price & ?owell, 1970d}j this primary criterion has been used for 

defining equivocal cell sonata and thus serial sections hnvp boea an 

invaluable aid (Figs. 18,19).

The nuclei of tufted oells are pale relative to those of peri- 

gloswrular cells but the nuclear material stands out ROT* clearly than
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that of short-axon cells and often has a patched appearance (?!#• 7); 

they my show alight nuclear Indentations, cossaonly opposite t.V b^aa 

of the primary dandrite, but these are rarely deep or complex (Fig. 8), 

The nucleoll are well delineated and show a el&ar distinction Into 

granular and flbrillar components; a very fine layer of chroaatin 

material surrounds the nucleus, giving these cells a very characteristic 

appearance at low magnifications*

The cytoplasm of the external tufted and middle tuftad cells Is 

pale, but rich In granular endoplasaic roticulum and this is most 

commonly found as multiple parallel stacks in the apices of tho cell 

sonata (Fig. 9)l large completes of ftolgi apparatus are characteristic, 

notably at the base* of dendrites and sometimes quite distant from 

the cell soaa* Rlbosomal rosettes are ooasion and are especially 

concentrated in the nuclear Indentations* In the larger tufted cells, 

some of the mitochondria may present a slightly blown up appearance 

(Fig. 8); several large dense lysosooes and lipoprotein bodies aro 

very often present in the cytoplasm of these cells, althcu^i rarely 

present in such numbers in other cell f^pes. Some cells of this tvpa 

are surrounded by several thin glial lamellae, slailar to those 

observed en their dendrites (Fig. 19)«

The aaln dendritic shafts of the tufted colls are smooth In 

outline and of wide diameter, and have a characteristically pale 

appearance reaeatoling the wider primary dandritea of the mitral and 

internal tufted cell* j they arise from one or both sides of the cell 

scoa and appear to be drawn out from them (?ig. 8). The neurotubules



of the tufted cell denftrltes are typically Yery regularly arranged. 

These dendrites shew many reciprocal synapses with ftswulos of granule 

oeU peripheral processes or of periglooerular cell dendrites, in the 

external plexiform and glonwrular layers respectively, une or laore 

thin glial lamellae wxy cover ths surface of the dendritea in th* 

perlgloaerular region and superficial part of the external plaadfom 

layer, except at regions of synaptio contact, and this oovoring 

usually remains more or less Intact until their entry into the 

glOBWruli (Figs. 16,17). *^he origin of these lamellae is certainly 

gHal and has been unequivocally determined in meny oases by noting 

continuity with obvious glial profiles containing filaments or 

glyoogen granules or with the gllal sonata (Fig* 17) I nevertheless 

•one perlglemerular cell processes iaay also aotaetimos become extended 

into thin sheets (Heeae -'• Brl^htman, 1970} * On occasion the aexae 

glial cell has been saon to entheath bundles of olfactory nerve fibres 

at the surface and to form typical glial lamellae around the dondrites 

of aitral or tufted cells in the perigloswrular region (Pig* 17} * 

These probably correspond with the glial cells of the olfactory nerve 

layer described by 31anes (1898) as having stout, granular peripheral 

expansions and several long smooth and unbranohed fibres that pass 

centreHy in between ths glcaerulii the latter ara oletirJ^r de»onatrat«d 

Vy the Woigert nethod and s»y well be responsible for the forfmtion 

of this SQrelin around this dendritio segment in the monkey (Chapter 6). 

It is possible, however, that the interglomerular glial cells that 

Blftnes describes also contribute to these lamellae.
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At the point of ontxy into the &Loawruli the tufted omil 

deadritea branch, and around this region of primary &&&£&££, 

branching, oharaoteriatio unidirectional ayE»etrioal aynapsea are 

found on to the dendritea from definite axon terminal* containing 

jajajqe flattened Yeaiolea 'Fig, 20) j theae terminals »ay b© identified 

aa being thoae of periglooerular oell axona (ee© b©low^. 

ftjmapaea with periglocierular oell gcmaulsft are also found on this 

periglonerular part of the dendrite. The reoiDrooal aynapses, i^i 

the tufted oell a ahow on their aoaata and dendritea are eacsotly 

eoaparable to thoae of the mitral oella (Figa, 9>13f In tha 

external plexiform layer theae aynapaea are formed with the 

arising from the peripheral prooeaaea of granule oella* which are 

present up to tha deep edge of the glomerular layer; in this region 

and moro superficially the geraaulaa of perlgloocrular oella are alao 

found and participate in reciprocal aynapaea idth the tuftM oella 

end their prooeaaea* the aynapaea showing the same polarities &a 

with the granule oella* The tufted cells always a)iow an 

of apherioal veaiolea dn their dendritea or soe»ta at the points of 

aynaptio oontaot that are directed away from the profile and the 

•aahrane thiokeninga a>re alwaya of the as^-rametrioal type (Pigs* 9,13)j 

the geooulea, on the other hand, regularly contain flattened Teaioloa 

af the large type (Price $ Powell, 197^b) and avnapse badk on to the 

tufted oell with synraetrioal meobrane thiokeninra (?ica» 9*19}* 

Theae polaritiea are a oonatant feature of the reciprocal aynapaos, 

«b»rover they ooour, and have been confirmed by serial auctions. Flat



aaca, occupying half or the whole of the preaynaptio poaition have 

also been noted on the tufted cell aide of the reciprocal synapaea 

in the aoaata (?ig. 18) or large dendritea, similar to those described 

for adtral eella fHirata, 1964* Price * Powell, 1970d). Tufted cell 

aoautta and atem dendritea very rarely receive any other ayn&P*«» than 

thoae from geoaralaa and fron the axen terminala of periglomerttlar 

eella f cocas lonally, however, aayaaietrical aynapaea are found on tc 

the cell somata or stem dendritea from axon terminals containing 

apherioal veaiolea (Chapter 5). In the unusual instance of a tufted 

cell aoaa that extends partially acres a tl* border between the 

glomerular and perigloajerular regions, it may receive an aaymmetrioal 

aynapae from an olfactory nerve terminal, but these tenain?il« are 

not found in the periglomerulftr region (Chapter 4-).

Occasionally s0mato-so«&tio and dendro-sonr tio synapses have been 

observed to occur between external tufted cells and pariglomerular 

eella (Fig, 24) I the aynaptio specialisations orientated from the 

tufted cell aoma or dendrite art the same aa those of the tufted cell 

half of the reciprocal aynapae with geavmlea and have spherical 

vesicles and an aayaBnetrioal thickening. A alight * aynsetrical' 

•artnane thickening may be found adjacent to this type of synapse 

polarised in the opposite direction, with a flat aao of smooth endo~ 

plaanic retioulun on the periglonerular cell aide (Fig« 25), similar 

to that described by Hirata (19^4) ead Price * PoweU (I970d). It is 

noteworthy that aoat of the aoaiato-acBfttic oontaota of thia sort that 

have bean found, occur on, or close to, the ejton hillcok of the tufted
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cell involved. The regular presence of spherical vesicles in the 
cell sonata (?i£s. 18,24) and dendrites of tufted oella in relation 
to synaptio specialisations strongly suggests, by tha morphological 
corollary of Dale1 a principle (socles, 1964), that aU w^jona of 
these cells involved in synaptio transmission win have such spherical 
vesicles, notably the axon terminals; similarly, the regularly 
aiynaetrioal membrane speoiali sat ions of dendro-dendritic and aoaato- 
ftoaatio synapses nay be considered as a constant feature of all the 
processes of these cells*

The axon hillock of tufted cells f?ig. 8) is characterised by an 
absence* of Golgi apparatus and rough endoplasaic retioulua, as well 
as by the presence of several neurotubules, often ag£ • "^* 
latter pass into the initial segment of the axon which shows typical 
features of this region ^Palay, Sotelo, Peters < Orkand, 1968; Peters, 
Ptposkauer A Kaiseraan-Abraisof, 1968| vvestru»f 1970) that is, aggregated 
tubules, many free rlbosoaes, plaasm membrane underooatin^ and dense 
Bate rial in the surrounding extracellular space; dense-cored vesicles, 
smooth ar-mriular vesicles and alveolate vesicles are also oomen, the 
latter often budding off the plasna. nenbrane. These axon initial 
segB»nt» may emerge from soy part of the cell soma of the tufted cell* 
or occasionally from the initial part of their dendrite. u sea on 
to the axon initial segments are rare but, when present, thqy are always 
of the synnMtrioal type, the prosynaptlc vesicles of the axou tesrainrjl 
being the large flattened t;ype oharaot aria tie of perigloaiarular cells; 
rociprooal synapses with geoHttleB are A>und on initial sepMmts of



adddle tufted cells, and this constitute* a difference from the 

aitral oelli (Prioe * Pewell, 19?0d), but all ttifted cells are 

diadlAr to mitral in that reciprocal synapse* also oocur on tha axon 

hillook.

The large, smoothly outlined mitral and deep tufted oell dendrites 

(?ig. 16) pass froB tho external plexiform layerf thr®U|&h the deep 

aspect of the periglomarul&r region and into the glowsmll? their 

pale cytoplasm is very characteristic and the nmirotubules are very 

regularly arranged throughout the dendritio profile, ^hey have 

reciprocal synapses with the geaawlca of *ho granule and 

oell a, in the external plexifona and gloaerul^r layers 

the polarities and characteristics of these are exactly similar to 

those described for Wi® deeper parts of the mitral oQHs by Frioe A 

Pofroll (I970d) t and for the tufted oells above* Like the dendrites 

of the tufted oells, these dendrites are often covered by several thin 

gllal lamellae, particularly as they pass through the superficial part 

of the external plexiform layer and perlglomerular region (Fig, 16)» 

Around their point of primary gloiaarular branching they receive 

ayametrioal synapses from periglomerular cell axon terminals containing 

large flattened vesicles, but do not give a return synapse! very 

0«aftBtonally the shaft of the aitral cell primary Aendrita mar receive 

an asymmetrical synapse in the periglomarular region from an axon 

terminal containing spherioal vesicles. These dendritos also sa&ke 

asyzaoetrioal dandro-somatic 83mapses with periglof&erular oell sonata

. 23).



Ctunera luoida orawings oi' neurons impregnated with the 

Golgi-Kopsch nethod* Pcrlglomerular cells: A shows 

spiny gloaerular arborisation and axon stub* B sho^s 

typical length of axon, but has two Halted gloaierular 

arborisations, so;aatic spines a.au
dendrite 

dendrites. 0 demonstrates an irregular

a short beaded axon.
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IT AttfUl

Li^ht

These spherioal or occasionally ovoid cells surround t&» glomeruli 
together with the oth<-*r glomerul/ir layer neurons and &my glial 
of similar Nisal appearance; the perigloraerular eells are altd 
•iadlar in this material to th* granule cells of the deeper layer. 
They range in disaster from 5 to Spa and have dark nuclei with a
oluaped fringe of chromatin and relatively large, dark 
nuoleoli; their perlkarya are thin and unstained. Ck>lgi-impregnated 
«ateri&l fFl^a. 2A,3»5} shows that these calls may give rise to 
dendritic arbori sat i ons in aore than one glomerulus, as ot^d by 
B 1ft net (189B), though one field ney greatly excood the othars in 
extent (Fig. 3»*,3)} tliey nay also have short dendritas whioh extend 
Into the periglomerular region (Fig. 3B)» Their gloaierular arborisa­ 
tions rarely fill the gle«*ruli but saes to contribute in most oases 
to a circumscribed part of the% similar to those of the tufted cells. 
Of those that arborise «**Mn. ^h« gloaeruli oany show v©^ varicose 
secondary and tertiary branches, froa which ar<ri?ir a larg© number of 
spine-like appendages of variable shapes and sises and whioh may have 
very long pedicles (Fi$*. 2B,3A)j it is consider»4 that these lon^- 
pedicle appendages are th» * hair-like appenuafea* of lilrnos (1£9.°), as 
they often appear to have no hond or else this head is so far froa the 
dendritic shaft that it may sees separate. Other cells show very 
irregular, rather than varicose, dendrites, both within and between
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th» gloaaruli, which are more like glial processes, altheugfe these 
too may branch and $Lve rite to soae spines in the gloraaruli ....• 
33,C). Somatic spine* (?ig« 3B) art regularly seen, as are ptoes on 
tfce initial parts of dandrites.

~'he axons of the perlgloaarular cells are not always evident in 
(rolgi-stained material, even after repeated Impregnations, a fact 
also noted by Blanes, who considered this to be an inpregnation 
defect. In view of the difficulty of staining these cells at all, 
and indeed of iaprernnt-1 ng the azons of any of the cell typos ef the 
gloaerular layer, suoh an explanation would seesi fair; however, the 
absence of an axon in the granule cells, to which the perlgloaeiiilar 
cells are in many ways analogous, suggests that the possibility that 
•ene ptrlgloBerular cells may be entirely lacking in an nxrmsl process 
cannot be excluded* Serial electron microscopic sections have always 
rerealed an axonal process, tending to rule out this possibility, but 
the inevitably low sampling prevents a final Judgaent on this point* 
SOM eells show a short stub of axon in Golgi material which probably 
corresponds to the initial unaorelinated segment of axon (Fig* 3A)j 
w?ren it has been possible to trace the axon for greater distances, it 
has been of variable length, though it rarely reaches beyond throe or 
four gloaeruli and snows siuoh beading at irregular intervals (Fig. 
3B»C). !Phese periglomerular cell axons uu^r occasionally branch and 

course is predominantly in the periglcaerular region, althou^i
•sy pas* into the edges of the gloosruli.



Electron aicroBOOpy

Periglomerular cells are the commonest neuron type in the 

gloswrulnr layer but may appear similar to soae gllal eel la (Fig* 7)» 

for this reason, only those oells that show tynaptio specialisations 

oan be certainly identified as perigloaerular oells. air dark 

nuclei almost fill tbs a*ll sonata, leaving a very thin layer of 

oytoplaia (?lg» 10) which only expands opposite the origins of the 

cell processes. The chromtin material at the ©d|$e of the nucleus 

is markedly clumped into large and uneven masses which extent deeply 

into the nucleus, where they generally merge with the nucleolus} 

nuclear rodlets are occasionally found (Fig, 24), but ar* small and 

ill-defined, ba:lng very muoh rarer in the rat than in tho rabbit 

(see Siegesound, Dutta £ Fox, 19&4J Istable-Puig * Satable~"uig, 

1970)* The bulk cf the nucleus has an irregular, patdjy appearance, 

as a result of considerable local clumping of the nuclear material; 

at several points deep indentations BBV extend into tho nucleus, which 

be quite complex (Fig, 10), The thin oytoplasmic slieil surrounding 

nucleus is darker than that of other neurons and cant-ins many 

ribosomes arranged into rosettes, but very little granule r plasiatc 

reticulusu Most of the perikaryal organelles are conosantreted around 

tlMI bases of the deridritea where a few segments of endoplasmio reticulun 

aay be seent rarely organised into stacks, but regularly surrounded by 

a particularly large nusi^r of ribosoraal rosettes; larce Cksljd. COSH* 

plezes and aost cf the sonatio mitochondria are encountered in those 

regions. On some occasions, the periglomorular cell soam may be



enveloped in a gliel wrapping of one or aore thin lamell«% which 

only stop at the si tea of aiaorgenoe of the dell's prooesseaj these 

fettre been z»ted by Bri^tMO (1968) and differ from those of nauronal 

origin, also observed in this study, described by *e*8<» " *^gJit»*Ii 

(1970).

The dendrites are of two broad type*, although interBedlate forma 

do exists these are large, pale dendrites I*ig» 22) and l^in, darker 

ones; both have a rather uneven outline, particularly those of the 

thinner olass, giving them an appearance similar to, but novsr as 

narked as, that of glial processes* lasmic organelles extend 

for a oonsiderable distance into the large periglomerul&r coll 

teidrites, and (rolgi apparatus is regularly seen at tae Ofc.se of these 

Aendrltes though less eesnonly in relation to the thin dendrites* 

a bases of the thin dendrites are more eeanonly associated with 

enAeplas&ic rcticulum and many free ribosoines, the latter extending 

well into the dendritic shafts in many oa*e*. Tfcurotubulea are ir­ 

regularly disposed and flexuouse, notably in those of the thinner 

toidritas; they a.re widely spread in the large dendrites but sees more 

eeecerrtrated in the thinner ones* These latter processes &ay boooae 

extended into thin 8 • s of oytopl&sm, without tubules, similar to 

fiial sheet* (see Reese ^ 3right»tn, 1970), and may part enclose 

a tufted or mitral cell dendrite, from vftiich they may receive an 

aJEywsetrioal synapse ( see Chapter "0; no return synapses from these 

sheets have been seen* Many spines arise from the cell §oaa and the 

large dendrites of these cells and have variable appe, 34 aost



somatic spines are short or seaslie protrusions with a characteristically 

grey or flocculent cytoplasai and may contain a few oisterna»f probably 

representing spine apparatus, and a number of vesicles . 11,12), 

Soee somatio and most dendritic spines are larger with longer pediolea, 

and often contain many large flattened vesicles, a few olstemae, 

mitochondria and a variable number of ribososies, free or as rosette*. 

The vesicles in the somatlo and some of the proximal der 'e 

tpp«sjifti are not related to synaptio contacts directed av.-ay fro« 

the periglomerular cell; a sinilar finding has been reported for 

the spines of the granule cell deep dondrltes fPrice •"• owe 1, 1J?'"ia,»

Somatic and dendritic spines of perlglomerular cells most 

••••only receive asymmetrical synapses from pale axon terminals 

containing spherical vesicles, which are never olfaotoxy nerve terminals 

(?"ig» 11); a^narises may on ocoasi^ ho from a mitral or tuftad cell 

Aendrite or a tufted cell soma. The bases of these spines and the 

meads of others may also receive synaaetrical synapses from aaen 

terminals containing flattened vesicles, either of the lar^e or small 

typa fFlg. 12), and from gemnailes of perlglomerular cells containing 

large flattened vesicles. These two axon terminal types showing 

symmetrical raembpane thickenings frequently s;/napse on to the cell

ta or dendritic shafts of perigloiaerular cells, tht terminals with

flattened vesicles predoaiaatlng, and are a very coupon feature 

of profiles of this t^rpe of cell (Figs. 10,12)| asyaaetrical synapses 

from axon terminals containing spherloal vesicles a™ fiAejn less fr*- 

quently on main dendritic shafts or cell somata, but are more oonmon
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on the finer dendritic shafts (the various axon terminals are des­ 

cribed in detail in "hsyteW 5)« The coll soaa and either type of 

dendrite may, however, receive an aayanetrioal synapse froia a tufted 

cell sona or a mitral or tufted cell primary dendrite, as described 

in the previous section (*irs. 23,24), but a sac and limited aeabraii* 

thickening orientated away from the perifloraerular cell soaa are the 

only possible synaptio structures that have been seen indicative of 

a reciprocal synapse (Fig. 25) J a similar sac and meaferane thickening 

Bay be associated with th<* region of oontaot between a uorirloaanilar 

oell soaa and an adjacent terminal containing spherical vesicles - 

probably a tufted oell recurrent collateral* Such sacs have been seen 

in continuity with granular endoplassiic retioulum (Fig. 25) and are 

similar to those found opposite one half of the tufted or mitral oell 

•Mfoaent of the reciprocal synapses on their oell sozaata (?i£« 18) 

0 rioe A Powell, 1970b,d), i£xtr*oellular material is present in the 

intercellular cleft similar to that found in relation to more typical 

synaptio structures; no vesicles have been seen in relation to this 

apparent synaptio structure, despite the ftiot that vesicles ar« 

regularly found in somatic spines i . 11). The l&rg* perigloaerular 

oell dendrites may mate ^rnaptio contact from their shafts (Fi^. 22) 

or by means of a spine-like appendage, the ganamile, with the primary 

dandritas of mitral or tufted cellsj these synapses are rerularly 

characterised by symmetrical «•*%*•«• thickenings and larr« flattened 

presynaptlo vesicles* The somato-sosiatio, sonata-dendritic, and 

dandro-dendritio synapses (l^igs. 22-24) in the two direc ^ between
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timt somata or primary dandrites of mitral or tufted and periglomerular 

cells are not always reciprocal in the immediate vicinity of each 

synaptic specialisation, although the reTerse synapse may occur between 

the processes of the same two cells at some distance (Chapter 4)»

The initial segments of the periglomerul&r cell axon* are 

difficult to identify as they show few of the typical characteristics 

of these processes; this may be a feature of small neurons (Fig* 21). 

The initial segments are thin, of fairly regular outline and contain 

a few neurotubules* which only rarely appear to be aggregated and 

are never markedly so* Many free ribosomes are present* however, 

and limited plasma membrane underrating may occasionally be discerned; 

multivesioular bodies, dense-cored vesicles and coated vesicles, and 

flattened agranular vesicles are common, end seem characteristic of 

this type of axon initial segment* Synaptio contacts are regularly 

found on to these structures* usually two or three per frecess> they 

are always of the symmetrical type* though the pr&syaaptio terminal 

may contain either small or large flattened vesicles (Fig. 21 }• Small 

irregular oiatamae may be found to lie in the immediate post-synaptic 

cytoplasm* probably analogous to the oisternal organ in the initial 

segments of other cells (Peters et al, 1968; Oestrum, 1970; Kemp &. 

Powell, 1971«). The axon hillock is identifiable in the periglooerular 

cells by the absence of £olgi apparatus and the presence of & limited 

•mount of granular endoplasndc reticulura and many ribosomes, free or 

in rosettes; this region is not generally very marked since the axon 

initial segments of these cells appear to arise abruptly from the some
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surface.

The regular presence of vesicles of the large flattened 

(see Price & Powell, 197Qb) in the soaatio and dendritic spines 

(Fig. 11), a«ln dendritic shafts (Pig. 22) and their gesuaul©* and 

axon initial segpants of periglo»erular eells i* strong evidence 

that this type of vesicle is to be found in all parts of these cells, 

particularly those related to synaptio contacts - i.e. the finer 

dendritio branches in the glomeruli and their gensaules and the axon 

terminals of these cells} similarly, the symmetrical membrane 

thickening at synaptio contacts appears to be a regular feature of 

synapses orientated from periglooerular cells.

SHORT-AXQtf C2U*S

Li^ht adcroaocpy

In ffissl~stalned material the short~axon cells »ay be discerned 

in the periglooerular region as spherical or slightly ovoid, but 

have larger sonata with a more irregular outline than the periglcaerular 

oells. They also have characteristically pale nuclei vdth a very thin 

fringe of ohrooatin and a small rounded nuolooluaj their perykaryon 

is larger than that of the periglooerular oells but shows much less 

Nissl substance than that of tufted cells. These cells are less common 

than the other two neurons of the glomerular layer, and resemble the 

short-ojcon oells of the granule cell layer, although they are rather 

iller, being 8-12pa in diameter. In Golgi-iiapregartail aaterial



Fig. 4 Casera lucida drawings of neurons impregnated with the 

Golgi-Aopsch ise-chou. nort-axon cells* =, cjrid D 

distribute their dendrites to the perigloraerular region 

adjoining severs! goiaeruli, while B and C hare dendrites 

forming a 'clasp 1 arou^ a single glouierulus. A, C 

ana I> show a few spines and the dendrites of b and C are 

notably varicose; C and D show characteristic lengths 

cf axcr,. <ote that C is at a lower aagnifioation than 

the other tnree*





i'notouicrograph oi part of a periglo^erular cell 

impregnated with the Colgi-Kopsch inethod, showing 

characteristic appendages.

XI,620

Fig. 6 Photomicrograph of part of a superficial short-axon 

cell impregnated with the Gol^i-Kopsch method, 

showing varicose dendritc and axon.

1900

magnification electron micrograph of 

periglomerul&r region showing the three neuron types 

of the gloKkerular layer - external tufted, 

perigloJBcrular and superficial ahort-sxon cells - 

well as a glial cell,

X6,600
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(Figs. 4,6) they are particularly distinguished by thai* dendritic 

field, which ia entirely peri^loffl*rular, the dendrites wearing in 

between the glomeruli or lying deep to then (Pig. 4A»D)f others seem 

to surround a single gloswrulus with a olasp-like formation of 

dendrites (Fig. 13,0} j the dendrites of the superficial short-axon 

cells are oharaoteristioally stout* They branoh very infrequently, 

unlike the other glomerular layer neurons, and have a typically 

varicose or irregular outline (Fig. 4B,C), and, while some show 

fen&ritlo and somatic spines (Fig* 4A,C,D) others see* free of spines; 

these differences nay reflect a further subdivision of dendritic types 

stellar to that described for the ahort-axon oells of the deeper 

layers* The axons of the superficial short-axon cells, when they are 

Stained, are short, on average shorter than those of the perigloaerular 

oells (Fig* 4£,D}t they rarely traverse snore than one or two glooaruli, 

and pass around or through the edges of these structures? they tend 

to be beaded but show little branching*

Electron microscopy

The superficial short-axon oells, which are less common than 

periglo&erular or external tufted oells, may be found lying at any 

point around the glomeruli in the perigloaerular region! they are, 

predominantly spherical and appear of the same order of site as the 

external tufted oells (fig* 7). They are characterised by pale nuclei 

and a moderate amount of cytoplasm, intermediate between the other 

two types, which is fairly evenly distributed around the nuclei (Figs* 

7,13). The nuolea* material is irregular, but less formed in patches



that of tufted oella (Fig* 7), and the ohrometin around the edge 

ia thin! nuoleoli are well-defined. Nuclear indentationa are coonon 

and may be deep and quite complex, containing many rlbosoraes and some 

granular endoplaaaio reticulua. The granular retioulua in the bulk 

of the oytoplaan ia arranged into small groups of two or three 

parallel ataoka and never forma the large complexes typioal of the 

tufted and mitral oella* Oolgi apparatus is found at the bases of 

dmodritea, while ribosomes, mitochondria and other typical neuronal 

Inclusiona are frequent throughout the oytoplaaau The dendritea of 

Hal superficial short-ejcon oella are large and many oytoplasmio 

organellea nay be found in their Initial parts; neurotubules often 

appear rather irregularly diapoaed in the dendritic cytoplasm, 

apparently in relation to surface irregularities and rarioosities, 

unlike the well-ordered array of tubulea in the smooth dendrites of 

tufted and mitral oella. The ahort-axon oell dendrites are always 

directed into the perlgloaerular region, in which th«er may follow 

tortuous paths, and are of irregular shape, becoming increasingly 

Tarioose at a distance from the oell soma, aa is aeen in Golgi- 

impregnated aaterial. Spines are aeen on oell aoaata and dendrites, 

but are rare compared with those of periglofterular oellaf they are 

characteristically aaall and contain a few irregular cistarnae in a 

flooeulent cytoplasm, and aoawtiaws small aitoohcndria.

Although these oella sometimes appear siailar to external tufted 

cells, they may be readily diatinguiahed by the absence of reciprocal 

synapses on their oell body and dendrltea, aa confirmed by aerial
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sections; in order to ascertain this fact, several series of conse­ 

cutive sections were examined, in which the whole cell soaa and part 

of the dendrites could be observed (Fig* 13)* Each series consisted 

of between 100 and 200 sections, and each short~axon cell, after 

tentative identification as such, was rigorously tnrtniri for synaptio 

oontaots and other distinguishing features* Agranular vesicles were 

nerer found in the cell sonata or somatic spines of these cellsj 

another criterion for identification that energed from s tudies of 

long series of sections, is the oomoon appearance of aajnwwtrical 

synaptio specialisations directly on to the cell soma, from pale axon 

terminals containing spherioal vesicles (Figs* 14»15)« Direct synapses 

of the asyiasetrioal kind on to the cell sonata of the other two cell 

Vpes are very rare, but are characteristic cf the superficial chort- 

axon cells* Syntttrloal synaytio contacts are also c&anonly found on 

these cell sostata and main dendrites and are aade by axon terminals 

containing either snail or large flattened vesicles* The main den-* 

dritic shafts receive all synaptio types found in the perigloaerular 

region (thus excluding olfactory nerve terninals}* and by far the most 

ODflvon are the asyaaatrioal type} the spines arising froa cell soaata 

snd dendrites also receive synapses from this latter type of terminal. 

Dendritea of ahort-axon cells contain few, if any* vesicles, and these 

are irregular structures, and are never aggregated or related to 

synaptio structures off the dendrites*

An unusual and characteristic feature of the ahort-axon cell 

sonata, and to a lesser extent cf their dendrites, is the presence of
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small oytoplaamic protrusions around synaptie terminal* of the 

asyaaetrioal thickening type} these suay sees) at some points to 

encircle the terminal, but they have never been observed to receive 

a, synapse from it* The oytoplas* of these protrusions is 'typically 

flocoulent but is otherwise empty of organelles* It is possible 

that these structures bear some relationship to spines* in view of 

their similar cytoplasm and the fact that asymmetrical terminals 

Characteristically terminate on to the sooata of the other cell typas 

of this region by means of somatic spines} it aay therefore be 

necessary to include them into the broadening concept of spine types 

(Jones & Powell, 1969*0 f as a stage less then sessile*

The azon hillocks of short-axon cells are not at all marked 

in the Majority of oases and show lit tie» if any, funnelling of 

cytoplasm (Fig* 13} I where present, they contain granular ondoplaaaio 

retiouluB and naqy ribosonesf but no &olgi~app*ratus* The initial 

i«0etnt regularly efterges abruptly from the cell soaa (Fig* 13). 

It shows the typical features of this region, the aggregation 01' 

neurotubules and coating of the plasma mestbrane being very markedj 

dense cored, alveolate and agranular vesicles are ooomon, the latter 

showing considerable variety* Synapses are found on to these initial 

segments and are of the synaetrical type with large flattened pro- 

synaptio vesicles*



;, S . - iiul tufted cell soMa ;- ^ inilial part of

initial segment of axon.

X12,000

Detail of external tuiucu c&il, showing char&cteristio 

stacks of cndoplasmic reticulum; note also the two 

components of the reciprocal synapse in relation to 

two different gestaules, ^nd adjacent sac junction.
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cell soaa showing i nuclear

,j a sy«»«trical s. e; nott

anu .._.:*.,- c^.s uj.' o.>uopx-*sia.

X22,<

11 iiu-iuu-Lu apine of perigloyeruu .11, oontainin^ large, 

irregular, flattened type vesicles, , receive on 

asyajiaetrical synaptic contact from an axon tei 1 

containing spherical type T^sicles* ^ote also

e 01 L. ,- .ctrjiciu. ooiiuiicu, uut*side the plane of 

section, from an axon teraainul containing s.nall 

u tjpc vesicles*

X53.500

12 ^jcon terminal containing saall flattened vesicles 

(compare adjacent terminal with spherical vesicles) 

synapo-me, with symiaetrical thickenings onto a somatic 

spine and the cell sotaa of a perigloaerular cell.

X&3.1KX)





. 13 superficial shcrt-axon cell soaa showing several nuclear 

j.,,^. and axon initial wt^.tmt. uiis cell was 

oughout in serial sections to ensure correct

a5,ooo

^«y«K*trio«l synapse onto the soaa of tne same cell as 

in Fig* 13, from an axon terminal, containing apnerical 

vesicles 9 that also contacts a vesicle-filled

ida^e; the large 1'latteiita vesicles oi 

appendage identify it as deriving from a 

cell.

X50,

Fig. 15 i'4(fMMitrical type aynapse onto short-axon cell aoaia

axoii tc;r.uixi^i containing sphcr^ccu. veaic^es*

X67.0CX)





Fig. 16 L cell primary dendrite at the point of primary 

fclo^erular branching, covered by aeverul thin glial 

lamellae; the p^lt swollen profile may be ti sheet

ived froa a perifcloiafcruiar cell tid.ii u^.urite.

X18,000

17 i^lial profile ^vis^, rise to a thin lamella that

surround,- tuftecl cell prinary dendrite, approximately 

in the middle of the gloaerular layer. The same dial 

cell also surround* & bundle of olfactory nerve fibres 

running froa the olf actoi^y nerve layer towartis A





i*t of a series of sections through y reciprocal synapse 

on an external tufted cell soma. -?ynaptic specialisa­ 

tions or.LUi.uauca ix'uiu the somu tiu.u, A.^ spherical 

vesicles, a flat sac of endoplascdc reticuluo and an 

usy&;;ietrlcal membrane thickening. :iee also i'ig. 19 •
X48.000

section froia same series as i'if,. 19> showing 

the return synapse from the geusule onto the cell 

this has large flattened vesicles arid a symmetrical 

jitfiiiur^tti thickening;. :--ote glial laaiellae passing; over 

the efiuaule pmich continue over the cell soiaa.

20 xjcon terminal of perigloaerular cell, containing; large 

flattened vesicles, syna with a symmetrical 

thickeninr. onvO the stem deridrite of a tufted cell; 

iiu .ix-wur*: o^napse *,aa found in serial sections, and the 

profile was continuous with a length of preterminal axon. 

Goltii apparatus is co.aaionly found in the initial parts 
of tufted cell dendrites.

^ynapses onto axon initial segment of periglosaeruliir cell, 

shoeing large flattened vesicles and syiametrical 

thickenings. Kote that periglomerular cell initial 

;;egments show little evidence of neurotubular aggrega­ 

tion, rind have limited plasma membrane under coating*
X40,000





-dendritic synaptio contact snowing large 

flattened vesicles and symmetrical thickening; the 

profile Baking this synapse was traced baoic to its cell 

of origin, a perigloaerular cell, and the identity of the 

vesicle type and thickening type confirmed in aerial 

sections. l*o return synapse *.s found but the post- 

synaptic process is probably the dendrite of a mitral or 

tuftcu cell,

23 ^endro-soiaatic synapse frosa -, u,.,.. dendrite of a mitral 

cell onto the aooa of a periglooierular cell: srmerical 

presynaptic veaiclea and asyi^etrical membrane thickening.

atic synapse froa an external tufted cell soaa 

onto & pt&rxgj.oiat;jruxar etui aoma; spherical presynaptic 

vesicles and asymmetrical thickening* The periglomerular 

cell shows an intranuclear rocllet.

^2,800

2$ ato-soaiatic sac junction from periglowerulor cell to 

external tufted cell; sac of endoplasmio reticulua

situaucu ^resynapt*; " on equivocal membrane 

thickening, probably Sj-wuuv-^rioal in comparison with 

adjacent profiles*
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DISCUSSION

In this Chapter the cell types of tiie glonerular layer of the 

olfactory bulb have been described from observations with Nissl 

staining, Golgi impregnation and electron oioroscopy* It has been 
shown that, in addition to the two neuron types intrinsic to this 
layer described by the classical histologiats - the external tufted 
and perigXoaerular cells, a third type may be recognised - the 
superficial short-axon cell* These three types have been characterised 
according to several morphological criteria with each method, notably 
electron miorosoopy, with a view not only to distinguishing the cell 
bodies and initial parts of their processes but also to providing 
aeans of identifying these processes at a distance from the sonata, 
when demonstration of continuity with an identifiable cell is not 
possible* Although this study has been carried out on the rat, and 
Us* descriptions and figures in this and the following Chapters have 
been drawn exclusively froa this species* the bulbs of the rabbit and 
to a lesser extent the oat and ftonkey have also been examined; as far 
as can be assessed, these bulbs are similar to that of the rat but 

with certain differences in general morphology (Chapter £) j further 
slight differences Bay emerge, but the broad organisational principles 
appear to be the saa* in the four species*

The discovery cf a third dell type in the glonerular layer and 
its subsequent confirmation with several techniques is a clear demon­ 
stration of the value of correlative studies with electron niorosoopy



50.

and Golgi impregnation. The additional detail profited by electron 

microscopic examination atrcngly «uf seated the exiatanee of a third 

neuron type at this level* and light microscopic studies confirmed 

the existence of a distinct oell type wv ioh might oorraa^aDd to it; 

the Golgi-ifflpregnatloa oharaoteriatioa of this neuron further aided 

Ita electron microscopic characterisation and particularly that of 

its processes. The relative rarity of these cells, together with 

the difficulty of impregnating cells in the glomerular layer, would 

not have permitted their identification using the Golgi technique 

alone, aa evidenced by their neglect in the careful and aetieuloua 

works of Cajal and B lanes and other olassioal histologlata* However, 

aome illuatrationa by these, notably Golgi (1375), who oon&idered 

then to be glial, and van Cehuohten <* Martin (1891) as well aa aome of 

tfeeee by Blanea (1898} indicate that those authors had seen such cells 

but had inauffioieat evidence to distinguish them from fHal or 

perigloaerular oella* Furthermore, the possibility that ahort-cucen 

oells may develop later than the other typea (Hinds, 1963) would have 

tended to militate against their being regularly observed by the 

Madrid hiatologists, who both preferred to use very young animals. 

Nevertheless, a personal study of aome of Cajal'a original preparation* 

(in tbe Gajal Museum of the Institute Cajal, Madrid) did reveal some 

oella of this type in preparations from older animals. It is felt 

therefore that the superficial short-exon oells were not described 

by those hiatologista for reasons of rarity and an obvious caution 

against the possibilities cf incomplete impregnation or of falae
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identification of glia (the latter was already a source of contention 
in the bulb as regards the granule cells; . In view of the very strong 
electron microscopic evidence that is now available, as well as con­ 
siderable fcolgi evidence for the existence of an additional call type, 
we feel Justified in putting forward the superficial short^aason cell 
as a definitive neuron type of this layer*

The presence of a short-exon oall in the gloaerular layer has 
greatly extended the already significant parallels be two an this and 
the deeper layers, comprising the granule and aitral cell
(equiTalent to the perigloaorular region) and the external plaxiform 
Isgrer (broadly equivalent to the gloneruli), ao that each of the 
intrinsic neurons of the gloaarular layer has a counterpart with 
similar features in the deeper layers* Thus the external tufted cells 
seen analogous to the aitral and deep tufted cells , and periglonerular 
cells to the granule calls and the superficial short-axon cells to 
tfes 4e*p short-axon cells* iiaoh glomerular neuron shows a broadly sinilar 
ttorphology to its deep counterpart, but is generally smaller and shows 
a different orientation of its processes - gloserular or non-glooerular 
- rather than predoainantly vertical or horiscatal, Th*> type, density 
and relative proportions of nucleus and cytoplasm and the distribution 
of organellea within them are strikingly sinilar in the analogous cell 
Igrpes of the two groups of layers (see Price & Powell, 19?3a,d). 
Although there is no overlap between the distribution of processes of 
granule and periglesttrular cells, ncr of the two short*axon cell typ««, 

pair being lUalted by the deep aspect of the glomerular layer, the
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tufted and mitral cells represent more of on overlapping ccntiauutt 

from superficial to deep, both receiving gloraerular activity in their 

terminal dendritic tufts*

Certain notable differences between the cells of tha two group* 

do exist, however, Tha granule cell (Pria* A Powell, 19?0a) has no 

a»>nf but rather two types of dendritic processes - the da*p dandrite*, 

which are varicose and give risa to typical spines, and tha peripheral 

processes that give rise to sons apines and to gemoules which enter 

into reciprocal synapses* Tha perlglcnerular cell en tha other hand 

does possess an axon, but its dendritic arborisation within tha 

glomaruli appears to ba analogous to tfca granule cell peripheral 

processes in bearing aoaa spines and many gammules. Tha perl^lcnarular 

Calls nay also show a sore gllal-like dendritic prooaas having an 

irregular outline, which often becomes drawn out lute thin sheets, of 

which tha granule cell appears to have no counterpart. The analo&r 

between the peripheral process of the granule call and tha large 

fUmerular dandrites of tha pariglonerular call is further strengthened 

by tha regular presence of Solgi apparatus in the call sosaa at the 

bases of thasa processes and not opposite the axon or

dendrites of tha poriglomerular oall or the daap dendrltos of the 

granule cell (Price % Powell, 19?0a), Tha nature cf tha dendritic 

processes in the olfactory bulb will be further considered in Chapter 5,

Tha external tufted calls have various special characteristics 

in which thay differ from mitral and deep tufted cells * those are the 

extent of their gl*Berolar arborisations, their relative lack of
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secondary dendritoa and the additional distribution of their 

collaterals. It h&a already been noted that the glcawrular arborisa­ 

tions of the external tufted cells ire characteristically wedge-shaped, 

with the result that they cover only a portion of the £Un*rulus, while 

the deep tufted cells and mitral cells have arborisations thet fill 

ths> glomaruli with an almost spherical distribution* Such a difference 

could be related to the fact that the mitral and the tiftad cells of 

tme external plaxifona layer always enter from the deep aspect of 

the glomexuUj by extending throughout the gloneruli they subserve* 

these cells must receive afferent impulses from olfactory narves 

terminating in all parts of the glcmerulua, while a given glomorulua 

Is 'covered* by several external tufted cells whose dendrltea arise 

from different points around it* It is interesting to note in this 

respect that Land, Eager & Shepherd (1970) shew that degeneration of 

olfactory terminals within the glomeruli after localised lesions of 

the nerves may be restricted to part of a single glomerulua. Secondly, 

tte external tufted cells are unusual in that they rarely have 

secondary dendrites, only those cells on the edges of the external 

plaxiform layer ever showing them, although one cell may shew two 

primary dendrites, each with a separate glcmerular arborisation. The 

fact that the secondary dendrites of mitral and deep tufted cells are 

related exclusively to the reciprocal a.-nap tie contacts with gpomtile 

cell gwomules (Price A Powell, 1970d) indicates that these seooirtary 

deadrites are specialised to establish such contacts; their absence 

in many of the external tufted cells further supports this view, sijioe



the primary dendrites of these oells are able to establish a oon- 

siderable number of similar contacts with the perigloaerular calls, 

the glomerular analogues of the granule cells, by the nature of the 

glemerular formations. The distribution of axon eollat«srals of the 

tufted cells to the glemerular layer is a further difference between 

them and the deep cells, which distribute collaterals onJ^y in the 

granule oell and external pleadfora layers (Cajal, 1955; Valirsrde, 1965). 

Thus, in spite of the many striking similarities between mitral and 

tufted oells, the latter and particularly the external tufted cells, 

do for* a distinct group in the extent and levels of their oonneetionsl 

the observation of reciprocal synapses on the initial segments of 

middle tufted cells, indicates that these toe nay form a partially 

separate group*

The concept, introduced by Valrerde (1965), that the tufted cells 

are inwardly displaced perlglomerular oells rather than outwardly 

displaced aitral cells (as Cajal considered) has net been borne out 

by this electron microscopic study: no perl^lowerular-tyiw nmirons 

hare been observed in the external plexiform layer, while the charao- 

taristie tufted neurons lying in this layer are all of the mitral 

type in general oytologieal features and particularly in the possession 

of reciprocal synaptlo arrangements with granule cell fcew»ules, showing 

the sane types of polarity as exhibited by the aitral oells. Similar 

oells, the external tufted oells, in the periglonerular region h*sre 

also been demonstrated to show oltral-Vpe features; Cajal's olrsal- 

fioaticn of the mitral and tufted cells in all layers of the olfactory
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bulb as a single basic group has thus been confirmed at aleotron* 

microscopio level and is a striking tribute to his insight.

Three types of resides may be distinguished in normal aldehyde- 

fixed material of the glomerular layer of the bulb as in the deeper 

layers - spherical resides, and large and small flattened resides 

(nee Price & Pewell. 197Qb). It should be noted that for the brains 

in which flattening was less marked, probably for reasons of varying 

osmolarity of fixative, processes could be identified by the greater 

irregularity of shape shown by the flattened-typ* resides as compared 

with the regular spherical type. The presence of synaptic resides 

related to membrane thickenings in the cell bodies and dendritas of 

the aitral and tufted odls and in the dendrites of periglomerular 

dells as well as that of exactly similar resides in the spines of th« 

latter^ has considerably aided the Identification of Yeaicle-oontaining 

profiles at a distance (Chapters 4 & 5} I large flattened resides 

are characteristic of periglomerular cells and their processes, like 

the granule cells, while spherical resides are found in the processes 

cf mitral and tufted cells* Axon terminals containing small flattened 

resides are also found in the glomerular layer and this type of 

terminal, recognised by site and mode of termination, only degenerates 

after intrinsic lesions of the glomarul&r layer (Chapter 10), but no 

dendrit«s hare been found containing this type of reside* Since the 

distribution cf these small flattened reside axon terminals corres­ 

ponds to that of the superficial short-axon cell axon known froa Golgi 

impregnation eridenoef they may be identified as being those of the



short-axon cells by a process of elimination. A iladl^r line of 

reasoning has identified the terminals containing small flattened 

vesicles in the deeper layers as boing those of the ahort-axon cells 

of th» granule cell layer (Price # Powell, 19?0b .* d).

The observation of somato-somatio, dendro-aeaatio, and deodro- 

dendritic aynapaea between cell types identifiable by their scasta 

has assisted the identification of the processes involved in similar 

synaptic arrangement a on the distal dendrites in the nauropll, 3uoh 

synapses are only found between mitral or tufted and perigloiaerular 

cells and the synaptio membrane thickenings are characteristic - those 

from mitral and tufted eells being regularly asymmetrical and '.hose 

directed from periglomerular cells being symmetrioiil. It can there­ 

fore be deduced that dendrites showing such polarities in reciprocal 

or serial synaptic arrangements are those of the same cells* Such 

an observation, to W ioh no exceptions have bom found* would confirn 

an analogy between the ?origlom«rular cell dandritea and granule cell 

peripheral processes and of the tufted cells with the mitral cells. 

On this basis we cannot agree with the interpretations of Kinds 

(1370) as to the polarities of the reoiprooal synapses* £to false 

interpretation stems from his identification of the cell shown in 

Fig, 5 of his report as a periglomerular cell, whereas in our con­ 

sideration there is little doubt, even from the small part of the cell 

body shown, -amt it is an external tufted cell, by virtue of its general 

cytology and its synaptio specialisation} indeed many saactV similar 

arrangements have been observed in this stu4y in which tha neuronal aoma
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involved was always identifiable as an external tufted cell, while 

no such relationships are found in the case of perigloaaruOAr cells* 

The presence of vesicles in the dendritas of many of the cells 

cf the olfactory bulb and their presynaptio position has be«a kteewa 

for some time 'Hirata, 196^1 Andres, 19655 a&ll et al 1%6| Price, 

1968j Prio« & Powell, 197Qa-d) and although initial^ considered 

to be a peculiarity of this region, it is emerging that neither the 

pretence of vesicles nor a presynaptio role are the entire preserve 

cf axon terminals In several ether parts of the central aerrcua 

system (e«g. Cowling & Bsoroott, 1966| Se'talS & Ss©"ke2^r, \)&li Lund, 

196^1 Halstoa* Herman, 19691 Famli^tti, 1970). Certainly in the 

olfactory bulb, where the majority of profiles contain vesicles, it 

can be difficult on occasion to know whether one is dealing with 

axons or dendritesj in the glomeruli, the position has been greatly 

sloplified by knowledge obtained front past and present Gol^i studies 

en the distribution of axons and dendritas in this layer (Chapter 4}« 

Criteria have to be established nevertheless by which veaiele-containiag 

Aevdrites and axon terminals may be distinguished. In the primary 

iMtlysis of a region, there is no substitute for the examination of 

serial sections to determine the Identity of the neuropll profiles] 

•OBtinuity with a preterminal axon, a dendritic shaft, a ceil soaa, an 

axon initial segment er idth a profile that contains some reoogoisable 

feature, is the most straightforward sod certain wagr of identifying it. 

Baturally, information on the distribution of processes from light 

microscopy is the essential adjunct to such a study, .vontually, from
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these serial studies criteria will emerge for distinguishing between 

profiles, very often allowing their identification in single seetions, 

although confirmation by serial examination is still valuable as a 

continuing check.

Dendritic profiles commonly show ribosoiaal rosettes, many 

oisternae of agranul&r endoplasmio retioulura, often associated with 

mitochondria, and their shafts have a variable number and density of 

neurotubules, that are fairly evenly apread throu^hi the profile? few, 

if any, neurofilaments are found. Ribosomal rosattes are frequent, 

and their presence is a strong indication of dendritio nature, although 

Single riboaoaes may be found in axona. Vesicles, when present, are 

unevenly distributed in dendrites* either olosely associated with the 

presyneptio membranes of a synaptic specialisation, or aggregate? at 

branch points of the dendritio shaft; they are also found in spinl! 

groups which Are not associated with branching or synaptic contacts 

orientated away from the dendrites (e.g. in spines}* Hast dendritio 

profiles, including appendages thus have a relatively inhoaogeneous 

distribution of vesicles. Aron terminals or en passant boutons, on 

the other hand, rarely show evidence of ribosomes, and when present, 

these are never aggregated into rosettes; few oisternae or mito­ 

chondria are seen end neurotubulea are either absent (terminal) or 

restrioted to one side of the profile (en passant); neurofilaraants 

are ocmmonly associated with the tubules* Vesicles are evenly spread 

througi the profile in most eases tending to cover the whole, except in 

those regions containing neurotubules* Despite the slightly unsatis-
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factory nature of these criteria, the majority of profile* in the 

bulb neuropll nay now be clarified as axonal or dendritic *

If vesicle-containing and presynaptio dendrites are shown to be 

widespread in the nenroua system, then some anatoraioal and physiological 

work may need re-interpretation in the light of such a demonstration. 

There is no doubt that the presence of synaptic specialisations 

orientated away from dendrites of otherwise typical neurons, notably 

those with axona such as the mitral, tufted and periglomerul&r eells. 

Suggest* that such a peculiarity is not solely a feature of cells that 

lack ajronal processes, like the granule and amaorine cells of the bulb 

m& Wtina. However, It could be suggested that these presynaptio 

dendrites represent a fora of cell process that is intermediate between 

aacon and dendrite, with some properties of each (see Chapter 5}» That 

such an intermediate process exists could eraerge from a pl^siologioal 

examination of these unusual cells in the olfactory bulb; certainly 

their physiological properties pcse a considerable problem and must be 

eraluated before th© exact significance of their participation in the 

neuronal organisation within any nucleus can be assessed* It should 

&• emphasised, however, at this Juncture, that although some previous 

studies have focused upon the unusual aspects of the organisation of 

the olfactory bulb neurons, these aspect* exist not in isolation, but 

In a larger context which includes straightforward axo-dendritie and 

axo-sonatio arrangementsj the analysis of the node of combination of 

nil these features underlies the essential purpose of this study, 

is to produce & otapmbft&slve anfttej&oal circuit diagram of the cells
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of the olfactory bulb.

The largo nualwr of vesicle-containing processes which enter 

into synaptio contact within the glo*erular layer has had further 

fiperouasions in that it has provided additional evidence for the 

correlation first made by Colonnier (1968) between tgrpe of vesicle 

and type of neftbrane thickening. It can b« stated unreservedly 

that the correlation between spherical vesicles and avS^waattfiaal 

contacts, and between flattened vesicles of both types and symmetrical 

thickenings has been entirely oonflnaed in every case in which synaptio 

contacts have been examined. Serial sections have proved invaluable 

for ensuring that the type of thickening being examined is out in such 

a way as to show its genuine characteristics; this is particularly 

iaportant because the periphery of an asy&netrical thickening often 

appears to be * synaetrioal'»

The demonstration of *sac junctions', in which a flat sao, 

continuous with endoplasi&lo reticulum lies preaynaptie to part or 

Whole of a Keabrane thickening of either type, extanta the distribution 

of such apparently synaptio structures to the tufted and poriglomerular 

cells, in addition to those already described for the mitral and 

granule cells (Hirata, 196^1 Price & : oweU, 1970b,d), Althoujfc the 

syneptio nature of thnse sac Junctions is difficult*) ascertain, the 

similarity of the eembrane specialisations and the presence of an 

undoubted layer of extracellular aaterial between the membrane* (of 

the type associated with typical synaptio structures) suggests that 

these are specialisations of a sluilar type. The facts tfiat sac
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Jwwtions usually occur with the appropriate membnwe ~:0ning 

polarities a» thote of typical dendro-dendritio synapses, and may even 

•hare the presynaptie site with vesicles (in the mitral and tafted 

cells), all indicate that the flat aao of endoplasmie retioulua 

aituated presynapticaUy may be analogous to, or a substitute for* 

presynaptio reticle*, Nevertheless, it mist be noted that the similar 

qpf<M*MM* of oistSOT»M apposite persistent post-synaptio membrane 

thickenings (Chapter 7) cannot be taken as evidence of functional 

contact: indeed the possibility remains that at least done of the 

above 'aao Junctions 1 are eases in which a degenerating terminal has 

left behind its post-synaptio structures* The similarity of the 

'presynaptio oiatenme* in the two oases could be taken to suf ̂ eat 

that aoae of these apparent synaptic structures have been left over, 

developaen tally, and the aao or oisterna has b@en induced opposite it 

in a similar way to the apposed process after lone-term degeneration* 

These observation* en sacs or oistemae in relation to raeabrane 

thickenings are clearly impossible to assess on solely

grounds; thus while in some eases they would seem to be functionally 

related to synaptio specialisations (in mitral and tufted cells), 

tbeir presence in other situations may represent either a foxia of 

functional contact of a non-ayrmptio nature, or else a non-functional 

•ynaptio contact t Whether or not the sacs have any relation to the 

derivation of vesicles cannot be stated on this evidence*

The mitral and tufted cells present a site in which the questions 

«f dendritic ini^ppation (Rail, Burke, Smith, ITelson & Frank, 1967f
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A TmimlftlX 1969) and dendritio spike generation tt*y t* 

(Hall & Shepherd, 1968); this point has already b*«B con­ 

sidered in an earlier paper (Price *. Powell, 1970d) but new observa­ 

tions on the glomerular cempenents of these oella may be able to throw 

further light upon these problems* The aain primary dendrite* of tfe* 

mitral and tufted cells enter the glomeruli by passing through the 

ferigloaerular region and then branching several time* within the 

former. Around the point of primary branching and within the peri- 

glomerular region these large dendritei are covered by several layers 

of thin glial lamellae* also in this region they receive the symmetrical 

synaptio contact* of the perifrloraerular cell axons, additional to the 

reciprocal dendro-dendrltic synapses oharaoteristio of all but the 

moat distal parts of the mitral and tufted oell Aenftritie tress. The 

extensive glomerular arboriaations of the stem deixLrites receive the 

nassive and excitatory input from the olfactory nerves (Yamasioto, 

Yamamoto & Xwaaa, 19631 Sha^herd, 1963) in addition to receiving the 

fmfeably inhibitory dendro-dendritio synapses from p«riglomorular oells| 

the point at tihioh the post-synaptio affects of such inputs will 

converge will thus be at the region of primary glomerulfir " iing« 

Clearly any inhibition applied at thia level, mediated by the peri- 

glemerular oell axon terminals, oould be highly effective in reducing 

or preventing any excitatory effect from spreading be^ontl the irlonerulij 

similarly, any excitation will have a strong faoilit&tory effect. If, 

as is possible (Rail <5 Shepherd, 1968j see also Hpenoer \ndel, 1?6l) f 

this is a region of denfllritio spike generation, similar functionally to
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the axon initial segment, local inhibition will be powerful in pre­ 

venting spike initiation. The role of the glial lamellae in relation 

to dendritio function is leas straightforward: it may serve to 

insulate this critical region of integration from local •nolaa* or 

way perform a role similar to that of a myelin ahoath, leading to some 

form of facilitated concoction throu$i the perlglomerulor region; 

the formation of a myalin aheath around thia specific aogaeat of 

dendrite in the monkey (Chapter 6} may add support to this Interpre­ 

tation*

It is interesting to consider the significance of the prefcefcle 

origin of this glial wrapping of the large mitral and tufted cell 

dendrites in view of developing ideal on a dynamic role of glia in 

the central nervous system. If, as is strongly indicated, acute of 

the lamellae originate from deep processes of the glial cells whose 

peripheral processes wrap around the bundles of incoming olfactory 

nerve fibres, then these cells occupy a position cloaety related to 

both input and output of the glomerular relay; in this trey they could 

be considered similar to the Mller cells of the retina (Miller ft 

Cowling, 1970), although the contact of the bulbar glia with the neurons 

is more intimate. 1*he observation by Cajal (1890) and 31anes (t896J 

that these cells are stained by the Weigert method indicates a myelin- 

like role for their processes, and the observation on jjyeHnation at 

this site in the monkey further suggests such a role. The fufWn* 

possibility exists tiiat, like the ^llor cells of the retina, these 

glia act as sinks or electrodes for iona, and may as suoh play aa



active role in the relay system in the glomerulit thus the peripheral 

processes of this \ cell type will be subjected to a larg© potential 

change when the olfactory axons in the bundles are active, and this 

ms? be transmitted as a slow glial potential to the large »itral and 

tufted calls dendrlte* as they leave the gloneruli having received 

synaptio contact from the incoming olfactory axons* The striking 

anatomical similarity of the olfactory norve bundles to the fibre 

bundles of the optic nerve or Heoturus, on which otuoh work on the 

ionio properties of nouroglia has been done (see Kuffler & Wiaholls, 

1966) is certainly suggestive that the anatomioal relationship in 

the two sites may have similar ionic consequences.

Finally, it should be noted that the sonata of the cells of the 

gloaarular layer may lie very close together or even with large areas 

of plasma membrane directly apposed; in addition, the three major 

types are often situated in close proximity to eaeh other '?ig« 7% 

These small cells may be difficult to record from singly with present 

techniques, and potentials recorded in the periglemerular region are 

likely to be derived from several cells of different -brnea, mMasiting 

variously in a single locality. Tn view of tfiis and the vo 

interconnections of the various processes detailed here and in the 

following Chapters -'4 & 5}§ eloctro-physiologloal studies should be 

interpreted with caution; it is hoped that the ftndiaga presented 

h«r* aay allow certain possibilities to be excluded and the i-anaining 

interpretations to be tested*
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Bleetroa aioroseefgr is the only technique at present arailable 
that i» capable of providing detailed and defiaitit* iitforantlan 
about the synaptio oonaeetioas established in any ztueleus; it ia 
Halted, however* by an essentially t*o~di«e»sieaal approach and 
therefore large numbers of profiler asgr be seen, aoaprising the 
neuropil of the nucleus, whioh are not in visible continuity with 
their oell* of origin, Ivea long series of serial stations, as used 
eattensively in this study, oannot ia aest Ofcses traoe proo«aaes this 
far* As a result, criteria Mast be established by n*iieh individual 
profiles any be r«oo^ised, regardless of the plane of auctioning, 
as belonging to a giren group sad* ia turn, to a particular o*H typel 
such oriteria iaolude overall morphology* cQrtoplasjsiio organella* and 
syaaptio relationship*, ia the first iaataaoe* groups of frofil^s 
ia Hie aeuropil are eharaoterisedi oorrelatiTe studies with the 
Solgi aethod at lif ht miorosoopio level end Studies on the tell bodies 
with the prooesses that aay be seea ia oontinaii^y with thsw msiag the 
electron aiorosoope, allow eertaia doduetions to be au*de abwut whioh 
froup of profiles in the aetiropil oorrespoad to which oell typ*. 
These aust ia turn be rigorously eaaained and other possibilities 
•arefully exol'tdod, before they aay gain acceptance, aad h&T« their 
properties as a group studied with a rie* to drawing u? a seNes* for 
eaah whole oeU* Certain unusual features of the olfactory bulb have 
aided this analysis aad the deduct ions hare bean repeatedly oonfiroed,



both with nonul electron mioroeoopy and with esaftina* 

atufliea on ftinfla) «*11* (Chapt** 11)* In tb* preaant adapter and 

that following the prin*ip«l ooapone»t« of the neuropil of th* 

floeMrulua and periglo**rular region ra»p»otimly *** *****tfe*d in 

t*zaa of th* oritoria <iitAbll»h©d in tho prerioua oh&pt«r on th« 

0*11 typ«» of thia laywj although toBW profiloa oomur in both 

*ftgion*t thfl(7 &ro de»oriWd with the region in whioh they pr«*ft*in*t**

Tho n*uropll of th* elocwrular layer of tho olfactory bulb 

b« auMlvMed Into two imln «on»« * th* gloaeruli tharaalroa, and th* 

pftri^loaerular region or Atimtim graiailoauB extermui ''Anar^a, 196$}* 

Theae regionat although they interdigltate at their EWtu&l bouadariea 

around the *4f** of lit* glo»erulip foraing an interaediat* aonef are 

fait* different in their aynaptio arrangenienta* Th« priEary diatin- 

fuiahing featurea are th* preaanoe of th* dark olfaotory n- rw terain 

within th* gloeoruli and th* pr©aeno<s of neuronal aoaata in th* pari- 

floawwpular rag ion J th* lia&ta between th* two aonoa of i*europil are 

nerer aa diatinot under th» eleotron miorosoop* an th«7 are uadar th* 

light ttioroaoope, ainoe the broadly apherioal app«arano* of th® 

flajB*ruli in th* latter la determined by th* preaence of the ooH

kt while th* outline of th* nauropil aurrounding tihm la aor*
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irregular at the higatr aa^tif iaation* In the iatenwdiate ease, 
tfcft large dendrites, aa they penatmte into the glowirttli, seen to 
retain, for short distaneea, aoae of tho ayimptio armn«*»»nts ae 
aa the f grain* eharaeteriati* of the portglomarular neuropll, ao that 
thaae rather oonioal iirotrualona ar«f in turn, aurrounded by typical 
glmarrileiT nauropil. Whtro it ia poaaiblo to 4o aot the»* 9<M^«tt<mti 
of tho inttraadiate §ona will 00 oonaidarod at «lth«r gloaenilar or 
parialo»erulart aooordiAf to th«ir oharaotoriatioai haptftar, in 
order to d«aorifc« tho <il»trlbution of prooaaaaif particular^ axon 

, tide int^nwdiata text* will bo oonaidarod aa a

Tha n«uronal proaea*** of tha olfaotory bulb are umi»ualf
probably not ualftto* in that aany of the dondrite* aa w»U

aa all aaeon tomiAala contain larga nwabars of a^ranulwr reaiolaa 
a»d both V?** of prooaaa o«n ba aithcr pre- or po«t»ayaaptic. ?hu* 
whila dendrit0« of aodiu» to larf» oalibra are dlatinetivdljr dandritic 
ia th»ir morphology, Toaioiia bain« al»oat antiraly roatriotad to 
tha iaBwdiataly pr«ay»ajrtio r»giooA« tht finer dandrltia bwuaoiwa and 
fcrtioularly tba d«ndrltio a^andagaa ara aora difficult to idantlf^ 
with oartalnlyj fra^uant riboaoaal roaattaa and oiatamaa of aado- 
plaa«io ratioultti in profiloa are u»eful, though probably not absolute 
oritaria for dandritoa (*«o Chaptar 3}* Tha irragular outline* and 
th« aparaitr or abaanoo of neurotubulea in the finer dcndrlto§f aa 
well aa the proaenoe of veaiele* over a lar«e part of the profilea, 
•ake it eaaential to define the diatributioa of dendriUa and aacona
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with light aiorosooplo toahniquas as far as It is possibls} with 
tha alaotron nioroaoopa, it Is iaportant to iaroatlgftta sarlaiay 
tha aontlnultla* of aojolToaai profile until thalr Ida**!*? *«» b« 
astabliahod dafinltivalar, For tha former mi ha*a uaad our om 
aatorial to «upplanant the dotallod and aodtraata errldenoa «f Cajal 
(1890f 1911} and Blan»t (13^) on this point. It Is «xt?«fiMtty 
fflvtOBAt* that, on account of their dlJAsr»«nont with Colgi (1B75) 
as to tht natiirf of dandrltio (protoplawalo) o^tml nni» HM§« «nlhorf 
d«rot«d oon»ld*r*bl6 »tudj- to th» quoit Ion of ajcon and ocllatoral 
distribution to tho glo««rull and the intarglomorulAr (periglottorular) 
«p*o«i. Oolgl •MulteMI that protoplaaalo sxpanalon* (auch aj tho»o 
of th« Bdtrftl and tuftod o«ll») ••arrod tolol^ nutritivo funotion and 
that norvo 3j^ul»*s froe tho aff*i«nt olfaotory axoaa PAS* oy ttoana QZ* 
« 'norro n«t' to recurrent oollatoralj of tuftod oolla and tlienoa Tia 
tholr main axona Into th« olfactory troot. Tha obaerTtttiaan of both 
Ool^rl and tho Madrid ^roup showed that tho olf aotory aomui tonslmto 
within teat do not tran*ffra«» tho 1 Salt a of the glomoruli, but tho 
lattor authors could find rory few oth«r axoaj Indood, of olthisr 
taftod or porlgloatrylar o«lla f t«xmlnatlti£ within or passing tlarQtt^i 
tha glawnrull; th^r also pointod out that thosa of tho rnitml oalla 
do not *t»a raaah tha ^loawrulfcr lajar* Tha tuftod and |jaj*iglo«a«il^r 
•all ajEonj typioaiajr pass Just Ao^> to tha fflomorular layor In a 
tfelaf Bora or lass *«U-dafinad layer and taamlaata aotwson tha glonarull 
la tha aajrtlgl«aimilar raglon, OF at tha taiy od^es of taa ^lowruli 
flianas, 1893). Again, oath group* «a**a agreed that tha dandritio or
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protoplitattlo *TtrtiTHl'-mt of tho mitral, tufted and $#p\&lm*ml*r •*!!• 

all p**a*aa larga floawrulAr arboriaationaj tho olote, and nuartrloally 

large, eont&ot betfteea theae preeeaaea and th* olfaatory ajeona 1*4 

tfc* Kadrld hiatolc<data to eoaaider that thia waa tho alto of tram* 

mission of tho olfaotoi^ lapulssa* Our am observations, both of 

a*lffc*la97*fnated and electron ttloTX>ioopio awterial ontiraly boar 

out tho obiarratlona of Cajal and Blanoa on tho distribution of axonal 

and dondritio proooaaoa, although tho ajoon* of parl^losaerular and 

ahort-A3con Mil* nay bo found Just within tho «dg»a of tho 

aa daflnad by the pytaonoo of th« olfaotory n«rr« 

tOfOJthor with tta ovldsnoo obtalnod by atudioa of aerial »«otlon» 

with tha olootron sioroaoopo, ahows that Ih* gve«t a&jorlty of 

Toaiolo-filled prof lie i that lio within tha gloweruli thama«lT0af 

fttav tfeMA tha olfaotory norre tarmin^la, ar« gojintn «V»ndrite« or 

tho danftrltlo apponda^aa of ndtml, tufted aad porlgloawnOar o«U». 

It ahould 00 owphaalaad hot* that Hie ftxanimttion «f »^f lo&f 

aerl*a of sari*! saotlona (100-200 seotiona) proridod infoapisstioa of 

wmoua raltie in •lijiiatlag tho organisation of the nonropil of tho 

floawirular layer, whioh ooald o&seywiae hare boom doduaad oaOy froa 

mm fortunato pla»«a of aeotion (o*f, Fi«. 40) and othor ljyar««t 

proooduroa. Hot only th* identification of prooessoa^ but detailed 

toMwlad^o of the relationahip* between aynaptlo oontaoto end dendritic 

Ideation could be relatively eaally diaocrrered by thia apparently 

laborioua, but extremely rewarding awde of study. Baoeuie It Is 

dlffioult to do Juitloe to aerial ««alnation by Ulustmtion, snoh
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of tha detailed inflation gained by thia teehnloue ia described 

in tha text, tha illustrations oftan providing part of a serial set* 

ffeere possible, other oentfcota ettabliahad outaido the pinna of 

aeotion shonn will ba detailed in tha legends*

In tha previous Chapter, vesiole and synaptio thickening type* 

associated with each type of cell were defined aa follows tufted 

•alia contain apharioal vesicles end synapse with aayMaatrieal 

thickenings; perigtauirular cells oontain large flattened vesicles 

and synapse with symmetrical thickenings; and short-ejwn cell axons 

oontain aaajl flattened vesicles, and their aynaptio thickenings are 

also of tha ayaaetrioal type. In addition, tha glo*erul*r layer has 

tha oonsidarable adTanta^a that the olfactory nerves, in their pre* 

tansinal and tarainal parts, are oharaoteristloally electron-dense 

(Andrea, 19^5) amd SUQT easily b« distinguished in normal material, 

although their identity naturally had to be oonfiraed in an experi­ 

mental aannar by reneving tha olfaotory smooaa (Chapter 7; *

Thus, froa a detailed kno^teda* of tha lifht »ioro*0opie distri­ 

bution of tha oells and their prooaasat, and oil the basis of various 

electron aiorosaopio criteria, a vary large nua&er of isolated 

profiles may fre identified AS either axonal or dendritic, and alao as 

belonging to a partiewlar oell type. Further oonflmation of tha 

various oallular identities of profiles in tha nturopil has been 

'aahiared by the use of combined aol^i-€!.)«» Material, in which a sinsl« 

stained oaU »ay be examined under both light and electron aloroscopes, 

and its morphology and aynaptio relationships established and eonfimed
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(Chapter 11} J §uoh direct obaervations are in ooaplete e^rooawnt 

with the results obtained in this study by more indirect procedures. 

Cartain distinotions nay not be definitlvaly assessed in normal 

Serial however; the Mitral and tufted oell donftrites, having under*

their primaiy branching within the glower-nil, are indiatin- 

flishabla, aino« they h&ve the sana olaotron micros aopio aoroholo^y 

and the aaae Y»aiole and aynaptio typ«»; they appear to have no 

assantial differences in struotxoral organisation and synaptio 

arnmganents and s«e» therefore to fulfil a very similar function at 

{rlomarular l«ryel, as originally proposed by C«Jal« Althou^* ^* 

extent of the arborisation over the gloaerttlur voluaw does differ 

(Chapter 3 •

A further problea which has been encountered in this study of 

the gloaeruli has beam largely a question of definition and 

Most of the previous studies on the reciprocal synapses of tb» olfaotory 

bulb (Hlimta, 19641 Aaares, 1965; 1UH et el, 196€; Prioe mi Powell, 

1^70a,btd) have dealt with those occurring in the external ploiifona 

layer, between the geaaules of granule oells and the priaary and 

aeoondary dendrites of the mitral and deep tufted oeila. Reeao and 

Bri«htnan (19^5) and Hinds (1^70) have also noted their occurrence in 

the gloaeruli. Our studies on the gloaerul&r layer h^ve ahowm that 

both the gemoules and the dendritio shafts of perieloaerular calls 

•ay partioipata in reolprooal sytkapsas with the dendrltes of mitral
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and tufted cells; tha inclusion of tha dendritic shafts in 

arranceoents, aa well aa the occasionally uncertain distinction 

between dendritea and $ewulea within the glomeruli, raises the 

question of how close two synapses of oppoait© polarity (between tht 

ae*e two colls) have to be, in order to be considered aa reciprocal. 

Although tha point nay appear pedantic, it aay have considerable 

phsyalologicfll i^plioationa to determine whether or not ©*ery dendro- 

dendritic synapse haa an iaaediately adjacent return synapse; the 

dendritic localisation of aynaptic arraiigattenta appears to hare 

considerable importance, particularly in view of tht observations 

and hypothesis of Diamond, Gray and Yaaargil (1970)« Clearly, a 

reciprocal arrangement in relation to a single geeusule or short 

stgMnt of dendritt *ey be teraed a reciprocal synapse, but when the 

twc ooa^HNMBfea of the 'synapse* are widely separated, for Instance one 

en the dendritic shaft and tha other on a geeraule of a single oell, 

tht issue ia leaa clear. A • reciprocal arrangement* say be said to 

ooour, butt with aottt eonaldtrable distance along the dendritic 

•Mferane between tht twt cowpenents, it ia difficult to Justify tht 

use of the singular term 'reciprocal synapse* to this t^ype of organisa­ 

tion. Althou^i it if not possible to define the exact proportions of 

'reciprocal tynapata 9 and 'reciprocal arrangwtents* in the glo»crulnr 

layer, it la certain fron data obtained by aerial sections that both 

types exist, though the fonwr are muoh acre common { th&t this la ao 

atLght indicate that the reciprocal arrangement, occurring at aoat 

distance, doea fulfil a siailar or even the aaae physiological purpose
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 a tho reciprocal synapse* However, it is unwise to state that all 

da*»a>o.djsndritlo synapses within tho gloaeruli aro reciprocal, although 

it can bo strongly suggested that all pairs of dendritss entering 

into dan&ro*dendritie ajaapaea aro reciprocally related to each other.

A similar and related problem arises over tho term 'aerial 

synapse1 t especially whoa used in tho context of d«ndro-d«ndritio

 ontacta (ef. Hinda» 1970)* Single or oven aorial aeotioiu aay 

r«Toal contact* of tho typo A  >/ B  ^Cf but to regard thig froup as 

a *t*iitt ia dang«roua, aiao* thia mtp only bo a part of a unit (if auoh 

a spooioe oxiata), tho root being a&saod by tho auctioning (for 

inatanoo A  ^B  ?C 4 A) f or it saay be a ohanoo rolationahiy 

ftbatraotod from the oontaact of the wholo dondritio tro*« On th« other 

hand, it ia o^xally 6amf*roua to assert, h«rinc doaioiiatratod tho 

ooeurreeoo of tho aeoond arrangement, that tho otoaermtlon of an 

A ~* B -4 C rolationahip nee^eaarily indloatea tho pr*a««ee of th« 

other oow^ononta* Aa in tho problMi of reoiprooallt^, the iaaue at 

atake be«os*ss Row wide a region awat bo examined to detemino th« 

anatoaiaal or phyaiolegioal tmit? Clearly no aiiaplo answer exiata at 

tho preaent tl«e, but the problem oannot be ignored OB that aaoouat* 

With the proviso th«t th«so **y repre»«5* artefaeta of th* approaoh 

uaedf   serial synapses' and ether aynaptio patterns will be deaorlbed 

as auoh only when they have boon observed repeatedly and oonfirwed by 

aerial examination to hare the stated arrwigement. a^aapaea are only 

oonaidered to bo part of a single pattern if they are dir**t3y related 

to an appendage or lie on the dewirttio shaft within about 50Gb» of
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**» bfise of the appetite**, R^aaurod along the awwbrtmaj most OASGS 

«modn«d oo cur red *»1X within this rather arbitrary llait. Soae of 

these patterns of organisation are oertainly acoaon and way 

oeoeidered as charaotariatio, Although variable; their 

And frequeaoy varies 8onaider»bljr fcocordin^ to tacaot »i tuition in 

th« gioo«r\iiu« or parigloe*rul&r region, and thu» or* 

of th»

The Glog»ruli

Th» ahftpa and ai«« of tha f lomenili mcy v&iy eontiAareibl^* but 

ar« ^MMMmU^r »^h<sricAl, oval or pearfthapad am .:. \ , n

«aet«r» nya^laii frosa 5G-12Guia. *-itii tha «l«*otron aicrosoope 

thi glomaruluft is oh^wot«ri»ed bj tha d*n»« ana« of clfaort 

t«nainAl» and pr«t0raiaal» whioh outline tfc* pale dandrltos 

Mitral f tufted *uad pwri^loaerular o«llaj the latt«r a^r ^« 

or fcrouped into i»let» of varying *!»«» aurrounded by tho olfactory 

ntrvc t«n&iiml» «nd o&n»x»xizig of several diffarwit d*nu.r^ujio profiles. 

Apart froa a few ^lial oolla, no call sonata lie in tlw ^loso^rulii 

varjr oooasioiml^r a nauron saay appear to lift within tha gleaarular 

li«it»§ but sorial ewtainBtion rofulax'ljr shov» it to b« protr^dini; 

froa tha *&£* of th» periKloaarular region 'bahiad* tli« plan* cf section* 

Although it is far from constant for ooeaplat«f a glial irr&i^iri^ eft an 

of sawral thin ln»alla«, oan be saan partially tmoloisir.^ tha 

and saparatinf it off froa the periglo»©rvil&r refion; it

is absent around the entry of the olf aotory nerres aM the a&la dan-



dritaa, a A wall aa at other psrta of tha 

boundary,

,03.f aotoy

Tha olfactory nor?* flbrai fom a diatinet layar wsond th* 

olfactory bulb and haf<* baen wll dataribad (Saaaar, 1f5^t d* Lonmso, 

1957! Andrea, 1965* Barf**, 19to>. Th* mod© of antiy of t*» flbra 

bundlta Into th« gloaaruli Tarlos cmalderably in *1^» Airaotion and 

distribution* Althati^ti noat of tb* bundlea enter tw& th® iuy«rficial 

aa?«ot of the glo»«mli iii«ra thare ar» f«w oall bodies other than 

thoa* of gliat »om« bundle* m^r ran in b@tw»*n tba glda^riiliy up to 

about midway aoroaa the gloa&rular layer, b«fbra p<»etr?itlng into 

th« glomerular nmiropll and apr«ading out In their pr«t«tnnlnal portloni. 

Tha bundlaa nay oroa* aaoh other in yarisu* dirootims ae th^y «nt«r 

th* gloaoruli, but one* they hava oroated th* boundaigr t^ej raroly 

roftain as distinct bundles (fi$* 26} • Tha pratominal and torsaizml 

parti of th* olfactory R^nraa are chftraetaristioall^r 

although tha axona in tha olfaotory nerra layer ar« not 

in thia wt^t th« daxfettilng of fibres ooourrin^ approximately aa they 

«rter tha glo«eruli and begin ta loa« thair glial »h«athl«g (fl^« 27). 

Theaa glial prooassea which aurround tha fibre bundloa in a very 

ifeftrootarlatie mannar in tha olfactorv n«r** l&y&r ''Oasaar, 195^1 

da Loranjo, 1957| Anorea, 19651 a«rg»rt 1%9), ar« anad at t:\er 

gloaarular liaita, at i^.ieh point tha glial relationahipa of th« 

glomaruli begin, relating rather to portion* of dandrit* than to tha



ir'ig. 26 Fr ;>h of several bundles of olfactory nerve

fibres ent.tsTi.rit:; a ^auuc-rulus, impi't-^iiu^tru ...LUU ^ic >-ol{,'i' 

.^opsch method; note t.hr. cTr.nr dclimltnticn of the 

i.loaerulrir boundaries by tiiese fibres and their 

cnaraoteriatically tortuous courses and be&aea

outlines•

XI,

27 ^o» a. -cation electron micrograph sho?;ing the

initial expansion of a bu> of olfactory nerve fibres, 

ing with and synapsin^; ont,o LUC ^ 

profiles of the ^xv^^,^^,, some

terirdnals are ahovrinr snontaneous degenerative changes,

i/,000
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affarant axcma«

As can ba seen from the drawings of rrolgi-iaFragftgitaA «atarial 

of Cajal (1911), van r,«huoht<m & Martin (1691), aad Valwda (196*5)*

•any of the olfactory fibres run for considerable dist*o*aa within 

tha gloawnili, glvlnf off short branohaa, and showing aany 

or varloosltias (?i&« 26} J othars appaar to terminate aor« 

frith f«wer branch®a. All of th««« fibre*, nftar their r

•traj^ht and ra^alar ooursca in th« olfaotory nervo lay«r, 

tortuouo untl oxtr«ra»ly irregular on antosrlng Hi* gloaonOi (?!$« 27)« 

5«iwtia»« UI«QT iplftv out and fiva tha antiaaranea of a bunch ef 

floweri. Howarar with tha electron mlcroooopa it la difficult to 

aaa tha entire ranifio&tlon of a aii^la bundla aa its OKU tortuous 

natura a^y oonfuaa tha pAttarn of diatribution within tha gla*amlus« 

As a «aaaml rule it K«y be said that once the flbra bftmfllaa hss»a 

lost their integrity within tha gloa«aruli, it is probably . > 

aapganiafttion of tha dandritlo branohas, partioularlj thoaa of tiva 

mitral and tuftad oalls that dataraina tha coursa and gross a^fa&ranoa 

af tha olfactory nerva fibres in tholr pratarminal and t«nBi«*l parts, 

which appear to fill in the interstices fonaed by thes« largar 

struoturas*

Tha pratamiiutl and tar»trwil parts of tha oli aotoxy aarra* ara 

axtrarolcr irra^ular (/l«s. 27,28,31), ajid «i?r taettM T«ry attaauatad 

in plaoas* *£a passant* s^rnaptie boutons, showing & few nourotubulas 

ara finaainn (Fi0* 30) as would ba «fl$a«tad frc« the *YiA«na* of dal^i- 

natarialf thay aay b« found to ba separated from further
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type aynaptic co •:* pale dendritic profiles,

ao^e o* v;:u.cn coucujui VC^AU^' . note the Uiiuo-a^^. dark 

granular cytoplasm of the aacon terminals and tneir 

spherical vesicles.

Fig. 2^ ,ji*t»4,cio pattern of the gioaerulua involving the

terminal part of a tufted or aitr&l oell dendritic tree, 

two geamules of periglo^erular cells (containing aany 

large flattened vesicles; and several olfactory nerve 

ters&iu%»^. ihe central u,v..iUPitic profile is running 

into the pl^ie of section tad gives off two spine-like 

branchlets, et^ch of which receives an aayiaaetrxcal synapse 

froa an olfactory nerve terminal and a symmetrical one 

from a gemaule; one of the gptmaules receives siiailar 

synaptic contacts from the same olfactory nerve 

toroinuls at the sites indicated (urroic) determined toy 

serial sections. The dendritic shaft makes an 

asys&ifc&r-Lcai synaptic contact %iui spnerical vesicles 

onto one of the geaaules and onto the third ge&siule, 

several sections further on.

Xi>0,000





30 Olfactory nerve fibre with two en passant synapfic 

boutons tnat auu;e syriaptic COJM*^UO -o.j.wt ^x.*^-.;. Lie 

profiles; note *uc presyiiaptic aggregation of vesicles 

"en/th of the linking: preter^inal axon.

Fig. T0 Varicose dendrite of tufted or mitral cell in the 

glosifcrulus, receiving many synaptie contacts fron 

olfactory nerve terminals tiia aaiiinc MII usysaiaetrica 

syn^pLic uuiiuawu ..^ui, spherioal vesicles onto a 

gcmaule of a pcriglo,<erular ceil,

X20,600
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a* faaaaat or tatnimil bout on* by oonsidarabla laagttia af sssn* 

ftoat notabl* »»d unusual future of tha olfaatwy fibres Is their 

dark, wither granular ^toplaan and although *&« aotual teuitgr 

ftt3Qrf not only fro» brain to brain but also f*«* fifci* t® fifcr»t it 

i* a eonataat ami diatla^iiahlag faalwra of thoa (Figi. ^-^»33 

It a»y b« intoraatiftf to diaaoTap the bio<^M«dLoal nutupe af t1 is

material whioh h«* only bean found in th® -IfJMrtorr and

t» tha 

of tfeeaa n«onr«a* 7b« t«minal aad «a pets &nt

of

ayiwiptlc t: ici;onint-» azid nhieh often lia r*ry oloa« to aaab 

within the donse aatfix (Figa* 23,30 N . S»ftll mltoohcawiFia an& oi»t«maa 

of vaxl<m9 «iia|MHi and aiaaa ara pretont, aa nail as a few aaatad* or 

uliwwXate, Taaioles, ft wit notad by Anft^as (1*56^. 1%a gw»i>a of 

taminals lie paotesd tegathar, only saparatad by a this gtftp or extra- 

aallul&r «paoaf and th^ir peouliara^ Irrogular outlines asy givo riaa 

to the a^poarwaca of whorls and other unuarual ^rcmtlona (Figs* 20,31% 

The olfaotoiy terminals a&ka typical oynaptio oantaet 

a»trical t^p«» showing pr»syj»ptio den** projections,

oateriftl and & danae po3t-8;Tifr)tic mesabnme thi^eanin^ antatifting aa a 

|1HM»lnr w«b into tha qytoplaaa of the po« ~ ' *^»*^ f?lc§» 

,33*34, 39). Tha olfaatoiy nanrea teredaata pradowlnaBtlj upon 

fina dcndrltlo b«wahas of mitral, tuftad and pari^lowrular calls, 

but a few »ay t* fmmd on mast parts of tha glo»anLL-,r 

of these dandrit«sf rogardlass cf siaa or position; t 1



,.r ;io.;cruicr cell dendrite in the glojierulus giving 

rise to a gemaule, showing symmetr ictd synaptic contact

: nitr?il or tuited cell . , the vesicles in

ru
129,000

33 , t-j. /,- ..I..., ..n.1 uundrlte j.u ^v-crulus giving rise 

to a Ic sr- a thin pedicle and a lar^e number 

of fl&ttened vesicles; the geaoiule jaaices a 

syaaetrical synarae; onto a tufted or mitral cell 

dendrite, - also receives an olfactory terminal 

svna-ise. There i?. ^vn denoe of two olfactory terminal 

synapses, or^o t,zie ge^u^uie and its pedicle, that take 

place on other sections of the series.
; 32 ,000

34 S*«Ue gemaule arising froa a thin periglomerular 

cell dendrite, receiving an olfactory nerve synapse 

and &&uu.ji£ a s. ,-^cal contact onto a tufted or mitral 

cell dendrite profile. Note ribosomal rosettes and 

lar&e flattened vesicles j the sane olfactory terEiinal 

synapses onto the tuf tec/mitral dendrite in another 

section*
X36,000

35 Georaule arising froci the large shaft of a

pcrigloiaerular cell stem dendrite in the intermediate 

sone and receiving asymmetrical synaptic contact from a 

non-olfiictory terminal. ;<ote the large muaber of large 

flattened type vesicles*
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•ynapae on te a cell *€** of * tuftad or periglae*™'^ ««"!, if it 

into the gleaerulus. A ainf le olfaotory nerre fibre cmkai 

on to »*Teral dsndrite* whiah m*^ boleng to *agr *f 

distributing to the gloneruli (7ig»« 28*30} • f**e

4* not, however, r«e*iv» any iynaptio oontAoti from woma or d«idrit«» 

at any point in their bulbar course? deaoaott«* aaj, h«wer»r, be 

found b«tw»en pkoirt of fibr«»» pnrUraiJials or t«rmimls

aad tuft«»

7h« d«ndrit«§ of mitral and tuft«a ealla, «^le*i «A«pi«« wit'iin 

Loooruli, »ho« RMAJ ai«iluritia» in lifht ad.orc»eo^ 

although th^y differ ia their distribution and amount of 

(Ch«»t*r 3)« *'ith the aiaotn>n aiorotoope there ia i^...^, 

gulah th» gloaenilar d»ndritea of the two call typ«i distal ir 

primary lntragloa«rular bratMihinsj proaiaal to tl-do, »ise . Ition 

of entry into th« gloa»ruli »onr» &a ariteria to diatitt^ulsli ^rti&lZy 

tfee •xtaraal tufted frua the ai^rai and d«ep tui'te^i oalli,. '.!-, -rl 

aaid d««p tuft«d oell dafidritea <mt«r from th» de«p half «? th« gl«sarul&r

§oafttia*« t» on* aide, having pasaod thrc-u*^ H 

while ertarn^l tuft«A o«ll derdritaa ney «nt«r 

at any point, f^n.-t-a.Llc/ oloa« to tha position of thair 0*11 body* 

ttnudmtioa of aorial s»otiona has olearV borno out the original 

intwprrtation of Cajal that the two cell typea f&na a ain^le «wip, 

in terns of morpholOQr and types of a^maptio oonnaetion* _ loe 

to the gleBwuruli, in i^iioh t>«y both reeeitv extd *nfe» oontaet
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With the same processes in tnc same warmer* ror this reason tuiu c" 

account of the difficulty oi' distinguishing between them, they will 

be considered to, r.

'Ihe pule demiT-i-tea of the mitral anu tufted cells may be found 

in the glo&erular neuropil cut at all angles uad at .^-t stages of 

branching. xhe- largest profiles tend to lie in the deeper parts of 

the gloiaeruii, probably representing tne first gloiaeruiar oranches 

of the mitral und deep tufted cells. One of the most striking 

leaturfca oi' uxl Wit a e ueruirites .i^ i. c regularity OA WIC-LT cuti.u;e, 

up to the finest branches, so that iney appear rouguly spherical when 

cut transversely arid oval wh«n out obliquely. Lox^itu, - iy cut, 

the mitral and tufteci ceil uendritea may appear broadly cylindrical 

with even outlines ir they are of aediuia or large calibre \<L-'j^ ., 

or varicose (Fig. 31) if saall (O.b-lpa). ^ u 0«neral rule, the 

deudrites o&co-e iiicarc&sin^ly varicose aa tney djjainiah in sisc, but 

the extent of the v&ricosity and the proportion of deridrite 

it, varie-s oori3xo.urubiy Arom one to another ; such an observation is 

borne out by the li^iit aicroscopic evidence v^n&pter 3j. The 

larg« ttr- _ v portions of the , j.tes of mitral or tufte ; cells 

have a characteristically regular array of neurotubulea in a pale 

cytoplasm containing relatively tew mitochondria and other orgauielles ; 

neurofilfeu^euts ure occasionally fouiiu ±11 u*ici»u uciiurites, uut are 

usually evident only in the smaller denoritea, i'iie aeurotubultii 

the occasional neurofiluiuents in varicose ueiiurites snow a very 

teriatic funnelling into tne thin se^tuits, eitner sa.dt oi' ./aich they



61.

fan out to b»*4Mt *Wtf #f*i**ly arranged in th»

terminal portion* of tfc* d«MTdrlt«» »ey bo long, itnd are oftan vary

thin prooesaea (0«2u?.v , tv. io»12jr mirrounftM entirely l*y olf»#tojgr

t*mliial* and reo«lTin£ 4?mp0*« froa tbwij th$«* part* of 

i*ntalt«s are oft«n strDda^r «U«tx*on*dmm« in o«»fari*o 

their parent proo«s»««» sonntiaea aohiorlng e ftlmil&x* ort«r of

that of the olfactory teinirmla thW3»«l7«a. 7h« n«uro^ 5 of 

fine portion* ara Yerj oloaeiy paoked^ rathar 

to thft thin parte of Yarlcoa* dondritea but not show:5jQig 

tandancy to -.lilftte diatally,, On othar ooaa«ion» tV» i^itral and tuftod 

n«ll dondritos «nd in rather inrftgulUr proo«»*«§ (fii» 29) that 

reacebl* a^irms in their s ly floooulent florkoplaam and laok of 

, out do not «how any »i£ji of spin* «$p«*tu* or

oar t^» outline icvpioal of aplne»; neurofilwwnt* any al*o be 

«Bt*rin£ thf»»e »truotar«» from tha ^ttrttn

are »e«n to Uo goaaul^s filled with

«akio£ iynaiitio oont*ct on to peri^ioroarular o«ll proofs 3 QS. Such

th» final

tlit long thin portion* o*mt*ining n*urotubul«s &^» the 

tion of th« iao»t di*t*l d«ndritio st«aa - « Tl«vr oonftJUtmt *it!i the

oittorna* of

•neloplataio ratlouZutt ar» found thwwghout th« dandritic trw» of the 

aitral and tufted 0*21* *&d both are noat wridwrt in the fiiwnr den- 

drltio branohea (?%• 29); ribotostaa, fr<Mi or aa x*oa*tt&», ftre ^lao 

u A distinctive f«ftttir« of denfirit«» of both o«ll 1 es la tho



pre*enoe of apherioal Agacwnular veaiolea,

oluaters, but oeoAftionalfy A» larger groups, ao& jsoai oftsc related 

to A synaptio tokening orie»Uted A»Ay froa the 

31 ,36-33,40, 45} • AAJL

And reticles, may beeooe eoncentwtted into tmusuall^r lArf* £rc«t)« At 

braaeh polikts of the analler dendrltes* 

Tha m«abimn» tlii^erdn» associutod *ith the isitral imd

v - i«*.

1 36-38 ,45) wad show «m ajggrouatien of tha spherical rwaiclos 

(sec Prio« A

b« evident in the rast of tho dendritic profile* II ptrta of 

tho dwndritio trees of these o«ll« aoj show fuoh ajmajtio 

ti«a» «ucoopt the finu wsau^i^l porti«m» and tbo thin p«ufU of 

Tariooae dindritio »6gaenti. Tho pwt-A^i»ptio atruetur«« 

itastif i«d la mo*t OAAOS A* feeing the deniritea, spi£»« or 

of perifilaaerular o«Ua t$y tho preAenoo of large 

(Fi^». 29,31,36,37,45/ ^m ;rua the study of aon 

aeetion* (Fi^* 3B); on the rare oo<jaaiona idwrn, in 

no diATaotariatio* Allow the poat-ayrvvptio profile to oe

it my Ve reaaon&bl^' asaua&d that theA« Ar« the deadritio : ;rooosaeA 

of the

are ooanon^r related to A IMNU% aynapae in the rerarse direotioa froa 

the MBA ptveeaa, forain^ the r«lati«nahip kmnm as t&e ^ft^-

« 29,36,37,45)1 the return aynapae* AT® L. . of 

the ^MMtrlfiAl type, with large flattened T®»iol«a A^regAted pro-



—<- t,jLo-eru.j.uc» oetv*een tuftec or 
cell dendri '>---: -^ rical vesicles 

aaym::ctrir..-l thic<cer.inr f and a pcrif-.loneruiar cell

syiaii.etri.col thickening, coiu'iraied in serial sections.
X47,5CO

37 Reciprocal synapse between perl^ioiuerular cell
dendrite and tufted or mitral cell dendrite, shofting the 
t - ::>olaritie.^ » >o; another syriapae from the 

tufted/iaitrol cttndrxte, onto a gezLaulc, is also seen. 
i.ote particular ly *whe clear distinction between types

Fir, 3 ; > •:vnsT>tic :-,?,ttern 'jhorin- 1 ^SYraaetric^d synapse from 

x.ui teu or iuo.Li ¥ wU. OCJ.JL U^^ULM ut uii^o u ^cx'.L^j.ui-.c 

cell a pine which also receives a symmetrical synapse 

from w s.'.call flnttenea vesicle-containiru- axon 

tcr.-J.iJt... .wuc w.;^t Uit •.-.^xu^t,^ :_:•• /iii j.u-iiitly 

auiialler tnon those in the dendrite.

.. .59 ^ic p&ttern in &lou;erulus showing a tufteu or
mitral cell dendrite receiving an ikxo-t tic contact 
from ^ w^*,.ov, k.., w, w ;^ysjifletriov.^ , 
symmetrical contfact i'ro*.. riglo»aerul ur ceil 
dendrite (note ribosou»al rosettes;, containing large 
flatteneu vesicles • This perigloraerular cell

-ite receives ayimiietric^ synap tic contact frora an 
axon terainal containin,-; 1,-ir^c flattened vesicles





***

, fi»all tesaoaoaai (Fig. 47) as* stmetijm few! «£*•» 

to r«clproo*l synapse*, %®t*c*a tt» profile involYtd, «d s*>s»tlaM 

looatad in batwoan tin two op, o»it>a aaattraao specinl^v t i^| the**

are ohejraotcrlsad fey a saaller aloft width than g&at of 

atruotura* ana an »**» dijtri^ation of d«*s* swstijrlal in 

, Lass oow<m3jr f «ap junctions • ar« §»*n 

H«»«, 1%9| Sotelo lay, 1970} 

fe«twe«n Bdtrel or tufted and peri^lomerular o«U 

t» a reciprocal «^*»M «Ml d««oao«a. T)M o1h«r toti^ii «f a^rnaptla 

on to the gleaoruleir arboriafttlcwi of the et L n 

af cmira«, t!» olfaotoxy nerr* temiruvls, whl^li ar« found in 

d«ti«it^ upon th© Atadxitftft of Mdiuft to mall o&libre, but 

found on Xar^or »e^a«nta, Oft^m a Bitr*l or ttift^l

d«ndrltio profile la aurroundod by Manor olfactory termlmla, all of 

Mate »ympa«s «n ta th* daadritio ahaft (>f is.

Tho dandritoa of p«risloaerulAr ooll* aro 

mt only froa one e«ll to another or froa on«flB«d. er, but 

&l»o within a single d«ndrit«j the major Tariablea ar« the ' Mne 

tbair qppenda^M, th» arranfo^ent of naurotuouxtia auu "f 

V«aiole*. 'ol^i»4n^r«fnat«d oatoriitl d«monatrata» to swt« 

first two factors (Gh«pNr 3 * ^igs* M-^4), although it iji difficult 

to illustrate the r«ttarkab3or tortuous ocors* of tho prooa«««s within 

th* glosMUruli by oithor drawings or photographs. 0»M tha wux atwi



.ri.ai out

<eri£lor»erular cell dendrites in • •"! o aerulus ;

e synapses are undoubtedly part of a more complex 

inter-relationship between tnese dendrites invo3vin£ 

reciprocal synapses. .'*. perigloaerular cell clenor^txc 

shall, uaaL ^.vca r^.;.^ to a ltar£;e vesi-.-^v aon twining 

gcaaulc, synapses ir. th syaaetrical thickening onto a 

mitral/ tui' ted dendritic shaft; the latter in turn

s a onto the spine or ge^^ule of a perigloaerular

v«uo4C ^i-

synaptic contact onto -ir.other mitr«l or tufted cell 

dendrxte, **ote the lar^e flattened vesicles of the 

periglouerular profiles and the greater irregularity

of cytopioaaic contents ana outline as compared w

; c?;ii vesicle" ai tral/ tufted cc...

the regular tubules ana outline of these profiles.

i iiv; k

ri : io:-;rrular cells,

uiethou.

:^ uzau

ntert T;I ih the G

41, 43, U 3,300 

Fig. 42 3,100
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ttral or tufted cell rite in the gioaerulus
showing rccijU-uotu. sjiib. ; sc ..j-La ^criglomerular cell 
tiendrite (3 junction with a

ht). ";ote the ch-racterist-'- critics of the

c< i-ofile ig large irregular vesic'jes compared
•>e spherical vesicles of the mitral/tufted 

uiM. te • detail of this ^^ ju-xotior1 '" shorn; -;* 

. 46.
X32,000

46 Gap junction from i'Mg* 4% l^ote the characteristic 
laminar aoveiiranoe of the seiabranea (although trie 
centitta. t><A^ j..^ iiot clearly rcsolvea ^^ --nia example) 
and the typical ar t of dense material in the 
cytoplasm of the neuronal profiles.

113,000

47 n unusual combination of four types of membrane 

specialisation found, on profiles in -lo^eruli. 

A desiaosonie, cut ruther obliquely and snowing a lar^e 

tftil of dense material resulting from the curve of the 

central dendritic profile «« „ ..^^^v, 0^, ^unction.

synj^etrioul sy c thick i'roci a ge,a*iule 

adjoins the &L csl aembr^ne thickenin^^, derived 

froiii ,j, olfactory nerve terL^ it u. v ^*rrow) f which has 

cU due to a lesion in the olfactory mucosa, 

and has become pfirtly e a to the gc-^.alc *iid 

• ^tly to a gli&l pro 1"1 '' ^ ?- . i identities rr-^r 

com'irmed by serial sections.

X 74 ,000
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dandritea hare orosaed t*tte the gloawrulAi* neuropil* they begin to 
branch mid to follow tazy irregular frthsj the oxtrejKxljr irregular 
«nft often rarioofl* nature of theao dendritaa swan* th&t suey tritee on 
•Any varied fund uisuaual ahftpea In aiisgle electron aiioyoaeepe 
la Addition, the preeenea of appendage* of Tarious «li ,p«» and

32t35»40W*4) and of ?rotu»lon» fro» th* dtndritlo wirfkM nay 
oonfujio the a»a*a«s«rit of what ooura* th« clcridritia dhaft la 

taking* Aa & result of thaaa faotora it ia fanaral37 iafo^aibla to bo 
Mrtaln vdmt port of th* dandrltio tr*« ia beii* attiHtfmHi to th« 
aactent that oan be aohiwod for tho aitrml and tufted o«ll d«ndr4.t«a; 

th« appaoda^oa may aoa»tiia»e ap^aar to bo lar^or thaa their 
proo«aaea (F%a* 33»3V^>) and aw^r «von show o*aai4arabla oor~

Including bzwMAtef* 7iM toxnlaal p*rta of 
th* deudritoa are typically- voxy thin proooa»oaf aimilfer to thoaa of 
tha aitral and tuftod call dt»2Tdri^o»t out oontuin fawar raeurotabulon 

v*aio2«a« Tha apisanla^a of periglooerular oall d@a&jri«*a 
and g«Bdul&» * fxvquantiy anar«a fmi the dandxdtio ahaft* 

nith eacti^BBlor attenuated podiolaa ^ iga. _ «Moh aay be 
long and ooatain * fear iwurotubulea and aro aonae^uenta^ difficult to 
foIXowi at other ti»«a they apv*vr «ore like lar^w mK$F9w&* of t}» 
dawdritio surfao«f ;^*^ut asor p«liolo or tanden^y to be ?iltttfr+4 off

aoat ooattOtUy *moou«teped in
aeation* aa ruu^iuy s. -:^-.l j",:tioture» (Fifa, . , and 
pediolea a»y be difficult to deaonatttate* oren with 
an aoouuat of their reamrkable thinaeaa*
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Neurotubulee are irregularly aiapoaad In the dendrlt *« of peri* 

gloaerul&r oella in all but the largeat deaorite** ana even in these 

they nsrer abow the regular array typical of the mitral and tafted 

eella (Pig*. 32,¥>)» *ne awe distal dendritic abaft* have neuro- 

tabular arrangement* whe*e degree of organisation and poi, n *eav 

to vary according to the irregularity of tine aurface of tfc* dendritic 

profile* Vesicle* &LT* xn far greater abundance than in the mitral 

or tufted cella, being particularly concentrated in the 

dendritic protrusion* and the T&riooaitiaa or broad irregul 

(Figa* 29»32-3^»4O) f but are alao obaerfed in ataaller quaatitiea in 

•ain deBdritic ahafta and in apinea \ri^»* ^>»35>37»^) * In ***» 

largeat ahefts, they are only »e«n cluttered around ajnftpti* 

. na orientated away fro* the daadritea, but in auoh <kf tha dendritie 

tre« they aay be found a« large group* often filling the 

profile or Ui*x of ita Appendages* Thia oh&raot«ri.atie 

filled appearance of the peri^loawrular dendritea and their appendage* 

lad Attire* (19^5) to eonaider than a* oxonal where they isade ajmaptic 

eontaot* of the reciprocal type, but there can be no doubt that the 

pale ve*iolft~filled profile* ttaking reciprocal aynapao* wit. in tho 

glomeruli are dendritic, aa deteraloed froa aerial nnrtl^n* and Golgl 

Material* The vaaiolea in th«»e denftrdtea are always $f ti» large 

flattened type, and are quite diatinot from the apherioal Tesiele* in 

Mitral or tufted cell dendrite** although, a* di*cua*ed preri^i*ly, 

tue tiegre© of flattejuag any vary frca UITUJTI to £»x«ii^. x f ^—sire 

cistemee of agranular endoplamniic retioulun are a oettu^u i *ature of
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t*rl|?leB«milftr call d©?!drlte« and app««dft^§ «ttd that* Qhai»«Uri*Uo

distribution within the prefil* la a distinguishing future of thai*

o*H proa4W3$a, particularly t&i gammlm: rlbeftOH***

la roaettoa, aw alao ooraen » th®»* two latter fsatwsa, toe«thar

with thi» unoran distribution of vnftiolM within a giT^

lisefal criteria for ^stabliahlne or oonflmlng tb« dw&yiti©

of equivocal processes,

7ho daMritlo a.ppmct&g^ of perlglwwsnilar oellfl are of 

classes - splnaa and gftsaules: aocording to th« oo>nr«ntl«n of 

at al (l9<S6)t th» t®x« geBsaule 1» r^aorred for thoae ., ;-.^ %c^s or 

•pine-like sftorpholo^y tluat not only r«o«ir« i^7iftptte«, but al«o give 

off jynap»it fmuml^f In a reciprocal rafmn«r} spiaua '..^ ^'afli2@d 

aa those structures of *nlne-like norphologjr whioh ro«^iT» but do not

aynaptio oontacta, eran If thary do contain v:>siolo9, .«Mii*lyy

1 sact^oaa aro naoeasury to oonfira the»* Identities end »oaa 

aay not be tortaiitiy idontlflabla as one or th« oth«r, 

, it haa b««n po»aible by ^UMI °f serial »«>otiani to 

the exist^no» of both aorta of ap m^aga In the glosasrular 

and perlgloasrular rtgionsj »oat of thoaa- in th© glawemli mr»

but a few spin®* aay bo obaenrad, while th« r€ff«m»« la tho

in the pflriglaaerttlar region. GoaBstulaa tend to »* lArgar •-' -..-.^ 

turoa, and contain a gneata* ooncentratlcm of vaaiol** th&n apisea. 

O^iarwia* th« two olaaaea of app«n4at« are broadlj aisilrr. SfliM 

a|jparatus la rarely evldant in eithor prooeaa, althmi^t ao» mall 

olataruaa rotated to 4ma* aatorlal have been obaervod* whiofc mt& b«
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to it. Both type* of proooaa aha* tt* •h*Mtti«rt«Uft 

qytopiaaw of splaea, in whioh the Teaiolea appear to DO 

«B9*4ded» .ibosomea, ciaternae and mitochondria, the latter two often 

in close relation to ®mah other, ar© common foAttirea of tl» $«rt«* 

gloaamlar cell dem 3 appendages; v&ricu» . . 

nlreolfit« Td«iolo» oay ttlao be found, tliough they ar« i*nomlly faw. 

On T«ry rar« occ&9^3&»t iwwiTor, t/ie gmmiliini »«y mew & conaideritbl* 

nunber of lArg« danwi oor«4 (70-12One:) v«»ldloa> in additien to 

large flattened Taaiolos. Ml© th» pediele»» partimil&rfy «f 

9MBOl«st often shew aourotubulea, these »truoture» do not 

for az$r distwioo into tho »welling or h»ad of tho appt«dftfl»t

?h« dark olTaot^py norre torainals aeke tynaptlc oostaot* of 
tho aaymaetrioal type with all purta of domlritio ahn.ft.s ^nrt th« 

of thtt periglomerulj&r o«il*f but not with thi ] 

>>f/* . itral and tuftod cell d«adrit»a aak« dsadrod«adritio 

ooutacta with the dendritio »haft*t gasajaCUo and *pine«f «^u t&&** 

always of tho a^r««»trioal 1grp« (Fi^. 29f<51

and also tho dondritio ahafta taaka mturn aynap»e» on to 

the*e raitral en4 tui't«4 o«il dendrit&», foradae i^ooiprocal 

tho dendritio ahafta do not al«Qr» aake a return 

vloini^, although th«w- laajr fio an fit some di»tano«, 

rooal an«n«Mwnt (»•« above;. ?ha«o return a^napMs, fyos t ri- 

glo»«rular o«il» o» to tht aitral or tufted oe-LU, ^r is ,f the 

type} the prt^mptio Toaiolo* are tho large flatteaed 

, ohnmot eriitio of the pexfelflnerular oell proces^ec ^ ,^3, 29,
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• -- to th© olfaotoxy and

s, tv ., , apinas and daru -3 aha:"..- •. . .3ionnl3jr 

tv tr-.,- •-• i-hnr tgn>*s of synapse, ' --i ar* gen«*al3? !« tit* 

interaadiate tone and arise frora axon terminals* Tl» two 

both of tha nyaattiriOdj. wdokMiins, flatt«r»d walola

wry similar to thos* pi«do»ljn on the dell »omati, 

th0 perlgloia^ -  * o»lla, and which hare a ohnmot^

roa-ooj«o qyt 'a ,.UI-^ux'j_riod and 

ftpArs« ve«lol*a (Fig. > terminals hmY® baon Id*.:.. 'aft as 

tho*« of the suporfiolal short-^xon oelli ( Chapter 3)» Tonalnala 

oontaining larga flattened v«siclos (Fig. 39), Uk@ thos<s of th«

on to the call i<Mmt>t h^T« ft pal«r oytopl&wa than -thc»« of tho

calls; thfl^y »-*>w wren^y distributed 7esiol«s, fww 

, f«w or no rlboaoBes and reoeiT* no 

iiahlng th«§ frtwi $mml«» and idtntifjln^ 

ls of poriglom^rular 0011s* Botii

tend to be found cm the sides or the bases of spin** ox- gwmAftf or

OR TO Trifl njWB-;...ri'fci0 sns.it• ./if? .',~LI*UJ &j^y !$:\i6£T*5fjsuL type of s^impse 

is gKWHPftlly found on to the heads a* the spines 3 of the 

;  35) or, »ore raroly, the dendritio shaft, Thea« latter 

n - - be tufted oell collatesujui or - "^- 1 fibre 

... will be **0re full^ donorlbad, together ^ It1 *h» other 

oxon terainftls, under the periglomerular netaropU f Jherter - v .
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the

,/ia uaaauaae* 0007% tte varieties of serial ajn*£*ie 

that any be found Are considerable, partlauIUrly according to the 

approach used in dafialng and atudyinr then* It has eaerieeA froffl 

of aerial aet j that two basic pattern* of synapse* are 

and* al. .,, - . ^ , :.ona da 0x1 »t> involvlrjfi th» ab»«aa« of 

ooj»p«n«it or iujwwioi-, or a partial «omo An.ro^cn or 

tmttenui fa*?, ?!$, ^ „ ^h«y appasr to hav* a 

relationship to be ,t. It should again be «qpitftftiff«& 

A Xftfg* inirtir of ^noapaea ooour in r«latiTe Isolf. fr^ other 

am«ng«B0nt», ami caa^nJ^r &Q o</naidered aerial within tins context 

of a larg* part of the d^ndritio tree* Both of the arisAptio patterns 

eantre around the reciprocal oontaeta between the mitral »r t«ftaA 

eell dendritat and the periglaadnilar dendrit^a or ,;;>.•. - „ . .:,; 

first and «oat c., . ,. ia foraetl by a<kuti«ial looal 

?r<m olfactory nerve terminals on to both • " the 

into the reoiprooal »vn«pae { '1^-. 29} $ theoo eorrhaeta 

by a aingl* olT&ctoary terminal aynaptin^ on to both . , «r by 

a^Taral. It is aatiftated that about half the reciprocal 

that lw- -'flen aerial 3y eacwained wi^iin the ^jl 

Tike aeooad tgrpe is «e«eral3^ f»w»d in ^ir^ion to the larger parts of 

the oitral and tufted dendritic pr coasts in the intemoftiatft «otie| 

It oonaiat* r? .-c jveeml a:Tiapso the add "a 

aycaptic uont^ot on to the perigloBerular eXej^ant or or, 

edjaownrt part of the de«drite (Pi^i. 58t >9)» in the or,. / m"1 cases
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tfel* Ajrasffto la ra«d«. Vy *

flattened Teaiolos ( ahast-axon cell twHsinal" .. &«* *»

t«mtnal showing large ;*ned Y^slelft* in i; ^ilc .,•,; :, '_ ~.. '.. i-

call temlnal) (^1^. 39). Th* wlfttlw f-^rra.-- ..-.-x* r" this

to

r«ol?roc. . ^^•ja* „ the i^aa0trlo«l contact

ftsm*ic' .-._3jr but about a o'lft^ar of recl^roo-al 8;/mp*®8 

•mrially show n aynapaa ©ft v . a In tha »»Ar vie In 

«uV,!tion, It shoald ^® not«d that fiin^jo d«mdrltio el«a»«»t3 of

of <Siffarant oall» of origin, long 

jaunts «is at tl»d0 be ttm««d r©latin to two or aon^tlises moi*9 of

ah«pt«r has b«en ocmo«mod with

It* «eppholo^rt And thd id*titlt.leo sivl oonneotl-mo of its 

^ rofllasl it eoapria^s the axcn terra Inn tiona of the 

f ibras and th» <l«aaritie arborisat ona of th« mitral, 

T Ideusrular oallAf with small perlphora?^ >na f 

intrinsic axcns of ths flMsfiHileir ley . ?ho

follows s» The

of

oolla. jiprooal s; . ., ,io PE. .^ ar« estab al



and peri^lMuinilar and between tufted And peri&lOMrtt&ar «»11 

daodrite tree*. Oifaetory aioni terrainate OR to both prooeasee 

involved in a rdoiproocu 3 ^ tie arrai^euant, often GJU&£H*-yf 

to the region of dendro-4endrltic »ynaptio esntaot; other 

teralnnla fftraot ahort-axon end perigloaerultir cells) msgr &Ue oo»e 

into close gynaptlo relation with the perigloaeruiar cell o«9«BMct 

ef the reciprocal a^napaei. It thould be eaphaalaad t^iAt; Uie identity 

of the parigloaerular oell ooa^oaant as beinc the ge»»ul« or den&rite 

ef these oella, a» opfened to an meon terminal, ma Aeftmd ia aeveral 

nayi. Firstly, fro® the predoainantljr dendritio cc a of the 

bulbar neurons to the glomeruli, e*tabliahed b^y ;aja.i < nd 

Bl&neft (1B98)» mid oonfinaed by our own material ? soc ;n<i>sy, by the 

careful aoa*ainatlon of1 taany long series of eleeitmm mlcrroscc-nin 

in whioh theee ?rocesae» were traced, often for lone , into 

o^itinuity with identifJU^ble dendritio profiles; * b;r the 

in i»AW»e proeeeftoa of

of dendritea - riboaon^l rosettes, and large a^rewular eisternal 

a aniline •• Although e*oh lino of arguawnt on its own i* only tuf~ 

geetive, the ooabinftd evidenoe ia unequivocal, ."i* ^articuler value of 

aerial «ja»iiwvl;ian of eleetrea aioroaooplo aeotiona oeimot be ttdei*» 

eetiaated, since it wa» only throa^h this that the oonttttaation ef 

elaaeieal histology wee pe§«ible on the one hand, and the <£3tftbllsh»«nt 

of oritoriA for <le. o end axonal orooeasea in t'i- ,..,:;, r neurone 

oould be «neot*Ki, on the oth^r« ^1j -^-, it ims ft remit ef 

that the aynaptio propertiea of the
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tawslnala oould be 

and app«nda£«s in

t v:o a

Mt&* by menus of sari.

elear-eut

to be >r*it f ro» the** • $

y on*-way jynapaes ^a®* Chapter* 3 A 5).

botweim ganoule* and spin on !>.;.•; only be

^.-«tion«, ^ *M* v^y t: .-,. ... ' sts*l.twti«i

-HLa to nntlsh twstwwBis * •; :- ^ kia&a

of

olfaotoiy narrw only terminate u$>o»

'3 that

or dendritic ?.< •• and

0&

p«rleioo«^rular soil gattffimlee rftprdwait & further «f*^» of 

•ynaptlc OOD^ laxity to those of th« granule ooll r«ri?h^iml proves »«»,

w1 -.ioh re co Ir« oentrifugfcl and other axon ter«ljial« that art

gmnulo cells, beoaufte In th@ ^lotaaviili the miir^ ' s^.ll 

of th« r»olpr«cal iyn*ty»o li also locally ©xcltod by the 

(olfactory) aacon t«r»lnfll or 1^p« of sxon as that csrr .- the

of

thus po»o a oonald«pab

dandritio

}>robl0o - dsndro-

on both prooe»««0j Indeed, until tha 

has boan aor« fully InTestl^ated, It to reason

fully on the functional nature of a single In^ut •:ct'- 

reciprooelly oonnacted dendritea. It is e«rtaln T,:^- \ 

which th* wamtles aurt «ff»oted by o~

ia thtlr pax«nt dendritic shaft sust detoraine th«ir 

(••• Diamond, &i«y * " .a.:,-.-il, , as win the ; 

olfaotoxy in^u^ '^suaeaoto, T

:' fimotion

" the
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Shaphord, 1?<>) m to entth eell of the reoiprooal qyaap*»}

it la diii'iauJ.* to aaroaa the relative inpwtaisoe of the

etenta in the femuloa to «i* dauAritio natentiela iiri*ln£ in the

whole dendritic tree, and thus their oort the axoaal

aotiviV *f th»»e oella. In both o&aea tb* eactent ta> w ..

pe4iole isoi -:-a the gMmalea frons the dendritio aneuft

eritical in deteradning the degree of lutef&etianf tbi»

depgr^a uv-5n tha aore msistanoe that the pedlale pre«ent»» fta&

a ^h padiolo dijsenalons are variable, tho axti^etv v,iim®*s of

ef thofie »truotin?es r. t>e ta^en to »ugge»t that t. r ; ;- •...•ioe

la large (I'ittjsom et al 1970}* 3uoh oon*idorationa would isiply the

that the Mamie* en leng thin pe<?i<sl<>0 aot in 

i. ion froa their • - nt Aaft» in taroa of eleotrle&l a 

any eren tie ir* , the o/mft o: , . • oon- 

tinuitgr; in suoh A oa»a, it would be the shaft s^" /Ine 

aynffnaoa tiiat oontrlbute oTineliisally to tJ^ rsrodut? s.n 

the perl&UHMizular eell axon. It should be noted that thoae reelprooA 

«rnapaea oocsurrin^ on the dentiritlo ah&ft or on genamlee t^iuh little 

or zw iiodiole woulut :& r, be aff eoted b^, , the 

eetiTi-^r in the oain ,? *h& dendrite. Tt i« note 

in relation to t)u» ; v _ , ...letai* of spine am ^ ;« that Hit 

fHMto ef the gzmnul® oella are the aole no y evident 

aitea of output fron thoa« oella; they have a profile® in -r. to 

their oonventional de<3|» eaaadritea, which **» c noun to be 

(see Price & Pwell, ,a



of th» natuwi of *>* reri^lcBcnilar 0©11 dendritai tti*t fir* rim to 

tho gemsules and of the p „. : . *ooe&3«j| of tha grenulo oall* will

discus sod ' -..*5.ng chapter.

From the obaer* ..;•.• -u in thi* sh*pt#rf *, 

b© B#au .. - repr«Mt ,. .3onaidaT«i!5le tstmafer of 

information b^tnevi th» c. . rw and t, , ... 

Li v;-!dcht by virtu© of th<alr 

PtSUQT nauroriB, ami tb« peri^lo^oiMlar cells, . - ui - n

int«nMUPOii» of thio ir^or. The two aets of dendi-ltlc 

arboriflaticns from pelr^r and int«2^neurowi then intoraot b^ awant of 

^ roc&l arrBii^MMnts 1 than* «uch a a* 

in tha aoffia/V-o ®f tlie perifiloaerular cells 

by the»« «L - " n :* of neighb0urin 

to the Ircrga p: ... .. of the den&rlt©s of tha 

inourona of those glotteruli. The Gh&rGcteristic regie le

thick<ming» of th«i» porigloaeroliir oells aey b-. n ' > 

that th»»* ar« inhibitory In their action at bot Irltio and 

»3mapo^a, like tlse rrfcnule «seH« (T*rle» , '») and

,» ia&kirvs Alsdlar ota aL3«wh*r* in i 

(*«• Uohi»onof Wf.',' t '-. > ;-ra^» 19^3 for

a

suited to th« task of bringing about tha «att«n*iv« int«r*» 

icna of ^ -ly twsnl^r-fiv* j&nd olfactcry nacom and th*

artori»^ a of well ov«r & hunirod Milt (f%ur«* for 

ra:>uit frca* Alliaon .-.-^lu cixwick, Vw. • . '.- ^--J- ^.,-, , . .nt to
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which indiYiduel nauron* ar* lnteroonns*t*a wlthfci tfes wtiola

aimnot b* aaaeaaad with present ela«tr«*-*i«ro»ftcmifl taalaiiaBfta 

idt-hmit BaaslTft a«rial reoona trust iona, it i* ~ that aaoh

JL_...-..I ...._ ._-.«* oall rit» within a gloaoralua lv»« a larg* 

of tha olfiidtory nsrr® input tc ««nd

to «r

_ r^o^ivlng th* MagMl «r a aSr aaw tht 

the !»<& of

on to th« d«ndrltio t^e* of theto thre« o«ll type* nwat ixj eritloal

In d«rt«r!alnin£ tlie pro^ertia* of si«uj z^aouagr miuryn and 

In relatlcm to thl» iapfttt andf affirm !»T*tioular^yf **» 

•f tliair twjiprooal oontaota; thus it ia Uke.V

arborlsins from a different point of entry into ita glcaaarulua, 7* ill 

rdo«iv« a ' 2H ^ olfactory input, on uus* i« .;u,,.rr'_on 

that tb» oli'-^u.-^. . 3 ffiitarlng a aln^le gloc»n)l' ; - . riot a 

funotiomil^y haMCMMMnii p«p«l«ticm* How th»»« ;.o... „ specific 

and subtla v 3ut relate to trie. the 

rolay network i* a pf^»l«n .for physiological inT^atl..- ., n; th« typ« 

of oonneotlone that har« ba«n deoonstratad ho re, *hc- .- liAit the 

iTW poaslbilitiofi Involvad in aaaoasinr asw

' t oooroli ' - ha C

tOWl glOBMTU JUS * • d01*i* -~ . "fi-rs ^*ft<** & fcn.'.'tX VftH*

ia presently defiasd as "a coiapaot tuft or tanglsd B«AS of b]



(ifitish MftMt WLMloaary ; it to* tern* w«Ae*r «*e*

the 4e» ' -o anatcar o oantral r..«*rvotui »ytto*f r •• ^ icularty
deriving fyem

to

and

(1 >6?)

IMHPTC

of

thi»

which *l»o

to th*

.La iv,aaj .i .on to th« ton.

tozy bulb; mor«

in

'-

olfactory

of

mior t mty be u*efi

in clff

i ln««dt

-.-ra poittt Ottt, the

,-,,, 3 syatan (in tli« 

low of th» olfactofgr mwrf«» IB 

howorer, the tooi has bomi up 

: nost notable In 

f 1961)

Ttobol, t:»T£; -:ajcrd»a;

9;, aubstantla

an

to t the

la

be taken as tfen value for the <M»»l>«llar sum

:i&uoh

of

of

flom*ruli in the oat. .;.; JH, the eogroojifiiitg iT*tmi»«ft ^ the 
•Mfeotory gloraanai are nuoh amller, ao that a single »eetl« 
«ae «lo»»rultta ooy ooavala aevemi t and r le a large
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thalenic or oerebell&r

It is clwar, therefore, that the au

a single olfactory flanerulud,

aad the dendritic arbor4*«tien» o*

contain leaa «MBI em

da of prootMt* Cwa0ero«d In 

v ^nuuaMnift of olfaotory *xon* 

*^ cell*, PUS* mi^as this a

of rMr« eoBnl«x latftimction aad integration thiiii. tiuxt . i 

in the o ,- &U»exultf ^ioh t; rmUto to <d.tfc»r a 

dondritfl or ax<m twwinal. i>*»pito »uoh & gr»«a nu»«rionl 

"•; r , x^ i» intwwttaf to not* o«rtaln prinoiplos that aro 

to th» OTgRniaa tion of n«uron» and their proa*ss«s In tlw 

vart.au* gloi^ruli, I1frjm0l o«eh site pr«8«ita a.^ . na in 

ooo^on«nt» InvolTodt it i» & OMBBOII f onture of ^1 ^Ic*v^r,a.i that

four najor a eta of prooeaa** - on ine«Biag «xo& 

(olf '^tosry bulb, oerebellMa, thivl®aau», apinal ooni,

thft proceace» of on Intern^uron * axon (thtxlaaua, spinal

nucleus.-, oonorito \olt'aot<agr bulfe, timlnaua, ^ 

and d«ndrit« (oevooelluii)* It n«y be not^d here, however, thut the 

nature of the intewwtuflwaal prooeeaeg in »o»e 0it«» my be brettffc* 

into question by the ohenginf «riteri& for d«»d>itio <uui lowiml struo* 

turea (a.g. lialeton A limtjia, 1S*v; Cluvtor 5;»

At ^»*t one of the proo 

tc be another fy&tiUNi oomaoii to rlfl«eruli: L

nerrea mver .. ......d beyoad the &*mur^ , ?/.,

nor amka ayimptic ooataet oi^vbeMi Imk irt-thin tbeae «truct in

th<i oorebeiltsa tma Jei^oraJL gar lo ..In- ^ the asosac/ £'^£»raa ^n4 ojrtio fibres
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terainate exclusively within the glomeruli (i-ocles et al, 196J,

xi et &1, 19r' . presence of £lial lamellae around 

the 3L.ail ^lo;.uruli, and the partial gliUl -.fra-ping OA' v::e 

olfactory fc-tu .eruli are similar features, although the latter cannot 

be said to be as constant or as well-defined a feature as the

rj the glitl relationships of the olfactory ^loceruli, bein^ 

auch large structures, are more complex and less easily abstracted. 

It ia tAotable, however, uun, ui-c processes of siac,lc ^lial cells 

may i>e in close relation both to tho ixtoooin^ olfuctory oxons uxid 

the out^oinfc oitraV'tufted cell dendrites of a gloiaerulus, perhai^s 

fulfilling a siadlar role to the glia wra t 3 of the smaller 

glouerulx (Chapters 5 ~ o^.

Evidently, the distinctive characteristic of gloaeruli in the 

ceiitral nervous syateia vsrtatever their size is n ^ ._..

3 of ,Topniieclt ^j variations

in the size anu uie turrey of the glomeruli, and in the types of process 

involved or the synaptic patterns they establish, represent the indi­ 

vidual features of any relay - indeed it is notable that many of t^<~ 

^loiucruli occur in sensoz^y relay nuclU . uli, 

v»hich are undouotedl,y the aoat '. .ive and complex ^loiaeruli, in 

teras of all four features just listed, ifiay be ex^-ccotu to have so., t- 

what different functional properties to the smaller glo^.eruli described 

elsewhere in the nervouo systeta. It is not possible to consider Uhe 

olfactory gloueruli as a ^roup of ciuny stiller glonieruli on account of 

UK: c-vuc-^o-ve intercoii:.ccuj.oui; uct
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tbt wide distribution of synapse* aade by e ftin^Ul olfactory nert* 

fibre or bundle. r* th* contrary, it a«y b« Just this prop«r^y of 

•ontainlng ao many iaterogim>OT;»a aMUpeaal proo*«so* tia&t 1* 

«2m to understanding the fuaotiooal prinoipl®» on «hi«b th»

tion
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CHAPTER 5
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Thia ohaptar continues tha ana lysis of profilaa and thair intar- 

relationship* in tha nauropil of tha gloewrular layer of tha olfactory 

bulb, describing those ooaponaata in tha parlglotterular region that 

hara net raoaiTad detailed consideration in tha two previous chapter*. 

Since »any of tha profilaa may ba traced by sarial examination into

••Btinuity with tha aaarby oall sonata, some of tha pr*0t*a** in this 

region ara described with thair oall bodiaa of origin. Tha aiiAteaicaJl 

arranga&anta aaarging from thoaa thx«a ohaptara will ba aiUHMriaad 

and thair implications diaouasad*

In tha praTioua two ohAptara tha oharaotariatio distribution of 

prooaaaaa batwaan tha parigloaMnnilaT ration and tha glomeruli haa baan 

daaoribad and oritarla for tha identification of nauroaal profilaa 

in tha nauropil aooordin« to oall typa and prooaaa typa h*Ta baan

•atabliahad* Sinoa all typas of dandritaa p««a through tha pari*

ragiott* soaa giving ri»a to appaadft^aat and bec«u»« it ia 

aita of tarBiaatioa of *l»o»t aU th« non-olfaotory ajcon* and thair 

collaterals, tha definition of profilaa in single sactions is leas 

aaay than in tha gloaeruli; howerar, profilaa ara genarally mora 

aasily traoad into continuity with an identifiable pro«aaa using aerial 

aaations, as saoat daadritea are large anough to show topical aorpho- 

logioal faaturaa. Idantifioation of a profile According to oall t^pa 

w*y *>• achieved by tracing it into continuity with tha oall sooa of 

origin, by tha presence of tha various olnflaea of veaioles, and OB tha
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baaia of certain oharaoteriatio morphological feature* shown by ao»e 

typea of dendrite. Nevertheless, the additional contribution of tho 

dendritea of tho auperfioial ahort-axon oolla (Chapter >} to tho 

nouropil of tho perlgloeiwular rag Ion, aakea tho problem eonalderably 

greater. An additional difficulty for normal identification of 

processes 1* eauaed by tho presence of tho centrifugal fibre tar- 

atoationa In ^li aonaj Ilka tholr daapar oounterparti (Prloo 4 

Powall, 19709) thoao fibre* tanoiaata with sphorloal Te»iclaj and 

ajya»atiioal thlokanin«j (Chapter 9)» and are therefore of the aave 

typo a* the tufted oell recurrent collaterals, which alao terminate 

in this region. Tho oontrlfugal fibre* are tho only extrlneio aaonal 

oonneotlona of the gloaenOmr layer, additional to tho olfaotory 

nerrea, ao that they oan bo dlatinguiahad from tho tufted oell oolla- 

terala by ea^erlaantal analyalaf the distribution of the two type* of 

ftaan la very aiallar and no oonalatant aaaaa of di»tineulahing between 

then In normal material haa been found.

?he perlgleaerular region

Tho p*rl£lo»erular region eonalata of the interatioee between 

Individual gloaeruli and between theae gloweruli and the olfactory 

nerre and external plexlforw layer»« U«iough It ahowa «©naiderabl« 

variation In ita breadth and extent around different gloaerall, it la 

generally aoat Mtfced whar* it adjolna tho extern*! plojtifom layer
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and least evident in its superficial border with tha olfactory aarve 
layer; it is often absent froa this where the olfactory nerve* aeke 
their entry into tha gloaeruli. The bulk of the periflawMMllar region 
ecnsists of tha soaata of the Intrinsic neurons of the fcUaerul&r 
layer, which have been described previoualy, together with tha pro* 
cesses that may be found in continuity with then (Chapter 3) I hcwevar, 
tha reminder of tha parigleaerular i*a^ion is filled with a eharfto- 
teristio neuropil* It contain* parts of tha dandrites of all the 
cell types intrinsic to this layer, as well AS those of tha mitral 
cells, and include* tha whole course of th» denftrite* of the super­ 
ficial *hort-a»m o«lls (Chapter >}f it ia else tha principal site 
of teraination of all agon* intrinsic to the gtasmffular layer, and 
of tha centrifugal fibres, which ara the only asons of extrinsic 
origin, other than the olfactory nerves thaaeelvea, to reach this l*yer« 
The dftiotory narva fibres ara naver found in the periglomorular region, 
although they may intevAlgitate with the perigloaerelar neurcpil in 
the Intaraediata sona. froa «i* ovidence obtained wiifc ik>lgi- 
iapragnatad Material, it is clear that moat of tha dendritaa cf tha 
parigloawnilar ragicn ara large priaary branoh«s, pa A a ing an their 
rente to the glaaoruli, but sooa short fine p«riglco«nilar cell dan* 
dritas also iqppear to have entirely periglcaanilAr courses \ the 
electron aioroeeope has shown that acst of the typical spinos of tha 
periglcwerQlar cells lie in this region, as well as acae c««ml»*.

In view of thair pre»cndar«noa in tha perigloaeruljir legion, it 
is felt appropriate to describe tha aerphologioal characteristics of



the non-olfaetory axen terminal* in this seetion, although thegm 

profiles have been encountered and briefly described in ta* previous 

chapters. The miit dendrite* and their spines and fWBulea, <*» the 

other haad9 have been folly described in thsse places and will net 

be given detailed consideration heref only those dendritic aoispenen 

exclusive to the perigleaeralar region will be considered separately 

fron the point of view of their general morphology and symptie 

relations: i»e* the dendrites of the short-axon oells aai the thin 

periglomerttlar dendrites of the periglotterolar oells.

Tufted oell recurrent collateral and o»ntrifu^al fibre 

By far the aoat eowaon axon terminal type in the 

region is oharaeteri&ed Ip spherioal vfteielea and an asyw»9trloal 

synaptio thickening (Figs* 51 -5W 60^%^, 69). A» intimated preYiouslyf 

there are two candidates for the origin of this terminal: first, the 

reourrent oollaterals of the external tufted eells that are known to 

course and taralnate in this region (Cajal, 1911J BlRWsu, 1§^) and 

whieh by the aorpholo0ioal oorollary of J5alef e principle (Socles t9^} 

would be expeeted to make synaptie contact by ae«ns of the aame vesicle 

and thickening charaoteriitios as the dendrites and oall seaft of 

origin (GfctpHr 5)« Such an interpretation is eonfiraed by studies of 

rabbit material in which transneuronai cell degeneration has occurred, 

involving the axon* of these oeUs (Chapter 8), as well as by studies 

on rat material with intriaale lesions (Chapter 10}» Howerer, the 

eentriftagal fibres are known also to terminate in the



. _0a. \hese w^ui-u^-^*** »now examples of terminals with

spherical vesicles and asymmetrical synoptic

th. a in the peri^loiierular region.

Fig. 31 *er....;-,. ting on\.o w.e opine 01 u periglomerular cell; 

note attenuated pedicle; the spine *ss not 

ooiuifcctcd to the dendrite in either of tU 

sections.

i'c. .ting onto two profiles tnat may be ioentified 

as spines of f oacrular cells from serial 

sections; note the aosence of neurotuoui<.-.:>, unu. tne 

flocculent cytoplasm.

Fig. fjj> Terffli noting onto a profile filled with large 

flattened vesicles, probably the gearnule of a 

-,eri 1 1 ornerul ar cell •

X .0

terminating onto the dendrit^w »iiu.j u of a

peri rlo;aerul or cell dendrite; compare the dendro-

ritic s: osite, froa u mitral or tufted 

cell dendrite , noting the different distribution of

i,»o preayn&,tic profiles.
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rtgioa (Cra^s, 1962; Powoll, Coma £ Raiaman, 19651 ?*!** 

19?0o) t it hat booa ihown that thoso fibre* toralnat* with spharlcal 

voololos and aaywaatrloaa thiokomlifc* Both in tho ortoraal pUadfoni 

layor (Frioo * PovoU, 1970c) and tho gloswriilar l*oror (Shaptor 9).

Tho sito of tomimtls containing aphorloal v«alol*s vm?Ua 

oonaidorablor, although it Is not poaaiblt to oorralato thair si so 

with tboir idontity} thoy goaomlly have a palo oytoplaasi with asny 

Toaioloi, fairly wronly distrlbutod throughout tho profile. Tho 

vealoi«s aro not tighUy paokod In tho oytoplaaa in most laatanooa! 

aono aggrogation of ay»aptio vosiolo* around the Msbrmao thiokonlag 

and proaynaptio donso projoetlona aro usually ovidont. Tho synantio 

•onorane thiokonlngs ansoelatod with thoso tominala aro Iwrarlably 

aaynnttrifialf whatoror typo of profllo thoy synapso on to| a larfo 

wob of den** natorlal aattonda within tho pOBt-aynaptlc prof ilo 

oppoalto tho rofloa of noabrana thlokoalnfs and tho «ctr»oellular 

olaft aatorial (Fig§, 51«%>66). 3BMO1 daaaoaoaoa wy bo found oloaaOy 

ad^aoont to tho thlofroninga* thoao ar» oharaotoxdUiod by a ol*ft width 

soallor than that of aynaptio thloiconJUi«a and a lltorally ayaaotrioal 

distribution of d*n*o Katorial oartondln^ Into both pro- and pott- 

aynaptlo prof I loo (Fi«« 69} • Ss»ll •Itoohondrla, «ultlT**ioular 

bodioa and oooaoional olatornao may bo found In tho oytopl&aa of thoao 

tondnals; rlboaooiwi aro vary Infrequent and aro noror sooti ornaniaad 

into rooottoa* Xsny of thoao axon torainala haro boon *oom in oon- 

tlnuity with thair protominal axonf whloh is flnot oontalna a fow 

noupotubules, and la pal* or only • lightly olootron^donaoi



106.

naurotubulof aay bo aoon in part of tho toralnal indicating an on 

?aa»ant aituation. Vary raroly, on Aayanetrloal ayaaf a« bt» beam 

obaorred from tho nod* of Hanrlor of A ^rolinatad axoa*

Tho aphorioal Toaiole-oontaintnf tetminala of the p*ri£l<»oruler 

rofion Boat oowaonly «ako aynaptio oontaot *ith api&oa (?ig»« S>1»52) 

or oooaaionally «oa»aule» {?ifi. 53) of perlgloaerular oollal the 

lattor two proooaaoo my both contain largo flattened voai«lo§t but 

oal/ tht jtumiiliia ontor into i^aaptlo (reciprocal) oocUct with mitml 

or tuftod ooll dondritoa, in addition to roooiviog tho torninal con- 

t*ot. Both apinoa and goiMttlag oavo boon aoon arUlng fro» tho largo 

dondritoa of porigloaerular oollo (Pie* 51), but only ipinoa tvm 

tholr ooll aonata (Chaytor 3) I aoaa apiaoa al»o ariao froe tbo don* 

dritoa of tho »hort-axon oelli and roooiro thoao synaptio oontAot* 

(fif* $5)* Axo-dondrltie oontaota ara aoon diroot Oft to th« ahafta 

of poriglomerular oeU dondritoa (?ig* 9V) and» ohar*otor5»tloally 

in groups of »ororal largo toittiaals, on to tho ah&fta of ahcrt^axon 

0*11 dondritaa (7i|(a« 60,65) f oooaaionally iaolatod tomdnalo of thia 

typa may aako ^ynnptio oontaot with nitral or tuftod ooll aain dan* 

dritoa in tho porifloBomlar ration* Axo-aoaatio oontaota aro alao 

iaad«, fonorally by aa&llor t«xvinala( dirootly on to tho acoata of 

ahort-Axon o«lla, and Tory raroly on to thoaa of pori^loaorular and. 

oxtornal tuftod oollo. Kaoh torainal may nako moro than orw «yimptic 

oontaot^ oithor fdth difforaat proeoaaoa or on oooaaion with both a 

•pino and its paront proooao* Thoao torainala do not roooivo 

oontaota* although in a faw ln»tanooa a aao lunotlon haa boon aoon
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between * periglo»enilar ooll »O«A and the axoa terminal* Th* pro- 

dominant influeao* of th*»o tiro type* of aayiwotrioal axon temiaal, 

the taftod ooll recurrent oollAtural and the centrifugal ftbr», eft* 

tlxu* bo MM* to bo exerted upon tho p»ri£loowrul*r and particularly 

»bcrt-«xost cell*, both of which aro lnt«rnouron» 

rottriotod to tho gloaerulmr layor*

It ia only poMiblo by tho u*o of »9rial aootioiui to

* profilo containing large fUttotiod T«»Iol»« *« an sxsm 

5^,70) ojid thu* to dittlcguiah it from a porlglo&enOAr

*o«nalo (yig. 69) I two criteria can thon bo established for appli­ 

cation to a single sootion exa«ple9* Avon toxminala »aj bo differen­ 

tiated by demonstrating continuity with a preteminrd axon rathar 

than with a dondrito by noano of a pediolej and by the fact th*t thoy 

wfeo ayaaptio contact with tyranetrioal thickening*, but reo«lTe no 

^rnapses thoaielvas, particularly not from the pro comae* they aynapto 

on tof in a reciprocal arrftn^«B«nt. Tho rcaiolea are eY«i3y dittri- 

buted ia tho oytoplaa» whieh if typically palo (Fi^. 56} f but a&y 

appear denaer if tho Teaiclea are tightly p»o)ced (Pif* 55}* tlboaonot 

aro rare and do not appear in ro*ott*», while tho Utter are ooasson 

in gomoulmi aaoll lco»o oiatoanmo aro aoaotiaaa preaont but ncTor

*hew the clear and ocqplox arrangement* oharaoteriatio of dendritic 

profile*. Hourotubule* are only preaent in case* of on paaaent 

aynapae*; a few aailtive.ioular bodi*«, largo dense-cored vesicle*



: larre flat cles and 

••• . . ct onto the 

stei: a'j-o^ UA a HAA'WVU wc-il; ;K uectiona 

shewed no evidence of a return &v 

clendrite.

^oi. uetraiinal containing large flattened vesicles, 

B;. with & symmetrical thickening onto the 

soma of a perig" -lar cell*

7 .-xon terminal containing: aicall flattened vesicles and 

B. .a a ayjaaetrical tiiickenin^ onto a 

ci tic shaft; an ad t axon r

-i tertaijjal containing 3u.all flattened vesiclea 

t •,-•. .'.'.• »vith a symfflfctrical tiuoicenint onto a 

c,-.,n pr^-fi^c, prooably part of a apine; another 

t- of the aaaa sort synapses onto a profile 

i£ large i ned \ , ...._. *"-..... 

1 o^crular cell*





(70-120no) and mitwAcwdrla am alw a*** in fuoh aicsn tarsi* A la. 

?h*aa tarainala alwaya ttafea aynaptio eootaot by ft««n* of ayaa«trto«l 

aaebran* thiokaninga ami ihow proayiaaptio dsnaa projection** ^c; jre- 

gation of larga Oatt«n«d **aiol*» anA a plat* of extraeolluimr ol«ft 

(Pigt. 5%56f ?0) j tha poat-aynaptla nanforaaa dami^y Uea

alaoat antlraly cm tha jsartbrane itsalf and aoaroaly aattenda a«:/ond it 

Meat inatGnoea. Sa»ll desaosoaea may fe* found adjaoeot to tha

thlok»nlnga. The aiaa of thaaa tarmlmla Tmrioa oon»id«mbly, 

lint aiany ar« quite lar^a*

Tha m»at churaoterlatio alt* of taradniition of thaaa prof ilea la 

on the large dendrltaa of tha aitrwd and tuftM oella (?ig* 55) * 

uaually in tha region of thair first branahlng and l^lug just within 

tha parlgloBerular ragion (Chapter 3)* This typ* «f tasmliml Is alao 

found 0n to the a<^»ata and dandrltoa of both parl^lotta^uleir (Fig* 

aad ahort-*A3con oells anft thair initial segjwntaj th«y aagr alsc 

found, thou/?h »er0 r»r«l^» «m to the »pln«a (fig* 5$) and ga^auljaa of 

parigloawralar oalla, typloally at tha alto or tha baaa of tha append 

» 70) • ?paa thair dlatribution in thi porlglotiarttXmr region and 

Tw»iola aaA BoaA>rana thiokanln^ oharaetarlatioa, th^aa axtm

ara idantif iad aa thoaa of tha parlglotiarular e«Ila and may 

** a«afi to hara * diatrlaution that axtacda to all tha oail tgnp«ft 

in tha> gloawrular leyar*

Short-axon oall aaon taminala

axtm tarmlnala containing small flattanad T^siolaa ar* Tory
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aharaoteriatio, mainly on nooount of tho mall tiso of the) tetiolea, 

wtdoh it T«ry atrtting when, A* i» oowaon, th» proiMlo it adjaeont 

t» one oontaining tpharioal or largo flattened vetiole* (Fift* 57*58» 

63,67»69,70)| alto, tine* thero it no dandrltlo prooett ootttainiag 

largo nuatoera of auoh Tfltiolei, tboy roprotont a olear-oat group, all 

of whioh are oithor on pnasant or teminal axon %outora§« Stony of 

thoto boutona aro »^n to b« of aodimi alootron«H5«ntity (?i£, 56) 

and of a rathor i^anular oytoplaan but othort« whloh art p«l«r and 

aay contain a f<nr nourotubule§t aro probably an patsantl »1 though tho 

si*o of tbo tarniniOA t»riott they n«T«r roaoh the ali» of tho largor 

SNwriglowarular ooll a^t<m tonainala. Tho votiolot aro uawlly found 

orovdod and oraniy ditportod within tho tominal profile, but on too* 

oooatioitt thfly appoar aparaor and alto rathor ill-defined in 

^teott at if they woro alwaya Juat behind tho plant of aeotion 

70) • Saall mitoohondriA and oooaaional amall oiatornao aro the only 

afcrioua (^rtoplaamio inoluaiona additional to the Toaiolot, but Tory 

rarely a tingle froo riboaomo w& bo toon* Protomin^l AJCORS oon- 

taining nourotubulat and/or no%trofila»onta in a ali^tly «lBotron- 

donto oytoplatm have rogularly boon obsorrod in continuity with th»te 

toxttinalt (Fl«, 57) • Synnptio thiakaninit art Inmriftbly of tho 

tjPMaoti laal tyi>o oaoaotOy tiailar to thoae deaoribo^ In th« prwiout 

aeotion for the porigltBia*ular oell axont? taall dot»oao»»t aay alto 

bo toon in relation to theao oontaott (Fif* 69)*

Tho groat majority of thoto avail flattened Tetiolo t tiallltli 

on to tho aomata, apinot, «tJa«ilet9 dondrites &rA axon initial
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of fM^fl««ro3Lar otlia, idtntlf iablt fcy the p 

flatttntd **ti«lt*t dimdro-dendrltic oontdota and tomtit

thtlr »ituation ia ao»t oooBtnty on th» toast, and 

d«ndriti« »htft (?i«»* 57t 63) or oloto to tht ba«t of sn ,->i>p«»4a«e 

(fig** 58,69,70)* A aasllar proportion teraicatc u^oa tha *oaa aad 

basal d«ndrit*« of the »hort-axon cwll« Oig, 6?)* Theto axen 

tarainals, mhlch have b««n identified as 1fco«« of tho * ,ort-axoa celli 

( Chapter 3), are s«on to «x»rt thair »ain influ*iw« upon the porl- 

glowirular oolls, but addltionallor f««d baok on to tJ^ir o*n tr/?0; 

r eatabliah direet ocatatt with aitnel or tuftod oella.

o»ll thi^a dandrita* 

Thtt thin ola»t of d endritaa b« longing to tho perigloaertilftr o«lla 

aro on3jr found lyinf in tha poriglpnerular regioni tbiy art gtnemlly 

ahort, T»ry irrogular in outline and fo How a tortuous cour»« 

. Sjjdlar dtndrittt h«v« boon o^atrwtd in 

with «*e»* oharatttrittita (Chapter 3)$ i« %^tli tl i* 

elaotron mitsoaoopio natorial tbay art attn to h&Te iaall br;,na&Uta 

or twie» of oytopla»Bf although *pin&«lik» apptnda^ta are not »e«a« 

Thay lack tht typical p»l« tlattron aioroaoopit «pp«ar*»ttt of tht 

largtr porlfjloaarular coll d«ndrit*» and h&vt a gfWBK3Ar» ia«sdiua 

*laotro&~dan*t eytoplattt, rogularly ooatalning a Xaift aa»to®t» t^f ribo- 

aoaaa, both frtt and in rottttwif adtoohondria, oowplax oi»t«>rt»o,

bodiaf, alroolatt tgimnalar tad granular T*itele» art 

inoluaioaa. Ht«rttiibulea art oharaoterlatio in tboir -a rent



39 rite arising fro® t. .*a of a

,rular oeli 3pJL.iti^iJt, inwo iaeetu i .:,t 

, •-*-. .juo.uj.-xv,*..., i ro;a .vhich it 

r.sc. ..letajl of : ,cr,t section ia shown

. 61.

'.20,60C

dendrite i-u

~r rerl ,.-,r. n.r-_d rs^cc'i vin;- -::nny 

^.,......,. -.oal , -acts onto the . .

axon t . ils COL; ,'ical vesicles.





1 of section au -it to that shown in Fig, .. 
i^ ~ synapse froa the tufted oeuj. .., ..dr'te 

.. /I denuTite; UGCC uue 

,1 vesicles, *ci

"i.te uccOi-ea .*. ii^uo thin 
some of the . is surrocu this isey well be

froa a tufted or mitral cell

ite with Taxi formation and many ribosoaes in
.^^tic orofile,

. 6"5 5^7Bfinetrical synapse from an axon t . _... ,

i.;ttened vesicles (compare adjac^v ^ profile

.orical vesicles) onto a per:g-i ue 

cell thin . ,. rite close to tiie cell so: :,.

-tudinol section of a t aary
^ite maldnf «nrnr,*~1 t:! 1-» nrint.-.ct onto A

' ved i'rom * • oiiir cci 
rite* Coapare the / of this with 

surrounding Icuaellae of filial origin, 
fi" .ts and 0_yco£;en
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diaarray wwi Irregularity of aoursa, and »ay b» totally aba«*t in 

aoo» ports of the cyteplaan. Some of theae d«ndrit»s haT« be«o 

to extend into thin fllal-llke afce«taf which partial X? aurround 

Mitral or tuftad oall dandritaa (Fif». 59f 6* §$*-)* thay 0ft*a aontalti 

little but 3 few riboac«*a and slateroae in A rtither *«lftr ojtopl«j»

liftt of tfc*

mitocHontlrla. It *hoild b* «*p*vjslied that <a though thete

«n r»«JC«sa»«f appaerlnf llk» glla^ aurround j^trt of 

th« mitral or tufted o^Ol dwdritftt, th«^ do to for ahort dlat«tno*s 

and art not to b« oonfu*«d with thu gllal lafa«ll 

orlbea around thes« larg* d«ndritea (Chapt*r 5). 

Of tb»M anA the la«K$llao of gli^l origin either p*aa omr thai 

(?1«. 14} or aturt at wioh aid*, aa if th«y w«r« g«BBule» or axon 

t»nainala rapine •.Trmptlo contact with th» lurg* dondrltej thcgr 

INI diatingiilahed frc» th« gllal luawlla* by thalr acmevteat 

width, palrtr oytoplAaia «M th« praaono« of f«alole« and other

Moat ooowofOy thp«* parlf loawrwlar Mil dandrltea r?soelTe one­ 

way aynaptle contaeta fro^ the adtral or tufted oall d«ndrtt«i around 

th*y wr*|>t nev»r §hewl«ir aiiy indication of a

(flg»* ^» 61 ,^64). Clo*«r to tha «all

raoair* aynapaoa from any of the thm« axon tenained t^p«wi of the 

perlslomerular ragion (Fig. £0 t but tho§« ar« ;'aa«Milly apara« 

MQT not b« praaent. la tha po»t»aynaptio rag&ma of tha m^in dammit a 

a alight a«gr«gftti<m of riboacawa (Fig§, 62,63; (o*f» Bodian,
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and s®a»tifta« a f«w rej»iol*s or cdataim* are 
a relationship ha» not toon aotad in relation to aigr *ts!»r i naptio 
oontaots. flaithor th©»* dondritei nor their proo«3s«g here b««ft 
•fe««rre»d to aak» aynaptlo «®«ta0t* away

oell dendritsa

Tfeaaa iai^a dandritaa of tl» short-axon 
th« periglaaerulAr ration, fc**o«l*m Ine>r»a0ingly varioote tha f urthor 
thay are froa tha mil ssaa, a» shown by studios of Ool|ji«ia^ragnatad 
•aterlftl (Cha|*«r 3) (Fi«i. 60,65-67)* Th«^ ara igrfioally »«^ aa 
larga lagaanta of iligtrfely uneiran oatlit)at at time* oo*<jre<3 by 
axon t«2winala» non» of which aro olfaotw^ nerr* tertainalsj 
transT»r*e> saotion th^jr ar« »a«n as having a *oft*Khat as^uiar out Una 
dua to tt» apparent tmpr«*« of th« axon
aovtaot (Fig* 66) « J?«uret\ibul»a hara a flight V irregular 
Wat narar aa oai*:«!ly »o aa thoaa of th« 
Ciatarnaa, i»ito<jhon(lriaf »iltiir**icular

found in tho»o proe«aaaf toaatiaaa oore
«urfa«« trr«gularlti0a. Varicose deadrito« b»l«igiii^ to tha»a

t>0en c**ei-r«l and th*ie rco«iv« »«ver«l 
a faw

«ra erf- varlabla ah*?* aaft «i»a and ar« not a««v«0ftt«ai m 
e««taota orientated awajr t&sm the »!jorfe-aaam oaU 4«ndvlt«» Imve baan 
found daapita a oareftil aaaroh uali^ aarial aaotlona. 
are ooaBOnly ralatad to *nlti**aiaular boding awl
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and sometimes a few vesieles or diternae are cora»enly observed; sueh 

a relationship has not bean noted in relation to any other a nap tic 

oontaots. Either th@st dendrites nor their processes h**v* seem 

observed to nates syn&ptic ecntaots away from than*

Short-ason oell

These large dendrites of the short-axon o«U» ocurae «ntlr«ly in 

perleloaerular rftf imf b^ooain« i»cir«iuiii^^ vari«o»« tlw f urthor 

th«y are froa th» oell §ttta» as shown by stadias of 

•tttnriAl fdiajitw 3) (Fi$». 60§ 65^7)» ^«y **« 

larga segments of ili^tly wieiran outlina, at tines 30Y«md by 
axon taminalSf ncwe of which aro olfa<xtory nerve termimils; 

transv»rs« station th^f are sa«n as having a sofeavhat aa^wiar outlina 
ds» to ths apparent ia?r«»a of the axon teraiimli a& 

ooBtaot (Fig* 66) « Risttpotubules hare a sli^t^r irrogular

but narer as markedly «o n* those of the j>eri£lOEwrular a«ll 4«nirite«» 

Cisternaa, aito^cndria, «ultiv»siau3.ar bodies and rlDoaoraal

are ocweenJ^ found In those proeessas sooetiaes aore ooncent rated 

beneath surface irregularities. Varicose d»ndrites belonging to these 

cells have been observed ^nd th®se r«o«ive >ever«l aynaptie contaots. 

Alttastach a few i»oUted vesioles nay be found in thase dendrites, 

are of variable shnpe and »ise and are not a^gre^ated; no syw^ 

eontaots orientated away froa the ihort-axon oell dendrites have been 

found despite a oarefttl searoh using serial sections. The vasioles 

are ooamonly related to «ultiv®»ioular bodies and »fiy t»aar arise funo-



Fig. 6l •<••-;:• i, 'tis ': f'syn.-'-.t'tr >cal svne^tic con

C::tO a Sp-it.'.'' if Sii^i i. Ui -s suur i.—cUCdl UCii

at had been traced back to its cell /jo.

of or!/ in.

is. xicosity of rt-axon cell < : tc, cut 

in transverse section.

s^ ^ith a ayuL'ictrical thic onto the 
dendritic shaft of a short-axon cell, close to the
ceil ?-c. «

rig. 6, do p

uc "io a

per i- cell getaiaulc (note distribution of
aicle.1? in the Ir.tter). which in

f.,tr:LCi.j.
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Uaaal relationship to tlw», Splaaa are lnfr*|u«ntly 

firoa th»§« Aa*Arlt*s (n«. 65) t «* **$****& from S*l|

QYidenca; thay aw »f typical app«aranoa and, lik« t'

oall** only show a faw oiaterrme in a*i»«l*tlon witli 

material, r«»»iai)iing spins &pi«iratU8f but ootktaln no 

Synnptio contact* on to th« dendrltio shafts of th® 

•til d«ndrit«*a J&«y be from ajogr of the threa axon ta»lml cl

fouoii In the porl^lomerular r«g ion. Those with aphcrloal v*»i*l*§

ar« by far tho isoat 

In alae 

alellar to those ^bsarrdu An tho ooH tOMtft «ay be »«ta

of tho tonainal and aaay jwrtially surround It* Spln®§ 

§ho« tl» aayswetricsl typ« of ocmtatt fro» tho»o agtoaileal

tenairwOB (?%« 65) • SywwtriOAl aynaptlo c:<ntaota art 

mad« by lar^ perlrloctorulftr ixon tanBlnala 

flatt»na4 Teaiolos, but «o«* aay be found, ««p««ially ol

flett«n«d

7hr<» oowwm ^/BAptio patterns fxxist In th» p«ri«l«^nilar mgion 

* two aerial and th» tliird related to apinea. Th« flrat two «r« 

owtivd around tha rwoiprooKl ajnapsa, although tfa* yorlgliMMiTOl 

eall to vltral/tuftod o«ll ooa^?otw»nt of thla say bn nlsslag on 

(Tig* 68^1 to tha re«lpreoal ayimpae Is aMaA an aa&a t«i«diml 

talning well or large flattened voaiclea aa& ayaapai&f wi



art of a aynapt'c n ttern on n periglouierular cell

: cell so;-o of

vesicles in the spine. vue latter receives an

, ;. ^. ..•>.;..>., u. a c;.^*il contact;

e of tiie spine and the dendritic shaft receive 

symmetrical contacts from a son terminals containing 

saaii ij.attfc.jieu vesic^tii, one of vuixuu tu.ao has an 

associated desmosome* rfi# 1 -^ ter terminal also ;aade 

L^ . 1. contact with the -

ived from the same cell*

f

• 70 omerular cell 'ite with ' , head of 

ca receives an as, e, probably from 

cu. or tufted «t-jLx ucatu-^tc; vac 3a.uc ui 

receives a ayn metrical contact from a

s:.;all flattened vesicles, ,c,eristically 

,u. The ad receives a 

symmetrical contact from a peri^iogierular cell 

process conttuttj.*^ , r--** flattened veb^cucs.

X43,300





on to the peri$lo«*rular oell ooafttMmt (a* in the

or a »pharioel TftaloloA^yBowtrloaJ. t;ju>k^ui:f «JDMI 

terwinal, also on to the p«ri^io»orular cell conponaat (aiailAr to 

that ffcu»d in the external piaxtforn layer an granule «ell 

Pit** A Pown, 197Qbfa>* the*e two 

t«ralnal» of the ^.ort-&am or 

and the tuftod o«ll rtourrmit collateral* or oentrifu«al «xon» on 

tla» othar. In the p*r1glA»"rul&r region tha ^ynaptic ^ttertte 

iTrmlTing aBBnll flattened Tealole* (from ahort-^jren c«dl*) or »r,herl- 

cml veoiole* in the wtcaa terminal* are the moat oooaorii, o; .'^untwred. 

me tlird type of aymaptlo pattern it related to the & » of the 

pertgloaerular oells: the hoad of tb« epine r®coiTe* am ^va^etrloel 

•yntpie fron an ajum terminal oontainin^ a^hcrioal v^aiclea, while 

the ftidet baae or olo»elcr ad^aoe&t part of the parent dandrite of Hie 

spine, roooirei one or nore »yaoetrlottl «.ynap»oe from roo«»M« 

containing either type ef flatrUoea veaiol* (Fi^». ^9»?0}* Orer half 

the spinee emMri.iiefl eori&lly «hove4 multiple aynaptlo p&ttetmi and 

e^teri may have done »o out»Mo the ran«e of aeotiona cor«radt but 

there are certainly a proportion of epinaa tii&t do netj tho problem 

«f the extent of the MRbrane to be oonaidered a« below^iii^ to a unit 

been eoneidered in the prwrioua ohcpter.

In thl» oh«^ter t}ie neuropil of the peri^lOKenOftr re^'cn ef the 

olfactory bulb b&* be«n dAeeribed* Inoludijog the no»-olffe«t«rjr



dandritas that are sol«\? distributed wlttita thia 
It «iy *• ua*ful to suBtaari»« brtafly tba «0ni*»ettsii« Wta 
vsrioui oall t,ypai that hav» fc*«B d**«rifc«»l iu thi« aaft ttoa fff*t«iii»i 
two oiutptar* before c naideriafi HUNK in th«t li/^bt of oth«r »tu«Ll«* 

«n th* d*»p»r l»y«r« anft ot*»r part* of tl» bmint 
tl» |««»ibl« fonotlaning «f th» olfaetoa-y l»ulb ad a 
the gl«^«Ol (Pig. 48) » th« aitml and t*ift»fi o*ll«, which foai 

* singl* group and &*v*r «it«r into diraot d«r«iritio relationship 
with *aoh other, reoAive ^ra^a«a fro® the olfactory nervea (not thorn) 

periglowrular eeXt d«ndrltio prociissfta, n^kinf
with th* latter (Fig. 4S)| thqy r«o«iT« ajcon

in tho parigloiwrulflr region from perigloaemlar oell

call* (?ifa. ^5,4^' i*«c^v0 till li^mta to th» «laa«rular 
* olfactory ana ea&trifUfal (Chapt«r 9), a» well aa 

fro« aU M«ifi proo«a»«» of

50}

of aaton taminal and

ao>n» of tht 

«oll*t«na« of th« t«ft»d call* and tha o«ntrlfu«al f iViwi §U<ra little
ftf tamiBal dittributl^, in t*m« of oall *&$mt -s 

with the proft*»ses »f ft 11 typ««f although in

at »it«» which ar« lUfeeOy to haw racing atgnifioaiwM t$ th« nhol* 
tree* The axorw of the ahort-ex<m eel! ahov a greatar



if ip.* k . .•;.. :, ..~a to show the t o

, the aitral or t». evil and

r cell arbor^^atic-r- -;.%,itLii the ^ 

r U«,^A uvw.j represents *'-^ tuf^ '• ^••'•T hut, 

fro» thr ndPite distallr, tfc« figure als 

re .^resents the sdtrid cell de?ic,r:Ltio arborisa 

The aitrul/tufted cell denurites »iiov spheric al

while trioss of the periglosernl nr cell

,a vesicles and ay^ictrloal thlch sj axon 

tear: •; of -alar cells synapse t.ith t:.c 

latter ipecx-iili-aationjs onto x.m ..':.'.-; u •,.;>•• i^jr A, tts»

not shown, the olfactory «v-**»« tf'?*-"j.nal.i 

onto any der.drltic profile . o 

j "• ' .' , of e»«h cell,

&« tWO f : •• 3 i'ollC . in Hll LuC

each ot/H'r «nd sites on the dendritic tr • ' on

©Vie . -. ^ . all

uot
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\
\
\



o

reJ v.ticiiyships of the p«ri&Lo::<crular cell shewn in

fcer

e f"! ^tt«r>r€ui vtfliclfeS - c^-- 

thickening*

deriyes fro^s tiifted cell recurrent coia.utci-.ao cr 

fro® oentr.' *ts: !* derives froo

I -• cc;i . and C froo . 1 

ahort-axon cell ax 5,



B

CD



49 -ic di v to show the additional*

•4 of tbc p«?rigl0;. • ..-.r c«sil

arcc types oi* uxon tei

follOVS,

« • .eroa vesicles and sayiaaictrlc.---!

, :x derives froa tuft«d ceil rccurrcr.t collaterals or 

from centr' derives froa 

^cra.^0- >erul r cell and C froo •upcrflciol 

short*fiocon cell



O
)

a



50 ., ., ,. .., .*gcstu to stare the .,. tic rel&tiouaiai^s 

of the Kuperficial s.hort-oxon cell; aynbols 

3a»e as ia the previous two



50



of 9pdolfloityf makinf itjrnaptlo rat«**ft *th th9 

e«ll9 and to a 3*999* «*t*rt with o»lls of th9ir own tyS>9| th* wall 

flatt«n»d Y«9iol9 t9i»lasl9 of

9ynap9iag with mitral or tuft«d cell dendritea.

Th9 9onn*otien» thst hfiTo be«n 99tAbliah»4 in thl« study of normal 

Batorlal of th» r»t olfaotory bula are fun»arl*e4 In T& ie 1, 

tltjnl ooluams ftr« proo«»»*9 that pftko tynaptio oontaot, and

arw the oatagoriea of i>>9»ptlye ^yooets for th««9 9^tt*|>9«a. Xa 

way It oon b« aaon on to what o«ll« and ?roc«a»«9 ft

d«»drlte or c«ll 90919 ntka iynap9«9 by following the 

on the otb«r hand, If 009 want* to know the iarmt to a

or

999H99 sycAp9ln^ with a»yiaB»trloal thiokeninga and spheric al 

ourrontly conBld«rod to b« exoitator;/, and theae with

and ayaawtrioal thlokoning* Inhibitory. It a ben Id fe« 

that the nu«&«r of positiT* 9l|^9 for A £-iT9n 

intaoded to give oxO^r an approx-imato iadioation of th« proportion 

of «aoh .input and §ho\Od not b«- ocn^iderad as a dofinitive |uantitfttiV9

howwTOT, the m9^9«r9 have b9«n adjuatdd 9® that both 

and horiiontal ooliwn* givo the rwlaront proportions: for 

in9tan09, tha ttitral oall glowsrulfir arbor I ant ion reoeir*» imtkin* atrr9 

olfactory tenainal* than p«riglo®eni2oar dendritic ^m^ps*>»j the ol- 

faotory nervo totrainelji »:^Ap9« prlaarlly o« to th» ^lor-oml r nrbori* 

9&tlcm9 of aitrftl and tiifted oalla and th« tetdritio ahafti o ^-i- 

gloaarular o«naf but do also oontaet g9»iail0fl, to a l»tt»*r *?xt«ot
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(very rarely these contacts are seen on to tufted or 

oell soeata).

In th* aches* that e««r«as from this amtysi* of the 

of the Tart. u» o*ll types in the jylaagrular layer^ tiy tufted 01 

whioh may b* oonsldei'ed. as relay oe'Ua together with tbs aitral 

by virtue of their central oonnaotions (Lohoaa 4 :4entincx, 1^' ; 

Kioollt 197^tt) t are eontaoted primarily by olfaotory n*nre fibres 

by proeasaes of peri^loRerular oells« but also by contrifttgzl axes* 

eai tufted cell oollaterala; the peri^lowrular oell isay therefore 

be seen as the riaary jntomeuron aotii^ upon the relay meurons and 

reaeirinf all available inputs, including feed-forward oifaotory, an 

adtral/tufted dendrodendritic. "The short-<ucon eellf whieh redfidves 

yrlaeipally external tufted eaOl oollaterals and eeixtarifufsl fib roe, 

as well as iaterneuroml o«me«tiortat acts onl^ by way of the 

afjejerular cells > thus it may be oonsidered as a rHeT 4 '^ 

aeting on relay neurons only through the Mediation of 

jejlgiiisiiiiins a»i r«o«»ivinf tefotmntlcn predcatlnantly of a feedback 

nature, with no feedforward oofl^»<wient from olfaotory nerve flbr&s,

AlthfHjjh there are few oleer apeoif iolties in the «Qmw»otivn* of 

the gloowrulor layer* most variation being in the pr&portioa and site 

of any particular input, suoh speoifiolties as there are* seen to be 

elear indioationa of speaifioitjy of function; it is these that provide 

a olu* to the nature of the organisational principles involved* 31noe 

the information provided by the aethods used hare ea& ono^ relate to 

sell types and not to individual eells, naioh greater speoifioi^y 9*y be



found for the latter* ^1 though the broad outline gsiaed fro» {99* 

studies swat necessarily provide the framework for such inC - 

specific it y of oonnoetiona.

The question of the aorpholo^ioal basis for exoltntioa 

inhibition haa been repeatedly raised in reoent papers and 

relevant evMenee 1ft well known (e.g. aee Saolee, 19&M ?ono 

1955} Uohisono, 19^8; ^*y» 1969) I thia probity ia v«ry 

te etudiea aueh at thaa«f la which the clear differe**** in 

•tepe and asaooiated ateatbrmne thiokeninga aye used as 

different oella of origin. Althaugh the correlation between aph»rical

and aaToaetriottl tkiakeniii^ with excitation, and fiattoncd

and a^anetrieal thickenir^a with inhibition 

aa ;^roT«nf there are wmy indioations in ita

tenets will therefore be aasuaed in th» followiRg di^oussioti of thia 

on the olfactoiy bulb; if, however» the au^eation 1« eleajrl/ 

nequiyooall^r dia^ro7e4 in aooe wa^9 then although discuiia,,.,n of 

fucotional iaplioationa mist beoaae leaa valuable* the obsarrati ctns 

theotalvea ahould at ill be valid* Certainly the fact that the 

input nnd relay neuron output are of the apherioal 

thickening 1^rpe would be oons latent with already available 

ovidenoe (e.«« Yaaa»oto» Yamawoto A Xwaaa, i%3l Shegherd, 1:763a|

ftall A She^MPdf 196^1 BiedenbA^h ^ Stevena* 1%9l «hej»*iwd, 1971);

oimilarly the preaenoa of flattened veslolei and ^rametrifMd tl Ickaninea 

in the p«rigloaerular and a> ort-ajcon o«lla would be eonaia%«nt with 

ourrent views that insomnurona tend to have inhibitory aeti«0§ C alt hough
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fllti* *tta weil*6afiMad eaoeptlona to thia outaida the main aonaory 

pathway )« The polar! tio* of reciprocal aynapaa* further r ' " * 

aomwlation for tho «itr«Vtafted and grapulo/pori^laaanilHr oolla in 

t$i* light of aiifttotti«al, pbysiologieAl and tfeoor^tioal atudiaa 

ot al,

^ 1971)* Howowar, tho broad terraa inhibitory 

ajajajLtatory could tunt out to be eortfiiaing in that tho aM&« of aotlon 

of any a^&apa* mty w«n bo modified by its sit* on t 

proo*»3j it may b« wiser to o<u«id«r th« as Ifagflj 

aaA depolarising Influence*. It bo aiiggoatod that tho typo of 

apoeialia&tlon on tho poat-a^naptio process is tho p:

in thoao InfluaMMM^ aM tJiet rasiolo afp^Qj although

tran*aitt«r iiontitgrf su& bo 

with

Tho analofioji b«tw*?«n t>» ooH t,vf«8 sf tho glo«« 7«r and

of m® deeper layora haT» alr»ady boon diaoutaod > f?r 3)* 

bat thoir ayna^tio or^anlaotioft swy ROW bo roviawod in

tho flndlflga prft»»!4fcftA ir» th« last Kara chft«-t«!r>8. "^tffl 

and all tuftod oall groups form a singlo class, character la <54 by thslr 

•aamon olfactory Input , their oantral axen project lens vim tho lateral 

olf^otory tract, and thoir ayaaptio Gharaotoristics. Both adftfrwipa 

of tho rolay eluaa * mitral/doop tufted and external tofted roooiva 

poriglomorulRr ooll dondrltlo and ajcon&l oomiootlona within tho 

gloB»ruli and perielow^rular regions, but only tha dcmdrltot of tho 

first group are mJatnfl to tho granule oells, by reciprocal fl'-
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, Within this deep «*«ep* ***• mitral eells p*Bfeftl»l»y 

•ere giwU* oell oont^et* than the internal and »J4dXe tufted cell*, 

aaft the gloaerular aitari action* of thaae aubgroupd exxilA «a«*»et 

that the daepctr, larger cell* may aleo receive more per. ....... --vT«r

0*11 (awl olfaotoory; infiua»o«»; tlw wct^nt of tho aeoorxUrgr Aim- 

drit«« of th«»* cell* will ftlAe vaiy til* proportion of fpMWlo 9«31 

oontaot«. Th» ob»«rration that »owi (alrfdle) tufted «oll« way «nt«r 

into reoiprooal aont^ttt* cm th*ir a,xon initial »•!»««*« ««r 

A poasiblo further »ubdi vision of the ^riauuy r^l^y el . s.

Th« perlgloaarul r oolld ead gwaxule cell* h«Te notable 

laritla* and differenct>», & oonaidortttion of nhioh any b«

tgrpea of ooll no^saaa a ffra.TMUle-bttftrln^ d»ndrite or proa*w» 

that i*, th« peripheral prooe** of th» gittoul* o«il and tho 

d««4rit« of the p«rigl<»arulftr dell - wl.ioh «nt«r into r»c 

jynaptic relationship with th» cu.tral or T.UI toa o«ll«» ->pin<i»

found on both the granule o«ll p«riph«ral proo«a»f in it* 

the framO* e*ll l^ery and on the p**l«l«M««X«r e«ll 

in the periglo»«rular vtfiwu A wijor aj^d •ifnifioant di; ferwrte* is 

that th« peri^loaorulAr oell h^a « tame aaon, while th« 

baa none, but exhibit*, in addition, typieftl «piJM~beari«« 

(Aoop)} the o«riflomffirul&r c*»ll HA*, further, A rlir.-like 

prooea*, which doe* net give rise to appendm$«a. ^be «yn«|>ti« 

teriatioa of the two granule type «ell« are rery aimil&r, eaet* 

the e«eie olaaa ef large flattened veeielee and •hevi&

thioJcenla«« In aynaptie etmtaete orientated freei the o*U|
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and arrmagoftont of ftyaapaoo on to tho two eoll» are ai&ilar,

•1 though tho origin* of axoa terminals aynapftiaf oa to thoa «•» 

difforont.

Fro* this oooparlaon of tho two ooll* ft fundJHBO»tal point

•MMJOI - tho 00£anul«~boa:riii£ or aynapaing proooai of tho ermimlo

•oil is tho taoro axon-llko of this sell* a proo«9ft*» (Prl«0 * Powtll, 

1f7te) f whllo tho •Bffinltilainlly oquiralent prooo»» la tbo poori- 

glonarulor ooll is tbo «ovo 4*a&rltio of this call 1 * proeoflO 

both of tho«tt gimmila liaarlng proooaaoa reoeiv« and give off 

of o roolprooal nature aa noil a» roooivinf aympoo* from «3BMi

of variofaa origins. In T!«W of thi* dual rol« of tho 

ooll porlytaMkl pvoooaa aad tho porlgtaMffitiUur ooll gloo»rulap 

tondrito» it would »oom aooooaasy to i>ropo*o that theao atru«tur«a 

tipinoont prooossoi intormodiato botvoon axoa and dendrlto, togothar 

«Hh tho clondrltoa of tho mitral and tuftod toll*, tho donAritoj

in tho aupexao? oollioulu« (34t£l4 A 3*&£|y, 1%7l .-und, 

an* othtr »itoa (lalatoo* 1^6d; Ralit

1^6, ; ?aali£hetti, 1970). It 

therof oro to giro »uoh proooasoo a soparato naeie which fr»«» thOK from 

tte li£id diviai n, ovl§iaiitiii§ In olasaioal light raicroso -uy, batwoon 

OJBO and dondrlto. Sinoo auQr additional di»tli»tioo oould liion^o 

oqoAlly dangooroualy rlgid» wo propoao a proliatoaiy tonds^lo^r that 

tmy bo oxtondod and «or« aloso:iy definod by furthor and broaaor 

logical and anatoaioal «tudloo* Tho oharaotoriatio noyyiMlOgj of 

dondrito» and ajoaaa in light aad «l*«tro» sicroaoofgr
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of these teroa useful* so we propose that dei*drite» which reeaiYe but 

4* B0t give rise to synapses be teraed Claaa A ^endri t»a i preoesses. 

of dandritio general Morphology which both reoeive jg| §lva off

then bit celled Clnia B Dentoitas* It saw- ba

that this distinction and tla&sifioation i» intended a» ai\ aid to

«Dd desaription and ft* A prelialnary t ri;rth«r, f -one-

Ther* o«n a* no doubt as to tlio ftxlstfGM of &&«* A 

«ad nua»rous dumoription* aay b« found in the litarmtm* dosling with

**fion» (notably the ««r»bml corUx; | in tii« olfaotory bulb, 

rtenirl.tes of short-axon o*lls and th* d«op d«ndrit«s of granuls 

oelXs fall into this aatt^oi:/ (it should be noted th»t th* obserwmtiOA of 

T«sioles in a dendrite is not, on Its own, arridenoe tlsat a snrnopso arises 

from itt and eannot ba used as a criterion for a i : dene- }* 

^]M Class B taadrite* are found in oells without axons * astttarice and 

gpiimli.1 oells * but may alao be iou»d in oells havtaf 1grf 4aal axena - 

ndtral, tuftad, perigle»«rttlnr oella. It seeraa lika^y froa tltese

that a oell nay either possess Class A dearsdritds «tad ej& axon 

»hort-axon oells of the olfactory bulb), Ol&ss B dea&rite* 

an aanm (e*g« |ieri^,lnsisyiiil^T ealls) or Class A and £Uss 

(«•£» s^tttmle oells}* It is evident that Class B dendrltes eould be 

ftUPUm1 viMifidet MtifitBi t* th« pr^senoe (e,^. peid^l«e»iiilajp eells) 

or ttbsenee of appendages (e*g* adtral and tufted eells}. !* quite 

feasible that the Class B dendrltes have been seen before, in 

to these sites in whioh they have been distinraished as
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danfiritea, but hare been deeerlbod a* axona on aeeount of their ajnaptia 

or their appearanoe in ft particular plane of aeetiemf for 

acne oonponant of the glomaruli of the t ha lama ^&^oro»3^ 

at al» 1965? Joma »- **<wi*llf 1^9b), Although the efcaexiratioa of A 

glia -IJJco prooeaa or thin dendrite on aoae peri£lo»9frulsr o^lla could 

be taken to »ugge»t ttiat those fbra a further class of (rc«?:tlri ":.•>«, It 

1* felt that tliere are not sufficient prae«dent0 of «ioh a 4«*aritio 

type to allow olnasifioatian at a third olaaa at the o,

Tn ttt-i«ai of their apptrajni role in th» *r0u&fi*+' •-• ^^ *?T« 

dlfaotory bulb and their r^lationshif to the relay neurone, 

granule cella ocowpy the saae prlaary intertteuronAl position aa the

oailay uhile oo'^h oeep and a^peTfioial a ;t^t« : n culla

appear aa aftoondarj internaui^ns, in view of th®ir prlnoip&l 

the granule and iH^iflomerular cella r«apec „ %e

and granule oella reaeiTe pr«do«inant2^ t: • ooroseetioiia, 

are also related t^ local int»meuroiMi and relay neuroa aollateralai 

the granule oella appear to be the main ait* of tenainaUcm of axtrir *ia 

fibrea of oentra.1 origin, «teilf> the ?ffr!rl«aorular eel la rso«dv« 

eaaantiall^ the aena olfactory n«rre in^'Ut aa the r*lay neurona, in 

addition to a aaall oentrifu^al input (vh&ptsr J/. It la intereating 

to note that by metsna of tl\a aaaoa&axy dondritea of the raitnu, uaila 

and to a leaaer extent froe the brnnohing of their ^m perlphentl 

prooeaaea, the granule eella are connected with a large group of mitral 

•alia by neoiprooal contact a. The periglo«§mlar oell 1 ndritea, 

on the other hand, relate only to the re^ay neuron*
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flomeruli that tlwgr *«rv*» which IB clear ty a aore 10oiiliJied *ffoot{ 

hflnawg, thasft aella also have & wid» offoct by means of t ., ir

which uot on tba relay 4»ui^u^6 -i •.-;; to four &lcm;ru.^ ^~ slant 

~ • ' • XjtO, L il j Jhopter j; will oo nn»ii 

*ltuat«d in a potentially 4.uuurful sitt> for - 

3)2 furth»iw«r», a «px*««A of fair gloearuli i swm ord«r 

•f «*finitua» a* the I«eigth of the aitrftl dell •••oadiw& ;t«« 

(Prie« a PowoX^ 1, , 43t apart from the «»atrifu^l rib-ng to 

orulttr lA^r«rt tnc oantrail *xitr-^alc patij«a^'6 to w 

through tha granule 0*11*, will tend to hav* a *dde

extrin»io fib re a will h&ve a localised offset 

the r»la^ n«uron» «n& by dwndro-dtiiidritio oontacta t- . h the

and * wide *ff eot by a&&n» of the

by ctean* of tha r«^.im dfladro-^awlritio syn«|»«tt4 fw« thi 

oollt aud tuft«d «c ?l«aji, if, «.a 1« likely, tiie two 

of

•Ifaotory narrc rolloya, tlien t^r will 

«*«h othftr* 4^«oAln§ on local

w-uld ^rfora jUn«diftto looftl ii^u.1 n on 

thi pri»Ary dei>olari*Atioii du« to th« >tory 

serve Toiler t and th« rel^y neurun elooiant w^uM uot to rsa^forro th« 

effect of th« MM olfactory input to the peri^lottsrular o«ll, la order 

to $ive riso to a wider effect .,y tto^ni of en axon »piko Aisihii'ft in 

tJ»» p«ri£l08wrular o«il. it is oleur how*v»r that »uah , : jnOy»i» is



an overeijBp 11 ft cation, elntm it does rot tftk* into aooouBt 

nativity in relay and interneujrona, and eon provide li ,: .*» •>«, to 
ttoe event* occurring tayonafr e*?eral »yna?aea and 1 «•»•*.- - :tf both 
locally and at A diatano*; it raay at loa*t pro rid* a starting point 
for investigation of th* functioning properties of the rulay*

Altbft^^i it hM wot boon potaibl* to AaaJ^rso th« tenaMtionc of 
ti» AMB »hort-axon cell* in d»t*il (?6rie« ^ Pe*«Xlf 1970d), oartoia 
p»r*ll«la with their »uparf iciel oount«n>art» «awpf»f 5- 
thrir broad organisation and ayrinptic relai -s.

collaterala of mitz*i aad taftad e«U* aot on th« d^sp ahart~*xot&
•oils and ooll/tteral» of oactomal tuf*ted oella on th« » ielal 
Unit IUUH ooiUj the ojetrinalo oenn«cti5T.« of ^nttvai ^ oha mo­ 
te rlttlo of both aeta of layer* auk* limited ocnt&ct « !.••« oelli, 
vhiflh iU.80 rooeire the ajwn teroinala of looal IntafTtfnroaa flmt no
•tntaot froa grftnule oellfi,* Uollat«ittl»» maoa az« ice aaJua li^vt 
to the •hort-«20B sells, ar« derived froa a wider area, ttwtn the Inter- 
noorooAl Input to th, »e eel la; the oolOaterala will oejpiy 
a« to the of f octireneai of tho rarioua afferent* to the ml«y 
in oft ua ing an axoaal apiko diaehnnBe in Lae lawter. -oii lafowaation 
trill not by &«H»i4i of tho ipNwule cell Clctaa B dendritea or the fieri- 
glosi?rul-r cell CL.ca B dondrltea and units, hfitrln^ b^on adxotf *rith 
looal actirity aa well a* »oro iwmeraliaed oentrifu^al Jbiput in 
ahort-HUcon and a^mauao or pawif&eamular oellii a smalZ dir*et 
0*oitatory effect will alao be mediated by the direot ooH&teral 
tontaots on to the mitral J tuft«d
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The significant* and functional nature of the ^ '' - trnj 

described in these chapters is At present dlffioult 

d«t.fiil»d blonhvalcul kncwladfM on anine function fm& laeal . 

i nj such problem are currently being 1:. .„ in 

several laboratories C'Ral, ..herd, 1;$>8| Diamond «t «I, 1970)* 

The striking proxo«u.v oi severai. ayEu»psoa of pajrwiauA&i' i^y^es eM 

th« regularity of their ooaur^nno* ?a«kes it i^i3gr pr*fc"*!* ^*»^t these 

«rrenf«a»nta hare A special functional role and are not ahaae* 

occurrences; the criteria used to establish a s^naptio peittern and 

its extent have been discussed in a previous chapter ' * 

The reoiprocal synapse itself has been widely discussed fc-• ^s 

functional capacities assessed (Kail et al, 1 >(>6| Rail M, 

1968} Price ^ lowell, 197 *rd, 1971) and will not be further 

9 nsidored here* Bow*ver» the oloae relation of the r cal 

synapse to other aynapaes in several of the syxiApt^^ ^^wg^iji observed 

in the glomeiwlar layer could be taken to surest thet these Mttems 

tvlate to reoiprocal ayrusptic function itself and re. ;.-,;. a ?<!3<ms 

of local nodifioation of this activity* This Wvli in t-m u* affected 

to a ^re«ter or lesser extent by the general activity in tu& davtdrtte; 

it is thra Qirtant and nature of i^«S4i BQdlf5.oati3ns an£ inta'wietl^ns 

tint ar« in doubt*

As discussed in the previous chapter, activity in a gewasale or 

spine i&ay oe more or xsss isolated froa that in the ?ox itio 

ahefti otherwise transfer of n,-it«ntials froa one to th, 

by swans of a spike potential aria In, ~ , the appendage . .„. _f or by
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electrotanic spread* *Ph«»e various theoretical alter^+lvee aak* ? 

difficult to assess the possible function&l implications of, for 

instance* a ayswetriaal synapse situated on the shaft of a dendrite

the origin of an appendage, as opposed to one placed at the 

base of the pedicle. It is interesting to note that &w*±j» f g . « . 

of about ten profiles »«y occur ir, tha parijrloor,ru.1,nr rr , ™s

•urrounded by a glial wrmp^i; c« Ttese aay represent

•nkdiTisiona of a&ndritio activity and 1 j the whwlo of a syaaptie 

pattern unit, but it is not possible to verify ^ros ^-. i^osi; eaaaa* 

Thuj although theiw ean b« little doubt as to the functional iaportAnee 

of tha obaerration of these various svnaptio patterns, just what 

fox* this takes is still quite obscure, and »ust remain so until s»re 

data is available on the intcrarejUiaLORaai^a of ttxi'ferent ^-i.-rt^ .;." 

dendritic trees.

Although this analysis of the structure and oonneetieng ef the 

ftloaeiular layer of the olfactory bulb is not yet conplate, further 

knowledge bezne avail. mtal studies on t&» distributions 

and location of various ™ ptert 7-10), a olear picture is 

already esierfln^ of the trssienc1 . xitgr »nd infortaation 

that lies in the cellular organisation of the olfact , is 

interesting to note that this cooploxlt/ has its origins In several 

diversities: a diversity of ffipea of prooets^ of iif^ff , 

iliterrel itionahips anft ef aynflptio arrangeaaents. Thus ': ,^ 

bulb, so lon^ regarded as a sinple relay systea9 turws out to be a 

ooa$lex neuronal network, and siay serve to indicate the
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*f complexity that may %« expeotad from roftloni already retoguUfld At 
intricate. Soote featuroa ahem by th« bulb »c^a to be efraraot*rlati« 

Of th« peripheral part* of oonftory pathwigrs; th* ©actent to which

0*8 j»erv* a» a «od«l for other pathway! and aor» oentral r»gioa>

to b« determined. Any variation ^tioo 

at a ^lv«n §it« way r®fl«ot an «»»«ntial funotioual aif^^-ne* la 

that site, in teraa of ; ;vi « of nouronal tranaforotftti«a involved.
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Tha lone prlaaTy daa&rita* of tha sitral oalls of tint olfactory 

bulb ara unbranohod a* far distal Jjr aa tha glomaruli,, in whioh thay 

arboriaa profuaaly aaoug tha incoming n*srr« fibre*; it ha» b««a 

noted fro& Rt<Adie« on the rat (Chapter 3) that the portion of th* 

ypfctoiy dendrite paaslng fpon th« »upi>rfioial purt of th* «xt*rnal 

pl«xlfora l«y«r through th« perlgloaerular region up to the 

gloaerular bmnohlng point Is oor»rx>d by e«r«ral thin

of ^Lial origin. Obaarratlona on thia aita IK the

daaonatratad that theaa dandritic aagawnta hava beeoa* 

in this apa«i«§.

Th* monkay olfaotory bulb i» about twioa tha »ls« of that of tha 

pat and »how» tha aaiM l«Qrer»j Its alaotron »ioroaooplc featuraa and 

aynaptlo relations appaar broadly timilar to tho rat (Chapters 3-1?}. 

An i«Bedi«t«ly striking diffaranoa, howavar, it tha praa«noa of a thin 

qjralin shaath spaoifioally located «round tha sagaant of the larga 

Bltral and tufted oall primary dendritas in tha nest superficial part 

of th« extarnal pXeadfom layer and in the parigloaenilar region 

(Figs. 71-73»75*77) I this sita oorraaponds wall with tha portion of 

thasa dandrltes that is oorerad by sararal thin glial laaallaa in tha
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rat (n«. 7k) and rabbit. Savaral feature* of theae *jrelinated 

preeeaaas »how that thay are geiwiJie fcindritea t (a) their olsar 

continuity, both p*e«i»ally and diataUy, with lengtha ef unpy«U»atad 

dendrite, reeegniaable by freauent cendro-^Lendritio reei»r**el aynapaea 

eharaeteriatie of vitral and tuftad cell dendritea or, in tlia e*«e

•f tha latter, with their i»arcnt eell aomtaf (b) by thair aita and 

ariantatioa* thaaa fcndritaa being tha only preeaaaaa to paaa f row 

the axtamal pleadfona layar into tha glojwrtOil («} by virtai* of 

thair diaoater (V»10u«) - a aiaa new raaehad by any aasan in tha 

olfactory bulb; (d) by other aorphologioal fwiturea * riboaooal 

rotettei, oi«tamaa9 regular neurotubules and few f ilaja^nta (F if a* 

73,75-77}* Theae ^ralinatad dendrltlo aagaanta have b««n repeatedly 

obterred in atainad light adoroaoopio aaotiotm and by phitae ooatraat 

»ioro»oopy| thair apeoifio location ia Teiy erident with th<ta« mdthod 

whioh h«Te tha additional advantage that much larger araaa can be

•aoMinad at a time. Very oooaaionally an external tufted oell aoem 

ahowa thin ayelination, axtendins for a abort diatanee over the dan- 

drite, reaiiniaoemt of the apeolfio qyelination deaeribed by Eoaenbluth 

(I962a)i it aey be pointed out that the cell eoaata. ef theae external 

tufted oalla are in aa exactly analogoua position with rea^eet te 

their gloKerular arberiaationa aa the ^relinated dendrltio ae0»anta of

•itral and deep tufted eella are to theira*

With electron mioroaoopy, tha «yalin ahowa 4-8 period llnaa 

(Figa. 72»73f76*77)» wliich ia thin in oonpariaon with that of an axon 

of eouivalent diaMter} the ratio of internal to extaraal diaxetera
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(f) ran^ea fro* 0.90 to 0.95. Tho aegBenta obaodnred havo boom 20-60toi
i

in length. Typical foot of glial oytoplaa* a*e aeen at oaeh end of 

tho aegHant (Pi£*» 73f75) and are ocoaaionally followed by a aeoond

•igajont of ayoUnat ianf unlike ajoat axoaal agrelin in tho oentral 

fwwroua ayatea (Fototv ot ol» 1970), the »yelin aheatha of theao 

dondrit«» aro ottrrouadoi bjr «uoh glial oytoplaa*, whloh any oont&in 

gl/oogoa eimnuloo or fUanonta (fi««* 73»75)* Moat uaoquiTooal 

OJwaplaa of ^y«linatod 4*adriUo oogMoafco havo beott idantifiad in 

loafitudinul •aotioa, but th^QT aro oftan raoagnisablo in othor plane* 

of Motion. It io notabl* that raoiproo&l aynapao* with 

IVoijuontly ooour oloialjr adjaoont to tho «nd of tho

•oyoantj thooo gaoBulaa «ay «t tittoa booomo onohoathod b^r tho

Tho origin of thi* wymllM i» of oo»o iatoro*ti Blana* 

aotod that tho glia of tha olfactory nenra lajror aond long 

in botvoon tho gloBeruli into tho axtornal pleadLfom layor and Bay bo

•tainad by tho v oigart m«thod. It ia probabla that tho glial laaollao 

Of qpolin «urroundinf tho aitrml and tufted cell priaavy dendritei 

aro dorivod to OOMO oxtont froa thooo glia, whoao peripheral prooen«e»

•urround the olfaotory n«rve>. The obserretion of iqrolinatod dendritic

•o^»ont» is relevant both to tho morphologloel criteria for olootrm 

aioroaoopio ldontifi<satlc» of profilea in tho central norroui ayiton 

and to tho funotionftl proportioo of theae unusual do&dritei f it alao 

point* to the imaortanoe of ipooioa differences, even within «MMMi7i. 

Slootrai miorofcopy ha» fllroady «hown that it ia difficult to retain 

tho atriot olaaaioal diviaioa betwoea axona and aondritoa (notably by
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The ultrejtruotural f aaturwt of taralnula undargolng erthograda 

after axanal s action hare beoooa of eonftidorablo lupor- 

tanoa in detaralning the dlatribution and sod* of taminui! on of 

affarant pathways to nuolai of the oant£al nerroua »y state? stee the

•arly work showing fUaaantou* (a.g. S**3r ^ Ha«lyn, 1962} Colonnier

and TT«lb«rg, 196?) and 

1965; Alkine at alf 1!^€) 

of t«7ioaa typ*« ha» b»«i doaoribod la mai^r diffe

•Itoa* In riow of HM posolblllty of darleaalnf due to poor fixation 

(Catum * PapfNU, 19^9) or trmnanauroaa dag«n«retion (Chaptor 8} or 

othar »ouroa»t tha loportanea of ahoving * broad ia<|ua»Ga of dagaaara^ 

tlva ohanfwa by using aairaral surriTal parioda for aa«h typ* of lotion 

ha» baooaa aaaantlalt to onaura tha aoouxiaoy of suoh ajpantaMiltiil 

taohniqua*. this study 1* eona^rnad with tha soquenoa of degeneration 

in tho tarmlnala of tha flna olfaotory n»nre f ibr*a in tha 

of tha rat* III addition, tha faAt&ra* of the

*ro eactandad to the point at wfcloh tha preaynaptlo tawtlnal

antlraly, lam-ring bahlnd tho pcat^ajnu^tio cori|:.lex ( 

allot Cray ^ Han!!ynf 1%2| Hunt & ftalacn, 19^51 

fffilf 5otiilot 19^5$ Vttmraai A Blaok, 1968f 1971 1 

INwra»-«ftthlau & Colonriar, 19€9l Coiawdl, 1%9f Load ft

19?0«5. In»t*mo«» of thl» peraiatwwia of 

In IfMBg-aurirlval aaterial aftar other lasl&n* mffaeting
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the glnanTulsr layer axe* terminals are also included, &ltfcoygh the 

features and sites of the de$en*ratiiic tsarina** will IMI dea«rib«d 

SMUTS fui^r elsewhere (Chapters <? & 10}*

The olfactory aerves, arialnfi fr« the bases of the olfaotory 

oalla in tha naaaa auooaay hav« several unusutd

for th« »tudy of terain&L

in th»

ranging from about 80-300n» (Oa»»«rv

1965) and run in bundl«» of v**ying nuaJ>«r» to the outer* 

nerve layer of the olf aotory bulb and Unall^r into the ^loaeruli In 

«hloh they teminate. Their preteimiiml and tegulnal portion* within 

tbe tfioaeruli are tezy obaraeteriatio^ and pe»»ii>^ uni^ in th«

•entral narvou» ayateo, ia having an axtreae^y alwjtrm d«oae 

flMB under noraml «;n4ition« (Anfiraa, 1965; Chapter 4;.

•ere» aaoh gltawrulua (nean diameter SCMKte * rat) 2<ttatid?$d 

25*000 fibres (eatimte for rabbit, AUiaon, 1953/* m&a a 

4«n*ity of terainalu from * aingle fibre pathway «^y b« studied with 

the eleotrofi wLoroaeajpe in a r«lAtiYely aaall are*, and th^se are as

•aai2jr identified in nerwal as in experimental Material j they have 

the Additional adMtttage that t)i« fibres m«^ be 

interrupted without epeninf the oranial oavity.

It b«oa»e evideat during the oour»e of this study that the olf»otoiy
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aorto toralaalo prooontod a wither VAriablo tiso oour»« of 

d •saturation, oroa in a oiagXo aniaal, although a broad tofto** for 

tho aajorl^r of dofOftoffttliif tarsainalt at any »urriTml tia* ooold bo 

fretonted. Tho proportion of teraln&lo undergo ng & rteigo of dOfonora- 

ttoa either in &dw»oo of or bo^ond that ahown by tho goaoml naoo of 

toi«inal» «AO «pproxl«fttoljr tho **jao for oia0r aurriTiO. tixso, Indicating 

that thooo oro do«oooratln« In a alallar way and A tiailar toquenoo, 

but aro doin^ to at a difforont rato frc-ro tho oth»ro, or at tho *o*» 

rato but a different starting tlao. Thi$ lattor phenoiBonGfc «y bo 

duo in part to ftfOBto&aoftO 'atrophle1 4*gonoration of tho fibroi whlob 

otartod prior or otAtoouont to tho oporotlro prooodtaroa or olao an 

•030orlJiOMl.aI3y laduood dogonewttlon, oauaod by •ooTttomy yei*oul*r 

dHMigi to tbo ffiuoota not roaoYod at oporatioiu Noromi ratt a^od aoro 

tfeaa olx veoko of ton tlioirad tta^oa of do««oomtlon in tho olfaotory 

aorwo toiKinalo weaotly ooo^arabXo to thooo doooribod h»no, Indloatiro 

of tpontamout or 'atrophlo' dofonoratioii of axona* Fiiialljr tho rongo 

of toxvtaa degonoratiro iHaofoo found In a givoa brain aMit bo 

rolatod to fibro lon«th (Vaooaroixft* Eoador» Pas^uallnl & Foooi 

>oo*odi*t 197D) or oo«o othor pJNyalcal pawaaotor, although tJiit would 

bo difficult to dawwastrato la this »y»toa« in Tion of thii y&rlatlon 

la tho tlmo oouroo of tho do^neratlTO prooo»A9 tho «fonfc§ ooeurriu^ 

la ^o t«*inalt win bo doftorlbod a* flvo fttagoo* whioh r^n»»««t tho 

aajor oharaotorlitlof of tho dogemmtlve prooooo* and which oorroopond 

to ororlappin« «rou?a of aurvivol ticwj aftor olfaotory auooaa
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formal Olfaetory Menre

Ths teraimls of nansal oir&otory nerves ha« b«e» deser.bed in 

detail elsewhere (Andr«»» 1965; Chapter 4}» tout a gancral outline 

of their morphologiea.1 f e»tui*es and connaotlons will b© $ivfm far 

taqperison with descriptions of tha degenerating twrairuila, v:,e flee 

nenre fibres b«oo«e qhni%et*ri*tio&ia^ «leetroii^eftse in thai* 

freteroinal and tanainal portions in the gloaaerxili, due to ; 

of the «jc&flasn (Fig* 78). During their oour»e

the ^loaeiuli, the olfaotOTy nerr«s« tfcke da a»qy unuwisl sacternal 

forae f xmrely showing tha rt?und«d app«ara«e« iQrpiool of aMMQr other 

teimimla, but aaeBin^r packed tefsther in the

the d«ndrit»» in the gloawruli. They here nar^ em paaaant 

boutona linked by Vftfyinf lengths of pr* terminal axon* i» addititm 

t« their t«rwizuil boutcnai the »i«e of the boutons varies 

ft snail proportion being rather lax^er than the rest* 

neurofilaaents, mitoahondri* and other orgenelles wmy be found in all 

the»* regions of the oK&etory narres and large noato^rs of 

Tesioles are found in association with a^naptio aea^rane 

orientated ««sy froa the terciin^ls. ?h*se vesioles Sfpe«r t» be 

embedded in the dense axopl^sa and tend to fill the t*raia&! 

of th« &jcon$ or to fill t?iose parts of the axsn formia^; the en passsat 

boutoni as noted by Andres (l^5)t alTeol^te v«siole» are jjreswst in 

sasll foantities in the oyt >plajn of the olf aotory iwrves. ^he synaptio 

oenbrane specialisation* are typiosl of the ssjwwtrioal Vpe of 

Colonaier (1966) (Fig* 78} t the preaynaptio aeribraas itself is
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thiekeaed end oooasional dense projections awy nxtexid 19PM

into the granular axonal cytoplasm. In the eleft eotwee* 

post-s^ttaptio ai*Bbmnee 1» a layer of *rfcrao*llul*r danae 

Material in the fora of * einela row of elestrsoFdeiis* graraalesj 

this row tends to lie slightly oloaor tc the po»t-«^«nctie 

to th» px**tgnMpti« Iwtt oftoa «p9«iUNI to li« fe&lf-wey 

two (Qr*y & Cuill«iy, 1f66), The po»t-»y»*yUo tlxUfc«iiii« is 

not only on th« noabrsB* itself but «3ct«rid» de^ly into i^e r o^t-

prooe»« ft* A web of «leotrcri-d«n»e BBterial* Bot^i pro- and 

neelbriuiea can INI resolved so as to show unit awe&mnes 

Iwetter than ad^oent BUMbranes and this Is probab^r partly; dim to the 

apparant rigidity and r«latiT« re^tlftsritpr of the plasma raerabran** at 

the site of the thiokanin^) it is possible that this propferty is 

ecmf orrod on the ata^rauee ey tho «wr%roo«llular natdfinl odh«ri»g 

tifhtty to both iese%iejM» (see oelow), The two thJaJmnet a^wbranes 

**£ oxtmoellular Eateri^l always oorreipond ftacaotly in length 

gltufition, although Hie poat-^maptio web evay doore«*« in dentil 

the edge of the region of oontaetj alvaolat* Tonlolos, often la 

eontinuity with the plasna aa»braBef aq<r b« seen in th«

lyin« ad^aoent to the awatorane thickening (W«MM«I 

The poft-synftptie profiles are the deadrite* or dendritio 

appendages of mitral, tuft»d sad pftri^laeieiular eells^ «@st oo^ only 

their fin* teminsl parts, and these m«y oontain Te»iol»s and 

o«E«mats with other dendrit«e (Cheyteare 5^



(1-5 days)

In th* fl»t identifiable »t*gs of degenerati n, 

nerre texainals h**e beeosie swollen, tending to take on nor*

*s#ilar fora* tnan 1* «hown by nonaal tsraiaals (Fif** % 

qrtof lAsa, thoufji uaualSjr granular and greyer $&m thfit of 

d«ndrit«*» ha« »«oon» approoiftblor paler than norms!, ^a if th« 

« bad b«ao»e »«p^mtftd by sor« olear

th* ipiMMranoii of

of »oa« of th«

to «x*e«& th« tlilokn/sM of the «l©otrct>Hcici»o««v|»ie a^otion 

na), flvins H»« to a to-oftllod glaaay «pp*ttrano*. ^^mr of 

Y<wilolc§ not oaly eiroll but take on distorted tha^e* ( ;iij> 79) > 

ft liighly abnoroal ap|>*<irano« to the torsinal. Soffie T^«iel»§ 

are !•»§ iwoll«n or distorted or may avon appear to ^4T« & noTB»l si** 

aad it is notable that tb* T«»iftloa elo*ait to th« synaptio thlokemlng 

or plaaaa aMobrsnoa ar« tb« cior© nonara in also* *t*H* thoaa in tbu 

ar« tho ooat alt 9 rod, tharo boing A broad pv&test of C^ang* 

th*«o two oxtremoa (?i£»« 79,80", Thd distributioii 0f 

in th« tandaol is also nwro irr«gul&r than ooi^sfcl, with 

largo region* of oytoplaaa showing no evldanoo of Tailcl^s, Othar 

dytoplAsaio inoluaiotis, notably nitochonAria, shait no tondenoy to 

swell or alter in any my at this stage, but ooaplax mMsbrcu&oas strue* 

turos may appear in ths q^toplasia of SOB* tftraimls* •dLfoolate 

To»iol»sf present in morsaal tersdnals, may often be disoemed in tins 

of de^Hiexmtfti^ terminals, in S«M larger ttgeteslSt fila-



atsitaua A«««ii«ratloa ocours (Fig. S1)» but thla is reroly aoen

aaaller t«wlnalsj It way tak« tha fbiw of a for isolated

of fllaaants or aia* a lar«a olreular whorl of th«a a urminding a

oantral group of raitoohondria and eiataxma (««« &*ay

1966}* Althou^i »ore Irregularly di^>«r»«»d than in »o»t otliar

ttt thJU »ta^t tilt waloXc* aro alto »woll»n and distorted, «n&

«haz««« in tbe»* t«nain«l* *r« «<3ulval»nt to

mjority of

(3-7

The olfa«t<W7- nerve terminal*, now lets acut«^r »woll«a, but atlll 

l«rg«r than noroal tonainaljs, appear d«s*«r than In tha

first atae«» fwwria^ about the MM* &», or a little l?sa d«nai« than 

non»l t«rainal» (?lf»« 82,63). ?hair outline ha» last the rery 

roundad font of Sta^a I in moat o&aas said is oftan a* irregular and 

iadant«d at that of aauaol tanainala. Tha Teaiola* of

still vai^ swollan, onl^r thoaa at the rorjr pariphar^ »®eeinf noraal 

in aiaa and ahap«j tfe« axtant of thalr dllvit&tion is rather laaa 

hoiwrar, and mmy of than aim TOT* «oi^r«aa«d «aa distorted Iwto 

shayea. Gthsr or^mellea atill appear nonaal but 

ii^lusioaa are Inaraeaingly fr»qu«itj in & few 

may a»«a ailghta^r paler than usttftX and a little

62}* A fav |TQ«fi of glyoogon-liic* «raKul«a au$r b« fouafi la 

tlia daganarnting olfactory t«minala at thla atafat timdl^r to thoaa 

aaan In glia during t«r«lnaX da^«i»ration (Pig, 8JJ) » 7h«



• 82 ration of olfactory terminals, ., >ig
g;rr,T!r.y vr<H/or-.> • r, r ^ ^i -• normal sized terndnals with 

oy wopj-te^iu; outs tertuinal is undergoiJi^ 
jratiori. ^ si^rvival.

-e;e II degeneration of olfactory tersidnal showing
.oilen vesicles in tlcnGC STtc-jL--.s^iR m-strir: r:i th

.cuoration of olfactory terminal: a 
profile, still having s ly swollen 

'.,'a intact synaptic membruries. 12 days
Sw .

T r\n r>f* • ,rsr> f-

t .al v.iUi extreaa aai1 of tnc 
ter -tortion of vesicles, and pallor of a 
aitochondrionr 'he teraii^..^ ^s 3ynapaii% onto a peri- 
i~ "ular cell ^ei^nule r

«.::. 1 &tsy* survival.
X60,000

. 86 ^ration in an olfactory tertolrml,
ienac aiatriy, nacked vesicles and lamella ted





ttftt ar» undergoing fila»sntous dagawiration she* markad ^orls of 

filaoont* which art> most erldunt at this tia* (fig* 82) I In all 

other feat-arc* they era onalogea* to the other teraiml** 

th» characteristics of their y^»lelo« ana th<* dm»ity of t: air 

f lasa, although dons« bodlas or saabranou* eos^laxtts se&si jnofit 

(fig. 81). Tb« outli»» of th«ao large t»min«O« t«ad* to b« rounder 

than that of tho mallar no»»fllaiwmtoua

By this tima tht tanalnaJka havo aiunuuc to & acaj-j.^r sis* than

m& th» organellea ara padteA oloaol^ together (Fig»* 8i^-86}. 

"he oytoplaaa h&t beooaa f«zy cleotron-dame, auoh sore ao than that 

of nonaal terminalaj edtooh<aidria ara typioaHj- pala* and apparontXy

•vollon with widoJor »«p« rated oristaa (fig* 8) t but *c^ tlmia thora is 

dataota&l* alteration in aitoohondrial appeiuraiioo. ?o»iole* ar« 

paokod to«0Htir and Although sosae teruinula S-CTW el»i»«t 

l Tosiolos at this sta^a (Fig* 86^, it is nor* oofflaon to find

tlian taking on unusu&l and distort*! statpas (?ig«* S^f 35}« Mwfcranoua

•oaplaxas with largo T«ouol«a (Fig* 06} within than are iaark*d in 

PMMI tereinala v^iioh a^rv -Iso oont.nin dense bodies and Ijsoacaso*. 

7ilajaantous dagonaration has not boon obsonrad at an $fuiv@J«nt at&ge, 

so it oust be assiwtft tiat tha tanainals undergoing typo of 

iagsgnnition lo»a thair naurofilamants boforo this sta@at and 

dark and shrunkon in rauch tha s&aa najr as tha othar teminals«

oan ba obawwst at this staga, or any preTious orte. in tha



ap«oiali»ation» of the ayuaptie structe** «f f>**~ or poet- 

proee&aea*

7-20/40 dftjrs)

The loat stage in the 4*#mr&tloa of tfe* B*«sj*epUo tefsO&el i» 

very oharaeteriatio ant nay last for a considerable tlm in the ease of

* few t«raln«a»t although the maJoriV paaa tlvi»ou^ it ; ^apidljr* 

fha tazniiua hn» shrunk dom in auoh a way that it t«nds to tak* on a 

rather circular outline In s»at plim«i of sa«tioa» aad eo?»iAt« of a 

oaaa of cytoplajii in which a tm distorted BMMbranoua prof !!•• 

b* dit««m«d (?i^i« &7-^9}» Vacuole* may appear in th»

•f th« taxaiiiala at thii »ta^a aa w«U aa larjpt tana*

t«minal is rtill «tta«h»d to th« axtraeellul^r

oad ^ost-^naptic tt«abran«a in the region* of aynaptic <ioitta«t and it 

ij oppoaite theae tiiat the amall res&4lnlns anount of gytoplawi in the 

preaynaptio tenainol Is aituatodj it la wswon ^o aee 1m» a Btfnw rating 

profile entirely aurroundad by aynaptio attAohcsenta* |j§ m^a^y oa*ea, 

the pr«aynaptic aoa^ra«e is ill-defined and difficult to nsaelve into 

>mit oealirftnes, althou^ t}» poat-»yimptio aaabrana aaj still tee 

r««olTed idth eaae (Fi^t* 87»38)j the prea^naptie awss^raue teait 

ioa* ita thiokemd a^ p»aranoe» The integrity of th* eacfcraeelltt'Ur 

amterial i» -on^ffBote^ %ad it reeiai&§ firsUor attaeJbed to t^ 

i^Bbraaie without AJQT eridenoe of inore&ied elef t width,

In *oae oaaaa of severe 4s«sneratloa of this type, the 

terniiwil fragp»nt appears to have dra^i away froa a $a«t 02" 1.1^5 post*
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aynaptio thiclceninc and extraaellul&r materiel, to b« 

th« appo»ltion of the plaaaft aenbrone of an adjacent a*&*aftl or 

fUftl profile, so that tfe* tearadnal fragment wad other prof U* »••» 

to *hft*« tha (apparently) prea^n&ptio poaltten related t© a

. .

bet»»an two auch 'profi^nt-ptio* profllea whore 

oost-ajTiaptio flpeaiailaatlons; thi« may b« takwi t 

tb* eactoa««llular a&t«rlal or poat-sTnaptic thickening 

partioul&r affinity t&r a«abr«m»», roaulting in an ^.pRrasat 

with any prof lit whether g**i^iinely proflTnaptlc, naurMMil or

(after 9

At this flnnl »t«^i in th» orthograd* defi«n»r£tion of olfsetorj

al la

of the aynfipoo, IwiTirx^ the po«t-*yntiptic

meteriol »till in close relation to «eoh other 3 In the 

apparent 'preacjrnaptle1 p omit I on lie other profile*, gli&l or 

*hov no sifi^s of ?3»ioul*r aggregation or of 

(Flg», 90-1 1 2). rhea© newly appoa 

of these ttcwwlly pye§«nt ir* the gloaeruli, and t)ie fre^teiwgr with

profile of a given identity appears in this position relfiteft 

woll to Its freqfueooor in th&t part of the gloaemlua at that survival

tfeua no apftoJU'ioi^y of appoaiUan aeene to l>e i::v^Ivvrsl. ^-n 

tee,»i* of thi* and the ftp^e&re&ae. in 3tftfe iTt when ienm&lt} aiirini: 

fro» the postft^s^i^c ouij^ejfc to be



$>3-lti ^.x',, • .?.•--••.•:- J.<_;auuiX3 ui p jt-synaptic 
*-"-'-"••'' • .er the degener ^ UAI"-* --y nerve

examples are ..^-..jed. to dc. ^-

- ; oaition with &n induced cisterna. 12 days 
survival .

s it ion Vviu; a flat s&c induced opposite. 
c, survival*

X80,2CC

95 -he induced ciaterria is continuous with granular 
endopl^Siaic reticulua* .trouble rliinitis.

•.^3,400

^6 / o thickenings in reciprocal relation, one showing 
a cisterna. -,.lt vesicles are prejcnt in one 
"ofilc tiiey ore uu -"•• ;ated to the region of
'Ositiou and tiiere UA-V **o dense projections. i»ote 

^ .so the "gap junction". 12 d^ys survival.
,'714- ,200

97 jV>i^ opposed dendritic profile shows both an alveolate 
vesicle and a cisterna. 29 days survival.

of thicia.-.' ' - ^itja an aa.vcoj.o,te ves-i.de
';tt _ -.d to the j.us,, ; - raerabrane find a cisterna. '"•'"'

Tv.o thickenings apposea exactly to each other. 
the width of the cleft, the two rows of extra 
cellular material, the associated nerve fibre, arid the 
two vesicle-filled post- tic profiles. 200 days 
survival .

. .100 r>;o tM.-k-prHr-.t/tt •s.nnnqfMi to rv.-^h other, one of which ia 
;.- .; : .-,-._ ,. . . . •• . •. . : , - alveolate vesicle

rs to be related to the shorter thic d 
the c - of cleft width with double apposition is 
evident . 41 days survival.

.Mill Uiife

r rows of extracellular m&torial.
X150,000



96 ,



10? 1m; iagnificata,v,i ***-., of several &; ei.ur
proi'iles, demonstrating a large numt>er oi' pe.-••:•»a a uii ̂  
at - ,e thickenings. 36 days survival.

/•4s f 000

-sisti% post-aynaptio thickenings f in series 1 , 
in^^ well the relationship between the thickenings, 

cisternae urA mitochondria. 150 d&j-^ survival.
..61,100

1C' 1 doable appoaed thickenings, for coja::arison 
the single ttiicKenin/-' ^nd desisosonie in --,.,. 105*
'O iiUl'V-LVcii •

X66,900

posi-syoa^tic thickenin-, adjacent 
to desmosonie; liote the characteristics oi uuu 
latter: less dens© web, smaller cleft width, and no 
row of extracellular material. Compare with the double 
post-synaptic thickenings in Fig. 1GJ+ * 40 a^ys 
survival•

X66,90C

. -sistinr rx)st-synaptic thickening apposed to two 
prefixes, o*ie of which is clearly fjlial, 

es of fila&euts• 9 daya survival.

X80,000

. 107 Apposition u/ j. ^eraistent poat-aynaptic aembr 
thick to a thin glial profile containing 
glyccgen-like ^ranults. ^1 dnvs sti.rvival.

^3,400



\ . r*i 
a

104'
X i

f

•'-"•\.^

s

105

,/



. 108 .c th osed to a mitral or tufted 
cell derdrite ikinf s^m/>r,t:ic contact with a 
perigloserular cfc-U. ^eiaaule ^whicii also receives a

c contact from an axon 
ruttened vesicles,.

evj.aence of pres^aptic specialisation in 
opposite the persisting rat t ys 
* rvival.

109 Fersisting post-ayuautic thickening apposed to a
mitral or tufted cell dendrite that is raakinr tpio true 
sji'ia^wic coii"UiCl.s iVu.Ui otaer pruj.ij.tis, cut. :,«r,a.ca -iiiciva 

no prei.. ->ic s, ?Lisation in reiiition to 
armcsed thickening. /iO df^rs survival.

. 110 : :terajLstin£ po*t-§ynaptie membrawc thickeiii^s apposed 
to a tliin ^liiil profile interposed between the tv.c 
dendritic profiles, 3k days survival.

Fig* 111 rwo persisting post-ayiiaptio meabrane thickenings, one 
of «?hich is apposed to o vesicle "n:, twining profiley 
none 01 taese vesicles <*r& aggre^a^ea presynaptically 
and tncrc are no dense prc. ona* 1^0 days
survival.

. 112 , persisting post-synaptic thickening appoaeci to a 
mitral or tuftco cell dendrite tii&t is laakin.'- a 
synapse ^cur^y v.j.Ui caiouucr pi-ofile; tr»-.' • •-- 
prefi. ic 3ptoial .satioria related to the persisting
thicker inr. kl dw^rs survival .





*4Ja**nt profile, it would seen reaAoneble to oonclude tfafct the aeerett

*4Jaeent profile tAfces the 'preejuaptlo 1 position, re^nljUafl of its 

identity, In f^et, it ia quite ooawae to find tra profiles, ;either 

of then olfactory teraimls, ftppoeed to the po»t-fl7naptlc

5* 106). Further wlAenoe win V« acUitioed below in f*nmr flf

interpretation of the mntomm thickening as the post ipMyptio

left after the oosapl»t« degenerfttloa end di««j>pe«r«nee

of the olfftotory nerte te*niaal* A per* is teat po»t-a^**|»ti« thlekenlng 

tV the ««^e slr^ioture as that of a thiokeain^ i»eet*<iyBe^tie 

tt ncnaal olfactory atrre t«min«a, that it, with & Mtet web of

oxtonding into the oytopluwa, typieel of thKt ted with 

ejpnetriool a^napaea; aiail&rly, the extapaoellular »a%iix%4u. rwmin* 

in olose relation to this neafexwie t?iiokenin^, sM r*taina t£* 

gnanular atruaturo AS before (Fig», 90-112} « Tike r»w^y-«?^ee

appear to be denser than tho surroia*aii« awe^rone* tmt 

thia «e«BM to be an illusion created by the pimpenae 01 t.na gnusul«r 

ttaterlftl and the poet-i^naptio thlokenin^ oppoiite, and bgr the regu­ 

larity of line that the apparent adherenc<i of the «art««ellul;ir 

Material endows on thie part of the plaama medbnaie. It is notable 

ifcat the «B3ctr«u39llul&r material i* never left *<at***d** in the literal 

»en«e, but if always elodel^ bound to some »e»b««oiu at«ieture, both 

end poat-aynapticalljr.

Alveolate or ooat^e veaiiila** siailar to thoae found el*ae to HM 

s^n«ptie nReabrane or in the prea; naptlo tomdnal in Mamal auteri/O, 

ft9e evident both in the poat-»yi»?tio proceaa, adjuo ut w the thieteening
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?ig« 100;, and in the newly apposed process eitner opposite or close 

to the site of the post-synoptic thiciieaXJig U-:" r'» 92»97»>3, 03, • ±he 

latter fti-y occur in an apposed gli^l profile as ^ell as in a neuronal 

profile, so their appearance opposite a persisting thickening cannot 

necessarily represent a case of a coated vesicle associated with another 

persisting thickening nearby in the apposed process* as previously 

suggested.

Cisterns H^VR been, frequently observed in the cytoplasm of the 

uppoaed profile lyinc in close relation to the persistent aejulir^e 

thickenin^, when this apposed profile is c ;.tic; these cisternae 

arts typically loo^e, open agrsnuiar rcticulu;;. in uie rat ^ifi^a* '^> k>3> 

96,^7>9^»30?,103|11' - flat sacs of retiouliii- *.; -he rabt^ v , «nou^h 

both species show various types of cisternae (Fi^s. 94,95}• ivhc\y are 

continuous in all cases with the e ic rtticuluifi of the dendrite; 

they dip from this toy. .uri'ace so ..G to lie in close prox^aity 

with the part of the plu. ...wrane which *^ vdrecti>' w^^-o^^u o^ ^iac

post-. tic thickening (?ijs. , . , .. -n this way they ore 

re^ularly seen to lie exactly opposite the membrane complex ^d to 

draww^r fro» it on eitner side; this clear relationship h&s been 

demonstrated by the use of serial sections, which sn- 

tial aid to the vc • cation of the identitv c . ^ersint^r.r thickenings 

end the profiles to which they are relate.. -iochoriciria, ...... ..hich

i- agranular reticuliua is cr'le ; associated, may also lie close to these 

thickenlu£j3 in the uppu^cu proiio.e, out tniu is nou a constant reJation- 

ship and ia probably secondar5r to the cisternal
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t03»111). Item U m *Tid*no* ii> nonaal «r

aantal «fttarial 9f ft*$r oi«t*ma* sitaatad as clsta fc> tfet-

••rtnma in tha*« tit**, t^at i», a; . , to

d«««» rating olfaeto^ mvr* teminul*} th«

of the ci«t«mfto to th» awabran« tr:iek«r.in^ ^position aas& net to 

of th« p lussa swafcrane of t^« prof 1-U 

of th« direct uatur« of tl

had to fe« fulfilled:*

(1) ?h» ptH»aono« of thlek«iiingn In «lto0 and on |>roae^s«» known 

to x*Mft$tft olfactory nwrro tansl^mla in the nflrmd. aaij»f .

(2) tha mawrio&l efuiralmo* of olfaotoiy nerve tercsinalft 

oloup poat-syn&ptie Uiickonin^» in norcual material and n cravat ing 

thiokanin^s (i>.lu» «u^r nasaining olfactory termini la) in 

oaterial, in anslafrmis ax^ia of ^lottexniii. ?hls orlturltsn 

hold in the absence of tiunaueuronal d«g«Mjratl .n, as in t!^ latter 

<*&*« th« tidckanJbi^i a^ diaappoar,

(3) the aorpholfcgioal *quiTal«noe of tbe p«st-a^ a, . 

«ad extracellular »&t*yi&l to t^so found poat«ty»ftftic 

olfactory t«nKin^la.

(4) Tho ab«»no« cf prH^aynaptic denao project! n» aad of a 

•proaynaptio* ^^Vtffttion of voaiolas in the appo»«4 ".'l-s.

The** oriteria h*iv© b«jan fulfilled In this ia4itorial: the 

havit hoan fouTid enlv In thaAftnteftta* and Ssn&ritid .^r^cr^i-irHi »f adtralf 

tuf tad and p«rigloBwrular oalla and sole 2^' within the 1 r c
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aftar elfa«t*ry auooaa moral (tigs. 90-112}. Thalr 

distribution in th*w i>roooa»*a la exactly aix&ar to that of olfaatory

•art* tanalnala, and th« al*» and norpholo&r of that* atruoturaa ar* 

«aa»>lat«ly •^ulTal«nt to tha po*t-ajaaptlo part of noaml alfaatory 

ayaapaea* ?0r daaorlptlY*, illuatraUv* and fuanfcltatlv* evaluation 

ttf per»iat«nca» po*t-aynaptio thickaninga hsf« wtiafi«d tb» Isat

•rltarlon of ilia abaanoa of nonatl pr«a:^aptlo ap^olailaatiotta 1» 

tb« &a«3jh*«ppeaad prof ilaa (alraolata veaielaa and aiataiwii* In tha 

appaaad proeaaa may not toa aonaidarad zwraal pmayraptlo apeoialiaa-

^wplWWWUP (iaiMfc ^ppJ^^F BW^ *P <•• W^WWF ^ 4^ <

In * ^uaetitatlva atudy It waa ahown that the ra»b«r of olaar 

paat^aynaptla thiakaa&aga oriaisfeatad from olfatftoiy aerva ta$mlmlft
2la nftmal floawruli **•$*& f»o« 6-11 par 100 u» « l^ottttlant ftraaa 

from glqawwull of axparl««9ital aniffala at rarloua aurrlTal timaa wara 

aooMlnod and tha *i» of paat-aynaptio thlokenlnga wlthmit pr&a^ijaptlo 

»jpaaialla«tlofta and thoaa with not«al or dogannpatlng olfa«tory tar-

•Inala* aituatad pr«»jnap tits ally t waa d«t«ndLned. Thla figure, although 

allghtly and tendimg to ba marfjjially higher (on afteeimt of tha 

dandritio danalty eft«r olfaotca^/ nsrve dacaaawrtloa), waa within 

tha raa«a of tha fi«ur« for ncnanl post-ayrwptlo ap<K»i.aiaAtion», at 

aU aurriyal tiMoa up to 130 day a; aftar thla tiao trariamuronal 

dO£«naration aay occur ia the x*t and tha fi^tre dropa* During tha 

fIrat thirty fiaya aftor olfiiotory auooaa raaorel th* jm»o«nt«igo of 

aapoaod aaa^r«tta thlokottij^pi rlaoa from «ero, in tha aftiml* to 70-60: j 

tha raaainla^ taraiaaXs wore aither undar^oing lata daganarfttioa or had
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off eoted by the lotto*. A study on the length of the post* 

•:m«ptio thiokenii^t with and without prei^iiaptio olfactory nerro

showed tfe*t th« histogrea of the** la noraal aadl «rparl*«ot«a 

*»« exactly o<Mp«mbl» at all surfiTal tine** ?bo»o

t*ti*o »tudlo» show olftfurly that fwiturwi of tho *pparo«t 

tyaaptlo «p«oi«llsatlim« obserrod tftor olfootoiy aorvo 

«PO ooM^atiolo with an Intorprotation of thaoo «• tho p«r»i»tl«« 

»pe«i«li»atiaaaf left behind After the ahrink^* «**4 

of the preiyaajjtte teswiaal*

o«t*ft^n«tptle thickening* a»y ooour iin^lj* or «s 

groups in fairly close relation. «nd thi* flt» well id-th t&fl noraal 

dletrlbvtlon of olfaotory aerte teminal aynapaee. Om oooaaion t»o 

th±QlUHAt&i»t one in eaoh of two ftpeeeed Aendrite*» WQT 1* **«* either 

in «n appe»ntlor reolprooel relation or el*e lying partly or wholly 

oppo»lt« eeoh other (n«*. 92,^6,99-102,104) J (Vo»tr«, 1969* 

C&epter 8) f in the letter oenetf the oleft oetmten the two eppoeed 

thlokeningi 1» wider th&n that aeoa for eiagle thlokening» and »how» 

row* of granular «rtr»eeliul*r muterUl, 3yiB« jwretll.l (Fl« 

The structure of »\ioh «p>o»ed thloketiiaf» 1» quit* 

ti«ot firaa th«t of deeKotOMft (ooe^are fife* 10V ^ 105) ^r the 

following reasons!*

(1) Th« demo web of aeflmw* (?i^. 10$) la $*!** wad !©»• 

tlgrUy p«ok»d thm that of poat~»ynaptlo thiokenin^»,

(a) The Interoellular taleft of dgiaosottea (Fl^. 105; is thinner 

titea th»t of * tingle •jnaptio oleftf while Appoaed ^M^eninit eiaew a



wider aloft Ulan the luttor (§•*§• 9>-101,

(3) The extwwwllular »*t«r**l in the oloft of dom*o*»« is lo*» 

woll-defined «M ari*ttf«d thsa that of aynaptio oUfta, *#tei» shaving 

alagle row» of granulea (Fi$» 105) •

(4) & iMMqr 0*M* the two ai>po»«d thiokoninfi* do not axaota^ 

o«rr«*ixmd In Ungth or adtuHtlon (Fi^i« 96,100,101,103), while tho

furthor «Mfh&§l»«d «mt» for thia 

tliioie»nin«§ that oould »o eloerly r*»olv«d, pref «^ibly into unit

^^^^^^^^WiB'^UKp^^HJ^Bp ^W^PW "WP *P WW^^BWM^^Bo^

At tho iurrlTal tiaos studied, and iaiooft until the en*«t of 

twrnanouronal dagHjaimttoa in both r«t and z«bbit (Chapter 8), BO 

were obftorrod in tho »tru«tur« of UMI po*t-iynajrtlo

(o.f. Hoiialiaay 19^7;> tfet thiok«ning» ahowine tha mmal rerlety duo to 

plaiww of «ootl<min« and other faotor«| To»y oooaaionaHy, notably In 

«*o lurfor daasdritot, a •uba^aftptio fomatioa of Taad ffig« fO) waa 

«vld«nt, but thla it pi-eaont at a similar fr*quenoy in aoiwtl »at«rUl 

Tho loaa of po«Mjunptio tMo3t«ning» in tranawuronal do^wr^tlon 

ooindd«a with the lota of tho temdnal parU of tha claowuUr don- 

4ritoa> oxt whioh aoat of theae atmoturoa ooour.

Koaotive flU art toon at all atago* of 9*rly d«g«aerBtl m after
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K? to 16 or 20 doyo p«tt-oper«tiT*ly» Tbooo «HA wo sorUjr 

containing eaadlo* of filwwtrta ojad »«o»ti»o« glyoogom gfmOoo In a 

palo oyto»jig% *** ««j, honow, ha*o *>*o gTaaalarlt^, 

I* voiy ttftifcad not»*oa I and ? d^ra, mnxlaal fit 7-? doyo 

106) ond thon fftllo off folray **s>tday. Tfewoo flla avt oftoa 

toon p*rt3Al3y or totalljr onelo»in« dogonarmtln^ tarmlnaio, fibrt* or 

donjo AX** fko^ponlot but aany d««ofio«fttitte tarniMili do mot oooa to 

Iffpp any gliol profile* rodatod to &0* (?!«•• 79,BO,fl^SVffl5^7-S9)« 

T)aui diroot «llAl inrolT«»«t dooo not §eem to oo e««ontlal for tho 

dogoBOf-Btion and dlopo»*l of tho proaynaptlo torBisAlf *lth«ti|^ it 

dooo occur for A proportion of to*alnnl»j tfeii 1* nct«tbly two for 

tho fin*l otoeoo (IV «od 7), in whloh tho toxo^bwl ii diff&itooft from 

tiao po»t-«yaaptio oo«pl«c oad i« roplaood by anothor profllo 

87-69*106), Noither «io dloplaooaiont nor th» roflaooBOir 

Involvo dlroot gli»l appoeitlonf in thooo 00*00 wham this dooo ooour 

(Pl«i. 106,107.110), it «o^ %o *l«pl^ d»o to tiMi jiUHrtrtl^ of tho 

fUol prof ilo to tho rogion of tho o^no^«o« Thii doos not oaeot^do) th«

that gli* aro Indiroot^r involTod In tho r«awO. of nil 

nalo frott thoir po«t-H«nioytle oito»9 operating at « dlstanco froa

the tito of *hrink»^o. fho dboo*fatl*m of dondfltoai aispX-'dni- tho 

pmojnM^tlo tojcwtml at otfMP IV, without any apporoiit gli^a ^? poo it I on 

is ft olo*r indiootion that tho ooparfttion of tho po^^vnaptio a^sbrane 

fraoi tho eartrmooUulur Mitorlal io net iolaly or n^c^5»-ri3y th« rotult 

of ^liol intorrontion. Ao tho i^lol proliferation dwir^llin, aoro and
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profile, yrsssaaably baeooia* aj»f**aa duriag tfca r*tr&otioii 

of thi e Hal process, by a similar nochnnisa to tliat *& tfee loss of 

tha original presyaaptio tarairml,

or
Although thu dftgaiftsratioii of oifaotoiy aarv*s without 

teartation is rare in th« glonemli of youa« «nl»al*t 

(ovor dgjbfc iMelca) MQT «H«» lnorwiflin« ttttfcm of both

olfaototy tradnal* itid pot»iitin« po»t-*ymv|rtlo thiolcenir^ii, at

to thoao iwwa Awing the wtriout «urrl?al pwi»d« *ft«r olfactory 

sootlon (Fig, $3) * Such 8?ont«i**ott» d«g«tt«»tion or

rtiinlti* hem loag »«ofi InMR to o««ir in th» bulto, *aa «ia «§* 

7«tmfi snJjB&la 1« A ootasfton pr»o«utloii to avoid thU| thut tha 

of thta dflfeueration follows a ilnUnr pattom to th&t §o« 

aoeoaal loslonj i« net th«r«for« »urpri»lnf. TTer«rth»lftfl«, it a«ke$ 

u«« of you»£ anlaftl« «r«a a»r« Imp^matlTo If tho gynaftio orgtuttfitioa 

of a ration sunosptibl* to mioh 4og«n« ration la to bo atudiodi this 

i* parti oylarly so In ti*w of th* apparent synaptlo ooat«ots fouad by

of fMirsistaftt poat-syaaptie thickenings to nmtroaal profiloa. 

th^so findings in no «ay invaUdata tha oitoyatisa of dandro- 

iandritio sjnftpsos in tha glamonOi of tha i*V(Slaaa* * arifhlaatt, 1965$ 

, 1970; Chapter 4), thqr or«ata a naaaasil^r for ri^oroualor

tha possibility of *i?poaad parsistant tbiokaain^s whara an 

apparent Sjmaptie struotura is flbsarr«d. Clearly a similar oaotion 

wtat aa aada in r««&rd to the usa of ©aq>ari»s«tal aatcrial for th* study
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A brl*f ttaMdnattett ef warml and deg«n«rat« juteetfftggr olfactory 

bulba, &» well a* ths «#«*a*aiy bulbi of old anlaala, ihaw* "hat the 

fttag** of dagtiwfction of tho dark Tomeroaawil j»rre tov^mlt are, 

in f*a»i*lf analogous to thwe »*«n in the alftMtotgr MM*» t«nnsal*Ma» 

of th» main bulb (Fl^». 113-120). Th« namta. wwvbol^gjr of the

temlnali la «XMt3^r alailfir to thr.t of tl^ir olfactory 

, wiiii g rwaail»rity in their axopl&aa ftnd tightly

•iwtron d«n»i1y a» i» »»«n In th» wain bulb (Fig. H5)f 

and oth»r unutual oonfo mat Ions aro fonaed Ijy th« 

«rt» of ttaft* r»rr««. The itnifftur* of 

Is aacaotly oottswtmbla to that ««MI In th«

of th» olfaotory n«nr« tenainnla. SwelOing of

nd pallor1 df th® t«nrtnftl sr« tjmloAl of 

ln&jo«d d«^en^ratlon eM warly atropiiio dhx^e* (^if* 113

latter 00009* lat«r «ad f&r i»r« «par*aly than in tl» atftl^ bulb)j 

fll«BMBitt>u» d«««MrfttiOT i$ also »«<m In »OBW t«rraiim3ji. In w^.ditlon, 

larg« tcmlJuOi ar* obddirtd In »arlj dog«wjr»tion, with a 

ret loln» In n ^rrccriah rranular, ftl»«*t lattica-lika,

that* ttttnimln may fhcMr itai^r larg» dilate aitoohon-

IMs t^f* of d*««j»rmtion h&» not Wan ••« in the 

bulb* Itatfetolag af t>» cartoplawi and shrinkage of th« pm^



113-1^0. i'he process of vcx.eronaaal nerve tcr 
degeneration in the accessory olfactory bulb.

113 J. vc rve t ^to;,; ntjxt to one
U :- -^ v ,: wc^v: .i > C .L a ^iOH, UU6 tO

a'U\., -.- * .^a^tus; note the ^.^len vesicles and pallor 
of the tervir.! relative to the ncrrr.nl.

44,700

Fig* 114 i^te (btii..i. eneration, with terminal shrinkage, 
loss of cytoplasmic detail and presynaptic sieabrane 
definition, Atrophic rhinitis,

X34,700

115 Persisting post-synaptic thickenings in appcsed
•at.;:iiritic profiles; observe the in creased cleft width 
at the site of double apposition. 110 days 
survival .

,60 ,

i. a to each ; note a-..._ -..„ .._ _. 
L-. ..it to the ,_ jition, prouaoly i -tin/- the 
dc i'ating fibre of origin of the presynaptic 
terminal that has degenerated, 110 clays survival,

- ,200

iv'ickeni:,,. 3 , .-. xvii -.
^Cu.e n one ^*-.>.t 

110 days ai •_• s ^ . „* •
xio6,aoo

118 :. Iftr^e post-. -ic thickc- » partly & ; 1 to a 
gliul profile, £>ut also a * to two r. 
profiles, neither of which i ' ^ JL terminal. 
110 days Survival,

6,900

, 119 i'eraistinf: pos»t-syn&ptic ueiaDrane thickerdn*;~ * ^*-*

to a £, containdLn^; dark ^liol profile, 0 
. survival,

1,3,400
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profilo nr* oVtorrod in l«tor terminal dogwrioration, with * ooao 

tffttioa of oytoplata 010*0 to the poat-a^naptio ui«ftl*IMf ittA tl*t

tosdj to lot* it» definition (fif« 114) I v*»io2*t

ar« grofttty r*du**d in number and distorted, Piaalty* f *a?*l»t«»t post- 

^fi»ptlo thlokoniagi ar« obsarrod In ani«fll» of long turriT; 1 A *rlod§ 

aft*r lotiona of th«* wiooaa InrolTlng the vo»ero-na»al organ or nerro

dj.»trlbution of tho*«

of th*

in the usin bulb.

thiokonl»e» oorrvo^oma to

«ad to tho »iaUOar p@r»latln«

In raat«rlal from rats in whloh the lnt«ral clfftotoyy treat !m» baoa 

oftudal to the anterior olfaotory nuolouaf a f«nr 

nay bo soon In tha pprlglOMarul&r ref*ion (Chapter 

to tho«» d««orlb«d ftftor alailar loaion* in

aioroscopio lnTo«tls«tlon« (Cra^S* 1S^2| Powell, Cowan A fcalwtwn, 

Aft«r 7 or 10 day* surrlral peratstont post-^maptio t^dck«nine» 

b« found In th« p«rigloBerQl«r r«glon appo»«d to glla or 

it should b« not»d that the parlgloaertilar iragioB do«» not 

olfftototy tettainala (Chfiptor 5)> to thit wmnot bo duo to atrophio or

of

aro of tb» found In rolatlan to

and «r« disrtrttitod in proeoss** known to 

•gmap**0, Theiy oorrogftodi in thoir gemral foaturei to ^ o»o nhioh



aftsr
to them obftoived In the «xt*xml plwdfom lay** of tfe* bulb aftar 

lateral olfnotory txvuvt Motion by Prioo *& Powoll (197G»)»

^|*rial aft^r log long in th» qlfaotory bulb

Brain* H&v* Also been rtudi*d In whioh aeall 2*»i<*i* w0m plneed 

by f in* &*«&!«» in th« »up«rf lain! layer* of th» aoraal a»peo* af th« 

MU» (Chapter 10} } tfe» cite and ext«»t of th» laaion im« foand tn a 2 

ua thiok sootloa end *l»«trcm ttieroooo^o nootlont wor* &tom froa

ien of olfaotory ^«rjainal» it

la th»»« gloweruli. wid t«ke» an «x»otV oca^nrable oour«« to that 

aft«r olfactory mooa* r*nor«lf ]?a*«i»g ttoon^i all th» 8«ao 

to l»avo th« poot^aym^tle thiok«ning§ in th«

«f otftfos of deg«ftar*tlon oon INI 

th* tJUw oeuroo of

diffor«it, tho tire&faiteaigfc tta^o ep peart n* 

aft«r the «ucoa«l l^»ion. 

Aft«r suoh loai@Rft t In wiloh »«ny Intriaflio fi&res h«iT» b«wi owt 

in addition to the olf&otory flbrea, d*g«ner«itl aa Mgr fr* *«^n in otltor 

tBTpo* of axon teyolnal, principally tho§o lyla^ in ttift p«rlgl«aerulAT 

9<i||iOKU Moat of ttoft« ^m the rwourront oollatoral* of external tuf tod

o tho luraafl of p«ri«lo«i«rulftr or •ujxsrfioial 

f although in «on« OAOM (rojtml to th« loolon) tho 

fibroo mmy al»o IHI intorruptad. A« 4o*eHfe«d in Ghftptor* 5

of tlM porlelo»enLUr oollo and ohort^oicon oollo mak* syiuiptio



xly ue£ a vo-.e il nerve 1 
the accessor--- nlf -rtor-.- bulb, showing t:ie u;.-
Ci -. . £-CS CI ui»iQ*i -Ui U uijJiUl'a.^' OA*

tt - . rtr- r matrix with meoay 1<*JT4 :C pale 
«itceho:v.:ri ? :. i'<.v. nor -.1 si zee, i*nd a few swollen

'0

121 ^-ersistijv' ayma^tro-cal post-syrm^tic thickeiiijQgs on a 
u-vi-«j. ^a.^ a tufted cell pc A ^0^w-erular stciu dendritc 
alter an intrinsic lesion (5 days survival j; both ure 
apposed to the same dendritic profile (of a 
j>eriglo^eriilar cell}» Note the alveolate vesicles, 
the • llular «at and the clear thickening on 
the post- a neabrane,

X66,900

JL. -..usting ayms-ietrical post-aynantic thickening on 
tr -ulor part of a aitral cell priziary

, close to its primary glaao^i.i -i" brauohing; 
is to a glial profile* -uiivr-u^ic

days Si-irvival*
..66,900

ayKaetrical post-syuaptic aeabrone wi 
cm a mitral cell -ite in its ;•• o.ierular 

course, apposed to a g^i/JL profile aho?.irv s: filanenta 
,uiu ^lycogen-lij^e granules. j 
aurvival •

-"y.>-n j. •r.'Mo. «nm r.f-.v ^...T f»ost-synap1 * i( thickening on a 

atitr«*l cell pi / u&uurite in tiie peri^lo:.;erular 
ie th«. late vesicle, intrinsic 

survdral.
X?l,300
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eotitnota tdth sycwotrloel aantafina tMofcoeing** *• ^omor HMVQB*

o<mt*0t* on to » w*y «p*0ifio r*£io» of th* adtml waft tofttft 

dandritoft, ia the vioinlty of the point of th®iy pgdmuy itranotd 

In material fro* &&i«*l» witft *uah intr'nsio lo*ion» aM aftar fairly 

long «uiri»al p*tlod*t poat-^ytm^tio thiok«ni»€» of tto» syisa«trlo&l 

type any be Men in thu anne speoifio ration of the tuftud taa& nitrol

vdthout pr®«;Tmptio »p«ioialis6itlonii t b«t i^Med to

122,123) w d^awiti« (F%». 121,12^)
«x<* faind i^p to four to »ix £lo»«nill distant fwte t!u*

tc-, the u»unl length of th« parlgloaorular oall sxons knoim 

of rx>l^l-ijaprft|3a&t«d B t«ri<a ' :i-Jie», 1$f$f Cfhe^ter 3) 

a slight thiftkniiag» «Uttfttt4 aoinly on th» «<afex«B» of 

taitml or tuft«€ a«ll a«ndrit« with no w»b oxt^mdiiif Into tho 

«EAd ft clear and dlstinatlY* row af ^r«ntil«a in th» iirfcareellul r oleft 

(^ig*» 121-1245* Sine* it ia difficult to find i 

«f th»»« $*r*l4tiog afyBBB^tric&l thickening* in otJ^r *!**» of 

tion of th* ax<ma of ths»e e«lls (*uch as o«ai aoottm ?wd other d«n- 

iritio shafts 1, oil amount of low »««plinfi and the las* ea^otly 

dlotabla lool of tonaination, it can onlj be a«»u»«4 i^at ft

oeour* after th» Ae^Bisrntion of th» preiyro^le el«R«mt» of

aooount of the distribution of r*ourr«nt oollat«pftl

tirain01»t sad th« faet that th^jr AIMI dittin^Aishsd froa 

olfaotory a*rv« ttaiiaAlt larg*!? by tlm f®«tur»« of thaf*

it i* loaa 9«*jy to b« oartain, in this Bfttavlal, of th«
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of their pott-iynaptio thi«kaain«»; 

thiok»nia£» do, however, appwur In th* p«rlglo»«ruLU»r vtgUB *ft*P 

Intrinjiio l»alonj, a »lt* whiefa olfaotory t«naiimla BMW reaah.

«ay be »*«& up to t*» £l«o»ruli distant frca tb» X»»io» «aft la 

¥d»r« nomftl and early deg«»imtlnfi 

wad tborter

The 4^ueno« of 4t$«iM»xmtloxi in the olfactory n^rroa involT«i * 

transient awlling of both taradnel «nd vealolea, foUowtd by a 

d*rlc»nine roA«tion wad the aiiriDkAg* of tha preaynaptio t«rtjin«aj son* 

«f thft lAXfor t«imlnal« undj«rga a f ilwwmtou* type of ue«ii»e 

prior to dArk^nlag. Tha t«mlaalj tii*n shrink away f rc-m the

thlok«iiAs and eztr««ellul«zt olef t aaterial,

thus b«aoBM &ppoaed to othtsr neuronal or £2.1*1 profile*. In th» rat, 

the po«t-«ynaptio »truotur«« reaair. unohane«d until ti» onset of 

tr«n»neuronal d»««»«ition («ft«r about 200 day» »urrival - Olu^t«r 8). 

Stellar poat-ayimptic tldok«nine» p*raiat e.rter <M-n« 

diff*r«nt lucoaa tensimtijag in the gloaerul&r layer of tlm 

bulb, including thoa« with the aywMtrioal tyj>« tliiok«ni»u* «f Coloonier 

auction of the TaaerccajAl n»rr*a giTea ria« to A almil*r 

of d*e«»ratiQii in the aoo*aaory olfaotory bulb* la all 

oaa«a, the preaenoa of tha poat-ayruiptio atruottiv«§ «ppea-ra to induce
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to* foraaticn of aubaurf*oa oijt«ma« and

to the plaam axsafcrana *f th* appoaad n»uro«ftl

Alvaolat* wiel»a in glift, in th* vicinity <*f tb» apfMM*

iBwiplflfe^^^WW^^'a^BMR^JflP

with d«H»r«tlQa la a

reo«nt finding, but a*»«M»l «BM^l»a a^gr b« f wind in tfc» lit*rtitur«

iA d«£«««*tloB ha* |M»«R wsll doouaentwl in nment 

its wide u»« in ojcp»riJB«iital ti%aln^ of pathway* (<**$» ^larmier <i 

ftNqrt 1962; iVmlborg, 19^ 5 1 AUcanc et al., 1966) &ai it »r?«ar-» tc 

tha eea®«n final ata$* of th* d«g«n«dpatiTc prooaaa in pre

t on (r.ray .^ tlaEBlcm, 1962| Celewnier 

and GuinOTy, 1%6; My0a»ini ^ ^.albarg, 196?) a*ami to %* ««aooiat«4 

with only oertaln typea of tansinal and »«y b« du« to a dif f «r«»aa> 

is tomlnal alja rathor than fibre origin, ainoe only ft aamll proportion 

of large olfaotory iwrre tarraiaaU »!:Gw«d tvda typ« of d«f«M«tt%ia«* 

The prograasiTB ahrinka^ @f tha- da^avnftratine twainal and ita ind«n-

by nuT-roojuaii^ prof ilaa in the darkonlne »t^e« hra ris^ b»an 

pr«rioua3y (•,§, Umd, 1969! T.und -- Lund*

Th« p«raiat«nd« of tha po»t-aynAptlc a«abr«uwi thioitoningi after 

ftfMM0»ti4ii of tfaa pra«yBaptlo tenainal boa wow b«*n 

aitaa and it* f*aturea are broadly «iadl«r in all 

««i HanOyr. (1962) firat ntrtad thair ocourr«no« in tha 

iMrrroua ayatan dftar optio aartv leaiona in tha ohiok: two ^»es of 

listing thiotoninjp waro daaoribed, both App9a«d to
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in tht ttettiB! thl» obstipation Hat btta ocnftMMi 

Uund (t#9) for tha «ia& »lt« in tht mnmal. ' ettna (1966* iX'.O ha* 

&t*erJfet& tht p«r8i*t««» of atRfevrat thioktain^i In tfe* 

oortfla aft»r olfnotory bulb laaicns and hn» *hown bcth flial 

«ppo»ition| in th» letter case, part of tht *ppoa«d 

aloo n^dbited * p*r»l»tln£ thiokenin^. W^tPMl «nt BUok 

f 1971) noted thet as^nB«trieel porfc-aynaptic

to glla la th« »pin»l trt««ilnal nuolwu* after rtilsotoayj thty 

5»rtlal appo»itiott to glittl and n«uronal profile and 

of thlftk«nln» to

thiok«ffilnf»- ^htrt wa» no way of dot« mining nhfttlMr thia

In tht sya^jathfjtlo san^llon of th« froe« Hunt ani Htl*on (1

Sot«lo (1^8) hr,To show«J p*r»iatlng thiekanine*, th«

that t?i» oleft width b«tw#n the thictetnlng wid «p^oaod (glial)

profile wn» a<julTal«nt te the norssnl aynaptlo olaft

tf mqabraat tt\ick«nln«« aaa b<we d««oril>«d in tb«

after oontraleteiml oortioal lailon* {Umd •-• Umd.9 1'-^} wit*

and neuroml apnoaitlon; oth«r eaaB^)l«« of pe^iAtlnif thitkaaing 

apinal oord and oerfsli«llu» bar* be<m givim by Ctamofti (1^9) Mid 

IPPMI Mtthltu M* ColowKUr (1 .^9). Terminal timrtajt and i»r»t«t«u» 

of the poat-»ynaptio atafetatat t!iiok«ning ^irin^ tht final a test tf
K

dagtnenxtion of centrifugal f ibrta in tht txttnml yieaciform IGJTW of 

tht olfBOtory bulfc were d««orib«d by Priot and Powall (l^TOo).

tht post-«tynaptio tpttiali««tioa« ar« rather difftrtat at tht



»otor •ndplato, description* of srost~synaptie specialisation* 
«ft«y denervation in this yegiea with s«e degree «f Mawaa 0*11 
apposition have been fives bgf 8irk*f Kat* and Milsdi (1;#>0) and 
and SlAter vi«#» .. .

There can be no doubt therefore that in wu& sited, 
structures aay persist in tha «b»i»rtiiii of the jntt^yaftptia ^**«aiiisl» to 
which they were ralat^dj father or not this l& a geaeml 
t« yet to be ahowi, but it i» Iike3y that tiw*aneurof*a 
(Ch*pter 8), rasaoTal of aplnea or part* of dawdritoa va-h tlaair

possibly r«innerration in o«rtain *ite» (Haiaaon, 1969; 
Jim, V?71; Liaid 4 r.und, 1971) may obaoure it.

It i* A ai^nifiofiuric obaarwition thftt t\m ©jctraodllular smterlal 
reaaina Attached or related to the po«t-aynfiptio

degeneration of the pmpMptie terminal, so th«fc the dloft 
during ftpposltlon is the sane as that of a normal synapse 

(Sotelo, 1968}i it sterns therefore to be an integral fart of tlia 
-aynsptio eoa^l&x* It should be noted that suoh an assertion oan 
be tested by determining th» fate of the oleft aat«riai. after 

oausing degeneration of the post~syitaptio process whilt? le«Tln$ tl» 
proayna-ptic terminal unaffeotod; it is po^albls th,%t this 
aaterial r«iaainj attaalied to the remaining aiajupj. 

Adhesive properties of the poat-aynaptio 
nentionedj the ofca*r?at.Io?* cf «ia structural integrity of

(fcray & ^Mttuker, 19^2) may be explains^ i« teras of

L



endplato, doaeriptioni of ?o&t-iynaptle spec' " *m remitting 

after denervatiOR in this ra#ie» with a«« degree of Sfttanmi e*U 

apposition hare bee* given by Birki, Kati and SSlUdi (1960) and Milodi 

and Slater

Tfcere oaa be no doubt therefore that in oarjy ait^i,

•truotifirea aay p«rai*t In tfe» ab»eno« of tha f9pe»yimptio terc-lnrls to 

whieh they wro r»lat&»d| wfeattor or not this is a $*a«nU ph^aiaaaTian 

ii yot to bo ahown, but it ii likftty that tiunsnexironal dsf«tt«Pfition 

S) f ixMBotal of ipinaa or parti of dondritos with th..elr

(Coloonior* 19^4a) «ouran-«athi«u % Colonnior, , or 

rainnarration in oavtain iitas (Haiamen, 1%); ast?<£3 9 

Slaok, 19711 X^md 4 Lund, 1971} »ay obamcre it*

It ii a significant obsa ration that the «rtrao«llular mi tor lei 

attaohad or relntad to tha post-aynflptio thiokaniu^ after 

degenaration of tba protyna^lo terminal, so t^ cloft 

width during apposition ii the aa@a aa that of a nonaal i^ncifaa 

(SotalOf 1968}l it iaaaii th«n«fore to bo an integral pax* of tiit 

poat-aynaptio ooiaplea:. It should ba noted that an oil an r.saertiffn aan 

ba taatad by datasminin^ tli» fat« of the *l*ft natarisl * r

n of tht |»a«t^Qfniptid |>roo«ii whil*> le 

tamiaal naaffaetadj it ii j«»3albla th«t this

•ttlarial r«ffiaina attaah«d to th«* ra«aini»« normal aaebrane. ?fee 

a^>arant adhoaiya prop«rtiea of the poat-ayzmptio eoa^iitx here alraaij 

aontionedj th» obaarrstlon of tJi« atrucrtniral int®p*it^ of

(&rajr <ft iMttakar, 19^2) nay be explain** ir t-*t« of
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adh«oiv« properties of ti» poat-aynaptlo song***, wbt»h **«•* to r«wil» 

w*»n the oo^plax In In contact with any plaaaa aawfcrane.

?hia laada to tho quaation of the idsntitjf of tfat *$?*»** 

*n* tho role of elia in the last atagea of terminal d*flMH?iV* 

th« obaorratlona pr*a<mt*d bar*, and tho*« of v«atf«B ("• r " x , ' 

and Black (I97t}» !*ttt «ad l«d <19?0) t wad rice ^in -.-^.r.-u ' f9?0o} f 

Hioim that th« nffjiii profile o«y ba either glial ®r* 

«Yi4»nao gftinod la the olfactory bulb has giT«n olaar 

tliat iwuronal profile may b« *ppo»ed froa tb» boflnniJ^ of 

of tho pr»8:maptio t«a»«lnal. Tho nouropil of the glflKorml 

«f«rt frc« th* olf aoto»gr norve twainala, the dendritea o mitml,

and p«rigloaojmlar oell»f glial profzlos, anc vury f^w o-:har

Chuptor 4). Apart

lif •ration in tho wirljr ftta^os of d«^ei»rfttion, there la no 

•Itarfttion In thofto ooapooonta of tho noaropil; the appsaition of 

Alfforont profile* to >*r»istait poat-aynaptic thictoOBings a^poarg to 

be related ftiaply to th« fr«qa«icj of oooarrcnoa of t i»»« particular 

inraooosoa In the ragioa of the dogannration at that parfcioulAr 

tia«, !.«• In ft prodomizwmtlj dendritic population, it i* a

that «ro appoaod* Thua It la »ug^«»t«4 that thaae p 

ilo on th« iido of a normal olfaotary taminal oppomito ita 

ayn&ptlo thlokoninca b««<m« a|)?oaod to tot pQ»t-3jma^tio ca.pXex that 

p^raiata aftor oompl^t* daga»«ratlon of tho prtaynaptlo toimiaal* Tt 

o«n notod that el though gULal apposition daea oeqy«-t It do«a not 

to to* obligate, <ua4 profeta>ly revulta frua the o4^*O4mo« of the



to the normal *r «wpl^r d*«»a*r«t*

In neat aniaala* *m»iwtion w&a not co*pl«t« «wi amiO**. fro** of 

t®nal»ala rataitiftA nowwlj th®a* twmlasO* afe«*«a m erIAfttte* 

tia* «l^»r of .p*«lif«mtieB %r •^poaltion* «Mft to

as

(•fa

«hieh the olf&ot&ry ajcGaa orlginata war* d^atroyad at apmtiflB* the

of reinnenration from tha original o«ll after

»*otlon h&ft not been eacoludcd; el«otwn-aic«H>acopio <ffid©n$ft of 

of «lf&»tx>r nerveu ha» bfien ol&i»«d in .,aiiiJ^s-&OTiia

of a,ppo8itioa to

thogo dendrltea which make aQfn«fft«8 in the gloiaeruH (01&^9 i 

drite* •* Ghaprter 5)t then* la no morphological «Tite$9« of .

or a^maptio Tcaiole aret IOR, o?»n cl«*«

to the aitea ef normil Oaiidro^anrlritio ayn&paes in *}*

thia au££*«t

ccnt&cta foreefi by appoaitlon ai^/ ba fUnotiu^:.llv different 

from noroftl aynapiea. That is to a«y» appoaition of a f«r$ ^

thlokG2iij3|g to a prt>o«kaa that ntttoR§ <|4»»f«R'e--cnAl 

oontftttti with other proe«aa*a d^aa not

funotioiml aynaptic ei»*»aut, al^ra^i it doea not nr«o3Me it eiti^er; 

aquivooatlon aarrea to daoonatrate that aolel^ w>appi»Xo«loal

oannot ba sufficient to Aettcnatmte naw functional ajaapa«a 

or rainiMM*v&tio]!i (of*



1971)* thia isport*Kt point m? require oUrifla*tioni 

B»t»rittl that i* «»minod at lo«$ perioda aft«r «MMVfttlen mo^ show 

9«ralAtinc peat-aynaptio thiaaawin^, B«tf of *hioh would ** 

to awironal pwf il»a» Th* oTi&Hsw frm the olfnetoty

arc ftposed to whatever

to !>• adjaoentj na1air«il3y, a niaAcr of t&eae ar« process®* that 

aowuilV aeOce synaptio oontaota with other profiles * i.e. Aato&» or 

Cloaa B dwdritoa (dki^%0r 5)* Sl^>3y to obaorvo «^p0altion to such 

fmNMftMa oannot b© ocnaidQrftd definltivo erid«no« of 

for one oftiaaot oonaiAesp ap; oaitional oontnota of exaot3c"

to glU and Ciftaa A dendrltes (that do not nowa&ily 

n«w funotionai ojziftjws. It ia intarw*MHf t» ®»«» that 

all na^orta tlmt au^£««t th« possibility of roinnarv^ir-rj 

auoh ttapar«M poat-synaptio thiokenin^a war* alao a««ti

Ueatru* * BU«k9 1971 j Uind A L\»df 1WJ* 'rr^N 

talld criterion for rwinnerrati » aimtomicai3^ ia the o»*orr£^iajtt of 

clear pr«aynaptic apwolalisationa in relation to auoh «$po»«A thiok- 

«Qings. It ahould again be atreaatd that auoh roaacnir^ is net daai^nad 

to exclude tho poaaibillty of relnnervation, rather It ia to show that 

othor 0J93MM**«M «Jtiat for the obaorrationa of M*p*t«& roiafcti'tfttloo 

that the** latt** oaimot b« oonsidarod wtlid proof far »v

, Sia&larly, th* poaalbllitgr of aproutinf of rwainir, on* 

not being <ju«atlon»<J, but it ahould bo noted th«t ifo*m au^ 

aproutlng ia cbsarrod th« aprouta do not naeaaaaril^ <^f ®ot ftmttional 

oontaota. T}» reaulta froai ti» olf««toir JwOb alao
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if «QHtr*»ettt*l «aterifil da u*od inoidwiUU/ fw ti» ifetfy *f 

«tbftr, noxvol »;jnaaptia ralatiottalkips, than 

**«o*&U**tiQiui BJUBt fe« aftidaii* for aitfeer qpftUtatif* er 

evaluation of till* t:^« of switeriui.

7h« induoticn of ei»t«anuMi «nd alveolate voalol«i»

prcfiXM art »i^niTlaant In that th«$r -jo 

of

although th* na,tur« of thla Interaction la difficult to 

iBt*3rpret on aolel^r mir]^ol*cl«tl jpniiiflu^ Two aofi^estlcna 

AS to th* ai^niiioano* of th* intoructi^J a) th&t Ui

or p^yaio*il pxvportind of the post-cynsptic a-^a^JUo: load 

to a re*otion in the «f^o*«d profile andf In particrular, its 

mmtomn*. b) that th« alat«m*» are new or modified a^aaptie 

tiona *ijallttr to t>w 'aao Jiinot ions' »»an elaewhare ii'i tli» bulb

1^?0d| Chapter 3 » ^«t

not autually oxolusiTa, but the «9OcA& am at rcaaoln in dmibt until 

thero i» d&finito «7ld«nM that »ao Junotion^ <tro aotiTo ^m^tleally 

aed to not maroty r<»pr«a«Qt a jwm^ap^oifio roaponae to att uM9«i post-

subsurface ciaternae (Uoa«nbluth,

oytolo^ioal Amoticna ia not unlike^* Al»eoi*t«

mlfitad to the p&ancoenon of nioroplnoqytoaia, and th» 

obwrrsitic« of t:;«m in ooatinuity with plaaam m«^br^ ,:. w aid

thia? tbair ultisuite fat« la unoerttln but §o«i autliiJ i ton* 

Aid»r thc^ contribute to the f orsaticn of *ultiYoaioulA.-



and P*fM 1 . , »*>*»•* to*t 

thjy &x« oowaonly found ol»*o to th» plajaa WMBfeiranft *uri*ii»dinf the 
f**t-asm^tl* tin1«ln»i«t of nozml aynapa^a in t lie oaatrai narrou* 

igrat*»| thasjr *l*o da»flaatr»t»d uptake of ferrltin 

and mgi*t**d that tiiey w*pe inrolved in

tc djo^ptic trsnaai^ion 1 . rid* sufcv ^ a 

to i»«> bom« out $»j their relatlcnahip to p«r»i»t^iit post-

tKlmt tmir role 1^, h
ia not oUrifi«4 by th»iM» cbs^JTaticua, but in thi* site ®t l«*Jit, 
th» poit-^smaptic cx'^la* a«@at to b» an important factor in

Tlw obaerTtttion or *uoh & 4ja«nio interaction '; 1 .., :; ; , rciatlag 
|>oat-ayn«i?tio »p©oUliaaUon and other nsuronaX and glial ^ 

in4ir0«t li^xt on deralofWfcntal maqhanlaaa, Dlmt 

»ite i» M^*bl« of inducing aorpholo^oal, ar*d t.

alterations in

it playi a f&r nore actiT® rol« in

during dorolopffltfit ttuua baa hit,. art o bwra con»ldored» If all post- 

aitoa are not oeeupied during devulopci-mt, ead iei nv%

ri** to 'parsistont* thiak®ain» with
ittfcuetd oi*t«mft«» fiad iygr uven axplain the prc»onoe af 'sao j-onot ions' 
in noraal i»terial (-^haptar 3)i it ia ai^nifioant t^At radi junction*

ori«nt«t«d imer fircaa cell soeata. ?h« <|i^»tioH of 
deganera ion in elation to paraistin^ poat-synai -,io

3) but it ahoul :.. otod ! ,at at
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MK & At ̂ m^. «*. ^-- — ^frfl-MM^^tefcJfc^ jtt^^^fe^|k.jHM& JMtfhJiMilk A^* *fe»Hkdfeor ^*^^Briiiim»Bmr^HBB^^^L ^H^H^^^HBHM iiHw^vw v** wosr

dLi*ftppe&r together with the terminal parts of tho glcmcrul.:.r ^:-,-.;writes; 

it 1« possible th*t « Aimliar ^roowMi mar uuaur cbaring a^rnftl d»Telop- 

«MO! In the o*a«t of aott unocowpled tH>st«oynaptio aitea.
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Tho studios of Wiosal and FTubel (1963*,*) on ftettiaoal 

ftaftfforaatation haw stimulated froth intoreat in trftBanaoronal 

da£«n«r»tioB by their alo«ant demonstration of tha physiclogioal and 

anatosdoal fthaagos in tbo nsorons of tbo lateral goniewUUt* aucleua 

•ad visual oorter* oonft«qu*at on light daprivatiott in tho kltt«». 

Tlwro hav* Hooa »*uy light »ioro«oopio d«»orlptionj of t3mn»n«uronftl 

d«<onOT»tion uaiAg thioniu-»taiJE»d «at«riAl («**• Cook, valt«r A Bwnr, 

19511 K»tthow»t Cow«n a Pcmoll, 196*0}} th»wi hav* sh«i 

and nucloar t^HLnkaft and «o»o alterationi in tbo at&inin^ of tho 

ttisal §ub»t«noa. The Ool^i method has boon us«d tgr **Tcrftl 

(Matthew* ^ PowoU, 1^| Jonos ^ ThoMiSt 19621 Whit« 

1964; Globua ^ Soheib.l. 1966f Valvard», 196?! «owoll, 19671 

Colonan ^ Hitaaen, 1968} to doawnstrato altwati >n» in th« iapregnation 

«f neurons after doafforontation. Thore havo b«ao no oottpleto studios 

of txmnaiMturoiml ohangos with tha alootron aiorosoopo, how»T«r, though 

Saith, r 'Laaty, liarrls and <3«gr (196^) and Houran-ttathiou and Oolw»i«r 

(1969) hATo notod somi foaturos* Althcnigh tho lariaarjr oauso of tho 

d*«ano!«tiTO ohatB^i following doafferentatioa or sonsor^ a«privetion 

probably of a biophysioal or bioehamlcal nature, tha latter eould

riso to seaondazy oollular alterations, distinguishable with 

this toohni^AO, othor than o«ll shrinkago,

III viaw of tho ohawurt«riatio oh&nges In tho Self! !&$*•£*tion 

af tb« aonatituant asuroas of tho olfaotory systos after



m*
serve action, this iita in wry suitable fbr atudyinf: the ultra- 

atruett»al correlate* of theae altered i^ra^aati«m properties; tha 

findings with the two techniques are ooiipla»antary and their corre­ 

lation May throw aome li^ht on tha possible oeobaniaa* of Sol§i 

lapreenatioju "The electron aiorosoopio changes that war* found ****** 

te correspond to some preview* descriptions of 'dark neurons* la tha 

aantral nervous system (C<uaaer«eyer, 1962f Cohan <ft Papp««f 

se thut ttiis stu<5y HAS taken on a further signifioanea in 

eluoidatien of s<ase of the different types of 'dark neurons' and their

labbit ?:

Li«ht-«iorosocpio studies on transneuronal degenerat i«tt have 

aoao«nt rated largely on sise ohanges of oells f thair nuolai and 

processes i the electron adorosoope, whila in general imauited to 

this kind of study on account of the thinness of the s*eti«rui 

and the limited areas studied, oan provide more detailed Qual 

data en the csytologioAl ohan^es involved* It is possible that the 

ehaac^ to be described here represent onl^r one feature of the trana- 

neuronal degenorative prooesa, bein^ at this level the aest distinct 

ttarphologioftlly; howrer, the regularity of this oliafaateriatie de- 

geserative ehange and the gradation in it* severity found in different 

eeUs, as well aa the olose correspondence between the pr^p«rtio« of
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«ff««tod ooll* and th» oxtottt of denorratlon within o*«h brain, 

indioato that It Is dirootly oon»O4juont upon tho »«otioa of the 

olfaotory nor?**. 3u»tl»r ellwsraticrn* may ocour In eoH* whiom appoar 

norwal in this kind of axasiin&tlon, 7hu»t although tho pttb&Ubad 

fttantittttiv* ro*ult* of »4attb»wi cirri }»ow*U(l9&2} on BOOB o«ll *i«a* 

would lndlo«te that nil mitral and tttftad cr»ll» shrink, tho araaj of

•OMI indlTidual oolli roiwdn withla th« nonwil rungo feft*r do«iawr*Uon. 

Tho oleotron aiorvaoopio finding* *how that roughly two-thlrdi of th«

•itrol and tufted oeU* show tho (juiOitatire ohaago* dc»orib«d bolw, 

vhilo tho root «pp«4ur norswil, Although thoy a*Qr lio »llchtly •hnankon. 

Tho cellular ohaagot d««oribod horo h»T» o«oa »o«n at All tho

•arrival tiaoa studiod and, opart froa »light variaticna duo to 

difforonoo* in tho oxt*nt of donervotioa, th«ro appoars to b* so

alteration in tho proportion of ooll* affootod after 24

days* In all tho material usod» both froa tho norwal anft 

•idos» tho aaterial «&§ ragularlor woll*fiacod and tho cell* 

roaainod oonwtl woro woll"pro<onred. Hovoror, ooomno tho en««t of 

tmftnffsrenftl dogoaoratlon in aoooa«|>aniod by « »ark»d inoroa*o in tho 

oxtraoellular and idial Toluaa* in tho ^lo»eruli (fig4« 141*142, 146} 

although tho prooowot Huit remain MOM adoquatoly pr^»or?«wlf moat 

tutorial «M takan froa tho doepor la^«r». In wiiaal* of 10-49 dtQri* 

«urTiral («fod 60^95 **?•)* fow or no oolU on tho nor»a «ido *hovod 

any oytological ohango iiailar to that on tho operated aido, and 

fjbt did ooald to rolatod to SOM olfaotory nonro do^ooeration at 

Sloaorolar lovol» oithor spontanoou* or possibly duo to alight
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af tha naaal saptua at operation. In tha oM*r amiaala of 70 flttd 90 

Any*' surreal {aga* 120-135 d*y»)t »«ra 0*w»fa4 oalla wm sea* on 

tha normal alda, althon^i thay war* still oonaMarably rarar than on 

tha operatad sldaf this wo«l<3 oorraspond with tha <&**rrfttt3Xt that 

»trophlo rhinitis oocum In aniaala of thlt «^a 'MAtthew* ^ rwall^

1962).

Whlla aH tha faaturea d^sarlbad hairo been found in wltnO* tufted, 

a«tdgtaa»rttiart grmmlo, and oooa«ional2y» *hort*«JKm oolls, and ahow 

ao variation aooording to VP*t ^^r tho reA*on» atfttad ftbov«, tha 

altrol and granule oells win b« uaad prlnoipal^ as oxojBflR»; tha 

ajtfcral o«lli hava tha addad adtrajataga that thay auQT oa readily dla- 

tin^ulahad froa glial or oth«r oalls by virtua of tha raciproaal 

•fna^aaa an their eall body and daaftrltas (Androa, 1965) (?lg*. 

139). It should ba notad that sootioaa from tho aoim 1 and 

aidoa woro oar»fully «t»alned la oaoh anlzaal and var« airtatl^r ocstparod 

la tha initial «na3yals« Tha tjroioAl foattirea of th» doganaratlro 

will ba deteribod for «aoh part of tha nouron, after ulildh 

T«rl*tion» fbtmd In »ore OF laaa «oY«r«ly effootad cells and tha 

ti»a of enaat of a*oh oh/mfa win ba lndio«t«d.

*o*t (trlklnf foatura* thowu by trajjsnauronally 

ara an laoraasad alaotron-danaity, apparently due to « eon- 

o»ntrfttion of tha qytcplasnlo ani imoloar oontentt, and the lost of 

dlttination botwaan dlffarant parts of nuol«u» and oytoplasa



in

*toparison with nai$fc0uringf appawntlgr noraal *ai;Uf a* wall a* 

with thoa* of th» normal side. Unlike the a»ooth outliaa of normal 

oalla (?i«» 125) t the boundaries of thaat oolla are irregular, a* if 

hi*d besn aoallop^d by adjuoaat proo«85«* (Fi^a. 127-130; . Th« 

nlso appears aoflwwhat •hnrnkau, tha nuclear mtiteem* aften 

baing data^iad «id v&aaalatad in b@t»a«n th« por«« whioh ususl^ r««ftin 

intaot, thui giving rl*a to a ba«d«d afj*araiia« {^igs* 127,131". It 

ahould b« notad «iat tha normal mitral o«ll4i of th« rabbit, unliko 

thdte of th« rat, hav« aark«d nuoloar ina«ntation», and these raaaiii 

Awpite the trananeuronal ohnnga, Tho nuol«ar cont^it*, w^.Ioh am 

eluap«d into islota of granular Btaterlal, b«oo^t

packed and tond to lose all amah local esorphologiaal 

(figa. 15^t13l}* Th« miolaolua howey«r, aa far as *N 

aasasa, soflms unohftn^ad in all but the ooat extreme ^a«»f In a few 

vary danaa o«ll», tho nuolnolxis &*•* »how a segregation of its granular 

and fibrillar o««ponants (?ig, 133) similar to th.^t s&m with aotino- 

I) t#aat8«nt of kidnoy and liver aalla (Sgrnhsrd 

Jntranualaar

Murray, 1970} huv* b«@n found in tufted and pari£loaerule:r o^lls mora 

fv*q*m&& than in naraal wxterlal

Cytoplasnio ocntanta are tightly paeksd within a p«ty granular 

baokground, whioh s««es to c nsist of a highly oonoont.-atsd f&rst of 

th* fine danaa BRtorlftl that is normally preaeot In tho o«U (?lga« 

127-131). ?re» rlbos«esf lending a eoarao gredn to th« ^ytoplaaa, ara



i-'ig. 125 Normal Mitral cell with 
dendrite.

of

* 126 Trananeuronal degeneration of primary derdrite of 
Mitral c«ll in iir:, 127, paasir^; ^e .:; 
prec ntly norcaul processes in deep part of 
external plexiforu layer. 70-siay a
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127 -uaerate transneuronal ut^,uaeration of Mitral cell, 

with beginning of primary dendrite. 70-day 

survival, (^ote the lower raagni fie ation from ..._.

125).
X6,

Fig. 128 Mild d«e«neration of mitral cell. 70«-day survival.
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.on of Granule cell with peripheral 
process arid . .~le receiving synapse, 70-doy

130 3ev«re degeneration of Granule cell with somatic »]. 
(see . l^i). I-ictr r-nrt nf nnr-rl Hranille cell

^ia ^ju.u ,.,. .. ..ulc ceil (left), 
survival,

X15.700
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etail 01 In a '.

showing the characteristics of nucleu:. -..I cytoplt;--:.. 

note the i: a in the r 'ane around

the cytoplas&ic s>;»

retail oi an intranuclear

Tufted
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of* lig.

•-39,000

Vrosi a

-^i^ survival.

aeration of a
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if5»-<it-y survlvui,

;26,OOC

tail of somatic Granule cell

1>C, receiving a synapse from an apparently ncx-

/ survl'
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?r«s«nt in ££*At«r proportion whilo VMM*** art ***»3jr ano«mt*r*dj 

tfc* ftwmOar ondoplaamio rvtloutat ««M» to retain it* attaoh»d 

ribosoaws, Ml aambnwo-bound systott* «owrpt 2ysos<M*t that 1* 

mltoohondrlat wKJoplassie retiouluo, Oolgi apparatus and nulti-

bodies, turn a tondorwj to bo swollon or Yaouol^^oA, tbo 

a dharftotertatlo 'blown-ap' «pjw>*n»»oo

127,12B,130,131), which is ao«t Barked in th» l«rg© «ltral 

nonml mitral oolls do t«nd to «how aom blown oitoohoadria, bmt tho 

disruption ia moro ro^ilar and aor« ser«r« in trananouronraiy d^foao 

oolls* fVol«i apparatus mid ottjayiitsiBio retioultai (^i^s. 127, 

1J51) am found widol: dilated in a Banner n«r«r so«n la aor«al 

ealls, Flna granular lysod«ae>« (?i&« 151)» though pr«s«nt in normal 

neurons, ara soan «or« f*o$u<mtl^ in def«n*n\ting oalla, aoenrain^ to 

tha sorority of the ohan^a, but ara neviar strikingly in 

VSOSOIMS do not show ar»y inor»as« or morpholofieal 

onpty r«ouol«ft often appear in the oprtoplssm, particularly 

adjaocnt to the plasaa m«abrane (Fif»» 127*129)* Synaptio 

bo <S«alt with iji t%» ^Howinn saotlen.

and

tho sano kind of dojtatftitiva ohemft has b»«n found 

in tho dondrites of ths affootod eoll»f it»ludla« th» 5«rtlph^yal pro- 

008508 of tho gromlft c^lls t and if tho onU body is af f«<*t*4 than its

altorod with a ^rmspondljip ««T«rit:/ (so* ntpi« 126t 127)» 

tho main dondritio shafts, which ganorally appear shrunken, thoro is
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aa iaaraaae in the fine granular background of the oytopUtt «*

in tha proportion «f fr*a ribaao«ee> whila roaatte* a*» *ar» 

. 126t 127,129,13&«139>143,144}j mitochondria, and endopUss 

r»tioulum are swollen or dilated, a* la any Oolgt apparattt* that 

fe* ardent in the initial parts of dendrite* (?ig§. 12<5,1 27^.

oharaot«ri«tlc of th« dendbritio ahtm«« i» th* 

and alt»r«d app«Ar<mo« of tho neurotubtil*8 ^l^a. 

in ««?tx«]7 aff««t«d o«lla they tt$r b« »o d«n««ly packed tiuit 

tlB* intsrtubular apaoes ar© no rrid«r than tha &att*t*f of tiw tukulee. 

'T^v« tubular outline, aennwhlla, be^wa mora olearly dafljwd and 

loaaa the wab-lika frin^ that it normally exhibita) it ms& ba that 

this fringe eonatitut** part of tha f in* granular Vaokfxtnmd in 

&andrit®a. Tha olaarar outline may b« dxia to »oaa aw&Hisif &f th» 

tHlradaa in dagaoaratianj how«r^, aa ahonn in ?i«a* 143 -- 144* it ia 

oaiaad prioarlly by tha faet t^at whila the external tubular <iisaat«r 

rOTBlna approadaately oooatant, tha intarnal ditft«ter tnorwaa^a. Fine 

granular lyaoao*aa are praaant a little mora oooBon^r than usu-l, 

Tarlooaa dandrltea or Tariooa* portiona of dendrites thrink in such 

a way aa to retain their varicose oharaotar, the connectinn portiona 

beooain^ ejttraaaljr attenuated oontalnin^ little more than tubules, 

and the yarlooaitiet retain oo^aratiTeOor palor, though rav^aliaaf ft 

typioal oytoplaaBic oonoflntretlon (?i^« 142)*

In tha glotwruli, tb» olfactory taminala that h«y» dafanerated 

in tha firat 10-18 da^r* after nuooaa r«ao?al f?ig» 137) l«»w tha poat- 

thiokenin^ «nd eactreoeHular aatarlnl expoaad, aa d«s«rlbe4
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aal flwaule in the <.. . _ . ar 

into a reciprocal synapse with m

tral cell deadrite and rece^vm^ :::n 

synaps* •; degenerating x-ecurrent

,:.., ..ere corjfj.ri.ied by aerial sec tier:: • 70- 

.survival.

140 t,ir^

layer. .». -Ui^ya survival,

X53,ooo

.I* rl . uiic . . _ • -QIK3 of . ..ssa in

rulus, aiirrouiided by marxed extracellular space. 

a surv.; ,: -

142 ;<* ^nerating varicose terminal portion of Mitral or

Tufted L... . ..orite in ^lo^er^us, with marked

space. 70-d«y survival.





Fig Transverse sect ion of r.econdnrv flendritc of Hitral cell

in moderate de ration 3 .c . : :r< j-section of

n 3. 70-day survival.

144 ..riitisverse section ox ;;-eccnuur;y dcnar^.^

froai the norcial aide of the

192,200

.**».ri*i cell

"'-' T

-,200

145 i^ark u< .mating granule with reciprocal 

layer. 10-day survival.

,e in

; aj.c i**, _>..;.-_.. ..*ui reciprocal synapse and 

attenuated - r d.icle in the gloeeular lnyer, 

survival .

I-ig. 147 Degenerating te in the i^rifona cortex with
a' y normal asymsietrioal and syramet

•ynmpaes survival,
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the rat (Chapter 7" I do«onoratinf dendrites with no 

ap«ci*lia«tiona persisting have boon found in tho fbMmli of the 

rabbit (Fi£. 138), but the** are relatively raro* Thi» paucity of 

aonbrano thickening* aeesss to bo a reflection of tho atrepigr of tho 

distal portion* of the gloserular dendrltea, which are only rarely 

enoountared in material of aere th ji 18 days' survival* bein^ replaood 

b7 fine dark thread* of ofllul^.r amtwdal (Figa« 141, 142; I th»a« 

oeeaaioiutlly ahov aigns of lnt«rml atruoturo aueh aa adtoolMmdria 

or txibulaa but do not ravoal way diatinguiahabla po»t*a7»a|>tio 

atruoturea*

In both a<aaata and d«ndritea of all tho trananottran&Hy do««aeratin« 

o«lla nt haTo obaorvad, ragardlat » of tha sararity of tho 

•ynaptic apaoiAliantioaa in rolation to noraa.1 torminal* or 

ronain intact and unaltorod* Tho rwoiprooal a.vna^aoa of tho mitral 

and tuftod eotla ahow exuotly tho aamo structure and ftrrmafamant aa 

thay do in aoroal awtarial^ inoludinf tho $r*aynaptio <f§it§a%lo» of 

phftrioul Tsaiolaa on tho mitral tufted eoll aide, Toaioloa th^t aro 

in all r**p**ta nontal without any tondanoy to aweU or to 

Into tho aurroundiiig oytoplaaB (Fi^i, 13^ ,139; I tho

thiokanin^ of the gowanla to aoMi/dondrito a^mapao i« tmajhanfodt whila 

tha oitr«o«llulAr natarial and tho oloft width of both jjmapaea are 

tho aaaie ea in noraal amterial* Sijailarly all noraal ami terminal 

synapses on to Hie dandritea and aoamta of any type of trananeuronally 

dafontratins oell are atruoturally unaltared. There is no evidence in 

our material of any otampo in the structure or *t*laia§ ygtyaatiea of
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tfaa unit iieafrrane of ija^auMi rM n& neuron* (of, Kru*** A Haateri, 1970)*
Spinea and geanailea ahow the aaaa gradations of ohan*e a* tbt 

frooaaa«a froai whioh they ariae (Fi*a« 129*130*134* 145f 14^,» and 
their p«diel«a ahrink down to fine thread* of electron aanas material

iga. 130*134,14£). Riboaoatt* and vealoXea (where preaent) tote** 
oonoentrated and the graruOar baok^rouad Woonftf dwaaar and 

arranged; adtoohondrin, which ara often found in 
, are soBitijaaa diatortad (?lg» 134}* thou.j apin@

reaivtant to dilatation 
«p«oialia*tiona are unoha««ad both in reciprocal eyttpa«a («caawl»») 

145} and in apinaa poat-aynaptlo to noraal axon tanainala 
134} « In ft few oaaasi, the ganoid* swell and talc® on a v?»t«ty 

appearance (?i^. 146), and in theae aany of the Y@*iolea also »w«U| 
thia ha* $onaml|gf been found in conjunction with aa «aj&fej»»ly attomiated 
pedicle and say repreaent the daganeratiTe isolation of the aapaedafe 
from the parent dendritic abaft.

Siailar ahangea hare bean found in acamta* dendrltea (Fis» 147) 
9mA apinea (Fif» 151) of aelli of the ipailateral pjilfiani cortex la 
arterial of 49 day a* survival and OTer. Dendritda and afiaaa of the 
a»rUoal neurona appaex to dngeBinte wittiout th -ao ahan«ea neotsaa«tri^>r 
aff eating their parent atea dandritaa or ooU aoamta. The
are apart* in eoa^parlaon with those in the bulb but reyreaent a trana* 
oauronal de^enerataon ooourring aoroaa two aynapaea, aa ia pi aimatly 
tka caae with the fraaula and ahort««xon o«lla, neither having prinary 
oontaot with the inaaaing olfaotory axana* Dafemrating apinoa and



d*ntritea art eometinea fauad roooiTing «ynapa«a from 

tternal tenain&la (?!$• 147)* indicating that tha defa*ewat.v 

la thia region apreads along affeotod dendritea*

Axon Hillock and Initial S«q»ff*t

Th« axon hillock and initial aepwnta of the exona of oonwl 

tufted and thort-axon oolla aro r«ry aiallar to thea* 

, Sot«lof Pot«rt and Ortawid (1966) and F*t«rat roaicauer and

, whll* thoao of tfe« araall peri^lo»>rular oella

l«aa oloar differentiation of thaa* rogiona* The aarons of

daganarmtiaf mitral and tuftad oella (Fi^« 135) ahov * 

««m»antnatiQa of oytopl&aaio oonaUtuanta, aivilar to that datoribed 

for tha oall aoaata and d*ndz*t«a idth tha roault that it ia difficult 

to fe« aura of any da&aa plasaa ow*bmna uaiigptMtint or tubular

b«oauao of tha lnox««aad oytoplaaado grawttlarity and tha 

packing of 1ha aara^tubnlea* It oan bo atatod howerror that 

aaithar of theaa f aaturaa ia aa wirkaft aa in normnl oalla and may eran 

abaantt aa ia tha axtxmaalluler granularity daaeribad ¥7 Peters at 

(1968). ^h« id«ntifioati<9n of the asxm hillook and inltxal a^^aant 

waa therafora on3jr certain in e*a*a ^e?»a ^ia direotion of the trrooaaa 

una-quirooalljr that of an axon of thoae oalla* and wbar« aerial 

retnealed no rafti^roeal a^napa^a on to the auppoaed initial 

a«ga*nt. It haa not aoan poaaibla to traoa one of th&a* axona aa fax 

aa tha beginning of the tgyelin 3haath« Free riboeoBos, 

veaiolaa and ola*r veaialaa aro aoaaon» aa in aanaal initial a<



though the foraor are rarely oluatered in trajiaz&euronftl 

Bitochondria and other aaafrrajie-feooad orgonellaa are ewolle» and 

disrupt^. The naurotubulaa appear •lightly jrooUoa and atand out in 

* Ote*eteri«tio mannerf Hj»nit1n at mature», whoa* thoas oeeur* are 

i*ialtarad« It haa net »«*a poaeibln to iM^ei «a«quiToo*l idwrtIf ication* 

of the «xon hillocdta or ixiitlftl «»«mnt0 of tranowouronall/ 

port|;lco»rular or ihort-fljcon o«ll«! fronule ooll 

my be ocm«id«r«d a» dendrltes for tho ptit^oooi of thia

tho axont of Kitrel and tuftod oolla, after nowftMf in tho lateral 

olfactory trnot, tevnlnato in tho pyrlfom ocartex (C«J«1« 

r«itry»f 1966), but bofare loading tho bulb thajr ^tro off collaterala 

vhloh tsnuinato in tho grwwle ooll «M ertornal ploadfoxn l^f^ra 

(vitral an4 tufted o«ll oollit«ral»} and in tho p«rlfl«aerulftr eono 

of tha glowivular lajor (oxtornal tuftod ooUa) (Caj*lf ' '. A 

proportion of tho a^ollnat«d oxona of th«ao o«lla in th» 

bulb, lateral olfactory tract and in tho pyrifora oattan 

at aurrlval porloda of 33 daya and oror (Fi^« 148). They prooont 

ahrunkon appoaranoo and ths oytoplaaialo denalt^r inov«a»oaf and 

and fUaaonta booaw more ooooentrated, landing a oh*root«rlftio 

to th«ao proc«*»o8f aiffllur to that doaoribod for oeirly ortho^rada 

do>fonerat5oc; ailtoolwialrla snd ttultiT«aioular bodiot twoll and boooao 

diamptod* Occasionally thoao ax<ma oontnin largo Taeuoln* and donao 

lyaoaoaes? fr^e riboaoaoa «ro ootaaon> though thoy aye rare in noraa!
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ayelinated axona» In severely affected axons tne cytoplasm consists 

entirely of a granuler osaiiot>lij.lic matrix with giycogen-liiu; granule:;, 

and the whole axon &^j •..; enclosed ^- ,. ^i^-a ^"ocess showing reactive 

changes•

The processes that had been tentatively identified as axon 

collateral terminals from the exaninaticn of normal raboit and rat 

material, tm r«cj.j. ^& JLU ruj.iiuj.wi uo ~:.i,:J. studies in the rat 

(*r.tce A- Powell, 1970c; Chapter 10), vr.r*. o ! .•-.prved to alter in 

appearance in „ similar moniier to tnat sitown by their supposed parent 

cells in undergoing tra -icration (i?i£S. 149,li?0), 

!PbSfit; iiitirpacio^icaj. caa' «. . i.'ict froa tnose occurring 

in terminals after ^r-hho • ,_ .,;oration but, being subtler in 

nature, might have been considered artefactual or «ithin on acceptable 

normal range* A double-blind trial was therefore carried out on

^iexiforn j-t^yer of oiic ^iyrj.ior^ cortex; unlabelleu. sections iroa

1 blocks of ipsilsteral and contralatersl pyriform cortex 

from each brain were examined in random order caid identified on the 

basis of axon ternin&l changes in this layer, ?he trial showed that 

the cortex iron eaca sioe could QC uiatin^uisnea on this oasis and 

that the axon terminals in the pyrifora cortex do undergo characteristic 

changes, id, iable froffl 33 days after olfactory nerve section (Fir* 

15^/• it is worth noting that the only block about which i o tion 

waa VBMrtain was from a 70-day animal in which the spontaneous de­ 

generation in the bulb of the normal side was quite varied*

The transneuron&lly dee-eneratin£ termln-ds sho^ -• variable degree
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«f shrinkage and often taks on an irregular outline! the vesicles 

in thase terminals beeoa* crowded in the fin* gWHlar egrtoples* ml 

lose their clearly defined bound*!***, setting on ooe&mlon to sj*3*0» 

with th® increased baaJqpwind granularity (Figs. 149,15 y »

tsactur* is the most evident and th* moat oonstant efeaag* 

th« «xon terminals of thefld cells, but «h«re Btitoclioadrlft

i(M»o Tcslolc» wit 

(Fig. 150}• In axtrta

boatman ontlrely opaqu* and gUal prow»»sa» TOJ 

th» taraiiudj the temiJ^U. and ita vuaiclafl thon tak« on very 

tovtad almpet. In othtr proc«SB«sf denaa granule* ara »e«n whioh 

amy oorraapond with tiMI flyoot en gr«^nul«» aa«n in gliaj fro« riboai 

are also o*oaaional2y found (Fi^§* 149}* Symptio thiekaain^f remain 

unohongod in both pr»- and poat-»7naptio prooa»aaa at the «urrlral 

parioda atudiadf and thai« is no evidence of the oonpleto r«soval of 

thesa taminala by the preaa«a« of bare j>ost~aynaptiG thiokenin£S« 

v hera the pretenainftl axon is found in oontinuity with tha tdrcinal, 

it i* vaxy attenuated, oontalnlne little alsa but tubule», and h&s an 

irregular, wavy appearance.

These feat&va* of tyananeuronal Aaganepation of ax? m» aws the 

in all parts of the olfa9t<oqr bnlb where oollatarals ta«ainato» as wall 

as in the superficial half of the plexlfom layer of tha pyrifcra 

oortax, thou^i the tomin&ls in the lattor show rather aore 

drial and vehicular swelling, '^ha ajcoa terminals of 

•alls u»d»fo the seaa ty*a of *nnr« {ne. 135), while tt« Jrrmnale



e*ll» hav* no ty»l**l axen (Cnjal, 19551 ^rlo* ft 

so few degenerating attert*»*Ji»a cells have been found tfeat it baa not 

boon possibl* to identify axon terminal ofeaniss for tfe**« calls, 

it nay reasonably be presuned that th«gr ar« slaUnr to 

above.

•tion
To avoid tha tsosalbility of eo^ariaf different po: 3 of 

in «iiff»rwt P!GJ»» of *aotion, the variation in aofmatmtion will b*

in oaU tcwata although their dendrite* and a^ona «hov 

variation*. All survival tiafss preaaot a J*ng« of tran*~ 

nauronalljr dagonorating ceUa, «o»« of whleh 8h<m onl^r allfbt 

diff«rono«a from nonaal o«lla, others b3in$ aevera^y ^Itaredl tha

•ajority, howevor, oorro»pond with tha above deaoription of modorata 

da^wnaration, having coaly slight variation* in density* This fvadation 

of oh*ng« nay either represent an ongoing alteration over the survival 

periods studied^ SOMO oells hanging at a greater rate than &Ht«rft, so 

that all types are seen at an/ tine* or alternative^ the degree of 

«aaa0» in a given oeU is a reflection of the extent of Its deaff*y» 

entaticn, so that partially deafferented oells show less »«vere ohangM 

than those that are totally deafferonted. The eTideaae fj»ined fron 

the survival tijses oevered in this study would twA to s^yiinl 1te 

latter explanation. The degenerative ohange does not appear to spread 

fron a particular part of the aona or d endrltio tree, but .--.II i\arts of

* given neuron are affeoted with A corresponding severity, though the
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axon toroinal changes may bo dolayod (soo below).

Th* oliskwwtoristlos of alld d*f«n*r»tion (Figs. 128,129) ft** » 

•light shrinks^* of tha porikaryoa and a flight inoroaao in th* back­ 

ground granularity, a» woll as mitoohondrial swelling and a tondanoy 

far pal* vaeuolos to appear near the plasma aeabranot an inoraasod 

proportion of fro* ribosoaoa is alao common. KndoplAMiio rrticulim 

and Oolfi apparatus nay »how no ohango and, thou^i thara ia to»a lo»a 

of difforantiation within tha nuclear aatarial, the nuoloar »ead»ran« 

r«aaina attaahad and tha nuoleolua appaart noraal. As tha density of 

tho granulAr background inor«a»«», go tho cytoplaaaio and nuclear 

altoration* appear or become aor* amxfcad until th* typical appearano* 

i» aohiovod (Pig* 127)*

Tli* aoat teroroly affooted nou*on* ar* «xtra«oly «l«otr^n-opaq«a 

in both nucleus and oytoplaam, the lattor to auch an «xt«nt that, at 

low magnification it is soaotSaos Difficult to distinguish the boundary 

botwoan it and tho nuolotis. Thoao oalls aay tako on a stellat* 

appaarano* (Fig. 130) by Tirtuo of a narked Indentation by tho adjoining 

prof iloa and tho prosonco of wldaly dilatad Taouolos noxt to th* plasaa 

aoabrftno. Tha swelling of aaabrano-bound aystaas is oftan abaant, but 

iMtoad thoy tako on distorted shapos, though mitochondria retain their 

blown-op appoaranoo. It is only ia such savor* easas of tmnanouronal 

dogoaaration t»iat any gross segregation of nuoleolar ocapononts into 

grmnular and fibrlllar portions occurs (?ig. 133), indioativ* of a 

dogonoratiTO ohango in this organallo (Bomhard ^ Granboulan, 1968).

At aoat survival tiaos, a small aaabor of oo Is ar* found to haro



tha characteristic oh«i^cs of nembre»e~bound systeas, but ehew no aigrui

•f granularity or concentration in their oyteplaaaf sonetimea the 

oytoplft**, particularly of tfce larger dend rites, appears diluted, 

dendritic tubules becoming considerably aware widely spaced than usual. 

The ribosomal rosettes of tfiesa oell* ara gan«fml3y intact. Thair 

nuolai ofton app«wir shrunken and tha nuol«ar »a»br«m« hat a aarkad 

tandanay to Taouolata. Tbaa* oalla, which ara not found OB th« noraal

•id* **0*pt oo«A*ional3j in older aniaal*, may rapr««Mit * different 

type or itago of tmnaneuronal dagonarationj thay could ariaaf hoiwwr 

aa a oon«o^u«aoa of an oltsrod ooapoaition of tha extraoellular fluid.

Yla oouraa of tha oallular

to 10 daya after olfAotory nerta a action, the tarminala of thoae 

axona defenerate; at 18 and 24 daya the olfactory nerve tareinala neve 

diaappeared and the gloaerulAr arboriaationa of the dendrite* of mitral, 

tufted, and perigloaerular oella are ahrvmken and atrophied, and their 

parent eell* show the ch*mot«ristio defaneretive ehangea in their amin 

dendritio shafts, aonete and ajton initial aegaenta. By 33 deya tha 

axone of these eella shew elear ohangea in tl» olfactory bulb and 

pyrifom eortex although tome oolUterela in the foraer are seen te 

degeneimte earlier, perhapa representing those with shorter axona 

(?i<* 149). Granule oella are seen te defenaratt at the sense time aa 

tha other bulbar cells but dendritie changes are not seen in the pyrifora 

eorteat until 49 days after amooaa reooral. This dlf f erenoe may reflect 

the additional connection between Mitral/tufted cell dendritea and the
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granule oall aariptwral process, while tht pyrifowa oortloal neurona 

only hart- an axonal input from theaa relay eel la j it indicator that 

tha oortioal aalla ara changed only after tha appearance of morphological 

ohanf a* in tha taminela of their afferent input and oould reault from 

theae.

alia and egtraoellular a page

The g lla of tha deep layera Of tha olfactory bulb ahow little aign 

of aotlra in^olv«Riant in trananauronal oh«ng«», oxoapt In os**a of 
•arara dtgant ration of taminal prooaasa», itfhila thoaa of tha gloaarull, 

in addition to this, ara only aaan to partloipat* in relation to the 
raaoral of olfactory n«rre tarmlnsla (Fig» 137)» How»r*r tho roluaa 

of the glial aytoplaam of tha gloaorular layar and to a auoh l«aa«r 
extent of tha deeper layer*, inaraaaaai thia oo&atata aainly of pale 
watery oytoplaaa, often ainilar to aartraoallular apaea but for tha 

ratiauXar baokground, tha oaaaaional mitochondrion or other 

and the aurroundinf pl&aaa aaabimie (fifa* 1^1,142,146). 
Thaae ^llal proeaaaea nay ba acting to 'fill in* tha apaoaa created by 
the loaa or atrophy of tha olfaotory narraa and dendritic taraiaala of 

tte aaUa with gloa«rular arboriaationa, paaaibly having takan up tha 

fluid lost from theaa degenerating neurona* Tha 2«aa aark^d gllal 

of deeper layera may refleat the qualitatively and

leas aarara datanaratiTe ohangea in thaaa l«y»r». Similarly there ia 

an inoraaaa in the extracellular apaoa in the ^lomerulnr layer and tha 

auparfioial part of the external plsxiform layer, partioularly around
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tht flat tartadt that are tto rttwmtt of the dendritic arboritationa 

(fitPe U1,142). Tht ehaa#»t in theet elemimt* of the nnuropil may 

either rwpretent the tituation in the litinf aaiaal or tl»e ft «bn»ft 

in tfatir ocsnpoaition and ift tha fluid bain nee totwean tht» and 

yroetttt**, at rowalsd by their altered propertie* in 

of flamtlTe. ?M« paradoxiaal find*** of increcsed glinl 

and extracellular rolua* in th« ehrunkea olfnotory bulbt t««Kt to 

reflect the discrepancy betw^n the neui^iial thrinkafit and tht 

of the bulb &t a

Rat electron

In rat nmterial of 10-15O dayi' turviTalf apart fr<» Tery oooa- 

•ional IndiTlAual prooesaei, no tran*neuronal ohioi^e it tt«m tht 

poat-tynaptit processes retain their twrphologioal integrity and art 

paekaA in the gloaeruli without abnomal extracellular spaoe* 

po»t-»ynaptio thiokening» without pre-«ynaptio tptoialitevtitttt & 

found on dendritot and are appowjd to other dondritot at dttftribtA

(Chupttr 7). At 200 day* a few glomeruU than 

to that adjoining glouerull are found with tht typioal

found in tht rabbit glomruli under thete ocndition* on tht om hand, 

and tht ^rpioal apptarenoe of earlier long-tern rat glantruli on tht 

other* Tht alteration* in the dendritet and tovata of all oell typo* 

art exatrtly toa^arabXe to thott d«acrlbcd abwt for tht rabbit (?i«* 

140) » thowittf tlnilar gradation* in §eT«rity and with Hit

typttmnot* The po«t-»;/na.ptio thiokaainst in the glo»erull deorecLta
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number and thia may again ba related to the degeneration of tha fiaa 

taminal portions of the gloaerular dandrite*. fto aign of transneuroml 

change has beta found in the terain&ls of the axon collateral* ef tha 

mitral end tofted oalla in thia aptoles, tint this is probably due to 

•ither tha law sampling of a small degenerating population or the f*ot 

that the oellalftr oh&n^a Ims not y»t raaahad tha axcm tamsinals*

»ialitativa

In «t dying 2u teotlona, staiftad with aiethylana blue and A sure II

at al» I960), for the orientation of blooks of this matarial 

for ulttmthiB «aotioning, it was noticed that a variable nonber of the 

sdtral, tufted, granule and perielosttrular oalla on the ipailmteral 

sida wort ataiaad deep blue throughout their nuclei and cytoplasm, ant 

see»ad shniBJcaa in relation to neighbourine eells* Thoae ware moat 

evident in thasa parts of the bulb t^ere denervation had bean aost 

aoapleta (anterior and aadial)* These eells are tha sane oalls as 

appear eleetroa-dense, and show tha seaa gradation of ohan^at us deter­ 

mined by tha atady of soot ions with both methods, takan with 1u of anoh 

other (of, Cas*Miwey*r» 1962; Cohan a Pappasf 1969)*

results

Tha sarnv spaa of surrival tdiaes hava been studiad oa the rabbit aa 

those used for electron microscopy; as described prenloualy (Watthews 

A Powell, 19621 Powall, 1967), tha a«lla of 1*ia olfactory bulb undar- 

transneuronal degeneration are resistant to ijapra«nation after tha
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r**«vel of the olfactory BUOOSA. At 10 days there ar* fewsr **lls 

impregnated than on the nowal side, but there !• * reasonable prop***
, /**

tion of all types* At f 7 d*y* tho appearano* of th* two sides lit 

strikingly diff^r^nt, with very few typioal mitral, tufted er peri* 

gloejerular eells atatnod and the granule eoll population faettwhtit 

reducedj this altuatioa peraiata unchanged up to 90 day§. The** 

authors al*e noted that several unusual eelis appear in the mitral tell 

layer at the longer survival tis*»s$ siadlar ones have also been found 

in th« external fleadfom layer. These heve a rather steHatef but 

often lnd*tef»inat*t foxn end seen at lew «a0tif leation to have fin* 

strands running from than in two priaaxlly radial bundles, of deep and 

peripheral orientation* A eareful imrainetion of theee pells «t kisjber 

SMtgnifioatlon shows that many of the finer processes are spiny, whil* 

ethers are variooae* Sos» eells are found with oell bodies very 

similar to mowaal nitrftl cells* if ft little shrunken* and vezy ooo*»ion?12y 

these show several typioal seeondary dendrites in addition to the plethora 

of fin* preeesses that surround thesi« After examination of olaotron- 

ariorosoopic B&terifil fron rabbits of tke tan* survive! tines* tha altered 

eells have been Identified an degeiwitttiiig sdtral and interntil tufted 

eells with their shrunken axons and dendrites, regularly surrounded by 

the peripheral processes of a group of granule cells lying deep to then, 

the oell sosmte of whioh aay often be seen in continuity with the strands 

deep ts the Mitral oell*, TTo glial e*lls additional to those normally 

present in the adtral oell layer have been found with the electron 

sderoseope that oould correspond to these Oelgi*»staiaed eells, whil* the
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ialanted o* fttoiaato appoaranoo of tb* d«f«neratin£ sltral o«ll4 ia 

»t*oiif2y atfefotttivo that tho** aro tho inpregnatad oolls.

At attad by Powall (t#7) f tho nouroaa of tho ayrifona cortox at 

tho loagor aurvival timoa (49 and 90 days) ahowfti « diatinot thinatn« 

of tfcalr dandritio br*nohln«, particularly in the «uperfioial part of 

tho ploxiform l^rer, and a »Ught r^duotion in tho nunbor of ooU» 

0t«dned. Thft former effect oorrogponAi «ith that d««orib«d by Joaos 

«ad Thottui (1962) aftor r»oml of the olfactory bulb. Thoi* «a» no 

oloar «rrldm»o of a raduotlon in th* nxaAer of apinoa on the 

in-regnatod dontoito* on tho oooratod »ido (of* Whlto ^ "•atnaat 

but tho isatorifil was aot ade^uato for a dotallod «tti4y of tho 

in this rogion*

All th» dlfforonooo botwoon tho operate*! aid* «nd tho nonnal 

of Golgi-§taia»d aatorial er« dlitiaot and ooour regularly in all th« 

braiiai itudled; thay carjiot bo dtioeunt«d a* peflnoting tho variability 

of tho tatihniquo in rlew of thnlr antire oorrwipond«BOo with el»otron- 

mioroicopio ob§orvation»9 IMI woll a* tho ftoaaltivo my *M wliioh they 

refloot variationji in tho extent of donwratlon.

Studioo on tho rat with tho Solgi-Cox method at abort aurrival 

tiaeo aftar auoo»al ramoral (10*100 daya) ahow MOO of the qualitative 

a*on in rabbits of tho MBO aurvival parioda. Howovor simi 

aro a&on in material of 250 daya* aurrival, thus oonTlr*ia$

olootron-^loroaoopic obserrationa of tho onaot of trananeuronal dagwaora- 

tion in tiMi rat at 200 daya survival.



olf«*t»^r otilb of th« rabbit to* proviod to bo ft swdtablo sit® 

for tha study of tm«»»^a-oml call otutages at tt» oloetron aieroscoplo 

lovol? tho singl* higJHUmsiiy aff«r»nt pathway whioh aay toe i»t*r~ 

rupt*A without opanine i*« oranicl c*Tlty, t<jg«th»r with the weU-a«fi»Ml

<xf tb« bulb, ^OM» «tU typ^t MQT »• rwidily id«-Vfi«d, 

this an ocwillAnt pr«pai«tion. Altho^i^h th« u«« of young anlwrOa 

IIMI lArfi«3y avsided the oo«j>licatian of atrophio rhiniti* And »uba«*

on

of tuoh eh^»|^» in th* control si&o of old»r «tl»«lj only, t«nds to 

oonfim r«tth«r th<m oonfound th« sug ̂ ctloA that th» typ« of ohm^t 

d««orlb«4 do«t pgpr««««t true tnm*nmironftl d«®in»t«tioii*

Th» t*xn f «Ark ooll9 lm» be«n avoidei in this chapter sino«* its 

wi<to u§« hft5 l«d to aoro* confusion in the lltoratur«

botb nortaal «tid

(i«o OaaMmMgp*?, 1962J Cohen A Pappai, 19*>9) j linw the eliwtron 

Mioro«oop« oan only proride infofmitlon on election d«n«i1y 

to oonaidftr nil cnuoi of io3r«ae»d atr>»ity ox* dftcfcn*** ns a fixation 

artofaot, or oj n^r»*«nUne a non-apeoif io putholo^ioel

tho proper «w00r«i« of tho d*tall*d oha mot erit tics of

darle cell typos. Thou^ poor fixmtien my f Ivo rise to a o*rt*in

of dark toll or donirito, thoir rof^ir pro»oneo oaraiot b« so

in matorUl that is on all other criteria wall-fixed, in the brains

«*«* for this styfij, fixation was of A food staMarA aal the »dark oalls*



inter-prated as trAnwiAuronalty do^woratiag neurons were distributed ia 

A manner «l**ofy relAt*d to tho extent of th* d*ner»Ation in any 9*9% 
of tho bulb* Although tho dilatation And disruption of 
ay a tea* within tho Affaoted oell* IA likely to hara ooourrod 
fixation, it !• »peoifio to th* degenerating ooll* AM this 

thut it ii A refloetion of AH increased fragility or 
of thoto 4sr*t«&* to tho flxatiTo, poitiApo A» A reault of the altered 
OMWtie propertl«» of their oytopla»mic enwircnaent. In the rut 
of 2OD day»« surrlTal ottl^ A few gloaeruli Ahow oiuua|f**j thug 

to thoao uBdorgolnc trananoaroiwil dogenoratlon and
to oxaotV tho woa wcporiaontAl tr«At»oat, «how no wridonoe oithor of 
poor fixation or trtmaaouroml ohaa^o, but only th« oharaot*rif tic 
appoarAnoo of rat material of Ahortor nunriivd p«riod«.

tb« $UA! InTclTeawnt in tho dogoaerAtion of the terminal 
and Axocal proo««ao* of A^rno oolls ia otron^ «ridonoo thAt tho

*ro not ilaply produood At j?«rfu*lon, A« is th* 0*11 spool- 
of tho ohAnge And lt« ooourre»oo throu$icut the prooo»«QS of 

ooll ia tho olf aotoiy bulU* C*U d«A^» MQT b« **!*& out is 
tho TAAt •Ajority of OAAO»« m account of the retention of oartaln 

of oytologioal or®AnlAAtiojii »uoh A» tho

r«tlouluBi and thA rosielo olu»terin|; &d>oent to tho prsftvmptio |»rt 
ef dendro-dondrltlo 

Aj?Art f»o» ow» «a««r oaawple in a bmi» rojootod from thi§ »tu4yf thoi* 
wa* no ^idoneo of direct injury t© tho olfftct :iy bulb»f oithor thro«^i 

oribrifom plato At operation or fit AIQT othor «Ugo. Slme the blood



supply of too olfactory bulbs is aaparato from that of tho olfactory 
•uooaa, ohattfaa duo to a YaaouUr lotion my bo di*oount«d aa Mer any 
ojttMtioa of infoetlotti furtl^moro, tho appoarane* of tho bulbi 1* 
$iito diff*r*»t froa that found in iaohao&ia or aftor local bulbar 
2*aiona* «0 f*el Justifiod theneforo in the ocnoluaion that the 
doftoribod b«re repro««ftt truo tra&anouroBai degonorat ion^ if only oartain 
foaturos of it. Mour«n-4£athieu and Coloimiar (190) h«ro ideutifiod 
aiailar chaafoa in tha Purkinje oall dondrlten of th« cwiraballtffli aftor 
iAtorruptloji of perallol fibre* aj trananmironal dogonerationi 
of nonbrano^ound organ*!!** in tho lat*ral g»niculat» nuol«u* WMI 
doaoribod by Smith, *t al« (1964) t*m 7-100 dayt* aftot* ay*

of tho

Moot of tha obaoTTod oytologioaa nltcratlona ar* explicable in 
t*£M of a oiawowtratlon of tho oollul^r oon«tituentif oonaoquont on 
or giving ii«a to ooll ahrinJcaf«* Tbo ohangoa in tha diatrlbutlon and 
arranfOfflont of tht nuolaio aoid oo«p«tt«ffst« of both nuelaua and oytoplasi 
are tho on^r alsar «rldono« of a ood if I oat ion of ooilular organlantlim 
and aotlTi^y (a«t Bratt^rd« 1953)* It oould bo oonaidorod that tho 
Inoroaao in fro* ribosoaoB ia a reaotiTo ohan§o (Kru^sr * Hsiaori, 
01* alao an iniioation of a reduotioa of ooilular activity to a baaal 

Tho apparont inoroato in nourotubul»§ in dondrltea and
oould aittilarly bo ooniidorod aa a roaotiv* fonaration of thoao atrue- 
turoa, but n^r lololjr rofl«ot tho oonoontration of oytoplaamio conati- 
tuonta. It it difficult to diffarwitUte botnotn tho^ possibilities m
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account of t&* variability of dandritia and fpconal tl** and nwfe«r of 

tot**!*** *wt th**a la no poalti-r* »»!«•«*• at «y leral In farour of 

auoh a smmtAon, auoh aa sprouting, branching or 41 vision of tsilmlas.

Transaauronal degeneration oaSy *£fNtar» to o«<wr in eartaln ee 

in tfo« •awtral nerroua ayatam, particularly i« «ia 99910017 pathways 

Katttara* «t al, t 19*0) and any rapwimnt a »en»iti*lty

pw^»rtie« to a fall in th» levol «f tKlft 

«xeit»tory, input. ?or this r*aaon It i» n^cesaaiy to 

•aoudxw the AffVnmt ijnaptio propertlca of the o*ll* of the olfactory 

that un<3*rgo tnmaneuronal ohwi^o, with a T!»W to finding a 

fnotor that 1» ohangod In all oaaos. If tit* oorrolAtion of 

v*aiola ahap* and ^yp* of wn)ir«M thiokaniti^ with funotioiMil aotirlly 

holda trim for tha olfkotory bul^ f*e« tall a* al., 19^5 Frioa A 

Powell, 1970b), tha granule c«ll» «md pori^loaerulnr cetla (Cha.pt«r« 

>-5) nay ba o naidared aa inhibitory ncurona. Tha only excitatory in;ut 

to tha aitral and tufted oalla, th»r»forwt ia that froai tha> olfactory 

wira tamin&lft in thi glomeruli. for p«riglo««nilar oella, the olfac­ 

tory axooa are alao tha miOor «xcitatory input, but other oxeitatory 

Jnfluaao** aro oontributad by the mm oollatemla of the tuftod dell* 

and fcy o«ntrifU«al fi»r«a (Chaft*n >?)• Intrinaic a^cona, 

th*** oollaterala, nay only ba affeoted aaoondarily a»d my not 

naeeaaarity uai«ffo tmn«n«iironal dafwmmtit^n and o«mtr 

ara not affoatod at all. The excitatory infli^noaa on to granule cells 

inoluda thai axon oollaterala and tha> dendritos of ait ml and tuftad 

oalla, aa w»U aa t«mteala of o«i-farifttfiil axcma and thoae fro* th*



anteria* olfnotory nuoleua and tfca aaterior e«d»*ure (Frioa * PowaU* 

liJTGa). 8fe*r****aa «ellaf both of the deep layer* ana th* 

layer, hava eftaaaionalty toon aaan to ahow degenerative ohaag** at 

•urttral period** thaao oella reaaiva a eorut«ral input f^* mitral 

tufted a«l la, together with oth^r intrlnaio and oxtrinsio

olfaotory) inputs. The jgrrifora eortax rcooirea the ax«n tmxmiaala of 

mitral a«A tuftad e«13a in the •uperflolal third of the plexifora l^er, 

but aUo rcaeiroa other afferent inpttta.

7lmi of the oella of tht olfaatoz^ a^ratea thftt ahow trananouron«d 

aHattf»a« a* i«en with th» electron mieroioopa ant with the Gol^i 

tiiitaifii, the vKlMlf tufted and pei-ifiloaerular oella aro direotly 

deprived of the nhole or a large part of their afferent (ex«itat«?y) 

inputf aMMMtti they retain other* naini^ inhibitory input*} all th& 

other oaila nffeoted, which have no priBary contact fro» the olfaotorjr 

aarree* have a aowom input froa the axonaa oo lint era! or tenainal, af 

the mitxmX and tufted eella* which have tiiaeuielTe» boon to a larga extant 

deafferantated. It nay be teen, therefore, that although uorm&l boutoni

•ay peraiat am aff«otad oella» and in toao oell type* none are aufajeet 

to iiuUKfiirti da«enemtion due to eaqperijaental interruption* th* balanee 

of exoitatory aad inhibitory input* haa been alterad in an ca*e«, ao 

«iay my b« unable or only v*v*ty «h3^ to raaoh the thraahold for 

a propagated i*pulae. Thia poTerty of dapol&rl*ln« iaput or

•pike output OOU& give riae to an alteration in cellular aotivity 

in the *BljlHliiiii>ul HJiMHiia, The *lsple*t

therefore, it that the oellular ohan«o haa an ionic bania, in whiah tha



of ions Involved in the AsfMl&rlMtion of tfe* a&atorane and it* 

subsequent reecvery i* essential to the normal fluid and ion 

beUeen th* eell and its surrounding*. ?he altered appe&r&aoa of 

extracellular and glial spaee eons latently associated with the 

arborisatlcn* of the degenerating aells »ey raflaat tha «i»tltaiianua 

altemtion in th« occposition of th* aaetraeallxaar tpaea and flial 

ogrtopljumi tht matpona showing a nataiy «9rtaplaaa may also ba rolet^ 

ta this proaa*§. Altwrnfttirely, ttia r«duoti<ni ef splfca jwwratian at 

ths initial aagaant say aamaa prlnary oh«ng«» at tha laval of 

i« which ara th«n r»fl«ot«d throu^wut tha i«hole of tha

tha axona bain« tha last to ba affeetod, although thii 

oaimot explain the oh&ftfa* in d«rdrlt«a and tpinea of

Whatavwr its aollular batis, tha 'ertho^radtf tr»n»n«»«roniil 

tion of cells across »or<i than ona synapae (ia« Powell & BvuDcar* '^'"" 

rapraaanta a fora of functional daaffar^ntatioti in whlah tha raadwr of 

axoitatory ^p^laaa are radtmad in a given pathway f without any 

alteration in inhibitory or other wetitatory inputs* ^MI affaota 

ftt»ational daaffarantatloii, without may nauron injuify, have baam dea- 

orlb«d la tha visual pathway «f the kitten (tie*«l a H^al, 19^3a * bj 

Habal A wieael, 1970) and tha snaise (TOvwda, 1%7)» awd the foraar 

authors have noted cellular olumies In the lateral genioulate nucloua at 

tha li^rt-«ioro»oopic leva! alnllar to those ooourring 5n transneuyon&l 

deeaneratlun of that nuolaus aftar aye raraoval; Yalverde has noted tha 

loss of aplnes in tha viaual oortest, as seen with tha ftolgl aethod and



Colasan and i****n (1^8) have de»0natratod a redaction in the 

of atollato aaU doadrito* and in thair laagth. It would bo of intaroat 
to dotemino whothor elaotron mioroaoopio ohongo* »i»llnr to thoao 
ooourring in tbe olfactory gyatoji after olfaotoiy narre sootion oan b« 
found in the nauarena of tl» «0nioul*>^orti«al pathway in ocnditlona of 
light d«friTaU<m» Wioaol and matol (1963 a A b) hatro al»o s town that 
tha gonioulato iwurona »ay bo <ucoit«d in tho norsaal way, although thoir 
pjtfilalafliiiil effect* at oortidal la*el hay® boon afffttttad? this Is 
e®nai«t«itt with tho finding that th« oolla of the olfactory pathway 
Maintain a lotol of oytclogioal organiftatlor;, and may bo oonaidarod 
oafablo of noraal aotiTlty« ?hia haa boon oonfiraod by tho phyaio- 
lAflaal stutiy of tho trananouronal^ dogonomting olfaotoiy bulb of 
tho rabbit (rhinipt, Powoll ^ Shophord, 1?60t unpublithod objerratlona) 
In whioh tho roapojuioa of tho altral oellj to antidroaio atisulation of 
tha lateral olfaotoiy traot waro «tudiod* Tho orokod potenti&la 
following tha treqt shook, wart found to bo of normal pattern and of 
normal or onOjr alight^ roduood a^Htudof tho oorrolation of wavo 
pattorn with hiatologloal deptfi waa alao nonnfi.1, Tho oonolusion e: 1 
tboroforo bo drawn that tho aitval oalla genomto aittidronie iapulsoa 
in tho no*»al aflnnor and tho aitrwl-to-granulo e^oitatoiy oym^aaa also 
oporato nomalljr« Tha finding* alao acuegoat that tho granulo-to-oltml 
inhibitoty tynapaa* aro alao oapoble of oj»«mtine* uozsallj'.

If tho wh©la ooll ti^ananouroml dagoi»a»tion in tha olfactory bulb 
and lataml s*niaulata bo^r and tho aoro lisdtod d&ndritio da 
in tl» pjfrifotia and otrlato oortiooa «ay bo oonsidorod analogous, the
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proton* 0b*e**«UGn* oould throw »««o Itcfct on tho anatoaioal b&sii 

for tho pyiiiilSdisal altorationa In oortloal funotlan doftrtfeed toy 

Vlosol «nd ffcfcol (1965*)* Tl»oo author* goto that the "abnormality *» 

in tho rogion of tho synapno botwoon the axon tenainala of goniotOato 

ooll* (tho«« rwo«iTine Input fro® ths doprlrod «gro) and t|»o oortioal 

ooll« on trtiloh tlwoo teminala wic!." lit riaw of tho foot that 

pMti^tioti of axona in the olfaotoiy sy»t«a is 

to th«» dogwwimtion of their parent ooll aoaatA find d<mdriti«it 

it ooaM foaoottobly bo oonoMorod thut th*>se arena too woro oxcitn^le 

in Hio nonfel wny, tho *'3ef<m«rati*nf ropr*a0ntln£ am altered funoti.r^.T 

ototo m<ln» itaMI «OU 4omth. On the other hand tfee aoIootiTO tronn- 

aouroaAl d^jo»or*tlon of §«MO »pin«3 nnd dwwirltw of tho pyrif om 

eortioal i«mi*att« without tho»o oht&a$0§ noo»«»iirily oi50urriRg in th« aall 

ooaata imd other ddndrit«», n*y omi»o tho dogoanomtin^ oofl^omnta to 

lo»o their funotlonal importano« in th« spike f[finerat!on. Thus, althc ;gh 

tho ait*s-ed dazsdrltes iinc apinaa fflftjr ba roiponoiva to depoiar^.La$ 

tho other moimaX dondritas oculd haTO booarao 'doadimnt* in

tho oollf i ron^onaotp A»o to a funotional Adaptnti^n in the neuron to 

tho &lt®*ad dendritic input»

It hw fcojm notod that tmngnoiv^ia 0hs«so» occur at aif forowt 

itttot in tlfforont apooioo (Satthowi ot a*, 19&>). %• oomo JKX* 

fotmd i» thft «tf!»«tof7 aystaoa with b«Jth olootron nioroooopo airfl 

* t ra ait »how» oollalar o1t«f^^« et 10 daya aftor 

no ohanff>« «ro fbund in tho rat with oithcr taolmi^je until 200 

ttiat tho r<*t i» bottor ablo to aaintAin uouroiiftl i'r



<*•

ture, and therefore presumably funotlem, ttusn th* rabbit. Piff«rM*ii 

In th« tis» tftWMi of trazisoMtfttMa dn»iHTstion between different 

speoies h*r« b*>ea observed in the visual systesi (Cook at •!,, 19511 

Batthews et al. f 19$0)» No obvious difference* have b©«n found in tb» 

ttMtroaftl aorgmn.Ufttion of the o If act cry bulbs of the two apecl*« at 

•lactron miorcacopio level, nor in the time oour»e of the «Ptfa«iii<i 

degaaeration of the olffeotory nerreaj there is no eridanoe of re* 

innenraticn in either nrt *r i^bbit. It »hould be attiA tl»t both 

»j>eeie» have been operated on at an immature age (5*7 week*) and that 

this at? bo a orltioal faotor in i1»liMitii1nf the severity or even the 

occurrence of a degenerative alteration (f&bel & wieael^ 1970)*

It la a striking fact that in both rat,and rabbit the onset of 

trensneuron&l cell change corresponds with a distinct decrease in the 

nusber of post*synaptic thickenings without prsar-naptio ten&inalsf mA 

of fine tewUtl parts of dendrites. Clearly it is not possible with 

these *ethefts to determine which factor is the primary cause of the 

onset of cellular ohanire, but it ecu Id be suggested that the prfsseno* 

of post-sywairtio tliiekeniiifS until the appearance of transneuronal 

oh«n«« in the rat is directly related to the persistence of the flat 

tedriti* tenainals in the glomexuli of this animal And the ftbsenoe of 

transneurcnol ohon«*; this could be otnsidered as a transient Banife­ 

tation of deiwrvation hgrpers«nsitivity. The losa of spontaneous aetitity 

in ttie regioa of the post-«g««ptio thiokemin^s eould be regpensiblo for 

temdnating th» prerention of celluUr degsnemtlon by those elsiaents.



Experimental Gol^l studies have shown that cell* or part* of sells 

that have been subject to deeiYerentatlon to not imprecate with this 

technique or are resistant to it (Satthaws & Powell, 19621 Jones * 

, 1962* mt* A Westarua, 19641 Clobu* <% Seheibel, 19661

1^71 Pewell, t9€7* Col«M« A Eieaen, 196S). Th« oor«*a~ 
pondanoa in tioe oour»« between the ultnutruoturai change* and th© 

failure of GoX^i impregnation in the olfaotory svstaia undergoing trtina- 

nauronal def«»ration i« aignifioant in this regard. It should be 

noted t&at wfcila the daganaratiTe oluMfea ooour throw-out the &fT«otfd 

oella of th* olfactory bulbt t^i* olim^ea in the pyrifona cortex affeot 
aaialy dem&ritea and/or spines rather thtm whole oellaj the latter 

obaenration lu.s also been Bade in the Yiaual cortex (Olobu* f-- Sehelbalt 

1966| Yalwd*, 19671 Colecz&n ^ Rlosen, 196S), but reasons for the 
difference are obsoure.

T«» related eaqpUnaticns naj be put f orvard in relation to the 

failure of Gol^i iapre^nation:- 1, The traditional view of the Oolgi 

txiailfme has been reoont3y restated (Sohapiro * Vukorioh, 19?0}j that 

is, that it only staint Ifcose n»ujrons that are ehe»iaml]^f and therefore 
functionally different, at the time of fixation - i.e. those that have 

been aotlre Just before fixation. If tranene«ronally degen«r*ting oells 

are inevitable due to an insuffieien* nuaber of funoticoal excitatory 

synapses, they aay neTer reeeh the ehenieal state necessary for 

2« The Oel^i technique has been shown to be a oytopiasaic stain, by 

&ejL§i-«leetron nioroaeopio studies (Blaokstad, 1965| Stell,



Cfcaptar 11), and sparai tha aej&imneWbound syrcca*. " tha 

*» with tfea 'fraa1 oytoplajBBio ooa^onant, the reduction of 

this In trananasironally daganarating oeila could raduca tha likeliho** 

of their being impregnated.

Th« characteristic topragnation of tha 'altarad mitral call* in 

trensnouronal Material, that la, tha mitral oall and tha granule oalla 

with peripheral processes adjacent to tha mitral oall body, bears on 

this problem* If tha lapregnatiOB of theaa granala oalla raprasanta 

their funetienal aotiirity, thay would be aetin^ to inhibit tha mltiml 

cell (EaU at al. f 1%6i Prioa $ ?owallf 1970t>), yat thia oall does

•tain* Alt&raativaly th^r oould b« oonaidarad as 'trying1 to excite 

tha aitra.1 aall, by a roduoed actiyity which may also auke than 

ohemioelly diffei-ent, tha staining of tha oitral call, in spite of its 

«0rtoplaa«ic ;>OTerty, indicating tha success of tha attaapt, A further 

azplanatic* oould be that tha mitral oalla at1* able to gira rise to an 

i«puls* spaiitanaously and, in doing so, excite the granule cells via 

the dendrodandritlo synapses on to their peripheral processesf the 

constant relntiooahip of the iapr*$ftat«d ^anul« cells to tha soaa of 

tha altarad sat;rcu call could be tAitan as sufgaating a aonatio rathar 

than dendritic origin for tha pottulntad impulse ifcioh affaota priaaivlly 

those gfMti* Mils whose ffMnnles synapae with the siitral cell soaa* 

Thia anoaalous finding on tha altered mitral cells of trananauronal

*af»n»ratie» ««nd their attandant granule cells points clea-rly to tha 

inadequaay of our knowledge of ilia mthanlsm of tha Oolgi method, h 

it indioates that fUnotional rathar thM sinply aarphological int., v,^-



Utious *f «^ri»«Btal »at*rial us ing thia awthod i»ay be. n«a*»aaay,

TIM ***** of deadrite* or th»ir spiius* failing to iapregnate whll* 

their parent i»roo*a»«* remain normally stained fJanus * ThosMs, 

Wfcite * v.tatxio, 19&M Clobui A S*h«»ibelt 1^66*1 Valverd*,

Tiie*«n, 1960) are atill open to aeT«ml explanation*,

is beyond doubt* Either th* opine or dendrite

a fihaiga aAail*r to transn*uroaal d»i«i»imtion without the wuae chunks 

ocourring to tho parent prooeasv a»\a th« Ck>l«ri stain fails on this 

account, vh*th*r it is ftinotional or sorfho logical or both| or th* 

•pine or dendrite is lost entirely, as hao bean oonaidar^id by »o»t 

«^NKrv«r» (^lobua A M»ib«Xf 1^1 Moor«t'itathigu <*> Colonnier, 1969}* 

Tho question of tho age of tba animal at operation is olearl^ oritioal 

in diff«ramtiating b«tv««n failure of spixus davelopaent and aotual 

loss. It is f«lt that to try to differentiate botnoan these possi­ 

bilities Is not advisable on the p>MMrt 99iAmm§ alt*»u^i the 

Tation of det;^n*ration of spines ifeioh receive sya^ses fron normal 

taminals in this Material, indicates that the tr*aan»uronal ohangwi in 

thesi oennot siatpl^ be ascribed to the de^enerAtlon of individual>axoa 

tarainals.

Th* olaar oorrespondenoe betwe«i Gol^i and eleotroniaiorosoopic 

obserrations on the olfaotory systems of rabbit and rat, both in th» 

time course aad th* nature of the eellul&r ohsnges of transn&uron&l 

lagMMrmliMt Shows the oonj>l^entary nature of these vary diff**tnt 

t*ohni$j«aa. ?h* faot tjiat traniimy^jl dafaaeratlon can be obaei^wd 

as a olearly aafinod phaooaenon in both, aaoh dMMHUitratinf quit* distinat



oheraoteristios in oooparison with noraa! arterial, is strong evidence 

for the validity of both sets of finding!.
n» results of the studies on trifisnsuronal coll Aeaejwretl on «rith 

three teotad^es - Thionin and Gol^l for light mioroaoopy, and electron 

microscopy ~ require farther correlation In respect of the proportion 

of cells oat* &B& 1^pe that ore affected, The thioain result* indicate a 

decrease in eell alse for all oell» of augr type» although the rangei of 

norml and defener&te eell ar«a» do overlep, siif gating that so«e 

oould tie entife^ unaffected; (Jolgi-Coj: i^pregnfttion howeT«r 

teat all but the few •altered* aitral und tufted oella are resistant to 

impregnation after denermtion* Approximately one third of any type 

flppeai1 unaffefi%0d at e loot ran micT*o«9ef to lerftl althou^i th«pf 

shrunken a light V without obrioue qualitatiro <^anfe* ?he faot tiiat 

soft of the *alt»red* mitral and tufted oalla of CrOlg5 ^wparationa 

ahapee find appear very shrunken »u^se»t» that those oeXl*

to C5olgi iB^>re^fiatio» after deafferentation include the 

oella that seen l®a*t affeoted at elootren miorcacopic level. Thus the 

aubtleat traaineuronal changes after deafferentati^a appear to be re- 

fleoted moat aeB«itiTe3y by the Imiliare of Ctel&i ii^»re«iiationj thia in 

turn favours th« au^geition that ifci* failure is j*T3jaari3y due to a 

functional ohan^e rather Hwtt a morphological one.

and Spontaneous Degeneration 

The ooeaaional preaenoe of timiler dark de^merating neurons in 

tftfeer partt of the brain, notably in sensory systems, may bs



in relau n to thta* findings aa representing the apoatsflMMKij

tion of these neurons due to a reduotj.«n or loss of activity of

or central origin. On the other hand* trmnsn^urofnil degeneration could

be regarded as an increased level of spontaneous degeneration brought

on by deei'feretttation, either functional or pathological. The

of 'dajfe profiles in apparent "iy-noi-wal central aervoua system* (Cohaa

* Pappas, 1969}» which asy well have such &n origin as discussed

need not bring into (peetion the arnliaaticn of

studies, ttltheBi^ it aey make these aore difficult, for two Bain 

re&scnet* firstly, on account of the clear distinction between the 

types of change taking place in ortiiu^raoe u«u tronsneuronal axon 
terminftl Aerenaration, wbioh are only morphologically similar at 

early stages of the fomer; and seoondl^, t^ese spontanecue 

changes are rare in ooaperiaon with tho terminal degeneration produced 
by the seetion of an afferent pathway, so that even if they are $<mfu»ed 
sjorphelo*iam31yf they should not affeot the large sampling of degenerating 
terminals that is essential for the eleetron-iaicroaooplo Identificr.ti^R 

of the *ede of tansination of that afferent pcthwey. The use of yotm§ 

«aiBalA to airoid a high incidence of spontaneous a«generation and the 

study of orthofmde degeneration at several survival periods to t;i^-.tn- 

strate a sefuefiee of teimin&l chan§ee should distin^tish clearly between 

it and the spontaneous degenerative oha»fe« similar to those Men in 

transneurm-a £egen® mtlou of axon tenainals. Careful eaqwdnetiem ef 

the normal side and direct conparisos of the two sides in eaeh ani»al 
is obvlrusly essential.
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aioro90O]5«j A similar suggestion has be on «ad« by tnuot mid « 
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the queati^H erf o«ll speeiflcitr of *f^« team*

nmtronsl must OOHB leered, in any region, but togetnor 

with other criteria, norml and nx^rfjwaital, as w»ll as ftalrl evidanco, 

tliis trp© of tt&xfeijig could b® of e©msid®retele

for ths Idftutlfloatioa of intrinsic oonneoticns; in th» olfa«t«igr

, for iiUitaiiMt this appro&oh bas eoasiadr&bl^ clarlfiea tba problaa 

th« sodo of taifclnstloii of the rocarrent eollat^als of ths mitral 

and tuftod
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MS TOOOBfmOH Q* CEOTSI?U&AI* FIBRES Kf 

SHE (JLOKSaniAE UTBE Of THS OIFAC3K3RT BULB.

"This process of th® central control of sensory ijapulsea 
obrloual^r has wld« liaplioations, for it awst mean that what 
«• ultimately peroeiTe with our senses Is not necessarily A 
faithful reproduction of external realities."

Sir Wilfred Le <Jro» Clark.
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In tha systematic study of any part of tha brain, it la necessary 

to define ths origin of tha dlffarant type* of aacon terminal that have 

been characterised, aa far aa possible, by ultraatruotural atudiaa of 

normal aaterial. This may be achieved by interrupting tha fibra path­ 

way* that giv* riaa to tbese terminals* it ia than generally possible 

to correlata tha terminals that ahow degenerative ohangaa with a 

profile type determined froa normal material. Similarly, in order to 

discover tha precis* alta of termination of an a ffarant pathway in a 

given ragion, in term* of tha call typea and kinds of proceaa that 

raoaivt aynaptio contacts froa tha tarnin&ls of this pathway* tha araa 

miat ba aiamlnad with tha aleotron miorosoope at various intarrals aftar 

interrupting tha pathway* If posaibla, tha leaion should ba Bade in 

auoh a way aa to arold interrupting other pathways to Hi a aana nucleus, 

and a background of studiaa with tha li^it microscope, using tba silver 

degeneration techniques, ia an essential basis for this aore detailed 

inrastigation. Purthermore, in electron mioroacopio studies, the use 

of several survival tlass shows a sequence of degenerative changes in 

the terminals, that serves to exolude the possibility that these morpho­ 

logical alterations are due to some non-speoiflc or secondary change 

(Cohen <% Pajpas, 19691 Chapter 8)«

tight aiorosoopio studies with silver degeneration aethods indicate 

that the gloaeruOar layer, aa wall as the deeper layers, of the olfactory 

bulb receives centrifugal fibrea (Cragg, 1962} Powell & Cowan, 1963J



207.

Powell, Cowan* RaisttSA, 1965* Heiaer, 1968); these fibres have 

recently been shown to originate, alone with the centrifugal fibres to 

the deeper layers, from the nucleus of the horizontal limb of the 

diagonal band (Prioe & Powell, 19?0e)« The axons run rostrally in the 

lateral olfaotory traot towards the bulb and show a characteristic 

terninal distribution in the deep half of the external plexLform lacrer 

end in the peri&Lenerular region* In a previous electron microscopic 

study, the mode of teraination of these fibres in the deeper layers has 

been determined ( Prioe & Pewell, 19?0o), but it was not possible, at 

that tta«, to be certain of their termination in the gloaerular layer* 

After a longer study of the normal gleoarular layer (Chapters >-5)* it 

has been possible to eluoidate this superficial termination of the 

centrifugal fibres in experiosaatal material, and these observations 

are presented here.

Studies with the silver degeneration techniques have elear3y 

demonstrated that Hie degeneration at the gloswrular level of the 

olfaotory bulb after lesions of the centrifugal pathway has a peri* 

jloaerular distribution; this is true both for oaudally placed lesions 

in the lateral olfaotory traot (Cragg, 19&2f Powell & Cowan, 19Of 

Powell et &i., 1#5J Heis»r, 1968) and for stereotactio lesions 

affecting the oells of origin of the fibres in the nucleus of the 

liorisontal Uab of the diagonal band (Prioe & Powell, 1970e). The 

ultrastruotur* of Ifce gloMsrular layer has been studied reoent3y
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(Chapters >5) and this knowledge provides the baokground to the 

present study. On the basis of the distribution of neuronal sonata, 

axons and dendrites, it has been possible to divide the glomentl&r 

layer into two main regions - the glomeruli themselves and the peri* 

glomerular region, with a thin, intermediate sone between them* The 

olfactory nerve terminal a lie exclusively within the glomerull, making 

synaptio oontaot with the glomerular dandrltic arborisations of mitral, 

tufted and periglemerular oells} the great majority of the other type* 

of azon terminate in the periglomeralar region* In order to confirm 

the li$vt sdttroaeope findings oonoerning the centrifugal fibres, the 

lateral olfactory tract was sectioned far oaudally, and the gloaerular 

layer fflcamined after varying survival periods. Degenerating terminals 

were found in the periglomerular region, but several other termjjiala 

oould not be definitively distinguished from normal or spontaneously 

degenerating olfactory nerve teminals lying on the periphery of the 

glomeruli or in the intermediate sone* So as to clarify the identity 

of these terminals, animals in whiob bilateral removal of the olfaotory 

muoosa had been carried out several weeks before were studied after 

unilateral tract seotifcn (Pigs, 154,156,158,160,162,165,16*7). In this 

way, the great majority of olfaotory terminals had degenerated from 

most parts of the bulbs and degenerating eentriftegml terminals oould be 

olmarly identified in the periglamerular region and intermediate zone 

Of the bulb ipsilateral to the traot lesionJ no comparable degeneration 

oould be found on the control aide, eliminating the possibility that 

the degeneration observed was in some way a result of the muooaal lesion
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or of spontanecua degenerative change* By thia means, the distribution 

and eharaoteriatioa of degenerating terminala were confirmed and thia 

information wa then uaed to aaaiat in diatinguiahing centrifugal fibre 

terminala from olfactory terminals after tract section, without prior 

muooaa removal (Riga. 155,157,159,i6l f l64,l66f l68)*

The moat eaaily diatinguished degeneration that could be aeen was 

after a survival period of 6*7 daya but at 5 days alight alteration* 

ware detectable| degenerating myelinated aacona and terminals were 

confined to the periglooerular region or the intexvediate sane, in 

acoord with light mioroaoopio observation*. The terminala were of 

fairly regular outline, even during ear3y degeneration and occurred 

aingtyt nfcereaa group* of olfactory nerve terminala lie ad<£*aant to 

eaoh other and have very irregular outline* (Chapter* 4 and 7)* The 

aynaptic specialisation* of degenerating terminals wore always of the 

aaym«etrical type (Golonnier, 1968), aimilar to thoae found in the 

external plextfom layer of the bulb (Prioe & Powell, 1970o)| thus 

theae terminala can be identified with the pale terminals ahowins 

spherical veaiolea and aaymmetrioal thickenings and located alaoat 

exclusive]^ in the periglomerular region or intermediate aone known 

from normal material (Chapter 5). How*?er» aa only a aaall proportion 

of thia type of terminal degenerate* after complete lateral olfactory 

tract section, tha normal population of thia type must be a ooapoaite 

group consisting of centrifugal fibre terminal* and others (aee Fig* 1), 

presumably the recurrent oollaterala of the tufted oella (Chaptera 3 

and 5).
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The type of degeneration found after lesions of the lateral 

olfactory traot is of the typical darkening type (Fig*. 15^-167), 

with little sign of any early swelling of the kind obaerred in the 

olfactory nerve teminals (Ohapter 7}* eaeept for a small proportion 

of swollen vesicles (/igs. 156,159*161)* As the survival ti*e 

increases, the teminals beooae sore electron-dense and shrunken 

(Pi^s. 158-160,162,164,166), often indented by surrounding profiles 

(Figs* 164,165); vesicles beocme crowded together and are often 

distorted (Figs* 164*166). In the later stage*, pale and swollen 

mitochondria (Figs. 161.162,166) 9 noltivesioular bodies (Fig* 162) 

and dense cored vesioles (Fig* 160) oould occasionally be found* 

Sliosis was marked around these terminals even in the early stages 

(Figs* 156,159,161-162,165-167), «nd glyoogen granules are often 

evident in the glial oytoplamn (Figs* 159,162,165-167)* This is a 

striking difference from olfactory nerve degsaeration, in which it was 

comon to find no evidence of any glial proliferation around the 

degenerating terminals at all stages (Chapter 7;. Such a difference 

aay reflect a difference in the glial relationships of ayelinated and 

um^relinated fibres* Finally, the terminals are displaced froa their 

po»t-synaptio thickenings between 7 and 10 days, oost commonly replaced 

by glia (Figs* 167,168), but occasionally by neuronal profiles*

The nuober of degenerating terminals that can be unequivocally 

identified is snail and this certainly reflects a genuine aparaenass 

of distribution in the perigldserular region as ooaptved with the deep 

half of the external plexifora layer* TTevertheless, study of a large
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nuaber of animals either with single lateral olfactory tract lesioa* 

only or with combined Bueoaal and traot lesions, at various survival 

tines, leaves no doubt at all of their termination in this site and 

has given & clear idea of the eells aad processes upon which they 

terminate* The fact that the centrifugal fibres teminate in the 

perlgloaerular region limit* the possibilities of postsyaaptie oells 

and processes, by excluding the gloaerular arborisations of the mitral, 

tufted and periglooBrular oells, and also the olfactory nerve terminals 

aa suggested by Powell et al* (1965)* 'The nest frequent poatsynaptio 

processes are the spines or iinjiul nil of the perlglomeruler oells 

(Figs* 156,157,160*162), which are particularly recognisable by virtue 

of the large flattened vesicles they contain, their lack of neurotubules, 

and a rather flocoulent cytoplasm* Degenerating terainals are also 

found quite frequently on the dendritic shafts of the periglojaorular 

eells (Figs* 159,164,165,166) - either of the thin type, «heae course 

is entirely peri&Loswrttlar, and which contains a large mother of 

riboaases, or the larger ate* dendrites passing through the periglotterular 

region and intenaediate sone towards the glo»eruli in wtdoh they 

arborise*

Sose degenerating terminals have been found on large dendrites in 

the perigloaorular region which show no sign of entering the glonerull 

or of fettMhing, and which ooatain no significant groups of identifiable 

vesloles (?ig»* 15W155)* TA« dl«e and outline of these dendrites, as 

well as the morphological oharaoteristioa of their shafts, are consistent 

with their Identification as those of short-axon oells (Chapters 3 and 5)*
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A few spines without vesicles in any plane of section have been fbund 

receiving centrifugal terminals and nay be tentatively identified as 

the rare spines of the short-axon cell dendrites* with whloh some have 

been traded in continuity* Finally a few examples of degenerating 

centrifugal terminals have been found in s^naptie relation to the 

periglomerular portion of the tufted and possibly the larger mitral 

cell primary deadrttes* adjacent to reciprocal synapses of the appro­ 

priate polarities (Chapter 3) (Fig* 158). No evidence was found in 

this study of any significant variation in the number of centrifugal 

terminals in the glomerular layer in different parts of the bulb, as 

suggested by Cragg (1962)*

In these brains in which there was evidence* in the histological 

controls* of damage to the anterior olf otory nucleus* no additional 

degeneration could be found in the glemerular layer. However* a number 

cf very characteristic terminals in the superficial part of the external 

plexiform layer, showing asymmetricml thickenings, were undergoing 

degeneration (Fig* 163)J these terminated on to the gemmules of granule 

cells and are olearly the most peripheral group of these described by 

Price and Powell (197Qo) after similar lesions* It is important to note 

that these terminals never encroached upon the glomerular layer* despite 

the occasionally irregular contour dividing this layer from the meet 

superficial external plexiform layer; nor was there any evidence that 

they mede contact with any processes originating in the glomerular layer* 

sferecver* it was only after lesions that involved the anterior olfactory 

nucleus that any degeneration was found In the superficial half of the
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external pleodffera layer, in agreement with the observations of Price 

Powell (197Q0),

DISCUSSION

The temination of centrifugal fibres in the perlgloiasrular region 

of the olfactory bulb whioh was described by workers using light 

microscopy with the Nauta technique (Cragg, 19621 Powell a Cowan, 19631 

Powell et al., 19651 Heimer, 1963; Prioe & Powell, 1970e), has been 

confirmed by electron microscopy; no evidence has been found of any 

suoh fibres terminating in the superf ielal part of the external plead.- 

foxm layer or in the olfaotozy nerve layer. The main oell type receiving 

centrifugal fibres at gloaerular level is the periglonerul&r oftll, but 

short-axon and tufted calls may also receive a traall proportion; 

neither the olfactory nerve fibres nor their terainals show any *ign 

of receiving synapses from centrifugal or any other axon*. Prioe and 

Powell (19700) conaidered that, although ocoa*ional dark terminals were 

observed after tract section, it was not possible to be certain that 

these were degenerating terminals of centrifugal fibres at the gloaerular 

level, and several factors contributed to this caution: the distri­ 

bution of profiles, particularly olfactory nerve terminals between 

perigloaerular regions and glesMrull, was not known in detail at that 

tis*; also, the terminals of centrifugal fibres aro sparsely distributed 

at this level, in comparison with the deep group, and are at tines 

diffioult to distinguish from normal, dark or spontaneously degenerating
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olfactory ntsrve terminals. The true perigloaerular distribution of 

tht centrifugal fibre tenainals considerably assisted their identifi­ 

cation in the present study, since it has been shown that olfactory 

nerve fibres and their terminals are never found in this region (Chapter 

5) I however* the presence of olfactory tenainals in the intermediate 

sone, where the periglomerular region interdigitates with the 

itself, «ade identification of possible degenerating centrifugal 

vin&ls Bore difficult and necessitated the use of ooafcined lesions of 

olfactory muoosa (long tazn) and lateral olfactory tract (short tera) f 

The centrifugals fom a snail proportion of the pale type of terminal 

found in the perigloaerular region of normal material, which contain 

spherical vesicles and make synaptio contact by means of asyiaaetrical 

thickenings} the remainder of this population is made up by axons 

intrinsic to the bulb, the recurrent collaterals of tufted cells 

(Chapter 5),

This study has again demonstrated the value of correlative li^it 

and electron microscopy for defining the exact site of termination of 

an afferent pathway. It is notable that the Nauta-Gygtuc (195^) tech­ 

nique, whieh stains both fibres and tenainals shows heavy degeneration 

in tbs perigXaserular region after tract section whereas the Fink-Baioer 

»odifio*tion (19^7), staining predominantly tenainal degeneration* shows 

Bwch less degeneration. The pauoity of degenerating teminals found 

with the electron microscope corresponds to the latter; a reasonable 

quantitative correlation of tenainal degeneration has been obtained 

between the number of granules in a 25 u» ?ink-4!eimsr stained
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and the number of dark terminals in s series of 50 electron microscope 

sections (o* 50 run), covering a 2.5 Mm thickness.

Combiii&d lesions of different pathnrays using long and short 

survival periods seem to be e valuable method for eliminating any eon- 

fusion concerning their site of termination, either if they distribute 

in a similar part of the nucleus, or if lesions of one pathway Inevitably 

involre the other, but not vice versa. An optimal survival time for 

the first lesion must be found which aroids late orthograde degeneration 

and precedes trananeuronal degeneration or possible reinnervation or 

apposition (B&isman, 1969; Chapters 7 and 8); the optimum total 

surviyal time after muoosal lesions in the rat is 40-60 days* The 

study of several sites may be assisted by this technique, including 

the olfactory bulb itself where the exact site of termination of the 

ajcona from the anterior olfactory nucleus in the deeper layers cannot 

be ascertained since a lesion of this nucleus necessarily involves 

damage to the centrifugal and ccmmisaural pathways. Thus preliminary 

lesions of th® latter pathways, followed, after a suitable interval, 

by lesions of the anterior olfactory nucleus may be of use in clarifying 

this question.

The centrifugal fibres are the only extrinsic axons of central 

origin that reach the glomerular layer} their distribution to this 

layer is quite separate from the projection to the deep external plarLform 

layer. The reason for this separation of the centrifugal pathway into 

two component* is difficult to interpret; it may represent « pathi*y 

for centrifugal influence acting indirectly on the superficial tufted
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oella, together with a concurrent ©ffeot on the deep tufted and aitral 

cell dendritea* ?he diatribution of centrifugal axon terminala on to 

aeveral cell typos at the glanerular level, unlike the deep i&roup, 

would indicate that the role of theae auperfioial terainala my in faot 

be different from that of the deep group* Th& siting of tenainala on 

the proximal pert of the peri^lomerular soina-dendritio tree would 

aiiailarljr surest a difference, in that their effect will tend to IMI 

mediated more by the perigloaerular cell axo-dendritic synapses on to 

aitral and tuftod cella than by the dendrodendrltic synapaea (Chapter 

the granule cells can only act by the latter type of synapse, close to 

which the centrifugal terainala are situated (Price & Powell, 19?0c). 

Thus, although there ia a clear analogy in the interneuronal position 

of the periglomerular cella and granule cella with respect to the 

centrifugal axona and the relay cells, the functional nature of the 

interaction aay be of a somewhat different type* In relation to the 

aitral oella* the effects of the auperfioial group of centrifugal fibres 

will be aingled with the primary integration of olfactory and intejv 

glaaerular immts whereaa the deep group will act, via the granule cell 

fMBUle, on to the proxiaal, or final dendritic level of the aitral cells, 

It ia interesting to note that Cajal (1911) observed two levela of ter- 

ainaticn of the oentrifugal fibrea to the pigeon retina, and there ia 

some electron micros ccpio evidence in support of thia (Dowllng -9- Cowm, 

1966)j these are a cannon one at the border of the inner plaxifor® and 

inner nuclear layara, and a rarer, at a deeper level, within the inner 

nuclear layer*
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Previous studies have shown that axons derived from five different 

sources pass into and terminate in the glomerular layer of the olfactory 

bulb: the extrinsio axons are the olfactory nerves fCajal, 1911} Andres, 

1965; Chapters 4 * 7) and the centrifugal fibres (Cajal, 1911; Cr*«g, 

1962? Pow»ll, Cowan •* Raiaman, 1965J Chapter 9); the intrinsic axons 

are derived from the tufted cells (collaterals), periglomerular cells 

and superficial short-axon cells Planes, 1898; Cajal, 19115 Chapters 

3*5). ^Ita the exception of the olfactory nerves, the great majority 

of these axons terminate in the periglomerular region or intermediate 

sonej many of their fibres pass in a acre or less well-defined layer, 

just deep to the glomerular layer (Blanks, 1898), although others do 

pass through the neurcpil. In attesting to detewiin* the intrinsic 

organisation of the glomerular layer of the olfactory bulb with the 

electron microscope, much of the evidence has come from the study of 

normal material (Chapters 3-5) I this has been because only the two 

extrinsic fibre pathways could be selectively interrupted (Chapters 7 

* 9), the terminals of one of which, the olfactory nerves, could already 

be easily distinguished in normal material* After the interruption of 

both these pathways on the same side of a single brain, many axon 

terminals, presumably derived largely from intrinsic cells, still 

remained. In order to ascertain their identity and provide further 

information on their distribution, particularly in terms of the spatial 

relationship between adjacent glomeruli, lesions were placed in the
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superficial layers of the olfactory bulb itself; the results of the** 

experiments, using both electron aicroscopy and the silver degeneration 

methods of light microscopy, are presented in this report. A similar 

approach has been used in the study of the caudate nucleus (Kemp <* 

Powell, 1971b).

It is evident that a lesion placed directly into the substance of 

the glomerular and olfactory nerve layers will interrupt fibres of 

diverse types and of both intrinsic and extrinsic origins; for this 

reason, the interpretation of results is difficult and often requires 

qualification. It is therefore especially important to know the ultra- 

structure of the region under normal and experimental conditions as well 

as the evidence obtainable from 0-olgi- impregnate on and silver degenera­ 

tion methods. The sane types of lesion were used for electron micro­ 

scopy and for light microscopy, and the descriptions given here are 

restricted to those lesions that did not extend more deeply than the 

superficial part of the external plexiform layer. Estimates of spread 

are given in terms of the number of glomeruli traversed from the lesion 

so as to give an order of magnitude in functional terms; the average 

glomerular width is 80-120 urn.

Light Microscopy

Thi pattern of degeneration after superficial lesions, extending just 

deep to the glomerular layer, in various sites ofi the dorsal aspect of tht 

olfactory bulb was essentially similar to all the brains studied(?lg.l69A).
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lesions themselves (Pig. 169) appeared to affect between two and four 

glomeruli, which showed aa characteristically dark and granular areas 

containing blood cells and glia with pale spaces in between; in a few 

brains there wa§ evidence of more extensive damage due to vascular 

involvement and those were rejected. D«fsm*i»tion of fibres and t*r~ 

ai&als was found in all directions around the site of the lea ion, 

becoming sparser at a distance, up to about ten glomeruli distant in 

each plane; this was distributed both within the glomerull and in the 

peri£lomerular regions (Fig. 1?0) - a distinction that is only really 

possible with the Viitanen (1969) aod Hauta-Gygax (1954) techniques. 

Beyond about ei^ht or ten glomeruli distant, the appearance of the 

glomerular layer was indistinguishable from the normal pattern of 

staining of the bulb, as seen on the ventral and anterior aspects of 

the bulb, and on the control side; spontaneous olfactory nerve de- 

geaeration is probably responsible for the granular appearance of the 

gloaeruli in control sites, while the periglomerular regions are typically 

free from any silver deposit. It is therefore particularly important to 

determine the normal pattern of staining in the bulb of each brain, 

before studying the region of degeneration.

The fibre and terminal degeneration seen within the gloaeruli 

surrounding the lesion is typically densest up to six or seven glomeruli 

distant, and is then more sparse, until it becomes equivalent to the 

normal level found in the gloaeruli, Thia degeneration may extend either 

more or less far th^n that in the corresponding periglomerular region and 

superficial part of the external plaxiform layer and commonly shows a
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uneven distribution around the lesion; this presumably reflects tho 

involveiaent of fibres passing in the olfactory nerve layer, and varies 

according to the exact position of the lesion on the bulbar surface. 

In cases where the lesion has been sectioned, the pattern and density 

of degeneration in the iraroed lately aurroundiag glooeruli are exactly 

similar. The silver staining itself typically appears as fine granules 

or rows of granules (?ig. 170).

*3*ne ?erigloiBerular degeneration and that in the most superficial 

part of the external plexifora layer, which may be regarded as a part 

of the former in this context, is most dense for the first three to 

five gloffleruli in each direction (Fig. 1?0)? th« appearance of the 

staining ranges from fine granules to rows of large granules, indicative 

of large single fibres. The finer staining continues up to ei^ht to tea 

gloneruli from the lesion, at which point it disappears altogether; 

this outer gone of degeneration is very sparse compared with that 

occurring in the gloaeruli - ©van within normal gloaeruli. The orien­ 

tation of fibres or rows of granules in the periglomerular rogion and 

superficial part of the external plexifora layer is predominantly 

parallel to the surface, and to the lamination of the bulb; from the 

immediate vicinity of the lesion some fibres, often appearing relatively 

large, pass perpendicular to the surface, through the mitral and granule 

cell layers and into the deep white natter. They may give off collateral 

fibres in the granule cell layer and there again run parallel to the 

laminae forming the internal plexiform layer (?ig,17l) these colla­ 

terals spread up to 10 glomerular widths and rows of granules can be seen
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curving superficially into the deep part of the external pleadfons 

layer* These deeply running fibres are taken to be those of the 

external tufted cells, and occasionally they may be traced passing 

baok into the pyrifona cortex, although more extensive superficial 

lesions show this route more oleariy aa describ«d by Lohman and 

Kentinck

Mil
The lesions in the material used for electron microscopic 

tion were all placed in the middle of the dorsal surface of the bulb, so 

that they could easily be found after fixation, and blocks could be 

taken around the lesion; this limitation of site for the lesion seemed 

Justified by the similarity of distribution of degeneration in light 

microscopy after lesions placed all over the dorsal surface end the 

dorsomedial and doraolateral surfaces* Blocks from other parts of the 

•aoe bulb were examined to detect any further spread of degeneration, 

and were also used as controls, together with the opposite side* In 

this way an impression of the spread of degeneration and its type could 

be obtained for each brain; the relative sparsity of degeneration after 

such intrinsic lesions made this code of study essential to achieve a 

picture of ttie distribution of the degenerating terminal types in 

surrounding gloaeruli. It is only in terms of the distribution of 

degeneration of the various types that the terminals of different 

cellular origins could be differentiated during degeneration*

Although the actual site of the lesions WP.S often poorly fixed, the



surrounding regions were regularly well-fixed and showed no sign of 

•aphyxio or secondary cellular degena^tive change? extensive gliosia 

he4 occurred in the region of the daaage, but beyond this, gliosis wa* 

on^y notable in relation to degenerating profiles (Figs. 172,174-176, 

178, 181-183,186-188). Some "dark neurons and neuronal profile* 

(Fig. 184) nere 6bserved in the ia«e4iats vicinity of tha lesions, and 

these oould be interpreted as those neurons that had been directly 

daaaged by the lesion. Several survival periods were used, from 1 to

8 days, and the stages of degeneration seen in the axon terminals at
j

each of these periods were variablef partly on account of the hetero­ 

geneity of the axons involved and partly due to their varying distance* 

fron the lesion to the terminals and froa the cells of origin to the 

lesion. Thus although terminals were clearly undergoing se<juential 

eiuuige, it is not possible to give a detailed account of the degenerative 

process in each terminal type. Swelling and pallor of terminals appeared 

to be an early change in most terminals, often accompanied by vesicle 

swelling (Figs. 172,173,177,181,182,185)J shrinkage and darkening were 

MMWnly indicative of a later stage, with progressive fragmentation or 

loss of cytoplAftaio contents (Figs. 174-176,178-180,183,186-188). Other 

features aoanon to all degenerating terainals after intrinsic lesions 

included marked gliosis around the terminal (Figs. 172,174-176,178,181- 

183,185-188), glyoogen-lik« granules and vacuolation within the terminal. 

The fate of the post-synaptio specialisations after intrinsic lesions 

has been considered in Chapter 7, as has the degeneration of olfactory 

nerves after intrinsic lesions; we will therefore confine ourselves to



describing the degeneration process in terminals with a perigloaerular 

distribution.

Teiminals wit> asffmetri cal thickenings

These terminals, associated in normal material with spherical 

Tesioles (Pigs. 175,176), are derived from the recurrent collateral 

axona of the tufted cells and from the centrifugal fibres (Chapter 5;« 

Although it is not possible to make a definite distinction between 

these two types of fibres in ajJ. oases, they do show a slightly different 

morphology and ti»e course during degeneration, and their distribution 

appears on these grounds to be different; the identity of the two 

types of degenerating terminals with asymmetrical thickenings was 

deduced on a numerical basis - it is Known from material with lesions 

in the lateral olfactory tract, in which the whole centrifugal pathway 

is interrupted, that the centrifugal fibre terminals are such rarer 

than the axon terminals with asymmetrical thickenings that do not 

degenerate (the tufted cell axon collaterals). The centrifugal fibres 

(Fig. 178) affected by intrinsic lesions have a more restricted distri­ 

bution than the tuftsd cell collaterals - batwoen two and four fpLo!!»ruli 

from the lesion * and do not appear to degenerate caudal to the lesion* 

This suggests, along with li^ht microscopic evidence, a fibre course 

roughly perpandicular to the surface ana a terminal distribution running 

anteriorly and to either gide« The axon collateral degeneration is 

particularly distinguished at shorter survival times on account of a 

Barked swelling and pallor of the terminals (Figs. 172,173,177,1^5) -
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a stage not typically seen during centrifugal fibre degeneration after 

theae leaiona or thoae in the lateral olfactory tract (Chapter 9). 

Subsequently, theae terminals show a characteristic sequence of 

darkening and shrinkage aa ahown in Figa. 174-176,179 * 180. The 

diatribution of collateral degeaeration ia the wideat of all in the 

perigloaerulftr region and degeneratiijg tarainnls are aeen in the peri- 

gloaicrular region, commonly up to six glomeruli distant frois the lesion, 

and rather infrequently up to t<sn or twelveJ an occasional degenerating 

terminal with an asynaertrical thickening could be found beyonu taxs, 

but theae were not a algnificant number in any brain. The pattern of 

degeneration appeared to be similar in all directions from the lesion; 

fibre degeneration could be observed in the periglomerular region and 

auperfioial part of the external plexiforra layer up to about ten 

glomeruli frora ttie lesion.

In ten&a of post«synaptlo oella and processea, degenerating tufted 

cell collaterals were found on ahort-axon dendritea (Pigt 177), apinea 

and somata (Fig» 179) and the dendritea and appendages of peri^omerular 

cella (Figa, 173-175,180,185); degenerating centrifugal terminala could 

be definitely identified in this aatarial on perigloaerular dendritea 

and appendage* (Fig. 178), and possibly on to ahort-axon cell prooeaaes* 

i.uch a diatribution is in accord with the direct evidence frca material 

after lateral olfactory tract lesiona and with the reasoning based on 

atudiea of normal suiterial. Moreover, the width of collateral diatri­ 

bution is in agreement with the estiaatea obtained from dolgi-impregnation 

atudiea (Ce>l, 1911; Blanee, 1898; Valrerde, 1965; Chapter 3).
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TenninaU with symmetrical thickening

f*» axtm terminals in tMs groan are tfiose of the perlgle&erular 

cells, ar tod with large flattened pr?-•r-^ptic resides in normal

•gfcerloL, and those of the superficial s>iort-GTon calls, associated 

with »iaall flattened resides. As can be seen in the matrix of synaptle 

connect lens giren In Chapter 5, the only striking difference between 

the axon terminals of perlglomerular and superficial short-exoa oelli 

is the termination of the former on to the shafts of mitral and tufted 

cells; other sites are common tc the two groups and differences are 

liminal (the relatiw infrequency of short-axon cell initial segments 

makes this site of termination valueless for distinguishing thei* 

terminals". It is not at present possible to make A firm distinction 

between the two types of terminal on Ui© basli of their morphology 

during degeneration: both types undergo a certain amount of terminal

•welling and afoew Bailor in the sarlv sta^s (?i£3. 181,182,186) | 

later both darken and shrink and lose their cytoplasmic detail (Fi£*« 

183,165,187,183).

Degeneration of terminals with symetrleal mecbrane thickenings 

(which only occurs after such intrinsic lesions) is densest around the 

two or three ^Lomerull adjacent to th« lesion on all sides, and eccurs 

en the eell bodies <'*igs. 1B1,136-188>, dendrites f?ig. 1P5) and 

appeadagei of perlglooerular and short-axon cells, and on the main 

dendritic shafts of the tufted and mitral cells ''Fig. 1**1\ close to 

their point of primary plomerulsir branching. Further from the lesion,
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up to fire glemeruli distant, a smaller number of terminals may be 

found, notably still terminating on the mitral and tufted cell 

dendritic shafts as well as rather less frequently in the other sites* 

from this it mey be deduced that the periglomerular cell axons extend 

further (five glomeruli) than -frose of the superficial short-axon 

cells (two to three glomeruli), as defined by evidence from normal 

material; thia finding is in agreement with observations of Golgi- 

impregnated material (Chapter 3).

jr j?

Intrinsic lesions have bean made in the superficial layers of the 

olfactory bulb in the hope that they would provide material which is 

able to fulfil two major purposes: firstly* to confirm the interpre­ 

tations of nonaal isaterial in regard to the identity of axonal profiles? 

and secondly to obtain a measure of the extent of spread of the a*ona 

of cells at the gloaerular level, as a background to a functional 

analysis of the neuronal connections. The latter observations must 

evidently be correlated, at the light microscopic level, with evidence) 

from &olgi~iBpr*gnated material, whose capricious ness has led to some 

caution in using its results for definitive analysis; these two aims 

have been fulfilled in the present study. The bulb may not be entirely 

homogeneous in regard to its connections, and therefore it is unwise to 

Attempt any absolute measures of spread; however, even from the study 

of a limited region on the dorsal aspect of the bulb, necessitated for
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technical reasons* the spread of each of the various axons of the 

intrinsic neurons* relative to each other, may be obtained for the 

glomerular layer with the electron microscope, liatimatas of spread 

are given in teros of numbers of gloaeruli traversed so as to give a 

broad* functionally based* measure for each neuron type* but it must 

be emphasised that these are rough* maximum figures. Light microscopic 

studies on a greater sample of the bulbar surface indicate that there 

is little regional variation to be taxen into account; it is likely, 

however* that the spread of olfactory nerve degeneration would be far 

greater after lesions in the antero~ventral bulbar surface* since they 

would involve many more fibres passing to distant parts of the bulb*

Accepting the limitations and provisos imposed on a study In which 

several types of axon have been interrupted, this method has provided 

evidence of the axonal distribution of the different cells in the 

gloaerular layer of the bulb: the tufted cell collaterals extend 

furthest (6-12 glomeruli)* periglomerular cells, less far (4-5 glomsrull) 

end superficial short-axon cells* least far (2-3 glomeruli} | these. 

estimates ere consistent with those obtained froa Golgi-imprognation 

(Cajal* 19111 Blanes* 1898; Valverde, 196f| Chapter 3) but provide 

more substantial evidence* Types of axon terminal that do not degenerate 

after extensive extrinsic lesions, do degenarate after intrinsic lesion*^ 

and this strongly suggests that they have an intrinsic origin. This is 

most evident for those tenainala with symmetrical membrane thickenings, 

which only degenerate after intrinsic lesions, but many terminals with 

asymmetrical thickenings in the periglomerular region remain after larga
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lesions central to the bulb (Chapter 9)« Thus, the ultrastruotural 

picture obtained after intrinsic lesions is complementary to that found 

after extrinsic lesionsj It also bears out entireXv the deductions 

made concerning neuronal identification of terminal profiles fro» 

normal naterial (Chapters 3*5)*

Intrinsic lesions provide a further means of distinguishing 

between the three neuron types at the glomarular level - in terns of 

the extent of their axonal spread? it also gives a clue to the f\mc- 

tional relationships of these cells and their processes. Because of 

the limited spread of their dendrites* the tufted and perigloraerular 

cells receive their major (olfactory) input in one or two gloa»ruli| 

in these gloaeruli they have limited dendro-dendritio outputs, but 

they have more extensive axonal outputs (BRlltiglomerular) - the tufted 

cell collaterals extending further than the axons of the perigloraerular 

cells. The superficial short-axon cells have a relatively wide input 

of non-olfactory origin and since this is predominantly collateral, they 

probably have an even wider source of input than would appear from 

their dendritic treej on the other hand their axonal output is rela­ 

tively restricted, feeding exclusively on to local perlglomerular cells. 

Clearly, the possible combinations are exceedingly complex and it would 

be wrong to try to work out the functional circuitry on purely anatoaioal 

distribution; however, there are strong indications from the latter 

for the kind of physiological role the various neurons may have.

The fact that each glomerulus, and its surrounding perigloaerular 

region, is interconnected so extensively with neighbouring gloaeruli ha*
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ftmatloaal iarplioations: assuming that this node of inter­ 

connection applies throughout the bulb, then the whole gloBerular 

level is mutual^ interconnected* Hoover this aay function pl^ysio- 

loeioallor, it signifies that such odour specificity as reaches the 

olfactory bulb via the olfactory nerve* must be fed in according to 

ftoae overall pattern, so that tfieae neuronal connections may have soae 

value in terms of coding. Since it is not yet clear what kind of 

surround effects may result fro® these connections at awy point around 

a given gloaarulus, it is not possible to predict th© kind of system 

that might underlie the olfactory input* Nevertheless, these results 

indicate that the level of odour specifici-ty at olfactory nerve level 

may be considerably enhanced or modified in terms of other peripheral 

events at bulbar level; the nature of this modification depends in 

the first instance on the pattern of specific input to groups of 

neighbouring glo&eruli and the way in which this signal radiates out 

in the various bulbar neurons*

The value of intrinsic lesions as a method for study in any region 

depends on several factors: the extent to which it is possible to 

analyse the site from normal material and experimental material with 

extrinsic lesions; the state of knowledge about the region frora light 

sdcrosoopy; the feasibility of achieving suitably restricted lesions 

which aay be located after fixation; and the possibility of making 

distinctions between several types of degenerating terminals in terms 

of morphology, tizae course, post-synaptic site, and spatial distribution, 

on the basis of the three previous factors. Naturally, each region of
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the brain idll have ita problem and peculiarities, but the evidenc
e 

obtained by thla method in the olfactory bulb would Indicate that
, 

although limited in acope, it can provide information not definitively 

available in any other way.
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11

ELECTRON MICROSCOF? OF SINGLB CELLS 

STAINED BY GOLftl IMPRECATION*
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This method seeks to combine the various advantages of the 

aethod and electron miorosoopy and to eradicate their individual dis­ 

advantages; naturally enou$i, the combination itself carries some of 

its own disadvantages, but there is no doubt that this approach is a 

most useful adjunct to the study of intrinsic organisation in a region. 

It allows a single cell* stained and identified at light microscopic 

level by the Golgi method, to be prepared for electron microscopy and 

examined in serial sections, particularly for synaptic interrelation­ 

ship a; in this way a direct correlation can be made between the 

identities and characteristics of cell types at the two distinct levels 

of study, which provide quite different and complementary information 

about the cell's properties. The stained cell is easily picked out 

under the electron microscope, enabling serial sections to be studied* 

without axy doubt about whether one is still tracing the seme profile. 

The method can be combined with experimental sectioning of axon pathways, 

as in the original study by Blaokstad (1965).

The work of Blackstad (1965) and Stell (196%1%7) on the use and 

techniques for combining Oolgi-impregnatcd material and electron micros­ 

copy in this direct manner, has been well reviewed recently (Blaokstad, 

1970)* The present account deals with the methods and results from a 

study on some of the cells in the glomerular layer of the bulb, and which 

have been based upon the techniques already in use in this laboratory; 

certain of our experiences indicate some of the problems of the technique
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in its present form, only some of which hare been overcome. Combined 

Golgi-g.M* studies have also been described by Kolb (1970),

RESULTS AND DISCUSSION

Preservation of material is poor (Figs* 194-202), probably 

primarily on account of the fact that the silver nitrate ha» to be 

made up in distilled water to avoid precipitation; however, with a 

knowledge of the normal electron microscopy of the region, including 

profile outlines and orientations, most processes can be recognised* 

Knowing the definitive light-mloroscopio type (Figs. 189-193)* its 

electron microscopic characteristics and relationships may be confirmed 

(or discovered)• Synaptio structures, both pre- and post-synaptio, 

are easily picked out and the layer of extracellular material in the 

synaptio cleft may often be resolved, giving a clear indication of the 

extent of the synaptic specialisation (Pigs, 197-202). Typing of 

synaptio specialisations however is not generally possible in this 

material* As reported by both 31aokstad and Stell, the Golgi impreg­ 

nation appear* to be membrane-limited, occurring within the cytoplasm 

of cells, often sparing membrane-bound systems suoh as mitochondria or 

even neurotubules (Figs. 194,195), or else being contained within them, 

suoh as within ©ndoplaamio retioulun* The characteristic appearance 

of the cytoplasm of Qolgi-iapregRated cells under the electron micro­ 

scope is of extremely electron-dense areas, of a granular nature, 

surrounded by slightly less dense material; in between these areas are
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regions of variable sise (Figs* 194,195,197,201,202). Th» 

various smnipuljations suggested by Blaekstad for preventing this loss 

of stain were unsuccessful in this study, so it isust be concluded that 

it is a part of, or an inevitable oonsequence of the staining process 

Itself. The rounded edges of the dense aaterial indicate that they aay 

be aggregations of oytoplasndo BBterial that have taken up the silver 

ooaplex.

W« have not seen any staining of the extracellular space as des­ 

cribed by Blaokstad, but on the other hand we have so®n similar thin 

stained regions, that have been identified as belonging to the thin 

qytopl&Sttid lamellae of glla by their site, arrangement and continuity 

with glial profiles that are also stained (Fig. 1?6)« Like hift, we 

have observed the sudden cessation of staining in a large nouronal 

profile (Fig. 195)* this was the case of a tufted cell dendrite of 

2-3 pfe diameter, cut longitudinally and passing in the superficial part 

of the external plexifona layer. The stain stopped abruptly in a 

straight line running diagonally across tfo© dendrite; moreover, a 

Mitochondrion and several neurotubul®* passed through the line, being 

unstained on both sides* but only surrounded by dense material on one 

(?ig* 195}* Such observations indicate that caution must be used in 

identifying and characterising cell processes in &olgl stained material. 

Finally, it may be noted that the technical procedures and examination 

needed to achieve satisfactory &olgl~E.M. material are very tliae- 

ocnsii&ing and cannot at present be used for routine study; they are 

however of great value in confirming relationships and identities when
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the groundwork from normal aaterial has been completed.

Although studies have bean made with this technique on several 

individual cell*, the results on one cell, a middle tufted cell, will 

b« reported here. This is partly to avoid repetition of observation* 

that have been made on nomal material with which the Ctolgi~B*M* 

results are in agreement, and partly on account of the dif fioulty 

involved in obtaining satisfactory material through a whole cell and 

its processes. Purtheraore, the middle tufted cells are difficult to 

study as a group and this method provides an unusual opportunity to 

observe them* The cell was found in the light microscopic stu<$y of 

100 ua Araldite sections, lying in the raid die of the external plextfona 

layer, and sending four major dendritic branches peripherally and an 

axon deeply (Figs* 189-193)} the latter divided relatively early to 

give a small collateral branch* Oat of the dendrites showed marked 

varicositios on li^it feicrosoopy (Figs. 190,202) apparently before 

reaching the glcaerular layer; since all the dendrites reached the 

gloaerular layer and received contacts froia olfactory nerves, this cell 

had no true secondary dendrites •

V-ith the electron microscopic study of large numbers of serial 

sections the identity of tfc© cell was confirmed and the distribution of 

processes found to correspond with the appearance on light microscopy, 

recorded photographically} this allowed orientation of the specimen* 

The cell soma and those parts of the dendrites in the external pleadform 

layer were found to show the reciprocal synapses characteristic of tufted 

cells in this site; the profiles with which they synapsed were difficult
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to identify on thoir appearance in this material, but were consistent 

with an identification as granule oen geonules (?igs. 198,199,201,202) 

from correlation with noraal electron microscopy of equivalent sites* 

Two of the dendritic branches terminated in one glomerulus and two in 

an adjacent one. It was not possible to identify parigloaerular oen 

axon terminal contacts on these daadritcs as they passed through the 

perlgloaerular region} this is because these contacts are relatively 

rare and can only be seen in favourable planes of section* ulial 

laaellae were found to surround these dendrites as they passed through 

the periglcaerular region, however* Within the glooerull the cell 

received contacts from oany olfactory nerves (Fig* 200) and made large 

nuaibars of reciprocal synapses with presumed periglooorular cell 

profiles! the location of these synapses was entirely in accord with 

the results obtained from normal material on tufted and mitral cells 

as a group (Chapters 4 «& 5)» The varicose dendritic segment was noted 

and found to correspond with the typical varicositias identified in 

noznal electron microscopy (Fig. 202}j characteristic reciprocal 

synapses were found in relation to the varicose segnoat as well*

The axon and its collateral branch were traced through many serial 

sections, despite the tortuous courses they followed, which would have 

made conventional electron microscopy on these profiles difficult, if 

act impossible; in the 6olgi~K*H. material, the densely stained profile 

stood out clearly from the unstained ones and made identification siapla 

and the position relative to the cell soma was confirmed. No synapses 

were found in relation to the first part of the initial segaent, but a
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reciprocal synapse with a presumed granule oell genuwle was found Juat 

prior to the point of branching (Fig. 197). *hls was a new and 

unexpected finding and isuat be presumed to be a feature characteristic 

of middle tufted cells, or at least of those tufted cells lying in the 

external plexlform layer, since no similar contacts li&ve been found in 

detailed studies on the external tufted (Chapter 3) or mitral cells 

(Price A Powell, 19?0d}« This is the first definite example of ocBbinad 

ejco-dendritio and dendro-axonic synapses in a reciprocal arrangement* 

Olfactory nerves and perlglomerular cells hare been studied with 

this method; in the case of the former, single fibres hare been stained, 

eren when arising in a bundle of otherwise unstained fibres* dial 

cells are often stained and are responsible for much of the finer net­ 

work of apparent precipitate seen in light microscopy of

nated material. Very fine lamellae may be stained, as mentioned above, 

including single members of the group around the periglomerular segg&nfe 

of the relay cell ojendrltes; whether this indicates aultlcellular 

origin for those lamellae or slnply only partial staining of one cell 

is uncertain* The oaprioiousness of the technique oakes such distinctions 

difficult, particularly in view of the observation of the sudden cessation 

in staining in a thick dendritic shaft (Fig. 195).

While this technique has distinct limitations with respect to the 

tia» involved in preparation and study, t£* poor quality of the material 

and the difficulty in ensuring clear fields around the cells to be 

studied, it does have the great advantage of providing a direct correla­ 

tion between li^ht microscopy in a given cell* Since almost all electron
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microscopy of the central nervous system is based on cell typing frcra 

light microscopy, such a aethod is clearly of value in drawing the two 

otherwise rather disparate techniques together. In many instances the 

cell profiles at a distance from the cell soaa me& be very difficult 

to identify as belonging to a particular type. These studies isay well 

contribute to their identification not only directly, but also indirectly 

by providing criteria by which the profiles may be recognised in 

conventional electron microscopy* Synaptio characteristics of a single 

cell my be discovered and may be mapped out almost in their antirwty 

if this is desired* Long axonal connections are clearly impossible to 

study by this method, but it aay be useful in following the fine and 

tortuous axons for some distance froa the so ma, which is only rarely 

possible in conventional electron microscopy. A further use of the 

combined GolgL-^,??, technique would be in distinguishing batw«0B 

different types, derived on light aicroscopio criteria, on an individual 

or a group basis.



240.

CHAPTSR 12

QTCHAL DISCUSSION

"It is useless for anatosor to establish oormoctions if 
physiology does not allow us to elucidate the nature and 
direction of the iapulses whioh pass through them, nor 
the role of the various cellular factors which are involved 
in the aot of transmission."

Santiago Raaon y Cajal.
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DISCUSSION

In order to facilitate the discussion of the results presented 

in the previous chapters, a brief summary of the classical neuroanatoacr 

of the olfactory bulb and of the present evidence from electron 

micros oo pio and other studies will be given; a section is then devoted 

to the enumeration of some of the data that is as yet not available. 

Following this, the broad principles emerging from the new knowledge 

concerning the bulb will be discussed under several general headings* 

Firstly, in terms of the ways that neurons and glia relate to each 

other anatomically, and soae of the physiological and biophysical 

implications of these* Certain features of neuronal organisation will 

then be discussed, considering the bulb as a possible raodel for other 

nuclei. This will include a consideration of peripheral sensory path­ 

ways, especially such oorsson features as may give some clue to similarity 

in the principles of the neuronal transformation of peripheral sensory 

information; finally, the bulb will be considered in relation to the
j

oerebral cortex* Points that have been discussed in the individual 

ohapters are only considered here when it is felt necessary to discuss 

then in a broader context or to extract different features*

CLASSICAL HISTOLOGY

Early hist clog is ts defined the layers of the olfactory bulb 

according to their characteristic differences in texture, which are 

indeed as distinct as any in the central nervous system* The most



242.

icmly adopted system (Sohwalbe, 1881, but using present terminology),

the layers froai superficial to deep thusi the olfactory nerve 

layer, the glomerular layer, the external plaxifom layer, the mitral 

oell layer, the internal pleadf orm l^er, the granule cell layer and 

the perlventricular layer (Figure A). The advent of Golgi f s technique 

for staining whole eells resulted in a tremendous advance in the 

understanding of the neurons of the olfactory bulb; although several 

distinguished neuroanatomists studied this site, it is the writings of 

Cajal and his group that have exerted the strongest influonee on subse­ 

quent work; it is also the findings of this group that have been aost 

extensively eonflrr.9d by different techniques*

The olfaotory receptor cells, lying in the nasal epithelium, have 

thick dendritic processes that extend up to the surface and from their 

bases arise fine unmyelinated axons that segregate into bundles and 

pass, d*ep to the olfaotory epithelium, through the cribriform plate 

of the ethmoid bone to form the outer layer of the olfaotory bulb which 

overlies this bone* These axons terminate exclusively within the 

glemerull, which lie just deep to the olfaotory nerve layer (Figure A). 

Five distinct types of neuron were described in the bulb from studies 

with the Golgl methods mitral cells and tufted cells, perigloaerular 

and granule cells, and short-sxon cells (which lie in the granule cell 

layer). The mitral cells are the largest cells in the bulb and form a 

distinct layer, one cell thick in the rat and rabbit; the dendrites of 

theee cells extend superficially - primary dendrites passing into the 

glomeruli in which they foim oharaeteristlo tufts, and seconiary dendritea
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passing obliquely Into the external plexifow layer only, and whiah 

do not arborise* Similarly the tufted oella. which are found a* all 

level* between the mitral oell layer and the olfaotory nerve layer, 

hare primary dendrites extending into the gloswruli as tufted arborisa­ 

tions} SOB* of the deeper tufted cells hare secondary dendrites* 

Both these two oell types hare long axons projecting to more central 

olfaotory levels and they giro off collaterals in the bulb in the 

internal pleadfons layer to terminate in this, the granule oell and 

external plexifona layers i the tufted oells also send collateral 

branches to the gloaerular layer. The granule eell layer consists 

principally of concentric rows of ^yaaule cells, which are unusual 

oells in that they have no sxea} they have several deep dondrites 

lying in the granule oell layer and usually one bran chad peripheral 

process. The latter extends into #19 external plexiforra layer, but 

dees not reach the glonerular layer; both deep and superficial prooesaes 

bear aany spine-Ilka appendages* The superficial counterparts of these 

oells, now termed the perigloaerular cells, have gloaarular arborisa­ 

tions sisdlar to, but smaller than, those of the aitral and tufted 

oells, and they bear spine-like appendages} the perlgloraerular oells 

also hare fine axons that run In, or Just deep to, the glomerular layer* 

?&* short*axon oells that lie in the granule oell layer are rarer oells 

oof intermediate sise with dendrites restricted to the granule oell 

layer and axons distributing variously to the granule oell and external 

plaxiform layers; several sub-types of short axon cell were described 

by Gajal and others according to dendritie and axonal distribution and
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the presence or absence of spines (Cajal, 1955? Price .* Fowell, 1970d).

Broad3y speaking, this soheate for the cells of the olfactory bulb 

has regained unchanged and without significant addition until the advent 

of electron oicrosoopy in the last decade* Valverde (1965) included

•one excellent descriptions of the various cell types, but introduced 

the concept that tufted cells were a deeply placed form of j^riglaaarula 

cells, a suggestion that has been completely invalidated by electron 

microscopic study* Silver degeneration techniques have enabled more 

detailed study of the projection pathways to and from the olfactory 

bulb (Cragg, 1962; Pewell, Cowan and Raisaan, 1965; Heiiser, 1968; 

bttM*& Mentinck, 1969; Price A Pcwell, 1970*) J the latter studies 

hare been done in direct correlation with eleotron microscopic studies 

(Price £ Powell, 1970c}* The basic findings are that the tufted and

•itral cells both project in the lateral olfactory tract to the pyrif orm 

cortex and other olfactory nuclei. Fibres pass to the bulb from the 

nucleus of the horisontal lirab of the diagonal band and the Ipsilateral 

anterior olfactory nucleus, as wall as from the oontra-lateral anterior 

olfactory nucleus via the anterior coaaissure*

THMASTRUCTIEAL

The contribution of the electron microscope in recent years to 

our knowledge of the aeuronal orgaaiaation within the olfactory bulb 

has been of paramount iwportanoe in that this is the only techni<jo« 

available 137 which definitive information may be obtained concerning 

the synaptio oonneoticns between different neurons* The following brief
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of connections (Figs. 203,204? see alto Tabl* 19 Chapter 5) 

within the olfactory bulb i« derived trm the various electron micro- 

aoopio studies or noraal and experimental material, which are broadly 

in agreement (Hirata, 1964; Andre*, 1965; HeeM & Brightaan, 1965; 

Rail, Shepherd, $e**e A Brightaan, 1966; Price, 1968| Price & 

P«pall, 1970a-d; Hind*, 1970| Xee** A Brightman, 197^1 Chapter* 3- 

11). The detailed information on the identification of cells and 

processes and on their interconnections may be found in the original 

paper* and only certain salient feature* will be brought out in this 

review, based upon the assumption that It 1* possible to distinguish 

the different cellular processes snd relate thea to the light oioro- 

soopio types. It should be noted that by a combination of light 

miorofloopy and electron miorosoopy an additional cell type was dis­ 

covered in the glonerular layer, the superficial short~63con QQ!!; 

this has been characterised (Chapter* 3^5) and seans in many ways 

to be Hie superficial analogue of the deep short-axon cells.

The relay cell* - the mitral and tufted cell* - whose feature* 

and connections are broadly similar, are the central elements in the 

asuronal organisation of this relay level In the olfactory system; 

they receive the primary olfactory input on to their seat peripheral 

teidritlo processes, the gloaerular arborisation* (?ig. 203), This 

input Is, on morphological criteria (spharioal vesicles and asyonetrioal 

membrane thickening), excitatory (see below), and Is, with rare excep­ 

tions, the only input of this type upon the relay cell*. 1"he long 

dendrite* of the mitral and tufted cell* are then subjected to influence*



203 A schematic diagram of the functional interactions 

in the glomerular l^yer of the rat olfactory bulb. 
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from the primary group of interoeurons - the periglomerular and 

granule cells. The perlglooerular cells act upon the relay *•!! types 

by s»ans in dendro-dendritic reciprocal synapses within the gloaerulij at 

these synapses the interneuron appears to inhibit (flattened vesicles 

and symmetrical menbrane thickening) the relay cell, and the relay 

cell to excite the parlglomerular cell. The perigloroarular cells also 

act on the relay cells at a slightly deeper level by neems of their 

axon terminal* - at the base of the gloaerular arborisation; the 

synaptio type of these teminels is also inhibitory (Fig. 203)• Those 

parts of the relay cell dendritic tree that lie in the external 

plexiforn layer also take part in many reciprocal dendro-dendritic 

synapses with the granafte cells (Pig* 204), exactly oosp&rabl* to 

those with the periglooerular cells; the granule cells do not hare 

axonal processes* Both granule and periglomerular cells make most 

of their dendro-dendritic synapses by Beans of spine-like appendages 

teraed fSMSiles - which are defined as being spines that not only 

receive but make synaptic contacts* Having run the gauntlet of these 

three sets of inhibitory interneuronal influences, the depolarisatlon 

derived froa olfactory stiauli nay reach the cell body of the relay 

cells and aay give rise to a propagated axon spike* This will be 

conducted toy these axons to the cerebral olfactory centres and will 

continue in the relay pathway; but activity will also remain in the 

bulb, in the form of axon collateral excitation (Figs. 203,204.), which 

Is relayed both to the primary (granule and perigloraerular) and the 

secondary interneurons (short-axon cells), predominantly the latter.
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In the preceding account, the similarities of the two relay cell 

types hare been emphasised, but certain noteworthy differences do 

exist, which may give some clue to the functional distinction between 

these two oell types. The distribution of the tufted cell somata 

allows their easy identification, being found between the superficial 

edge of the mitral cell layer and the deep edge of the olfactory nerve 

layer, and this is accompanied by a gradation in site fro® deep to 

superficial. The most superficial tufted cells will receive no 

contacts fro* granule cell processes, but only from perlgloaerular 

cells, while others will receiye varying proportions of granule cell 

inhibition according to site. The more superficial tufted cells also 

have more limited glomerular arborisations within the Individual 

gloaerull, occupying a wedge-shaped portion of these structures, while 

the mitral and deep tufted cells arborise throughout. The more super­ 

ficial tufted cells have fewer, shorter secondary dendritos or none 

at all. Finally, only the axon collaterals of the tufted oolla dis­ 

tribute to the periglomerttlar and superficial short-axon cells, whereas 

bot& types of relay cell distribute to the deep set of laternsurons.

The perlgjleaerular cells, the prlswry peripheral Interneurons, 

reoeive synaptio contacts, in varying proportions and sites, from all 

the processes that make synapses at glomerular level; that is, the 

olfactory nerves, the dendrites of relay cells, the collaterals of 

tufted cells, the axons of superficial short-axon and othsr perlglosferul 

Mils and the excitatory terminals of the centrifugal fibres froa the 

cerebral hemispheres. Similarly the granule cells, in the deeper layers
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appear to receive synapses from the relay cell dendrites and all axon 

oollateralif the axons of deep ahort-axon oells and probably all types 

of fibre of central origin* These various inputs are distributed to 

different parts of tbs neurons. The perigloswrular and granule cells 

have been termed the primary group of interneurons since they act 

direct2y on to the relay cells* this is a clear distinction froa the

•hort-axon oells whioh aet on the relay calls only through the mediation 

of the priaary interneurons*

the superficial and deep ahort-axon oells do not effect dendro- 

dendritic synapses* and they smke axonal synapses by i&eaas of sysi» 

metrical thickenings and flattened re aides 'inhibitory}* Pheir 

primary excitatory input appears to bo from the collaterals of the 

relay cells. The superficial short-axon oells also receive centrifugal 

texttinala* inhibitory influences from periglosHirular cells and other 

ahort-axon cells* The connections of the deep short-axon cells are 

only inooapletely understood| they certainly receive from collaterals 

and other ahort-axon cellSf but the extent to which they receive 

contacts froa wore central nuclei is uncertain* This type of cell 

does not appear to receive dendro-dendritio contacts*

The centrifugal fibres from the nucleus of the horizontal liab 

of the diagonal band terminate at two levels (Fig. 201).): in the deep 

half of the external plexifona layer, and in the periglamerular region,

•yaapsing with a morphology suggestive of excitatory function* The 

similar terminals from the ipsilateral and contralateral (anterior 

eoanissure) anterior olfactory nuclei terminate, respectively* in the
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superficial half of the external plexiform layer and the granule cell 

layer; it is not possible to assert that the ip si lateral nucleus does 

not project to the granule oell layer or deep part of the external 

plexifora layer* since lesions of this nucleus necessarily involve 

the anterior commissure fibres and the Centrifugal fibres*

The foregoing aooount of the major synaptio connections in the 

olfactory bulb shows that electron microscopic Investigations, in a 

site whose light microscopy has been well studied, oan provide a 

detailed map or circuit diagraa for the anatomical synaptie connections 

(Figs* 203,204), that lacks only a few items of information. Further­ 

more, persistent study of the bulb shows that all the observable 

flpaaptio connections between the various profiles in the various 

layers oan be accounted for by the scheme presented! there is no 

evidence of any further subdivision of neuronal types on the basis of 

Modes of synaptio connections or on other morphological features (with 

present techniques)* This relatively complete picture of neuronal 

interconnections at the first relay level in the olfactory pathway 

therefore does allow certain suggestions to be made with regard to 

types of neuronal connection, both in a general context end in the 

specific context of sensory pathways, as well as providing a suitable 

background for eleetrophysiologioal study of this particular site* 

Before doing so, two additional features of the modes of cellular inter* 

action will be noted and the most important pieces of information that 

are, as yet, lacking in our knowledge of the bulb delineated*

patterns" have been noted at several stages in this work;



these are groups of synaptio contacts acting In close proximity upon 

one or two dendritio profiles. They hare soon defined for the purpoae 

ef the olfactory bulb of the rat aa being aynapaea occurring within 

500na along the dendritic ahaft or relating to a single appendage 

•ad/or it a adjacent dendritic ahaft* This arbitrary t* waa derived 

empirically from the observations on the bulb, and most of the enrcples 

of obvioua aynaptio patterns occurred within this limit. At this stage 

it ia aufficient to note that auch closely related synapses occur, in 

particular relation to various appendages, suggesting a degree of 

integration of input at thesa aitea, and to emphasise that certain 

tfearftcteriatiG axon terminala and dendritic synapses are regularly 

found, forming different t r̂pes of sy nap tic pat term (characteristic of 

different sites).

In addition to the various neuronal interrelationships, certain 

unusual features of glial cells have been noted in the ocurae of these 

atudiea* These relate to certain glial cells that li© in the olfactory 

nerve layerf theae oella are knftwn from classical light microacopy to 

envelop the olfaotory nerves with basal prooessea and to extend long 

thin prooesaes inbatween the glemeruli into the external plexifona layer* 

Electron microscopy has showi that the basal procesaea do iraieed wrap 

around groupa cf olfactory nerve fibres j the thin deep proo«aaea 

been ahc«n in some inatancea to form several thin glial lamellae 

the stems of the mitral and tufted cells, Just before their 

brandling* The highly specifie location of theae unusual lamellae 

a one functional relationship, and in the monkey these s<



251.

of the relay oell dendrites ore surrounded by thin qyalin aiwaths, in 

place or tne lemellae. It is presumed that they haTe the saae oollular 

origin. The saae gliel oell is thus seen to surround both the incoming 

olfactory nerves and that part of the relay cells at which the olfactory 

input converges to p&aa into the primary dendritic shaft (i*e, as they 

from the gloaoruli)*

STILL N&
In enumerating aos* of the more significant gaps In our know] 

of the neuro&natoiqy of the olfactory bulb, emphasis will b@ placed on 

tfeete areas that would eppeeor to be neoessaiy for a complete under* 

standing of this site as a relay and coding centre for olfactory 

info relation* The first of these is the basis for the organisation of 

the olfactory norvas into individual gloaenili; this is p. . * ft» 

Wife a pl^ysiologioal as an anatomical basis* but so far we have frag­ 

mentary Qvidenoe from either approach* And res (1965) has noted that 

1&B fibre bundles appear to undergo reorganisation as they pass from 

the ouoosft to the gloffloruli; this implies that the glooieruli du not

represent a spatial distribution over the muoosa, but that they 

already arranged according to some fu notional specificity^ possibly 

residing in the receptor cells* That this should be so is not surprising 

in view of the complexity of the bulbar organisation and its dependence 

on the glomeruli as the first unit of convergence and the basis for 

subsequent interactions* Lend, Eager and Shepherd (1^70) have been able 

to show areas of localised degeneration following small olfactory nerve
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lesions with silver method a, but it is not yet clear whether the general 

application of this technique would provide the necessary overall 

information. The studies of Leveteau and Macleod (1966,1^69) have 

shown a certain degree of odour specificity at gloaerular level but 

no clear aggregation of thia over the bulbar surface. A second point 

relates to the extent of interaction of different relay oells and 

perigloswrular cells within a single glonemlua. i>o far it is only 

possible to emphasise that extensive serial connections between different 

individual ceils of e&oh type have been observed and that those, in all 

probability, reflect a far greater number which oa mot be aeon even in 

the long sets of serial sections that have been used in son* of these 

studios. Nevertheless this point if of crucial significant** together 

with the previous one, in assessing the exact functional role of the 

glooerulua in the integratlve function of thia site.

It has been difficult to identify the deep short-axon cell dcndrites 

at a distance from the cell somata and so our knowledge Cf thsir connec­ 

tions is more fragmentary than that regarding their superficial counter­ 

parts; froo the afferent terminals clcse to their cell somata, certain 

deduct!ens can be nade concerning their overall oeB&eetiona, and analogies 

with the superficial short-axon cells can also be drawn* The principal 

aim of recent studies has been to eophasise their existence, in the 

hope that they may be further characterised as techniques beads* avail­ 

able (Price & ~owell, 1970d). A further gap in our knowledge, is the 

extent of the distribution of the mitral and tufted cell collaterals! 

it is known froa noraal and experimental studies that tufted collaterals



distribute to all the layers of neuropil, but whether the aitral cell 

collaterals roach the glooerular layer or not is still uncertain. The 

only evidence is from li$it microscopy of £olgi preparations, whioh 

»hcw* that these collateral branches of the mitral cells only reach aa 

far aa the superficial pert of the external plexiforra l^yer, but 

knowing the vagaries of the Golgi methods in the tracing of relatively 

fine axon projections over any distance, it would be ideal to obtain 

soae more direct, preferably electron microsoopio, confirmation of 

this. Uncertainty also surrounds the questions of the relative axonal 

contributions from the tufted calls at the various levels and of the 

mitral cells to the afferent input of the two sets of Intemeurons, 

particularly the deep set, and of the extent to which the deeper tufted 

cells send collaterals to the gloiserular layer*

The exact location of the projections to the deeper layers from 

more central regions of tho olfactory pathway, notably those of the 

anterior olfactory nucleus, are aoaewhat uncertain on account of the 

difficulty in achieving selective lesions of this nucleus, although 

Additional sites of degeneration and denser sones allow inferences to 

be aade on this point. Combined long* and short-term lesions of the 

various pathways should be a wey of clarifying this point. Finally it 

should be noted that the glial relationships of the bulb h/.ve been largely 

Ignored to date • only the most striking of these having been described 

at any length. Changing views of the significance of these cells in 

neuronal organisation strongly suggest that the glial organ! n of 

site* should be studied otore closely. In the bulb, the
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microscopy of these cells has been exhaustively studied by Blams 

(1898); there remains we technically exacting task of disentangling 

the often extresiely fine gllal profiles with electron microscopy.

In mere general terras, two significant gaps in our knowledge exist: 

the quantitative aspects of the various connections; and the identity 

of the transmitter sub stances at the various synapses, oh*ra*tcria*d by 

conventional electron microscopy, experimental histocheaaistry at 

electron microscopic level Bay well provide some clues and auto- 

rftdiography has already been demonstrated to be of value in this kind 

of work (Katus <& Dennison, 1971}) otherwise there is the possibility 

of the less direct method of correlation with pharmacological studies, 

such as that of McLennan (1971) in which he shows that 8ABA (gaasaa 

Sfflino butyric acid) is the probable transmitter at the granule cell 

to Mitral cell synapses* It is to be hoped that one or more of these 

lines of research will provide more exact information on this important 

question.

3 AHX

Concepts arising from study of the olfactory bulb as a nfhole may 

be divided into two broad categories} the features of individual 

MBVons, their synaptio specialisations in particular, and the features 

of the organisation of these neurons, with respect to their interneuronal 

relationships* It is at these two levels that electron microscopy can 

add significant^ to the classical picture from light microscopy,

Hy through the apparent ability to visualise at this level the
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morphological basis for the physiological synapse.

pendrO"dqndritio

Among the raore dramatic discoveries in the olfactory bulb were 

the dendro-dendritio synapses (Hirata, 1964; Andres, 3e*f* A 

Brightean, 19655 Rail, Shepherd, Heese *. 3rightaan, 1jJ66| ^rice A 

Powell, 1970b)» Although these were Initially regarded as a special 

feature of this site and the retina (Dowling & Boycott, . , more 

resent studies hare revealed that, even if they cte not oocur as fre- 

qosntly, they may be found in many diverse sites, notably the thalaaus 

(Balaton & Hainan, 1968} Guillery, 1969} Faalighetti, 1970} 

1970} Harding, 1971), superior oolliculus (Slt^l^ * St4kl3y» 

Uind, 1969)9 dorsal horn of spinal cord (Ralston, 1968), and motor 

cortex (Sloper, 1971)* Another tendency has been to regard these 

qpMpses as an exclusive feature of aoaorine-type cells (i«e* neurons 

lacking axons), despite the faot that the reoiprooal nature of the 

synapses in both bulb and retina, shows clear 3y that the dendritss Of 

olhe? fcbre conventional cells such as bipolar and mitral oella, also 

take part in auoh synapses and Bay thus be presynaptio. 'hese facts

with the clear evidence for aendrite* that do not oake oeooro- 

synapses (the short-axon cell dendrites and granule cell deep 

dendrites in the bulb, for instance) led to t&e suggestion (Chapter 5) 

that at least two separate dendritic types oould be dist - v :d - 

Class A dendrites, tiiet only receive synapses, and Class j* dendrites,

both receive and rcake synaptio contacts (Chapter 5)* It may veil
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be that additional, funotional subdivisions of dendrites will cnsrge 

froa further study, but suoh striking differences, even between the 

deep and superficial dendrites of a single call (granule oeU of the 

olfaotory bulb), seen significant enough to divide in this my* 

Furthermore, the whole question of dendritio integration (Spencer & 

Kwdel, 1961; Rail et aX,, 196?; Diaaond A Yasargil, 19691 Diamond, 

Gray & Tasargil, 1970; IJJLnXs & Nioholson, 1971) becomes even more 

crucial in Class B dendrites (where looal effects may give rise to an 

output signal froa then without necessary axoa initial segnent surnma- 

tion) than in the Class A dendrites| this nemns that different approaches 

to the two classes aay be neoessary in the biophysical evaluation of 

synaptio localisation.

The funotional possibilities of reoiproeal dendro-dendrltic 

synapses have been widely discussed (Rail et al,, 1966| Polling & 

Boycott, 1966j Ran & Shepherd, 1968| Shepherd, 1971)j a few points 

may be sade here to highlight their possible significance* Since it 

appears that most, if not all, the dsndro-dendritic synapses in the 

olfactory bulb are reoiproeal, we will only consider the consequences 

of reoiproeal interact ion of dendro-dendritlo synaptie contacts* The 

physiological activity of reoiprooal dendro-dandritio synapse* mist 

depend on several factors, soae arising from anatomical disposition and 

organisation with respect to their cells of origin and various inputs, 

and others relating to the funotional state of the various neurons at 

a given tive; the fonwr we have sons knowledge of, the latter is a 

smtter for speculation* It is probable that thase paraaeters determine
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rersatility of the structural relationship and its particular role 

In any site or at any time* The anatoaical factors are the position 

of contacts in relation to the dendritie trees of the cells involved 

and the situation of axonal inputs on eaoh of the dendritea, speci­ 

fically those in close proxinity to the dendro-dendritic synapses; * 

speoial ease of the latter is whether or not the two reciprocally 

connected dendrites receive afferent input from the saas process, or 

type of process, or not. For instance, the olfactory nerve terminals 

synapse on to both the perlgloaemlar oell and the mitral/tufted oell 

dendrites taking part in the reciprocal synapses, and it is often the 

sane olfactory nerre terminal that synapses on to eaoh dendrite, in 

olose proximity to the reciprocal synapse; on the other hand, the 

granule oell gemuulei receive centrifugal and other afferent terainals 

feat do not nake any synaptio eontaet with the mitral/tufted cells, 

either in the iaaediate vicinity of the reoiprocal synapse or at a 

distance. Functional factors determining the physiological role of this 

synapse include the type of $rnapae (excitatory, inhibitory) made by 

eaoh component and its afferent connections; the functional nature of 

the synapse may be deduced froa its morphological appearance (see below) 

and/or the action of the axons of the respective cells at other junc­ 

tions, or it may be demonstrated physiologically. The extent to which 

the synapse is isolated from, or in contact with, the parent process 

is clearly of inportanoe in determining both the influence that the 

eagoin* activity in the dendrite as a whole has on the \jmy\\ \ i1 inter* 

action and the effect of the dendro-den&ritio input, and its associated
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aynapses, on dendritio activity as a whole. That this is likely to 

vary from oell to cell, and even within a cell, is indicated by the 

fact that sone of the profiles are geranulea (gramle and perlglomerular 

oells) and others are dendritio shafts (mitral, tufted, and to a lesser 

extent granule and periglomerular cell*}. What the biophysical signi­ 

ficance of the geasmlea is as opposed to the dendritio shafts, is 

however still uncertain aid largely speculative. The suggestions of 

Diamond et al. (1970) concerning spine function aa a aubunit of dendritio 

activity and integration are particularly interesting in this respect) 

one of their suggestions is that the events in the spine are largely 

Wftffeoted by the activity In the dendrlte. That this cannot be an 

absolute phenomenon is indicated by the granule cells of the bulb; 

these cells say be activated from the oontralateral anterior olfactory 

by the fibres passing in the anterior consuls sure which terminate upon 

tto* deep dendrlte s of these oells (Tamaooto, Yamamoto <-• Iwazaa, 19&3J 

Price # Powell, 1970oj Levetewa, Daval * KaoLeod, 1972)» Their effects 

are seen as an initial inhibition of mitral oells, mediated by the 

granule to mitral component of the reciprocal synapse (since this is 

tfct only efferent synapse from these oells); thus the activity la 

carried froa the deep dendrites, down the peripheral processes and into 

the geomule* (there is no direct contact on to the gemiles from these 

fibres). It is thus clear that ouch has to be learnt from systems such 

as the bulb concerning spine and gemimile function as a specialised part 

of the dendritio tree; nevertheless, the concept of spines as subunlts 

of the dendritic tree is an important one and is likely to be a fruitful
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line of inveatigation,

Om is now in a position to eonaidor the functional capacity of 

the reciprocal dendro-dendritie aynaptio arrangement (aee alao Rail at 

al., 1966J RaU * Shepherd, 1968| Shepherd, 1971 )l it ia immediately 

obvioua that this atruoture together with ita afferent connections, 

its diatribution, and that of other profiles allows of both temporal 

and spatial adjustment of a given signal. The spatial affects arise 

froa the widespread interactions of different oells within the two 

basic types involved in a given reciprocal synapse (relay and prtaary 

int or neuron); local interaction, within a glonerulus or within the 

field of a single granule oell (whioh ia of the same order of lateral 

dimensions as a glomerulua) will predominate, but the dendro-dendrltio 

input to the periglonerular oell will probably contribute to the axon 

spike propagation, which extends even further laterally to affect other 

relay cells. It may be useful to distinguish theae two modes of spread, 

assuming that the gloraerulus ia the basic unit of Integrative function 

in the bulb, aa local integration and wider spatial interactioni this 

implies that the interneuronal ooonections in a given aystem are 

involved on the one hand in coding the afferent information and on the 

other hand are relating thia to other afferent information arising 

parallel in the sarae system. The temporal aspecta of reciprocal 

synaptio function ariae largely from the aiaultaneoua Input to the 

two arrangement a at glcaerular level, or by the feedback of cdtral/ 

tttfted oell collaterals on to the intamourons and ultimately b^ck on 

to the relay neurons via the reciprocal synapse. In the former ease,
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this nay be a reinforcement of periglomerular cell excitation by 

•ejsitatory mitral/tufted to periglomerular component, or a cut-off in 

the mitral/tttftad dendritic activity l*y the porlglomerular to mitraV 

tufted component. Thus the spatial (inhibitory) influence is reinforced, 

and the relay cell activity signal is sharpened, enhancing both spatial 

and temporal contrast. Also there is a possibility of self-inhibition 

aftar dendritic activation by the mitral-granule-oitral (or equivalent) 

route of the reciprocal synapsest in which the synapse is acting as a 

unitj this gives rise to the "rhythmical* activity tc which the system 

is well suited (tall & Shepherd, 1968)* Here is an example of a local 

reciprocal feedback system on to which may be superimposed a feed­ 

forward one-way system (periglomerular) cr a feedback one-fay system 

(granule and periglomerular}* This highlights the point that the 

elements of the reciprocal synapse nay act initially as a simple one-way 

tyrtem of transmission from one oell to another, •silntlnjr a specific 

influence, or it may act as a reciprocal unit, modifying th® ongoing 

activity in one or both constituent processes* Clearly the former will 

merge to a greater or lesser extent, with time, into the latter, but 

conceptually it nay be useful to realise that the reciprocal synapse 

is net only a reciprocal system, but also a combination of two one-way 

interactions between the seme processes of the same two cells*

On a wider scale, two further functions emerge: the possibility 

of a fine reciprocal control at a local level of the present input 

(olfactory nerves), the Is»tti1ately preceding successful input (relay 

oell collaterals) and the spatially adjacent input (relay oell
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periglomerular oell weans and ahort-axon oell axons), aa well as the 

centrifugal afferent influences, including activity in the oontra- 

lateral bulb. In addition the systems allow, potentially, the selective 

adjuatment of input-output funotiona at this rainy level, both by 

intrinsic and extrinsic (oerebral) mechanisms.

Although dendro-dendritio synapses including reciprocal $mapses 

have been recently demonstrated in aitea other than the retina and 

bulb (Ralston, 1968, Ralaton A Heraan, 1969J Lund, 196?| Guillery, 

19691 Pamlignetti, 1970; Wong, 1970; Herding, 19711 Sloper, 1971), 

they are clearly not present in the profusion exhibited in these two 

peripheral sensory relay aites. This leads one to enquire what 

particular funotional aspect is so ideally suited to neuronal inter­ 

actions of this type* In a very general way, it aay be suggested that 

the peripheral siting of these synaptio specialisations on sensory 

pathways reflects the complexity of the neuronal interactions that are 

neeeasary in the transformation of information derived from those 

neuronal cells that are specifically involved in the transduction of 

the stimulus from the environmental modality to the neural one* Thus 

theae reciprocal interactions, with their tremendous capacity for 

spatial and temporal contrast, and for local and selective types of 

action, could be seen to represent the tremendous task of sorting 

information into the spatial, temporal and qualitative parameters 

relevant to neuronal prooeasing of infoawationj information that is 

derived froa receptor cells that are, of necessity, modified to suit 

to tha modality of tha stimulus. However, such genermliaations must be
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put in the context of sensory pathways other than olfactory and visual, 

and although the available avidenoe strongly suggests similar degrees 

ef complexity in certain of these, dendro-dendritic or reciprocal 

synapses have yet to be described, with the exception of the somatic 

sensory (Halston, 196S)* It »ay be that axo-axonio synapses or other 

interneuron connections serve a different but analogous funou.cn in

•one of these systems* Unfortunately, so little is known of the phy­ 

siological input in the olfactory nerves, and of the kinds of dis- 

orlaination that are achieved at the ascending levels of the olfactory 

pathway that it is impossible to draw functional parallels between 

visual and olfactory pathways that could account for their similarity 

in this aspect of neuronal interaction*

Synaptio Patterns

Closely related to the question of dendro-dendritic syoapaes is 

that of synaptio patterns, in which several synaptic contacts are 

observed in close association with each other on a dendritic process 

or processes with a regularity suggestive of some physiological speci­ 

ficity* In the bulb, the commonest patterns are those relating tc the 

reciprocal synapses that have already been discus sod, and those relating 

to dsndritic spines of Snterneurona. Again the hypothesis of Diamond et

•1. (1970) is central to the interpretation of these ammgesrata, for 

they certainly appear Borphologioally, as circumscribed subunits of the 

teadritio tree* The relation of these subunits to local dendritic output 

has been considered above, but the significance of both gsjmilef
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spines with these patterns to the ifcole dendritic tree may be briefly 

considered. Diaaond et al. haTe suggested that the appendages art 

relatively isolated, so that local interactions in the* will be to a 

greater or lesser degree independent of the activity in the parent 

dendritic shaft. This attractive notion of local integration in sub- 

units widens the field of Intra-dendritic integration, despite the 

consideration above of the possibly exceptional granule cell gemaolesj 

it would be consistent with the morphological diversity and apparently 

specific localisation of synapses, not to mention their numerical 

Magnitude, that have struck nest electron miorosoopists of the central 

nervous systea. However, it would be dangerous to place too muoh 

emphasis on an extrapolation from the special case of the Sisuthner oell 

interactions In the goldfish to the mammalian central nervous s^feem, 

without some at least circumstantial evidence in favour of such an 

extension; clearly the morphological attractiveness of the concept 

is insufficient and so it is only possible to emphasize the relationship 

between the two sets of findings. Intm-dendritio integration, although 

iaportant In conventional Class A dendrites, is of crucial significance 

in Class B dendrites inhere a single oell may be transmitting KaflQT 

different types of Information that are derived from siaall subdivisions 

Of its total Input.

Physiological evidence (Spencer * Kandel, 1961; &all ct al., 196?; 

Lllne*s * Nioholson, 1971) suggests that it is the points of branching 

in dendrites at which convergence and possible dendritic spike initiation 

occurs; certainly these sites would be, teleologically, the "best" sites



264,

for intra-dendritio integration of some sort. The «orpheleei*al 

from the bulb is in support of auoh a concept by two pieces of circum­ 

stantial evidence. Both of these relate to the part of the relay cell 

primary dendrite just deep to the gloaerular arborisation. This is the 

only site where the periglomerular cell axons contact the relay cells, 

sad it is also the site at which glial lamellae (or ayelin in the 

monkey) are seen to wrap around the dendritic segment in a characteristic 

•earner. The first observation suggests that this nay be a similar site, 

functionally , to the initial segment on which similar Isolated, inhibitory 

SjF&apses are found, and it is self-evident that it woild be a powerful 

site for inhibition, since all relay cell excitation is distal to this 

site* The second observation, although less easy to interpret, could 

be taken to indicate either spike initiation at this site or some 

lasulating function that is crucial at this branch point; alternatively 

it could represent a point at which some form of glial activity is 

transmitted to the dendrite, relating to the olfactory nerve activity, 

around which the same glia are also wrapped, as discussed in a previous 

Ohapter (Chapter 3 1 Miller <l,Dowling, 1970).

Svamptio Structure and Function

As to the synaptio specialisations themselves, the various electron 

microscopic observations on the olfactory bulb, together with information 

available from physiological studies, has provided some evidence on the 

relationship between the morphology and the functional nature of synapses. 

Attempts to distinguish between excitatory and inhibitory synapses on



265,

morphological grounds stem from the early work by Gray 0959) I he 

described two types of synapse on grounds of situation and charac­ 

teristics of the membrane thickenings bat stated that no functional 

differences between the two oould be suggested, Secies (1964) pointed 

out the strong indications at that time that Type I was excitatory 

and "type II inhibitory. Uohlsonc (1965,196?), using aldehyde-fixed 

material of the cerebellum, showid that two types of preaynaptic 

ve»5oles existed - spherical and flattened - each being present in 

different terminals, and he likewise suggested that these were related 

to excitation and inhibition respectively. Colonnier (1968) drew thes* 

studies together to some extent by relating the spherical type of 

vesicles to marked post-aynaptio thickenings (a feature of ^2^*8 lype 

I) and the flattened type of vesicles to a minimal post-synaptic 

thickening (a feature of Type II); these are termed asymmetrical and 

symmetrical thickenings respectively. Despite the somewhat tentative 

nature of his exposition, as much due to the fact that he was not 

using serial sections to determine the true nature of the few equivocal 

thickenings, this correlation has proved a reliable one, which, given 

the limitations and variability of the material, has been most strongly 

borne out by the evidence. Again, the correlations made by --ccles and 

Uchlsono were applied to this situation, spherical vftaielna *nd asym­ 

metrical thickening being excitatory and flattened vesicles and symmetrical 

thickening inhibitory. Pric* and ~owell (I9?0b) were able to divide the 

tmminala in the olfactory bulb with ayanetrical thickenings into 

groups - those with large and those with small flattened



using statistical methods; both were considered to •-•« inhibitory, 
to be derived frc& different cell a a:;d presumably ect bv -.cans of 
different transmittera. Bodian (197CJ showed taat the use of cacoayl&te 
buffer would cause trie flattening of a group of Ifcr^e, otherwise 
spherical, vesicles in terminals which were assccjiaucu »vita symmetrical 
thickenings, and ihia has be«n confirmed in the caudate nucleus oy -f.ecip 
and Powe-11 (l$?71b}j other vesicles are unaffected. .''aldivia (1971) h.is 
siiui7ii ti*at flattening, of vesicles is dependent upon the osaiolarity of 
the buffer solution used, I«raiiaon (1971) has studiec. flattened 
vesicles in veorious situations, including the olfactory bulb, with 
stereoscopic electron microscopy, and has elegantly demonstrated that 
ulthough aOiiiC vesicles in teradn&ls defined as flattened in type appear 
spherical, they are in fact flattened xn tne axis of tne electron beta; 
she has sho^u tha^ vesicles of tne "flattened" type may be either a 
disc or a cylinder depending on site and species (of. liirata, 1964). 
Thus, over the course of a decade, clear criteria have e^er^ed for 
distinguishing between voro,ous morphological types of synaptic special­ 
ization, it is teaiptin^ to assume tnat the morphological variation in 
vesicle shape .In some &uy reflects the identity of the transmitter and 
that the nature of the post-synaptic thickening reflects the transmitter 
influence at that site, ue it depolarising or hyperpol<trising. Matus 
and Uennison (1971; have shown specific uptake of labelled glycine into 
terminals containing flattened vesicles; this promises to be a useful 
method in correlating structure junu function* The enthusiasm for a ffior- 
pholociciil approach to synuptic function appears now to have provided
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a correlation of substance, and the olfactory bulb haa provided a 

situation for testing aany of Its tenets.

Firstly, the correlation between the vaaiole type and the thickening 

type haa been entirely borne out In every ease* and defined by aerial 

sections when equivocal. Secondly, the vesicle type and thickening 

type related to the synapses from a given cell type are consistent 

within the individuals and the group of that type, be the synapse from 

an axon terminal, a dendrite or even a oell soaa* Finally, where 

physiological evidence la available on the functional type of the 

synapse this is in complete agreement with the prediction froa mor­ 

phological typing (see Table n).

Although this seems a clear-cut issue, Instanoeswhere these three 

important correlations fall may yet emerge; if it is borne in Bind 

that these mey represent instances of unusual transmitters and/or 

post-synaptio effects It may be found unnecessary to discard what is 

potentially a most useful ayatea for at least postulating functional 

activity from morphological appearances. Naturally, such suggestions 

sust remain speculative unless backed up by physiological or biophysical 

evidence; If the correlation becomes widely accepted, then it may serve 

as a means of predicting and conflifting observations from electro* 

physiology. It should perhaps be stated explicitly that there Is no 

a priori reason why, for example, excitatory transmitters should respond 

tc aldehyde fixation methods by remaining spherical, although it is 

possible to imagine that post-synaptlo effects may be determined by 

common structures that are revealed morphologically by heavy metal
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staining { thus in equivocal situations it is probable that more 

reliance should be plaeed on the nature of the post-synaptic thickening.

fable II* A correlation of synaptio aorphology with

Prooeae 

Olfactory Nerves<

Mitral cell.

Morphology

Peep 
Short-axon oell*

Tufted cell. SV/AT

Perigloaerular cell. LPV/ST

Granule oell* LFV/ST

SF?/ST

Centrifugal. SV/AT 

Anterior Conniasure. SV/AT

Physiology 

Ixaitatery*

Excitatory.

Excitatory. 

Inhibitory. 

Inhibitory.

Inhibitory.

Excitatory. 

Excitatory.

Source

Shepherd (I963a, 1971). 
Yaiaamoto et al. (1963;*

Rail et al. (1966); Ran 
& Shepherd (1968)| Bieden- 
baoh *• Stevens (19&9)f 
NiooU (I970b).

Shepherd (1971)* 

Shepherd (1971).

Shepherd (l963b)j Yaaanoto 
et el. (1963)1 Hall et al. 
(1966)1 Rail ^ Shepherd 
(1968); Kicell (1969).

TasKaoto et al. (1963)I 
CsJLlens (1965).

Dennis & Kerr (1968).

Lrreteau, Daral ̂  MaoLeod 
(1972).*

SV/At « Spherioal vesicles and asyosftetrioal membrane thickening.
LFV/ST « Large flattened vesicles and synsetrioal membrane thickening*
SFV/S? « Saall flattened Tesloles and syattetrioal mcobmne thickening.

* By extension.

The olfactory bulb has long been regarded as a primitive part of tilt
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brain and the assumption haa thus arisen that it is also simple. The 

findings summarised abort make it olear that, if this site is simple 

relatire to the neuronal organisation to be found elsewhere in the 

brain, areas such as the neooortex wist be almost prohibitively ooaplex 

for contemporary study* Kfoile the question of the relative simplicity 

of the bulb is at present a teleologioal assumption, there underlies 

its apparent complexity a basically simple design comprising a limited 

number of neurons connected in a variety of *®ys« Although the exact 

transformation occurring in the bulb is still obscure, the pattern of 

organisation suggests that it may be common to many other sites* and 

be the basis for mere ooaplex systems. Indeed the most ooaplex system 

se far analysed in detail * the cerebellum » shows a siailar underlying 

organisation with certain elements in greater prominence, others less 

so, still others superimposed and, apparently, other features missed 

out* These latter are presumably those elements of neuronal organisation 

that are most specific to the bulb, sensory relays or to certain modes 

of transformation* There is little doubt that the bulb and cerebellum, 

insofar as we understand their function, are widely different* In the 

ensuing paragraphs certain features that have been seen in the bulb and 

elsewhere are brou$vfe out with a view to "isolating" certain of the 

principles in neuronal organisation.

Basic Neuron Set

A striking feature is the main through pathway of excitatory neurons 

(olfactory nerves to relay neurons), with two systems of intemeurons



270.

acting on this pathway, •aoh systea consisting of two Inhibitory inter- 

aeurona acting in series (Fig* 205) • la terms of the relay neurons 

these represent pathways for inhibition and disinhibition, and are 

on interesting aodel for integration* There is, at present, no eridenoe 

of a secondary interneuron in the retina; but the system of two 

inhibitory neurons in series acting on a through excitatory pathway 
Mgr be discerned in the eerebellar cortex and nuclei, if one considers 

the climbing fibre input to the oerebellar nuclear eells and Pttrkinje 

cells, the inhibitory basket and Purkinje neurons acting on the cere- 

bell&r nuclear cells (Boole*, I to & Sseatagothai, 196*7) • The function 
of such a basio aysten atust depend largely on the nay in which it is 

connected to afferent, intrinsic and efferent collateral pathways* and 

here the individuality of a given nucleus will reveal itself*

features of intrinsic axonal projections 

Perhaps the most interesting eoanon principle of organisation of 

aaronal projections is that each one, whether extrinsic, relay or inter** 

neuron, acts upon two (or rarely, three) different cell type* in the 

bulb, which are linked in series (?ig» 205), 'Hie nuaerical proportions 

of these aultiple projections vary* and although this may not be used 

as sa absolute index of efficacy* their net effect may vary accordingly 

A simple interpretation of these systems is that* in the steady state, 

eaoh projection exerts an effect by means of the proadaal connection, 

but also provides a aeans of cancelling it, after a short period of 

synaptio timej this is true in all the situations found in the bulb,
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where at leaat one of the neurons ia inhibitory. It is obrioua that 

the auooeaa of thia aiaple operation will be modified or prevented by 

other nativity in the neurona and their input a* but it ia significant 

that every afferent ays tern, whether extrinsic or intrinsic, ia poten­ 

tially self-limiting by virtue of anatomical connect ionaj thia kind of 

biological oontrol ia evidently not reatriotad to Hie nervous ayateou 

In addition* under certain circumstances, thia type of projection say 

give riae to specific, laterally distributed* affecta with eharaoteriatio 

tine courses aa a result of the output span of the poat-ayaaptio neurona* 

It would be intoreeting to discover whether thia double projection ia 

in faot oonroon to all or most projection pathways, short or long, 

within the oentral nervous system; ita absence could be characterised 

by certain well-defined properties of the relevant nucleus* It should 

be noted, in parenthesis, that dendro-dandritic Interactions do not 

anew the souse arrangeraenta; however, the reciprocal!^ of dandro- 

dendritic synapses in the bulb represent a system that haa exactly 

aimilar functional properties, as discussed in the previous section* 

It would be interesting to discover whether sites having non-reciprocal 

dendro-deodritio aynapaea show some analogous system for self-limitation 

of activity. It ia Important to appreciate that thia "self"-limiting 

ayatem refers to cell typea, not individual neurona; while there are 

clear instances where individual feedback is indicated, they cannot be 

demonstrated easily by current techniques, Nevertheless, the distribution 

of axena suggests that these interactions, if not acting baok on the sane 

cell* do act locally, having a aiailar effeet in terms of neuron*! trana-
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formation* It aay be a feature of the prlnoipal input to any nuoleus 

that this projects to an excitatory neuron and an inhibitory inter* 

neuron that acts upon it, whereas modulating or collateral Influences 

act solely via a double projection to two series-connectad inhibitory 

interneurons, one of which acts on the relay neuron.

Why two sets of relay oella?

In addition to the serial duplication of axonal contacts, two sub* 

systems of neurons operating in parallel aay be distinguished in the 

olfactory bulb* The first of these is the tufted and mitral ay at am of 

relay neurons, and the second, the deep and superficial sets of inter* 

neurons; these two parallel subsystems are in part related to one 

another but there are very definite regions of overlap, indicating that 

they may represent a oonsaon organisational principle, rather than the 

components of a single parallel system*

The tufted and mitral cells are, as has been emphasised already, 

essentially similar in general morphology, types of profile, types of 

synaptio interrelation and in central projection; ther do however differ 

in sise* situation, extent of dendritic and collateral spread, and the 

relative proportion and situation of afferent Input. It is only as a 

result of recent studies that the fundamental similarity of these cells 

in terms of oentral projections has emerged (Lohman & Mentinok, 1969; 

Niooll, 1970ft)» The minor variations in their characteristics, especially 

of distribution, lead one to suspect some division of function between 

them* The more limited gloaerular arborisation of tufted cells could
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be considered (if there is some degree of intra-glooerular localisation 

and speeialisation if input function) to be acre sensitive to "local" 

increases in olfactory noire activity* either in tenas of odour speci­ 

ficity or ef intensity as represented by the proportion of fibres 

active* This is so in the sense that activity In a Halted nuaber of 

olfactory nerves oould stimulate a greater proportion of the total 

possible excitatory input in the smaller tufted cells* Additionally, 

they are less subject to decrement in their short primary dendrites 

than the mitral cells and to the inhibitory influences from the granule 

cells (end thus central influences) acting in the external ploadform 

layer* Thus it is suggested that a lower threshold of activity in the 

olfactory receptor axona, in terms of the number of active fibres, 

could give rise to successful activation of tufted cells as opposed to 

the mitral oellsf this would also have a gtt&atlon within the tufted 

colls, the external tufted being the most sensitive and the internal 

tufted being hardly more so than the mitral cells* Similar reasoning 

could be used tc suggest that the tufted cells are mere odour specific* 

if there is intragloaerular variation in odour quality representation; 

the necessary evidence for this is lacking however. The problem still 

remains as to why the tufted cells (which are about three times as common 

as mitral cells * Alliscn (1955)) are scattered through the external 

plexifom layer and the mitral cells are a more uniform population, 

forming a distinct layer* On the varying intensity hypothesis above, 

it could be considered that they represent a maximum level of intensity 

(neglecting the modulating influence of the intemeurons) • This could be
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related to function aa follows: The tufted oella pick up odour stimuli 

at low intensity (aa in quiet breathing) and to SOB* extent aonltor the 

intensity* then sniffing occurs, increasing the number of neurons 

carrying information so aa to define the odour properties acre precisely. 

The hypothesis of odour specificity in the tufted oella ia not in 

conflict with the intensity hypothesis as may at firat sight appears 

the Increased activity in the olfactory nerves will not aaak the 

quality detection by an increase in "noise'* since they are receiving 

few additional aynaptio terminals to thoae involved in the primary 

reaponae} there are sinply *ore tufted and mitral oella activated* 

The quality detection hypothesis ia however dependent on the relation­ 

ship between the nauroanatoaioal disposition of the olfactory nerves 

in the glomeruli end their odour apeoif icily f a crucial problem aa 

yet unsolved*

the collateral output of the relay oella in the bulb are interesting 

in regard to taeae hypotheses in that the organisation of the bulb, 

parallel to the surface, ia in the form of theae collateral and inter- 

neuronal axon influences. Mitral collaterals extend up to 25 glomerular 

widths (1 t.W « * the average lateral dimensions of a glooerulus) in 

either direction, while the more superficial tufted oella extend 10*12 

<r,r both superficially and deeply. This indicates that the «*yfr«« 

width of the surround interactiona will vary according to the type of 

relay eall activated, ainoe the relay oollaterala are the widest intra- 

bulbar projections. This activity will clearly modify the rasponaea of 

adjacent gloaarull and relay oella to sub sequent input, whatever the
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relationship of this second stimulus to the original one, in terms of 

odour speoiflty* The available work certainly suggests that the 

glooeruli are not arranged spatially Into groups receiving similar 

inputs In terms of odour specificity (Leveteau & MacLeod, 1966,1969), 

ao irrespective of whether the tufted-raitral diversity is intensity- 

sensitive or specificity-sensitive, both the intensity and the quality 

of subsequent stimuli will be modified by Immediately preceding atisrall,

two sets of interneurons? 

The second of the parallel systems are the superficial and deep 

sets of interneurons; each of these groups consists of a primary inter- 

neuron, acting directly upon the relay neurons, and a secondary Inter- 

neuron that acts only iadireotly, by means of the primary Interneuron* 

The ohamoteristlos of the input organisation to these two series- 

oonneoted oells has already been considered. The question arises as to 

why the granule and deep •hort-axon cells are a quite separate ^roup 

from the perlglomerular and superficial short-axon oella, being com­ 

pletely separated by the deep border of the gloaerular layer* As has 

been considered axtcnairely in prerious ohaptera, these two sets of 

Interneurons are basically very siadlar, with corresponding synaptie 

oharaeterlfttleft, type* of input, and general morphology, with one signi- 

fioant exception; that the perlgloaerular cells have axons and Class B 

dendrltee, while grmnula cells have Glass A dandritee and Class B 

deadritest but no axon* Insofar as the features of the deep short-axon 

cells are known (Prloe <& Powell, 1970d), they are very similar to those
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of their mere easily studied superficial counterparts. Thus tha primary 

y&riant in Hie two Intorneuronal sets ia the mode of its synaptio out­ 

flow * either axo-dendritio end dandro-dendrltie or solely dendro- 

dendritio. Unfortunately since the relative of foots of suoh different 

synapses are not yet fully understood* it is not possible to asoribe 

•am/ fine significance to this difference, although it is likely to be 

Important. One can simply observe that the superficial system, with 

the additional axo-dendrltic output, will tend to have more ireaediate 

widespread actions on relay colls; the deep system* although it nay 

aot through Hie secondary dendrites of mitral cells to approximately 

the same distance as the periglomerular axons, will do so with a very 

different tine course, if this pathway is of importance. It is inter­ 

esting to note that all Influences from other nerve nuclei aot via 

interneuronfl, and principally those of the deep set (granule and deep 

afcort-exon)»

The superficial group is distinguished by the olfactory nerve input 

to the periglamerul&r cells and minimal central feedback (a small centri­ 

fugal input to both interneurons), and the deep group by its input from 

server*! central pathways. This represents a further division of function 

between the two groups. The final distinction concerns the output, which 

feeds variously in bath systems on to the relay neurons and bears some, 

but not a complete, relationship to the parallel system described for 

these neurons. Both dendro-dendritio synapses and axo-dendritio synapses 

from perigloa*rular cells feed on to the two groups of relay cells in 

the gloaerular layer, and presumably in proportions corresponding with
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the extent of the glomerular arborisation* of the cells; however, the 

proportion of granule oell input to the relay oells varies according 

to the site of the oell body and the extent of the secondary dendritea 

(which appear to be closely related characteristic*, the deeper oells 

having the mere extensive secondary dendrites). Thus, for example, 

the mitral oells have anTisml granule oell Input, whereas the most 

superficial external tufted oells, whioh lie in the gloaerular layer, 

receive nonet the regaining tufted oell groups lying between these two 

extremes* Thus fdiile the degree of feed-forward control (derived from 

the olfactory nerves and acting throu^i periglomerular cells) is 

equivalent for both relay oell types, the mere superficial cells are 

less subject to central influences, reciprocal effects from the opposite 

bulb and collateral feedback (acting through the granule cells). This 

relates to the speculation above that the deeper relay cells are 

"recruited" after the early low-threshold response of the acre sugar* 

fioial tufted oells: in order for such a recruitment to occur, the 

level of inhibitory tone exerted on these deeper neurons would need to 

be reduced (in addition to peripheral changes such as sniffing). Such 

an effect could be mediated by a reduction cf activity in the centri­ 

fugal pathway. Shi* involves tfee assumption that the latter pathway 

is exerting a tonic influence en the granule cell to relay cell system! 

such an influence has not yet been demonstrated. If there were such a 

system, it would of course also have some effect on the perigloaerular 

cell tone with similar effects, although these would probably be 

quantitatively less significant.
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A further extension of thin o.neept, where aore dlraot knowledge is 

obtainable, 1* tha observation of Levetaau, Baval and MaoLeod (1972) 

that there ia a reciprocal inhibition between tho two bulbs after a 

unilateral olfactory stimulus, and that this ia mediated by tha anterior 

olfactory nucleus on the tide of the stimulation. This nucleus feeds 

aa to tha deep dendrites of tha granule cells of tha apposite bulb 

and these colls synapse Tie tha genaules on thair peripheral processes 

on to the relay cells# Thus the inhibition, recorded by these workers 

In tha glooeruli, seems most likely tc represent the "antidromlc" 

aaniuction of tha granule oall inhibition of the relay oells In their 

distal dendritic treesj the granule oells are activated by tha excitatory 

tamfmls of tha eontralateral anterior olfactory nucleus. Clearly this 

effect will be exerted principally on the mitral and. deeper tuftad cells 

by virtue of thair extensive granule oall connections, and tha moat 

sup«rfleial tufted calls will only be Indirectly aff«etad (by serial 

arrangements acting via tha pariglonerular oells}, if at all* These 

theoratioal applications of tha anatomical network in the olfactory bulb 

giva some indication of the degree of specialisation of cellular roles 

that has eaarged. It Is interesting to speculate that tha granule and 

periglonarular calls were, phylogenatioally speaking, a single oall, with 

*conventional" Class A dandrites and en axon. The Increasing specialisa­ 

tion of function in the bulb lad to the saparation of tha two inter- 

neuronal sets, necessitating the derivation of two primary internourons - 

ona bearing aa oxoa and tha other bearing Class A dendrites; in addition 

each derived a specialised intermediate process to complement its remaining
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process and to retain some relationship between the two oells (via 

the relay oells) ~ this is the Class B dendrite. This, perhaps 

unsophisticated* idea may have at least some conceptual value.

It is interesting to note at this juncture the convergence of 

masaive numbers of olfactory nerves into the glcneruli and the Immediate 

divergence of two relay cell systems from the glomerulij such a con* 

b illation of convergence and divergence* seems to represent the 

"efficient* use of a single input to derive two forms of information* 

The extent to which they differ and the significance of this have been 

discussed* but require direct study* Divergent systems may also be 

seen in the ooohlaar nuclei and the spinal cord, and the different 

typ«s of retinal bipolar cells suggest a slailar differentiation there} 

needless to say* the detailed significance of this central duplication 

of pathways atay differ from system to system* but may be a common 

principle in sensory transformation.

BULa AS A COiriCAL S

Referenoe has repeatedly been made to the characteristic lamination 

of the olfactory bulb - notably to its advantages for the identifications 

of profiles and its implications in the organisation of the various 

component neurons and axonal projections* The concept of lamination 

immediately allies this structure to the cerebral cortex* and it has 

indeed been suggested (Shepherd* 196^b) that the bulb represents a model 

for the more complex arrangement within the lamination of the cortex* 

It is difficult to assess the relevance of suoh a concept in the absence
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of more detailed knowledge of oortioal ultraatructure than is presently 

available. Clearly the fact that the neo-cortex receives and project* 

by the deep white matter, while the bulb receives its primary afferent 

input superficially end projects via the deep white matter, makes it 

possible that at least soaie of the basis for lamination is different 

in the two sites* tfevertheless, as further knowledge on the cellular 

subdivisions of the cortex becomes available, it may be possible to 

relate the two sets of pyramidal cells with the mitral and tufted cells 

of the bulb, as well as the intemsurons of the two sites* It is of 

interest to note that the cerebral cortex, cerebellum* retina and 

olfactory bulbs, all of which show characteristic lamination, are out­ 

growths from the rostral neural tube, and may thus reflect some 

developmental similarity or specialisation,

Aside from the "horlsontal" lamination, or as a function of it, 

the vertical disposition of the mitral and granule cells and their 

relationship to the superficial gloaerular specialisations is of interest} 

this predominantly vertical arrangejaent and the very fact of the glome- 

rular subdivisions of the primary olfactory nerve input, on which the 

output function of the relay cells must largely depend, are temptingly 

reminiscent of the functional "columns" described for the cerebral cortex 

(Powell & Kounteastla, 1959; Hubel & *ei*el, 1962). Whether this 

analogy will serve any purpose in adding to cur understanding of either 

site is uncertain; it is interesting to note that the seemingly random 

disposition of cortical columns with respect to functional specificity 

with a breed representation of the periphery is paralleled by a similarly
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random "nap" of odour specificities fed into the glomeruli (Leveteau 

& JfooLeod, 1969)9 which may overlie a broad spatial representation of 

the olfactory epithelium (Le Groa Clark, 1951* l*e Groe Clark, 1957* 

Adrian, 1950)*

Conclusion

Syatenatio application of electron aioroaoopy to the olfactory 

bulb has made it possible to const mot a circuit diagram of the 

anatomical connections between its varioua component neurons and prc- 

eesaeai although acne gapa still remain* the knowledge derived in thia 

way provides a means of predicting certain aapeota of function and 

should facilitate physiological study* In view of the relative 

accessibility and simplicity of the bulb, it may serve as a model for 

aenaory relay function in other pathways; it ia also possible that 

detailed knowledge of the neuronal connections within the bulb will 

allow acre accurate study of olfactory information proceaaing at the 

periphery, 3M1© the eonnectiona within the olfaotozy bulb appear 

intricate, they have an underlying simplicity of design which may give 

acme clue to the basis of neuronal coding in aore complex parta of 

the central nervous ayatem.
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,-. study of *ac oj.i£,uuory DUJLC in ccrt&dr .;.-....ui^ '~j i-^ni, und 

electron microscopy of normal urai experimental auterial. The neurons 

of tne glouierular layer of the rat olfactory bulb have been studied 

using *.-issl staining and Golgi-Kopsch impregnation in light oiicroscopy 

to define the size, shape, and morphological fe&turea of individual cell 

somata, dendrites and axoiis; these have been correlated with electron 

Microscopic material in which fine structural characteristics acre also 

noted for each cell type, particularly syn&ptic specialisations. Three 

neuron types are described: the external tufted and perigloiaerular cells 

of classical microscopy, and additional, superficial short-axon cells; a 

description of the glo^erular arborisations of the oitral and deep tufted 

cells is also included, i'ne tufted and iau.tr&l cells snow lar^e, non- 

spiny glo^erulcr dendritic arborisations, having terndnal varicosities, 

the exteriiiJL tufted cells .J&JLH& aore limited in caeir oranchiu^ tnan the 

deeper cells. jacternal tufted cells have large soaata and abmidant oyto- 

plas^ containing staclcs of lasBl material; their main desdrites are 

characterised by pale cytoplasm and a regular array of neurotubuies. 

Reciprocal aenuro-ce^ur-w^c &*-u so^ato-uciiui'-.tic synapses are

, the tufted/mitral oells ooiitainin^ sphcsric&l vesicles 

tin^; oy aaeana of asyauaetrioal aieiabrane thickenifigs; the other 

profile involved is a gemaiule containiii^ lar^e flattened vesicles and 

associated with a sy&iaetrj.cal UiiOtecaiin^. ..ne periglo^erular cells are 

sculler, with a spiny glomerular arborisation, as well as soae other 

deridritesj all the denorites of these cells tend to be of irregular
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outline* They hare a dark nucleus and very little aomatio cytoplasm; 

aoaatio and dendrltio appendagea are common and often contain large 

flattened vesicles* Synapses orientated froo the dendritic ahaft or 

geffloule also show aueh resides, invariably associated with sywetrioal 

thickenings* The superficial short-wcon cells are characterised by 

the entirely porigloroerular distribution of their dendrites, which are 

Tarlcose and rarely branch* Of intermediate soma dimensions, but 

containing diaperaed His si material, these cells and their stem 

dendrites ahow no synaptic specialisations directed from them.

Features of axon initial segments, axo-sonatie end axo-dendritic 

synapses are also described for eaoh call, aa well as acne unusual 

glial relationships. Reasons are adduced for relating the superficial 

short-axon cell to the axon terminal type containing small flattened 

resides, as well aa for considering that the external tufted and 

periglemerular cells ahow the same synaptio specialisations at their 

sjeon terminals as at their dendritic and somatic synapses.

The neuropil of the glomerular layer (consisting of glomeruli and 

parigloaerular regions) of the rat olfactory bulb was studied with 

the electron microscope with a view to elucidating the type of processes 

involved - dendritas, appendages and axons * their cellular identity, 

and the s; naptic relationships they establish* The problems encountered 

in defining these are considered and criteria based oa neuron types and 

from eacaadnation of serial sections are put forward. The gloaeruli are 

large structures containing many thousands of processes and are the 

sole site of tersinatioa of the olfactory reeeptor axons. The terminals
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of the latter are characteristically eleetron-denae, allowing identifi­ 

cation in normal material* they run through the gloeeruli making many 

ayaapaea by meoia of apbarioal vesicles and asymmetrical thickenings 

on to all types of dendritio profile* The glomerular dendritio 

arooriaationa of mitral and tufted cells, whioh are indistinguishable 

from eaeh other, start aa large, fairly regular* pale profilea but 

become increasingly varicose aa they branch and diminish in aise* They 

regularly ahow group* of spherical vesicles* often in association with 

asymmetrical aynaptic thickenings directed from the dendritel theae 

are typically associated with return reoiproo&l synapses of the 

symmetrical type from profilea oontaining large flattened vesicles. 

Theae latter profiles are thoae of the dendritea and gauiaulas of 

periglomerular coilaj the dendritea are of irregular outline and give 

riae to many appendages, mostly gemmules making ayaaptio eontaot with 

mitral or tufted cell dendritea* A small number of pale axon terminals 

oontaining either small or large flattened vesicles, derived from 

ahert-axoa and peri^Lomerolar eella respectively, synapse with sym­ 

metrical thickenings on to the perlglomerul&r cell dendritio processes. 

Close aaaoelation* of particular types of axo*dendritio and dendro- 

dendritie synapses on interconnecting processes, termed synaptic 

patterns, are deaoribed and their significance considered. The nature 

of the gleaerulAr interaotiona is discussed and then placed in the 

context of other, smaller glomaruli in the contra! nervous system; 

eertain coamon principles of glomeruli are suggested.

The perigloaerular region ef the olfactory bulb, apart from
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containing the soaata and item dendritea of the oella contributing 

to the glomeruli, is the sole region of distribution of the peri- 

glomerular oell thin dendritea and the ahort-axon oell dendritea* 

It la alao the najor aite of ternlnatien of all axona to the glonarular 

layer except the olfactory axona -i.e. tufted oell collaterals, peri* 

glomerular oell and short-axon oell axona and centrifugal fibres. Ita 

Oh*ra6teri£tic neuropil has been atudled with the electron microscope 

to define the eella of origin of the typea of neuronal process and 

their aynaptio relationships. Three types of axon terminals have been 

found: those with spherical, large flattened and am all flattened 

veaicles, whioh are deduced to derive frets tufted cell collaterals or 

centrifugal fibre** perigloawrular oell and short axon-oell axona 

respectively; thoae with spherical reticle* are consistently associated 

with asymmetrical raaebrane tliiokeninga and thoae with either type of 

flattened vesicles with syranetrical thickenings. The thin perl&laaerular 

oell dendritea are very irregular and often have a aoaewhat dense 

cytoplaaatj rich in ribosooes; they may beecete extended into very 

attenuated glia-like sheets that surround the mitral or tufted cell 

atea dendritea, from which they may receive aynaptio contacts. Such 

dendritea also receive some synapses from all three typea of axon in 

the perigloraerular region* The ahort-axon cell dendritea are thick 

and varicose and ahow no aign of aynaptic specialisation orientated 

from then5 they have few spines but receive many aaymetrioal type 

aynepsas on their shafts. Both axon terminal typea aynapaing with 

thickenings are also found on the shafts. The



obtained from the study of normal material is summarised and the 

varicua cellular roles oonsidered* In the light of observation* on 

the olfactory bulb, it is suggested that dendritea may be divided 

into two major classes: those that only receive synapses (Class A) 

and those that make synaptio contacts as well aa receiving them 

(Class B), After a suaaary of the findings from normal material and 

a brief daseription of an unusual feature of the olfactory bulb in 

the monkey, a group of experimental studies on this site in the rat 

and rabbit are described.

The degeneration of axon terminals in the glomerular layer of 

the rat olfactory bulb has been studied, concentrating particularly 

on the sequence of degeneration in the olfactory nerve terminals and 

the long-term events in the degeneration process in several terminal 

types. Olfactory nerve terminal degeneration ia divided into five 

ettgea, representing parts of ths sequential changes taking place in 

the terminal after fibre section* The main features in the sequence 

are as follows: I* Swelling of the terminal and its vesicles* 

II* Initial shrinkage of the tex&ln&l, while vesicles remain swollen 

and some are distorted* III* Further shrinkage and darkening of the 

terminal, distortion of many of the vesicles and some mitochondria! 

•welling* IV. Jxtrese shrinkage of the terminal and loss of oytoplasmio 

detail! synaptie contact still intaot or partially separated* 

T. Disappearance of the preaynaptio terminal and persistence of the 

post-synaptio thickening*

The validity of the observation of the persistence of poat-synaptic
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thickenings is considered and evidence adduced in its favour, 

qualitative and Quantitative* Characteristics of the newly apposed 

profiles are described, including oietenae and alveolate vesicles I 

the extra-cellular material of the synaptlo cleft is considered in the 

light of its association with persisting thickenings. The relevance 

of these associated structures is discussed in terms of function and 

development. Spontaneous degeneration of olfactory nerves and the 

degeneration of the voaeronaaal nerves in tine accessory olfactory bulb 

are described* as well as Stage 7 in the degeneration of other terminal 

types in the gloiwiuli, following various lesions; persistence of post- 

synaptio thickenings after the degeneration of terminals showing 

sys*etrioal nnirtrrsim thickenings is included* Observations on the 

persistence of poot-aynaptlo thickenings in various sites in the 

central and peripheral nervous systems are reviewed in the context of 

ths present studyf the problems arising out of the morphological 

identification of apposition or reinnervation are discussed*

A study of the transneuronal degenerative changes in the cells of 

the olfactory bulb of the rabbit and rat following removal of the 

olfactory sueosa has also been made. The principal features of this 

type of change are cell shrinkage, a concentration of oytoplasmio and 

nuclear constituents, an alteration in ths organisation of nucleic acid 

oateriAl, and a swelling of membrane-bound systems; soaae elements of 

cellular organisation appear unchenged, including synaptic specialisations* 

The changes are described for each part of the neuron - soma, dandrite, 

aaon and texvinal - as well as the variants found in different cells.
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The degree of morphological alteration appears to be related to the 

extent of denervation for any individual cell and does not seem to be 

sentential. These changes are related to findings on altered impregna­ 

tion properties of the sane eells with the Golgi technique and are 

discussed in the context of the functional alteration produced by 

deafferentation* A new interpretation of some 'dark neurons* is also 

suggested on the basis of those findings.

The termination of the centrifugal fibres running in the lateral 

olfactory tract to the glemexular layer of the rat olfactory bulb has 

been determined with the electron microscope $ this has been done with 

material perfused at various times after section of the lateral olfactory 

tract, as well as after a combination of this lesion with the long-term 

degeneration of olfactory nerves* The axon terminals are sparse at 

the glomerular level, but undergo typical degenerative changes; they 

are distributed solely in the periglcmerular region and intermediate 

sone* The most ooran-on pest-synaptic profiles are the processes of 

periglomerular cellSf but a few centrifugal fibres terminate on ahort- 

axon, tufted and mitral cell dendrites. Bridenoe is produced to suggest 

that the anterior olfactory nucleus does net project as far as the 

glomerular layer* The findings are discussed in relation to previous 

studies with normal material and silver degeneration methods on similar 

experimental material; the functional implications of the Centrifugal 

pathway* in the bulb are briefly discussed*

Xiesicns have been made in the superficial layers of the dorsal 

surface of the rat olfactory bulb} the resulting axonal degeneration
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haft been studied with light and electron microscopy, in order to 

determine the mode and extent of interconnection of the intrinsic inter* 

neurons of the glcmerular layer* Although the lesions necessarily 

involve extrinsic pathways, the axonal distribution of each of the 

intrinsic neurons may be deduced from this evidence and a knowledge 

of normal and experimental material. Tufted oell collaterals extend 

for 6-12 glcweruli, perigloiaerular oell arena for V-5 glomeruli and 

superficial short«*axon oell axons for 2-3 gloaerulij these figure* 

correspond well with GOserrations of Ck>l^i-iiapr©gnated material. The 

experimental approach to the study of intrinsic connections and its 

applicability to othor sites is considered, and the results are dis­ 

cussed from the point of view of neural coding and odour specificity*

In the last chapter concerned with results from this study, mention 

is made of the technique of combining Oolgi-iiapregnation for light 

miorosoopy and electron microscopy of the ease oell; its practical 

application is considered and examples are given fro® the study of a 

middle tufted oell by this technique* Finally, the general discussion 

brings together the results on the organisation of the olfactory bulb, 

particularly the gtomerular layer* The discussion centres around two 

principal issue* arising from these studies: the structure and function 

of individual neurons and their specialisations on the one hand, and the 

principles of neuronal organisation on the other; where possible, these 

are related to findings and function in other parts of the central nervous 

system, as well as to the function of the olfactory bulb in the olfactory 

pathway*


