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ABSTRACT

The projections of the superior colliculus to the thalamus have been
e+udied in the monkev, Macaca mulatta, with light and electron microscopic
tachininues. Lrsions of various size and location were placed in the supe- -
rinr cn]]icu1ds of seventeen animals to studv the pattern of anteroarade
denenarating fibers in the thalamus, with the Uiitaneh silver method. .Has-
sive lesions were nlaced in the superior colliculus of ten other animéls;
which were allowed to survive one to seven davs and then perfused with a
huffered formaldehvde-alutaraldehvde mixture and postfixed with osmium te-
+roxide. Samples from the inferior nuc]eus of the pulvinar and from the
maracentral nucleus were sectioned and stained with lead cifrate and uranv1
acotate for olectron micrnscopy. The results have demonstrated that the,su-
nerior colliculus preiects to the inferior nucieus of the pulvinar in a
tongoranhical manner with the lower visual field represented dorsomed1a11y
and the upner field ventrolaterally. The periphery is located alonq the
medial border and the fovea at the dorsolateral border adJacent to the _
lateral ceniculate nucTeus. The suverior colliculus also sends in ﬁmpor-

tant nrojectior to the ipsilateral intralaminar compiex, i.e., the parafas-
cicular. central lateral and paracentral.nuclei, and a Tesser proaect1on to
the corresponding contralateral intralaminar nucIeT.. The paxacentra1 nu-
cleus is the main site of.termination of these:¥ibers. Degeuerat1ng tectal
fibers were also found in the ventral lateral genicdlate nucleus., Four
tvpes of vesic1e:containing profiles were opserved_in the'inferior pulvi

and paracentral nucleus, the RLP, R3D, ‘F and P. The large RLP &nd small

RSD terminals contain round vesicles of uniform size and form asymmetric
contacts mainly with large and small dendr1tes respect1ve1y.. The F term1na1

= contains a mixture of small round and flat vesicles. It forms symme;r1c

contacts with dendrites and cell somata. The P profile is very pa1e and
contains a relatively sparse population of ve51c1es showing a great varia-
tion in size. It forms symmetric contacts with medium to large dendr1tes.
1t was frecuently found postsynapt1c to the other types, especiaily ‘the
PLP; was interpreted as a presynaptic dendrite and was regularly seen as
the 1ntermed1ate element of serial and triadic synaptic arrangements. The
exner1menta1 electron microscopic study has sﬁbwn that the fibers from the
superior colliculus terminate mainly as RLPs on large proximal dendrites
in both the inferior pulvinar and the paracentral nucleus. They underqo
direct dense degeneration.



- LITERATURE REVIEW

+

I. Introduction

Pecent evidence indicates that two visual pathwavs carry visual in-
Formation to telenceohalic centrés in reptiles, birds and mamma1s {Ingle
and Schneider '70). The first is the well-known geniculostriate pathgay,
extending from the retina, through fhe Tateral geniculate nucleus to the
‘nrimary visual cortex (or,itslequivalent telencephalic structure). It has
been extensively studied both anatomically and physioiogically, and is
well-known to play a fundamental role in form and pattern récognition, at
]gést in mammals. i S

The existence of a seéond visual .pathway has been deécribed in many
vertébrates (e.g.; in the frog, Ingle *73; in the turt1;, Hall and Ebner
'70; in the pigeon, Revzin and Karten '66; in the cat, Sprague and Meikle
‘55, Garey and Powell '68, Graybiel ‘72 ; 1in the hamster, Schneider '69;
in the tree shrew, Snyder and Diamond '68, Casagrande et al. 172). It is
more prominent in lower vertebrates and eradually diminishes in relative
size from reptiles to primates with the concomitant development of the
primary visual system {Diamond and Hall '69). In reptiles and birds, it
extends from{the retina, through the optic tectum, to the nucleus rotundus,
and hence to the dorsa].ventr?cu1ar ridge (Hall and Ebner *69, Revzin and
Karten '66). In lower mammals, and up to the tree shrew, it passes féom
the retina, fhrough the superior colliculus and lateral posterior nucleus
to the extrastriate visual cortex. In simian primates, at least one part

of the pulvinar is believed to replace the lateral posterior nucleus as

the thalamic relay of this pathway. However, the anatomical evidence for



this nathway in primates is still somewhat incomplete.

Proiection of the retina to the superior colliculus has been well des-

cribed in many primates, including the macaque (see e.q., Wilson and Tovne

-~

'70),  Althouah Clark (;30) had succested a Jona time aao that the BuTvi-
rar of nrimates is comﬁarab]e to the Jateral posterieor nucleus ofjiower |
marmals, and a]thouqﬁ the projection of the pulvinar-to visual cortical
association éreas had been shown by retrograde cell degeneration studie
{e.a., Chow '50), no one had yet demonstrated the postulated tectopulvinar
proiection in primates at the time the present study was initiated. Since
then, two anatomical studies have ghown that the superidr colliculus jn
the monkey nrojects to the inferior nucleus of the pylvinar. These are a
short communication bv Mathers ('71)'in the squirré1 moﬁkey and a recent
abstract by Benevento and Fallon (*74) in the macaque.

The-Tack aof information on the second visual pathway'in orimates is
211 the more surnrising since it has been mentioned even in textbooks
{'ountcastle '69) to explain the relative functional independence of the
secondarv visual cortical area in monkeys (and presumably in man}. This
independence 1is qu1ue remarkable in primitive primates like the tree shrew
in which simple pattern recognition 1s maintained after removal of the
primary visual cortex (Snyder and Diamond '68, Killackey et al. '72, Ware
et al. '74). Althouah pattern recognition is not maintained in the monkey
after a similar lesion, Kluver (‘42), Denny-Brown and Chambers ('58f, Hum-
phrey and Weiskrantz {'67) and Schilder'et‘al. (*72) have demonstrated
that rhesus monkeys in which the striate area has been removed, discrimi-
nate changes in luminous flux and carry out gross movements of the eyes
toward moving objects (although visual fixation and tr;cking movemen?s are
Tost). The residual visual functions in both the tree.shrew and the;mon-

key disappear on removal of the secondary visual areas (Ware et‘al. '74,

LY
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in the tfee shrew; Denny-Brown and Chambers '58, Pasik apd Pasik '71, in
the monkéy).

" Similar findings in the cat (Winans '67, Dow and Dubner '69) suggest
that visual information reaches tﬁe extrastriate cortex through direct pro-
jections from the.]atera1 genicu1ate.nuc1eu§, a pathway described in the
cat by many authors (Garey and Powell '67, Glickstein et al. '67, Wilson
and Cragg '67, C91onnier'and_Rossigno] 'GQT:Sprague and Niimi ‘70, Rossig-
nol and Colonnier *71). Such a pathway, however, does no£ éxist in pn;- )
ﬁates, in which the lateral genicu]}te nucﬁeus projects extlusively to
area 17 _{Wilson and Cragg/'67, Hubel and Wiesel '72). The most reasonable
alternate ana}ohica] pathway is the previously descrjbed second visual
pathway relaying tﬁ}ough the superior colliculus aqd the pulvinar to the
‘Qisual cortex. . -

The presenf study.- will deal with this‘seCOnd'visua1 pathway, specifi-
cally with the tectothalamic projection. Before specifying the problem

formulation more precisely, a brief review of the literature on this pro-

jection is necessary.

II. Superior Colliculus

The\superior colliculus is‘generally considered to be a reflex cent;e-
involved i; the orientation of the eyes towards & stimulus, so that the
image. is projected on the fovea, the most discriminative part of the reti-
na. This mech;;?ém has been called foveal acquisition (Kluver '42, Schil-
Ter and Koerner\a§1). It Amcludes maintainence of visual targets at the
centre of gaze in such activities as tracking moving objects and ffffjﬁbj.

The superior colliculus is also involved in visual attention, presum-

-



abiv through connections with the reticular formation. This view derives
%rom studies in the cat (Sprague and Meikle ‘65, Dow.and Dubner '69), ham-
-gter (Schneider '69), tree shrew (Casagrande et al. 'Yé, Casagrande and
Diamond"74).and monkey (Denny-Brown '62) in which ablation of the colli-
culus resu}ts in vfsua1 neglect of events in the contna]ateral visual
field. Denny-Brown ('62) described 2 monkey with unilateral destruction.
of the superior .colliculus, staring aimTessly into space gith a totally
expressi?n]eés face. When an object moved into the intac visu31 fi;]d,

the eyes looked in the direction of the object, but the animal seemed to

_-——

lose the object of his 1nteres§ quickly. _3’ 5

Evidence indicates that these two funct1oﬁ; mgy occur in different
layers of the superior co111cu1u£i;fHumphrey {fEB) has suggested that the
stratification of'the different afferents to the various layers of the
superior colliculus may reflect the importance of the upper Tayers in the
1ocation of a moving visual stimulus and of the deeper layers in the detec-

tion of a "new" stimulus. In agreement w1th thxs Sch111er §:72) found
thau the neuronal response to visual st1mu11 in the superf1c1a] layers did
not alter in the unanesthetized or anesthetized monkey, but was affected

in the deeper layers by anesthesia. \\)

A. The Layers of the Mammalian Superior Colliculus

The_dorsa1 surface of the pidbrain consists of fdur rounded elevations,
- the ba%red inferior and super}or colliculi. These structures form the
.roof or "tectum" of the midbrain, overlying the cerebral aqueduct. The
mammalian superior colliculus, situated rostrally; plays.an important role
in Qisua] functions and is considered to be hbmo]ogous to the submammalian
optic técfum.(Huber and Cro§6§2'43). In the present text, the terms “op-

" tic tectum” (or the abbreViatéﬁ fﬁ;;i “tectum") and'"superior colliculus"

-
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are intcrchan;ed synonymousiy. . )
The superior colliculus is a complex laminated structure con;isting
of seven alternating 1ayer§kof whitg matter and gray matter (Fig. 1).
They have been given a varietyfof.names in the literature, and these. have
been reviewed in detail by Crosbyﬂdﬁd Lauer ('59). The most popular ter-
minoloay 1is the following. The ﬁost superficial layer is called the
"stratum zonaTé". It is a poorly defined layer characterized by the pre--
sénée of tangentially oriented myelinated fibers. The next layer, the
-t “stratum ariseum Superficia1e“por superficial gray layer, contains numer-
bus small cells irreqularly scatggred in clusters and some myelinated ax-
ons usually oriented pérpendicular]y or 651ique1y to the pial surfaﬁe.
The cells tend to increase in numbers and size in the deeper parts of this
laver, Golgi pregarations reveal that the dendritic arboriiation of many
,0f these fusiform and pyramiqal;shabed cell -bodies also orient themselves
perpendicular to the surface, ‘étﬁer dendri;jc fields have random patterns
of 6rientation. The axons of cells in the sﬁperficia] gray layer usually
appear to descend to deeper sites, aithough co]]aﬁera]s may terminate:in
the same layer (Ster]ing '7]). The third layer, the "stratum opticum”,
receives %ts name becauéé of the presence of retinal fibers entéring
_through the'ﬁrachium of the superior colliculus. ‘The layer consists of
myelinated axons running predomiﬁate]y rostrocaudally, amongst-scattered
large neurﬁna] cell bodies. Whgn the optic input is small, as in the bat
or mole (Huber and Crosby '43),'the-optic layer is correspondingly reduced.
These upper three strata are oftén Toosely termed the superficial Tayers
of the superior colliculus.
The next four strata are referred to as the “deep" layers of the su-

perior colliculus. The first'three are not.clearly separated from each

other, especially in primates, because these limits are obscured by -affer-
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Figure T Transverse section of the right superior colliculus of the .
Mdcaca mulatta. Magnification\ 25X.

Layer 1 Stratum zonale

Layer 2 Stratum griseum superficiale
Layer 3 Stratum opticum
Layer 4 Stratum griseum intermediale
Layer 5 Stratum album intermediale
Layer 6 Stratum griseum profundum
“Layer 7 Stratum album profundum
Fig. la Heidenheim fiber stain
oy
F
Fig. 1b Cresyl violet cell stain
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ent fascicles which distribute widely within them (e.g., the spinotectal
tract). The "stratum griseum intérmedia]e“ is made up of'ﬁu1tipo]ar‘cel1s
of mediﬁm to_Targe size. Deep to this layer is the "stratum album inter-
'mcdiale”. It consists mainly of fibérs, with no specific patter; of orien;
tétiOn. :It also contains a few cells similar to those found in the stré-
tum griseum intermediaie. ”The‘ijth jayer, the “"stratum griseum profuﬁ-
dum" is an ill-defined layer cons?sting of scattered cells and a few fi-
bers. The deepest layer, the "stratum album profundum" is well-defined.

It is composed almost entireTg of efferent_anﬁ.commissura] fibers.

.o

i, The Afferent Connections of the Marmmaliar-Supericr Colliculus

A e

The retinotectal fibers project pnedbmiﬁaﬁtly tc the contra1afera1

superior co1liqu]us in all mammals studied. In some species, it has even
been suqgoested that this projection is entire1y crossed (Lashley '34, in
the rat; Tigges '66, in the tree shrew). ﬁiminoff et al. ('66) and Lane

et al. ('71) proviged neurophysiological evidence in these same species,ﬁfo
support this view. However, many other investigators have obtained direct
anatomical evidence for an ipsilateral, albeit sparse projection to the
superior colliculus of the rat (Nauta and Van Stéaaten 'i?; Lund '69) and
the tree shrew {Campbell et ai. '67, Laemle '68). The results reﬁortéd in
other species indicate that atrleést some retinal fibers always projéct to
the ipsilateral superior colliculus.

It has been estimated that 90-95% of sthe optic fibers are crossed in
the rat {Hayhow et al. '62) and the rabbit (Giolli and Guthrie '69), and
that approximatelj 80% are crossed in the opossum {Bodian '37) and the cat
(Laties and Sprague ‘66). The uncrossed fibers tend to become more numer-
ous with the increase in size of the binocular field. This progression is

genéra11y.observed in the mammalian series as the placement of the eyes



A
shifts from the lateral position (e.g., in rodents), to a more frontal lo-
cation, untii the optica1'axes become nearly parallel (e.g., in primateé)._
Althouch ne quantitative'studies have been reported for prfmates concern-
ing the number of crossed'vérsus uncrossed fibers, it has Béényfound-{n
the fmacaque that é greater number of retinotectal fibers reach the éoﬁfra-
1at£:3T'§:;;rior coliiculus (Wilson and Toyne '70).

iumerous anterograde degeneration studies have been carried out-in
many different species to determine the exact site of termination of reti-
nal fibers within the 1ayers of the superior colliculus. Some studies
concluded that‘the mammalian retina projects to all parts of thetsuperfi-
cial Tavers of the superior co11icﬁ1us (Hubef and‘Crosby '43), iTe., the
stratum zonale {layer 1), the stratum_griseum_éuperficia]e {layer 2} and
the stratum opticum (1gyer 3). Maﬁy workers have not specified in-which
. of the superficial léyers the optic fibers end (Bodian '37, in the opbséum;u
hauta and Van Straaten '47, Hayhow ot al. '62;.1ﬁﬁthe rat; GioIIi and Guth-
rie '69, in the rabbit; Schneider *70, in the hamster; Casagrande et al.
72, in the trée shrew; Truex and Carpenter '69, in the human)}. Other
werkers have attempted to define the specific lamina in whjch the optic
fibers terminate, but differing opinions exist. For example, Téai ('25)
observed retinotectal fibers in layers 2 and 3 in-the opossum, Caﬁbos-Orte-
ga and Glees ('67) in layer 3 of the squirrel monkey and Hendrickson and
her colleagues ('70) in layer 2 of the macadug. These discrepancieélmight
be interpreted in terms of species differénces. Other inconsistenciészﬂ
however, canndt be explained on this basis. Sing]etoh and Peéle ('65)
suggest that retinal fibers terminate main]y in layer 3 in the cat, where-
as in the same species Hedreen ('69) repoéts ﬁhat they end in layers_1 and
2. These descriptive differences may be due to diffe;ences in'interpré-

tation between fibers of passage and sites of termination when using vari-



ogs modified silver methods. "

The Timitations of other fechniques have also cbeateg éertain Efa;
blems in the interpretation of the site of terminétion of these fig;rs.'
Barris et al. ('35) used the Marchi technique to describe degenerated my-
elinated fibers in layer 3 of the cat. Crosby and Henderson ('48) using
the Weil fiber stain found nofﬁé]lmyelinated axons in layer 3 of fhe ma-
caque, Néither of these methdds stain-unmyelinated fibers. Hence, the
presumabjy unmyeTinéted preterminals described in layers 1 and 2 by other

authors would not'Bglobserved using these techniques. i

- Careful studies by Tigées and Tigges ('70) in the galage, Wilson and
Toyne ('70) in the macaque and Tigges and 0'Steen (‘74) in the squirrel
“monkey ﬁave shown that the optic fibers enter the stratum opticum and ter-
minate mostlg in the stratum griseum superficiale and only sparsely in the
stratum zonale. Electron microscope studies tend to verify this finding.
Lund in the rat ('69) and macaque ('72), Sterling in the cat ('71) and
Tiqges et al. in the galago ('73) all found that dégenerating axons are
numerous in the'gtratum opticum and scattered in the stratum zonale, where-
as degenerating terminals were present mainly in the stratum griseum'supgr-
ficiéie.

A retinal projection to deeper layers of the superior colliculus has .
been suggested in some species. Although Altman ('62), Laties and Sprague
("66) and Garey and Powell ('68) found that the retinotectal fibers end
mainly .in layers 2 and 3, they also observed some fiberswending.in the
stratum griseum intermediale (layer 4). Campbell et al. ('67) found de-
generéting retinal fibers in layer 4 of the tree shrew, as well as ip_the
superficial layers. Laemle (‘68) even found fibers in the stratum album

intermediale (layer 5) and in the stratum griseum profundum (layer 6).

The majority of studies, however, conclude that the retinal fibers pﬁgﬁbct

v v
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to the superficial lavers of the superior colliculus. .

The corticotectal fibers projeci to the ipsilateral superior collicu-

Tus in mammais, These fibers arrive via the brachium of the superior col-

~ diculus. st of them enter through the stratum opticum, a1ihdugh a few

aanroacih the stratum zonale directly. The lavers in which these fibers‘
terniinate have been ﬁntensive]y'studied by tracing anterograde degenerat-
inag fibers from different regions of the visual cortex. The siée of ori-
cin of these cortical projections™ts-not always clearly defined in many
studios.  hen authors snecify thét fﬁe lesion involved only the primary
visual cortex, the degenerating fibers are said to terminate mainly in the
sunerficial layers of the superior colliculus. This Qas_observed in the
cat by Prodvst ('N1) and Barris et al. ('35}, in the tree shrew by Abplanalp
('70) and rarting and MNoback ('71), in the squirrel monkey by Spatz et a1{
('70) and in the galago by Tigges et al. ('73).' A sparse projection to

i €
layer 4, the stratum griseum intermediale, was also observed by iauta and

Cucher ('54) and Lund (*64) in the rat, by Sprague ('63) and Garey ('65) in

“the cat and by Yilson and Toyne ('70) in the macaque.

pe when the site of the cortical lesion is not clearly defined with res-

4

pect to primary and secondary visual cortices, or when the lesion clearly
included more than the primary visual area {presumably association visual
cortex), the evidence indicates that these sites also send a dense pfojeé-
tion “to the aeeper layers of the superior colliculus. This has been demf
onstrated in thé rat (Lund '69), cat (Poliak '27, Sprague '63), macaque
(Crosby and Henderson l-48) and galago (Campos-Ortega '68). It is tempting
to assume that the primary visual cortex projects to the superficial layers
and that the secondary visual cortex projects to the deep layers. This may
be only partly correct, Giolli and Guthrie ('69) carried out a direct com-

parison of the projections of the primary visual cortex and association vi-
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sual cortex.toftﬁe-SUperior‘coI]icu1us of the rabbit. .Their results dem-
onstrate that in this sbecies at least, the primary visual cortex projects
to the superficial coi]icu1ar layers, whereas the secondary visual cortex
projects to both the superficial and intermediate 1ayers,

N compqrjson of the retinal and cortical projectién to the superior
col1icu1us'reveq1s that though they both terminate in tﬁe superficial lay-
ars, thqy may ?nd at separate 1eve1§ within these 1ayers. The electron
ﬂicroscopefwori of Lund ('69) in the rat and Sterling ('71) in the cat in-
dicate that the sites for these two projections are differentiated into an
unper retinal layer, ‘involving the stratum zonale and the upper portions of
the éiratum griseum superficiale, and a lower cortical Iayer; involving the
lower portions of the stratum griseum superficia]e and the stratum opticum,
in the macague, however, this stratifidatio&‘was not observed;‘ The primary
visuéi cortex in this species projects -throughout the superficial layers of

the superior collicuius {Lund '72).

europhysiological recordings from specific strata of the superior

LAY NI

colliculus indicate that cells re;ponsive to visual stimuli are found pri-
marily in the super%icia] layers (Humphrey '68, in the rat; McIlwain and
Buser '68, in the cat; Kadoya et al. '72, in the squirrel monke}; Go]dbé}g
and Wurtz '72, in the macaque). Host.ce11s in these layers respond to sfa-
tionary or moving objectsuin specific parts of the viéha] field. The cells
are sensitive to the size of the stimulus, bﬁt rarely to its shape (Schii-
ler and Koerner '71). Because of the readiness of most cells to respond to
a variety of visual stimuli, such as flashing 1fghts, changes in flux or
moving targets, the cells have often‘been referred to as "event detectors"

(Goldberg~and Wurtz '72, Cynader and Berman “72). In the cat, three-fourtns
| of the units are directionally selective (Sterling and 'ickeigren '69),

whereas only a few cells are directionally selective in the monkey (Cyna-



dev and Derman '72). It is not known whether these characteristics depend
exciusively én direct retinal input or whether they are also determined by
cortical influences (llumohrey '6S, Wickelgren and Sterling ‘69, Hoffman and

Straschill '71). ..

Jiner tectal inputs have been described by many authors as terminating

in tie Jespar layers of the superior colliculus (Truex and Carpenter 'G9).
hose afforent ;?::}? consist of descending projections from non-visual cor-
tices anmd ascending nrejections from the spinal cord, trigeminal nuclei and
infarior coiliculus. | |
The descendingh;on-v;sh?i\cortica1 fibers which project to the deep

lavars of the superior colliculus arise mainjy from the temporal and parie-
w2l lobes, including the primary afid secondary auditory cortex (Poliak '27,
Spranue '53, in the cat; Mettler '35, Crosby_and Hendefson"QS, Kuypers and
Lawrence '67, ;n the macagque; Crosby and Lauer '59, in huméns}. Qthers
descend from the cortex rostral to the precentrai gyrus in the macaque
(vuvners and Lawrence '67). Astruc ('71) specified that these fibers arise
from the avrus rostral to the arcuate sulcus (area 8 of Brodman), a region

involved in voluntary eye movements.

Non-visual ascending projections to the superior colliculus have also

been shown to end in the deeper layers.- This is the case for the spinotec- ‘
tal projections (Jassik-Gerschenfeld 'Sg,Ain the cat; Crosby and Henderson

'45, lehier et al. '60, in the macaque;fCrosby and Lauer '59, in humans),

for the fibers from the trigeminal nuclei (Steward and King ‘63, in the

cat; Crosby and Henderson '48, in the macaque; Crosby and Lauer ‘59, in

humans) and for the fibers from the inferior co]licu]ug (Moore and Gold-

berg '63, Powell and Hatton '69, Syka and Straschill '70, in the cat;

Crosby and Henderson '48, Moore and Goldberg '66, in the macaque; Crosby

and Lauer '59, in humans). —
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Cgﬁalimentary to these inputs to the deep layers of the superior col-
Jicuius, ncurons: have been found within these layers that respond to visu-
al, tactile and auditdry stimuli (Horn and Hi1l '66, in the rabbit; Hum-
ahrav 'S5, in the rat; Cynader and Cerman '72,Iin'the macaque).

-~

{. The Efferent Connections of the Mammalian Superior Colliculus '

The descending proiections of the sunerior colliculus originate in its

deep lavers and terminate at various levels of the brain stem and cervical
spinal cord {Huber and Crosby. '43). Tecthspinal, tectopontine and tecto-
roticular fibers have been readily identified in all mammalian specics
studied, i.e., in the rat (Papez an% Freeman '30), cat (Bucher and Burgi
'3, -Altman and Carpenter '61), opq§gum (ﬂartin *69, Rafols and Matzki '70),
tree shrew (Martin and Harting '72, Harting et al. '73), monkey (Crosby
and Yenderson ‘48, Myers '563) and man (Crosby and Lauer '59, T}uex and
Carpenter '5£9, Barr ‘72). The tectospinal tract forms a prominent bundle
of fibers that extends tc motor nuclei of the lower brainstem and to cer-
vical 1éveis of tha spinal cord. The tectopontine tract carries fibers to
the nontine nucleid, ptesumab]y to be relayed to the cerebellum (Barr '72).
fhe tectoreticular fibers form a diffuse array that terminates in the re-
ticuler fc}matioﬁ of the midbrain tegmentum, pons and medulla.

* Some investigators state that fibers from the superior colliculus pro-
ject to the oculomotor nucleus (Papez and Freeman '30, in the rat; Crosby
and Herderson '48, in the macaque; Crosby and Lauer *59, in man), whe;eas
others have denjed. their existence (Tarlov aqd Moore ‘66; in the éabbit;
Harting et al. '73, in the tree shrew; Truex and Carpenter '69, in man).
Although Bucher and Burgi (*50) found that tectal fibers approach the ocu- -
Tomotor nucleus in the cat, it seems more likely that they actually ter-

minate in the adjacent region, in the nucleus of Darkschewitsch and the
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interstitial nucleus of Cajal (Altman and Carpenter '61). Similar findings
have been described in the rabbit (Tarlov and Moore '66), opossum {(Rafols
and’Hatzko '70) and man (Truex and Carpenter '69). Despite’the anétbmica]
cvidence that the superior colliculus does not project directly to the ex-
traohu};r moter nuclei, stimuTation of the tectum results in ceyjugate de-

K i
viation ¢f the eves in the alert monkey (Robinson '72). In agreement with

-

this, it has been found that activity in cells of the deeper layers of the
‘Sunerior colliculus precedes eye movements (Straschill and Reiger '73, in
thé cats Schiller and Kosrner '71, boldberg and Qurfé '72,din the macaque).
The pathway responsible for these eye movements prbbab1y involves the nu-
cieus of Darkschewitsch, the interstitial nucleus of Cajal and the brain-
stem reticular forpation. In the investigation by Robinsen ('72), the head
of the rmonkey was restrained in a stereotaxic instrumqst. Presumably head
and neck movements would also be elicited by tectal stimulation in freely
movine animals, due to the tectospinal connect%ons.

ther terminal sites of descending tectal fibers have also been des-
cribed, a]thouéh general agreement for these projections is lacking. Tec-
tal projecticns have been reported to the red nucleus and to the substantia
niagra of the opossum (Hart{; '69), macaque (CrosEy and Henderson-'48) and
man (Crosby and Lauer '59, Barr '72). A sparse tectal input to the infer-
ior.o]ive has been described in thé}opossum {(Martin '69), tree shrew (Hart-
ing et al. '73) and monkey {Myers '63). Hartinc and his ?glleagues ('73)
also found tecta$-£i5§¢; to the parabigeminal nucleus and inferior colli-
culus of the tree shréw.

Commissural fibers, joining the superior colliculi,.have been shown to

exist in all mammalian species arising and terminating in the deeper lavers.

The ascemdjpae projections of the superior colliculus terminate in var-

icus nuclei of the thalamus. Comparison of these nuclei from species to
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anocies is difficult because the thalamic areas concerned have been dif-

forontlv subdivided and labelled in various species. Homologies are often
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difficult to establish. The tectothalamic connections themselves, however,

can nelp in clarifyving these problems,

Comparative morpholeogical studies have demonstrated that the major
tactethalamic projection is the nucieus roetundus in reptiles (Hall and Eb-
ner '7Y, Sutler and Northcutt-'Yl) and the lateral posterior nucleus of
nan=nrimate mammals. Tectal fibers to this nucieus have been described in
the hedeehoc (Hall and Ebner '72), opossuﬁ (Martin '69, Benevento and Eb-

nor '70, Rafels and Matzke.'70), squirrel (Abplanaln '70) and cat (Aitman

v 2ad Carpenter ‘61, Graybiel '72). In the tree shrew, Abplanalp ('70) re-

ferred o the site of major tectal projection as the lateral posterior nu-
clous whereas Casaarande et al. {'72) and Harting et al. ('73) referrad to
tha samo site as the pu]vinar; This is not surprising since the tree
shraw is often considered phvlogenetically transitional between insecti-
varas and lower nrimotes (Marting and loback '71). It has been sugcested

by Clari ('30) that the lateral posterior nucleus of most non-primates and

.

the sulvinar of primates are homologous structures. In the "cat, however,

+his homoloay is confusing because of the existence of a pulvinar as well

s a lateral posterior nucleus that receives tectal fibers (Altman and Car-
nenter ‘51), Graybiel ('72) found that the lateral posterior nucleus re-
ceives a majdr projection from the superior colliculus whereas the puivinar
receives only a few fibers. On the basis of the predominant input, one

might suggcest that the lateral posterior nucleus of the cat is equivalent

to the lateral nosterior nucleus of other non-primate marmals.

Glendenning et al. ('72) and Harting et al. ('72) have reported a tec-
tal projection to the inferior or caudal portion of the pulvinar in the

galaco. At the time the present study was undertaken, no reports of tectal
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fihors to the pulvinar of hiaher primates were available.\_In a short com-
munication, Mathers ('71) recently demonstrated the presenée of tectal
fibers in the inferior pulvinar of the squirrel monkey. This projection
hac< been verified recently in the macaque, as reported in an abstract by
ﬁenevgnfn and Fallon (‘74).

- Another imnortant thalamic pfojection of the superior colliculus ter-
minates in the intralaminer nuclear comniex. These fibers have been des-
cribed in the cat (Graybiel and Nauta '71), opossum (Martin '69, 5enevento
and Fhner '70), tree shrew (Martin and Harting '72, Casagrande et al. '72,
Hartine et al. '72) and galaao (Harting et al. '72). It was sﬁzcified that
the tectal fibers terminate in the parafascicu1ar and paracentral nuclei of
“the intralaminar complex in the opéssum-(Benevento and Ebner '70), whereas
thoy terminate in the nanéfgscicu1ar-centromedian réq%on in the tree shrew '

(Hartina et al. '73). ATtman and Carpenter ('61) cautigfied that fibers
BetP - .

[
-

terminatina in the intralaminar complex may arise from'thé ﬁériaqueductai _
rray rather than from the Qupericr colliculus. Such fibers were observed
mainly after verv large lesions of the sﬁperior colliculus that included

~ the neriaaueductal gray. The only reference to tectointralaminar fibers in
hiaher nrimates prior to this study was given in an abstract by Myers ('63)
for the "monkev®. The author did not define the species. Recently, Bene-
V@ntqqand Fallon ('74) reported a tectointralaminar prcjection in the ma-
canue.

Tectopretectal fibers have been described in the hedgehog {Hall and Eb-
rer '70), opossum (Martin '69, Benevento and Ebner '70, Rafols and Matzke
£70), rabbit (T;rTov and Moore '66)}, cat (ATtman and Carpenter '61), tree
shrew (Abplanaln '70, Casagran&e ét al., '72, Harting et al. *73), squirrel
(Abplanaln '70) andjﬁﬁﬁygy (Myers '63). In these géme species, as well as

in the aalago (Harting et al. '72), tectal projections have also been ob-
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served in the suprageniculate nucleus énd/or the hagndée]luTar division of
the medial aeniculate nucleus (the posterior nuclear ékoup:of Harting et
28, Y73, in fhg‘treé shrew). The yehtral division of the lateral geniqu
Tate nucleus is also said to receive fibers from the superior colliculus in
all srecies wéich have bee; studiea in some deta{l.

h'nathw§§'froh the sﬁperior colliculus to- the dorsal 1ateral genicu-

' fa:e nucleus has been identified in some, but not all mammalian species.
It cannot be decided whether these differencég'reflect real variations‘be-
tween species or differences in techquue. Hﬁ1] and Ebner ('70) expressed
their uncert a1nuy as to the exlstence of this prdgect1on in the hedgehog,
wihile Nartin and Hartim ('72) 1ﬂe¢af1ed it in the tree shrew. Iq the cat,
Altman ahd Carﬁenter'('61) concluded that these fibers are absent, whereas
GfaybieT and Nauta ('71) observed theﬁ to be present. Myers ('63) refers
to collicu fibers to the dorsal 1atera1‘genicu1ate nucleus in the "mon-
Ley" and fet Mathers ('71) states that these fibers do not exist in the
squirre] honkey. One must conclude, therefore, that fibers to this nucleus,
§F ;hey exist, must be very sparse indeed.

The zéMa:incerta and fie1a H of Forel receive fibers from the superior
Cc11icu1u€:in7thé hedgehog (Hall and Ebner '7b), opossum fhértin '69, Rafols
and Hatzké ‘70), cat (Bucher and-Bdrgi '50,:A1tman and Carpenter '61), tree
shrew {Casaarande et a1' '72, Harting et al. *73) and monkey (Myers '63).

‘ There also has been a suggest1;h of tectal fibers in the medial dor-
sal nucleus of the cat (Graybiel and Mauta '71), tree shrew (Harting et al.
'72) and monkey (Myers '63). However most investigators do not recognize
such fibers.

Recent evidence suggests %ﬁat the efferent fibers of the superior col-

Ticulus can be divided into two groups according to their lamina of origin.

This functional d1st1nctnon of the lamination of the superior colliculus
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a1 hean postulated by llorest ('65) in the opossum and by Graybiel ('72)
ivothe cakt. By placing discrete lesions in the superficial or in the deep
levors of the superior colliculus, Casagrandg et al., ('72) and Harting et

Ty

, '73) acrce that, at least.in the tree shrew and galago, the upper

o
()

. . . 1 . -
Tayors project to the pulvinar, pretectum and dorsal and ventral lateral
ceniculate nuclei, whereas the deeper lavers project to the intralaminar
nucied, suoragonicuiate and magnoceliular medial geniculate nuclei, sub-

thalamdic recions, plus various parts of the brain stem.

II1. The Pulvinar

e Subdivisions of the Primate Pulvinar Co-

———

The pulvinar in the primate ‘occupies the most caudal part of the tha~

-~
e

Tarwus, ~ Its posterior extremity overhangs the medial and-Tateralggeniculate
vodies, ledial to this, its free bor&er overlies the superibr colliculus
of the mesencephalon.

Tne nuclei of the pulvinar have.been described on the basis of a) cy-
toarchitectural criteria of cell size, shape and staining characteristics;
b} myeioafch%tectura] criteria of general texture and fiber pattern; c) the
resu]tsrobtained from retrograde cell degeneration studies. In spite of
tﬁ? fact that different authors use different terminologies, ther fis gen-
eral agreement in the-literature concerning the subdivisions of the pu]yi-
nar into its main nuclear groups (Tab]elT)--

Hoé& investigators divide the pu]vinqr into at least three main nucled,
a medial pﬁ1vinar, a lateral pulvinar and an inferior pulvinar (Crouch j34,

Walker '38, Chow '50, in the macaque; Mathers '72a, in thersquirrel monkey) .

‘At the more rostral limit where the medial and lateral nuclei of the pulvi--



19

. , (10y13dns vaed {(A1un ‘aaxjepn)
nd wd SEIeI27j1adns ejleugagnd por rafnd jo jied) (*A1nd woa] 2uy1syp)
gnd SEIRi0 sjieujarnd sj1ei0 vied syivujand
’ 1 s {Afuo ‘siayieR)
'+ i Ad $¥TerY2eaqelddns spaeugaynd .. LTahu AGTANISOY
Al i:(103333u3 saed (A1uo 'j19%y 9 si3cay)
{zd 30 11ed) {ud jo j1ed) m:mo—suuaﬁw .uwu?.Quan jo j1ed) (*1v] saed *aynd jo j1ed) {*3e] *aind jo 31ed)
e
. snasyad ’
14 pd  smawpnojuafiajuy sjaeuyaynd ldoyiajup aeugand 1o719juy saed spaeujagnd 10712JUT STITUTAINY
e H . .
SJTEIIUIA 107193uy Wuen,
342 F1ITH snjpaiajuy sied
. EJTE510p 2o0j1adns sied
. ENU1DJU] sj1eIpaz saed
£€d ad SYTRIP23 BJaRuUATNd SITEIpP2a 1mupAa(nd sFTEJPOT s1vd syieuja(nd sp1eIpan sjITujAtng
|
r * -
ud 10]13JU] aojaajuy saed
’ nd agyaadng 10713dng saed
Zd sy[easIe] sjicujaind  spyvisaey reujatnd  spjeasivy sied syaeuraInd  s){RIIIE] STIRURAINY
) (561 *PIIIYII0N §, A1e]D €961 *3xayy § s1ow3
{€61 "RCIHU] § selay ¢{e1 ‘uoddog g x1ed, 1961 *297 § Jopjug vZLET CSIAITK
sLel *2adey § vosuoly ;  Zl6i 'uezapajiyg ) 0961 ‘sejpies g Fa2q[3P13 0561 'noud
CE6T “uiF1] a 6061 *3¥op  eser taersg ¥E61 'yInoay 7561 'FasnazsIo 8L61 'IanTEA

. H
N |

Jeujaing 2jeajld 3y) Jo suoIsfAIpynNs aylp 1 4T18YL




nar-blend, many authors have defined an addi;igna{ subdivision, the "nucle-
~us nulvinaris oralis" (Q1szewski '52, Snider and Lee ‘61, in the m;daque;
fumers and Akert '63, in the squirrel monkey; Eidelberg and Saldias '60,

in the cebus monkey). .A fifth nucleus of the pulvinar, thé‘“nucleus pul-
vinaris superficialis has been recognizgd‘by a few authors (Hassler '59,
compare with Friedeman ‘12, Clark .30) and vet apparently ignored by others
{(Chow M50, Olszewski 'Sé,-Snider and Lee '61).

Some authors have usea a numerical nomenclature. This was first in-
troduced by Clark ('30) for the nuclei of the pulvinar in the primitive
nrimate “Targius". Argpsdw and Papez (*34) and Atlas and Ingram ('37)
followed Clark's termiﬁ%ﬁogy with some modifications in their studies of
the rhesus monkey.,

The main nuclei have been further subdivided by a number of authors.
Poct (109) used myelin patterns to d;termine the gubnuc1ei of thé pulvinar
in the ceérropithecoid family of monkeys. Friedeman ('12)} independently
described similar subdivisions in the same species, on the basié of cyto- .
architectonic characteristics. Both authors used non-descriptive Greek
symbols to name these subdivisions. This terminology was fof]owed by
Clark and Boggon ('35) and‘CTark and Northfield ('37) for the macaque mon-
key. An extensive study was also carried out by Crouch ('34) in the-ma-
caque and by Hassler (f59) in the human who used a more descriptive topo-
graphic terminology (see Table I).

Very early it was recognized that the painstaking effort to divide the
nuclei into Su?nuclei may nbtdge_relevant (Friedeman '12). It is still
true today tha% no morphological or functional data have been provided to
clarify this issue. In the further discussion of the pulvinar, only the

main nuclear groups will be described in detail and illustrated.

The medial nucleus of the pulvinar (see RESULTS, Figs 6, 7) is the

é
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laraest subdivision of the pulvinar. It takeswup two-thirds of the dorso-
redial area anterior?y;(FiE. 7) and the main part of the caudal region
(Fic. 8a). The nucleus extends rostrally to the centromedian nucleus, dor-
sallv to the 1atera1‘ventricje.apd caudally to the posterior limit of the
thalamus. It is bordcred média14y\by the medial dorsal nuc1eus,_ventfo-
1ateraliy by the lateral nucleuswof the'pulvinar-and ventrally. by the in-
‘ferior nucleus of the pulvinar and the medial geniculate nucleus. Friede-
man'('12) refers to this nucieus as pB and Clark ('30) as P3.
- The medial nucleus of the pulvinar is composed of evenly dispeksed,

mediuﬁ-sized cells. Ho large cells are seen. Myveloarchitectonically, it
is characterized by a light network of dispersed fiberg.

- The lateral nucleus of the pulvinar extends rostrally, medial to the

external medullary lamina of the thalamus, towards the_]eve1 of the centro-
nedian nucleus. The nucleus is bordered dorsomedially by the medial nucle-
us of the pulvinar and ventrally or ventromedially by the inferior nucleus
of the pulvinar (Fig. 6). Some discrepancy in the Titerature exists con-
cerning the latter relation. Friedeman (*12), Crouch ('34} and “alker ('33)
indicate that the lateral nucleus of ‘the nilvinar extnds\along the exter-
nal medullary lamina to form the lateral border of the jnferior nucleus of
the pulvinar (Fig. 7a). Friedeman ('12) subdivided ti 1§tera1 nucleus of
the pulvinar into a dorsal portion, pu and 2 ventréT portion, pn. These
same subnuclei were called pulvinar lateralis, pars superior and pars in-
ferior by Crouch ('34). Clark ('30) and others termed the entire nucieus
P2. (Qlszewski ('52) and Héss]er ('59) suggest that the posteroventral part
of the lateral nucleus of the pulvinar, lying immediately Tateral to the
inferior nucleus of the pulvinar, really belongs to the inferior nucleus.
The lateral nucleus of the pulvinar consists of rather small, lightly
" stained cells, with some Targe, darker cells in the mﬁre ventral portions.

-~ -
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P iistinouishing characteristic of this nucleus, however, is the ar-
vanranent of-cells in wide, horizontal strips, separateq by numerous fiber
sprdles which extend medially inwards from the external ﬁedu11ary 1aminat
boosha basis of tinis latter characteristic, it seems more'reasonab]e to
Cinsiule Zhe posterior fascicular portion of tihe pulvinar with the lateral
cnucltous (Friedeman '12, Crouéh 134, Walker '38) and not with the inferior
Dusi s (U?s:cuskf 152, liassler '39).

The inforior nucleus of the pulvinar occupies a ventral position and

S rnstraﬁ?y 1i%e 2 blunt arrow between the medial and lateral geni-
culatn hodiss (Friedeman '12), best seen in the horizontal plane (Fig. ob).
“acause 0F these relations, ilassler {'59) has named it the nucleus "oulvi=
naris intergeniculatus”. The nucleus was termed "pd* by Voot ('C9) and
Criedeman ('12), and Pl b§ Clark ('30). In the most caudal portion, the
ih?erior nucleus is -separated from the rest of the pu]viﬁar dorsally and
Taterally by the large fiber bundles of the brachium of the superior col-
liculus (Fia. 6c). Ventrally, the nucleus forms the lower free border of
the thalamus. On ;he medial side, the inferior nucleus is bounded by the
medial ceniculate body (Figs 7, 8); More anteriorly, the brachium 1s re-
nlaced on the lateral side by the lateral nucleus of the pulvinar (Crouch
‘24, lialker '38). As stated earlier, 01szewskl ('52) and Hassler ('59) re-
ferred to this lateral portion as part of the inferior nucleus. Despite
this, however, Hassler recognizes the distinction between a compact cellu-
lar area medially and a fibrous area laterallyv, labeiling them as separate
subdivisions, “pars griseus" and “pars fasciculosus” of the pulvinaris in-
tergeniculatus. The pars fasciculosus corresponds to a portion of pu of
Friedeman ('12} or part of the ]ateraT pulvinar, pars inferior of Crouch
('34). tost anteriorly the lateral geniculate nucleus replaces the lateral

nucleus of the pulvinar as a lateral relationship (Fig. 8).

22



23

- Tn its mest caudal nart, the inferior_ﬂﬁ&1eus of the pulvinar has a
amall madial orojection extending as a wedge dorsal to the medial eenicu-
*latr nucteus (Fiq. 72). It has been identified as a separate subnucleus
o the basis of cytoarchitecture by Friedeman ('12) who referred to this
aran as "py", and by Hassjer ('59) who Tabelled it "pulvinaris suprabrachia-
Tig". Usinﬂ‘déqeneration studies, Mathers (*71) also recognized it as a
soparate subdivision ana labelled it the "posterior nucleus®. Short slen-
dor Fiber bundles travel horizontally from the Brachium throuach this re-

- oy~

~ion into the inferior nuc1eu< proner. .

The inferior nucleus of the oufilnar can be recognized because of its
denselv packed cells and the nneéence of a 11m1ted number of d1stﬂnct1v
larcer and darker cells, scattered among the medium-sized cells typ1ca1 of

the nu1v1nar.

The oral nucleus cf the pulvinar is formed by the gradual blending of

the lateral and medial nucliei of the pulvinar as they continue rostrally.
Thus, Friedgman‘(‘]?) anpropriately named this area puB, where pu ig the
lateral nucleus and pB the medial nucleus of the puivinar. The nucleus is
berdered laterally by the ventroposterior lateral nucleus (Fig. 8b) and
medially by the centromedian nucleus, The most rostral extent {Fic. 8¢)
is difficult to demarcate as it merges with the lateral posterior nucleus.
(Aronson and Papez '34, Olszewski '52). .

The nucleus consists of small, 1ightly stained cells. The cell den-
"~ sity is irreqular, and generally this area is less ce][ular than other
narts of the pulvinar. No large fiber bundies are present.

A fifth nucleus of the pulvinar has been described by some authors,
occupying the dorsomedial éng1e of the medial nucleus of the pulvinar, im-
‘mediately underlying the transverse fissure.of the brain. Clark ('30)

and others have referred to this area as "P4". Friedeman (*12) labelled
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it "na", while Hassler ('59) called it “pulvinaris superficialis”, Walker

»

('30) considered it as being distinct from the pulvinar. -

5. Afferent Connections of the Pulvinar

. Tectal projections in the hedgehog, tree shrew and galago (Harting et
al. '72) provide strong evidence that the lateral posterior nucleus of
non-orimates is hdmologous w{th the pulvinar of primates (refer to the re-
view of "tectal afferents”). This view coincides with the earlier work of
Clark ("30) who found that the pulvinar éhd Tateral posterior nucleus are
identical in their topographical relations to adjacény nuclei and in their
various afferent and efferent connectians. Harting et al. ('72) even sug-
cgsted on the basis of Mather's work ('71); that only one of the subdivi-
sions of the simian pulvinar is the true‘homologue of the iateral poster-
jor nucleus, i.e., the inferior nucleus of the pulvinar.

‘RTthough tectal afferents to this nucleus provide the main subcorti-
cal input, other connections have been described. Walker ('56) reported
Tibers from the adjacent-dors§1 lateral geniculate nucleus to the pulvinar.
This has been supported by the work of Clark ('30) in Tarsius and that of
Altman ('62) in the cat.

Retinopulvinar projections have also been reported. Many early works,
cited by Singleton and Peele ('65), indicate that these fibers exist but
more recent authors deny them. A1tman‘('629 and Meikle and Sprague ('54)
state that retinopulvinar fibers could not be foﬁnd in the lateral poster-
ior nucleus of the cat but a few were observed in the pulvinar or poster-
for nucleus in this species. Campos-Ortega et al. ('70) described degeﬁ;
erating fibers inﬁthe pulvinar of the baboon and macaque using the Glees
method ('46) but could not find these fibers in the same material using

the Nauta and Gygax ('54) or Fink and Heimer ('67) technique. Polyak ('57)
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and Laemle ('68) are uncertain ef their existence. Many other workers have
suanested that these fibers do not exist (Clark '30, Lashley *34, Hayhow

at al, l.62, in the rat; Barris et al. '35, Singleton and Peele '65, in the
cat: Laemle '67, Campos-Orteqa and Glees '67, in the squirrel monkey; Cam-
nes-Orteaa and Cluver '68, in the galago; Brouwer '27, in the macaque).

The pulvinar of primates and its homoloque in non-primates also re-
ceiwes a cortical input, but the specific areas of oriagin are not well-
defined. In non-nrimates, most iﬁvestigators agree that the primarv visual
cortex projects to the Tateral posterior nucleus (Nauta and Bucher '54, in
the rat; Alpianalp '70, in the squirrel; Giolli and Guthrie '71, in tte
rabbit: Altman '62, Meikle and Spraque ‘64, in the cat). TSome workers
conclude, however, that these fibers do not exist (Abp1ana1p_'?0, in the
tree shrew: Barris et al. '35, Beresford '61, in the.cat). In many studies,
the site of the Tesion for these brojections included both priﬁary and
secondaty visual cortices (Benevento and Ebner '70, in the opossum; Heath
and Jones '70 Gravb1e1 and Nauta *71, Graybiel '72, in the cat). One is
not certawn from these reports whether the cortical fibers arise from the
nrimary or the secondary visual cortex or both. Giolli and Guthrie {'71)
specified'tﬁat in the rabbit both projections exist.

In nrimates, Ferriet aed Turner ('97) were the first to describe pro-
jections from the occipital 1obe to the pulvinar. Since that time, many
1nvest1cators have attempted a more precise description of these proaect1ons.
The primary visual cortex projection to the pulvinar is controversia1. Brou-
wer and Zeeman {*26), Mettler ('35) and Polyak ('57) expressed doubt concern-
ing the existence of these fibers. Recent evidence indicates, however, that
they exist at least in some speeies {e.q., Tigges et al. '73, in the galago}.
Spatz et al. {'70) found that these fibers project to the medial nucleus

of the pulvinar of the squirrel monkey whereas Myers ('62) and Campos-Ortega
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ad Hayhow ('72) observed in the macaque, that they project mainly to the
inferior nucleus and fo a lesser extent to the lateral nucleus of the pul-
vinar.

Projections from.secondary visual and non-visual cortical areas to
th2 orimate putvinar have also been described. In the macaque, the secon-
dary visual cortgx orojects main]y“to the lateral nucleus of the pulvinar
(Jcrisford '67) and to a lesser extent to the inferior nucleus of the pul-"
~ vinar (Campog-Ortcga and Hayhow '72), ' In the squirrel monkey, it has been
ranerted gﬁat the secondary visual cortex projects mainly to the inferior
vinar {ilathers '72a). The anterior temporal cortex projects mainiv to
the nedial nucleus of the pulvinar (Mhitlock and Nauta '56, Chow 'G61) and

rerians oo the dinferior nucleus (Siqueira '65). The posterior temporal

~
~

i}
=

tox prejects to the inferior nucleus and the posterior parietal cortex

-

rodects to the lateral nucleus of the pulvinar (Hathers '72a).

o~ -

C. The [fferent Connections of the Pulvinar

The efferent fibers of the puTvinar, or its homolcgue, the lateral
nosterior nuclicus in non-primates, prgoject to areas between the primary
visual and the primary auditory cortex;. The area can generally be des-
cribed as secondary visual cortex and narts of the teﬁpora] association
cortex. This has been observed in the hedgehog (Hartifg et al. '72), rat
(Clark '30), cat (Heath and Jones '70, Burrows and Hayhow '71, Graybiel
‘70, '72, Chalupa et al. '73), sauirrel (Diamond and Hall :69, ¥aas et al.
'72), tree shrew (Snyder and Diamond '68, Diamond et al. '73, Harting et =
al. *72, '73) and galago (Harting et al. '72, Glendenning et al, '73). In
higner primates, the various subdivisions of the pulvinar project to dif-

ferent but overlapping sites of this same region, i.e., the association

cortex adjacent to the primary auditory, somatosensory and visual sensory



fioids.‘ Tire medial nucleus of the pulvinar projécts mainly to the anter-

ior temno%a] cortex and the superior temporal gyrus (Clark and Northfield

37, Cndw '30, Simpson *52, Locke '50). The lateral nucleus of the pulvi-
nar projects mainly to the posterior parietal cortex and the temporooccipi-
=3l cortex {Walker '38, '66, Chow '50), inc]uding.part of the secondar_y\“'----s"'fj
wvisual éortex (iletfler '35, Clark and Northfield '37, Lashley '4S, Hassler
'37).  Dennv-3rown and Chambers ('53) state that the lateral nucleus of

o ~ulvinar projects specifically to area 1¢ of Brodman. The inferior
nuclous of the pu]vina} also projects to the secondary visual cortex {Mett-
Tor '35, Slark and ilorthfield '37, Lashley '48, Chow '50, Walker '56,

hassier '57),‘specifica11y to area 18 of Brodman according to Denny-Brown

and Chambers ('53). It has been noted that fibers from the pulvinar do

not extend to the striate cortex (Cragag and Ainsworth '69). Hence, the
striate cortex projects to the inferior pulvinar but does not receive fi-
bers from it. With this exception, it appears that the nuclei of the pul-

vindr projecting to the cortex receive reciprocal connections.

1V. The Intralaminar Nuclei

The intralaminar nuclei are cell groups located within the fibers of
the internal medullary lamina separating the medial and lateral thalamic
masses. These nuclei have been identified in priﬁates as the centromedian-
parafascicular complex extending most caudally, the central lateral nucleus o
and the paracentral nﬁc]eus roétra11y (Figs 9a, b, ¢). Some authors refer
to a central medial nucleus as part of the intralaminar complex {Truex and

Carpenter '69, Ebner '73) while others consider it as one of the midline

nuclei (Walker '38, Toncray and Krieg '46). ‘
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The—rameromedian pucleus consists of small, loosely-arranaed, ovoid cells”
LEMTOE ,

(q£1ror\l:§g,3 cated in the middle th1rd of the tha1amus. It is bordered above
and madiallv bv the dorscmedial nuc]eus throuqhtout its extent. Below and
latera 1Lw.1t is adjacent to the ventral posterior nucleus antertorlv (Fias 3c,
qx, h).:;d.to the pulvinar posteriorly (Figs 8a, b). It is a large, sharplv-
dofinnad ce{T aroun verv prominent in the primate (Clark '32) and relatively
small in the mouse (Scheibel and Scheibel '66)., In its rostral portion, the
cantromedian nucleus extends medially toward the midline, whéreas in its more
caudal nortion, it is separated from it by the parafascicular nucleus. The
centromedian nucleus is almost completely surrounded by fibers of the internal
medullarvy lamina excent along its medialfborder where it merges indistinguish-
ably with the parafascicular nucleus to form the centromedian;parafascicu]ar

-

comniox,

-
-

The parafascicular nucleus can be distinauished from the centromedian nu-

sleus bv its laraer and darker cells (0lszewski '52). It is a well-defined
~roup of cells situated medial to the centromedian nucleus, and ventral to the
caudal part of the dorsomedial nucleus (Fias 8, 9a). The parafascicular nucle-
us nartiazlly surrounds the habenu]o:interpendUCUTar tract, so that its cells
1ie both medial and lateral to the tract.

The central lateral nucleus is characterized by small clusters of medium

to larce-sized dark cells, with small oval cells also present (01szewski '52).
1t extends vertically between the centromedian nucleus ventrally and the lateral
dorsal nucleus dorsally (Fies 8a, b). The nucleus blends anteriorly with the
naracentral nucleus at the rostral extent of the centromedian nucleus. It is
bordered medially by the dorsomedial nucleus and laterally by the veqﬁra1 nu-
clear complex and lateral posterior nucleus. ~/

The cells of the paracentral nucleus are large, dark and multipolar,

grouped into small clusters among the fiber bundles of the internal medullary

lamina (Walker '38). They form the anterior continuation of the central lat-

9
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eral nucleus dorsallv, and renlace the cenﬁromedian nucleus ventrally (Figq.
Ac), The nucleus extends rbstra]]y-and medialiyv to surround the énterior
nart nf the dorsomedial nucleus. The paracentral nuclei are joined anter-
ibr]y bv the midline nuclei {Snider and Lee '61). Laterally the nuclens is

brrdered by area X and the ventrolateral nucleus (0lszewski '52).

A. Afferent Conncctions of Intralaminar Muclej

The main afferent cennection of the intralaminar nuclei consists of
Fibers from the reticular formation of the brainstem and involves these

-Jnuc1ni in mechanisms of wakefulness and arousal (Brodal '69). Other path-
ways to the intralaminar nuclei have been described from the spinal cord,
o::;:g\pa11idus. cerebellum, superior colliculus aﬁd various reqions of the
cortex. I <

A direct input from the reticular formaticn oriainates in the medial
twolthiéds of the brainstem. It projects via the central teamental fasci-
culus (MNauta and Kuypers '38) and Appears to terminate throughout the in-
tralaminar coméTex (Scheibel andfézheibe1 '5€).

Thg other nathways to the intralaminar complex nrojegt more specifi-
cally téuthe different nucTei.: Spinothalamic fibers have been traced to

Eihe parafascicﬁ1ar and central lateral nuclei in the monkey by Mehler et

2l (*60) and Bowsher (‘61). The globus pallidus projects to the centro-

median nucleus in monkeys (Ca;penter and Strominger '67, Mehler '71, Harding
'73). The cerebellum also projects to the intralaminar complex, mainly to

the central lateral nucleus although there is some.disagreement to which
other nuclei (Carﬁenter 159, Mehler '71, Kievit ang Kuypers '72, Hardina
73, Szabo '74, '75). Some investigators indicate tgét‘the site of termi-

nation varies accordinm to the origin from different cerebellar nuclei

“but anreement is lacking (Thomas et al. '56, Cohen et al. ‘58, in the cat).
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! 5 Tactal fibers to the intralaminar nuclei have been reviewed above.

jord

-

Qcﬁbihé1faFd Scheibel ('66, '67) described tectointralaminar fibers, as a

ﬂener31 oattarn in mammals, although most'of their work was carried out in

the mouse, Martin ('69) and Berevento and_Ebner‘('YO) found that these

fisers terminate in the paracentral and paﬁafasc§CU1ar nuclei 1n-the opossum;
vhereas Hartihq et al. (*72) déscribed them in the parafascicular-centromedian

complex of the tree Shrew,
-

Cortical projections to the intralaminar nuclei arise from widesnread 3

r?ﬁﬁags of the cortex rostral to the central sulcus (Scheibel and Scheibel

'67). Fibers from different narts of this area have been deécfibed‘in the
rmonkev, terminating in the paracentral, central lateral, parafascicular and
centromedian nuclei (Petras '64, '69, Mehler 66, Kuvpers and Lawrence ‘67,

Prwell and Cowan '67, De¥ito '69, Astruc '71). In the cat, association cor-
T .
" tex posterjor to the cruciate sulcus (equivalent to Brodman's area 5 and 7)

,

alse projects-to‘yhe intralaminar nuclei {Szabo and Cobus '72). °

N

B. Efferent Connections of the Intralaminar Nuclei

The efferent fibers of the intralaminar nuclei project tb the thala-
mus, caudate, putamen and perhéps to the cortex. The parafascicular-cen-
tromedian compiex projects to the ventral nuclear group qf the thalamus
(Mauta and whit1ock"é4, Mehler '66, Scheibel and Schefbe] '67) and the
nutamen (Clark and Russell ‘39, Nauta and Whitlock '54, Mehler '66, Bow-
sher ‘66, Po;e11 and Cowan '67), but not, according to most authors, to the
cerebral cortex (Nauta an& Nhit1ocﬂ"54, Mehler '66, Powell and Cowan '67).
The more rostral intralaminar nuclei centralis- lateralis and paracentralis
project to the caudate (Nauta and Whitlock '54, Powell and Cowan '67), the

ventral nuclear group of the thalamus (especiali;sjigzra]is antérior) and

the rostral part of the thalamic reticular nucle (Nauta and Whitlock '54,

Lol
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Schaibed and-Schcibe] '67). ‘ . ’
A cortical prpject?oﬁ'from these rostfa? intralaminar nuélei is QOme-
A contraversial, 31thqugh recent evidence indicates that‘such projections
'#eﬁxist. Cleuroppiysiological experiments have demonstrated that stimuiation
nf tae intralaminar nuciei cause profouqd changes in the cortical electri-
ca? aﬁtivity {ilorison and Dempsey '42, Jgsper '49), but anatomical evi-
dence in the past'was no: coﬁviﬁcing that direct connections exist. It was

nenaralliv held that intralaminar nuclei do not project. to the cortex be-

cells to the striatum and cortex might
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protect the cells from the usual retrograde events following cortical les-
ions. Evidence is now availabie that the intralaminar nuclei project dif-
Tusely to the orbitofrontal cortex of‘fhe mouge'(ScheibeI and Scheibel
£0)y rat (Jones and Leavitt '74) and cat (ilurray 'G6); the "limbic" cor-
tex of the cat (lauta and thitlock '54, turray ]66) and rat (Jones ;nd

74); the parieto-occipital cortex-of the cat (Murray '66); and the

narietal cortex of the opossum, hedgehog (Killacky and Ebner *72) and rat
(Jonas and Leavitt '74). -Jones afdhleavitt ('74) have also reported that
the central lateral'nucleus of the intraTaminar complex projects to the

sensorimotor cortex of the squirrel monkey.

V. Topography of the Second Visual Pathway

A. Topoaraphical Representation in” the Superior Colliculus

A retinotectal map hds'been demonstrated in a variety of species, and



these vaps display a remarkable similarity in all mammals, inciuding pri-
. “
Cmates. anégdless of the position of the vertical merddian, the upper
visual field (lower retina} is represented medially .and somewhat anterior-
1 in the suparior colliculus, and the lower visual field (upper retina) is
rocresonted laterally and somewhat posteriorly (Fig. 2).  The horizontal
wreridian dividing the two regions has a slightly oblique anterolateral to
nos teromedial orientation (e.o., in the rat, Lashley '34; cat, Apter '45;
srec shrowy Abplanalp '70;5 macaque, Wilson and Toyne ;}O). In animals in
vihich the retinal projection is tbta]]y or almost totally crossed, the en-
tire visual field of each eye'is represented in the contraiateral superior
colliculus. In these species, the "vertical meridian" crosses at right
ancles to the horizontal -meridian, dividing the colliculus into a rostral
and caudal area. f%e;nasa1 field (temporal retina) is represented rostral-
1w and the temporal field ihasal retina) is represented caudally (Fig. 3a).
This pattern is found in the rat (Lashley '34, Siminoff et al. '65), rab-
21t (Schaefer '65), tree shrew and squirrel (Abplanalp '70, Lane et al.
'71), | | | |

In animals with increasing overlap of the visual fields, the part of
the temnoral retina sharing the binccular field projects to the ipsilater-
al superior colliculus; the more nasal areas continue to project to the
contralateral colliculus (e.g., the opossum, Bodian '37). As the dearce
of binocularoverilap increases, the number of fibers from the temporal re-
tina projectihg to the contralateral superior colliculus decreases. The
'represeAtation of the nasal field to the contralateral colliculus must
fhus also decrease. This brings the vertical meridian to a more anterior
bosition. wﬁen'the binocular overlap is sufficient for the two eyes to

have .the same fixation point, all of the temporal retinal fibers project

to the ?bsilateraI colliculus. The visual fields become represented homo-

[



" Anterior

Lateral

Posterior

Fiqure.Z:' lorsal view of the right superior colliculus of both
non-primates and primates to show the qcne}a1ized
topographical pattern of the }etinotectal projection.
hote the vertical meridi;F'hgs been omitted from this

diagran.
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Med.

Lat.
3b
Med.
Lat.
Figure 3: Dorsal view of the right superior colliculus to illustrate

a) animals in which both the nasal and temporal visual fields are repre-
sented in the contralateral superior colliculus; and b) animals in which
only the contralateral hemifield is found in the superior colliculus.

The vertical meridian is represented by X's. The upper field is shaded.

bl
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nwrousiv in each coliiculus and the vertical meridian then occupies its
rost antarior border (Fig. 3b).

CThis situatio@hexists in primates where the nas§1 retina projects en-
tirely to the cbn;fﬁ]atera]'supérior colliculus and the temporal retina,
to the ipsi]aterai-superior colliculus. Only the contralateral visual
horifield is represented in each superior colliculus (Fig. 4). The fovea
is represented at the rostré1;po]e of the.superior colliculus, with the
Towar vertical meéidian,of'f%é visual field extending along the rostral
and medial border of the colliculus, and the upper vertical meridian ex-
=anding along the rostral and lateral border (Figs 3b,.4). The peripherai
visual field is represented caudally. Th%s general pattern of the retino-
toctal prejection has been described in the squirrel monkey (Kadoya et al.
723, aalago and owl monkey (Lane et al. 173) and macague (Wilson and
Toyne '70, Schiller and Koerner '71, Goldberg and Wurtz 172, Cynader and
Jerman '72). . | |

The monocuiar cregcent of the per{EHEraI visual field is represented
in the most nasal part of the retina, and projects to the caudal pole of
of the contralateral superior colliculus. Thus, the temporal retina does
not project to the most caudal region (Wilson and Toyne '70, Tigges and
Osteen '74, in the macaque; Kadoya et &l. 371, in the squirrel monkey; Lane
et al. '73, in the galago and owl monkey).

Although neurophysiological recordings have demonstrated a foveal re-
nresentation in the colliculus of the macaque {Goldberg and YWurtz '72, Cy-
nader and Berman '72), surprisingly no retinal projections from the fovea
to the superior colliculus have. been found (Brouwer and Zeeman 126, Witson
and Toyne '70). After removal of the eye, the most anterior portions of

the colliculi do not have degeneratfon. ‘It is probable that the neurons

driven by the foveal area are activated by corticotectal projections since
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Fiaure 4 Schematic representation of the proiection of the contra-
lateral visual hemifield onto the surface of the superior
colliculus in primates. VM sianifies vertical meridian,
HM horizontal meridian, * monocular reaion of the contra-
Tateral pneripheral field.



“1o visual cortex projects to the superior colliculus in a corespondingly
sonnoraphical manner (Hilson and Toyne *70), with the foveal area of the
cartox nrojecting most anteriorly. It‘has been shown in several spec%es
that sites in.the visual cortex having a specific retinal representation
woject Eo sites in the superior co]]icu1u§ @ith corresponding retinal re-
arosontation (Lund 'G4, in tihe rat; Garéy'qhd.Powe11 '63, in the cat; Gi-
o113 and Guthrie '71, in the rabbit; Harting and Noback '71, in the trec
Cshrous dadoya et al. ‘%1, ;n the squirrel monkey; Crosby and Henderson 48, .
3lson and Teyne '70, in the macaque). |
—~
ost investigators have found that the visual field-near the l'centre
of maze' receives an expanded representation in the superior colliculus,
at the intersection.of the horizontal and vertical meridian (Laties and
Snranue ‘66, Garey and Powell '€3, Feldon et al. '70, in the cat§ Lane et
al. '71, in the squirrel and tree shrew; Hilson and Toyne '70, Goldberg
and Murtz '72, in the macaque; Lane et al. '73, in the owl monkey). A dis-
Jronortionate amount of ‘tissue is devoted-to central vision, to the extent
that 2 third of fhe collicular surface is devoted to representing the cen-
tral <en degrees of the visual field in the macaque (Cynader and Berman
'72). The degree of magnification appears to follow the histology of the
retina, s¢ that a greater area of the colliculus is devoted to parts of the
“ield with finer retinal gra%q (Humphrey '68).

In the studies so far éisgussed, the topographical nrojections repre-
sent the sensory visual input-to the superior colliculus, as determined by
siysiological and anatomical techniques. Since the functions o% the sup-
erior colliculus can be subsumed under the general concept of foveal ac-
auisition, one should be able to predict the djrection of eye movemenis
elicited on stimulation of its different parts. That this is the case

has been shown by Apter ('46) and Straschill and Reiger ('73) in the cat,
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vl Cabinson ('72) in the macaque.

Tamaaranhical Representation in the Pulvinar

frior to the onset of this study, evidence was available that a crude
the pulvi-

Vo
-

vepmanihical representation of the visual field was present in
“ho tras shrew (Diarmend et al. '70, Harting et al, '73) and in its
l-'f\)

st

Tateral posterior nucleus of the cat (Garey et ai.
¢s, there was. some evidence of a topographical arrangement

inforior nucleus of the pulvinar. Clark and MNorthfield ('37) and
determined the projections of the inferior nucleus of the pul-

12 extrastriate visual cortex in the macaque by means of retro-

hor oot
dcaoeneration studies following cortical lesions.
ae initiaticn of the present study, Campos-Ortega and Hayhou

S Since t
mapped the projection of the primary visual cortex (area 17) to

[

('70) have

she in€erior nucieus of the pulvinar in the macaque using anterograde de-
concration studies. The representation of the visual field in the inferior
nuclous of the owl monkey has also been determined by Allman et al. ('72)
by électrophysio]ogica1 recordings in the inferior nucleus while stimulat-
The results of these various

ing different parts of the visual field.
£indings correspond closely for both 01¢ Vorld (macaque) and iew Yorld

e

{ow] monkey) species.

VI. Electron Hicroscope Review

i. Criteria for Identification of Synapses
The expression "synapse" wds introduced by Sherrington in 1897, to
"Synapses" were

signify the site of functional contact between neurons.
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firet described in electron microscopic studies'by Palade and Palay ('54) -
and DeRobertis and Bennett ('54). They are identified as morphologically
srecialized contacts between neurons in which one profile contains an aa-
~Jemeration of vesicles towards a differentiated membrane, the membrares at
the site of contact beina thicker and denser than elsewhere (DeRobertis and
Nennatt '55, Palav '56, '58, DeRobertis '59, Gray '59, Whittaker and Gray

il

'G2. fArav and Guillerv '66). DeRobertis and Bennett ('55) were the first
+o doscribe the axonal vesicles and coined the expression, “"synaptic vegil
Vcies“. Two tvpes of vesicles have been described, the first is small, 300-
500 A in diameter, with a clear centre (Palay '58); the second varies from
500 to 1500 A in diameter, with a chéracteristic dense core (Grillo and
Palav '62, ngna§ et al. '66). In the appropriate plane of section, Tha
“nwe-" and "nostsynaptic" membranes are separated by approximately 206J;.
The snace 1is referred to as the “"synaptic cleft® (Palay '58) and typi;:?Ty
contains a dense osmiophylic material. It has been postulated that these
snecialized sites of contact may serve both as points of adhesion.and as
sites for synantic transmission (Palay '56). There ig evidence that thesé’
membranes adhere strongly to each other (Gray '59). The agglomeration of
synaptic vesicles in ihe presyhaotic element towards the synaptic membrane
and the sneculation that synaptic‘vesi&1es may contain the chemical trans-
mitter substance (Palay ‘56, DeRobertis '59, Whittaker and Gray '62), lends
supnort to the second view. |

B. Morphological Classification of Svnaptic Terminals

Recently a wide variety of synaptic terminals has been described on

the basis of the morphological characteristics of their synaptic vesicles

.

and of their differentiated membranes. MNot only can the synaptic vesicles

be separated into two types on the basis of the presence or absence of a
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contral flonse core but the shape of synaptic vesicles can vary from onc

?

carminal to the next. These different shapes scem to be dependent to some

gnlont unon Lhe fixative used. They appear, however, to be specific for
Hiferent tvpes of endings and therefore provide useful criteria for cate-
aarising different types of boutons. It is reasonable to assume that such
Jifforonces may reflect differences in function.

Sinze svnaptic vesicle morphology depends on fixation procedﬁ}es, it '
soens wertivhile to consider briefly some of the fixatives used in electron
vicrngcopfc studies. The firét important fixative to appear was buffered
asniun tetroxide (according to Palade ‘52). 9th this typé of fixative,
swnantic vesicle populations consisted of uniformly round vesicles (DeRob-

ortis and Sennett '55, Palav '56, ‘58, Gray '59).

1i+h the introduction of a buffered formaldehyde fixation prior to

tic vesicle ponulations could be distinguished, a 6opu1atioh with predomi-
nantly round vesicles and a mixed population of round and flattened or el-
Tinscidal vesicies (Uchizono '65,'Ha1berg ‘65, Hirata '66, Lund and “es-
crun '65). Rodian ('66) and Halberg ('66) observed similar results using
buffered giutaraldehyde instead of buffered formaldehyde. It was con-
cluded that aldehyde fixation was responsible for this differentiation.
Uchizono ('65) and Lund ind Westrum ('66} noted that the vesicles in the
"Slas" nonulation were smaller than the others, and Lenn and Reese {(*G6)
and Larramendi et al. ('67) further determined that the two vesicle popu-
Tations could be differentiated by size alone, regardiess of aldehvde fitzﬂfm'
ation. ol

In the above studies, Uchizong ('65), Hirata (*66) and Yalberqg ('66)

state *hat sucrose was used in the fixative solutions but the significance

of the sucrose and the osmoiarity of the buffer sclutions was not men-



sianae. Sodian {'77) reported that the critical factor responsible for
1 flatiened vesicle population'was a half-hour wash in the sucrose-con-

4’
crinine buffer solution between the steps of primary fixation in aldehydes

"

and secondary fixation in osmium tetroxide. It has now been shown, how-
war, thet the morphology of synaptic vesicles 1s dependent on the osmo-
=i effact of the buffer during primary fixation as well as the subse-
saent rinse (Valdivia '71).  In the extensive study of the effects of fix-
azion, Valdivia ('71) considered many possible variables, such as thé con- -
cantration of the aldehvdes, pH; femperature and the osmolarity of the
varisus solutions. leither the concentration nor the osmelarity of the
aldohvces affacted the shape of synéptic vesic]és. Rather, the osmolarity -
o she Duffar inounich the aldeh§des are dissclved is the crucial factor.

v uFfored solutions below 200 milliosmeles, nearly atl synaptiq vesicles
are rounds in sclutions above 800 mif?iOSmo?es an excessive numter of ves-

icies ara f1a% in both ponulations. Buffered sclutions between 230 and

2. milliosmoles resuls intwo clearly defined ponulations of synaptic

Jennisan ('71) further subdivided the "flat” vesicle population. Sy
wicring these vesicles stereoscopically, it was found that one type of
arsfite contained cvlindrical vesicies and another type conteined disceid

vesiclas. (This topic is further claborated below).

3

C. Classification of Svnaptic Terminals According to lMembrane Specializations

Another characteristic used to classify synaptic types was the ap-

scarance of the synaptic membranes. On this basis, éray ('59) observed

tao types of synapses in the ‘cerebral cortex: type 1 svnapses in which
the opacity of the postsynaptic embrang is more pronounced than that of

the presynaptic membrane; and type 2 synapses in which the-opacity at tne



-
e anﬂjnos:synaptic maribrang is more closely similar., In the type 1

the svnaptic cleft is.wider tham the nonsynaptic interneuronal
rocions and containg an electron densc material.  The ﬁynaptic cieft at
e Dosvnanses has the same width as the'rest of the extracellular space,
e capaaing little or no electron dense material. In the above study,
Cosntun tetroxide served as the primary fixative. When aldehyde fixatiom
rrocaedes this step, a distinction is not easily made between the two tvpes
af contacts on the basis of the width of the Synabtic-c1eft and the inter-
el onagity,  The membranous specialization, howgver, is still present.

Tnload, the increased pestsvnantic density of Grav's tvpe 1 svnanse is then

4

4
or
o]

v he mainly an increase in opacity of the nostsynaptic cvtoplasm
agcent to the synapitic membrane. Because of this uneven opacity at the

s mantic contact, Colonniér ('G3) referred to this tvpe of contact as "a-

swretrical”.  In Gray's type 2 contact, the postsynaptic cytoplasmic opa-
citv is absent and, therefore, the synaptic contact appears "symmetrical"

7 . ~
{Zolgnanier ¥43), . . .
s r

The first suggestion that a correlation may exist between the shape
¥ swnantic Qésicles and the thickness of the svnaptic membranes, was given
Lo flirata ('66). He observed that the synaptic profilehcontaining flat-
“tened vesicles formed a contact in which the mgmbrape thiékeninés were
less obvious., In an elaborate presentation, Colonnier (‘68) firmTy’éstab—
Tished the concept that terminals with mainly round symaptic vesicles are
usually associated with therasymmetric synaEt}c contact. On the other
hand, terminals with the population of fiattened vesicles are associated
with the syrmmetrical contact. A similar relationship has also been ob-
served by Price ('63) and Ralston ('63a).

Several investigators attempted to attribute functional significances

to these different characteristics. Physiologically it has been deter-

el
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mined that inhibitory contacts are situated on the soma of the cerebellar
Purkinje cell {Andersen et al. '63) and on the soma of hippocampal pyra-

mids {(Andersen '64). In parallel,electron microscopic studies have shown

“that type 2 synapses (symmetrical) often occur on the cell body of pyra-

midal cells (Gray '59). On this basis Eccles {'64) suggested that the
type 2 synaptic contact was inhibitory, and that consequently, the type ]
synapse found on dendrites and theit spines was probably excitatﬁry. -Uchz;
zono ('65) then related these findings to the morphology of synaptic vesi-
cles in the cerebellum. It was found that the soma of the Purkinje cell is
contacted exclusively by boutons containing flattened vesiclés, whereas the
dendrites and their spines were contacted mainly by terminals containing
round synaptic vesicles. Through similar studies in various parts of the
central nervous system, there has been mounting circumstantial evidence
that terminals with round vesicles associated with asymmetrical differen-
tiations may be excitatory and terminals with flat vesicles with symmetri-
cal differentiations would be inhibitory (e.g., Lenn and Reese '66, Larra-
mendi et al. '67, Colonnier '68, Gr;;:fﬁg). Atwood et al. ('72) have found
in the crayfish that stimulation of thedexcitatory axon to the opener mus-
cle, in;thé presence of a metabolic inhibitor, results in depietion of sy-
naptic ?3sic1es from terminals containing round vesicles. Stimulation of
the inhibitory axon to the muscle, under these same conditions, produces
dep]etidn of vesicles from other termimals containing flattened vesicies
thereby ptoviding more direct evidence to relate round vesicle populations

to excitation and flattened vesicle populations to inhibition.

D. Synaptic Organization of the Thalamus

i) Synaptic Types

In the thalamus, electron microscope studies have recently described
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further subdivisions and~slassifications of ve;icle-containin;<:;;rona1
profiles. These c1assificatiens have been based upon the synaptic rela-
tionship to other neuroeal elements and upon the appearance of the cyfb-
plasm, mitochondria and vesicles within the profile. The descriptions of

-the different synaptic types are strikingly similar for the various speci-’
fic relay nuclei, i.e., the lateral geniculate nucleus (Colonnier and Guil-
lery '64, Szentagothai et al. '66, Peters and Péhay '66, Campos-0Ortega et
al. ‘68, Pecci-Saavedra and Vaccarezza '68, Guillery '69a, Jones anddgewe11
‘sca, Guillery and Colonnier '70, LeVay '71, Wong-Riley '72a, Famiglietti
and Peters '72, Lieberman and Webster ‘7é), in the medial geniculate nu-
cleus (Majorossy and Rethelyi ‘68, Jones and Powe11"69a, Morest '71,

Jones and Rockel '71), the ventrobasal complex (Raiston and Hermaq '69,
Jones and Powell '69a) and the ventrolateral nucleus (Harding '71, t73).

Two types of terminals with round vesicles have been describeg in the ~
thalamus. In the first type, the terminal is rather large in siee, irrege-
lar in outline and contains Ioose]y-packed‘round vesicles of uniform size
and several mitochondria (Raiston apd Herman '69). The profile forms the
presynaptic element of an asymmetric contact But is also involved in an-
other type of specialized membrane junction with e'dendrite or soma. In
this latter type, the opposing membranes at the site of the differentiation.

s present a wavy out11ne, such that the extracellular space between them is
extremely irregular. This gives the impression that the 3unct1ona1 site
consists of a series of several individua1 contacts. The subJacent cyto-
plasm contains patches of electron-dense amorphous material, being more
extensive in the dendritic thar the axonal component. Networks of neuro- )

filaments aee particularly obvious in the underlying cytoplasm of the den-

drite or soma, after primary osmium fixation and phqsphotungstic staining.

These fibrils are found 1ying adjacent to and occasionally embedded in the

¥
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loca11zed dense patches. It has been suggested that this type of contact
does not take part in synapt1c -transmission because no synapt1c ves1c1es
" are associated with the membrane d1fferent1at1on (Peters and Palay '66,
Pappas et al. '66, Guillery ‘67, ‘69a). Rather it is probably involved in
the adhesion of two neuronal components (Peters and Palay '66, Ralston and
Herman '69, Jones and Powe11_'6935 perhaps in order to produce and maintain
specific ﬁéuronal relationships (Colonnier and Guillery '64, Jones and Roc-
kel *71}. This type of junction has been torméd a "filamentous" contact

as opposed to tha "regular" contact, according to Colonnier and Guillery
('64), or an wadhesive plaque™ versus'a "true synaptic contact", according
to Peters and Palay ('66).

The profile described above has been termed RLP by Guillery ('69a)
and others (Guillery and Colonnier '70, LeVay '71), where "R" signifies the
round vesicles, “L" the large terminal and "pr the fact that the mitochon-

“dria sometimes appear somewhat pale in certain preparat1ons. The RLP pro-
file is s1m11ar to the LP axon of Colonnier and Gu111ery ('64), the type 1
2xon of Szentagothai et a1 ('66) and MaJorossy and Rethelyi {'68), the
"central® axon of Peters and Palay ('66), Campos Urtega et al. ('68) and
Pecci-Saavedra and Vaccarezza ('68), the “large dark terminal® of Jones and
Powell ('69) and the RL axon of ﬁong-Ri]ey ('72a). _

In the second type of terminal containing round vesicles, the profile
is rather small, containing tightly-packed vesicles of uniform size, and
on]y occas1ona1]y one or two m1tochondr1a (Ra1ston and Herman ‘69). The

~profile forms the presynaptic component of an asymmetric contact but never

takes part in a filamentous contact. The term1no]ogleSD has been app11eq
by Guillery ('69a}) aod others, to signﬁfy.the "round" vesicles, "small"
size of the profile and rather "dense" mioochondria. The RSD pro%i]e is

similar to the SD axon of Colonnier and Gui]]ery ('64), part of the type 3
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axons of Szentagothgi ét g]. (*66); the "simple synaptic contact” of )
Petprs and Pa1ay:('665,‘the “sma11‘dark"§ermina1“ of Jones and Powell ('69a)
and the RS axon of Wong-Riley ('72a). | V

The other main category of synaptic termina1§ ijs those containing
flattened or irregular-shaped synaptic vesicles forming symmetric synaptic
contacts and occasionally filamentous contacts. They have been referred
to as F profiles by ma%y authors (e.g., Guillery and Colonnier '70, LeVay
171). The F profile varies greatly in size, but is usually.smaller than
the largest RLP ﬁ}ofile. It contains one to several dark mitochondria. |
The vegiéles are often smaller than those_found in populations of round
Sypaptic vesicles and the compactness of the vesicle populétion varies con-
siderably. Two types of F-profi1es have beeri described by Guillery ('69a}
and Wong-Riley (‘72a),the F1 and F2 axon. In the F1.'terminal, the vesi-
cles are smaller and more closely packed and the overall appearance ofzthe ‘
profile is usually darker. In the F2 terminal, the vesicles are.usua11y '
fewer and more dispersed. The profile often contains small vacuoles of
smooth enddp1asmic reticulgm. The F1 axons are apparently similar to part
of the type 3 axons of Szentagothai et al. ('66) and the IA profile of
Famiglietti and Peters ('72). The F2 axon is similar ta the type 2 axon
of Szentagothai et al. ('66}. A1l the elements described above, contain-
ing flattened synaptic vemicles, were considered to be axons until re-
cently. ‘

It has become evident, however, that some of the vesic]e-containing
F profiles exhibit dendritic characteristics, j.e., they contain clusters
of free ribﬁsomes arrays of microtubules and smail patches of granular
endop]asm1c reticulum (Ralston and Herman '69, Famiglietti '70). These
ves1c1e-conta1n1ng profiles are d1st1ngu1shed by the paleness of their

cytoplasm, the sparseness of synaptic vesic]es and the irregular shape of
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these vesicles: "pleomorphic" according to Harding ('71)'and Wong-Riley

- A
('72a): “"polymornhic" according to Famiglietti and Peters ('72} or "dis-

Eni;“ a%cordinq.tn Nennison ('71):.Li§b5?man anleebster ('72)'ahd Colon-
nier ('78). It has been termed a P-bouton by Lieberman and HWebster ('72);
IN terminal by Famiq1iettf and Pefe;s (*72) or-Fd profile by wonQ-Ri1ey
('7%a) and is synonvmous to the F2 “axon" of ‘Guillery ('69a) according to
Lovay (*71), Lieberman and Webster ('72)-and Famiglietti and Peters ('72).
These neuronal elements ofteﬁ form the presyvnaptic component'of a synaptic
contact, Such “nresynaﬁiic dendrites” have now been described in other
narts of the central nervous system as well as in the thalamus, e.a., in
;he cerebral cortex (Sloper ‘715, superior colliculus (Lund 69, Sterling
‘7])vand olfactory buib (Rall et al. '66, Price '68). This tyne of profile
seems to be such a basic element in the synaptic organizétion of the thala-
rnus that it has even been describea in the reptilian lateral ceniculate
nucleys (Manghar '73).’ h

In summary, four types-of synaptic profiles have been described in the
snecific relay nuclei of the thalamus, i.e., fellowina the terminology of
fnillery ('69a), the RLP, RSD, F2 and F1 profile.

Similar tvpes of terminals have been described in the ‘lateral posterior- )
nulvinar complex of the cat (Majorossy et al. '65, Hajdu et al. 174) and in .
the inferior nucieus of the pulvinar of the monkey (Mathers '7Zas Campos-0r-
tega and Hayhow '73). lajdu et al. described four types that resemble -those
of Guiilery (*69a), the RL, RS, F1 and F2 (dendritic). Three types of axonal
profiles were described in the primate pulvinar, the RL, RS and F types of
Mathers ('72a) and the corresponding type f, type III and type II of Campos-
Orteca and Hayhow ('73). Their F category or type 11 apparently included the

F2 "presvnaptic dendrite" although such a distinction was not made.

i grm e e
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ii) Synaptic Interrelationships
. Tha various neuronal components of the specifjc thalamic nuclei are
féund either in localized aggregations or clusters involved in specific
synaptic,fnterre1atjonsh1ps or distributed thro;ghout fhe surrounding neu-
ropil where similar synabtic relationships occur separately. In the cat,
the clusters of neuronaH e]éménts are usually isolated, to a greater or
lesser extent, from the surrounding neuropil by a thin glial lamelia.
These syﬁaptic zones ‘have been called "glomeruli" by many authors (Szenta-
gotha '63, Sientagothai et al. '66, Peters and Palay 166, Jones and
Powell '69a, Jones and Rocke1"71). In the monkey, the glial element is
-rather incomplete or absent, so that the synaptic aggregatioﬁs'merge with
the surrounding neuropil or other aggregations and hence a more appropri-
ate terminology, "synaptic islands" was introduced by Co]onﬁier and Guil-
Tery ('64). Theldistinctioﬁ between the “"glomerulus" and “"synaptic is-
Tand" is'hot always clear-cut in diffefent nuclei, nor in different spe-
cies. Other terminglogies have been applied to.indicate the transitional
types (Guillery '67, '69a, Majoros;y and Rethelyi '68, Ralston and Herman
'69, Morest '71). .
| These synaptic aggregations are usually made up of one or two RLP
profiles, one or two dendrites and several F profiles (predominantly F2
when the distinction between the two F types is made). The F1 and RSD pro-
files are'infrequeﬁtly found.at the periphery of these “glomeruli” (Szen-
tagothai et al. '66, Jones and %owe11"69a, Guillery '69a). )
The RLP p;ofile takes part iﬁ sg<E=gl asymmétric'tontacts, always as
the presynaptic component (Guillery '69a, wOng-RiTey '72a), with large,
presumably more proximal dendrites “and also with F2 profiles. The FZ pro-

file forms symmetrical contacts with dendrites of all $izes and to a lesser

extent with terminals similar to itself (Famiglietti and Peters '72). When
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.
. synaptic contacts occur between two vesicle-containing profiles the F2
terminal is usually the postsynaptic element taking part in sériaT or tri-
adic synaptic arrangements.

The serial synaptic relationship was first opserved bj Kidd ('62) and
Gray ('62) who found that a vesicle-containing profile terminating on a
dendrite could itseif be posfsynaptic to another vesicle-containing pro-
file. Gray ('62) suggested that the intermediate profi]é Was an axon re-
sulting in an axo-axo-dendritic arrangement. Several investigators have
reported similar synaptic arrangements (Pappas et al. ‘66,-Hirata '66,
Szentagothai et al. '66, Peters and Pa1éy '66, Pecci—Saavedrg_§pd_Vacca-
rezza '68, Jones and Powéil '69a}. The description of_vesfé?e-cﬁntaining
dendrites has raised the possibility that the second element of the serial
synapse may be a dendrite. In some situations the iniermediate component
is in fact axonal in nature (Ralston''63b, Westrum and Black '68), but re-
cent evidence indicates that many ggfial synapses'are.axo-dendro-dendritic
arrangements in which the intermed{atg componene is a presynaptic dendrite

(Lieberman and Webster '72, Lieberman '73). These axg-dendro-dendritic

serial synapses have been described in the thalamus by many investigators
(e:g;, Ralston and Herman ‘69, LeVay '71, Morest '71, Famiglietti and
Peters ‘72, Wong-Riley '72a).

The triadic g;gapt1c arrangement consists of an axo-dendro—dendr1t1c
relationship in which the axon contacts not only the intermediate presy-
naptic dendrite, but also the same common target dendrite confacted by the:
intermediate element. The triadic arrangement was first desctibed by
Colonnier and Guillery ('64) aﬁd Jater by Peters and Palay ('66), LeVay
('7i) and Famiglietti and Peters ('72). It has been referred to as a
"triplet” arraﬁgement by Jones and Powell ('69a}, Harding ('71) and Sloper

(*71). Not all authors, however, have recognized the intermediate compo-
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nent as dendritic. - _

The F1 profile is less common but is found with equa) frequency in-
side and outside of the "glomeruli" (Guillery '69a, Famiglietti and Peters
'72). 1t takes part in symmetrical synaptic contacts with dendrites of
all sizes, the F2 terminal and the soma, although axosomatic contacts hrg
not common.

The RSD profile is found predominantly, but-not exclusively, in the
surrounding neurob11. It forms a single asymmetric contact, always as’ the
presynaptic element, with a medium to small, presumably more distal den-
drite or occasionally with the F2 terminal (Ralston and Herman '69, Jones
and Powell '69a, Guillery and Colonnier '70). It is the most abundant
profile found in tha1ami£ ﬁuc]ei (e.g., Ralston and Herman '69, wong-RiTey
'72a).

The synaptic relationships of the lateral posterior-pulvinar complex

of the cat and the pulvinar of the monkey are similar to those described B

above. Aggregations of neuronal profifes are- distributed throughout the

neuropil. In the cat, these synaptic zgpes resemble the "glomeruli" des-
cribed by Szentagothai {'63) and others. tecause of the surrounding g1ia1~
lamellae (Majorossy et al. '65, Hajdu et al. '74). 1In the_monkey, theée
zones resemble the “synapt%c islands® of Colonnier and Guillery ('64), be-
cause of the absence of the glial sheath. Mathers ('72a) recognized that
the glial capsule was absent but still names these aggregations "glomeruli".
’Campos-Ortega and Hayhow ('73) preferred the terminology “synaptic com-
plexes". The authors stressed that the distinction between the synaptic
complexes and interstitial neuropil is difficult and somewhat artificial.

A more meaningful subdivision, according-zo them, divides the synaptic re-

Jationships according to proximal and distal dendritic types.

Nonsynaptic filamentous adhesions have been described in many of the

«
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“thalamic nuclei (e.g., Guillery '69a, Ralston and Herman '69, Mathers '72a)
between dendrites and somata, in dendrodendritic, dendrosomafic or soma-
SOmat1c arragements. They resemb1e the “filamentous" contacts formed by

i

-the RLP profile but with the cytop]asm1c densities in both profiles ap-

-

pearing symmetr1ca1.

iii) Source of the Different Terminals

The source of the various terminals described above have been identi-
fied mainly through degeneration studies. Two types of anterograde degen-
gration of a#on terminals have been observed in electron microscope'studies,
the "filamentous" degeneration (Gray and Hamlyn '62) and the "dense" de-
generation {Colonnier '64).

The filamentous degeneration:waé origina11y described by Gray and
Kamlyn ('62) in the optic tectum of the chick following eye enucleation,
and has since been described in several regions of the central nervous sys-
tem after interruption of the appropriate afferent fibers.
| Filamentous degeneration is characterized by a dramatic neurofilamen-

. tous hypertrbphy, in whiéh the degeneréting profi1e rapidly becomes filled
with randomly oriented, interweaving bundles of neurofilaments (Colonnier
and Guillery '64, Gﬁf11ery '65). Occasionally, the neurofilaments form
an annular configuration. The synaptic vesicles and mitochondria become
crowded towards the centre,»eQ\Tpre frequently, are found in clusters at
the periphery. Glycogen granules have sometimes been assoc1ated with
these events (Szentagothai et al. '66, Lund '69). The neurofilamentous .
reaction has been observed by most investigators to be the initial or pr1-
mary stage of degeneration (Szentagothai et al. '66, Mugnaini and Walberg
‘67, Wong-Riley '72b) 1t is followed by a second stage of degeneration

in which the ves1c1es mitochondria and f11aments begin to break dowp’1nto



clumps of electron dense material. 'Eventua11y, the entire profile becomes
opaque. The terminal shrinks in size and neuroglial pr;Lesses begin to
surround it. Finally, the degenerated profile is engulfed aﬁd phagocy-
tized by the glial ceIIS. The time sequence of the entire degenerative
process is variable, depending on‘the_species and system studied. The
transition from the filamentous to the dense stage of degeneration has '
been observed as‘early as two or three days following the lesion {Ster-
ling '71, Jones and Rockel ‘71) or as late as ten days (wong-Rj1ey '72b).
In many cases, however, the process is complete by the‘seventh to ninth
day (Szentagothai et al. '66, Ralston '69, Jones and Rockel '71).

In the second variety of degeneration, the affected terminals become
electron-dense directly; as first described by éo]onnier ('64). The cyto-

plasm increases markedly ih density, displaying a granular appearance.

The mitochondria become swollen and begingto fragment. The synaptic vesi-

cles soon are no Tonger recognizable. The términals-Shrinﬁ, become dis-
torted and are engulfed Ey glial processes. The onset of this process is
rapid, within one or two days after the lesion. It is often complete by
the seventh day, although some profiles are still being phagocytized at'
the tenth day or Tater. “Dense" degenerétion reaction has been described
by Colonnier {'64), Walberg ('65), Ralston ('68b), Lund ('69), Jones and
Powell ('69b), Sterling ('71) and Mathers ('72b). |
In the specific relay nuclei of the thalamus the RLP profile of

Guillery ('69a) undergoes neurofilamentous degeneration whgn the primary

sensory‘afferent pathways have been interrupted. This has been observed
- in the lateral geniculate nucleus after enucleation of the eye (Colonnier
and Guillery '64, Szentagothai et al. '66, Guillery '69b, Pecci-Saavedra
et al. '70, Wong-Riley '72b}, the medial geniquiate nucleus after lesions

of the inferior colliculus (Jones and Rockel '71) and in the ventrobasal



complex after lesion of the dorsal column nuclei (Ralston '69). It has
been suggested that this type of terminal has a powerful driving influence
in the areas which it innervates because of its prominent position on
proximal dendrites within the glomeruli (Colonnier '74).

The RSD profile of Guillery ('69a) undergoes dense degeneration in
the specific relay nuclei of the thalamus after lesions of the appropriate
regions of cortex. This mode of termination has been observed in the lat-
eral geniculate nucleus (Szentagothai et al. '66, Guillery '69b, Famigli-
gtt% and Peters '72) and the medial geniculate nucleus (Majorossy and
Rethelyi ‘68, Jones and Powell '69b). It is presumed that the RSD pro-
file has a more diffuse influence on the cells with which it contacts be-
cause of its position on the smaller, more distal dendrites, usually out-
side of any synaptic glomerulus.

The F terminals have not been observed to undergo ﬁegeneration after
lesions of any of the known afferents to the thalamic nuclei, and there-
fore have been considered to represent profiles of Golgi type II inter-"
neurons (Szentagothai et al. '66, Majorossy and Rethelyi '68, Guillery
'69b, Famiglietti and Peters '72, Wong-Riley '72b). |
' In the context of this thesis postulating that the tectopu1vinér pro-
jection is part of a pathway involved in visual orientation, it was Togi-
cal to expect that fhe tectal fibers would end as RLPs on the large, prox-
im&] dendrites of neurons in the inferior nucleus of the-pulvinar. In-
deed such a function requires that the visual input has a high priority
aﬁd a powerful driving influence. It has recently been reported, however,
thét lesions of the superjor colliculus in the monkey result in dense de-
generation of part of the RSD profiles -(Mathers '71), whereas lesions in
the visual cortex produce dense degeneration in the RSD profile as one

might predict, but also causes neurofilamentous degeneration of the RLP
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profile (Majorossy et al. ‘65, in thé cat; Mathers '72b, Campos-Ortega
and Hayhow '73, in the monke}). This suggests that the inferior nucleus
of the pu]vizar is mainly driven by the visual cortex and not by the.co]—
liculus. Such an arrangement is very different from that found in speci-
fic relay nuclei. It was therefore considered essential tb continue this
project as planned and to reinvestigate the‘electron'microscopy of the
tectopulvinar projection. _

The superior colliculus zlso projects to the intralaminar nuclei
{Myeré '63) and so it was deemed important to study this projection elec-
tron microscopically in order to compare the mode of termination of the
collicular, fibers in the intralaminar nuclei to those found in the inferi-

or nucleus of the pulvimar. The intralaminar nuclei are classified as

nonspecific thalamic nuclei and are functionally related to states of

arousal. .One might therefore expect that the fibers from the colliculus

" terminate as RSDs on distal dendrites where they would have a modu1ating

rather than a driving influence. This was fg]t to be an especially im-
portant part of the study because of the lack of electron microscope re-
ports on nonspecific thalamic nuclei. Thé paracentral nucleus which re-
ceives one of the densest collicular projections was chosen for this part

of the study.

54
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PROBLEM FORMULATION

1. Although there was considerabie evidence that the lateral posterior
nucleus of non-primate mammals Qas homologous to the inferior nu&]eus
of the puivinar, no evidence was available at the fnﬁtiation,of the'
present study for a tectopulvinar projection in simians. This connec-
tion is important if the homology is to be estabTished. Therefore, the
present study was undertaken to determine whether the tectopulvinar

projection exists in the 01d World monkey, Macaca mulatta.

2. If a tectopuivinar projection exists and is to be involved as part of
a second visual pathway concerned with visuaT.orientation, it should be
topographically organized. Otherwise it is difficult to imagine that
it could subserve this function. Therefore, the second aim of the

study was to determine whether the tectopulvinar projection is indeed

A

A

topographically arranged, and if so, to elucidate this topography.

3. The involvement of the superior colliculus in states of arousal ang
visual attention is supported anitomically by Myers' ('63) finding that
.the superior colliculus of the "monkey" projects to the intralaminar
comp]ex'which is part of the ascending activating system. Myers' re-
sults, however, are presented in abstract form only and, therefore, the
present study attempts both tojconffrm the tectointralaminar progection
in the macaque, and aiso to specify to which intralaminar nuclei this

projection occurs.

4. A description of the exact mode of termination of the tectal fibers in -
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the inferior nucleus of the pulvinar is required to determine whether
the pattern of the projection 1s compatible with the postulated func-
tion of the second visua17pathway. For the reasons stated in the pre-
vious chapter one might expect tectopulvinar fibers to end mainly as
RLPs on large proximal dendrites. Therefore, an electron microscopic
study was undertaken to reinvestigate the manner in which axens from
the supérior colliculus terminate in the inferior nucleus of the pul-

. oA
vinar. -

. A similar study was also planned for the intralaminar nuclei in order
to determine whether tectal fibers terminate in the same manner as in’
the inferior nucleus of the pulvinar. 3%5“stated earlier one might more

-

reasonably expect th1s projection to be’ 1n the form of RSDs on distal _
dendrites. This part of the study was felt to be particularly 1mpor- .
tant because of the Tack of electron microscope reports on nonspecxflg
thalamic nuclei. Therefore an electron microscope study ‘of the para-
central nucleus, ds an example of the intralaminar nuclei, was carried
out to consider its synaptic morphology and to determine the mode of

termination of tectal fibers in this nucleus.

N
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" MATERIALS AND METHODS

The present research project was carried out on young adult rhesdé
monkeys of the species Macaca mulatta, weighing. three to fide kilograms.
Seventeen monkeys were used for 1ight microscopy and ten for electron mi-

'1"7..
Croscopy. R

1. Lesions

%esions of varying size were made in the superior co1licﬁ1us by means
of electrocoagulation with monopolar stainless steel e1ectr9des. In some
animals, discrete lésions were made in different parts of fhg superior
co]]icu1u;. in others, 1arge lTesions were p]énned to destroy as much as
o possible of the entire struéiure. The 1ésions'were.p1aced unilaterally
in all but one of the qpnkeys used for 1ight microscopy and bilaterally

in most of the monkeys used for electron microscopy.

A. Electrodes

| The siée of the lesion was determined by the number of electrodes,
the amount and duration of Current applied to them and by the size of
the électrode tip {see Tables 2 and 3).

The electrode consisted of a monopolar stainless steel core, insu-
lated with epoxy resin, except at the tip. The tip of the smaller elec-
trodes measured approx1hate1y 0.25 mm. in.diameter and 0.5-1.0 mm. in
length, énd that of the larger electrodes, 0.5-0.75 mm. in diameter and

3-4 mm. in length.

.



TABLE 2

Paraﬁeters for Lesions in the Light M1cro§cope Study

Lesion size,

Animal Approach . Electrode
size, number total number
£s-1 " contralateral 1.0 mm tip, (1) 3 mAy 15 secs; (1}
Cs-2 contralateral 1.0 mm tip, (1) .3 mA, 15 secs; (1)
s-3 . contralateral . 1.0 mm tip, (1) 3 mA, 10 secs; (1)
.ant.-post. '
cs-4 contralaterai 1.0 mm tip, (1) 3 mA, 10 secs; (1) -
ant.-post. . - . :
€S-5 vertical 0.5 mm tip,-(1) 3mA, 10 secs; (1)
CsS-6 contralateral 1.0 mm tip, (f) 3 mAj’IO secs; (1}
ant.-post. o :
€s-7 contralateral 1.0 mm-tip, (2) 2 mA, 10 §ecs; (4)
post.-ant. :
€S-8 contralateral 1.0 mm tip, (2) 2 mA; 10 secs; (4)
post.-ant. .
€s-9 vertical 1.0 mm tip, (1) 2 mA, 15 secs; (2)
CsS-10 vertical 1.0 mm tip, (1) ; mA, 15 secs; (2)
€S-11 vertical 1.0 mm tip, (1) 2 mA, 15 sécs;‘jl)
¢s-12  vertical 1.0 mh tip, (1) 2 mA, 15 secs; (1)
€sS-13 parasagittal 0.5 mm tip, (1) 2 mA, 10 secs; (2)
CsS-14 parasagittal 0.5 mm tip, (1) 2 mA, 10 secs; (2)
Cs-15 parasagittal 1.0 mm'tip; (1) 2 mh, 15 secs; (1)
€s-16 rt. cerebellar 1.0 mm tip, (1) . 3 mA, 15 secs; (1)
oblique
1t. cerebellar 3.5 mm tip, (2) 4 mA, 20 secs; (4)
. parasagittal _
CS-17 vertical and  1.0-mm tip, (2) 3 mA, 30 secs; 543
1.0 mm tip, (2) 3 mA, 30 secs; (4

parasagittal
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Plane of
section

frontal
frod{ai

fronpa]

-frontal

sagittal

frontal -~

frontal

frontal

frontal
frontal
fronfa]
frontal
sagittal
frontal
sagittal

frontal
frontal

fronta]



Animal
CSE-1
CSE-2

CSE-3
CSE-4

CSE-S
CSE-6
Es;—7
csé-s

CSE-9

CSE-T0

Approach

cerebelTum
oblique-.

cerebellum
oblique

cerebellum
parasagittal

cerebellum

-parasagittal

cerebellum

“parasagittal

contralateral
post.-ant.-

contra]atera]al

post.-ant.

contralateral
past.-ant.’

TABLE 3

Electrode
size, number

4 mm

tip,
tip,
tjp,
tip,
tip,

tip,

(1)

Parameters for Lesions in the Electron Microscope Study

Lesion s{ze, *
total number

2 mA, 30 secs; (1)
unitateral

3 mA, 40 secs; (2) -

bilateral

4 mA, 40 secs; (4)
bilateral

. 4 mA, 40 secs; (4)

bilateral

4 mA, 40 secs; (4)
bilateral

3 mA, 30 secs; (14)
unilateral

3 mA, 30 secs; (12)
unilateral :

3 mA, 30 secs; (10)
unijlateral
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 Survival

normal.

5 days

" normal

5 days

3 days .

7 déys

5 days

3 days

‘5 déys

1 day
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B. Approaches j
- .

Several different approaches to the superior colliculus were used de-.

pending -on fhe desired size and locition of the lesion (Table 2 and 3)}.

- The medial aspect of the eyperior colliculus was readily approached
through the contrelateraT hemisphere at an angXe‘of 37-47 degrees to the
horizontal. The electrode was or%entated in-the frontal plane or some- .
what obiiquely (14-18 degrees) anteroposteriorly or po;teroantefiorly;

In these animaﬂs, tissue damage caused by the electrode track was con-
fined to the opposite hemisphere. To reduce the number of variables and
thus the chance of error, a vertic;1 abproach was also employed through
the ipsilateral hemisphere. In this s+tg3£ion, a‘contro1’e1ectrode was
sfmi]a%1y piaced on the contralateral side without penetratinq the 99111-

culus in order to assess extraneous damage caused by the electrode track.

" To place a lesion in the anterolateral aspect of the superior colliculus

which is eertia11y covered by theswverhanging postefior pole of the pulvi-.

nar, the electrode was difec;ed through the ipsilateral hemisphere, pos-
teroanteriorly in the parasagittal p1ane, at an angle of sixty. degrees io
the horizontal. Again a control electrode was placed in a similar orien-
tation through the contralateral hemisphere stopping before the co]]icu]es
was reached. 1In an attempt to avoid all damage to the cerebral hemi—w.
spheres, some e1ee£rodes were introduced through the cerebellum, postero-
anterioriy, eithee in a parasagittal plane or ob¥{que1y from a lateral

position, and at an angle of 35-45 degrees below the horizonta] plane.

C. Placement of the Lesion

5\

Prior to the operation the monkey was tranquilized iptramuscu]érly
with 8.25 cc. of Phencyclidine hydrochloride (Sernylan) at the concentra-

tion of 20 mg./cc. After fifteen minutes, -the animal was anaesthetized
' {
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%ntraperitonea11y with sodium pentobarbital f%embuta]) at a concentration
of 25 mg./kg body weight. Additioﬁa] anaesthetic was administered in
0.5 cc. doses when necessary. '

The an%ﬁal was secured in the Horsley-Ciarke apparatus witq the é;r
bars inserted into the external auditory meatus, the'eye-piece ¢lamped
down on “the infraorbitai ridges, and the mouth-piece raised and claﬁped
against the roof of the mouth.

AR procedures of the operation were carried out under Esepfic condi-
tions., The head was Shaved,'cleaned and .swabbed with 1% jodine in 70% al-
cohol. A longitudinal incision 5;8 cm, in length was directed through the
tissue fo the-bone, centred in a parasagittal plane at the site for the
. electrode penetration. The skin and muscle were then retracted. Bleeding
was¥eo 1led with 1% hydrogen peroxide and direét pressurs, If b]éediqg
perswsted the severed vessels were sealed by means of e1ectrbcoagu1at1on.

The electrode carrier was placed on the Horsley-Clarke 1nstrument and

the electrode directed towards the skull. The site of the planned penetra- -3
- tion was marked on the bone and the electrode carrier subsequently removed.

A dental drill was used to carefully remove the appropr1ate amouzz_of bone,
caution being taken not to overheat the denta1 burr wh1ch would cause
‘transdural coagulation of the cortex. When a hole of suff1c1ent size was
complete, the debris_was_c]eared with ‘warm sterile saline. A very ;ma]i

~ hole was made in the dura mater with a cutting suture peedle and enlarged
with fine scﬂ%sors: care being taken nét to damage the underlying cortex.
The electrode carrier was replaced on the Horsley-Clarke apparatus and the
electrode carefully lowered through the opening in the dura to penetrate |
tﬁe braiﬁ tissue. The electrode was directed towards its target according

to Hors]ey-C]arke coordinates obtained from Snider and Lee's Stereotaxic

AtIas of the Monkey Brain ('61). From early experiments it became obvious -
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that correctibns were necessary. Measurements were made from a series of
pr;vious]y processed brains, marked stereotaxically, and from another per-
- fused brainfwhich was left in the skull and from which stereotaxic para-
meters were determined on the directly exposed superior colliculus. It
‘was found that the Snider and Lee coord1nates had to be adjusted 1.5-2.0
mm. anteriorly and usually 1. 0 2.0 mm. vert1ca11y downwards, To help in

_this correction, a mild stimulus (50 c/s, square wave, 2 millisecond dura- . -

N

tiqn) was applied to the moﬁbpo]ar electrode within the range of 1-6 vo]ts,
when the predetermined surface of the colliculusﬂwas reached. The system
was effectively grounded by attaching the negative pole to the flesh ex-
posed at the site of the operation, The electrode was edvanced one milli-
meter and the stimu1us reapplied. The monkey's eyes were observed as tisie
steps were repeated looking for c0n3ugate contralateral eye deviation,
preferably at a st1mu1us threshold of less than four volts. Comparing the
strength of the response to the planned target site, the lesion was made

at the most apﬁropriate site along the e]ectrode.ﬁathway. Occasionally,
when no response was obtained, it was assumed that the superior colliculus

had-been missed entirely and the electrode was withdrawn, One of the co-

ordinates was varied in order to move the electrode towards the eentre of -~
tﬁe superior colliculus (as-determined from ths calculated parameters) and
the entire procedure was then repeated. In-some experimente, e eye move- .
ments could be elicited and the lesion wes placed only according to tpe
coordinates.

The lesion was made by passing 2-5 milliamps of current through the
electrode for.10-30 seconds, causing coagulatjon at the uninsulated tip of
the electrode. When more than one lesion was required, the electrode was

retracted 1.5 mm. and the lesion repeated. The electrode was allowed to

cool and then withdrawn. A second electrode penetration and lesion was



63
carried out when ajsti]] larger lesion was planned. In some experiments,
two penetrations were undertaken in one step, by placing both electrodes
2-3 mm. apart in the same electrode carrier. .
The hole in the skull was filled with Gelfoam and the muscle 'and apo-
neurosis were sutured with cotton thread, The skin.was closed and secured
with Michel clips. The wound was cleaned with 1% iodine in 70% alcohol
and then sealed with collodion. Follpwing the 6peration, 1.5 cc. of anti:
biotics (Pen-Di-Strep) was.injected intramuscularly as a precautionary -
measufe. ‘
- T

Finally the monkey was transferred from the stereotaxic instrument to

its cage to recover from the anaesthetic.

II. Preparation of Tissue for Light Microscopy

A. Perfusion .

Four days following the operation, the animal was deeply anaesthe-
tized, and the thoracic cavity and pericardial sac were opened to™ expose
the heart. 'The apex of the heart.wa secured with a blunt hemostat, the
right atrium cut, and the ;annu1a4[10-12 gauge hypodermic needle) inserted
into the left ventricle. The animal was perfused by gra#itationa1 flow
with 300-400 ml. of 0.9% saline solution, fb]fowed by 1000-2000 ml1. of 10%
formalin. After the perfdsion was complete, the animal was placed in the
stereotaxic instrument and the cranium removed. Two vispical electrode
tracks were made at the anterior 1limit qf the thalamus (determined from
the atlas), 10 mm. on either side of the midline. These served as useful

" landmarks for proper orientation during frozen sectioning. The anterior

and posterior regions of the brain that were not desired in the study, were



sectioned away sfereotaxical]ylin the frontal plane with a flat, stainless

steel, double-edged blade mounted in the electrode carrier. The cortex was

removed by horizontal and vertical cuts, and the right side notched for
orientation, The remaining block of tissue {mainly diencephalon and mes-
encephalon) was stored in 10% formalin for 1-6 months before processing.

The frozen section technique for cutting serial sections through the

brain was first described by Marshall ('40) and has been adopted with vari-

ous modifications. The brain was placed in a sucrose-saline solution (30

gm sucrose and 0,9 gm sodium chloride in 100 ml. distilled water) and al-

Towed to sink (approximately four days). This step-was intended to reduce

freezing artifacts. The block of tissue was then blotted dry and the pos-

terior surface placed on a moist piece of filter paper on the platform of
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the freezing microtome. After rapidly freezing the block with dry-ice, sec-

tigps were cut at a;thickness of 25 microns. The brain was| properly ori-
“ented in the frontal plane when the two electrode marks at|[the rostral
1imit of the thalamus were obsérved. From this point onwaFds, sections
were saved and stored in plastic boxes consisting of 24 compartments each.
Five sections were placed in the first compartment of a box containing 2%
formalin, and five were placed in the similar compartment of a second box
containing 10% forma]in: The proceduré was continued in consecutive com-

partments -until the entire block of tissue was cut as far as the site of

the lesion. At this pbint, five sections were saved as usual in 2% forma
_1in and then a 75 micron section wag cut, followed by two 25 micron sec-
)tionsl These were stored in 10% forma1in in the same sequence as before.
This procedurg was repeated throughout the antero-posterior extent of<the

lesion. When the cutting was completed, the tissue in 2% formalin was

stored in the refrigérator, and the sections in 10% formalin were stored

\\’j}/room temperature. -

t
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B. .Photography of the Lesion Site

This procedure was adapted from that described by Guzman et al. ('58).
The method was designéd to rapidly determine the site and extent of the ~
lesion, although the finer details of tissue damage were determined from
Nissl stains. The steps were as follows:
1. 75 micron sections were rinsed in distilled water,
2. The sections were mounted fr6ﬁ 5% alcohol on glass stides with a:
fine, saé%e hair brush.
3. Excess fluid was removed.
4. The sections were placed in an enlarger as if they were negative
film. |
-5. An exposure at 4-5X magnifﬁtﬁfﬁon on high-contrast photographic -
paper was made and developed in the usual manner.
The contrast between white matter and gray matter and the varﬁous
structures of the brain resulted in prints of good quality for estimating

the site of the lesion.

C. Nissl Stain
This staiﬂ was carried out with 25 micron sections\in order study

nuclear relationships and to determine the precise localizatjen of the le-

sion. A 0.1% buffered cresyl echt violet solution was mace up as follows:
1. 2% stock solution: 2 gm cresyl echt violet in 100 ml. water one

" hour at 4006;, filtered through double filte
2. Buffer I: 0.1 N acetic acid: 6 ml. of g]acidT acetic acid in
1000 ml. disti1}ed water.
3. Buffer II: 0.1 N sodium acetate: 1.36 gn in 100 ml. distilled

water.



4, Staining solution: stock solution........50 ml.

buffer l.ceeeecencss .920 ml.
buffer Il ceeeeeencass 80 ml,
1050 ml.

The staining procedure using this solution’ is summarized as follows:

. Sections were .
* 1. Transferred from 10% formalin to petri dish of distilled water.

2. Mounted from 50% alcohol onto previoﬁsT& albumenized slides,
‘blotted and air dried for 1-3 hours.

3. Transferred fo 702 alcohol at 40° for_atﬁ;éhst 24 hours, prefer-
ably 3-4 days. - |

4. Transferred to 50% alcohol, 5 minutes.

5. Rinsed in distilled water. '

6. Placed in the G.T% byfﬁéred cresyl echt solution, 5-15 minutes.

7. Rinsed in 1-2 éhanges of distilled water to }emove excess stain.

8. Differentiated.in 70%, 70% and 95% alcohol.’

9. Dehydrated in two changes of absolute alcohol, cleared in two

changes of xylene and coverslipped. l

D. Silver Impregnation of Degenerating Axons

Originally the first several braiqfﬂwere gtained with the techniqués-
of Nauta and Gygax ('54), Fink and Heiéer, method 11 ('67) and Wiitanen
('69). The most favourable results in our hands were obtained with the
Wiitanen silver stain and therefore the results reported in this thesis are
essentially based on sections stained with this method. A nylon tissue
hoTﬁEﬁLWQZ used to carry up to twelve sections (depending on their size)
through the variou; solutions. The holdé?"consisted of a nylon net placed

: e :
snugly across a plexiglass ring, 145 mm. in diameter. A series of large



Petri dishes (150 x %p mm.) contained approximately 200 ml. of thé appro-
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+ 7 priate solutions.

The Wiitanen silver stain protocol is as follows:

Sections were

1.

2.

Taken from 2% formalin, placed in tissue holder in distilled water
and Qasﬁed_in 2-3 changes of distilled water, 10-15 minutes.
Transferred to 0.05% potassium permanganate, 10 m{ﬁutes with agi-
tation. .
Rinsed briefly in distilled water:

Placed in-1:1 solution of 1% oxalic acid and 1% hydroquinone
(freshly made) 1 minute or until completely decolorized.

Placed in distiiled water, 4 changes, 4-5 minutes each.
Transferred tq.S% uranyl nitrate, 10 minutes with agitation.
Placed in distilled water, 4 changeé, 4-5 minutes each.
Transferred indiQidua]]y to 0.3%'sf1ver nitrate, 9-10 minutes with
agitétion. J

Washed in distilled water and the process continued to step #14

" with one section at-a time.

10,

11.

Placed in ammonical silver solution, 1-2 minutes with agitation.
This solution was made up just prior to use with 50 ml. 1.5% sil-

ver nitrate, 30 ml. 95% alcohol, 5.0 ml. concentrated ammonium hy-

~droxide and 4.0-4.5 ml. 2.5% sodium hydroxide.

Transferred to reducer solutions l_and 2, for a total time of 1-2
minutes. Agitation.was started immediately for more even staining.
The solution consisted of 1712 ml. distilled water, 180 ml. abso-
lute alcohol, 54 ml. 1% citric acid and 54 ml. 10% formalin, made

up in this order. If sections were too dark, the amount of citric

-acid was increased up to 64 ml.



12. Rinsed briefly in distilled water.

13. Transferred to 0.5% ;Qdium thiosulfate, 2 minutes or longer,’

14, Placed in disti]}ed water, 4 cha;ges, 4-5 minutes each.

15, Transférred to 0.1% buffered cresyl echt violet solution, 8-10 min-
Lutes. ‘ .

*

16. Binsed in distilled water.

17. Mounted in 0.5% geIatih in"40% alcohol (modified from Albrecht '54),

The solution was made up by adding 2.5 gm'of gelatin to 250 ml. dis-

tilled water and dissolving in the oven at 40°C. When the solu=-
tion c{;argd, 250 m]. of 80% alcohol was added. -
18. Differgntiated in 70%, 70% and 95% aTcohol.
19, Dehydrated invtwo chénges of absolute alcohol, cleared in two
changes of xylene and covers]1pped o |

When other silver methods were used, the sections were taken from 10“ for-

malin for staining.

II1. Preparation of Tissue for Electron Microscopy

The survival times for electron microscopy varied from 1-7 days so:
that the pattern of degeneration could be studigd. Two normal monkeys
served as controls (Table 3).

After the animals werefanaesthetized a tracheotomy was performed and
the animals artificially respirated with a gas mixture of 10% carbon diox-
ide, 20% ox}gen and 70% nitrogen; The carbon dioxide served as a vasodi-
lator. The thoracic cavity was opened and the pericardial sac incised to
expose the heart. A ligature of soft braided nylon was passed through the

transverse sinus and loosely tied around the pulmonary trunk-and ascending

i
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aorta. The right atrium and Teft ventricle were cut and a metal cannula
(4 mm. in diameter) was inserted through the cut ventricle into the as- .
ceﬁding aorta. -The perfusiaon was started while the ligature was tightened
against the shaft of the cannula. Finally the descending ‘aorta was
‘clamped.

The initial perfgsionopressure was setfat 100 mm. mercury with com-
presged air (Fig. 5), resulting in a flow of 300 ml./min. or greater.. Af-
ter 4-5 minutes, the flow was decreased to 100-150 ml1,/min. for 30 wminutes,
and thereafter ;he flow was maintained around 20-30 ml./min. Total perfu-
sion time was two hours and approximately 6,000 ml. of fixative was used.

_ In most perfusidns, the fixative contained 2% paraformaldehyde and 1%
glutaraldehyde, 1.5% dextrose: 0.005% calcium chloride and phosphate buf- -
fer at a pH of 7.3 (see Table 4 for preparation-of fixatives). The osmo-
larity of the buffer-dextrose solution was maintained at 300 milliosmolies
and the osmolarity of the total fixative at approximately 1050 milliosmoles.
In order to determine the osmolarities most appropriate for monkey brain,
the dextrose concentration was varied ftpm 1.5-2.5% and the paraformalde-
hyde conceﬁtration from 1-3% in the first three monkeysf5 In the %irst five -
animals, the primary fixation and sampling procedures were carried out at
room temperature and in the last five at 4-5°C. The colder so]ytions ap-
peared t&ztgprove the quality of/;;;sfion. ’

After perfusion, the animal was pTgced in the Horsley-Clarke apparatus
and the calvarium removed. A horizontal cut above the corpus callosum re-
moved the dorsal cerebral cortex. The anteroposterior parameters of the
intralaminar nuclei, the inferior nucleus of the pu]v}nar and the superior
colliculus were determined from the atlas of Olszewski ('52) and Snider and
Lee {'61) and frontal slices were made with the sterectaxic knife at ap-

/
propriate 2 mm. intervals. The remainder of the cortex and extraneous por-

V
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1.

Twin Giuge air-pressure regulater, 2. bleed valve,

Gilaont No. 13, 0.002-0.30L/min, 4., ancroid manometer,
held down by rubber straps (6), 7. tray with lce.

3.
5.

flow=-meter,
retafiner
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TABLE 4
FIXATION OF MAMMALIAN BRAIN TISSUE FOR ELECTRON MICROSCOPY

Primary Fixation: Paraformaldehyde concentration........ .;.;. ......... 2%

2.

L)

Glutaraldehyde concentratIOn.......... ......... ..;. 1%
Osmolarity of buffer-dextrose so]ut1on,......._300 m0s
Osmolarity of fixative...e.eeeseessssa.. 1050-1060 mOs
pH of fixative..... Ceeresrecnceestsnannas cress 7.3-7.4

Sotution A: 13.8 gm sodium phosphate, monobas1c plus d1st111ed water
to make 500 ml. in volumetric flask. .

Solution B: 56.8 gm sodium phosphate, dibasic plus d1st1]1ed water to
make 2000 ml. in volumetric flask. :

. CaCIZ' 1 gm calcium chloride in 10 ml. distilled water. \

~

. 80 gm paraformgldehyde dissolved in 1680 ml. of solution B by vigorous

stirring to 60°C, then cool to room temperature.

. Add 320 ml. of solution A to paraformaldehyde solution,
. Add 160 ml. of 25% glutara1dehyde (Sigma grade IV). Before use, check

for polymerization by mixing a small volume with an equal amount of
water, when no cloudiness should appear.

7. Dissolve 60 gm dextrose in sma11 amount of water and add to the above
solution.

8. Add water to make a total volume of 4000 ml, -

9. Add CaC12 drop by drop with continuous stirring, until a thin cloudine
persists. Between 3-4 ml. will go into-solution. Filter.

Check: 1. pH

-

2. osmolarity of fixative.

3. osmolarity of buffer-dextrose solution. Sample jis made with 1

ml. solution A, 84 ml. solution B, 100 ml. distilled water and

3 gm dextrose.

Secondary Fixation: 2% osmium tetroxide

1.
2.
3.

25 ml. buffer (16 ml. of solution A and 84 ml. of solution B)
Add 1 gm osmium tetroxide. Agitate 4-6 hours, store in refrigerator.

Add 25 ml. distilled water with 0.75 gm dextrose.
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tions of the brain were trimmed away and discarded. The slabs of tissue

- were removed en masse and stbred in cold fixative overnight. /,/”
Following éarefuI observation of both surfaces of each slab of tissue, / P
a core of tissue was removed from the appropriate nﬁcleus—with a modified ; g
16-18 gauge hypodermic needle. - The needle was driven through the tissue
either pg:pendicu1ér1y or obliquely (as the case required), tgggjremoved ) ﬁ;;;éi
and the core in tgrn pﬁshed out-of the needle. it Was sFored in primary
fixative or buffer-dextrose solution whi1e the remaining samples .
were taken, Several cores of tissue were removed from thelipsi1atér;1 and
contralateral paracentral nucleus.of the intra]aminaf;comp]ex and the in-
ferior nucleus of the pulvinar. When all tﬁé samples were taken, they
were carefully blotted to remove.excess solution and post-fixed for two ,*_
hours in cold, phosphate-buffered 2% osmium tetroxide solution tontéining
1.5ﬁ dextrose.
The material was then dehyqrated in ethyl alcohol and embedded in
standard Spurr medium (Polysciences Incorporated) according tq[the follow- _
ing schedule: . ' | K\" . ;
| 1. 50% ethyl alcohol, 2 changes, total.time 10 mirigtes.’ ":_ 1
2. 70% ethyl alcohol, 2 changes, total time 10 minutes.
3. 95% ethyl alcohol, 23 changes, to;;ﬂ time 10 minutes.
4, 100% ethyl alcohol, 30 minutes. \
5. 100% ethyl alcohol, 30 m{nutes. _ .
‘ 6. 1 part 100% alcohol and 1 part Spurr medium, 30 minates. _ p
7. 1 part 100% alcohol and 2 parts Spurr- medium, 30 minutes.
8. 100% Spurr medium, 2-3 hours. ' o
9. 100% Spurr medium, overnight.
10. 1002 Spurr medium at 70°C for 8 hours. | .
~

Bar grids 150-200 micron were coated with a thin film of polyvinyl p1és;ic .



(Fornvar) Stock so]ution of Formvar, at 0.5% concentration was diluted to

0.25% concentrat1on w1th 1,2-dichloroethane. An ordinary microscope slide

-

* was dipped into this solution and then allowed to drain slowly. When the
ﬁiim had dried, the.edges of the slide were cut with a~razor Blade. The .
?Tﬁée'was immersed at a 45° angle into a dish of distilled water, and

’ N ”~
“the film floated off on the.surface. The grids were placed on the film,
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and f1na11y the film and the gr1ds were p1cked up w1th a p1ece of absorbent

paper and allowed ;o_air dry. In order to reinforce the plastic ijm, the

T

"grids were then coated with a thin layer {approximately 50 A) of evaporated

carbon, - : N :
) ' : W, @

Trimmed blotks of tissue were sectioned for electron m1croscopy using

glass kn1ve§ckounted in a Reichert OmU2 ultramicrotome. - Sect1ons which ap-"~

peared silver by reflectgd Ti?ﬁ; were picked up on‘the-prev1ous1y prepared

grids. ; o C

They we%é-then stained with uranyi acttate and lead citrate. The solu-

.ygred as fof1ows-
:5"' '

‘100 ml ég%‘absolute ethyl a1coho]~1n a clean ray-sorb flask and fil-

u , ~
H

tions were p

Uranyl ate: (watson t58) 16 gm of uranyl acetate was dissolved in

-

& tered pr'ior to use. i . |
-7 Lead citrate: (according to Reyno1ds 163) -
1.7] 33 gm of lead nitrate and ] 76 gm of sodium citrate was dIS-
X -so]ved in 30 ml. of distilled water in a 50 ml. volumetric flask.
The suspension was shaken v1gorou51y for one minute and-then in-

&
termittently for 30 minutes to ensure the comp1ete conversion of

+

the lead nitrate to 1ead c1trate.

2} 8.0 ml of 1 N sodium hydr0x1de (4 27 gm NaOH in 100 ml. HZO)-was
- , ~

" added. & £~ ' : “

. 3. The solution was then diluted to a.50 ml. volume with distilled

" - ' . .. AR |

W ¥

¥

-
W R
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water and mixed by inversion,

The staining procedure was carried out as follows:

-

Grids were . &

Ay
[

1. Placed in 16% uranyl acetate, 8-10 minutes.
2. Washed in 3 changes of absolute ethyl alcohol,

3. Washed in 3 changes of distilled water.

‘4 Drained to removeexcess waterr—— S
5. Placed in Reynold's 1ead-citrate solution, 8-10 minutes. -
6. Nasﬁed in 3.changes of 0.02 N sodium hy&roxide..
7. Washed in 3 changes of distilled water. ~

8. Drained to remove excess water and allowed to air dry before use.
The EOmpJeted grids were examined with a Siemens 101 electron microscope.
:§ In order to assess the ﬁccurécy of Ehe site erniwhiEh thése samples
were taken, the slabs of tissue fro$'which'th§ samp]gs were taken-were cut
and stéfned. The sites of the lesions were similarly processed. Because

- T

the tissue was only 2 mm. thick, a 3-4 mm. base of ge1ati_\£}5 gm‘geTatip
dissolved in distilled water, hardened and stored in 10% formalin) was
placed on the platform of the freezing. microtome and levelled prior to
mounting the tissue. Frozen sections (25 microns) were cut throuéﬁout\fhe
depth of the sTices and stoﬁé&'in'ioz formalin. Nissl stains were pre-
pared and occasionally silver stains were attempted. The latter method,
however, was not entire1y‘sué¢éssfu], presumably because of the élutara]-

s
-

. dehyde used in the primary fixation.

i ' <

Kl
“

1V. Analysis of Material Prepared for Light Microscopy

A series of hiss] stains in the frontal, sagittal and horizontal planes

£
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was carefully studied in order to appreciqje;theliﬁree-dimensiona1 config-'

~uration of the inferior nucleus of the pulvinar and its surrounding rela-

-
tionships. A comparison‘of frontal sections through the anteroposterior

f - -
extent of the inferior nu?13u§-of the pulvinar was made in three typical
\\\\monkeys. From these, seven levels (at‘agproximately half millimeter in-

e

’ .

J Y '
tervals) were seliected as representative sites to be used in summary dia-

grams. Nissl piezures and diab;éms were prepared at three levels .of the
intralaminar complex {at approximately two millimeter intervals) in order
to illustrate the in@ta1aminar nuclei receiving a projection from the Su=
perior co11icd1us, i.e., parafascicular, central lateral and paracentral
nuclei. ' o -

The pattern of degf\eration observed'in eleven monkeys was mapped on ;
photographs df Niss]‘s%g?nsat the appropriate individual levels. The in-

formation was accumulated and transferred to the summary diagrams.



@
RESULTS

-

[. Light Microscopy

A. Limits and Boundaries of the Inferior Nucleus of the Pulvinar

76

~ Nissl stains of the inferior nucleus of the pulvinar were prepared
and studied in the sagittal, horizontal and frontal planes. The nucleus
is illustrated sagittally at the lateral .limit of the medial geniculate
nucieus (Fig. 6a), horizontally approximately ha1fway'through the dorsoven-
tral extent of the inferﬁor nucleus of thé pulvinar (Fig. Sblgénd'frqftéi—

ly at seven levels .through the,en?ire posteroanterior extent of the nucle-
us (Figs 6c, 7, 8]; i.e.1~§ﬁfihe'ﬁost caudal extent of the inferior nucle-
us of the_ﬁthﬁnar (Fig. 6c)ﬁ at the caudaT extent of the medial genicu-
late nuc]eu% (Fig. 7a), at{ghé.fusion of tﬁe inferiof.and IatgfaT nuclei
of the pulvinar (Fig. 7b), atsfthe djvi;ipn of the 1at$ra1 nucieus of the
pulvinar into”a”dor§é1'éﬁam§éﬂf;;¥ segﬁent (Fig. 7c), at the caudal extent
of the Tateral geniculate nucleus (Fig. 8a), midway between the caudal ex-
tent of the lateral geniculate nucteus and the rostral extent of the in-
ferior nhéleuﬁ of the'pu1vinar (Fig. 8b) and at the most rostral limit of
the inferior nucleus (Fig. 8c¢). These levels were selected at approxi- -
mately half millimeter intervals with the aid of recogpizable landmarks,
to facilitate comparison from mdnkey to monkey. Summdry diagrams of these
seven Jevels were used to map the topogﬁaphy of the tettopulvinar projec-
tion. Alternate levels were also used in conjunction with more anteriof
views of the thalamus, in order to present the ‘total thalamic projection

of the superior colliculus.

The antérior and posterior relationshipy™of the inferior nucleus of
. i

!
.

.

A
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the pulvinar are most clearly seen in the horizontal plane (Fig. 6b) in
which the'inferiqr nucleus appears as a blunt arrowhead between the medial
and iateral geniculate nuclei. The inferior nucleus of the pulvinar is
bordered anEeriorTy by the medial and 1aterai geniculate nuclei, and pos-
terior1y by thg medjaI and lateral nuclei of the pulvinar. The medial as-

pect of this anteroposterior relationship is also i1lustrated in the sa-

~

“gittal view (Fig. 6a), in which the.inferior nucleus is. found between the

-medng geniculate nucleus anteriorly and the medial nucleus of the pulvi- .

nar po§£érioé1y. ‘ |
Dbrsa]]y, the inferior nucleus of the pulvinar is bordered by the me-

dial'knd lateral nuciei of the pulvinar.in the posterior region of the nu-

cleus (Fig. 7), by the oral nucleus of the pu1vinaf (Fié. 8a), and finally,

: \

by the Iaterél geniculate.nucleus at the most anterjor extent (Figs 8b, c).

Ventﬁé]Iy, the Ynferior nucieus forms the lower. free border of the thala-_

-

mus (Figs 7, 8). ' '

—_— : . T ‘ i

The medial relationship of the ihfgtior nucleus of the pulvinar is
formed by the medial geniculate nucleus (Figs 7, 8). The lateral relation-
shfp is formed by the Tateral nucléhs of the pulvinar posteriorly (Figs 6c?r
7, 8a) and the lateral geniculate ngcTeus anterioﬁ]y (Fig.. 8). It is ap-.

- parent in the horizShtal E]ane (Fig? Sbj, that the inferior and lateral |
nuclei of the pulvinar are clearly separate, as suggested by Friedeman
{'12}, Crouch {'34) and Walker ('38). However, it is easy to appreciate
Olszewski ('52) and Hassler's ('59) inclusion of the ventral part of the
lateral nucleus of the pulvinar with tﬁe\inferior-nucleus bgcause of their
apparEnt b1eﬁding when viewed in the frontal plane (Figs 7a, b).

&
=

B. Limits and Boundaries of the Intralaminar Nuclei

The plotting of degenerating fibers after tectal lesions has also been

-

|
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Legend
111 - oculomotor nucleus
Ant anterior nucleus
Caud caudate nucleus
ca central gray
CL “central lateral nucleus
CM centromedian ﬁhcieus
————=—Corp—Catt-—————-—corpus—callosum
Fx fornix
Hb habenula
" Lat, Gen ~ dorsal lateral geniculate nucleus
LD Lateral dorsal nucleus '
LGNv ventral lateral genicﬂ1ate nucleus
Lp lateral posterior nucleus '
o MD dorsomedial* nucleus
’ Med Gen medial geniculate nucleus
NL nucleus 1imitans
07 optic tract
Pc paracentral nucleus
Pf - M parafasicular - centromedian nucjei’
Prt pretectum =
Prt a. anterioy pretectal nucleus
Pul. 3 inferior nucleus of puilvinar
Pul. 1 lateral nucleus of pulvinar
Pul. m medial nucleus of pulvinar
Pui. o oral nucteus of pulvinar
Put putamen )
Ret reticular nucleus of thalamus
Ru red nuclieus
SN . wsubstantia nigra
Sub Th subthalamic nucleus
" Sup Coll ~superior colliculus
Supr Gen suprageniculate nucleus
VL ventral lateral nucleus
VPL ventral posterior nucleus
X area X
21 zona incerta -

(

Gy



Figure 6

~

Sagittal, horizontal ang'fronta] views of the inferior nucleus

of the pulvinar stained with cresyl- echt violet. Magnification

Sagittal.view of the inferior nucieus of the pulvinar ’

4x.
Fig. 6a
Fig. 6b
=\
I
Fig. 6c

at themost Tateral Timit of the medial geniculatemu=—""""
cleds. sAnterior is towards the left and posterior

towards the riéht of diagram.

Hbrizonta1 view ot the inferior nucleus of the pulvi-
n;r approximately half-way through the dorsoventral
egtent of the nucleus. Noté the arrowhead appearance
ofﬂthe inferior nucleus between the medial and lateral
geniculate nuclei. Anterior is fowards the top and

posterior towards the bottom of the diagram.

" Frontal view of the inferior nucleus of the pulvinar

at its most caudal Timit.






Figure 7

.
Three Tevels of the inferior nucleus of the pulvinar in the
frontal plane, stained with cresyl echt violet. Magnification

4X. |

L"u“;mg*f~4~qugv—7a——-kﬁﬁ-g*FrontaT*vwew “of the” 1nfer1or nuc1eus of the pu]VTnar

Fig. 7b

at the cauda] extent of the medial gen1cu1ate nucleus.

¢ .
Frontal view'of the.inferior nucleus of the pu]v1nar
at §ae fusion of the 1nfer1on\\?d lateral nuclei of

| the pu1v1nar

Frontal view of the inferior nucleus of the pulvinar

at the division of the lateral pulvinar nucleus into

& dorsal and ventral portion.

%
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Figure 8

Fig. 8a

~

Three levels of the inferior nucleus of the pulvinar in the

frontal plane, stained with cresyl echt violet. Magnification

4x.

Frontal view of the inferior nucleus of the pulvinar

Fig. &b

e

Fig. 8¢

at the caudal extent of the lateral geniculate nucleus.

Frontal view of the inferior nucleus of the pulvinar
midway. between the caudal extent of the lateral geni-
culate nucleus and the rostral extent of the inferior

e

nucleus.

IJ‘

Frontal view of the inferior nucleus of the pulvinar

at its most rostral extent. \%kb
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cérried out at three representative levels anterior to the inferior nucle-
us of the pu]vinér at consecutive two millimeter intervals. The first - -
level was choser at the rostral pole of the medial geniculate nGETeu; TFﬁP.
“9a),'tﬁe second, in the region where the centromedian nucleus approaches

the midline in place of the parafascicular nucleus (Figl 9b) and the third

u

and mgﬁf-anteriOF,IEVE]BWEE_EE?WEEEEiil_EElE:Qi_Ehe 1atgra] genifﬁﬂngb

‘nu;leus,;where)uﬁgig;;centra1 nucleus is foqég_in place of the.Eentromed—
ian and central lateral nuclei (Fig. 9c). These levels clearly illustrate-
the relationships of the centromedian, parafascicu]aE, central ﬂaterai and

paracentral nuciei.

The parafascicular-centromedian compiex can bé 6hserved in figures 8
and 9a, bordered dbrsa{1y by fhe dorsomedea nuc1éu§ and the central lat-
‘eral nucleus, ventrally by the tegmentum and laterally, by the pulvinar
oralis at more posterior levels, and by the lateral posterior and ventral
posterior nuclei more anteriorly. The parafascicu1ar:and centromedian
nucTei-céa be differentiated by the densely-staining cells oﬁ‘ghe former,
compared to the Tighter-staining cells of the Iatteé,_although the boun-
dary between the two is somewhat ambiguous. The parafascicular nucleus
is replaced anterjorly by the centromedian nucleus which now extends to
the midline (Fig. 9b). _ |

The central Tateral nucleus can be se@n;in figures 8¢ and 9a, b, ex-

“tending vertically between the centromedian, nucleus ventrally ah? the Ta-
teral dorsal nucleus dorsally. It is bordered medially b¥ the dorsomedial
nucleus dnd laterally by the lateral posterior nucleus more posteriorly

and the ventral lateral and ventral posterior nuclei anteriorly. It bTendi
into the paracentral nucleus at the anterior extent of the centromedian

./) ]

nucleys.

The paracentral nucleus is represented at the anterior limit of the

o~
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Figure 9 Three levels of the intralaminar nuclei in the frontal plane,

sfained with cresyl echt violet. Magnification 4X.

-

~

F7§1”9§“_'___”""”FrChféT"VTéW”Qf~fﬁé—§§F§f5§CTCﬁTE?:Eéhtromed1an com-

plex and central lateral nucleus at the rostral pole

of the medial geniculate nucleus.

Fig. éb‘ -'f%“ - Frontal view of the centromedian and central lateral °
nuclei at the site where the centromedian nucleus ex- .

tends towards the midline.

N

\

Fig. 9c Frontal view.of the paracentral nucleus at the region

] .

b .
Just rostral to the anterior pale of the lateral geni--

culate nucieus.
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4

entromed1an and central 1atera1 nuc1e1 (F1g 9c) At‘thie same level,
the dorsal boundary of- the 1ntra1am1nar complex changes from the 1atera1
‘dorsai nucleus to the anterijor nuc1eus The paracentral nuc]eus cont1nues
anteriorTy, gradua]1y curv1ng med1a11y around the dorsomed1a1 nuc1eus to
eventudlly approach‘the paracentra1,nuc1eus of the opposite side. They
meet ventra11y but rema1n separated dorsally by the midline eucTei. The
paracentra1 nuc]eus is bordered ventrolaterally by area X of 01szewski
('52) and also by the ventrolateral nucleus. \

The site of the lesion was not always located exactly as pTanned be-

cause of the var1ab111ty in s1ze and shape of the 1nd1v1dua1 “brains. fhe

* results of the lesjon p]acement, however, were usualIy ‘satisfactory, but
.'th occasiona] damage to surrounding structures. Two penetrat1ons missed
the super1or colliculus comp1ete1y (Tablé 5). .

The results from Iarger lesions (F\gs 10a, b, ) were helpful in
tracing the total thalam1c projection of the superior. co111cﬁ1us. Th'e:.;~
more discrete lesions in d1fferent parts of the superior co111cu1us (F1g§f
10d, e, ) were part1cu1arly usefu1 in detenn1n1ng the topography of the
projection to the 1nfer1or nucleus of the pu1v1nar Even the Targer Te-
‘sions, hOWever , yif1ded some information with regard to topography.

. In addition to the compTete misplacement of the 1esion in two animals,
the site of two other lesions proved unsatisfactory (Tahle 5). In one,
only the electrode track damaged the superior co111cu1us, and the Tesion
was located in the ;n ferior co]llcuTus The number of degenerating fibers
in the matefia1 wae too few to be properly studied In another animal,

the 1eeion eamaged only layer 7 of the colliculus. "Consequentiy, only des-

cend1ng degenerating fibers were observed

Ten of the remaining thirteen experimental animals prov1ded'usefu1 re-.

sults for the analysis of the projections of the super1or colliculus to -
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Results of QOperation and Staining for Light Microscopy -

Animal Lesion

“Size
Cs-12  *
cs-13  *
CS-6  **

55 *
S-2 . *

. Cng wedede
Cs-4  *
cs-11 *
Cs-16 *
CS-1
0S-3  **
CS-7  **
CS-14  *
CS-15  **.
S-10  %x
CS-8  wxax

| -

€s-17

Lesion Size:

aining Properties: - poor, --. average,

* small,

postero1atera1

medi 1'& antem

ante ojatera],
posteromedial

o

** medium-small,

Location of Lesion Stain
Sugerior.Colliculus Other Structures
missed . ‘corpus callosum ---
. E LA
missed cerebellum Coe——
medial, Iaygf 7 central gray ' --
electrede track " Snferior colliculus --
posterolateral - < X
-
medial 2 ===== X
Q v
anteromedial  ===-< ‘ --
extreme medial = ~---- --
anterolateral jnferior ‘colliculus =-
Y central gray
posterior central gray -
“ visual cortex
‘medial 0 s -
" posteromedial inferior coTTiqulhs -
middle, lateral hippocampus . -

pretectum ? -—=

fornix - -
. corpus_caliosum

central gray

inferior colliculus

(in superior colxicu1us)

»

Tectopulvinar
-Topography

descending

_ fibers only !

- too few fibers

useful
useful

useful

/

uséful

usefu1

odd nuclear
configuration

useful
useful

ugefui

.useful

useful

x+x medium-large, **** large

—-- excellent, X failure

&



. Figure 10

Frontal view of the right superior colliculus to
show the site of various large (10a, b, ¢} and
small (10d, e, f) lesions. Cresyl echt violet

stain. Magnification 12X.
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" the thalamus. ) - A : o T

. C. Projections_of the Superidr Colliculus .

Degenerat1ng axons were observed descend1ng from the superwor co111cu-
lus to 1ower levels and a]so\cross1ng 1n the commissure of the 5J32r1or col-
chu]us-to the opposite site. Only the ascending degenerating fibers to
the tha1amus were studied 1n detail. Particular attention-was directed to
the co111cu1ar progect1ons to the inferior pulvinar nuc]eus and to the in-

tralaminar complex. : o '

*

The total prosect1on of the superior colliculus to the 1ps11atera1 tha-‘

Tamus was determined by accumuiat1ng the resu1ts from all lesions (Fig. TI)
Moderate tﬁjﬁense degeneration was observed in the 1nfer1or nucleus of the
pu?v1nar and somewhat Tess in the préteetum. Degeqerat1ng‘f1bers were also
~observed travelling through the nucleus limitans to end diffu§e1y in the
parafasc1cu1ar nucleus, not at all in the centromedian nucleus, in smalT
.c1u§ters in the centra1.1atera1 nucleus and densely throughout the paracen—
tral nucleus. An inéonétant projection was found in the supragen1cu1ate
nucleus and magnoceliular part of the medial geniculate nucleus (1abelled
togethe% as the suprageniculate nucleus in the diagrams, because of the
difficuity to diffgrentiate these nuc1e%). Very sparse degenerating fibers
were accasionally observed in the dersal and ventral divisions of ?he later-

al geniculate nucleus.

Thus, one of the main projections of the superaor colliculus termin es“

_throughqyt the inferior nucleus of the puTvznar Although degeneration

not obsefved in the most ventrolateral region of the nucleus, the‘&ﬁsfghs

~ did not\destrgy all parts of the co111cu1us It seemed reasonable, however,
to extrapolate the data to concTude that the co]11cu1us proJECtS to the en-

-

tire nucleus. Typical examp]es of degenerat1on in the 1nfer1or nucleus of

A

’;9



»

%

. 2%
. ] . ‘ v

..xwv_coE Cayy ul mc.o:um_oba. _u_Eo__c.f.onh || @4nbyy

88

)




. . . ' . .
iy ‘l:-.._:_ } . ] R9
. ) : . ' * L

the pulvinar aéé i11us{ratedlin\f%gure 12%; Fipere of_paséage were often
Jobserved streaming towards their site of “nm1nat10h.(Fig.‘12a). The fibers
d1sp1ayed the broken appearance and varicgsities typical of anterograde de~
generat1on and wereflgterpreted as preterm1na15 and term1na15 when a ran-
dom pattern of 1ntertw1n1ng fibers was observed {Fig. 12b) The presence
of silver granuTes in re 1ons of profuse pretermwna1s was a]so 1nterpreted
to be degenerative déE::i (F1g 12c). However, these granu1es in the ab-
‘sence of preterm1na1 fibers were not cons1dered convinc1ng evidence of de-
generat1on partxcu1ar1y wtth the Wiitanen techn1que ATthough the granules
.may represent term1na1s, they sometimes apparentiy occur as random prec1p1-_
'Lat1on and therefore were not a reliable criterion for s1tes of degeneration.
In many of the an1ma1s degenerat1ng £ibers travelled across tpe in-
‘ferior nucleus of the’ pu1v1nar to accumulate at the horder of the 1atera1
genxculate nucieus near its posterior.pole (F1g 13a}. A]though a few f1- |
bers entered the IateraT gen1cu13te nucieus at this point (F1gs 13b, ¢},
this small number of fibers did not appear to be sulf1c1ent to accpunt for
“the rather dense projection seen at the horder of the pulvinar. It is pos-
sible, however, these degenerating fibers had fupneTTed together as they
crossed the pu1v1nar-before spreading througpout the anteroposterior extent
of the lateral geniculate nucTeus This'wouid.conceivany account for the
large number of fibers seen at the poster1or pole of this nucleus. Indeed,
sparse degeneration has been abserved in both the'magnoce11u1ar and parve-
cellular 1eyers_throughout the dorsal division of the lateral geniculafe ‘
nucleus (F1gs 13d, e). Unfortunate1y, the number of fibers was insuffi-
cient to determine whether they were fibers of passage or preterminals. How-
ever, their general orientation towards the ventral division of the Tateral .
geniculate nucleus, and the s]ightlj greater amount of degeneration occa-"’//’

Sionally found in this latter nucleus (Fig. 13f), would perhaps suggest
. .
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Figure 12 .

Fig.

Fig.

Fig.

-

i2a

12b

12¢

Degeneration in the inferior nucleus of the pulvinar. Wiita-

nen silver impregnation, counterstained with cresyi echt vio-

L]

. Degenerating fibers of passage travelling across the

medial part of the nucleus and arborizing in a ter-

minal field more laterally. Magnification 120X.

Random arborizing fibers indicative of preterminal

field. Magnification 260X.

\

Preterminal field.with fine silver granules. The

granules may or may not represent terminals. Mag-

nification 350X.
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FigurE'iSa E ‘Cluster of-&egénef&ting fibéfs in the inferior nﬁc]éus of
thé“pulvinar at the border_of the lateral genicuiate nu-

- c}eus; The.arrow indi;ates.the‘séme b1oodCVesse1 in fiqure

13b. Magnification 75X.

-
[

Figure 13b Higher magnification of figure 13a, A few degenerating

terminals can be observed in the magnocellular Tayer of the

* lateral geniculate nucleus. Magnification 200X. f‘
. . \ ..:
_ »
-Figure. 13c Another example of degenerating fibets in the inferior nu-

S
R
. ST .

T

cleus 6f‘the pulvinaf at the border of the lateral bepigu;;%ﬁ N

late nucleus. Magnification 200X.
~

: - . _ . .
Figure 13d | Sparse degeneration in parvocellular layer of the dorsal.

o

lateral geniculate nucleus. -Magnification 300X.

Figure 13e Degeneratin magnocellular layer of the dorsal

lateral geniculate nucTeys. Hagnifitatioh BOOX,'

Figure 13f Uegenerating preterminals in thé~ventral lateral genicu-

late nucleus. Magnification 300X.

- Wiitanen technique, counterstained
with cresyl echt violet.
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that the ventral d1V1s1on of the 1ateraT genicu1ate nuc]eus is the fana1

-

| .term1na1 s1te of many of these’ fwbers._, 'ﬁ <
.The supertor co111cu1us sends a moderate proaect1on to the: pretectum
The degenerat1onwas seen typ1ca11y as “short, scattered ftbers 1n var1ous
_parts ot the nucleus, and no obv1ous pattern of d1str1but1on was found
- (Fig. 14a) L '

The degeneratmg preten‘:nnah found in the supragen1cu1ate7iuc1eus and

n
..

'magnoce11u1a1 division of the medial gen1cu1ate nucleus were genera]Ty
sparse in aT? but one an1ma1 (th 14b). The& lesion 1n thts antma1 was
» 1ocated rather anter1orlv and may have 1nvolved pErt of the pretecta1 re-

. gipn "The/ oundery between the supertor col%acu]us “and pretectum is vaque.

. deeper 1 ers of the c0111cu1us blending antertorly 1nto the pretectal re-
-“gion'(Kappers et aI. '36). Hence; it is poss1b1e that the degeneration ob-
: served may result from damaged Fibers proaect1ng from the pretectpn and not
from the super1or col]1culus | . ' |
.l Degenerating f}bers to the 1ntra1am1nar complex passed through the nu- .
’ cleus 11m1tans (Figs 14c d). Although some fibers may term1nate in this
nucleus, many appeared "to be ftbersvof passage Note that the cell bodies .
are argyroph111c accumulat1ng severaT granu1es of si1ver. This character-
1st1; was 1ndependent of the 1es10n, since it was also present on the con- .
tralateral side, w1thout the degenerat1ng f1bers. E
The project1on of the super1or colliculus to the parafasc1cu1ar nuc]eus
1%5 sparse to moderate in density (Fig. 15). Some f1bers may be 1nterpreted
QES fibers of passage (Fig. 152).. *hers were clearly preterminal fibers
(F19 15b). The cell bodies of thas nucleus are aTso argyroph111c (Fig. 15c),
altharaeuer1st1c independent of the site or size of the lesion. Due to the
affinity of the neurons to.siTver, the nucleus was readily identifiable

on silver preparations, even without counterstaining.
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CFigure 14a

-
T

Lt

Figure 14b

Fidure 14c¢

Figure 14d

R

S
.

_Degenerating fibers in the pretg;tum: Magnification 190X.

-

Degeneration in the suprageniculate nucleus. Magnifica-

tion 180X.

' : P

"Degeneration in the nucleus limitans, predominately fibers

of pasSage and only sparse preterminals. Magnification 190X,

oy

Degeneration in the nucleus limitans, presumably fibers of

passage. Magnification 190X.
//(j

"~ Wiitanen technique, counterstained
S with cresyl echt violet.

~
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Fiqure 15a Degenerating fibers of passage in parqfascicu]ar nucleus.
Magnification 220X. - o ’
\
) . S
Ficure i5b Degenerating preterminals in parafascicular nucleus. Mag-

nification 280X.

Figure 15¢ Argyrophilic cells in pafafascicular nucleus. Magnifica- |

tion 350X, ;;

- Wiitanen technique, counterstained -
with cresyl echt violét. '
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The nrojection of +he quoer1or co111cu1u< to the centra1 1atera1

nuglaus termwnatnd in qma]1 clusters in the v1c1n1tv of qma]l nroupq ot

Cdarme cells (Fig. 16). ﬂ few c1usters were scattered throunhout the nucleus

in nn apnarent natte;n: On]v rarely were two c1us+ers seen in’ the same sec-
Hian, Small decenerat1na fzbers were present 1nd1v1dua11v 1n other par;s of
sha nucleus. The soma of the Tarqe ce1Ts were onlv slightly arayrophilic. |
The nro*ec*won of the sune*1or colliculus o *he naracentral ;ﬁcTeus
wis danger than to other 1ntra1am1n’r nuc1e1 (Fwas#lx 1 Y. The denswbv
AF this “*o’nrh1ﬂn seemed to depend on the size of +he Ies*Qﬂ',viﬁe degene-
ra;{nc fibers and oreterminals resulting from 1aroe jesions wohe. ﬂore nu- -
marous (Fig. 17z2) +h=n those seen aftar sra14.to medium-sized Ies1ons (Fic.
175, The Fibers were usually found in ali parts of the nucieus and there
wWora ﬁn donsity Dat*erns sufficientlv. cbvicus to permit a topocraphwc man-
nfna_cf the nroiection. The cell bodies of the paracentral nucleus were |
also arqudpﬁilic in-natufé”(Fig. 17b) in the sare manner as the cells of
the nucleus Timitans and of.the narafascicular nucleus. 1In the more pos-
terior aspect of the paracen;ra1 nucieus, the degeneraticn was\conf1ned
within the relatively narrOW'margins of the nucleus (Fic. 184}, as comcarﬂd‘
to the somewhat wider snread o% dege?eratina fibers in its.rmore anterior
Véqioﬁs fFiq. 18b). -Thelfibers anpeared 20 stream more profusely towards
the most rostral extent éf +he nucleus (Fig./TéC); but ended abruptly at
thig Sbint. In this region; the lateral berder is very dispinct vwhereas
nedially, decenerating fibers tend to taper off towards the dorsomedial
nucteus (Fig, ]8dj-. S , ' ~—
The superior colliculus alsoc projects contra]atefaTTy to the cor-
responding iniraTah{nar nuclei, i.e., the oarafasc1CU]9r, central ieteral

and paracentral. The degenerating fibers are very sparse in the

narafascicular (Fig. 192) and central lateral nuclel (Fig. 19b).
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Figure 16 Degenefatipg fibers around clusters of rather large cells in

bl

the central lateral nucleus.’ Wiitanen. technique, counter-

stained with cresyl echt violet.

. Fig. 162 Magnificatioﬁ 220X.

Fig. 16b Magnification 285X.

| !l
o

Fig. 15¢ Magnification 285X.
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Figure 172 Dense degeneration in the_paracentra] nucleus foliowing a

large lesion. Magnification 200X,

Figure 176 ~ Small amount ¢f degeneration in the paracentral nucleus

—_——

et £ YA

following a2 small lesion. Magnification 200X.

./

- Wijtanen technique, counterstained
with cresyl echt violet
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Figure 18

Fig.

Fig.

Fig.

18a

i8b

Téc'

18d

Degeneration in the paracentral nucleus. Wiitanen technique,

counterstained With-cresyl écht.vio1et.

Narrow limits of degemération found at the more
posterior Tevels of this nucleus. Magnification -

155X.

Wider spread of degeneration found at the more an-

terior levels. Magnification 155X.

Degenerating fibers in the more anterior region of

the nucleus. Magnification 320X. -

The degeneration outlines the distinct lateral bor-
der of the nucleus and the more vagde medial bor-

der. Magnification 130X, ' ‘ -
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Fiqure 19 Degeneration in the contralateral intralaminar nuclei. -

Hiitanen.technique. counterstained with cresyl echt violet.

Fig. 19a . ~Sparse degeneration in the contralateral pa}afas-

‘cicular nucleus. Magnification 300X.

Fig. 19b ~ Sparse degeneration in the contralateral central

lateral nucleus. Magnification 300X.

Fig. 19c¢ ' Moderate degeneration in the contralateral paracens
tral nucleus at the more anterior levels. Magnji

ficat?bn 3OOX'.




Figure 19



Degenetat1on in the paracentraT nuc] 3 is more obv1ous (F%ﬁf 19c) and shows
similar character1st1cs posterior]y and- anternor]y, to the 1ps11ateraﬁ
= side {compare Fig. 18c) o i ‘

The present study d1d not spec1f1ca11y address itself to the quest1on
of whether superf1c1a1 1ayers of the super1or co111cu1us project to the 1n—
ferwor nucleus of the- puivinar and the deeper, G‘@ers to the 1ntra?am1nar
complex. It was noted however that small lesions conflned to the super-

"#icial layers resulted in definite degeneration in the pulvinar bt 11~t1e
indication of deaenerat%on'in the intraﬂam%nar comﬁiex.' On the othe; hand,
larqe 1es1ons 1nc]ud1ng both superf1c1a1 and deep layers of the superior '

;co111cu1us resulted in degenerat1on in both the 1nfer1or nuc1eus of the .
pu]vmn‘E‘?nd the 1htra1annnar nuclei (excep» the centromedxan nucleus). 1t
was difficult to assess, however, whether Lhe smallness of he Tesion in

. the superficial layers or the actqal absence of a project1on, was respon-

sible_for the lack of degeneration in thg.fntra1aminér ﬁutlei. . .

h

0. Topography of the Tectopu1v1nar Projection

The progect1on of the superior colliculus to the 1nfer10r nuc1eus of
~the pulvinar is topographical. If no topagraphy’ ex1sted a small lesjon

wouid- cause diffuse degeneration throughout the nucleus, whereas//’Targer

jesion would result in more dense degeneration throEgbacf’:E;.nucleus. This

did not occur, however. A small discrete lesion in the superior colliculus
fesﬁTted in a dissrete region of degenerat1on in the inferior nucleus of the
pulvinar (Figs 20a“b) A Jarge 1es§oq“n1a part1cu1ar part of the colli-
culus caused degeneration over a wide area of the 1nferior nucleus (Fig. 20c)
but with definite boundaries. Fibers of gzig;ge often travelled across the
medial aspect of the nucleus to terminate at their appropriate site leaving

the mest 1atera1 part free of degeneration (Fig. 20c) Le51ons of d1fferent

’
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: Fiqure 20 . Deqenerat1on 1in the r1qht 1nfer10r nucTeus of the puiv1nar
g ' H11tanen techanue, c0unterstawned with cresyl echt v101et
L N
|
L] -,
[T . .."" —
i Fia. 20a ,' Deceneration resulfing from a small lesion ih suner-
roox - ‘ e ‘
ior calliculus. Magnification 150X,
L ‘ : . :\‘ — ’

3 . . .
o Fig. 20b. A discrete region of degeneraticn resultine from 2

small lesion in the superior colliculus. Magnifica-

N - .tien 100X.
Fig. 20c ~ Degeneration resulting from a large lesions in super-

e . dor quTicuTus. JFjbers}bf passage, 2 terminal field
and an area free of degeneration.(laterally) can be
observed. Magnification 100X,

2y
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sjze and 1ocation_resu1tedzih d1fferent‘batierns of degeneretion in the fn-

.ferior nucleus of the pu]v{ner For examp1e, in figure 21. a large zone of

'degenérat1on can be observed dorsa1ly whereas the more ventral portion of
the nugleus is free of degenerat1ng flbers. | | ‘ _

In order to analyze the topography of this proaection, it was essent1e1
to relate the sites of the 1es1ons to the. degeneration found in the 1nfer1—
or nucleus of the.pulvinar. The most meaningful way to present the results
of the study was to'reiate'the lesioned areas to their known visual field
representation, end to transpose this representation to the area of degene-
ration in the pu]vnnar |

The representat1on of the visual field on the surface of the super1or
coliiculus was obtained from the work, of Wilson and Toyne (70}, Cynader and
" Berman ('JZ) and Robinson ('72) in the ‘macaque {Fig. 22a). The upper visual
field is located medially and the lawer field TaxeraITy. The periphera1 |
11m1t of the upper and lower vert1ca1 mer1d1ans was not precase1x‘1nd1cated
in these works and therefore 1t remains s11ght1y vague in the dfégram Sim-
i1ar1y, the obliquity of the horizontal mer1d1an from the sag1tta1 plane
varied somewhat accord1ng to the d1fferent authors, although the general
orientation was the same. Therefore, with the above Timitations in view,
the re§u1ting representation of the visual field in the eol11cu1us‘was used
as a basis for the descriptions of the tectopu1vinar projections.

The 1ocat10n of the Jesions in the superior EBTTﬁtulgs were carefully
mapped on this diagram to show the extent of damage to the superf1c1a1 Tay-
- Brs (F19 22b). However, ‘damage to the underlying layers was sometimes
rather extens1ve and not always located under the superflc1a1 site of the
lesion (indicated whenever possible by a broken 1ine in the diagram). Thjs
variation in the location of the les1on depended on the angle of the elec«

trode penetration relative to the surface of the superior colliculus. For

7N



Figure 21

Degenératibn in the inferior nuc1eus:§f the pulvinar. The
same 'section is illustrated at three increasing magnifica-
tioné (i.e., 18X, 45X and 150x) to demonstrate a specific
region qf degeneration withih the nucleus. The arrow in-
dicétes the same blood vessel in each phofagraph._ Wiitanen

technique, counterstained with cresyl echt violet.






Anterior ' o

Lateratl -

Posterior

Fiaure 22a Topoaraphical representation of the visual field on the
surface of the riaht superior colliculus. The data for
this map was obtained from the literature (see text). The
upper vertical meridian is indicated with x's, the Tower

- with o's. The periphery is indicated by means of hars .
and trianales.

Anterior

Lateral

Posterior

Figure 22b Surface representation of the right superior colliculus to
i1lustrate the site of each lesion. Solid lines indicate
damage in superficial layers, broken lines indicate damage

"deep to the superficial layers. 4;
’ v
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exano]e; a oontra1a+era1.approach caused domage to the'superficiaT 1ayeré me=-
dially and damace -to the deeper layers more 1atera11y, therefore, it was‘dif-

: rwcul* t0 assess the exact area of v1sua1 representaticn in these 31tuatwons.
In many anwmals a ciuster of degeneration was observed at the lateral
border of the inferior pu1v1nar, adjacent to the dorsal 1atera1 qen1cu1ate
nucleus. As stated previously this deaenerat1on was conswdered to be min-
—

1v .1bers of nassage destined for either the dorsaifor-ventra1 1atera1 genw-

AW

Culaee nuc]eus. It was therefore d1scounted in the fo1lou1no analysis as’

f

: unre]aeed to the topooraph1ca1 representation. f;
The ‘1rst detail- of the map to be consadered‘ﬂs the 1ocat1on of the

horizontal meridian. In CS-14 (qu. 23 ), the Jesion damaged the area of
Ehe superior colTicqus‘representing the horizonta] meridian, including
oaiolv the 1ower‘visua1 field. The site of degeneration was founo.dorsos
medially at the POSu posterior levels (1, 2) and then shifted s]fqhtTV

'.ventra11v and laterally away from the dorsomedial border, at the adJacent‘
\enterior jevels (3, 4). The results obtained from cS-1 (Fig. 24}, help

-to determine where the periphery 1is located along this meridian sincerthe

~lesion in this animal destroyed the region of the colliculus representfog

" the perioherv of &he horizonfai neridian Unfortunate]y it alsc en=
croached upon the overlving visual cortex (upper visual ffer aecording .
to Zeki '60) A small field of degenerat1on (tvo1ca1 of tectopu1v1nar
DTOJectTOnS in other animals) was found alonc the medial horder of the
inferior nucleus, shifting ventrally at success1ve1y'more aoterior
Tevels (1-4). It corresponds to the medial ‘edge of degeneration seen
in the previous animal, CS-14. A rather coarse tvpe of degenerating fibers
was also found in the ventrolateral aspect at Tevels S'and 6. This latter
field of rather aeyp1ca1 appearance was attr1buted to the extraneous damage

to the visual-cortex. Therefore, it appears that the horizontal meridian g
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is represented obliquely across the nucleus from.a medioventral to a latero-
dorsal position‘ with the periphery‘represented medially and fovea'dor301a¥
terally. The mer1d1an sh1fts ventrally at more anterior levels. |

It is now necessary to determine the 1ocat1on of the upper and lower
~visual fields, i.e., dorsomedial or ventroTateraj to the horizontat meridi-
" an. The data obtained from CS-16 and CS-4 clarify this issue. In CS-16
(Fig. 25), the lesion was confined to the region of the col}icu]us repre-
senting the iowerlvisua1.fi21d; The degeneration was found in the dorsal
part of the nucleus at levels 2 to 6. The 1dw9r visual Field is therefore
represented dorsomed1a11y in the 1nfer1or nucleus -of the pulvinar, and con-
sequentlv the upper field shouié be represented ventrolatera11y Confirm-
ing this assumption, the lesion in CS-14, which was Iocated in the area |
representing the upper'visual field, indeee caused degenerapion ventrally
and .somewhat laterally. _

The results from several other lesions correspond to this arrangement
'(e g., Figs 27, 28 29). In figuré 29, however, two sites of degeneration
were abservéd, one dorsomedially and the oeher ventromed1a]1y The more
ventral area of degeneration corresponds to the postulated representation of
the upper field periphery, i.e., at the véntromedial.border of the nucleus;
but the:eegeneration Jocated dorsally cannot be readily.explained. On care-
ful examination of the Nissl preparations, however, it was found that 2
group of cells in the dorsomedial corner of the inferior nucleus was parti-
ally separated from the rema1nder of the nucleus by inconstant fiber bun-
dles. Perhaps this area corresponds to the suprabrach1a1 nucleus of Hass-
Ter ('59) or the posterior nucleus of Mathers (' 71). This subnucleus was
not a common feature in the present study (see Tabfe S,VCS-Y).

In an attempt to destroy the entire superior co]Ticqus, large lesions

were placed anteriorly and posteriorly in each of two animals. Unfortunate-

A
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1v anly part of the c0111cu1us was damaaed and yet the 1°510ns were too
Jarne to nrovide useful data for determ1n1nq the topoqraphv. The pattern
of deqeneration, however was conswstent w1th the postulated visual repre--
_seneae1on (e.qa., Fig. oO cs- S\
| Dnoeneratwon was not observed in the most ventrolateral border of the

inferior nucleus of the pulvinar fron-lesions in the superior co]lwculus.
However, comparison of the surface representat1on of 211 lesions [Fig. 22b)
1ndwcate< that a considerable portnon of the anteromedial part of the su-
nerior colliculus had not been damaaed in this ser1es of exper1ments. It
vias concluded, therefare, that this region of ehe co]TncuTus would prOJect _
ty +he most ventrolateral part of the inferior nucleus, accord1ng to the
postulated map.

4%t this peint in the inves;iga£§on, =0 visual maps Tor the inferior
~ nucleus cf the pulvinar appeared in the'literature based on electrophysio?
1oq1ca1 vecordings (Aliman et al. '72Twngd corticopuivinar preject1ops
(Camaos Orteca and Hayhow '72). These maps confirmed the deve1op1nc topo-
oraphv in this study and hence, to proceed further was considered not useful.

The proposed topocraph1ca1 represeneatwon of the uECLODU1V1naV projec-
tion can thus"pe‘summar1zed (Fig. 31) at three froneaI 1eve1s. The horizon-
+al meridian divides the inferior nucleus of the pu?vfnar ob11que1y,_into 2
dorsomedial lower visual field that increases in size anteriorly, and 2
ventrolateral upper visual field that increases in size posteriorly. . The
foveal area is represented porso]atera]]y, with the Tower vertical meridian
forming, the dorsal border and the upper vertical meridiap forming the.1at-

eral border. The periphery of the visual f1e1d is represented along the

medial border of the nucleus.
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Schematic diagram of the seven levels of the inferior
nucleus of the pulvinar in the frontal plane, numbered

" from the posterior pole. The terminal fields of degenﬂ

eration are represented by dots, the fibers of passage
bv dashes and the areas of degeneration that could be
interpreted as either, are indicated by short wavy Iines.
A surface view of the superior colliculus is represent-

ed in the upper left corner to illustrate the.site of
the lesion.

-
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Figure 23
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Figure 27
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.

Lateral

|

Posterior:

Med
Gen

Ventral

Figure 31 Represehtcfion of the visual field in the

inferior- nucleus of the pulvinar.




I1I1. Electron Mitroscope Study_.

and ‘the paracentral nucleus of the intralaminar complex was carried out in
two normal monkeys and e1ght experimental animals, sacr1f1ced 1 to7 days
foilowing Tesions of the superior ‘colliculus. Extensive lesions were
placed in the superior colliculus through a varigt}lﬁf eleétrode-approaches
in an attempt to destroy as much of this structure as possib]e; Because.

of the large size of the lesions and normal variations in the size and

 shape of -the moqkey‘s brain, damage was often found in the neighboring

structures, partiéularTy the centra] gfay, inferior colliculus and.corpus .
callosum (Table 6). The preparation of the material for electron micro-

scopic examination was generally satisfactofy although occasional diffi-

117

An glectron m1croscope study of e'inférior nﬁc1eus of the‘pulvihar~-'

culties in the perfusion procedure resulted in 1imiﬁed use of some material.

lhe samp11ng techn]que was carried out as described in the methods

section. Several sampTes of tissue were taken from the paracentraI nucleus
and the inferior nucleus of the pulvinar. ‘The accuracy of the'sampl1ng was
verified (F{g. 32) with the photbgréphic technique of Guzman et al. ('58)

and on Nissl preparations. Errors were sometimes encountered in.the samp-

1ing because of the 11m1ted contrast in the tissue slabs. The narrowness

and oblique anteroposterior orientation of the paracentra1 nucleus also

contributed to these difficulties. Blocks that were not located inm the cors

rect nuclel were discarded. -

A. ldentification of the 'Various Synaptic Types

~ The criteria used to jdentify synapses are similar to those given in

previous electron microscopic studies of the central nervous system and re-

viewed in'thelintroduction. These criteria are the presence. of differen-

/Y



T

TABLE 6

Results of Operation'ahd Sampling for Electron Microsdopy

118

Sampling: =~ * poor, ** avefagé, Fx gqod

e

Animal-  Survival . Lesion in Extraneous Damage . Perfusion "Sampling
" Sup. Coll. ‘ LT o

CSE-1 e —— ' --- | acceptaﬁle **x 1P, Pc
CSE-2 5 days small - acceptable  *** Ip
right . . . ** Pg
CSE-3 . ~-- | me- - —— good xx 1P

: ‘ : : " * Pc
CSE-4 5 days small . -—- : - good ** 1P
right . : * Pc
CSE-4 5 days medium _ ——— " good **% 1P
Teft ' ’ ' - ‘ ** pPc
CSE-5 3 days small - inferior colliculus good * 1P
right . : central gray - ** Pc

~ pretectum
CSE-5 3 days - small inferior colliculus  good" . *Ip
left ' central gray ¥* Pc.
. ‘ pretectum o

CSE-6 7 days - large . corpus callosum excellent *x% [P
right : - - central gray - ©Fr Pe
CSE-6 7 days 4 @ === corpus cailosum excellent ** TP
Tleft = - , ** Pc
CSE-7 . - 5 days medium inferior colliculus peor *xk TP
right central gray **% Pc
CSeE-7 5 days small inferior colliculus - poor ** Ip
left - : _ central gray ‘ .. ** Pc
CSE-8 3 days large corpus‘c%l]osum acceptable = ** IP
right central gray | , ** Pc
CSE-9 5 days large inferio;‘cql1iculus good sk% 1P
right central gray ** Pc
‘ _ pretectum
CSE-10 . 1 day medium . corpus callosum good % Ip
right . ' : medial pulvinar ?° ** Pc



Figure 32a bhotographic enlargement of an unstained section to show the
site of samples from the inferior nucleus of .the pulvinar

(arrows) for electron microscopy.. Magnification B5X.

'

Figure 32b = Photographic en]argement of an unstained section to show the
site of samples from the paracentral nucleus for electron

microscopy. Magnification 5X.
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tiSted membranes of twb opposed’profiléé' at.leasf one of‘which'contains :}
."roua of vesicles aaq]omarated towards the membrane d1fferent1at1on. The dif-
ﬂ*;n*1ated membranes have an. 1ncreased dens1tv and appear relat1ve1y stra1qht
The oxtr=ce?lu1ar space between them is 511aht1v w1dened as a rule and is of-
fen filled with an’electron-dense substance.. | |
Three tvpes of synaptic profiles were d1st1ncu1shed on the baswq of
e shane and size of their synaptic vesicies in the 1nfer1or nucleus of uhe
aulvinar and in the paragentrai nucteus, These different synaptic vesicle
nogulations will. be referred to as round, flattened or po]yﬁetric.

A round vesicle ponulation is one in. which most vesicles are circuiar in

shana and re]atiﬁe]y uniform in size..'Terhina1s'coﬁtaininq these round vesit‘legr

can he further subdivided into two groups. .The first is a small terminal with

a smooth, non-jacced outline. It has darkish cvtoplasm crowde& witﬁ yesicTes and

enly occasionalfv.contains one or two ritochondr%a (Fias 33a, ¢). It corresponds
o “he RSD nrafile described by Gu111erv (*69a), where R signified roynd vesicles,

S, the smaliness of the terminal and D, the darkened mitechondria. In the present

ﬁéteria?, however, the'mitochdndria in these profiies afe not significantiy dark-

er than in the other types of terminals. The label RSD will nevertheless be

retzined, the D now referrinc to the hich density of vesicles usually found 1ﬂ

the nrefile, and not to the deﬁser mitochondrfa.

The second terminal containing round vesicles is much larger and has an

irregu1ar, jagced cutline. The vesicles are less closely packed than in the

I

Tt

RS0 terminal, and a 1arg§/gumgsr of mitochondria are present (Fig. 33b).
nas been seen to arise from a mvelinated axon {Fig. 3&a). The terminal is
similar to the BLP profile of Guillery ('69), where R signifies the round
vesicles, L, the-]argeness of the térmiﬁa] and P now refers to the overall
naleness of the profile due to'thé relative ﬁiminution in the packing density
of vesicles, rather than to the pale mitochondria. The relative density

of vesicles 1n RSD and RLP prof11es is nerhaps best described by not- ;

A



ing that in the former, most vesiéleé fouch'ér.hverlap 6ther‘vesic1é§,

while in the latter, many vesicies are isolated from the otherﬁ. A];hough

the RLP prof11e appears paie in compar1son to the RSD term1na1 bothftypes

are darker than other neuronal profiles, such as dQQ§;1teS.
h

A flattened ves1c1e popu1atwon is one in wh1c g vesicles are smal-

1er in size than those of the round populat1on and many are flattened or

irregular in shape (Figs oob,.d).‘ It is the smalliness of these ve: 1c3es, :

~as much as their flattened apﬁearance; at distinguishes this popul

h]
of vesicles. The terminals vary in sizg, some being as small as RSDs'and

others are quite large, even as large a5 RLPS. The cytop1asm'is similar
in dens1ty to that of the RLP and many conta1n several mitochondria (F1g.

S"Q). They will be,referred to.as F terminals.

A-po]ymetrfc vesicle population is one in which the ve;ic]gs range in
 size from small to 1argé; and véry in shape, being round, oval or flattened
(Fig. 33c}. The vesicles are sparse. The cytoplasm of thé terminal is
charécferistica11y very pale and often contains irregular'memﬁrqnous sacs.
In addition to these vacuoles, other more definité dendritic characteris-
tics are sometimes present, i.e;, rosettes of.frée ribo§0m25 and numerous
microtubules (F1g. 35). This particular profile could be ‘traced back to
the cell body in 2 rarg but fortunate piane of section (Fig. 35). The ve-
s1c1e popula;1on appears to correspond closely to those referred to as F2
by Gu111ery ('6%), po1ymorph1c by Famiglietti and Peters ( 72), or d1sco1d
by Lieberman and Webster ('72) and Colonnier ('74). Note that the shape

of the vesicles is intermediate in appearance between rounds and flats. 1In
~some profiles nearly all ves1c1es are round, wh11e in othef’ﬁhany are guite
flat., It is rea11y the cons1derable variation in size of the vesicles
thch most typ1ca11y d15t1ngu1shes them as a separate group. For this rea-

son, this vesicle population will be called "polymetric”, (P); poly is

¥
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Electron micrograph of three RSD" terminals contacting den-

.drites. Magnification 35;000. Inferior Pulvinar.

Fi

Electron mwicrograph of an RLP terminél (top) and F termi~

nal (bottom). Magnification 35,000. Inferior Pulvinar.

Electron micrograph of a P profile (bottom) being contacted

by an RLP terminal. Magnification "35,000. Inferior Pulvinar.

Electron micrograph comparing an F termitial (left) and an

RSD terminal (right). Macnification 35,000. Inferior Pul-

vinar.
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Figure 34a

Figu%e 34b

>

Electron micrograph of a myelinated RLP,termina] contacting

a dendrite. Magnification 21,000. Paracentral Nucleus.

Electron micrograph of 2 longitudinai section of dendrite
studded with RSD terminais. Magnifica@?on '21,000._‘Inferior

pulvinar. -
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Fjgufe 35 Electron micrograph of a presynaptic dendrite (P profife, '
~ see inset), in continuity with the cell soma. Magnifica-

tion 7,200 and 28,000.: inferior Pul?inar.'.
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Greek for ' many 's and is the root most‘often used'by the Greeks tor COmponnd
words (Tregg1ar1 '74), and metron is Greek for “measurement - Thus, a P
type orofile is chatacter1zed by poTymetr1c ves1c1es pa1e cytop]asm and
membranous $acs. '

Therefore four types of term1nals can be 1dent1f1ed in the 1nferxor
nucleus of the pu1v1nar and paracentra11s nucleus, the RSD RLP, F and~P
profiles, all of which can be seen‘and compered in a s1ng1e field in fig-~
ure 36. ‘ ‘ ] . : ‘

Although four types of synaptic profiles are readi1y identified, some
individual_profi1es are‘dwff1cult-or jmpossible to'claSSify. Indeed, the
vesicle characteristics.occasiona11y varied considerably even within one
element. Nevertheless most orofi1es containing an adequate number of ve-
sic]es mere'readily identified as belonging to one or the‘other=type\¥'

B. Membrane SpeC1a11zat1on

‘xhe membrane d1fferent1atnonstowards which the vesicles agglowerate

are of two types. In the"first, the postsynaptic membrane is bordered by

a c;top1asm1c opac1ty giving the contact an asymmetric appearance, as des-
cr1bed by Coionn1er (*68). This type of contact is formed by both the RSD
and RLP termina1s (Figs 33a, c),. In contacts formed by the other types of
"Drof11es, i.e., the F and the P types, the spec1a11zed cytopiasm1c postsy-
| napt1c opac1ty js absent, and hence the cdntacts are more symmetric in ap-
pearance (Figs 3 36). It is essent1a1 to observe this characteristic in
sections cut exezgga perpendacu1ar to the plane of the membrane speciali- ‘
zations. Otherwise, membrane d1fferent1at1ons seen 1in the ob11que pTane
may appear 1nd1st1nct or b1urred ng1ng “the impression of a cytoplasmic o-

pacity regardless of whether it is present or not. In this situation, the

membrane differentiation may wrongly be interpreted as asymmetr1c.

h



Figure 36a E1ectron'm§crographs of an RLP, RSD, F and P prbfile in onel

»

~ field. Magnification 42,000. Inferior Pulvipar.

.Figure 36b ’ Electron micrographs of an RLP, RSD, F and P profiie in one

Tield. Magnification 42,000. Paracentral Nucieus.
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Membrane d\fferentlat1ons also exist between axon term1na}s and op-‘.
posed prof11es in reg1ons where vesicles: do not agg1omerate. The membraneé
are Lhwckened and the: 1nterst1t1al space widens and narrows aTong the
Jden f(of the contact. They are usua]]y arranged as an’ 1rreuulan d1scon-
tiruous series of up;to ten individual specializations forming onebﬂarge "
con. ct (Figs 36a, 37). _The length of each zone is much less than a regu-.
lar §ynaptic differentiafibn but the overall léngth of contact is usually
2-4 times Tonger than those towards which vésicles agglomeraté; Some very '
Tong contacts have been- observed up to 4-5 g in ]ength. In the w1dened
gaps between these differentiated membranes, the extrace11u1ar materwa] has
increased marked]y in dens1pv. The cytoplasm to each side of these punc-
Late spec1a112at1ons ‘contains an indistinct opac1ty, usuaT]y more apparent
on the depdritic-side. This resuits in an uneven patchy appearance along
the length of the attachment‘(Fig. 37aj. A -suggestion of neurofilaments
extendihg from these oﬁacities can dften be. observed in the dendrite (Fig.
37b). _These are the filamentous contacts described in the introduction.

" The vesicle;coﬁtaining element involved in the filamentous contact with a
dendéite or soma is commonly the RLP terminal (Fig. 3?a), less frequently
the P prof11e (Fig. 37b) and arely even an f profile (Fig. 4ic).

The . filamentous contact is often seen between two. dendrites, a den-
drite ;Eafgﬁma or between two somata. In these situations, the region of
. contact is more synmetr1ca1 in appearance because. the . adjacent cyto-

_ plasmic opacities are similar in both.components‘(Fig. 38)._ The neurofila-
ments associgted with fhese specializations are espe;ial1y obvious in ob-
Tique cuts (Fig. 38¢), but their cut ends can also occgsiona]iy be seen as
small dark dots in sections pefpendicu]ar to the'meﬁbrane differentiations
(Fig. 38a). Transverse sections of neurotubules were sometimes associated '

with these filaments (Fig. 38a). o . | _ g



Figure 37a

Figure 37b

Electron micrograph of an RLP terminal forming a filamen-
tous- contact (arrows) with a dendrite. Magnification 32,

Paracentral NucTeus-

™

;

E1éctr6n micrograph of a P profile (left) forming a fila-
mentous contact with a dendrite. An RLP té%mina] can also
be seen coentacting the same dendrite over a substantial
distance as well as contacting a'smaIT P profile (Tower

right). Magnification 26,000, * Inferior Ph]vinar.
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1)




Figure 38a -

Figure 3Sb

>

Figure 38¢

Y

Electron micrograph of a dendrodendritic filamentous con-

tact. The microtubules have been sectioned longitudirally

. in the one profite and transversely in the other. Magnifi-

cation 36,500. Inferior Pulvinar.

" Electron micrograph of & somatodendritic filamentous con-

tact. Magnification 41;500. Inferior Pulvinar.

E]eptrﬁh micrograph of 2 dendrodéndritic contact.sectioned
obliquely in which the neurofilaments associated with the
contact are cTeariy shown. An‘RLP'teﬁminal packed with
vesicles can be séen forming & lengthy synaptic contact
with one'of the dendrites. Magnification 36,000., Inferior

Pulvinar.
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C. Synaptic Organization

The synapttc organ1zat1on of the in

the paracentral nuc1eus are essentxal]y

_gether. -1t was felt,_however, that cert

isted and these will be noted in the tex

130

fer1or nucleus of the pulvinar and
s1m11ar, and will be described to-

a1n quant1tat1ve d1fferences ex-

t. A quantitative analysis would

he necessary to-confirm the exactness of these differences.

" The majority of contacts in the inferior nucleus of the pu]v1nar and

'paracenfrai nuc]eus cons1st of the RSD type, wh1ch by far outhumber all the

others. They somet1nes cluster in large

groups g1v1ng the 1mpress1on of

“svnapt1c istands” eons1st1nq almost exclus1vely of RSDs (Fﬂg. 3%a). They-

form asvrmetrac contacts with both smail

'Severa1 RSD contacts were often found al

- dinally (Fig. 34b), or surrounding a den

v

studded with RSDs seemed mare character1

paracentral nucleus where the RSD prof11

-\

and large dendr1tes (Figs 33a, 39¢).
ong a dendrite sectioned 1oﬁgite-'
drite cut transversely. Dendr1tes
stic of. thevﬁiTVQnar than of the

es are nqne,sc&ttered. Some ‘RSO

+erminals alsc contact the P profiles (F1g. 3953 ‘This is seen raeher re-

gularly in the inferior nucleus of the pulvinar but is rare in the para-

ceneral ‘nucleus.
The RLP terminals usually contact 1

+ain numerous pelyribosomes, indicating

arge dendr1tes, some of which con-

that they are proximal dendri tes

close to the cell body (Fig. 40a). These RLPs are +hemsélves often very

large and appear te dominate the large dendr1te by partially surrounding

it (Fig. 40b). .Others synapse on smaller, more d1stal dendrites (F1g. 40c).

Tn rare instances they have been also seen on cell bodies. They form both

filamentous and asymmetric contacts (Fig. 20a). These are usually separate

one from the other along the membranes,

but are sometimes in continuity

(Fig. 40a). They are often ‘seen forming asymmetr1c contacts with P pro-

files, but always as the presynaptic component (F1gs 33c,.36b 40a) In

B



i Figure 3% Electron micrograph of a fikld of mainly RSD terminals,.
Magnification 25,000. Inferior Pulvinar.

-~

_ Figure 39 YElectron micrograph of an RSD terminal contacting a P pro-

file. Magnification 48,000. Paracentral Nucleus.

> -

Fﬁgufe 39¢ ~ Electron micrograph to show two RSD terminals contacting
@ large dendrite (arrows). Magnification 32,000. Inferior-

L Pulvinar.
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~ Figure 40a Electr0n=m1crograph,of an RLP terminal contacting a small
| P profi]é‘(rjght) éndza_large pfoxima] dendrite wfth ri-.-

’ boﬁomes._ A gyﬁaptﬁc‘cohtdct,in continu{ty with a fi1a-
mentous contact can Se seen (arfdw). Magnificatfon -27;500.

Inferior Pulvinar.

Eigure.4ObT' Electron mictograph of .an RLP termiha]lpartia11y surround=
' ing a dendrite. Magnification 21,000. Inferior Pulvinar.

[
-

Figure 40c¢ Eléct;pn micrograph of an RtP terminal contacting two small .

dendrites. Mégnifihation' 44,000, Paracgntra] Nucleus.

-Figure 40d = Electron micrograph of an RLP terminaT‘forming a rather
- long synaptic contact with a dendrite. Magnification 38,500.
£-x ;nferwor Pulvipar. - P
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some profiles‘where the vesicle population is relatively dense, the region

of synaptic membrane diffa:gg;iation is markedly increased in length (Figs

370, 38¢, 40d). ', N

Most F terminals form symmetrwc synapt1c contacts w1th both large and

small dendr1tes,(Fzgs 41a,' b}, neuronal soma (F}g. 41¢c) and less frequently
with P profiles (Fig. 41d). A single profj1é 6ften takes part in several

contacts (Fig. 41a). The F profile has been bbservéd in filamentous con-

tact with the soma of cells in the paracentral nqc]eué (Fig..41¢c), but this

has nqt been observed with certainty in the inféb%or nucleus of the pulvi=
nar. F terminals are not as common as RSDs brrRLPs in either the pﬁ]v{nar
or paracentra] nucleus, but Seem to be more-frequehf in the péraéenﬁral

:nucleus than in the inferior nuc?eus of the pu]v1nar

| The P profile forms symmetr1c types of contact usually with med1um to

large-sized dendrxtes (Fig. 42a) and seldom w1th ‘the f1ner, presumably more
distal dendrites. Occasionaily, they are aiso involved in ﬁj]a@entéus.con-
tacts with dendrites (Fig. 37b). 1t is surpris%ng to see how infrequently
these often-ocdurring.p}ofiles are actually forming the presynaptic'g}e-
ment of a synaptic contact. Ihe'P profile is most often, seen as a postsi;

. naptic eTement common]y in relation 1o  the RLP términa1 (Figs 33c, 36b
40a), and 1ess frequently with the F (F1g. 41d), RSD (F1g. 39b) and other

. P profiles (Fiq. 43a). No record of a P profile postsynaptic to the F .
’ﬁrofi]e is avai1ab]e.for the inferior nucleus of the pulvinar, but this may
have beeﬁ a saﬁpliné problem since Fs, as stated earIiér, are relatively
raré in this nuc]éus. Serial relationships could be seen’in a sing]e plane
of section, in which the postsynaptic P pr?fi]e was also presynaptic to a

3 dendrite: (Fig. 43); in figure 43¢, a serial synapse consisting of an RP-

P-dendrite series, as_we1]-as-a F-P-dendrite re]ationsh%p is illustrated,

in which the same P profile is'inyo1véd iq both serial arrangements.

b1}
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ngﬁre 4la . Electrdn micrograph of an F terminal forming three synaptic
contacts with dendfites.‘ Magnification 30,000. Inferior

-
~

Pulvinar.

’ A \\\,.

Figure 41b 'Elgctrdn micrograpﬁ of an Fiterminal contacting a large

© dendrite (arrow).- Magnification 31,000. Inferior Pulvinar. .

Figure 41c ~ Electron micrographiﬂ?'anjF'termina1 contacting the cell
«© soma. Magnification 36,000. Paracentral Nucleus.
~ 4
Figure 4id Electron micrograph of a large F terminal contacting a P

profile (arrow). Magnifi;ation 30,000. Paracentral Nucleus.
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Figure 42b

-

Electron micrograph of a'P'profile contacting a dendrite.

“Note the membranous whorls in this profile apparently in

continuity with an adjacent vesicle-containing profile.

Magnification 33,500. - Inferior ?u1viﬁar. o

Electron micrograph of several P profiles surrounding 2
dendrite in the paracentral nucleus. Magnification 35,000.

Paracentral Nuc]eus.



Figure 43a

-
"%
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Figure 43b

>

Figure 43¢

Electron micrograph of a serial synaptic arrangement P-P- °

dendrite (arrows). Magnification 39,000. Inferior Pulvinar:

Electron mictogfaph of a serial synaptic arrangement, RSD-

P-dendrits_(arrows}. ,Magnificatioh 28,000. Inferior Pulyi-

‘nar.

-

Electron micrograph of two-serial-synaptic‘arrangements
wjth the same intermediate P profile (bottom), RLP {upper
left)~-P-dendrite and F (upper right)-P-dendrite. Mag-

nification 28,000. Paracentral Nucleus.
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In the paracentral nuc]eﬁé} the P profile seemed to be more abundant.
than i; ;he-inférior nucleus of the-pulvinaf; Clusters of these profiles-
were often found presynaptic to a denérite (Fig; 42b). simi1ar'to the clus-
ters of RSDs contacting a'dendrite>in'the inferior nucleus of Ehe pulvinar
(e ompare Fig. o4b) | | ‘ f
| " The triadic synaptic relatwonsh1p was on]y occas1ona11y observed in
the paracentra] nucleus and..the inferior nucleus of the pu1v1nar. In this
situation, a first ve;5c1e-conta1n1ng profmle was presynaptnc to both a P
prof11e and dendr1te, and the P prof11e was presynapt1c to the same den-
drite-(Figs 442, c). In most instances, the first ves1c]e-conta1n1ng pro--
file was cleariy an RLP. In at least one recorded example (Fig. 44b), it
. was not, an RLP but either an F or aP. Some might even be interpreted as
RSDs as in f1gure 44d |

" Neither the inferior’ nucleus of the pu1v1nar, nor the paracentral nu-
c1eus was organized in such a manner that clusters of neuronal eIements,
Te€ay s&naptic islands or-glomeru11, could be distinguished from the sur-
rounding neuropil. Réther, the individual contacts of the four types of
terminals on dendrites or serial and tr1adic‘arrangements were fbund scat;
tered throughoyt. Figure 45 shows a typical example of the neurop11. Only
when individual dendrites were densely studded with RSDs or Ps, did it seem
appropriate to speak of synaptic agglomerations. This arrangement, however,.
dées not correspond to the s}hapfic islands or glomeruli of the literature.

A rather unusual arrangement of the smooth endoplasmic reticulum was

often observed 1n various neuronal prof1]es. Complex membranous whorls
were often found within neurona] profiles, i.e., axon term1nals (Fig. 46a)
and dendrites (Fig. 46b). They seemed to cons1st of an 1nvag1nat1on of

the cytoplasmic membrane, together with that of an adjoining neuronal pro-

file {Figs 42a, 46¢). : . S

A
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Figure ada

- Figure 44b

Figure 44c

Figure ﬁ4d

Electron'micﬁogrgph_ﬁf a.triadit‘synaptic arrangement with
an RLP (uppef'right) as the first component. Magnifica-

tion 35,000, 'Inferior Pufvinar.

Electron micrograph of a triadic arrangement with an F or
P (centre) as the first component. Hagniffcation_ 35,000.

Inferior Pulvinar.

f ‘

Electron micrograph of a triadic arrangement with an RLP

(top) as the first component. Magnification 30,000. Infer-

ior Pulvinar.

Electron micrograph of a triadic arrangement with an RSD
(}ower centre) as the first component. Magnification 30,000,

Paracentral Nucleus.

-






_Figure 45 Electron micrograph of a typical field in the inferior nu- -

cleus of -the puivinar or <he iaaracentral nucleus. Magni-

fication 19,000. Inferior Pulvinar. .
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Figure 46a Electron microgréph of .whorls of meibranous material in a

AN . .

vesic]e-contaihing~profiie apparently in ity with

a secondrvesic1e-containing profiie. Magn“. ation . 48,000.

Inferior Pulvinar.

Figure 46b Electron micrograph of whorls of membranous material in 2

' _ dendrite. Magnification 42,000. Paracéntra],Nuc1eus.

-
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Figure 46c Electron micrograph of whorls of membranous material be-

tween an axon and dendrite. Magnification 42,000. Para-

central Nucleus.
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0. Degeneration StuggA

1) Synaﬁ%ic Types Undergoing Degenerat1on

The pattern of degenerat1on in.

oy K3 - 141

the- 1nfer1or nuc1eus of the pu1v1nar,_j_

and the paracentral nucleus, was the same at one, three, five and seven

days, o11ow1ng 1es1ons of the super1or c0111cu1us. The-ma30r1ty of de-

generating-terminais were of the RLP type, while a lesser number resembled

the RSD. -All affected prqf11es underwent dense degeneration directly, with

'j ‘no indication of neurof11ameptous hyperplas1a. The onset of degenerat1on

Was, rap1d, with characterwst1cs of dense degenerat1on present as early as

‘one day after -the 1es1on 0ccas1ona11y ‘fields were "observed with large a-’ .

moynts of degenerat1ng debris (Fige

47) but this was except1ona1. Usually,

only. scattered, isolated frag&ents.were found.

'n
Most degenerating term1na]s cou

branetspec1a11zat10n. The 1arge RLP

1d be 1dent1f1ed by their s1ze and mem-

profile was the’ type most frequently

- seen to undergo degeneration. It'\\fc1ear1y jdentifiable by 1ts 1arge size

and abundant'synaptic vesicles (Fig.

could often be 1dent1f1ed as asymmetr1c (F1g. 48b) or filamentou

48c). 1In some cases, both types of

degenerating profile (Fig. 48d). A

48a) The membrane d1fferent1at1

Fig.

o ntacts wére observed as part-of one

Tesser™ " degenerat1ng term1na1s

could be 1nterpreted as RSDs because of sheir small size, their densely

packed ves1c1es and their asymmetr1c
however, are not re11ab1e, as w111 b

ration have been ful]y descr1bed.

ii) Stages of Degeneration

contacts {Fig;=49) These criteria,

ecome clear when the stages of degene- :

'L._ v

¥ . -

In al] preparations some: profiles were only §1ight1y changed from the

norma Ty whereas ‘others were greatly altered. It was the amount pf change’

in a profile’ from 1{5 nornm] conf1gu

vy
-

ration that was used to interpret the
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Figure 47

.- Magnification 17,000, Inferior Pulvinar.

LY

-

Electron micrograhﬁ‘bf a field with several degenerating

profiles after a large lesion in the superior colliculus.

7 day survival.
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Figure 48a

Figure 48b

Figure 48¢

Figure 48d

. o
; v
N
. s . ) ' ot :,4 o
: .o ) . . ", .

‘Electron micrograph of a degenerating‘ﬁLP terminal. Hagni-

. fication 28,000. “Inferior Pulvinar. 1 day survival.

Electron microéraph o? two degeneratjng RLP gQIT;naTs form-#

ing asymmetric contacts with a dendrite. Magnification.

28,000, Inferior Pulvimar. 3 day survival.

-\

=N ~

Electron micrograph of 2 degenerating RLP profile forming .

a filamentous conta€t with a dendrite. Magnification 28,000

Inferior Pulvinar. 7 déy survival.

Electron micrograph of & degenerating RLP profile forming
both a synaptfc and filamentous contact with a dendrite.

Magnification 28,000. Paracentral Nucleus. 7 day survival.
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Figure. 49a

1 .

Figure 49b -

Figure 49c

" Figure 49d

Figure 49e

" Electron micrograph of a small degenerating profiTe_resem—

bling an RSD. Magnification -35,000.- 'Inferior Pulvinar.

3 day survival.

Electron_ micrograph of a small deaenerating profile con-
tacting a large dendrite:\\ﬂégn%£$eﬁtion .40,000. Inferior

Pulvinar. 7 day sdrvival(‘

.E]ectron.micfograph“EF a small degenerating profile resem-

bling an RSD. Magnification 40,000. P_araﬂtrﬂ Nucleus.

7 day suryival.

2 Electron micrograph of a degenerating RSD terminal contact-

ing the same dendrite with several normal RSDs. Magnifica-

tion 40,000. Inferier Pulvinar. 5 day survival.

Electron micrograph of a small degenerating terminal con-
tacting a normal P profile. Magnification 35,000. Infer-

ior Pulvinar. 5 day survival.
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various stages of degenerat1on, f.Cen ‘the lesser changes were Considefed 5‘
to be the ear11er ‘events, whereas the more marked changes were jnterpreted
os 1ater stages. The degenerat1ng profwles were often seen at the differ-
ent.survival times to be_in many different stages of'degenerat1on.‘the
'eanlien stages being found mainly in the shorter curvival .days, and the
later ones et longer surviva1s._ ‘There was, however, a cons1derab1e amount
of overlap.: What would be'interpreted as late degeneration could be seen

even at one day, while “ear}y changes" were still present later. Degenera-
.tion seems 10 proceed accord1ng to the fo1low1ng sequence of events.

At the earWaest stages, prof11es ‘are dark gray in appearance, but the
" contents of these prof11es arec fairly normal (Fig. SOa) These terminals.
were darker than the surround1ng ves1c1e—conta1n1ng prof11es, but not as
dark as in later stages of degenerat1on&hhen the cytoplasm is very densely
e{ectron-opaque'(Figs 48b, 50b, c). At this stage, some degeneratIng ter-‘
minals are found crowded with vesfcies, presumab1y due to shrwnkage of the
profile (Figs 48c, SOd). 'in others, the swollen and somet1mes clear synap—
tic ves1c1es are. found scattered. throughout the profile (Fig. 50c), or in
‘c1umps, often independent of the membrane differentiations (Fig. SOb). The
. structure of the mitochondria appears to break down. At later stages, the
" degenerating prof11es become more shrunken and distorted, and some change
their relationship to ‘glial profiles which now become opposed to them over
w1despread dreas, as if to engulf them (F1g. 51a). These glial profiles
" often contain g1ycogen—like particies (Fig. 5ib). The distortion at this
stage gives rise in the neuropil to long, finger-like extensions of the re-
maining parts of degeneratlng profiles (F1gs §1a, b). At this stage, many.
membrane differentiations between axons and dendr1tes remain we11-preserved
(Figs 51a, b). In the final stage the degenerat1ng component is comp]ete-

1y surrounded by a'sing1e giial profile (Fig. 5lc). Sometimes the postsy-

115\



Fiqure 50a

| Figure 50b

Figure 50c

Figure 50d

.Electroh micrograph of a degenerating RLP terminal Jith

e

~

.

Electron microéraph of an RLP terminal in an early stage

of degeneration. Magnification 28,000. Paracentral Nucleus.

1 day survival.

Electron micrograph'of an RLP terminal in a later stage'of
9 . i : :
degeneration, with clumping of synaptic vesicles and mito-
chondria partia11y broken down. Magnification 24,000.

Paracentral .Nucleus. 5 day sdrviva].

b
i

scattered synaptic vesicles. Magnification .32,000. Infer-

ior Pulvinar. 5 day survival. )

Electron migrograph of a degenerating RLP terminal packed
with synaptic vesicles. Magnificaﬁion’ 28,900. Inferior

Pulvinar. 3 aay survival.






Fiqure 5la

Figure‘Slb'

Figure 5lc¢

Figure 51d

N

-the abs?nce of glycogen granuies in

2%

'Electron m1crograph of a degenerat1ng RLP terminal part1a11y

c

surrounded by glia. Note the shrunken appearance of the pro-

,fiie with its finger-like extensions. Magn1f1cat1on 24,000.

Inferior -Pulvinar. 7 day survival.

. -

; E]ectron micrograph of a degenerat1ng RLP terminal a]nost _
. ent1re1y surrounded by glia. Note the 1ong f1nger—11ke ex-

| ten§1on of this shrunken profile. Magnification 28,000.

Inferior Pulvinar. 5 day survival.

Electron microgfapﬁ of a degenefating'RLP terminal complete-
. . b

Ty surrounded-bBy glia. Note the numerous glycogen-like gran--

ules in the glial element. Magnification 32,000. Inferior

Pulvinar. °S day §urvival.

Electron micrograph of a degenerating RLP term1na1 with its

© postsynaptic eﬂement comp?EfET; surroTnded by glia. Note

1al profile. Mag-
n1f1catipn,_28,000.‘ Inferior P . ‘

e






napt1c element is also 1ncorporated (Fig, 51d).

It is evident from the preced1ng descr1pt10n that the charact&r1st1cs )

-

//,O‘ profile size and ves1c1eqpack1ng, are no longer re11ab1e criteria for
d1fferent1at1ng the degenerating RLP terminal from the degenerating RSD.

, For examplie, the- degenerat1ng profile seen in f1gure 52a, thouqh‘duite

small, cdu?d easily be interpreted as sect1on through an RLP.

L]
o

119} .Synapt1c Relations of Degeneratwng Termunals L
" The d1str1but10n of those degeneratwng term1na1é which are obvious
RLPs 1in experimentai mater1a1 is similar to the d1str1but1on of RLPs in
T ng;ma1 material. The profiles are observed to contact dendrites of all
;i¢es;£%jgs 48b, 5la, 52b) and very rarely the cell soma. They offen form
the presvnaptic e]emenﬁ of contacts with P profiles (Figs 52¢, d), anc are .
infrequently seen as the initial component of a triadid sydap;ic:drranQEal

. >

h ment (Fig. 52e). _ |
. The distribﬂtioﬁ of the degenerating terminals. which could be inter-
‘oreted as RSDs, is similar to that found in ndrmai material, be1ng 1ocated
on dendrites of all dizes (Figs 45%: b, Cls and also occasionally présynap-
tic to P term1na1s (Fig. . Some of these terminals were occasionally
seen on der‘dm tes ‘stu&ded with normal RSDs (Fig. 49d).

-~ ? -

1v} Unusual Degenerat1ng Termwnals ?

In one case, in wh1ch the Tesion was Vvery 1arge and may- have even en-.
croached on the medial nucleus of the pu1v1nar, degenerating prof11es were
;observed in the inferior nucleus of the pu]v1nar that resemb1ed the P pro-
File; 1.8., darkened ves1c1e-coﬁta1n1ng profiles’ were found postsynapt1c to

("10rma1 RLP*égrm1nals (F1g. 53a).,_ ,

Rarely, degenerat1ng profiles that. resembled dendr1tes were observed -
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Fiéure-SZa Elect micrograph of a_shrunkeh degenéﬁating profile -
| _that i§ difficult to classify. Magnification 31,000. ‘In-

" ferior Pulvinar. 7 day survival.

"

~ Figure 52b - Electron micrograph, of a degenerating RLP profile con-
' ‘tacting’a small déndrite. Magnification 31 ,OOO@WH&
Nué\'leug. 5 day survival. i | '
Figure 52¢ ) . Electron micrograph of'é degenerating RLP terminal con-

A

' tacting a normal P profile, H{gln.ification.} 31 ,000.'. Inferior 7;

/
Pulvinar. 5 day- survival. s
. - ('

Figure 52d é1ectron micrograpﬁ of a degenerat‘ing RLP terminal con-
A | tacting two nérmal P profiles. Hagnif;‘,fcation 32,000,
., AR P?raf:ent;ral Nucleus. 5 day survival.
v e o
Figure 52é E]e;tr&n micrograph of a degenerating RLP terminal form-
. . | "in'g . tri_adic relationship w1th a P profile and dendfite.

Magnification 31,000. Inferior Pulvinar——s&. day survival:

g ~



B L R Re ) e
. . . R . N = ]




in exper1ment31 mater1a1 (th. 53c). In this.case. a prori]e conraining
. many neurotubu]es is postsynapt1c to severa1 boutons._ !olone iostance,'an'
opaque, large. dendrite was seen form1ng a filamentous contact w1th another -
1arge dendr1te (F1g. 53b). |

A rather unusual type of. prof11e, apparently’uodergoing some tyoe of
degener;tion, was sometimes observed in either the paracentral nucleus or,‘
" the inferior nucleus‘of the pu]vinar. ‘The pre£4%es are large, and';ontafn
several rounded, e]ectron-opaque structures not seen in normal oateria1.
These e1ectron—opaque structures are sometimes found 1nterspersed in the'
cytoplasm with norma]-look1ng m1tochondr1a (Fig. 54a). They appear to con-
tain membranous whorls and some dense amorphous material. They are aiso .
found in prof11es w1th darker cytoplasm’ 1n-wh1ch norma] mitochondria are
not present (F1g. 54b) In other 1nstances, they seem to occupy most of

the profile whose cytoplasm becomes 1ntense1y opaque (F1gs 54c, d).
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Figure 53a

-

Figure 53b

Ficure 53c

Electron. micrograph of a degenerat1ng vesicle-containing

’ prof11e postsynaptic to a norma1 RLP term1na1 Magnifi-

~ cation 35,0U0 Inferior Pu1v1nar -1 day surv1va1

o

—

" Electron micrograph of a degenerating dendrite forming 2

filamentous contact with a normal dendrite. - Magnifica-

tign 35,000. Inferior Pulvinar. 1 day survival.

-

E]ectron m1crograph of a degenerating dendrite being con-

tacted bytsevera1 ves1c1e-conta1n1ng profiles. - Magnifi-
. )
cation . 35,000. Inferior Pulvinar. 7 day survival.






Figure 54 Electron micﬁograpgs of four rather atypical pﬁ6f11e§fin.

~ various stages of degeneration. 'Magnifiéation ZS’OOOf

<
AN
Figure 54a Paracentral Nucleus. 3 day survival.
'Figure 54b Inferior Pulvinar. § day survival.
Figure S4c Inferior Pulvinar. & day survival. . -
~Figure 544 | Inferﬁor,Pu1vinar.-,3,da} survival. ’
8 b
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‘DISCUSSION

Ly,

1. Liaht Microscopy"

.'Thefpresent study has dgmonstrated_that‘the supefior colliculus sends
a major projettion‘to the in%erior nuc1éus of the pulvinar in the rhesus
monkey, Macaca mulatta.  This confirﬁs the'récent réports of a tectopulvi-
par prOJect1on in h1gher pr1mates (Mathers '71 in the squirrel monkey;'
Benevento and Fallon '74 in the macaque).. Degenerat1on was not observed
throughoﬁt the entire’ 1nfer1or nucleus of the pulvinar but the. largest le-
| sions of the superior colliculus were not sufficiently large to destroy the
entire struc;ure;. Nevgrtheless; accumulation of the results from all le-
signs indicates that this projection extenés to.all'parts of the inferior
nucleus of the pu1§inar as;défined cytoarchitechtonica11y by Friedema;
(*12), Crouch ('34) and Ha]kér ('%8). This area corresponds 1o Hasslers'
.('59) iﬁtergenicu]ate nucleus, pars afiseum but excludes the more laterally
oteced pars fasciculosus. In earlier studies, this latter area.was consi-
dered part of the lateral nucleus of the pulvinar, pars inferior (Crouch
'34) or pn kVogt"OQ, Friedeman '12). The present results support this
ear]y viéw;'that the inferior nucleus does not continue Jaterally to the

external meduﬂary 1am1na (aé indicated by Olszewski '52), but rathe®the

153

. lateral nucleus of the pulvinar extends ventrale, at Tevels postgridr to .-

the lateral geniculate nucleus, to form the 1atera1 border of the inferior
nucleus. The poss1b111ty sti]l exists that this part of the 1atera1 ntcle-
us is funct1ona11y distinct from its superior port10n adjacent to_the medi-
al nucleus of the pulvinar. The present results do not permit comment on .

this point.
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LIt has been suggested that the superior co]11cu1us of the mankey pro-

-

Jects to only. part of the 1nfer1or nucleus.of the pu1v1nar (as now defined).

Mathers ( 71) found on the basis of four exper1menta1 an1maTs, that the . '
super1or c0111cu1us prOJects onTy to the ventromed1a1 aspect of the infer-
ior nuc]eus Another report (unpub]wshed observations of Snyder, Johnson
and Mishkin, as cited by Diamonﬁ et al. ‘70) indicated that the colliculus
pFojecté on1y.fo that part of the inferior ﬁuc1eus.adjacent to the 1atera}
genicu1ate'nuc1eﬁs.'It is now evident‘from this more comp?éte'studf that
tHese authors were 0p1y baht1y correcf. The results demonstrate that the
superior colliculus projects at least dorsal]y as well as to these other

sites. Although degeneration was not observéd ventrolaterally, the most’

‘reasonable interpretation of the data would be that tthéolTicuIds does "in-
\\Q:fdproject‘to the entire nucleus,_' . . | '

- An important criterion.for establishing homoTog€ésfof the central ner-
vous system in different spécies.is'the-connectional patterns of a pérti-
cular nucTeus Therefore, as one of the major recipients of tectal fibers,
the 1nfer1or nucleus of the pulvinar appears homologous to tha nucTeus ro-

.

tundus in repti Hall and Ebner '70) and in birds (Revzin and Karten
'66),/to the lateral posterior™ucleus in nonprimate mammals (e.g., Altman
\ ' Carpenter '61, Abplanalp '70, Har;ing al. '72) and to the pulvinar

of 16wer primates {Casagrande et al. ?2 Hart\gg et al. '73).

Thé present study has demonstrated that the fea&ppu1vinar projection A
in. the hacéqué is topographicain organizéd. This fulfils the spatiaT re-
quirements.of a system involved in visual localization and provides further
evidence for a spatia11y;ofganized pathway that can function independent
of the geniculostriate system. |

B The topographical representation that has been estapTished in\this

study is consistent with the reports of Campos-Ortega and Hayhow {'72) in

(1]

-~

-
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the”ﬁ%faque,:and‘Allman et at. {*72) in the owl monkey.: Althdugh the exact

small slits of 11cht in var1ous parts of the visuai f1e1d and hence deter—

S e 155
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]ocat1on of the horizonta1 and vert1ca1 mer1d1an varies. somewbat these

‘minor d1fferences probab1y depend on the d1fferences in spec1es as well as

on varmat1ons in the v1sua1 maps on wh1ch these stud1es were based. Campos-

Ortega and Hayhow {'72) determ1ned-the pattern of anterograde deQeneration

in the inferior nucleus of the pulvinar following dpscrete lesions -in the '{

,—._..

primary v1sua1 cortex. This pattern was jnterpreted in terms of visual
field parameters using the cortical visual maps %f Talbot and Marshall ('41)
and Daniel and Whitteridge ('61). Allman et al. ('72) carried out neuro-

physiological recordinps in the inferior nucleus of the puivinar placing

mined directly the representat1on of the visual f1e1d in this-nucleus. -
In ahe present results, the 1nterpretat1on of the pattern of degenera-
txon in the 1nfer1or nucleus of the pu1v1nar was based on the data ava11-

able for: the representat1on of the visual f1e1d in. the super1or co111cu1us.

. Three reports have described the visual map in the super1qr col]wculus of

the macaque, ¥.e., anterograde degeneratipn studies of the retinotectal
projection'twi1son and foyne '70), neurophysio?ogica] recordings of the vi-
sual sensory input {Cynader and Berman '72) and observat1ons of eye move-
ments evoked by collicular stimuiatton {Robinson 172). |hese maps are very
similar although some differences exist, mostIy gt the per1phery.¢ The var-
1at1ons can likely be attributed to the difficulties in presenting-a two-

dimensional surface view of the superior colliculus that accurately repre--

sents the steep_curvature of the posterior and lateral aspects of thie 4;_’___’,_

. . - .

-

cisely represented in the 1nfer1or nucleus,of the pu1v1nar and its general
topography has been -established in three distinct studies, i.e., an elecs

. &
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trophys1ological study of v1sua1 1nput (A11man et al. 72),'an anterograde» %;ﬁ
:degenerat1on study of the 1nput from striate correx (Campos—Ortega and Hay- ;E
2 ¥

how '72) and the present anterograde degenerat1on study of the tectal 1nput. %g

Difficu1t1es were encounterede1n the present study in, determ1n1nq the . f%

' amount and the swte of the visual field destroyed by the 1es1on. Serial . . %

'sect1ons of the superior colliculus successively represent more of the sur- :
face as one progresses posteriorly'1n the frontal plane, or Jaterally in

| _the sag1tta1 p1ane? 'Therefore, a vertwcally p1aced lesion at the.posterior
or 1atera1 margin, of the col11cu1us‘destroys much more of the surface'aree
than a 1e51on of s1m1lar s:ze p%aced in the centre of th1s structure. A1T

because of the surface curvature, a les1on extend1no to deeper Jayers in-
/volves a greater area of the visual fteld"than the damage ooserved at the

surface. This fact may account for the cont1nuous f1e1d‘of-degeneration in

the animals with two distinct1y separate lesions at the surface
- Certain areas of the superior c0111cu1us were untouched by any of the

lesions made in this study, .Ges the most anterolateraT border and part of

the aoteromed1al aspect. However, once the generai topography.has been de-

term1ned it is easy to extrapolate the probabie sffesof\termination of these

areas., Therefore :t was not* cons1dered essent1a1 to carry out further exf_

periments to obtain this data. @ ’ . i ‘
‘ : ' s and distri=- o

“‘More discrete lesions confined to the superficial layers an i B

buted in all parts of the superior” col11cu1us (espec1a11y 1ts permphery)

\
wou1d no doubt yield @ still more prec1se and comp]ete representat1on of"

"the visual field in the 1nfer1or nucleus of the pu1v1nar The'chances o.

m1ssing the superior co111cu1us comp1ete]y when attempt1ng such 1es1ons,

nff‘however, would be greatTy 1ncreased. This d1ff1cu1ty 1s further emphasazed

by, the necessity 0 adjust the measurements obtained from the stereotax1c

~atlas. Until the general state of knowledge of the‘visua1 structure and
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function in the centra1 nervous system demands greater detawl. 1t is ques-
tionable whether the cost and time requ1red in such a proaect wou]d be
warranted.

The present study has conf1rmed that another 1mportant tha]am1c pro-

M e

jection of the super1or c0111cu1us terminates 1n part of. the ipsilateral- )
Cintrglaminar complex, i.e., parafasc1cu1ar, central lateral and pare;entra]
nuclei., The den51ty of this proaection to the intralaminar nuclei was not |
uniform. Re]atxve]y dense degeneration was observed in the paracentral
lnucTen;, moderate amount in the parafasc1cu1ar nucleus and smail 1solated
clusters 1n‘fne central lateral nucleus. Degenerat1ng tecta] fibers were
_not observed. in the centromed1an nucTeus. ‘Benevento and Fa]]on (! /4), how-
ever, have recently described a tectal projection to the centromedian nu-
cleus of the_macaque, as well as +o the other intralaminar nuclei. Nn de-
finite explanation can be offered for this discrepancy a1though_a'sugges—
tion wili be given belon when discussing fjbers to the suprageniculate and
magnoce]lu]ar med1a1 gen1cu1ate nuclei. v ‘ ‘-
The superior colliculus also sends a sparse but deﬁmte projection to - ‘
the correspond1ng contralateral 1ntra1am1nar nuclei. ATthough this projec-
tion has not b;;n ment1oned 1n other stud1es, its existence was estab11shed
without question in th1s report. Degenerating fibers were observed in all
three nuclei from a 1arge lesion in the colliculus pTaced with an 1p51lat-
eral electrode‘epproach so that no contamination of the contralaterdl side
" wWas poss1b1e. .
A1tman and Carpenter ( 61) have raised the possjniTity that degenera-
tion 1n the 1ntra1am1nar nuciei may not arise from superiorqcol1icn1us but
rather has reSu]ted from extraneous damage to the per1aqueductal gray. This

can be refuted by the present results, hoWever, because certain lesions re-

stricted entirely to the superior colliculus caused degeneration in the in-.
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tralaminar nuc1e1. No damage to surround1ng structures was evident, and
therefore it seems ‘rather certain that the super1or co111cu1us does. proJect

to the intralaminar nuclei. A . ' ' .

It is 1nterest1ng to note that the same 1ntra1am1nar nuc1e1 rece1v1ng

tectal f1bers. also recexve f1bers from Brodman's area § of cortex {Astruc

- '71, in the macaque), ‘the reg1on responsible for voluntary eye movements.

* Hence, it appears that areas concerned with vo]untary and reflex eye move-

‘. -

ments both send projections to the 1ntra1am1nar nuc1e1, i.e., to areas con-
trolling the state of arousal. Dur1ng fo#eaJ acqu1s1t10ns whenlthe eyes
are directed towards an object of interest e1ther through voiuntary or re-
flex mechan1sms, the appropriate centre (cortex, area 8 or superior colli-
culus) can 1ndependent1y bring about an increase in v1sual arousal via its

intralaminar connections. Presumably this prepares the.animal to “gee

what it is about to 100k at, although admittedly other centres can probably

suppress this visual attention. .
.'The project1on of the superior c0111cu1us to the supragenmculate ﬁqé

cleus and the 'magnoce'l'[u'!ar portior of the medial gemculate nucleus has ‘

been described in many species (e Ges hedgéhog, Hall and Ebner '70; rabbit,

Tarlov and Moore ‘663 cat, Altnan and Carpenter '61; tree shrew, Abplanalp

'70; monkey, Myers 163, Benevento and Fallon 174), It was not a consistent

-

finding in thg present study. Degeneration at these sites was only ob-

served with certainty in animals with very 1arge 1es1ons of the c0111cu1us

. where the possibility existed of damage to the-pretectum. The pretectum

lies immediately ventral and anterior to the colliculus and the boundary
between tﬁesé two structures is rather indistinct (Kapbers et al. '36).
Therefore, extraneous damage to the pretectum that has not been recognized,
may bé présent fn this and other stydies. For examp1e, in reports where

superficial and deep lesions were placed in the superior co]11cu1us, de-
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-generatio 1n the. supragen1cu1ate and magnocef‘u]ar medial gen1cu1ate nu-

cled was faund on1y~af§sf/;;e‘73(ger 1es1ons that destroyed the deeper lay=-

ers (Casagra de et al. '72, Hart1ng et al. '73, in the tree shrew, Beneven-
to and Fa11on 174, in the macaque) These 1es1ons cou]d eas11y have en-
croached on the pretectum. St111 Tarqer lesions 1nv01v1ng 1arger pretec-'
tal areas might show degeneratwon in even more thaTam1c areas. 1his may
exp1a1n the wide distribution of tectothaiamlc fibers reportedAby‘Beneven-
to and Fallon (' 74) |

The constant focus of degenerat1on at the lateral border of the 1nfer—
ior nuc1eus of the pu1v1nar close to the lateral geniculate nucleus rema1ns
problematical and 15 subJect to various 1nterpretat1ons. Perhaps - the fibers
terminaee at this point. They may be destined for either the dorsal divi-
sion or.ventral division of the 1atera1 geniculate ‘nucleus, or possibT&
both.‘ The suggest1on +hat the fibers terminate in the pulvinar seems the
least plausible since this area has not been descr1bed as ewther_cytoarcha-.
tectoﬁica11y or funct1ona11y d1fferent from other parts of the nucleus. It

seems more reasonab]e to suggest that tectal fibers travei across the in-
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ferior nuc1eus of the pu]vmar to funnel at the posterior pole of the dor- ‘

salslateral geniculate nucleus. From this point, they spread out through
the lateral genicuiate nucleus. The termination of tectal fibers in the
dorsal lateral genicu1a£e.nucTeUS js a point of eontention in the litera-
ture. - In the present material, the sparse degenerating fibers seen in the

magnocellular and parvocellular jayers of the nucleus nght easily be con-

* sidered fibers of passage, but they. are too few in number to be: certawn of

this interpretation. In many situations, however, the‘f1bers were directed

- towards the overlying ventral division of the lateral geniculate nucleus.

' Preterminal'fibers were clearly observed in this region and the~1iterature

indicates that the ventra1 dtvision receives fibers from the superior col-
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11cu1us in a]l spec1es stud1ed Therefore, it is postulated that the de-

generat1ng fibers found at the 1atera1 border of the 1ﬁfer10r nucleus of
the pulvinar and in the dorsal 1atera1 geniculate nucleus are mainly f1bers
of passage de5t1ned for the ventra1 division of the lateral gen1cu1ate -nu=

c]eus.

! . [

1I. Electron Microscopy i

In the present study, four types of. veswc]e-conta1n1nu profiles have '
been identified in the inferior nucleus of the pulvinar and” the paracentral
nucleus in the rhesus monkey, Macaca mu1atta,-the RLP, RSD, F and P types.
Th1s class1f1cat10n has been based upon the individual morphological char-
acteristics of the profile and the membrane d1fferent1at1on ;¥ the posisy-
naptic elgment at the p01nt of contact . The general appearance of the pro-
file and the size and shape of 1ts synaptic vesicles were of prime 1mpor-'
tance in dwfferentwtmg these types. Similar criteria have been used in ‘
many other studies (e.g., Colonnier and Gu111ery ‘64, UChTZOﬂO 165, Ralston
and Herman '69, Guillery ‘69a).

'The RLP profile'ts a large, irregular profile conteining'1oose1y-hécked
round synaptic vesicles of ueiform size and several mttochondria. Its ov--
erall appearance is paler +han the RSD type but darker than the E,'P and
dendritic'elements. Therefore the term RLP signifies the “round" vesicles,
"large" prof11e and "pale" appearance relative to.the RSD type. It resem-
bles the RLP type of Guillery ('69a) observed in the lateral genwcu]ate nu-
cleus of the cat, except that "P" stood for the pale\m,tgihondr1a accord1ng
to Guillery. The terminal is s1m11ar to synapt1c types described in many

other thalamic nuclei, i.e., the LP of Colonn1er and Guillery (' 64) type
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1.0f Szentagothai et al. ‘('66) and Campos-Ortega and Hayhow ('73), central

axon“of Peters and Pa1ay ( 66) and Pecc1-5aavedra et al. ('68), large dark

- axon of Jones and Powell (*69a) and the RL of Hong-R11ey ('72a) Mathers

('72a) and Hajdu et al. (' 74)

The RSD prof11e is a sma]l dark prof11e, densely packed w1th round’
synéptic ves1c1es of un1form size and occasionally containing one, rarely.
two, mitochondria. The_term RSD ‘refers to:the "round" vesicles, "small™.
size of the terminal and its “dark" appearance. Tt is similar to the RSD
profi?e'of Gdil]ery (*69a) wi£h the exception'thet "D" réferred to the
derkish mitochondria ih‘Gui]Iery's meteria1. The differentfation of pa]e"
versus dark m1tochondr1a in these two types was not obvious in the present
study, but the’ terms were reta1ned because of. the paler and darker appear—
- ance of the profiles re1at1ve to each other. The RSD profile resemb]es the

following types desEfibed in other studies of the thalamus, j.e., the SD
| axon of Co1onn1er and Guillery (' 64), the Efﬂgge synaptic contact” of
Peters and Palay ('66), the “sma11 dark term1na]" of Jones and Powell ( 69a),
the RS of Hong-Ri]ey ('72a), Mathers (' 72a) and Hajdu et al. ('74) and the

type b’l of CamposF,Ortega and Hayhow ('73). | to ‘ ‘
, "y
1.

The F'prdfile varies in size, and'contaiﬁs synaﬁtic'vesic1es that are
both round and f]attened in shape, and a few mitochondria. However, it was
not until the jntroduction of a1dehyde fixation (at the appropriate osmo-
1ar1ty) prior to osm1um tetroxide, +hat this vesicle population was differ-
entiated from the round vesicle population (e.g., Uehizono '65, Bodian ‘65,
Walberg '65, '66). Once this distinction was made, it became clear tha;
the two populations couid be diffeneﬁtiated on the basis of vesicle size
alone, the vesicles of the "flattened" population being smaller in diameter
than ves1c1es of the “round" population (Lenn and Reese '66, Larramendi et

al. '67). Th1s point has recently been reemphas1zed by Ebner and Co]onn1er
| - -
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('75). The sma11 size of these “flat“ vesicles is often the cr1t1ca1 fac-'
tor used in their 1dent1f1cat1on. The F terminal is s1m11ar to tbﬂ F1 of
Guillery ('69a), Wong- R11ey { 72a) and Hajdu et a1 { 74), the 1A of Fam1—
" glietti and Peters ( 72) and part of’ the type III profﬁIes of Szentagotha1
et al. ('66). ' ‘ B _ ‘ _\-

Thg P profile is very pa1e'in dppearance and contains only a few mito-
chondfia and relatively spafse synaptic vesicles. In some largé.prﬁfi1es
the number of ves1c1es is often rather abundant but the density is usuallv
less than that observed in the other types -of ves1c1e—conta1n1ng pr0f11es.
The veswcles vary in s1ze from small to large and may be round, f1attened ,
or irregular in-shape. S1m11ar vesicle populations have been described as
solymorphic. by Famiglietti &nd Peﬁers (*72), pleomorphic-by Harding ('71)
and Wong-Riley (" 72a) .or discoid by Dennison. ('71), Lieberman aﬁd Webster
(*72) and Co1onn1er (! 74) . It is difficult to decide wh1ch of these names
is most appropr1ate. Polymorphic and p1eonorph1c suggest that the shape of
the vesicles is d1fferent from that of the fiat population. Yet stereo-
scopic studigs have shown that the vesicles of a fiat population have very
many shapes, some having the form of cylinders, sphergs, erythrocytes or
tubules (Gray '69, personnal conmunicétioh). They cannot be seen as “dis-
coid" on a. two-dimensibnal micrograph. The most critical criterion in i-
dent1fy1ng this.vesicle population is the great variability in their size,
some being as small as those in the F population, and some being larger
than in the RLP or RSD populations. The expression polymetric, 51gn1fy1ng
“of many measurements®, i.e., of many sizes, has thus been introduced.

This P profile corresponds to the F2 of Guillery (® 69a) and Hajdu et al.
(! 74), class 2b of Lund ('69), “pale term1na1“ of Jones and Powell (' 692),

P-boutons of Lieberman and Webster ('72) 1D of Fam1g]1ett1 and Peters

(*72) and Fd of Wong-Riley (’'72a).
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~ Many 1nvest1gators have observed that this pale vesic1e eonta1n1ng
'prof11e occa510na11y contains po]yr1bosomes and m:crotubu]es, 1.e.. char-
acteristics normal]y associated with dendrites (Peters and Palay '66, Ra]—
ston and Herman ‘69, Fam1g11ett1 and Peters '72) Such dendr1t1c structures

 were also sometimes seen in the P profile of the present study. It was al-

/e

[ SR P \-.-.m-»_.;_ww,c.:avm X

<o noted that the electron-lucent cytoplasm of this tgpe'reseﬁbIéd that of
dendrifes,'so that the general appearance of ‘dendrites and P profi1es ap- .
peared remarLaB1y similar, eépecia11y at very low magnificatign. The clas-'
‘sification of these profiles as axons or_dgﬁdrites, however, remains pro-

blematical. Originally, many'authors considered that any profi1e-contain-~1

ing vesicles agg1omerated towards a membrane-sﬁecia]izatidn, was an axon

. on the basis of this cr1ter1a (e.g., Gray ‘62, Gu1]]ery §9a, "Jones and Po- '
well *69a, Jones anq~Rocke1 71, However, as early as 1965, Magorossy and
his colleagues recoghized in the puivinar of the cat, a group of unusuaj
profiles in which the synaptic vesicles are very sparse and "strangely ir--
reqular" in size, and "even the granula resemble ribosomes”. A]though the

_ authors were “tempted to 1nterpret some of these prof1]es as dendr1tes
névertﬁeless, on the basis of their synaptic vesicles, they were considered
to be axon term'ina'ls. More recently, many authors have referred to the ‘
vesicie-containing profales d1sp1ay1ng dendritic characteristics such as B
polyribosomes and neurotubu]es, as “presynapt1c dendrites” (Lund '69, Ral-
. ston and Herman ‘69, LeVay '71, Famjgl1ett1 and Peters '72, Wong-Riley ‘72,
Liebermén and Webster 172}, Iﬁ the presé;f study the P profile is alsp

considered to be dendritic and this seems +o ‘be the most reasonable inter-

pretation in the rare examples in which a P prof11e was traced back to the
~cell soma (see Fig. 35). The definitive characteristics of the axon initial
' segment,'such as the dense agranular material undercoating the plasma mem- ;

brane (Palay et al. '68), did not appear to be present in this example.

ol
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Many profiies were foond that resembled the "presynaptic dendrite“ by -
their pa]e cytoplasm. and sparse po1ymetr1c ves1c1es. but ribosomes -and
m1crotubu1es were absent. Honq—R1Iey {'72a) cIass1f1ed these as a separate
aroup of F2 axons, as opposed to her Fd presynapt1c dendrites in which ri-
bosomes were present. LeVay {(‘71), however,rfound in hxs,study of extensuve
serial sections of the presynapttc dendrite that the ribosomes thin‘out-as r

one proceeds dista11y a]ong-the dendrite, so that mostrribosomes_are absent
| in areas where synaptlc contacts are formed. .The possibi1itr 3153 exists
that certatn p]anes of section wou]d not always show the r1bosomes that .

are present in a part1cu1ar ves1c1e-conta1n1ng proft1e. For the above rea-
sons, 1t ‘seems reasonable to class1fy the P ves1c1e-conta1n1ng prof11es as
presynapt1c dendrites even when r1bosomes are 1ack1nq. L1eberman and Web-
ster {'72) came to the same conclusion, and classified all of the1r P-bou-
tons as. presynaptic dendrites, regard]ess of whether the ribosomes were al-
ways present or not. Hong -Riley (' 72a) did adm1t to the possibility that
her F2 and Fd prof11es were the same populatuon of presynapt1c dendrites
and th1s seems the most reasonable 1nterpretat1on, aTthough definite proof
is not ava11ab]e.

In the Tateral poster1or-pu1v1nar compliex of ‘the cat, HaJdu et al.

(*74) described four types of vesicle-containing profiles, the RLs RS, F1
and F2 'corresponding to the RLP, RSD, F.and P of-the present study. The

F2 prof11e was 1nterpreted to be dendr1t1c, be]ong1ng to Gng1 type II in-
terneurons (Hajdu et al. '74). In the monkey pulvinar, however, only three
types of profi1es were recognized, i.e., the RL, RS and F of Mathers ('72a),
‘corresponding to the type 1, type 111 and type 11 of Campos-Ortega and. Hay-
~how ('73). The controvers1a] "presynaptic dendr1te“ was cons1dered ques—
tionable by Mathers ('72a), and its ex1stence in the pu1v1nar was denied

by Campos-Ortega and Hayhow ( 73). This v1ew is not supported by the pre-

+
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Asent'findings and its appears from the descriptions and i]lusfrations in
these reports, that their F or type.II categories included the P profile

described in this investigation.

~

Hence, four types of ves1c1e-conta1n1nc prof11es can be d1fferent1ated

-

in the pulvinar of both the cat, and the monkey, as weII as in the intra-

laminar nucleus.

'Trensitionai.types of vesieTe-containing profiles are frequent, and can-~
| not easily be classified as‘éne of the above four types.'HONever; this does
nok_justify making further classifications. The profiles with intermedi-
ate character1st1cs may. resuit from variations in ‘the preparab1on of the
mater1a1 such as different rates of tisste- f1xat1ve 1nteract1on or other
fluctuations in embedding and staining that.are d1ff1cu1t to assess. On
the other hand, the normal range of varia fons in the size and shabe of any
“one categbf&.o%'vesic1es may result in characteristies which overlap with
another category at the limits of the range |

Two types of membrane d1fferent1at1ons associated w1»h synaptic vesi-
cles were observed in the present mater1a],'the asymmetric and symmetric
specializations which have been described in many other studies (see éolon-
nier‘368). The.RLP and RSD terminals take part in asywmetric-contacfs,
whereas the F End P profiles form symmetric contacts. |

1t has become evident through careful examination of these two types "
of membrane differentiations, that the asymmetric-appearaﬁce is_mainly:due
to_electren-dense cytoplasm adjacent to the site.of contact in the postsy-
néetic‘profi1e (Westrum and Lund '66, Colonnier '68, Ralston and Herman
'69). Although the ﬁembrane‘specializations are slightly thicker in the
post-synaptic element in both types of contacts, this appears insignifi-
- cant compared to the presenee or absence of the cytoplasmic opacity. ‘

The distinction between the two types is most obvious only when the

-
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plane of .section is exactly perpendicular to the Jliierent1ated membranes,

such that both membranes are clear]y identifiable. In. sections cut sltght-

T

1y ob]ique to this plane the postsynaotic ﬁembrane may become b]urred,
giving the appearance of a cytoplasmwc opacity that in fact, does not exist. )
This poss1b111ty may account for the occasional reports in wh1ch prof1]es ~
containing flattened vesicles are associated with asymmetric membrane spe-
c1a11eat1ons. It must be emphasized that both membranes at_the site of
~ contact be d15t1nct1y observed before being c]ass1f1ed as one or the other
type. However, the suggested relatwonsh1p of round vesicles with asymmetypAt
contacts, and flat vesicles with symmetric contacts, is-not intended to be
.exclusivel(Colonnier /4), but the probability of finding other types in the
thalamus ie not high. Trans1t1ona1 types have been observed (Co]onn1er '68),
and 1ndeed, in the present study, sone P- profiles were found with a sugges- é
‘¢1on of 1ncreased cvtop1asn1c opac1ty associated with the postsynaptic men-
brane specialization. | .

Because of the considerabie evidence indicating that profi}es contaﬁn-
ing round vesicles and form1ng asymmetric contacts are exc1tatory (e.9.,
Uchizono '65, Atwood et al. 1723, T{ is reasonab]e to suggest that the RLP. '_ ‘
and RSD types are a1;S\e§citatocy. Furthermore, profiles with flattened H
vesicTEg_?‘rming symmEtric contacts are thought to be 5nhibitory, and hepce;
the F.and P types described in this study are also presumably inhibitory.

The distribution of different synapt1c types with respect to the cel]s
-of the paracentral nucleus and the inferior nucleus of the pulvinar can be .
/‘summarized in the following diagram. Cell bodies receive one or iwo con-
tacts per plane of sect1on and these are nearly all Fs with very few RLPs.
The Jarge prox1ma1 dendrites receive all types of contacts. Small dastaj

dendrites rece1ve mainly RSD contacts with some Fs and RLPs.

In many stud1es of the thalamus, the RLP or its equivalent is usually



Schematic diagram of the synaptic re]atioﬁships
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found making synaptwc contact with the large to moderate-s1zed presumably
more prox1ma1 dendr1tes often in “q]omeru11" (Scentagothai et al. '66,
peters and Palay '66, Gu111ery '69a Jones and Powell '69a, Ra]ston and Her-
man '59, LeVay 7, Campos-Ortega and ayhow '73, Hajdu et a1 *74), but

" seldom, 1f ever with the smaller more distal dendr1tes in the qenera] neu-
-ropwl. However, some authors have described the RLP contact1ng the smaTIer
dendritesl(GuiIIery '69a, Wong-Riley ‘723), and this has often been ob- .

. served in the present mater1a1 for both the inferior sucleus of the puTVI—
nar and the paracentral nucleus. The RLP was also commonly found contact-'
ing other vcsicie-containing profiles, always as the pcesynaptic‘componenc
(e.g., Guillery '69a, Ralston and Herman '69, Levay '71, Wong-Riley '72a,
Hajdu et al. ‘74) |

The RSD termma'l usuaﬂy contacts the small, peripheral dendrites ‘

(Szentagotha1 et al 66, Campos-Ortega et al. 68 Jones and Powell ‘69a,
Guiilery '69a, Guillery and Colonnier '70, Hong -Ritey '72a, Mathers '722)
and has not been described contacting the soma, and only inf requencTy the
Targe proxima1 dendrites. Similarly in the present study, the RSD was fre-l
quently found contacting the smailer dendrites and never the cell soma.
However, it was often seen on Targer dendritcs as well; The RSD also '
formeQ contacts with the P profile, but lJess frequently than the RLP. It
has never been observed as the poscsynapt1c eiement (Guillery 692, Raiston
and Herman ‘69, Famiglietti and Peters"72, Wong-Riley 172a). The frequency'

of the RSD contacting a vesl ontaining profile, apparently varies ac-

cording to the nucleus stud1ed. Fam glietti and Peters ('72) found it tO
occur only rare]y in the lateral gen1cu1ate nucleus of the monkey, whereas

Ralston and Herman (*69) found it frequently in the ventrobasal complex of
| the cat. In the present study, it was rather uncommon in the paracentral

nucieus but somewhat more.general in the inferior nucleus of the pulvinar.

.
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.of presynapt1c contacts has also been noted by L1eberman and ‘Webster (' 72)
It is posswblé‘%hat this lack of contacts is related to the usual spars:ty
of. veswcles compared to the relat1ve1y large. size of the prd?11e. It would %
“not be unreasonable to suggest that a critical number -of synapt1c vesxc1es
is reQU1red for each svnaptwc contact and hence, only very few contacts
wouid be formed by thﬂs type. Therqilre, in a re1at1ve1v Iar;e prof11e ) g
forming one or Tew synaptic contacts, only occas1ona1]y would the p1ane of
section pass.through the region'of membrane speciali:atibn.' This.bossibi-
11ty shLuid be kept in mind when studving the two-dimensional fields of v
electroh micrographs.

The P profile was observed as the posgsvnaptic e1emeﬁt much more fre-

duentiy than as the presynaptic component in.the var1oUs svnaptic relation
ships. 1t was most often postsynaptic to RLPs and 1ess frequentiy to the |
RSD,'F and other p profiles. o o o ' _' .
The P pr'-ofi'ie forns the 1nterrﬁed1‘ate componenﬁ of serial svnaptic ar- ‘

* rangements, similar to those described in the superior colliculus (Lund '69), A
in specific relay nuc]e1 of the thalamus CRalston and Herman ‘69, Guillery

*69a, Famiglietti 170, Harding 71, Horest '71, Wong-Riley '72a, Lieberman
and Webster 172) and in motor cortex (Sloper 71} 'Ip most studies, the
intermediate e]enenu contained flattened vesicles and was considerec & pre-
synaptic dendrite (e g., Lund '69, LeVay- 171, Famiglietti and Peters 72,
Wong-Riley '72a, Lieberman and ﬂebster 172). 1In the preseni material, ex-
amplies of single synaptic contacis wiﬁh P as the postsynaﬁtic element were

often observed, but it was assumed that these would also appedr as serial
) arrangements, if the appropriate pTane of section were available. The lack
of Dresynapt1c contacts formed by the P profiles wou1d account for the rela- ‘

tive infrequency of seeing the complete serial arrangement. 1t has been

Dqstulated that in the serial dendrodendritic synapse, each presynaptic
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dendritic segment could act as a semi-dndependent interneuron presumab1y'
having an 1nh1b1tory effect 1n a small 1oca11zed area (Co1onn1er '74).

Another posswble role of fhe P proﬁ11e should at Tleast be cons1dered

PSS

at th1s point. In any part1cu1ar fweld “the number of P prof11es found as

postsynapt1c glements is.much greater than those form1ng the presynapiic’

" component. Therefore, it 1is Ioglcal to suggest that several terminals con-
verge on each P prof11e whwch in turn forms on]y one or few presynaptic

contacts._ In this respect, the presynapt1c dendrite appears to act as some

type of 1ntegrat1ve interneuronal unxt.
A1l serial arrangements form the bas1s for the triadic synaptic rela-

t1onsh1p and the argument can -be extended that the former may norma11y be

part af triads if the entxre relationship could be seen (Colonnier 74)

This is not 1ntended to suggest, however, that all synapt1c arrangements

between two ves1c1e-conta1n1ng prof11es are involved in a triadic relation-

ship (although this possibility does exist). In the triadic dendro-dendri-

. tic synapse, the jnitial element could excite both the target dendr1te and

the 1ntermed1ate presynapttc dendrite wh1ch would then inhibit the target

dendrite at a time 1nterva1 of one synapt1c delay. 1In th1s way, the triad

ce to automatmcal1y swntch-

er 74) It

would act as a strictly controlled timing devi

off the target dendrite after 1ts initial excitation (Colonn1

is more d1ff1CU1t to 1nterpret the role of the tr1ad when the initial ele-

ment 15 an For P profile and presumab]v 1nh1b1tory, and therefcre, such

speculation wi11 not be attempted here.

Aggregations of neuronal elements with many P profiles resembling glo-
inferior aucle-

. meruli or synapt1c 1slands, were not observed 1n either the

us of the pulvinar or the paracentral nucleus of the macaque. In the cat,

1y wel]-def1ned, and so jt is not surprising,that they

glomeru]i are usu2

have been described in the 1atera1 posterior- pu1v1nar complex (Majorossy

4y ek TRin
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eﬁ al. '65, Hajdu ef‘al, }74).' In the mpnkey,'howevér, the aggfegét%bns - ' *ﬂ
-are usually less ciearly defined, and littie or no glial capsule is pre-
sent (e.g.,'Coloﬁnier and Guillery '64). Despite this, Mathers ('72a) re-l
fers to aggregations of neuronal elements in the pulvinar of “the sﬁuirrel
monkey as “glomeruli®. ? Ih the macaque,-Campos-Oréega and Hayhow ('73)
“found the dtstwnct1on between “synaptic complexes" and 1nterst1t1a1 neuro-
pil somewhat art1f1c1a1 " and preferred to differentiate the synapt1c rela-

) tionships according to proximal and distal qendrttes. This is indeed the
case in both the'inferior nucleus of the pulvinar and the paracentral nu-
cleus where the glomerular’ arranqement 15 apparentiy—absent _

Until very recent1y the orig1n of the various synapt1C\prof1Tes in the
thalamus had appeared well-defined from degenerat1on studies of the speck-
fic re]ay nuc1e1 (e.g., Colonnier and Guillery ‘64, Gray and Guillery '66,
Szenuagobha1 et al. '66, Ralston '69, Jones and Rockel ‘71 Wong-Riley 72b
Famiglietti and Peters '72}. These reports had 1nd1cated that the RLP is
der%‘ved. fron’1 the primary se—nsory ,af{’erents and terrm‘nates on iarge. proxi- ~‘
mal dendr1tes c]ose to the cell body, that the RSO origﬁnates in the appro-
priate cort1ca1 region and ends on the small d1sta1 dendrites; and, that ‘

“the F énd P profiles are intrinsic to the thalamus since they have not been
shown t0 undergo degenerat1on after interruption of all known afferents to
a nuc]eus., 1t would ‘be appropriate, in a specific re]ay nucleus, that the:
pr1mary 1nput have a powerfu] influence on “the cortex and that the cortex
have only a modulating influence; and indeed because of. decremental conduc-

| tion in dendrites ALP terminals close to the cell somg wouid have 2 high’

fpriority with respect to their capac1ty to fire the neuron, whereas the.

‘ more>dista1ly 1ocated RSD term1na1 wou]d have only a modulating influence

- on the f1r1ng pattern of the cell.

" Mathers ( 71, '72b) has recently reported- “that f1bers from the super—
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| ior. colliculus. term1nate as’ RSDs in the inferior nucleus of the pu1v1nar
whereas many of the RLPs in the nucleus ar1se from the secondary visual cor- ; L
‘_.tex.. Th1s and other reeerts that visual cortex proaects to the 1nfer1or | é.
pulvinar via RLPs (Majorossy et e1. '65, Campos-Ortega and Hayhow '73), |
suggests that the nucleus is mainly under.eorticai co;tro]. ‘The superior
col]1cu1us would then not be ab]e to drive the inferior nucleus of the pul-
vinar but rather woqu only have a modulat1ng influence, One might have
.expected the c0111culus to have a more powerful 1nf1uence on the pu1v1nar
because of the suggestion that the second visual system can actA1ndepen- | '}
dently of the first'system;_ \ |
in the present studv, large TesiOES ef the seperior éo1]icu1us fe-

sulted in electron-opaque degeneration of 1arce numbers of RLP term1nals in

both the 1nfer1or nucleus of the pulvinar and the paracentral nucleus. It.

is poss1b1e that 21l of the degenerating prof11es were RLPs and the smaller
- +erminals resembling RSOs were only the cut ends of the Iarger type. How=-

ever, the poss1b111ty of sone RSDs from superior colliculus. cannot be ruled

out entirely: On the other hand, it seems as if Mathers " (* 71) interpreta- ‘1
tion of degenerafing-RSDs'was derived simply from the observat1on of elec~
tfon;dense termine}s in 'the pulvinar at short surwival times. From the i
Tlterature it is easy to assume that all dense degeneratwon is of the RSD
type, that all RLPs nust 1n1t1a11y undergo neurof11amentous degenerat10n,
and’ thus to conclude that the super1or co]11cu1us progeces %0 theaou1v1nar
via RSD tern1na]s. - .

The present findings do not contrad1ct Lhe reports that many RLPs as’ \

well as RSDs or1g1nate in the v1sual corté§ (Majopossy et al. 65 Mathers
t72b, Campos-Ortega and Hayhow '73). These RLP and RSD terminals undergo

* the usual neurofilamentous and- -dense ﬂatterns of degenerae1on resbect1ve1y,

as described in the introduction.
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Thus, there are two types of RLP terminals feacting dffferently when
separated from their ce11 soma, i.e., one type undergo1ng neurof11amentous
. 'hyperplaSIa pr1or to dense degenerat1on "and the other type becom1ng e]ec-

tron-opaque directly. At present, however, no morphological characterwst1cs
appear to be available to differentiate the two types in normal ma@eria]f‘-

One might reasonably EXpect the‘projection from the ihferior collicu-

lus to the medial gen1CU1ate nucieus to display character1st1cs s1n11ar to
that of the suﬁer1or c0111cu1us progect1on. Majorossy and Rethelyi ( 68)
described dense degeneration of RLP types at day three survival, but Jones
and Rockel ('71), fcpnd a few neurofilamentoys RLPs along with the more a-
bundant dense RLPs at shorter survival times.(day 1-2) fo]]owihg lesions of
the inferiae colIiculUs. The neurofi1amentous characteristﬁcs, howevef,
.were absent by ‘the third postoperat1ve dav The po;siﬁiIi@y eiists that

in the work of Maaorossy and Rethelyi ('68} and in the present study, the
neurof11amentous RLPawas m1ssed. However, they were carefully searched for
~1in th1s study, and it seems unlikely that they were overiooked unless per-
.haps they were extremely rare and very transitory. HNor do the characteris-
" tics of dense degenerat1;n, j.e., the fransition from grey to very dense
"cytoplasm and the large accumulation of synaptic vesicles, resemble the

small dense clusters of amorphous material found following the eariy stages
. of neurofilamentous hyperplasia. In any case, it appears that the majority
- of RLPs from either the superior or inferior c0111cu1us undergo dense de-
.generation d1rect1y, ‘with no intermediate hyperp1as1a.

In the 1nfer1or nucleus of the pu1v1nar a 1arge number of RLP and RSD

terminals remain unaffected after relatively 1arge lesions of the super1or
colliculus, and similarly, many such profiles were unaffected by large le-

“sions of the cortex (Campos-Ortega and Hayhow '73). Whether combined le-

sions in the colliculus and appropriate regions of cortex would cause de-

.
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generat1on of nearly all RLP and RSD prof11es is d1ff1cu1t.to assess but
, thewr numbers seem SO “small after a tectal lesion that 1t seems safe to as-
sume that' there may still be other‘lnputs to the pulvinar.

 In the paracentral nuq}eus, it'was origtnally suggested‘that the su;f
per1or co]11cu1us m1ght only have a modulating influence and’ thereby its
' fwbers would terminate as RSDs at th1s site. The tectal fibers, however,
termwnate as RLP profiles and follow the same dense pattern of degeneration
as those end1ng in the pu1v1nar. A large proportion of the RLPs remain
normal after extens1ve lesions of the super1or co111cu1us. Although 1t has
been demonstrated that. the co111cu1us prov1des an important input to this
region, it is also apparent that other 1mportant sources of fibers are pre-

sent.

The occas1ona1 f1nd1ng in the present study of degenerat1ng postsynap-

-tic ves1c1e-conta1n1ng prof11es was most unexpected in v1ew of the many re-
ports that seem'to argue against this poss1b111ty. Neither the F nor the
.P profile {or its equivaient). have ever been reported to undergo degenera-
tion, and therefore, it has Togically baen interpreted that they are in-
trinsic to the nucleus (e.g., Szentagothai et’a1.,'66, Mzjorossy and Re-
thelyi '68, Guillery '6%b, Nong-Riiey t72b), or perhaps, to 2 specific re-

gjon such as the pulvinar. Nevertheless, P profiles apparently in the pro-

[P —
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cess of degeneration have been found in this study, in the inferior nucleus

of the pulvinar although not in the paracentra] nucleus. The lesions in

this case were Very 1arge and may have encroached on the medial nucleus of

the pulvinar. The degenerating dendrites may be those of cells in the ‘medi-

al nucleus extending into the inferior nucleus, or else they maylbe those
of cells in the inferior nucleus whose. axons or dendrites extend into the
medial nucleus. Acute retrograde degeneration has indeed been described

in cell bodies and‘dendrites in very young kittens at rather short survival
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twmes f0110w1ng transect1on of the axon (Grant and Aldskogus 67, Grant and

Nestman '68) The degenerat1ng dendr1tes were impregnated w1th the Nauta

PR atute?
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silver stain, and also were observed thh electron mwcroscopy. but it was’

saressed that the young, age of ‘the animals wads a cr1t1ca1 factor. On the
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other hand, Campos-Ortegaland Hayhow ('73) -found abundant degeneratwng den-

drites in adult rhesds monkeys on!y'six days following lesions of cortex.

The rather bizarre profiles con;aining large eiectrdn-opaque‘struc-
| tdres are_certainly products of degeneration. Their freduency and rela- i
tionship to other neuronal components, however, is not clear and their sig-
nificance rema1ns uncerta1n. . |
Whorls of membranous mater1a1 were often found in the various neurona]
eTement;.' Membranous whorls, more regular in structure, have also been
~described in the cortex of reptiles and their resemblance to growth cones
was noted (Ebner and Co]onnwer '75). Although the vacuolar stfucturee were
always observed 1nvag1nat1ng dendr1tes 1n the reptile, a somewhat similar
structure was also found extend1ng from an‘RLP terminal to a P profi1e.l In
at ]east one s1tuat1on, it appeared that the vacucies were being emptied
from the dendr1te into a ves1c1e-conta1mng profﬂe. At the risk of . ‘
stretching the significance of this somewhat ambiguous evidence (o0 far,
perhaps the dendrite is providing membranous material to-the profile to be
inco;ﬁ%rated into synabtic vesicles. A similar function for the uptake of
glial membranes by neurons has been made by Birks_(’74). This euggestfon
mist be viewed with caution; however, and;the whoris of membranous material
may only be-artifact. '
One might aiso sbecu]ate'on the signi?icanee of'the numbers of synap-
tic vesicles in var1ous profiles and the1r relationship to membrane spe-
| c1a11zat1ons. Although no. attempt was made in the present study to cor-

relate the number and.dens1ty of synapt1c vesicles to the number and length
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of ‘synaptic contacts in a s1ng1e prof11e, the relative sparseness of vesi-
cles in P’ prof11es and their 1nfrequent involvement as the presynaptwc com-
ponent, compared to the high density of synapt1C'vesxc1es and the apparent
increase in the length of the zone of contact in certa1n RLP term1nals,
lends credibility to the suggestion that these characteristics are directly
related It would 31so be 1oq1ca1 to assume that they are 1nd1cat1ve of
the«act1v1ty and consequentlv the influence of the profile on the surround-
ing neuronal elements. In a dynam1c 11v1ng STtuat1on, it might be specu-
lated that the reg1on of membrane differentiation is not necessarily an
abso1ute f1xed zone, but rather increases: and regresses accord1na to the
activity requ1red at that s1te at a part1cu]ar moment. *No attempt is made
in most eTectron migroscope stud1es of the tha1amus (or central nervous

system) to control the activity in the area studied.
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SUMMARY AND CONCLUSIONS

The present study has shown that the superior c0111cu1us does proaect é
to the 1nfer1or nucleus of the pulvinar in the monkey, Macaca mulatta, and
that this projection is topographically organ1‘ed. The horizontal mer1d1an
of the v1sua1 f1e1d d1v1des the 1nfer1or nucieus obliquely 1nto a dorsomed-
jal segment which becomes more extens1ve anteriorly, and a dorsoTateral sea;
ment which becomes more extensive posteriorly. The upper visual f1e1d is
represented in the lower segment and the lower v1sua1 field in the upper
-secment. The periphery is represented a1ong the medial border adjacent to
the lateral genxcu]ate nuc1eus. The lower vert1ca1 meridian forms the dor-
somed1a1 border and the upper vertical mer1d1an forms the ventro]atera1 bor-
- dér. Th1s spat1a11y organized proaect1on then satisfies the requ1rements
‘ for a System involved in visual orientation.

The superior collicuius also sends an important proaect1on to the ip-
silateral intralaminar complex, i.e., ‘the parafascicular, central lateral
and paracentral nuclei, and a jesser pfojection to the cotresponding'contra-
lateral intralaminar nuclei. The paracentral nucleus is the main site of
termination of these fibers. : ‘

 The super1or colliculus may also project o to’ the dorsal and ventrai -
divisions of the Jateral geniculate nucleus, +he supragenicuiate nucleus
and the magnoce]]ula% part of the medial geniculate nucleus. it can only
be stated with certainty, however, that the ventral lateral geniculate nu-
cleus does indeed receive tectal fibers. Tﬁe degeneration observgd in the
other nuclei is subject to other interpretations~as discussed previously.
_The normal éiectron microscopic study of the inferior nucleus of the

pulvinar and paracentral nicleus has demonstrated four types of vesicle-
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conta}nxng prof11es. the RLP, RSD F and P. The RLP is a large term1na1
conta1n1ng round loosely-packed ves1c1es of uniform size and severa) n1to- ' ;'
"chondria. The RSO is a sma11 term1na1 densely packed with round ves1c1es of
uniform size and on]y occasiona11y containing one, rarely two mwtochondr1a.
The F term1na1 varies in size and conta1ns numerous mitochondria and a popu- ?
lation of smaller-sized ve51cles a variable number of. wh1ch are flattened.
The P profile is very pale, containing.a relatively sparse population of
"polymetric" vesicles and occasionally ribosomes and microtubules. It has.
been interhreted-as a presynaptic dendrite.

The RSD terminal is the most frequent1v observed ves1c1e-containing
prof11e in e1ther nucleus. It is a]ways found as the presynaptic componenu '
forming asvmmetr1c contacts mainly with the smalier more distal dendrites
and 0ccasibna11v with the large dendrites or P prof1les, the latter especCi-
ally in the 1nfer1or nucleus .of the Dulvnnar. The RLP ferms asymmetric'con-'
tacts, always as the presynaptic element, predonnnant1v with the large prox-
imal dendrites, 1nfrequent1v with smaller dendrites and rarely with the
cell soma. It 1s_ the most freguent type found contacting the P pro.ﬂe. i
The F términal forms'svmmetrié cdntacts with the cell some, dendrites of aitl .
"sizes and occas1ona11y the P profile. The P profile forms symmetric contacts
W1th medium and 1arge-s1zed dendrites and occasionally with another P pro-

file. It 15 often found postsynapu1c to the other types. This P profile
is the intermediate element in serial and triadic arrangements. Giomeruli |
are virtually absent.

The exper1menta1 electron microscopic study. of the inferibf nucleus of
the pulvinar has shown that the f1bers from Lhe superior'co11icu1us termi-
.nate mainly as RLPs on Jarge proximal dendrites. They Qndergo‘direct dense'
degeneration. A smaller number of RSD term1nals probab1y also arise in'the

coliicu]us.' Thus, the superior colliculus input terminates in a way which
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_ is'compatiﬁle with_its presumed controlling ihfluehCe on the inferior nus

cleus of the pulvinar.

The tectal projection to the 1ntra13m1nar ntcleus is a\so in the form
‘of RLPS which undergo dense deqeneratIOn and hence, the superior coll1cu1us

may a1so have a contr0111ng effect, especially on the ce1ls of the paracen-

tral nucieus.

P -
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